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Preface

This volume of Chemical Engineering Research collects the unedited research project reports
written by 4% year undergraduates (Class of 2023) of the M.Eng. course on Chemical
Engineering in the Department of Chemical Engineering at Imperial College London. The
research project spans for one term (Autumn) during the last year of the career and has an
emphasis on independence, ability to plan and pursue original project work for an extended
period, to produce a high quality report, and to present the work to an audience using
appropriate visual aids. Students are also expected to produce a literature survey and to place
their work in the context of prior art. The papers presented showcase the diversity and depth of
some of the research streams in the department, but obviously only touch on a small number
of research groups and interests. For a full description of the research at the department, the
reader is referred to the departmental website'.

The papers presented are in no particular order and they are identified by a manuscript number.
Some papers refer to appendixes and/or supplementary information which are too lengthy to
include. These files are available directly from the supervisors (see supervisor index at the end
of the book). Some of the reports are missing, being embargoed, as they contain confidential
information. A few of the reports correspond to industrial internships, called LINK projects,
performed in collaboration with Shell.

Cover figure corresponds to a diagram of a simplified ZESTY reactor model (taken from the
work of Javier Monteliu and Jien Feung Jason Goh, manuscript 12).

London, February 2023

! https://www.imperial.ac.uk/chemical-engineering
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Hybrid ZIF-8@Porous Graphene Oxide (PGO) Hollow Fibre Membranes with
Improved Molecular Sieving Property for Nanofiltration

Jianing Li and Zihao Li
Department of Chemical Engineering, Imperial College London, U.K.

Abstract

Membranes with ultrafast water transport and high molecular rejection are desired for various separation
processes. Graphene oxide (GO) based membranes have demonstrated their potential for nanofiltration. Despite
the promising water separation performance, the permeance and molecular rejection of the GO-based membranes
still require improvement. In this study, high-performance zeolitic imidazolate framework-8 (ZIF-8) hybridised
porous graphene oxide (PGO) membranes were fabricated via in situ growth of ZIF-8 nanocrystals within the
PGO membranes' lamellar structure. The crystallisation of ZIF-8 mitigated the rejection loss due to nonselective
defects and slightly enlarged interlayer d-spacing of the PGO membranes. The ZIF-8 hybridised membranes made
of PGO nanosheets with 5 hours of mild-etching treatment (ZIF-8@PGO_5h) maintained a pure water permeance
of 2.81 LMHbar™ !. Various dye molecules were used to measure the permselectivity of the membranes on dye-
containing wastewater. The ZIF-8@PGO_ 5h membrane showed a molecular weight cut-off (MWCO) of
approximately 314 g mol™ !, indicating the promising future of MOFs hybridised PGO hollow fibre membranes
for nanofiltration.

Keywords: Graphene Oxide, Porous Graphene Oxide, Metal-organic Framework, ZIF-§, Hollow Fibre

Membranes, Nanofiltration, Dye Removal

1. Introduction

In recent decades, rapid industrialisation and
population growth have intensified freshwater
scarcity and lack of safe drinking water, even
threatening people’s lives, especially in developing
areas. Membrane technology significantly improves
the separation processes efficiency in wastewater
treatment and seawater desalination [1]. Compared
with  conventional  separation technologies,
nanofiltration is more cost and energy- effective and
environmentally friendly [2]. High-performance
membranes usually have one or more features:
ultrahigh pure water permeance, low molecular
weight cut-off, as well as excellent mechanical and
chemical stability [3].

Graphene Oxide (GO), a two-dimensional
nanomaterial with atomic-scale thickness and high
aspect ratio, has been studied extensively. Its
tuneable porosity, surface functionalities, and decent
chemical and mechanical stability make it an
emerging star nano-scale material [4].

GO membranes can effectively retain small
molecules and multivalent salts because of the
explicit interlayer space between GO flakes [5].
However, inconsistent ~ water  permeation
observations were reported by various research
groups indicating the structural instability of GO
membranes [5, 6, 7]. The unstable structure and
molecular transport behaviour could be triggered by:
(1) the hydrogen bonding between passing water
molecules and oxygen functional groups on the edge
and the basal plane of the GO membrane and (2) the
interlayer interaction between charged solute (e.g.,
metal ions) and the negatively charged groups on
GO membranes [7]. Besides, the water flux could
drop tremendously after more than ten hours,

indicating that the GO flakes are not packed in the
uniform, ordered lamellar structure initially [5].

In this study, PGO-based membranes have been
regarded as the starting point. Wu et al. implemented
a mild chemical etching method to prepare PGO
dispersion and subsequently fabricated PGO
membranes on alumina hollow fibre substrates [8].
Ammonia (NH4OH) and hydrogen peroxide (H,O)
were added into GO dispersion, and the dispersion
was gently stirred for a specific time. The pore size
and density of the PGO nanosheets were well
controlled by manipulating the chemical etching
time. The water permeation of PGO with 5 hours of
chemical etching treatment showed a 23-fold
increase compared with the pristine GO membrane.
However, compared to pristine GO membranes, its
rejection of methyl red (MR) dye molecules
declined significantly due to the nonselective voids
in the membrane microstructure.

As aforementioned, the water permeation can be
improved by increasing the chemical etching time
but at the cost of losing molecular permselectivity.
Thus, a novel fabrication method and/or material
have to be introduced to mitigate the rejection loss
while maintaining high water permeance.

Metal-organic frameworks are a new type of
microporous crystalline materials formed by self-
assembling organic ligands and metal ions through
coordination bonds. Distinctive features of MOFs
including large specific surface area and pore
volume, and tuneable pore size make them
promising materials for a wide range of applications
in catalysis, adsorption, and separation. However,
the formation of defect-free, structurally stable
MOFs-based thin-film membranes is a crucial
challenge. The fabrication of MOFs@GO



composites is a new concept to take advantage of
desired properties of both GO and MOFs to achieve
good size-sieving ability and structural integrity.
The porous MOFs materials with tailored and
uniform pore size can patch the nonselective defects
in the GO membranes. The oxygen functional
groups on GO nanosheets enable them to form
coordination bonds with the metal ions in MOFs.
This characteristic not only promotes the long-term
stability of the composite membrane even under
hydraulic pressure or cross-flow condition but also
enables the selective growth of MOFs to boost the
separation performance of membranes.

For instance, Ying, Y. et al. intercalated UiO —
66 — (COOH), into GO membranes via pressure-
assisted self-assembly (PASA) filtration method on
PAN supports [9]. The MOFs@GO membrane with
0.3 mg of wet UiO— 66(Zr)— (COOH),
(corresponding MOF loading, 23.08 wt %) per 1 mg
of GO showed a 159% improvement compared with
the pristine GO membrane in water permeation and
obtained a 99.5 wt% water content in the ethyl
acetate-water ~ pervaporation  process.  The
intercalation of Ui0 — 66(Zr) — (COOH),
successfully reduced the nonselective voids. The
PASA technique ensured that the interlayer spacing
only changes little even with the presence of MOFs,
which gave the membrane a compact structure.

Recently, a highly stable and ultra-permeable
hybrid membrane was synthesised by Zhang, W. et
al. via in situ crystallisation of zeolitic imidazolate
framework-8 (ZIF-8) at the edges of freeze-dried
GO (f-GO) nanosheets following an ice-templating
technique [10]. The ZIF-8 nanocrystals were
preferentially grown along the edges of the f-GO
nanosheets. This was because Zn?* in ZIF-8 formed
a coordination bond with the carboxyl functional
group which are predominantly found along the
edges of the f~-GO nanosheets [4]. The clusters of
ZIF-8  nanocrystals  filled  these  major
microstructural  defects. The resulting water
permeation increased 30-fold compared with that of
pristine GO membrane and the perm selectivity of
the hybrid membrane increased by 6 times. This type
of MOFs hybrid GO-based membrane with stable
microstructure, high water permeation, and good
molecular perm selectivity is the desirable building
block for future nanofiltration membranes. However,
the neutral dye rejection results showed a molecular
weight cut-off (MWCO) of 1300 Da which is
considerably high for nanofiltration membranes.
Considering the small pore size of ZIF-8
nanoparticles (0.34 nm), this relatively poor size-
sieving performance of ZIF-8@GO composite
membranes implies that ZIF-8 nanoparticles were
not selectively grown on the edges and micro-
defects of GO membranes.

In this study, ZIF-8 nanoparticles were grown in
PGO membranes on alumina hollow fibre substrates
through a modified two-step in situ growth approach

to mitigate the trade-off between water permeation
and molecular permselectivity. During experiments,
only GO etched for 5 hours (named PGIO_5h) was
used for membrane fabrication. The two-step in situ
growth method was conducted by soaking PGO
membranes in the metal solution (1h /3h /12h) and
then in the ligand solution (1h /3h /12h). The two-
step in-situ growth allows for the selective growth of
ZIF-8 nanoparticles in the lamellar structure of PGO
membranes. Through immersing PGO HF
membranes in metal solution, metal ions with
positive charge coordinated with oxygen functional
groups on PGO nanosheets. Immersion in ligand
solution leads to ZIF-8 nanoparticle growth. The
loading of ZIF-8 nanoparticles in ZIF-8@PGO
membranes can be controlled by adjusting metal and
ligand immersion time so that water permeation will
not be sacrificed.

To evaluate the sieving properties of ZIF-
8@PGO HF membranes, two neutral dyes, Methyl
Red (MR) and Disperse Red (DR), were used in the
rejection test. As the PGO membrane is negatively
charged, neutral dyes were used to ensure rejection
performance only depends on the size exclusion
rather than the electrostatic interaction.

2. Experiments

2.1 Materials

Alumina powder (99.9% metals basis) was
obtained from Alpha Aesar. 1-methyl-2-pyrrolidine
(NMP) and poly (methyl methacrylate (PMMA))
were selected as the ceramic suspension solvent and
binder. Arlacel P135 was supplied by Croda. 99%
(metals basis) Zinc nitrate hexahydrate was
purchased from ThermoFisher Scientific. 99% 2-
Methylimidazole was purchased from Sigma-
Aldrich. Methanol (absolute) was provided by
VWR. PGO dispersion and aluminium oxide
(A1,0O3) hollow fibre (HF) substrates were made in
the lab. Araldite® Epoxy Adhesive was selected to
fix hollow fibre substrate on the Swagelok tube
fitting. Hydrogen peroxide (H»0,) and ammonia
hydroxide (NH4OH) were used in PGO synthesis.

2.2 GO and PGO synthesis

Graphene oxide (GO) was synthesised according
to the modified Hummer’s method [11, 12]. Briefly,
sulfuric acid (H2SO4) and oxidising agent potassium
permanganate (KMnO,) were gently added to
graphite powder in an agitated two-wall glass
reactor and thoroughly mixed at 35 °C overnight.
Water was added dropwise to dilute the GO
suspension and then hydrogen peroxide (H>O,) was
introduced to remove the excess manganese ions
(Mn?") [13]. The dispersion was then filtered and
washed out with diluted hydrochloric acid (HCI)
aqueous solution. The resultant GO cake was further
dried at room temperature in the vacuum oven for 3
days. The dried GO was deeply washed again using



acetone in bath sonication and vacuum filtered to
remove any remaining acids and ensure high purity
of GO. After drying GO for at least 3 days under
vacuum at room temperature, GO powder is finally
ready to be used for homogenous GO dispersion
preparation.

Porous graphene oxide (PGO) dispersion was
prepared via a mild chemical etching method [8].
NH;OH and H»O, were added into GO dispersion
(GO/H,02/NH40OH:20/1/1 vol) and the dispersion
was gently stirred for 5 hours. The PGO dispersion
was centrifuged and purified by a dialysis membrane
to remove any remaining NH4OH and H,O..

As how etching time affects the water
permeation and nanofiltration performance has been
investigated before and it has been confirmed that
PGO has shown good performance [8], in this study,
0.1 mg/mL and 0.05mg/mL of PGO dispersion were
used in experiments aiming to obtain an optimised
recipe of PGO-based membranes.

2.3 Preparation of ceramic suspension

3g of dispersant Arlacel P135, 180 g of NMP and
150 g of alumina powder were transferred into a
ceramic jar and mixed with a planetary ball miller at
283 rpm for 48 hours. After that, PMMA was added,
and the suspension was further mixed for 48 hours
in a roll miller. To evacuate the bubbles before
spinning, the suspension was degassed under
vacuum for 4 hours.

2.4 Preparation of PGO @ ceramic hollow
fibre membranes

The suspension was transferred to a stainless-
stell syringe after degassing. The Al,O; hollow
fibres were prepared using a combined phase-
inversion/sintering process, and sintering was
conducted at 1450 °C to improve the mechanical
strength [14]. Aluminium Oxide (Al,O3) hollow
fibre substrates are immersed into acetone and put in
the ultrasonic bath for washing. Hollow fibre
substrates were put into tube fittings and glued with
epoxy to be fixed. The top of the HF substrate was
also sealed with epoxy resin. A stronger epoxy was
utilised to avoid the softening of epoxy by organic
solvent and any possible leakage during membrane
fabrication and performance evaluation test. The
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diluted 0.1 mg/mL PGO dispersion was prepared
and sonicated for 1-2 minutes. Hollow fibre
substrates, with one end sealed, were dipped into the
PGO dispersion solution. Under vacuum filtration,
PGO was stacked to the outer surface of substrate
and formed a nanosheet with a thickness of 200-400
nm. The thickness of the PGO membranes can be
tuned by altering the concentration of the PGO
dispersion or the coating time. The accomplished
PGO membranes were dried at 40 °C under vacuum
for 3 hours to remove any residual water in the
nanosheets or substrates. A mild drying temperature
is applied to prevent drying-related reduction of
PGO membranes.

2.5 Intercalation of ZIF-8 into PGO HF
membranes

Zinc nitrate hexahydrate (metal) and 2-
Methylimidazole (ligand) are the ingredients for in
situ ZIF-8 composite growth. DI water and methanol
are two solvents that have been used to prepare
metal and ligand precursor solutions. For both metal
and ligand precursor solutions, concentration and
immersion time are two critical parameters
influencing the loading of ZIF-8 growing on the
pristine PGO membrane.

For metal precursor solution, 3000 ppm was
fixed as the concentration of metal precursor
solution regardless of solvent type. 1 hour and 3
hours metal soaking time were set in the first step of
in-situ growth to allow metal ions to interact with
oxygen on PGO membranes.

Regarding the ligand precursor solution, 16000
ppm and 32000 ppm ligand precursor were prepared
to test whether ligand concentration affects the
number of ZIF-8 crystals and the rejection
performance. Similarly, 1 hour, 3 hours and 12 hours
ligand immersion time were set up. When the ZIF-8
nanocrystal growth was done, membranes were
stored in the dye solution overnight.

2.6 Membrane Characterisation

The pore size and distribution on the basal plane
of GO and PGO nanosheets were detected by a high-
resolution transmission electron microscope (HR-
TEM, JEOLJEM-2100F).
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Figure 1 Schematic illustration of ZIF-8@PGO HF membranes



The formation of ZIF-8 nanocrystals and the
morphology of GO membrane, PGO HF membrane,
and ZIF-8@PGO HF membrane with different
fabrication methods were observed with a high-
resolution field emission gun scanning electron
microscope (FEG-SEM, LEO Gemini 1525).

X-ray diffraction (XRD) spectra was collected
using X’ Pert PANanlytical instrument operated in a
20 range of 5° - 30°. The voltage and current were
set at 40 kV and 20 mA, respectively. The XRD
spectra would indicate the successful in situ growth
of ZIF-8 nanoparticles and could be used to calculate
the interlayer d-spacings of GO membranes and
PGO membranes based on Bragg’s equation:

nxA1=2x*d *sin(@)
where n, A,d, 0 represent a positive integer, the
wavelength of the X-ray, the interlayer d-spacing
between two nanosheets, and the X-ray incidence
angle.

X-ray photoelectron spectroscopy (XPS) was
used to determine the binding nature within the ZIF-
8@PGO membrane.

2.7 Water Permeation

The pure water permeation and nanofiltration
tests were carried out with dead-end filtration
system 2. The ZIF-8@PGO HF membrane was
mounted into a cell fully filled with water and
pressurised using injected nitrogen gas. The mass of
collected permeate was recorded every 10 minutes
so that the permeance J (LMHbar') could be
calculated:

_ AM
T p-1000-At-A-p

J

where AM , p, At, A, p represent the change in
mass (g), the water density (g/cm?), the change in
time (s), the cross-sectional area of membrane (m?)
and the pressure (bar).

Although the permeate contains some dye
molecules, as the collected permeate volume and the
dye concentration are both small compared to the

dye solution in the feed vessel and water permeance
was assumed to be equal to the MR or DR
permeance in this study.
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Figure 2 Scheme of the setup for pure water permeation
and nanofiltration tests

As the collected permeate volume was rather
smaller than that of feed in solution in the test vessel
and the dye solution 20 mg/L was very dilute, water
permeation tests were conducted with dye solution
assuming the density of dye solution is the same as
water density.

2.8 Dye rejection test

To wash off the remaining organic ligand groups
and prevent the impact of adsorption of the dye
molecules, PGO HF membranes were kept in the
dye dispersion (Methyl Red (MR) and Disperse Red
(DR)) with a concentration of 20 mg/L for 12 hours.
Like the water permeation procedure, the membrane
connected to the tube fitting was mounted into a cell
with dye solution and pressurised by nitrogen. At
least 3mL of the permeate was collected, and the
permeate concentration was measured by UV-Vis
spectrophotometer. Rejection was determined by:

Cp
R=(1-22)x100%
Cr
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Figure 3 HR-TEM images of (a) GO nanosheet and (b) PGO nanosheet



Figure 4 Surface and cross-sectional SEM images of (a, b) PGO HF membrane and (c, d)
ZIF-8@PGO HF membrane (M30003h_M1600012h)

where R is the membrane rejection to the dye
molecules, C, and Cr are the concentration of the
permeate and the feed solution (mg/L).

3. Results

3.1 Characterisation of ZIF-8@PGO HF
membranes

The pores generated through mild chemical
etching treatment were observed with HR-TEM.
The oxidation of graphene created intrinsic pores on
the basal plane of GO nanosheets. Nevertheless, the
long and tortuous water transport pathways due to
low pore density and the small pore sizes hindered
the fast water permeation. Figure 1 shows the HR-
TEM images of GO and PGO nanosheets. No pores
were observed in Figure 1(a) due to the minimal
pore sizes of GO nanosheets that might be lower
than the TEM detection range. For PGO nanosheets
(Figure 1(b)), both the pores size and pore density
increased substantially. The generated pores, the
crystalline graphitic domains, and the amorphous
domains are labelled. The pore sizes of PGO
nanosheets were likely to be smaller than those
presented in the HR-TEM images, as the electron
beams emitted by the HR-TEM during the scanning
might have damaged the samples and enlarged the
pores on the nanosheets.

Growing nanocrystals along the edges of the
PGO nanosheets selectively has two purposes. First,
to increase the permselectivity of the membrane by
filling the nonselective voids in the PGO membranes
while maintaining high water permeation. Second,

to reinforce the membrane structure and increase the
mechanical stability of the laminate layers. ZIF-8
nanocrystals were explicitly selected due to their
ability to crystallise in situ under mild conditions,
good water stability, minimal resistance to water
permeation, and high selectivity against undesired
molecules due to small pore size (0.34 nm).

A uniform distribution of ZIF-8 nanocrystals
throughout the ZIF-8@PGO HF membrane was
expected to achieve the desired functionalities.
Compared to the SEM cross-sectional image of the
PGO HF membrane (Figure 4(b)), the SEM cross-
sectional image of the ZIF-8§@PGO HF membrane
(Figure 4(d) shows that many nanocrystals were
grown along the edges of the PGO nanosheets and
between the membrane and the alumina substrate,
which indicates both the metal source and ligand
source could fully penetrate the PGO membrane
through selective defects. Nevertheless, the
composition and the growth position of the
nanocrystals required further investigation.

From the X-ray diffraction (XRD) spectra
analysis (Figure 5(a)), GO powder exhibited a sharp
peak at 20 = 9.56°, corresponding to an interlayer d-
spacing of 0.836 nm. After 5 hours of mild chemical
etching treatment, the PGO membrane showed a
peak at 26 = 15.11°, corresponding to interlayer d-
spacing of 0.808 nm. The decrease in interlayer d-
spacing is due to the removal of oxygen functional
groups. Furthermore, the ZIF-8@PGO membrane
XRD spectra portrayed three peaks at 20 = 7.56°,
10.63°, and 13.04°, corresponding to the ZIF-8
characteristic peaks [15], thereby confirming the
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Figure 5 (a) XRD spectra of GO powder, PGO, and ZIF-8@PGO, XPS spectra of (b) ZIF-
8@PGO(Zn), (c) PGO (carbon), and (d) ZIF-8@PGO (carbon)

successful growth of ZIF-8 nanocrystals in the
lamellar structure of the PGO membrane.

X-ray photoelectron spectroscopy (XPS) zinc
spectra of the ZIF-8@PGO membrane (Figure 5(b))
showed two peaks centred at approximately 1021.98
eV and 1023.98 eV, which correspond to the Zn-O
and the Zn-CO bonds respectively. The presence of
the Zn-CO bond confirms the bond formation
between zinc ions and oxygen-containing functional
groups on PGO nanosheets. In PGO nanosheets
(Figure 5(c)), the dominant oxygen-containing
functional group in the pristine PGO membrane is
the hydroxyl group (C—OH peak), followed by a
much smaller amount of carbonyl group (O=C-O
peak) and carboxyl group (hydro O-C=0 peak) [16].
After the in situ growth of ZIF-8 nanocrystals, no
major change took place in oxygen-containing
functional groups binding energies and peak
intensities, indicating no significant structural
change occurred due to ZIF-8 crystallisation. The
binding energy of hydroxyl group (C-O peak) shifts
from 286.68 eV to 286.28 eV, which is ascribed to
the coordination bonds between zinc ions and
hydroxyl groups. The above changes in XPS spectra

results proved that ZIF-8 successfully crystallised in
situ and preferably grew along the periphery of PGO
nanosheets where the hydroxyl groups locate. Yet a
fraction of ZIF-8 nanocrystals also grew at the
surface of the PGO nanosheets, which might
increase the interlayer d-spacing of the lamellar
structure. These findings are consistent with the
graphene oxide layer structure model proposed in
the literature [17].

3.2 Water permeation and dye rejection
performance

To understand how coating time affects the
water permeance, 0.05mg/mL PGO dispersion was
used to prepare a batch of pristine PGO membranes
without any MOF composites. As the coating time
decreases, the thickness of PGO nanosheets
decreases. From Figure 6, when the coating time is
half, water permeation rises with an increasing rate.

To achieve both high water permeance and good
dye rejection performance, coating time, PGO
dispersion concentration, metal and ligand precursor
solvent, ligand precursor concentration, metal and
ligand precursor immersion time were altered in the



preliminary stage. After coating 0.lmg/mL PGO
dispersion onto the hollow fibre substrates for 30s
and dried, the PGO HF membranes were immerged
in 3000 ppm metal methanol precursor for 3 hours
(M_3000_3h) and then 16000 ppm ligand methanol
precursor for 12 hours (M_16000_12h). 100% MR
rejection was reached with a low permeance (0.585
LMHbar!). Water as a precursor solvent could not
achieve high rejection therefore methanol was fixed
as both the metal and ligand precursor solvent for the
next-step experiments.
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Figure 6 Water permeance for pure PGO HF
membranes with different coat times

In the following experiments, 4 factors including
the PGO dispersion concentration, ligand
concentrations, metal and ligand immersion times
were investigated, and it was found that all factors
affect the water permeance and rejection. The
highest water permeance and 100% dye rejection
were found at 0.05mg/mL, M 3000 3h,
M _16000 3h, which is as the optimal condition.
Further improvement could be explored based on
this recipe.

Factor 1: ligand immersion time
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Figure 7 Water permeance and dye rejection for
0.1mg/mL, M3000_3h, M16000_3hours and 12 hours
different ligand immersion times

In Figure 7, longer ligand immersion time, in the
other word, longer reaction time allowed more
ligands to link to the metal nodes and from ZIF-8

nanocrystals. In that way, water was blocked by
clusters of ZIF-8 crystals therefore the water
permeance declined and 12 hours demonstrated a
perfect rejection.

Factor 2: ligand concentrations
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Figure 8 Water permeance and dye rejection for
0.05mg/mL, M3000_3h, M16000ppm, 32000 ppm_1h
different ligand concentrations

According to the idea of changing ligand
immersion time, higher ligand concentrations also
provided more ligands to coordinate with the metal
ions which may disadvantage the water permeance.
As shown in Figure 8, 32000 ppm induced slightly
higher permeance and 100% dye rejection. It is
highly likely that the repulsion between negatively
charged ligands and oxygen on PGO nanosheets
enlarges the interlayer spacing therefore more water
molecules are able to pass through. However, the
water permeance difference could also be an
acceptable experimental error (~10%). It is worth
applying HR-TEM to measure the d spacing of the
membrane under different ligand concentrations to
confirm the microstructure.

Factor 3: metal immersion time
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Figure 9 Water permeance and dye rejection for
0.1lmg/mL, M3000_1h, 2h 3h, M16000_12h
different metal immersion times

From Figure 9, shortening the metal precursor
soaking time effectively improved the permeance



but lowered the full rejection. That is because
positive metal ions have less time to interact with the
negative oxygen functional groups on the PGO
nanosheets in 1 hour than 3 hours, even if 12 hours
of immersion in ligand precursor was not able to
coordinate more ligands to the metal nodes. The
micro-defects on PGO nanosheets were not fully
covered by the limited number of ZIF-8 composites
leading to a lower dye rejection. The lower rejection
happened at 2 hours than 1 hour could be triggered
by the UV-Vis error (5%). Nevertheless, 95.4% is a
good rejection performance, hence 1 hour metal
immersion time could be repeated in the following
experiments.

Factor 4: PGO concentrations
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Figure 10 Water permeance and dye rejection for
0.1mg/mL, 0.05mg/mL and 0.025 mg/mL, M3000_3h,
M16000_1h different PGO concentrations

Keeping the coating time and other ZIF-8
intercalation conditions identical, PGO dispersion
concentrations were altered to tune the thickness of
the PGO nanosheet. With increasing the
concentration, water permeance decreases because
of the increment in thickness and tortuosity.
Comparing 0.05 and 0.025 mg/mL conditions in
Figure 10, there was a minor water permeance
reduction from 2.5 to 2.2 LMHbar-1. It’s very
possible that a concentration change in relatively
dilute PGO dispersion does not dominate the PGO
nanosheet thickness. In contrast, focusing on the
higher concentrations 0.1 and 0.05 mg/mL, water
permeance as well as the PGO nanosheet thickness
heavily depends on the PGO concentrations. The
rejection dropped with the decreasing PGO
concentrations. 82.6% is not an ideal rejection, so it
is not suggested to try any concentrations lower than
0.025 mg/mL.

Factor 5: Cross-linking effect (No ligand
immersion)

There was a specially designed condition
skipping the ligand immersion step. The external
insertion of metal ions between the PGO layers
crosslinks to the negatively charged oxygen on

adjacent PGO flakes decreasing the interlayer
spacing. [18] As a result, the permeance is
substantially lower than all listed conditions, which
indicates crosslinking happened. The dye rejection
(86.4%) was not low, which may be attributed to the
packed PGO nanosheets with a very small interlayer
spacing.

4. Discussion

Methyl Red (MR) is a neutral dye with a small
molecular weight (269.3 g/mol) that has been widely
used in membrane dye removal tests. [19, 20]
However, as MR is widely used as a pH indicator, it
is very sensitive to pH change.

In the pressurised cell, it is unpreventable that
some of the charged metal nodes and ligand organic
groups were washed off and interacted with MR. As
a pH indicator, its colour and physical properties
greatly depend on the pH values. This leads to
significant errors during UV-Vis absorbance
measurements and unreliable dye rejection results.
Therefore, after the preliminary experiments, MR
was replaced by another stable neutral dye, Disperse
Red (DR), with a relatively small molecular weight
(314.34 g/mol) which facilitated a more accurate
molecular weight cut-off determination. Besides, the
surface charge of ZIF-8 composite PGO membranes
could be checked using zeta potential instrument.
After quantitatively understanding the surface
charge, charged dyes could be introduced to the
performance test which better simulate the seawater
desalination in real life.

The growth of metal-organic framework crystal
heavily depends on the temperature, growing time,
and solvent. From the rejection results, for either
metal or ligand precursor, when water was chosen as
the precursor solvent, the neutral dye rejection has
never exceeded 65%. This indicates that compared
with water, methanol provides a preferable
environment for ZIF-8 growing. XPS could be
carried out to determine the growth behaviour of
ZIF-8 nanocrystals with water as the precursor
solvent.

As the optimal performance occurred at 0.05
mg/mL  PGO, M 3000 3h and M 16000 1h
showed 94.7% rejection, 1 hour metal and ligand
immersion time could be tried to investigate if a
desirable rejection can still be realised.

5. Conclusions

In this study, we report a two-step in situ growth
of zeolitic imidazolate framework-8 (ZIF-8) into
porous GO (PGO) hollow fibre (HF) membranes
and the substantial improvement in molecular
rejection performance. The pore size and pore
density of PGO nanosheets were controlled by
adjusting the etching time. The in situ crystallisation
of ZIF-8 was achieved by immersing PGO HF
membrane into the metal ion source and the organic



ligand source in turn. The amount of ZIF-8 grown
was controlled by adjusting the immersing time.
HR-TEM images confirmed the creation of
nanopores with tailored pore sizes on the basal plane
of GO nanosheets. SEM, XRD, and XPS analyses
results demonstrated that the ZIF-8 precursors
successfully penetrated the PGO membrane, and
ZIF-8 preferably crystallised along the edges of the
PGO nanosheets as expected. ZIF-8@PGO HF
membrane with a thickness of 200-400 nm
maintained a high water permeance up to 2.81
LMHbar ! while achieving an outstanding MWCO
of 314 Da. Such performance results exhibit the
excellent potential of ZIF-8 nanocrystals in
improving the performance of GO-based
membranes.
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Cell-free Protein Synthesis towards Investigating in vitro Glycosylation to Optimize the
SUGAR-TARGET Platform

Yixue Dong, Yuyang Ye
Department of Chemical Engineering, Imperial College London

ABSTRACT

Recombinant proteins are a crucial in industry, comprising component ranging from therapeutic agents to industrial
enzymes®. However, their natural biological properties give rise to a number of problems, which have limited their
applications. For instance, glycosylation is a common post-translational modification of proteins. However, it is still
challenging to create glycoproteins with targeted glycosylation of high homogeneity because of the promiscuity of
enzymes involved!!. Scientists have attempted to resolve this, but methods for industrial-scale production in
glycoengineering and respective native reaction network are still lacking. To address these limitations, in vitro
glycosylation has recently been considered and a small-scale sequential glycosylation reactions for tailored sugar
structures (SUGAR-TARGET) platform has been established'!. In this study, successful expression of proteins with
targeted basal glycosylation was implemented using Chinese hamster ovary (CHO) cell-based cell-free proteins
synthesis (CFPS). After that, the SUGAR-TARGET platform was optimized at the enzymatic in vivo biotinylation
followed by one-step immobilisation/purification step. It was found that the efficiency of biotinylation was
proportional to the extent of biotin added to maximize the yield of glycosyltransferases. Furthermore, a larger-scale
SUGAR-TARGET platform was built, which acts as a prototype to support its further applications at an industrial
scale, and raises the prospect for use of the SUGAR-TARGET platform in combination with CHO cell-based CFPS
systems.

Keywords - Recombinant protein, CFPS, Glycosyltransferase, Glycosylation, SUGAR-TARGET

1. INTRODUCTION indicate two ways glycans could attach to, either the side
chain nitrogen (N) atoms of Asn residues or the side
chain oxygen (O) atoms of Ser and Thr residues®.
Glycoproteins are proteins containing glycans attached to
amino acid side chains during glycosylation. Since
human cells are fundamentally different from those of
other species, including microorganisms, fungi, insects
and plants, the possibility of creating recombinant
glycoproteins for therapeutic purposes in humans using
cultivated mammalian cells has generated a lot of
interest'®. In general, Chinese hamster ovary (CHO) is
one of the mammalian cells most widely used for the
expression and production of recombinant N- or O-
linked glycoproteins®, as it is able to produce
glycoproteins at a high rate and could be grown in large-
scale bioreactors®.

Despite the establishment of functional importance from
previous work, it is still challenging to produce
glycoproteins with targeted glycosylation of high
homogeneity’. The promiscuity of glycosylating
enzymes results in a heterogeneous glycoprofile?.
Furthermore, methods for large-scale production in
glycoengineering and respective native reaction
networks are still lacking and the strategies for
engineering bespoke functions on proteins using sugar

Recombinant proteins have become an invaluable
biological molecule in a plethora of different industries.
Despite their wide applications such as health and
biotechnology, proteins are mainly used in pharmacology
as therapeutic proteins and industrial fields as enzymes'*.
Due to their large molecular weight, complex
composition and structure, proteins have limited
solubility, as well as thermal and proteolytic stability,
which leads reduced efficacy and greater immunogenetic
side effects of therapeutic proteins®. In addition, these
limitations hinder the development of enzymes and
increase the production cost on an industrial scale’.

Scientists have explored different techniques to enable
the manipulation of protein stability, specificity and
alteration in its overall function to achieve the desired
properties'*.  Among all the methods tested,
glycoengineering appeared to be one of the most reliable
for future investigation. The  principle of
glycoengineering is changing glycosylation’, which is
one of the most common and most poorly understood
post-translational modifications of proteins!®. There are
two major glycosylation pathways, which are called N-
linked and O-linked glycosylation. They respectively
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chemistry is time-consuming'!. To address these
demands, in vitro glycosylation has been recently
considered. It has the benefit of allowing for specific
sugar modifications on recombinant glycoproteins'®,
which means therapeutic glycoproteins could be readily
generated in a relatively short time, regardless of the
production scale.

2. BACKGROUND

In previous work, in order to deal with the limitation of
glycoengineering techniques, a platform for Artificial
Golgi Reactions sequential glycosylation reactions for
tailored sugar structures (SUGAR-TARGET) was
developed which allowed bespoke, controlled N-linked
glycosylation in vitro'!. Apart from that, an innovative
method including in vivo biotinylation was also created
followed by one-step immobilisation/ purification. The
human-like glycosylation pathway was chosen using
three enzymes, which were N-
Acetylglucosaminyltransferase I (GnTI), a-Mannosidase
IT (Manll) and B-1,4-Galactosyltransferase (GalT)!!. The
reaction cascade is shown below (Figure 1). Therefore,
these immobilised enzymes were used to mimic the
reaction cascade of the human N-linked glycosylation
process, where promiscuity is present naturally. However,
the SUGAR-TARGET platform was established for
small-scale reactions with sequential incubation of the
reaction mixtures with individual enzymes followed by
removal using magnetic bead separation.

The purpose of this project was to investigate in vitro
glycosylation carried out by cell-free protein synthesis
(CFPS) and to assess whether there was scope to
supplement these products into an optimized SUGAR-
TARGET platform. Given this, a larger-scale prototype
of the SUGAR-TARGET system would need to be
established using packed columns. In order to achieve
these goals, we firstly focus on the expression and
purification of proteins with targeted glycosylation by
conducting CFPS using CHO cells. After that,
modification on previous small-scale SUGAR-TARGET
platform was done with optimization of the reaction
conditions. Lastly, an industrial-scale prototype of this
system was designed with the usage of polypropylene
columns in lab.
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Figure 1. Reaction Cascade of Immobilised Enzymes
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3. METHODOLOGY

3.1. Expression and purification of protein with
targeted glycosylation

3.1.1. Expression of GFP and mFc-GFP

Green fluorescent protein (GFP) and green fluorescent
protein with a monomeric crystallizable fragment
antibody domain (mFc-GFP) were expressed in Chinese
hamster ovary (CHO) cells. Cell-free protein synthesis
(CFPS) was chosen for the expression of protein with
targeted glycosylation. The main advantage of choosing
CFPS is that the metabolic and cytotoxic burdens are
abandoned in CFPS. Thus, it can provide an independent,
open system to produce specific proteins directly and
synthesize difficult-to-express or toxic with a high
throughput production'®. What’s more, since all the
materials are used to produce the protein, it simplifies
purification steps and reduces the loss of targeted protein
during purification, which results in a higher yield®.
Three components are essential for CFPS: a DNA
plasmid encoding targeted protein, a cell-free lysate
containing cellular components required for DNA
transcription and translation, and a reaction mixture
providing amino acids, nucleotides, energy sources and
crowding reagents®. However, the yield of protein
expressed by CHO cell-based CFPS is low, which is
mainly due to the stress-induced eukaryotic initiation
factor 2(elF2) phosphorylation'®. To solve this problem,
accessory protein tGADD34 is added to the expression
reaction to dephosphorylate elF2a and inhibit stress-
induced gene expression to improve yields'’. The
expression of proteins is motivated when the genetic
materials combine with the cell-free extract.

The DNA plasmid of GFP and mFc-GFP used for
expression were given as a gift from a member of Polizzi
Lab. The lysate, tGADD34 and reaction mix used for
CFPS reaction was prepared as previous research
described!?. 25uL reactions were made to perform CFPS
with the following procedures: 2.5uL purified accessory
protein tGADD34 was added to 12.5uL lysate. Following
mixing the sample with gentle flicking, it was incubated
at room temperature for 10 minutes. 9.5uL reaction mix
was then added to the sample and gently mixed with
flicking. At the same time, the plate reader was pre-
heated to 30 °C to ensure expression could be started
immediately once all the components are assembled.
0.5uL DNA of GFP or mFc-GFP was then added to the
sample. A negative control was performed to cancel the
background fluorescence by repeating the same



procedure described before with a modification: 0.5pL
water was used instead of the prepared plasmid. The
reaction samples were then transferred into the wells of
the Corning 384 well plate (or other multi-well plate).
Finally, the plate was sealed with membrane and placed
into the plate-reader CLARIOstarPlus (BMG Labtech)
with a 300 rpm shaking condition for at least 8 hours for
expression.

3.1.2. Purification of the expressed mFc-GFP

After expressing mFc-GFP with targeted glycosylation,
it was purified with a one-step purification method using
Ni-NTA beads. A native condition was chosen to purify
the protein to avoid effects on glycosylation by denatured
condition. 40puL (0.5mg) of Ni-NTA Magnetic Beads
were first mixed with 160pL of equilibrium buffer
(100mM sodium phosphate, 600mM sodium chloride,
0.05% Tween — 20 Surfact — Amps Detergent Solution
and 30mM imidazole). After vortexing the mixture for 10
seconds, a magnetic stand was used to collect the beads
and the supernatant was discarded. The beads were then
mixed with 400uL of equilibration buffer and vortexed
for 10 seconds. The supernatant was removed and
discarded. 40mL of the pre-expressed mFc-GFP was
diluted with an equal volume of equilibration buffer. The
prepared protein extract was then mixed with beads using
an end-over-end rotator for 30 minutes. After collecting
the beads using a magnetic stand, the beads were washed
twice with wash buffer (100mM sodium phosphate,
600mM sodium chloride, 0.05% Tween — 20 Surfact —
Amps Detergent Solution and 50 mM imidazole). 400ul
wash buffer was added to the beads and vortexed for 10

seconds, the supernatant was then removed and discarded.

After washing, 25uL of elution buffer (100mM sodium
phosphate, 600mM sodium chloride and 250mM
imidazole) was added and vortexed until all the beads are
submerged in the elution buffer. The mixture was then
incubated for 15 minutes on a rotating platform and the
supernatant containing His-tagged protein was collected
and saved. The elution step was repeated using 25uL of
elution buffer. The beads were finally incubated for 10
minutes and saved.

3.1.3. SDS-PAGE analysis for purified protein

Sodium  dodecyl sulfate  polyacrylamide  gel
electrophoresis (SDS-PAGE) was applied to analyse the
purification of the expressed protein. It can separate
different proteins with different molecular weights and
investigate the purity of the glycoprotein sample.

9% gels were first prepared as follows using a Bio-Rad
gel casting stand: The glass plates and spacers of the gel
casting unit were cleaned, and the plates were assembled.
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To cast 2 x 9% gel, resolving gel solution was prepared
(4.2mL water; 3mL acrylamide; 2.5mL Tris-HCI, pHS.8;
0.150mL SDS; 0.150mL ammonium
persulfate ;0.009mL TEMED). The aliquot gel was then
poured into the plates and water was added to reach the
top edge of the plates to maintain an even and horizontal
resolving gel surface. The gel was left for 20 minutes to
solidify, and the overlaid water was then discarded.
Stacking gel solution was then prepared (3.69mL water;
0.625mL  acrylamide; 0.630mL Tris-HCl, pH6.8;
0.05mL SDS; 0.05mL ammonium persulfate; 0.005mL
TEMED). The stacking gel was poured until it overlaid
the edge of the plates. The 10-well comb was inserted to
make sure no air bubbles were trapped in the gel. The gel
was left for 20 minutes to complete the set-up.

40uL of the supernatant containing purified mFc-GFP
was mixed with 10uL 5 x SDS-PAGE buffer (0.225M
Tris'Cl, pH 6.8; 50% glycerol; 5% SDS; 0.05%
bromophenol blue; 0.25M DTT). The sample was heated
and incubated at 100° C for 10 minutes. 20uL of the
incubated sample was loaded on the gel alongside
PageRuler Prestained Protein Ladder (ThermoFisher).
Detailed information for the ladder can be found in
Appendix A. The gels were then run at constant electric
current (mAmp) using 25mAmp/gel for 50 minutes.
After the complete running of the SDS-PAGE, the gels
were washed and stained with SimplyBlue™ SafeStain
(ThermoFisher) following the microwave stained
protocol provided by the manufacturer®.

3.2. Enzyme expression and immobilisation

In this research, both GnTI and GalT were expressed in a
bacterial system. Immobilised enzymes have higher
reusability, stability, and controllability compared to
mobile enzymes!?. Therefore, the expressed enzymes
were immobilised to build an enzyme cascade using a
one-step immobilisation/purification method. Since
ManllI has to be expressed in insect cells and biotinylated
by a chemical biotinylation technique, it was not
expressed and purified in this research due to time
limitations.

3.2.1. Optimizing the concentration of d-biotin for
inducing enzyme expression

From the previous research, GalT and GnTI were
biotinylate using 20uM biotin. To improve the extent of
biotinylation, the concentration of biotin was optimised
by expressing GalT and GnTI with a final concentration
of biotin varying from 10pM to 30uM with an increment
of SuM. A modified experiment was done for induction
of 20uM and 100uM biotin to express GalT and GnTI to



obtain a more visible result and further investigate the
overall change in biotinylation performance with
different concentrations of biotin.

3.2.1.1. GalT and GnTI expression

The expression of glycosyltransferase GalT and GnTI
using a bacterial system took 3 days. On the first day of
the expression process, 900mL of Luria Broth Base
(Miller's LB Broth Base) ™ (LB) medium (1% peptone
from casein; 0.5% yeast extract; 1% NaCl in water) was
prepared. The co-transformed cells of GnTI and GalT
were given by a member in the Polizzi Lab. A single
colony of the co-transformed GnTI or GalT was added to
SmL of LB, together with 100pg/mL ampicillin and 10
pg/mL chloramphenicol. The whole process was done
near a fire to eliminate possible contaminants in the air.
The culture samples were incubated in a shaking
incubator overnight at 37 °C.

After one night of growth, the pre-induction culture was
prepared by diluting 125uL starter culture with 12.5mL
LB media containing 0.2% glucose. The same pre-
induction culture was prepared for each sample with
different biotin concentrations added after. To prevent
the elimination, the whole process was done near a fire.
The samples were then incubated in a shaking incubator
at 37 °C until the optimal density at 600nm (OD600)
reached 0.6-0.8 with a ImL of LB as the blank. ImL of
the pre-induction culture was collected for each sample
to trace the experiment. The new volume for each sample
was reduced to 11.5mL. The expression of the enzymes
was then induced by adding isopropyl pB-D-1-
thiogalactopyranoside (final concentration 0.1mM) and
biotin into the pre-induction culture. The volume of 4mM
biotin added to each sample is shown below:

Table 1. Amount of Biotin Added in Each Sample for the First
Experiment

Sample | Concentration Amount of 4mM
No. of biotin / pM biotin added / pLL
GalT

1 10 28.75
2 15 43.13
3 20 57.50
4 25 71.88
5 30 86.25

GnTI
6 10 28.75
7 15 43.13
8 20 57.50
9 25 71.88
10 30 86.25
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The samples were then incubated in a shaking incubator
overnight at 20 °C.

After overnight incubation, ImL of each post-induction
sample was collected for tracing the experiment. The
cells were then harvested by centrifugation (4 °C, 4000x g,
30 minutes). The pellet for each sample was resuspended
in 1.25mL of lysis buffer (Sml/gr cells; 20mM Tris-HCl,
pH 7.5; 200mM NaCl, 5% glycerol; 0.lmM
phenylmethylsulfonyl fluoride) and the samples were left
for 20 minutes to break the cells. The samples were then
sonicated for 6 minutes with 10 seconds on/off pulses
(40%). Finally, the lysate was centrifuged (4 °C, 12864 x
g, 30 minutes). The supernatant was collected and filtered
with a 0.45um filter. The filtrate was collected for further
analysis.

With two modifications, the same experiment was done
to express GalT and GnTI with 20uM and 100uM biotin.
The volume of 4mM biotin added to each sample in the
second experiment was shown as follows:

Table 2. Amount of Biotin Added in Each Sample for the Second
Experiment

Sample | Concentration | Volume of 4mM
No. of biotin / pM biotin added / pL
GnTI
| 20 57.50
2 100 287.50
GalT
3 20 28.75
4 100 287.50

Besides, after the same induction and harvesting
procedure, the pellet of each sample was resuspended in
350uL of lysis buffer to ensure protein concentration was
high enough to show clearer results on the gel.

3.2.1.2. Quantification of the extent of biotinylation by
a streptavidin gel-shift

The strategy of in vivo biotinylation is illustrated in
Figure 2a. Specifically, the catalytic domain of
recombinant proteins was initially fused to Maltose
Binding Protein (MBP) at N-terminus and AviTag at C-
terminus. Subsequently, a small two-residue Glycine-
Serine linker was inserted before AviTag to ensure
functionality. This allowed for the site-specific
biotinylation of both enzymes by co-expressing with
biotin ligase BirA and supplementation of the medium
with biotin'.

Before quantifying the extent of biotinylation, a gel-shift
analysis with streptavidin by SDS-PAGE was used due
to the non-covalent biological interactions of the binding
between biotin and streptavidin (Figure 2b). As a result,



except the original bands indicating the molecular weight
of BirA (34kDa) and enzymes (93.8kDa for GnTI and
76.4kDa for GalT), this binding would be shown on the
gel in the form of the tint bands of enzymes and
additional new upper bands with the control of
streptavidin (66kDa), which was called gel shift. The
intensity difference of the bands of the expressed
enzymes with and without streptavidin would implicate
the efficiency of biotinylation.

9% SDS-PAGE gel was prepared as described previously.

To prepare the samples used for gel shift assay, 8.25uL
of 2 x SDS-PAGE buffer without DTT (0.09M Tris-Cl,
pH 6.8; 20% glycerol; 2% SDS; 0.02% bromophenol
blue) was added to 7.5uL of each biotinylated enzyme.
The mixed samples were then heated at 95°C for 5
minutes using a PCR system (ProFlex). The samples
were completely cooled down to room temperature.
0.75uL of streptavidin was then added to each sample.
For negative controls, 0.75uL of DI water was added
instead. After that, the samples were loaded on the
prepared 9% SDS-PAGE gel alongside PageRuler
Prestained Protein Ladder (ThermoFisher) and run at a
constant electric current (mAmp) using 25mAmp/gel for
50 minutes. The same microwave staining protocol was
applied to the gels as mentioned before. Finally, the
intensity of the bands on the gel was measured using
Image Lab Software to carry out gel shift assays on the
biotinylated enzymes.

o S 5‘?%

| N 4

Figure 2. Principle of in vivo Biotinylation. a. Process of binding
between Bird and AviTag; b. Interaction of binding between biotin and
streptavidin.

3.2.2.1. One-step immobilisation/purification of
enzymes
Streptavidin ~ silica  particles 1%w/v. 1.0-1.4pm

(Spherotech) were used to carry out the one-step
immobilisation of the expressed enzymes. For each
sample of the expressed enzyme, 50puL of streptavidin
silica particles were centrifuged using a microcentrifuge
at 6.8rpm for 3 minutes to remove the storage buffer. The
beads were then washed 3 times. In one wash cycle,
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200uL of 0.1M Tris-HCl1 (pH 7.5) was added to
resuspend the beads and then centrifuged at 6.8 rpm for
3 minutes. 30uL of the expressed enzyme sample was
then mixed with the washed beads with a dilution by
970uL of the 0.1M Tris-HCI (pH 7.5). The beads were
harvested by centrifugation for 8 minutes at 6.8rpm.
Finally, the particles were washed with 2mL of 0.1M
Tris-HCI (pH 7.5) 3 times.

3.2.2.2. SDS-PAGE analysis for immobilised enzymes

SDS-PAGE was applied to analyse the immobilised
enzyme samples. 9% SDS-PAGE gel was prepared as
previously mentioned. The samples for running on the
gels were then prepared. To prepare the samples of
expressed enzymes, 40uL of each pro-immobilised
enzyme sample was mixed with 10pL of 5 x SDS-PAGE
buffer (0.225M Tris-Cl, pH 6.8; 50% glycerol; 5% SDS;
0.05% bromophenol blue; 0.25M DTT). The samples
were then heated up to 95 °C using a PCR system
(ProFlex) for 5 minutes. To prepare the samples of
immobilised enzymes, 80uL of beads in DI water was
mixed with 20pL 5 x SDS-PAGE buffer (0.225M Tris-Cl,
pH 6.8; 50% glycerol; 5% SDS; 0.05% bromophenol
blue 0.25M DTT), followed by incubation at 100° C for
10 minutes. The samples were then centrifuged for 1
minute at 13.4rpm to remove the beads.

20uL of each expressed enzyme sample and 20uL of the
supernatant of each immobilised bead sample was loaded
on the gel aside from the PageRuler Prestained Protein
Ladder (ThermoFisher) and run at a constant electric
current (mAmp) using 25mAmp/gel for 50 minutes. The
same microwave staining protocol was applied to the gels
as mentioned before.

3.2.3. Lab-scale SUGAR-TARGET platform design

2mL disposable columns (Thermo Scientific™) and
silica particles 5% w/v. 1.26pm (Spherotech) were used
to build a prototype for a lab-scale SUGAR-TARGET
platform. From the previous study, the conditions for
inducing desired glycosylation on the targeted protein in
a large-scale SUGAR-TARGET platform were
computed theoretically'. Two designs were considered:
the first design is a continuous packed-beds column
containing enzyme cascade, while the second one is three
columns linked in series with the packing of different
glycosyltransferases respectively. The advantages and
disadvantages of the designs were considered from
functional, efficient, and economic aspects.

4. RESULTS AND DISCUSSION



4.1. Expression and purification of protein with
targeted glycosylation

4.1.1. Expression of GFP and mFc-GFP

Initially, the ability of tGADD34 to increase expression
of GFP and mFc-GFP in CHO cells-based CFPS was
analysed using the plate-reader CLARIOstarPlus (BMG
Labtech). Figure 3 showed the expression behaviour of
newly purified tGADD34 in expression GFP and mFc-
GFP overtime by CFPS, as mentioned in Section 3.1.1.
The plate reader can detect the signal given by GFP and
quantify the fluorescent intensity?’. The more GFP and
mFc-GFP were expressed, the higher fluorescence was
reported. The trend of the positive control and the
expression of GFP using new tGADD?34 are similar, and
it proves the new tGADD34 can work in the expression
of GFP and mFc-GFP. Since the fluorescence detected in
the expression of GFP using new tGADD34 is higher
than that using old tGADD34 at any time, the new
tGADD34 worked better in the CFPS, which is mainly
due to the denaturation of old tGADD34 during storage.
Furthermore, CFPS performed better in expressing GFP
compared to mFc-GFP. This is due to the additional
antibody fragment interfered with GFP folding, thus
reduced the fluorescence. What’s more, since mFc-GFP
is greater than GFP in size, by applying the same amount
of materials for protein expression, the amount of GFP
produced is higher than mFc-GFP.

Figure 3. Testing New tGADD34 and Assessing Expression of GFP and
HM-mFc-GFP

The formal expression of mFc-GFP was conducted using
the same CFPS method. From Figure 4, the trend of the
curve for the expression of mFc-GFP is similar to that
shown in Figure 3. A sudden reduction in the
fluorescence occurred at 2.8 hours. By analyzing the raw
data, the fluorescence of the sample of expressed mFc-
GFP in the first well reduced, resulting in a sharp
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decrease in the average fluorescence, which could be due
to the machinery error. While the overall trend of the
curve still shows the successful expression of mFc-GFP
was achieved.

Figure 4. Expression of mFc-GFP with Targeted Glycosylation using
CHO Cell-based CFPS

4.1.2. Purification of the expressed mFc-GFP and
SDS-PAGE analysis for purified protein

The purification of mFc-GFP was carried out using Ni-
NTA beads with a one-step purification method, which
was described in Section 3.1.2. Figure 5 shows the SDS-
PAGE result analysing the purified protein. There is a
band occurs at 54.8kDa, which specifically represents
mFc-GFP. It further proves the protein expression is
successful. Since the band is clear and distinguishable
from others, it shows the purification method using Ni-
NTA beads works to purify the expressed mFc-GFP with
targeted glycosylation. It should be noticed that some
impurities are observed in the sample. In that case, a more
specific purification method could be investigated to give
a better result.

However, the glycan analysis shows glycans were
missing in the purified protein. The His-tagged
purification using Ni-NTA beads did not work for the
glycan purification since the detergents were not
sufficient for microsome lysis, or the beads used were not
able to specifically capture the His-tagged protein. Itcan
also be because of the impurity issues of the sample,
which prevent the expressed mFc-GFP to release glycans.
Besides, since the band of the mFc-GFP shown on the gel
is thin, the concentration of purified mFc-GFP with
targeted glycosylation in the sample is lower than
100pg/mL. Therefore, the glycans cannot be detected.
The detailed glycan analysis result is in Appendix B.
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Figure 5. SDS-PAGE Analysis on Ni-NTA Purified Protein with
Targeted Glycosylation

4. 2. Artificial Golgi reactions

4.2.1 Optimization of enzymatic in vivo biotinylation
during expression of glycosyltransferases

In order to optimize the yield of proteins (GnTI and GalT)
from expression, we intended to vary the biotin

concentration during enzymatic in vivo biotinylation

experiments. The binding between biotin ligase BirA and

AviTag provided the foundation of this efficient reaction’,
which has been mentioned in Section 3.2.1.

We initially planned to vary it from 10uM to 30puM with

the increment of 5uM as mentioned in Section 3.2.1 to

explore the trend of biotinylation efficiency and thus

achieve the optimization. However, it was quite difficult

to see the bands of both GalT and GnTI from Figure 6,

which would a challenge in measuring the intensity

difference. This result might be due to serval reasons.

Firstly, the change of biotin concentration of the original

idea was too small to figure out the obvious gel shift, so

it seemed to achieve the same biotinylation. Secondly,

the lysate was too dilute which resulted in a small

concentration of proteins, and therefore, respective tint

bands.
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Figure 6. First Attempt of Biotinylation Confirmation Using Gel-shift
Assays; Each lane was loaded with and without BirA and streptavidin
in the absence of reducing agent DTT. a. Gel assays of GalT; b. Gel
assays of GnTL

Having learned the experience of failures before, the
protocol for in vivo biotinylation was modified (Section
3.2.1). The much clearer results of gel-shift assays are
shown in Figure 7. Since streptavidin had four binding
sites, it could bind to more chains of the biotinylated
target, which corresponded to multiple bands on the gel'!.
After measuring the intensity of bands for both enzymes
with Image J software, biotinylation efficiency with
respective biotin concentration was calculated and the
results are generated in Table 3. It was obvious to see
that 100uM of biotin concentration corresponded with
higher biotinylation, especially for GalT. Therefore, it
could be concluded that the efficiency of enzymatic
biotinylation would be proportional to the addition of
biotin concentration. Furthermore, the intensity of gel
shift was interestingly found to be different in both cases,
as can be seen in Figure 7. For GnTI, a darker shift band
was shown when the concentration of biotin was 100uM.
This was confirmed after the measurement of protein
concentration, and it was found to be much higher than
that of 20uM ones. While in terms of GalT, a darker band
at 20uM might be a result of operation error, such as poor
performance when loading samples.
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Figure 7. Second Attempt of Biotinylation Confirmation Using Gel-
shift Assays;, Each lane was loaded with and without BirA and
streptavidin in the absence of reducing agent DTT. a. Gel assays of
GnTl; b. Gel assays of GalT.

Table 3. Results of biotinylation efficiency with respective enzymes and
biotin concentration added

Biotinylated enzyme with
different concentration

% biotinylation

GnTI with 20uM biotin 31.78
GnTI with 100uM biotin 50.14
GalT with 20uM biotin 38.40
GalT with 100uM biotin 65.00

4.2.2 One-step immobilisation/purification

After the successful expression and implementation of in
vivo biotinylation, one-step immobilisation/ purification
of GnTTI and GalT was conducted with streptavidin-silica
beads. Gel -electrophoresis was then wused for
confirmation, where the results were shown in Figure 8.
The presence of multiple bands on the lanes of binded
beads suggested that the recovery of GnTI was not as
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good as that of GalT. This could be a human error,
resulting in the poor immobilisation of enzymes. In
addition, it was clear to see that the bands of BirA were
also shown when non-specifically bound to beads, which
might be due to the complex formed with its substrate
AviTag.
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Figure 8. Confirmation for the Recovery of Enzymes after One-step
Immobilisation/ purification; a. Gel assays of GnTI; b. Gel assays of
GalT.

4.2.3 Design of larger-scale SUGAR-TARGET
platform prototype

Following the novel methods of the in vivo biotinylation
and site-specific immobilisation of glycosyltransferases
with additional changes to optimize conditions, we
considered to set up a larger-scale SUGAR-TARGET
platform by using disposable polypropylene columns
based on the conceptual and computational prototype
mentioned in Section 3.2.3. Mainly speaking, there were
two types of packed bed reactors designed, following the
cascade of GnTI-ManlI-GalT.



4.2.3.1 Continuous packed bed reactor

The first ideal setup was the continuous bed reactor. In
this kind of system, immobilised enzymes are packed in
a single continuous column with filters in between, which
could be seen clearly by three distinct colours from
Figure 9. When considering the implementation in terms
of industrial scale, the system had the advantage of
automatic control and operation, which would help to
reduce both labour and capital costs?!. However, the
flowrate and residence time of each specific glycoprotein
could not be controlled separately. Besides, it was
necessary to consider the pressure drop across the packed
column, as well as the effect of column dimensions like
length to achieve the desired reaction rate?!.

Figure 9. Establishment of Continuous Packed Bed Reactor with
Immobilised Enzyme Cascade

4.2.3.2 Sequential packed bed reactors

Another idea was to connect three packed columns in
series (Figure 10) and then control the flow of
glycoproteins by manually opening or closing, though it
was somewhat time-consuming. Also, variables like
temperature and pressure could be controlled easily since
glycoproteins were separated. Due to the fact that the
reaction buffers for three immobilised enzymes were
specific throughout the cascade, it was suggested to
replace the buffer system in between. To solve this
problem, a desalting column was considered to be added
between each packed column. Initially, the heavy
glycoproteins took much more time to flow through the
bed compared with small salt molecules. Nevertheless, if
an inlet stream of buffer was introduced into the desalting
column and then suddenly flashed out, glycoproteins
would be quickly pushed downwards to flow to the next
column and complete buffer exchange. Despite the whole
system had many advantages, one point to consider was
that the operating costs would be higher with the usage
of multiple columns.
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Figure 10. Establishment of Sequential Packed Bed Reactor with
Immobilised Enzyme Cascade

5. CONCLUSIONS

In this research, mFc-GFP was successfully expressed
using a CHO cells-based CFPS method. It was
sequentially purified with a one-step Ni-NTA beads
purification method. However, the impurity issue caused
the failure in detecting glycans in the purified protein,
which requires further investigation in the specific
purification method. In terms of modification of the
previous small-scale SUGAR-TARGET platform, it
resulted that the extent of enzymatic biotinylation was
proportional to the increase in biotin content by
optimizing the biotin concentration. The expressed
enzymes were then successfully purified with a one-step
immobilisation/purification method using streptavidin
silica beads. Lastly, a prototype for the large-scale
SURGAR-TARGET platform was built, which allowed
to apply this system for industrial uses in the future.

6. FUTURE WORK

The glycan analysis result shows glycans are missing in
the purified mFc-GFP. To improve the glycosylation of
the proteins, better detergents can be used to release the
glycans. A more specific purification technique can also
be investigated to purify the expressed protein more
efficiently, such as protein A beads, which is an
antibody-binding protein that can bind to the Fc region!®.
Besides, the gel shift assay for enzyme expression shows
the extent of biotinylation did not reach 100% even for
100pM biotin concentration. Future experiments can be
conducted with biotin concentrations greater than 100uM
to optimize in vivo biotinylation. Last but not the least,
based on the lab-scale SUGAR-TARGET platform and
the theoretical data from the previous research'®, an
industrial-scale SUGAR-TARGET system can be built



with further evaluation of economic potential, practical
feasibility, environmental and safety factors.
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Abstract
United Kingdom’s net zero goals has led to many businesses working proactively to improve the efficiency of their
energy use and reduce their carbon footprint. Supermarkets, in particular, are extremely energy intensive which means
there is an added focus on reducing their energy use through a variety of data-driven modelling followed by advance
control techniques. This paper presents a possible approach for modelling the compressor work for a UK supermarket
and reducing the compressor work through the implementation of a simple bang-bang controller. A linear model as
well as a neural network model was investigated. The linear model was chosen because it is simpler and can be
physically represented as an equation. The bang-bang controller was simulated with and without temperature setpoint
changes with the aim of improving energy efficiency. Overall, energy savings of 1.5% and cost savings of 0.8% were

achieved, which were deemed as reasonable.

Keywords: Refrigeration Systems, Data-driven Modelling, Bang-Bang Control

1 Introduction

With the announcement of the United Kingdom
(UK) being the first major economy to pass the
ambitious 2050 net zero target, following the 26" UN
Climate Change Conference of the Parties (COP26),
there has been an increase in interest and urge to reduce
carbon emissions within all aspects of the economy [1].
Many regulations and policies have been put in place to
promote the paradigm shift to renewable energy sources.
However, energy demand and consumption continue to
increase and the capacity of energy from renewable
resources is not sufficient. Moreover, the rise of digitally
connected devices has also amplified the electricity
demand. Smart energy management aims to monitor
energy consumption patterns so that businesses can
anticipate amounts of usage to help control and reduce
wasted energy and become more energy efficient [2].
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Figure 1: Schematic of the studied refrigeration cycle considered in
this paper, taken from [18].

Supermarkets are the most energy-intensive
buildings, and, in the UK, these supermarkets take up
3% of the total energy consumption of the economy [3].
Within these supermarkets, refrigeration systems
account for 30% - 60% of the total electricity use. Smart
energy management techniques have been investigated
in refrigeration systems in supermarkets as a method to
reduce electricity use. Reducing this electricity use
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allows for cost reduction and lets supermarkets rely
more on renewable sources as the overall demand for
energy decreases.

A basic layout of a typical refrigeration system
with a booster configuration is shown in Figure 1. A
typical refrigeration system includes multiple fridges,
one at a lower temperature and another at a medium
temperature, and freezer display cases with two
compressor banks. The dynamic model of the
refrigeration system is a system of energy balance
equations. In the cold reservoir, there is a transfer of heat
from the foodstuffs to the cooled air, which is then
transferred from the cooled air to the circulated
refrigerant. The act of being able to store electrical
energy as coldness by lowering temperatures of the
foodstuffs presents a significant potential in the energy
storage capacity of supermarket refrigeration systems by
utilising demand side management [4]. Over the course
of this paper, demand-side management is explored, and
a potential approach is presented.

2 Background

Modelling of refrigeration systems is an exciting
field in research and has been investigated in numerous
studies in the literature to learn about various aspects of
the system’s behaviour. Several modelling techniques
have been investigated in the literature, one of those
techniques is data-driven modelling. Each component in
the refrigeration system, such as the compressor or the
evaporator can be individually modelled, and their
behaviour is studied [5].

[6] explores data-driven modelling through
artificial neural networks alongside predictive control.
An attempt is made to improve the efficiency of the
compressor in the refrigeration system by varying the
compressor motor speed. Although significant energy
savings are obtained, the shortcoming lies in the fact that
training of neural networks is an extensive and
expensive process and requires good quality
experimental data. [5] further goes to establish a non-
linear model based on the thermal dynamics of the
cabinet and the evaporator as opposed to the
compressor. This is a simpler model and achieves



promising results, however, it does compromise slightly
on the accuracy of predictions.

However, as recognised by [7], while neural
networks are much more flexible and good for
eliminating noise, a physical model cannot be
established in the form of an equation. Similar to [5],
this paper uses a black box technique identifying time-
varying and time-invariant linear models to design and
optimise an MPC Controller. The time-varying model in
particular yields favourable results, showing sufficient
energy savings. Despite the potential of a linear dynamic
model, an artificial intelligence (Al) approach using
neural networks or fuzzy logics has been generally more
popular for research. Al techniques for refrigeration
modelling have been extensively discussed in literature,
such as in [8], [9], and [10].

Establishing a functional model is only the first
step to developing a control strategy that could
potentially save energy and reduce costs. A supermarket
refrigeration system suitable for supervisory control in
the smart grid is explored in [11]. The fully integrated
model consisted of three independent models which
represented the three different subsystems [11]. The
three subsystems were: the display case, suction
manifold, and the condenser. Dynamic equations were
identified to model heat transfers within the subsystems.
Whereafter, parameter estimations were performed via
an iterative prediction-error minimisation (PEM)
method. Supervisory control was implemented with a PI
controller to regulate the power consumption to the
reference level received from the grid. The control
objective was to ensure the average power consumption
of the refrigeration system follows the reference and
simultaneously stays within the temperature limits of the
display cases. Simulations of the model with these
subsystems corresponded well in confirming the
effectiveness of the model approach.

In [12] control strategies in the heat recovery of a
CO; booster system in a supermarket has been simulated
and analysed for its energy, environmental and
economic benefits. Five different heat recovery
strategies were investigated. Each strategy analysis
considered the energy consumption, operational cost
along with its environmental impact. The models
validated that it was able to reproduce the behaviour of
the refrigeration system with high precision. The best
energy strategy would be able to result in a reduction of
total consumption by 32%. Heat recovery systems bring
about significant benefits to improve the energy
efficiency of energy-intensive buildings such as a
supermarket. However, trade-offs will need to be
considered carefully. This paper concludes that it is very
difficult to model such a system’s behaviour with a
steady-state model of the installation. Therefore, a more
accurate model would consider the system dynamics
[13].

3 Motivation

Previous work has been conducted in designing,
installing, and costing a model predictive control
framework for a Heating, Ventilation and Air
Conditioning (HVAC) system. The MPC scheme aims
to provide an optimal temperature setpoint that will
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minimise the overall costs and carbon usage whilst
maintaining the thermal comfort range of temperatures
for the occupants of the supermarket. The full scope of
this project aims to develop a fully functional
refrigeration model. However, due to time limitations,
this paper aims to simulate the refrigeration dynamics of
several cabinets and implement control systems to
determine how variations in the temperature setpoints of
the cabinets can affect overall energy costs using
available telemetry data.

4 Data

4.1 Description

All data used for the project is from a UK based
supermarket. All data used is from 25% October 2022 to
22" November 2022. The cabinet telemetry data is at a
resolution of 2 minutes, while the compressor work data

is at a resolution of 10 minutes.

4.2

Raw Data Visualisation
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Figure 2: Plots showing raw data for the ambient temperature and the
temperature difference between cabinet and store temperatures (AT)
against the compressor duty.

Figure 2 depicts the general effect of AT and
ambient temperature on the compressor duty. It is
evident that as ambient temperature increases so does
the compressor duty and as AT decreases (in
magnitude), compressor duty decreases.

w— Cabmer Torry
— etpeer

[ adtws) Wem

e

Walve Poation [N

il b ‘

Figure 3: Plots showing the raw temperature data of a fridge cabinet
and its corresponding valve positions for a sample day: 26th October
00:00-23:58.

Figure 3 shows the temperature variations and the
valve positions of a fridge cabinet in time resolutions of
2mins. The temperature setpoint for this particular
cabinet is observed to be 1.5°C with a deadband of 1°C.
It is evident that a bang-bang controller is utilised as



there are fluctuations in the temperature between two
states: above and below the desired setpoint.

5 Materials and Methods

5.1 Software
Python 3.9 was used throughout this project for
all simulation and modelling purposes.

5.2 Model for the Compressor Duty

For the first model, a linear approximation was
used. Noting that the driving force for the compressor
work is the temperature difference between cabinet
temperature and the store temperature, and accounting
for the effects of the ambient temperature, a linear
approximation is made in the form of the following
equation:

W = a1 (Teapinet — Tstore) + Q2 Tampient + a3 @
Where T,gpinet i the weighted average calculated with
respect to each cabinet type mentioned in Table 1.

The equation can be simplified and written as:

W =ayx;+ayx, + a; 2
Real-time data for x4, x, and W is fed to python and the
LinearRegression feature of scikit-learn is used to obtain
the constants a4, a, and a;.

In order to assess if compressor duty is a linear
function of the aforementioned temperatures, a neural
network was also trained on the data. This was done
using the MLPRegressor from scikit-learn.

Lastly, the effects of humidity were also
investigated. This was done by simply including another
linear term in the equation correlating to the humidity.
For all models, the data was split into test and training
sets with a test size of 30% at random. This is kept
consistent throughout all the models discussed in the
course of this report.

5.3 Model for the Cabinet Temperature

Table 1: Classification of cabinet types based on their temperature

range.
Cabinet Temperature | Description | Total
Type Range
1 -23<T<-18 Freezer 13
2 0<T<2 Fridge 4
3 -1<T<3 Fridge 8
4 -1<T<7 Fridge 5
5 -1<T<5 Fridge 5

The cabinet temperature depends on the flow of the
coolant which is controlled through a valve. The valve
opening can be manipulated to adjust the cabinet
temperature which in turn can be used to adjust the
compressor duty. In order to devise a model for the
cabinet temperature, a simple heat balance is taken over
the cycle such that:

chabinet — Qcabinet (3)
dt mc,

where Q.qpinet 15 the cabinet duty denoted by m A and
the mass of the coolant, m, can be calculated by
multiply the valve position by the valve constant, ki .
Substituting these inputs into the main equation yields:
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chabinet — kVX/1
dt mc,

C))

This equation can be further simplified into a discrete
time temperature model, using a constant change in
time, At:

kyxA
mec, At + kcTeapine:(m) + ¢ (5)

Tcabinet(n + 1) =

This equation finally can be written in the form of
Y = mX + C such that:

Tcabinet(n + 1) = mlx(n) + szcabinet(n) +c (6)

Similar to the compressor duty model, historic data
for cabinet temperatures and valve positions are fed to
python and the LinearRegression feature of scikit-learn
is used to obtain the constants m and c. Within the
refrigeration system, there are several cabinets, each
operating over a range of temperatures. Based on
temperature range of the product, the cabinets were
classified into five types as shown in Table 1. A separate
model was established for each cabinet type.

5.4 Control Scheme for the Refrigeration
Cycle

With the obtained multivariate linear model
equation for the cabinet temperatures as a function of
valve position and previous cabinet temperatures, bang-
bang control was implemented to control and regulate
the temperature of the cabinet within a dead band of 1°C
of the desired temperature set point. The principal theory
of bang-bang control is the switch between two states
when the state conditions are met.
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Figure 4: Control loop diagram for the bang-bang controller.

There was a total of five different types of cabinets
that were investigated as shown in Table 1. The valve
positions were used as the actuators in the control loop.
Whereby, when the temperature of the cabinet falls
below Ty, — deadband, the valve would be set at the
lower limiting value and when the cabinet temperature
reaches above Ty, + deadband, the valve position
would be set to the upper limit value.

Table 2: Manually tuned upper and lower limits for valve positions
for each cabinet type with their temperature setpoints.

Cabinet T, Valve Position (%)
Type ©C) Lower Upper
Limit Limit
1 -21.0 10 50
2 1.0 10 35
3 1.0 10 90
4 3.0 10 100
5 2.0 10 40

And so, with the implementation of bang-bang
control for each type of cabinet, a weighted average
temperature of all the cabinets at each timestamp was
calculated and stored as a variable to use in the work



compressor model equation. This would then be used to
simulate the variation of the work compressor duty as a
function of time. Hence, an evaluation of the time
periods of the highest and lowest duties was conducted
and used to investigate how altering the temperature set
points at different periods of the day could affect the
overall work compressor duty and electricity tariffs.

A representative electricity price profile of an
economy-7 type tariff was used for the cost analysis of
the compressor duties of the cabinets. Table 3 presents
the variation in electricity prices during the day.

Table 3: Electricity price used for the cost analysis during off-peak
and on-peak tariff times.

Hour of the Day | Electricity Price [p/kWh]
00:00 — 16:00 10
16:00 — 20:00 20
20:00 — 00:00 10

The hourly tariff information was used to modify
the temperature setpoints of the cabinets to optimise the
energy consumption of the compressors in the
refrigeration model. Whereby, temperature setpoints
were increased during the hours of higher prices.

6 Results and Discussion
6.1 Model for the Compressor Duty
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Figure 5: Linear model (top) and Neural network-based model
(bottom) for the compressor duty, depicting model predicted values
against real-time values for testing data and training data.

Figure 5 shows plots of the model predicted values
against the actual values for the compressor duty for the
linear regression and the neural net respectively.

The linear model shows favourable results with a
decent R? score of 0.45 and a MAPE of 14.4%. The non-
linear model performs slightly better with a marginally
higher R? score of 0.53 and a MAPE of 13.4%. Although
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the neural network performs better, for simplicity, the
linear model was utilised for further analysis. The
coefficients a4, a, and a; are summarised in Table 4.

Table 4: Results from the multivariate linear regression for the
compressor duty, the coefficients correlate to Equation (1).

Coefficients | Value
a, 0.057
a, -0.032
as 0.32

As explained in section 5.2, the effect of humidity
was also assessed. The inclusion of humidity did not
improve the results, in ecither case, yielding
approximately the same R? score and MAPE. To assess
the validity of this conclusion a p-value test was
implemented on the coefficients. The results of the test
are summarised in Table 8 in Appendix A. The results
of the p-value test reiterated the conclusion that
humidity does not significantly affect the compressor
duty and only the temperature gradient as well as the
ambient temperature have a measurable impact on the
compressor duty. It is noted that the model is based on
temperature conditions during the winter months thus
the model validity is limited and is not accurate for the
warmer summer months.

6.2 Model for the Cabinet Temperature

The model for each cabinet type performs very
well, with an R? score greater than 0.9 for each cabinet
type. Table 5 summarises the results from the
multivariate regression with the constants for Equation
(6). Figure 6 depicts the regression results for each
cabinet type.

Table 5: Results from the multivariate regression for the cabinet
temperature, the coefficients correlate to Equation (6).

Cabinet Type | m4 m, c
1 -0.024 | 0.988 | 0.433
2 -0.041 | 0.880 | 1.113
3 -0.019 | 0.890 | 0.890
4 -0.031 | 0.946 | 0.744
5 -0.003 | 0.989 | 0.161

The R? score is very close to 1 for all models,
denoting a near perfect fit. This makes sense as the
cabinet temperature is mostly dependent on the coolant
flow which is manipulated through the valve position.
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Figure 6: Linear model for the cabinet temperature, depicting model predicted values against real-time values for testing data and training data.
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6.3
Cycle

6.3.1 Controller Simulation

Upon simulation of the cabinet model equations
with bang-bang control, Figure 10 in Appendix A
presents the regulation of the temperatures of each of the
cabinets to their corresponding setpoints along with how
the valve positions change to accommodate the
regulation for a sample day, 26 October 2022 00:00 —
23:50. Bang-bang control works well to control the
cabinet temperatures as the figure shows the abrupt
switches between the two states of the valve positions
when the pre-determined high and low set points of the
cabinet temperatures are reached.

As shown in Figure 10 in Appendix A, there are
variations in how quickly the temperatures of the
cabinets respond to the changes in the valve positions
and this is due to the different types of cabinets having
different resulting coefficients in their corresponding
linear model equations. Cabinet type 4 seems to have a
much slower response in changing its temperature with
changes in the valve position as compared to the other
types of cabinets. Therefore, it was important to
manually adjust the upper and lower limits of the valve
positions for each type of cabinet separately to ensure
that the bang-bang controller was operating in the
desired manner.

6.3.2 Compressor Duty

Control Scheme for the Refrigeration

) ' & &
Terwrtamn
Figure 8: Variation of Compressor duty without and without
temperature setpoint changes on 26™ October 2022 00:00 — 23:50.

Using Equation (1) and the coefficients from Table

4, Figure 8 shows the resulting plot of how the
calculated compressor duty varies throughout the day
for the two cases: no temperature setpoint change and
with temperature setpoint changes. The total duty was
calculated to be 259kWh/day for the case with no
setpoint change.
The compressor duty was the highest during the hours
of 10:00 — 16:00. These were the periods of the day
where the ambient temperature was the highest as
depicted in the subplots of Figure 7. The combined
subplots of Figure 7 present a useful insight into how the
key parameters are affected in the two cases.

As the compressor duty model linear equation is a
function of ambient temperature, it confirms that there
is an increase in the compressor duty as ambient
temperature increases. From this analysis, it can be
deduced that this compressor duty will be much higher
during the warmer seasons as generally, the ambient
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temperatures can get 15°C higher than those that have
been used in the model dataset for this project. [14]
confirms the relationship that compressor duty is
expected to rise during the summer months and reduce
during the winter months as a result of the higher
ambient temperatures. They found that there was a 15%
increase in the compressor duty in the summer months
relative to the winter months. Hence, this confirms that
as ambient temperatures increase, the compressor duty
is also expected to increase.

Using the economy-7 electricity tariff as shown in
Table 3 of section 5.4, the total daily energy cost from
the compressor duty was calculated to be £30.25.

Further analysis was conducted to evaluate the
relationship between the total daily compressor duty and
overall temperature setpoint changes for all cabinets.
The temperature setpoints were varied by 1°C intervals
between +3°C and -3°C from the initial setpoint
temperatures.
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Figure 9: Daily compressor duty against 1°C interval changes in the
temperature setpoint of all the cabinets.

Figure 9 shows a linear relationship between a
change in setpoint across all cabinets and their
compressor duty. With every 1°C increase in the
setpoint, there is a 1.8% decrease in the compressor duty
per day. This is expected as raising the temperature
setpoint of the cabinets reduces the temperature
difference between the store and the cabinet and hence
will require less compressor work to maintain the lower
temperatures.

Considering the daily electricity prices and periods
of the day where the compressor duty is the highest,
temperature setpoint changes were implemented to all
the cabinets as presented in Table 6.

Table 6: Chosen variations in the temperature setpoints across all

cabinets
Hour of the Change in temperature
Day setpoint
00:00 — 10:00 0
10:00 — 16:00 +2
16:00 —20:00 +2
20:00 —00:00 0

According to [15] and [16], it is good practice to
store and handle frozen foods in temperatures of -18°C
or lower and cold foods at 5°C. The increases in the
temperature setpoint of all the cabinets outlined in Table
6 have accounted for these food safety standards.



With the temperature setpoints changes as shown in
Table 6, the daily compressor duty was recalculated to
be 255kWh/day. This is a 1.5% reduction in the
compressor duty as a result of varying the temperature
setpoints which has considered the higher compressor
duty periods and periods of higher electricity rates.

The total daily energy cost from the compressor
duty with setpoint changes was calculated to be £30.02.
This is a savings of only 23p per day. The small savings
can be due to the lower ambient temperatures and the
store temperatures in the colder seasons. Following
equation 1, there is a reduced driving force as the
temperature difference between the cabinet and the store
would be less. Hence, the compressor duty would not be
significantly large to incur large savings. Overall daily
compressor duties and energy costs have been
summarised in Table 7.

Table 7: Summary of compressor duty and energy costs.

Base | Case | Difference
case 1 (%)
Total compressor
duty [KWh/day] 259 255 -1.5
Total Cost [£/day] | 30.25 | 30.02 -0.8

7 Conclusion

An attempt was made to establish a simplistic
model for compressor duty and alter it indirectly by
controlling cabinet temperatures by changing valve
position. A simple bang-bang control model was used
for this purpose. With the implementation of the control
scheme, savings of 23p per day were obtained, which
translates to saving £83.95 a year. The small amount of
savings seems to suggest that the implementation of the
control scheme is not worthwhile, especially because of
the costs associated with installing and maintaining a
cloud-based energy management system.

Additionally, with respect to the costs before
implementation, a 0.8% decrease in costs is observed as
well as 1.5% savings in energy. The percentages very
well suggest that the cost and energy savings are
significant enough to consider cloud-based solutions,
primarily due to the reduction in the supermarket’s
carbon footprint.

8 Outlook

A more in-depth study of the compressor work
duty correlation is required to obtain a more accurate
model to improve the quality of the fit. Additionally, the
effects of various weather conditions should be studied
to establish a more rigorous model. With a better
prediction of compressor duty, the control model will
work qualitatively better, yielding higher savings.

It is also important to note that the model equations
obtained from simulations have been based on the air
temperatures of the cabinets as opposed to the
temperatures of the foodstuffs. However, it has been
assumed that the heat transfer coefficients of the
foodstuffs are very low that it will take a long time for
the temperature of the foodstuffs to vary for a change in
the cabinet air temperature, so a model based on
foodstuftf temperatures is worth exploring in future
analysis.
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Further investigations into more advanced control
theories, such as proportional-only control (P control)
and proportional and integral control (PI control) as well
as feedback control are recommended. These controllers
would work to reduce the error between the measured
cabinet temperatures and the desired setpoint, hence it
would help to eliminate the fluctuations in the cabinet
temperatures within the deadbands and optimise control
to reach desired setpoint.

While control strategies explored in this paper do
reduce costs, an investigation into alternative
approaches to reduce the overall compressor duty and
hence the energy consumption of refrigeration systems
within supermarkets is a simpler solution. Currently,
supermarkets do not have doors installed on the cabinets
and this can have opposing effects in the energy balance
whereby unnecessary energy can be lost due to the heat
transfer from the cooler cabinets to the warmer stores.
This would mean more compressor duty is required to
maintain the lower temperatures of the cabinets and also
to maintain the comfortable temperature ranges of the
stores due to the additional cooling from the heat
transfer from the cabinets to the store. Simple solutions
such as installing doors on the cabinets could be more
cost effective and sustainable.

Refrigeration systems typically use regular Joule-
Thomson valves. Since these systems in supermarkets
are large enough, it might be worth investing in turbo-
expanders. Turbo-expanders can be used to recover
wasted energy and therefore can have beneficial impacts
in increasing the energy efficiency of the system [17].
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Development of a Catalytic System for Furfural Oxidation
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Abstract Furfural oxidation to furoic acid is a crucial step in producing a new biobased surfactant, SAF. Two schemes,
stoichiometric and heterogenous oxidation, are investigated to find the optimal conditions and yield of furoic acid
synthesis. It was found that the yield can approach 73% for stoichiometric oxidation using H>O, as the oxidizer, methanol
as solvent, and at a temperature of 60 °C. For aerobic oxidation, the maximum yield is 75%, which can be achieved at a
temperature of 120 °C and 5% Ru/C catalyst loading. The catalyst shows good potential for recyclability, whose activity
only declines about 1.2% per round of experiments. The catalyst was then subject to physiochemical studies, suggesting
that the oxide overlayers' leaching on the ruthenium surface is the main reason for the loss in ruthenium contents. Despite
the comparable yields observed in both oxidation schemes, we concluded that aerobic oxidation is a more desirable
scheme for SAF commercialization as it does not require the purification of furfural and uses air as the oxidant. Future
work on a continuous system can be applied to study the deactivation and regeneration of catalysts in more detail.

Introduction and Background

Surfactants are surface active agent substances that can
modify the interfacial tension liquid-gas or liquid-liquid
interfaces because of their unique molecular structures.
Thanks to this propriety, surfactants have become one of
the most used commodity chemicals, with applications in
diverse fields (household, industry, agriculture, personal
care, oil and gas, food, and pharmaceuticals)'. The global
surfactant market size was 39.42 billion in 2020 and was
expected to increase to 57.81 billion by 2028.> The
increase is driven by the growing demand for consumer
products such as detergents. Due to the large volumes
commercialized, biodegradability and toxicity are
essential factors to be considered in combination with the
low cost and sustainability of the raw material.

Currently, the most widely used surfactants are anionic
surfactants, which account for more than 20% of a typical
household product.® In particular, linear alkyl benzene
sulfonates (LAS) and sodium dodecyl sulfates (SDS) are
among the most widely used surfactants to meet
household laundry requirements. LAS, a typical
petroleum-based surfactant, can cause various detrimental
effects on aquatic/terrestrial ecosystems besides
contributing to positive net CO2 emissions.* While
biobased surfactants, such as SDS, often perform lower
due to lower resistance in hard water and relatively high
critical micelle concentration (CMC). Therefore, an
environmental-friendly surfactant with performance and
costs comparable to those of LAS is needed.

Recently, the concept of sugar-based surfactants has
received more and more attention. With well-established
industrial technologies, a glucose-based surfactant, alkyl
polyglycolide, reached a production capacity of
approximately 80000 tons annually in the early 21
century.’ However, it is a non-ionic surfactant with several
inherent disadvantages compared to anionic surfactants
since less effective.

Few catalytic pathways have been reported to transform
sugars into surfactants through furanic intermediates to
produce sugar-based anionic surfactants with high
performances. However, many of them suffer from a
complex and expensive pathway, which significantly
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limits the scalability of the process.

In 2022, Al Ghatta and coworkers introduced a new
biobased family of anionic surfactants called sulfonated
alkyl furoates (SAFs) based on ester linkages, which has
excellent potential for up-scaling. Compared with other
sugar-based  surfactants, SAFs have  superior
performances because of their high resistance to hard
water with low CMC and high flammability with
improving Krafft point. Compared to other furan
surfactants, the synthesis of SAFs is highly scalable
because of its well-established catalyst selection and
purification techniques. Besides, SAFs also have a more
favorable atom economy than SDSs, and their production
from waste resources, such as corn cob, dramatically
benefits the future circular economy. As a result, SAFs
have shown a promising prospect as a rising sustainable
surfactant with good performance and reasonable costs.®

The synthetic route of SAFs is illustrated in Figure 1. Li
and coworkers extracted furfural from corn cob under
mild reaction temperature (170-190°C): y-valerolactone
as the solvent, H-ZSM-5 as the catalyst, with a maximum
furfural yield of 71.68%.” Hidayat and coworkers
evaluated cormn cob's economic value for furfural
production and designed a preliminary corncob-based
furfural manufacturing plant.® Furoate ester can be
synthesized by mixing furoic acid (FA) and dodecanol
(DOD) under 150 °C and acidic conditions with a Dean-
Stark apparatus. The SAFs can then be subsequently
produced by sulfonation, adding chlorosulfonic acid at
stoichiometric conditions. ¢ In contrast, the chemical step
from furfural to furoic acid has been considered the
weakest link in the synthetic chain because of its complex
mechanism with multiple competing pathways.

Two schemes can be considered for producing FA from
furfural: stoichiometric oxidation and heterogeneous
catalytic aerobic oxidation. Stoichiometric oxidation
systems always require expensive oxidants, such as H>O,,
with the advantage of not using a catalyst, while
heterogeneous reaction systems can use more economical
0O, as an oxidizer, but a noble metal catalyst is generally
required. As a result, both schemes have the potential to
be implemented in SAF production.
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Figure 1. Schematic of SAF synthetic route

The most common route for large-scale production of
furoic acid is through the Cannizzaro reaction, which uses
sodium hydroxide to convert furfural into equimolar
amounts of furoic acid and furfuryl alcohol, as shown in
Figure 2. The major drawback of the Cannizzaro reaction
is that the maximum theoretical yield is only 50%.°
Although furfural can be directly oxidized to furoic acid
using oxygen gas with a metal catalyst; such a reaction
scheme still needs to be tested at a large scale due to the
great difficulty of recovering heterogeneous catalysts after
the reaction.!
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Figure 2. Schematic of the Cannizzaro reaction

Kazuhiko and coworkers demonstrated homogenous
catalyst-free oxidation of non-furan aldehydes to
carboxylic acids using H,O, in an acidic condition. They
investigated the effects of reaction temperature and
substrate- H,O, ratio on the yield of desired carboxylic
acid, achieving yields as high as 93%, proving the
potential of homogenous oxidation.!! The use of H>O, as
an oxidizing agent has also attracted attention from
researchers in green chemistry due to its cleanliness.'?
Within this research, we present a reaction scheme for
furfural similar to Kazuhiko’s work, using H,O, as the
oxidizing agent and NaOH as the base, as shown in Figure
3. Due to basic conditions, however, the Cannizzaro
reaction competes with the primary oxidation reaction,
causing the overall selectivity to decrease. Furthermore,
the decomposition of H>O, to water and oxygen is
catalyzed at high pH. At high H>O, concentrations, the
oxidation of furan compounds also tends to be
uncontrolled, leading to over-oxidation of the desired
product and the formation of by-products.'* These aspects
of the reaction had not been investigated in published
work and are studied within the project.

-0 o MO ~0 O
- o

~J CH O NaOH

'cu
Figure 3. Schematic of homogeneous oxidation using H202
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Another scheme of FA production is through aerobic
oxidation, as shown in Figure 4. Sadier and coworkers
evaluated the oxidation of furfural to furoic acid in an
alkaline solution under 15 bar of air and room
temperatures in a batch reactor with a TiO»-supported Ag
catalyst. They investigated the effect of temperature, air
pressure, base equivalent, and the nature of the inorganic
base used separately and achieved a maximum yield of 96%
FA under optimum conditions. However, the high yield of
FA is only possible with NaOH and a very high pH.
Furthermore, the catalyst recyclability is limited, where
the catalytic performance declines significantly after three
runs. The decline in catalyst activity is associated with an
increase in the size and the re-oxidation of the silver
particles in a combination of side products poisonous to
the active site.'* Nocito and coworkers described the use
of MnO2@CeO2 core—shell oxide in the selective aerobic
oxidation of furfural. They investigated the role of the
morphology of the catalyst on the reaction yield in detail
and claimed that up to 96% yield of FA was observed. The
catalyst also has excellent recyclability, where no
significant loss was seen after ten cycles and 50 hours of
operation. However, to achieve a high yield of FA, a high
catalyst loading (20%-30% mass ratio) and long operating
time (5h) are required. Moreover, the reaction mechanism
is not fully understood and proven, and the high loading
of the catalyst doesn’t justify the regeneration risk leading
to deactivation in the long term. !

Figure 4. Schematic of aerobic oxidation on Ru/C

Ru/C is a commercial catalyst with vast applications in
green and sustainable chemistry. Yi and coworkers
researched the catalytic conversion of 5-hydroxymethyl
furfural (HMF) to 2,5-furan dicarboxylic acid (FDCA)
under basic conditions. With commercial Ru/C catalysts,
they managed to achieve an FDCA yield of 88%.'¢ The
Ru/C catalyst requires a weaker base to achieve maximum
yield and a relatively short reaction time, which opens the
prospect of using more concentrated furfural and increases



the potential of scalability since furfural is unstable under
strongly basic  conditions. However, schematic
determination of the optimal reaction conditions and
investigation of the catalyst recyclability for Ru/C has yet
to be extensively reported, which is studied within the
project.

Aim of The Project

The project aims to study different approaches for furfural
oxidation through the usage of a stoichiometric oxidant
and aerobic approach, performing an optimization study
on the critical parameters which affect the selectivity.
For the stoichiometric oxidation, temperature, solvent,
and the furfural-NaOH-H,0O, ratio will be varied, while
temperature, air pressure, catalyst loading, and the base
ratio will be assessed for the aerobic oxidation through a
design of experiment approach. In addition, the
recyclability of Ru/C for the aerobic oxidation of furfural
is studied.

Ultimately, we aim to compare the maximum yield of
stoichiometric with aerobic oxidation, along with their
advantages and limitations. This should give an overview
regarding which system is more beneficial for a scale-up.
The research outcome should fill the gap in the synthetic
route of SAF and contribute to the commercialization of
SAF in the future.

Methods
Materials

All reagents, including pure furfural, furoic acid crystals,
absolute dry methanol, 50% hydrogen peroxide,
ruthenium on carbon catalyst, and sodium hydrogen
carbonate, were purchased from Sigma-Aldrich and used
without purification. 20% and 50% sodium hydroxide
solutions were prepared by dissolving sodium hydroxide
pellets in deionized water, weighted accordingly.

Analytical Method

Standard furfural and furoic acid solutions were prepared
by dissolving respective compounds in deionized water
and diluted accordingly. The standard solutions were
placed in high-performance liquid chromatography
(HPLC) to obtain calibration curves for each compound,
enabling measurement of their concentration in samples
produced by experiments.

Study of furfural stability

The reaction was conducted in a round flask with 20g, 3%
furfural dissolved in deionized water in a heating plate and
stirred with a magnetic bar. 20% sodium hydroxide
solution was added in one portion, with the amount
depending on the furfural-NaOH ratio to be analyzed.
Samples were withdrawn from the mixture every 5 to 10
minutes for 1 hour, diluted, and analyzed with HPLC. The
conversion of furfural is calculated with a calibration
curve. Such reaction was repeated at five different
furfural-NaOH ratios (0.01 to 1) at three different
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temperatures (20, 40, and 60 degrees C).
Stoichiometric oxidation of furfural

S5g pure furfural was diluted with methanol to reach the
target furfural concentration, employing a magnetic stirrer
in a heating plate (Figure 5). 50% hydrogen peroxide and
50% sodium hydroxide were added dropwise to the
mixture. To avoid thermal runaway, the addition of
reagents was stopped when the temperature of the mixture
exceeded 60 °C and resumed when the temperature
dropped below the same threshold. Samples were
withdrawn from the mixture and analyzed through HPLC.
The reaction was repeated at different furfural-H202-
NaOH ratios and at 15 °C, and an ice bath was used to
absorb heat from the reaction. Following the addition of
reagents, the mixture was heated at 55 °C for 1 hour. A
condenser was also connected to reduce the evaporation
of methanol. Precipitates formed from the reaction were
filtered and analyzed through HPLC.

Aerobic Oxidation

3% furfural was prepared by dissolving furfural in
distilled water. Before performing aerobic oxidation, 3%
furfural was filtered to remove any precipitation, which
could potentially behave as poison on the ruthenium
catalyst.

The high-pressure Parr reactor (Figure 6) is preheated to
100 °C to reduce the heating time. 10g of 3% furfural was
prepared, and the catalyst and base were measured based
on the equivalent ratio specified in the DOE. The reaction
mixture was put in a vial and placed inside the preheated
reactor. The reactor was quickly sealed before the vial
temperature reached 100°C. Upon proper sealing, the
reactor was pressurized using an air cylinder. The reaction
time is counted when the temperature reaches the set point.
5°C fluctuation was considered acceptable.

At the end of the reaction, the heater and mixer were
turned off, and the reactor was cooled inside an ice bath.
After the temperature decreased below 50°C, the reactor
could be depressurized and unsealed. The vial was
removed from the reactor, and the reaction mixture mass
was measured. A sample (30-50 mg) was withdrawn and
diluted with water (1 mL). The sample was then analyzed
in HPLC, and the FA concentration could be calculated
accordingly.

Figure 5. Experimental set-up of stoichiometric oxidation



Figure 6. Parr Series 5500 HPCL Reactor w/4848 Controller &
Opt. Expansion Modules 7

Catalyst Recyclability Test

20g of 3% furfural was prepared and reacted through
aerobic oxidation following the methodology above. After
each reaction, the catalyst was separated through vacuum
filtration. Water and acetone were used to wash the
catalyst (6*¥20 ml). The catalyst was then dried, and its
mass was remeasured upon drying. The pH of the liquor
was measured.

The dried catalyst was then used to perform a second
experiment, and the amounts of base and furfural were
adjusted accordingly to keep the same initial ratio. Similar
procedures were performed until the catalyst was used six
times. All samples were analyzed through HPLC. Catalyst
characterization was done through Transmission Electron
Microscopy (TEM), Inductively Coupled Plasma (ICP),
and Brunauer—Emmett—Teller (BET) analysis to describe
the particle size, ruthenium content, and catalyst surface
area, respectively.

Results and Discussion
Stability Test of Furfural in NaOH

Under the presence of NaOH, furfural undergoes a
Cannizzaro reaction to produce equimolar amounts of
furoic acid and furfuryl alcohol. The conversion of
furfural increased with the quantity of NaOH (Table 1).
During the reaction, the pH of the reaction mixture
decreased, indicating the consumption of hydroxide ions.
Although the conversion of furfural was not expected to
be higher than twice the base ratio due to reaction
stoichiometry, such phenomena were observed. This
suggests that since the furfural ring is prone to attack by
nucleophiles in the aromatic ring (C1 carbon), aldol
condensation of furfural could have resulted through ring
opening forming side polymerized products. '

The conversion was also found to increase with
temperature, reaching 64% at 60°C, contributed by the
increase in reaction rate. It was observed that the
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Base ratio Temperature Conversion (%)
0
0.01 20 13
0.05 20 20
0.5 20 25
1 20 34
0.05 40 29
0.05 60 64

Table 1. The effect of NaOH quantity on the stability of furfural
in water

temperature of the mixture didn’t change at all conditions,
suggesting that the Cannizzaro reaction has a low enthalpy
change of reaction.

Stoichiometric Oxidation of Furfural

The effects of molar ratios of NaOH to furfural, H,O, to
furfural, temperature, and solvent on the conversion of
furfural and yield of furoic acid were investigated, with
the aim of finding the optimal reaction condition (Table
2).

In experiment Al, a conventional Cannizzaro reaction
pathway for furoic acid production was attempted by
adding only NaOH. Such a reaction converted 40% of
furfural achieving a 20% yield of furoic acid, which is an
exact match to the theoretical selectivity of Cannizzaro
reaction. The temperature of the reaction mixture also
remained unchanged despite the continuous addition of
furfural into NaOH. Due to the unreacted furfural present,
the mixture was light orange in color, however, contained
no precipitate.

When an equimolar amount of base and peroxide were
added, an unsatisfactory yield and selectivity of 13% and
12% resulted respectively (A2). Despite the continued
addition of excess base and peroxide until 4 and 8 molar
equivalents (A3), the yield of furoic acid only increased
by 4%. Cong and coworkers investigated the
stoichiometric oxidation of substituted benzaldehydes at
the same substrate-base-peroxide ratio, solvent, and
temperature, yet achieving yields from 81% to 97%. "
However, as the furan ring is prone to uncontrolled
oxidation in excess peroxide, side reactions such as ring-
opening might have decomposed furoic acid produced.
This phenomenon may impose a maximum limit to the
ratio of peroxide in order for yield to be optimal, such that
over-oxidation is not dominant.

The reaction also produced 6.7g of white precipitate
soluble in water under acidic conditions, generating gas
bubbles during dissolution. The solid could not be
successfully characterized through NMR or HPLC.

In experiments A4-6, the peroxide ratio was varied from 1
to 4, and a higher base ratio of 2 was selected. The yield
increased from 51% to 73%, indicating that the yield and
selectivity limit of the Cannizzaro reaction had been
exceeded. A fast rise in temperature was also observed,
suggesting the oxidation by peroxide dominated. 1.84g of
precipitated was filtered from the mixture.



Experiment | Furfural | Base Peroxide Temperature | Solvent Yield Conversion | Selectivity
mass (%) | ratio ratio (°O) (%) (%) (%)
Al 10 2 0 60 Methanol | 20 40 50
A2 10 1 1 60 Methanol | 13 82 12
A3 10 4 8 60 Methanol | 17 82 17
A4 10 2 1 60 Methanol | 51 68 75
A5 10 2 2 60 Methanol | 63 100 63
A6 10 2 4 60 Methanol | 73 100 73
A7 10 2 1 60 Toluene 91 92 99
A8 10 2 2 60 Toluene 100 100 100
A9 100 1 2 60 - 39 33 47
Al0 100 1 1 10 - 26 87 30
All 100 2 2 10 - 29 95 31
Al2 10 2 2 10 Methanol | 19 29 66
Al3 5 2 2 10 Methanol | 19 25 76
Al4 20 2 1 10 Methanol | 33 100 33
Al5 20 2 2 10 Methanol | 40 100 40

Table 2. The effect of reaction parameters on stoichiometric oxidation of furfural

HPLC analysis indicated only 37mg of furoic acid was
present in the solid, corresponding to a purity of 2%, while
furfural was undetected.

The reaction was repeated at the same condition (A7, AS),
but with toluene as solvent. With one molar equivalent of
peroxide, a yield of 91% was achieved with selectivity
approaching 100%. However, the phase separation
between the toluene and ionic phase posed a challenge to
the accurate calculation of yield and conversion. As
residual furfural likely remained in toluene while furoic
acid remained in the aqueous phase, after normalizing
with the total volume of the mixture, the total quantity of
furfural was underestimated, and that of furoic acid was
overestimated. Therefore, the actual yield and conversion
are smaller than the ones reported. Rodrigues and co-
workers reported the formation of 2-methyl furoate in a
similar stoichiometric oxidation using methanol as solvent
and H>0; as oxidant.?’ Due to the absence of esterification,
the change to toluene as a solvent can potentially improve
yield and selectivity.

On the other hand, when pure furfural was oxidized
without any solvent, the yield and selectivity dropped to
39% and 47% respectively. Using a lower temperature of
10°C in experiments A10-11 resulted in even lower yields
and selectivity. The chromatogram from HPLC analysis of
the reaction mixture and precipitate showed several peaks,
indicating the abundance of side products. The reaction
mixture also appeared dark, suggesting the
polymerization of furfural had occurred.?! As there was no
solvent to dilute H,O,, the rate of oxidation increased
significantly, causing stronger competition from side
oxidations and ring-opening reactions as mentioned
previously.

The hypothesis is reaffirmed by observing the trend of
selectivity when the concentration of furfural in methanol
was varied. From experiments Al2-15, a higher
selectivity towards furoic acid was achieved at a lower
concentration of furfural. Nevertheless, a longer reaction
time may be needed to obtain the same conversion and
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yield due to the slow reaction rate.

In general, the conversion at 60°C exceeded that of 10°C
due to an increase in reaction rate. The selectivity towards
furoic acid also followed the same trend. An analysis of
reaction kinetics showed that at a higher temperature, the
rate of generation of furoic acid from the Cannizzaro
reaction increased by a larger extent than oxidation by
peroxide. The activation energy of the former is
69.3kJ/mol and follows the 2"-order rate law in furfural,
while the latter has a smaller activation energy of
44.6kJ/mol and follows the 1%-order rate law in
furfural.>?3 Therefore, the high selectivity of reaction
(>50%) was contributed by both the Cannizzaro reaction
and oxidation, with oxidation being favored at low
temperature and low furfural concentration.

We conclude that the optimal reaction condition is the use
of a furfural-base of 2 and the furfural-peroxide ratio of 4,
methanol as solvent, and at a temperature of 60°C. Under
such conditions, furoic acid can be obtained at a 73% yield.
In systems where the reaction time of stoichiometric
oxidation of furfural to furoic acid needs to be minimized,
the concentration of furfural and peroxide ratio ought not
to be increased beyond optimum since doing so will result
in the prevalence of over-oxidation. Instead, the
temperature and solvent type should be modified.

Aerobic Oxidation of Furfural

Since the aerobic oxidation needs to be carried at high
pressure, the addition of NaOH as done in the previous
set-up is not possible. Therefore, it was decided to use
NaHCO; as a weaker base to limit the side reaction of
furfural. To understand the stability of furfural in the
presence of sodium hydrogen carbonate, a stability test
has been performed at different temperatures. It was
observed that at 90°C, the conversion of furfural was 27%
after 10 minutes and achieved 60% in one hour,
suggesting that furfural degradation is significant even
with a weak base.



Experiment | Pattern Catalyst Temperature | Air Pressure | Base Yield Complete
Loading (°O) (bar) Ratio Conversion
Bl +-+- 7 90 35 1 64 Y
B2 —++ 3 120 10 1.5 35 Y
B3 +4-- 7 120 10 1 75 Y
B4 -+ 3 90 35 1.5 56 N
BS5 —++- 3 120 35 1 41 Y
B6 — 3 90 10 1 35 N
B7 +--+ 7 90 10 1.5 52 N
B8 ++++ 7 120 35 1.5 73 Y
Table 3. Results of 1* DOE
Experiment Pattern Catalyst Loading | Temperature Base Ratio Yield
0

Cl 0-+ 7 115 1.5 65

C2 +0- 9 127.5 1 61

C3 000 7 127.5 1.25 97

C4 0+- 7 140 1 64

C5 -0- 5 127.5 1 63

Cé6 +-0 9 115 1.25 62

C7 0-- 7 115 1 74

C8 0++ 7 140 1.5 61

C9 000 7 127.5 1.25 63

C10 ++0 9 140 1.25 53

Cl11 -0+ 5 127.5 1.5 65

Ci2 000 7 127.5 1.25 60

C13 -+0 5 140 1.25 59

Cl4 --0 5 115 1.25 72

Cl15 +0+ 9 127.5 1.5 62

Clé6 000 7 127.5 1.25 58

C17 000 7 127.5 1.25 60

Table 4. Results of 2" DOE

The stability of furfural with the catalyst at reaction
temperature was also investigated. Surprisingly, furfural
concentration fluctuates, where the furfural conversion
(49%) after 30 minutes is lower than that after 15 minutes
(57%). Ultimately, the conversion reached approximately
74% after 1 hour. We inferred that this might arise from a
reversible side reaction or furfural adsorption on the
catalyst support (carbon black).

Design of Experiments (DOE) with JMP was used to
investigate the effect of temperature, air pressure, catalyst
loading, and base ratio on the FA yield and determine the
optimal reaction conditions.

The 1* DOE was applied to screen the effect of these
parameters, and it provides a basic understanding of the
reaction (Table 3). The maximum yield achieved was 75%,
with high catalyst loading, high temperature, low air
pressure, and low base ratio (B3). Experiments at low
catalyst loading (B2, B4, B5, and B6) were characterized
by lower yield. By increasing the temperature and air
pressure, the yield was expected to increase by a small
amount according to the DOE prediction tool. However,
more experiments are needed to increase the level of
statistical significance. The fact that the air pressure has a
negligible influence on the FA yield implies that the
reaction is not oxygen-transfer limited. The DOE also
predicted that there is no influence on the base ratio.
Nevertheless, as there are four parameters and only eight
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experiments, our confidence level is insufficient to draw
discrete conclusions.

It was also found that the conversion of furfural reached
100% at 120 °C, while at 90 °C, the conversion is
incomplete. The FA yield remains low even if the
conversion of furfural reaches 100% at high temperatures
and low catalyst loading, which suggests the presence of
side reactions or furfural adsorption on the carbon matrix

To obtain more accurate results, a more detailed 2" DOE
was performed (Table 4). Since the reaction is not
oxygen-transfer limited, air pressure is removed from the
DOE variables. The range of catalyst loading and
temperature was adjusted toward the more favorable
intervals.

It was found that the FA yield decreases with increasing

temperature at the range of 115-140 °C. The catalyst
loading (from 5% to 9%) did not have a significant impact
on the FA yield, suggesting that 5% catalyst loading is
enough for aerobic oxidation. The results also confirmed
that the base ratio does not influence the FA yield.

The central point condition (catalyst loading=9%,
temperature=127.5°C, base ratio=1.25) is tested with five
experiments (C3, C9, C12, C16, and C17) to understand
the repeatability of experiments. It was found that, except
for experiment C3, the FA yield is in the range of 58% to



63%, suggesting the high replicability of the experiments.
The high conversion of 97% is likely due to the error in
FA sampling. We also investigated the effect of reaction
time on the FA yield. We adjusted the reaction time from
20 minutes to 1.5 hours through separate experiments
(Figure 7). At optimal reaction conditions, it was found
that the furfural conversion is 100% even with a reaction
time of 20 minutes. However, the FA yield decreases to
about 55% for a 30-minute reaction and further to as low
as 20% for a 20-minute reaction. For a 90-minute reaction,
the FA yield increases to 76%, which suggests that 1 hour
is the optimal reaction time for aerobic oxidation.

We concluded from the results of both DOEs that the
optimal condition for aerobic oxidation is 5% catalyst
loading and 120 °C for a reaction time of 1 hour. At the
optimal condition, the conversion of furfural is complete,
and the FA yield is about 75%. Yi and coworkers studied
the base-free conversion of 5-hydroxymethylfurfural
(HMF) to 2,5-furan dicarboxylic acid (FDCA) over a
Ru/C catalyst on a similar setup and were able to achieve
an FDCA yield of 88% with oxygen (2 bars) and longer
reaction time (10 hours).'® Indeed, we achieved a FA yield
close to 80% with 3-5 bar oxygen pressure and a reaction
time of 2 hours. However, such conditions are not ideal
for future commercializing of the process despite the
higher yield. Longer processing time can result in a
considerably higher cost for a continuous reactor. To reach
a high temperature without evaporating the reaction
mixture, the oxygen pressure must be carefully chosen,
making the reaction system very difficult to operate on a
larger scale. Moreover, a high oxygen pressure risks
poisoning the Ru/C catalyst by oxidizing ruthenium to
ruthenium (IV) oxide.?*

Six recycling experiments were conducted to assess the
catalyst stability (Figure 8). The FA yield decreased by
1.2 % after each cycle (75% to 69%), suggesting
reasonably good catalyst recyclability. The low yield after
the 2" round can be explained by an operational problem
during the set-up which led to air leakage in the system
during the reaction. After the 4" round, we observed a FA
yield of about 85%, which is higher than the result of the
I run and all the experiments from both DOEs. We
inferred that the carbon is constantly adsorbing furfural.
After furfural accumulation reaches a certain amount, it
de-adsorbs from the carbon and participates in aerobic
oxidation again.

It was found that the ruthenium content of the fresh
catalyst was 6.3%, while that of the used catalyst after 6
cycles decreased to 4.6%. Analysis through BET showed
that the surface area of the catalyst decreased from 840 to
717 m?/g, which was primarily due to a decrease in
micropores area. The average pore volume decreased
from 0.68 to 0.58 cm3/g, with the average pore diameter
decreasing from 7.0 to 6.5 nm and the average pore width
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remaining at around 3.2 nm.

TEM images from the fresh (Figure 9a) and used catalysts
(Figure 9b) at 120k magnification were used to observe
the morphology and particle sizes. Using Image J software,
it was roughly estimated that there was a 16% decrease
(from 2.9nm to 2.5nm) in unagglomerated particle size,
which partially explains the 27% loss of ruthenium
contents observed through ICP analysis. It is clear that the
ruthenium distribution on the carbon base is not uniform
and therefore further investigation using TEM is required
to get a statical distribution of particle size and to
understand better the ruthenium contents.

It is evident that some agglomerate of ruthenium particles
is present in both fresh and used catalysts, as illustrated by
the dark clusters of particles. The sizes of those
agglomerates range from 5nm to around 20 nm. This
agrees with the result of Hitrik’s, which investigated the
agglomeration of ruthenium through a six-step
mechanism.>* With increasing particle size, the surface-to-
volume decreases sharply, and so does the catalytic
activity of the particles. This effect can be reduced by
using nitrogen-doped mesoporous carbons (NMCs) as
supports and tuning the nitrogen content, which could
effectively decrease the average particle size to around
2nm. 3%

It is surprising that the FA yield only declines of only 6%
upon 27 % of Ru leaching. Catalyst deactivation studies
on ruthenium reveal that the formation of ruthenium oxide
can happen at room temperatures, which is often
associated with a significant loss in catalyst activity.>
ABmann and coworkers studied the microscopic process
of catalyst deactivation and found that oxygen absorbs on
the ruthenium surface, forming some chemical-inactive
distinct ordered oxide overlayers.3? It is likely that, during
the preservation of the catalyst, such a layer is formed on
the ruthenium surface, which is being leached out during
aerobic oxidation. This explains the relatively high
ruthenium content loss, moderate reduction in particle size,
and the relatively small decline in catalytic activity.

We have focused on the physiochemical studies of
ruthenium particles so far. However, as stated by Lin and
coworkers, the carbon support loss through oxidation
could also have an essential effect on catalyst activity
through the change in active sites, which is worth future
investigation.’®

Understanding Furfural Adsorption and Decomposition

A kinetic and thermodynamic study of furfural adsorption
onto commercial-grade activated carbon (ACC) from an
aqueous solution was performed by Sahu and coworkers.
It was suggested that for 0.05 wt% furfural, the furfural
removal could achieve 12mg/g. The initial concentration
of furfural provides a driving force to overcome the
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mass transfer resistance, and hence, the amount of furfural
adsorbed per unit mass increases with increasing initial
concentration. With increasing temperatures, the
adsorptive removal of furfural decreases as adsorption is
in general an exothermic process.? It was also found that,
with air oxidation in activated carbon (ACAOX), the
furfural removal rate was much faster.’” The Weber-
Morris intra-particular diffusion model can be used to
determine the rate-determining step of the adsorption
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process, as shown in Equation 1:

qr = kpt'2 +C
where k; is the intra-particle diffusion rate constant for
adsorption at stage i and C is the intercept that represents
the boundary layer thickness (mg/g).2® It was found that
the Weber-Morris plot of the furfural adsorption process
is not a straight line over the whole-time range, suggesting



the presence of more than one adsorption mechanism.
Further analysis suggests that the adsorption proceeds via
a complex mechanism, with the rate-determining step
being the intra-particle diffusion of furfural into
micropores. Furthermore, it was found that the furfural
adsorption onto ACC can be best fitted into the Redlich-

Peterson isotherm, as illustrated in Equation 2.2
KRG,

1+ arC f
The aerobic oxidation of furfural was fitted using a
pseudo-first-order model, as illustrated in Equation 3.7

R = k[CsH,0,][0;] ~ k'[CsH,0,]

In contrast, the adsorption of furfural is usually modeled
by a pseudo-second-order model, as shown in Equation

4:25,28
aQ

o = k(@ — Q)2

where Q is the adsorption quantity at time t and @, is the
adsorption quantity at equilibrium. Since the adsorption
kinetic is of higher order, a high concentration of furfural
favors the adsorption compared with aerobic oxidation.
This explains the low FA yield observed when the reaction
time is reduced to 20 or 30 minutes. The concentration
fluctuation observed in the stability test can also be
interpreted by the competition between adsorption and
oxidation.

de

However, this does not explain the low yield observed at
high temperatures and low catalyst loading, which should
have a relatively low adsorption rate. Therefore, the
exceptionally low yield is more likely to be explained by
the presence of undesirable side reactions. This is
confirmed by the yellowish color of the product, while the
color for FA is white. One possibility is the formation of
humins through the intermediate of a-carbonyl aldehyde.
After 5 hours of reaction at 120 °C, the carbon yield of
humins can achieve 23.4%.%° It is also confirmed that
water is essential for furfural derivatives to form humins
and hydrolytic open-ring products, where no humins
formation is observed in experiments carrying with ethyl
acetate. Indeed, Jin and coworkers conducted a detailed
experimental study of furfural oxidation, where they
concluded that furfural decomposition is mainly
initialized through a ring-opening isomerization reaction
to form formyl vinyl ketene.’® Furoin is also a potential
side product for the aerobic oxidation on Ru-based
catalyst, where Gupta and coworkers observed a furoin
yield of 14% at 140 °C for a 20-minute reaction.’!
However, furoin formation is favored by the use of a
strong base. With sodium hydrogen carbonate, we expect
a much lower selectivity to furoin.

In general, it is very difficult to characterize the side
products accurately, and it is likely that more than one type
of side product exists. However, through the tunning of
the reaction temperatures, reaction time, and catalyst
loading, the side reactions can be effectively avoided, and
a high FA yield can be achieved.
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Conclusion

A catalyst-free stoichiometric approach to the oxidation of
furfural to furoic acid has been investigated, with yield
and selectivity exceeding that of a conventional
Cannizzaro reaction. Using methanol as solvent and a
furfural-peroxide ratio of 4, the rates of unwanted
reactions such as over-oxidation, esterification, and ring-
opening can be minimized, achieving a 73% yield. In
contrast, the maximum yield with aerobic oxidation on
Ru/C is 75%, with the optimal condition of 120°C and 5%

catalyst loading.

However, with stoichiometric oxidation, purification of
furfural (pre-distillation to obtain concentrated furfural) is
required, which accounts for around 70% of the operating
cost of furfural production. Aerobic oxidation uses 3%
furfural with a more economical oxidizer (air), and the
catalyst shows good recyclability. Overall, we considered
that aerobic oxidation of furfural is a better scheme for
future commercialization.

Understanding of furfural adsorption and decomposition
is still limited. To the best of our knowledge, there is no
evidence in the literature investigating the mechanism of
the competitive pathways of furfural adsorption and
decomposition with aerobic oxidation. The method to
reduce such undesirable side reactions is still to be
explored. We are confident that, with a better
understanding of the reaction mechanism, the yield can be
further increased.

Even though the catalyst shows good recyclability within
the six rounds of experiments, batch operation results in a
significant loss in catalyst weight. Therefore, for the
commercialization of SAF, the transformation into
continuous operation is necessary. With continuous
operation, the catalyst can be recycled with more rounds,
and the deactivation and regeneration of the catalyst can
be studied in more detail.
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Modelling of optical components for hydrogen production

in modular photoelectrochemical reactors

Jinjie Zhu, Sid Halder
Department of Chemical Engineering, Imperial College London, United Kingdom

Photoelectrochemical (PEC) water splitting reactors are a developing technology for a sustainable production of
hydrogen — a fuel, platform chemical and an energy storage vector. This paper describes a new COMSOL Mul-
tiphysics 6.1 model of a linear Fresnel lens array coupled with a stepped thickness waveguide. Fresnel lenses are
used as solar concentrators because of their low cost and high optical efficiency. The stepped thickness waveguide
redirects the light that is concentrated by the lens using embedded mirrors and the principle of total internal
reflection. As a result, concentrated light is efficiently directed to the waveguide edge, which will potentially be
coupled with the optical window of a PEC reactor. The combined system acts as a solar concentrator, providing
a reasonable way of overcoming the optical challenges of PEC systems. The polymethyl methacrylate (PMMA)
material chosen for modelling the Fresnel lenses and waveguide has the advantage of low cost and light weight.
Overall, an optical efficiency of 53%, a steady state geometrical concentration ratio of 591 and a steady state
optical concentration ratio of 43 were determined by the proposed solar concentrator model based on the ray
tracing simulation. Different mirror inclination angles within the waveguide were also studied, with the optimum
determined to be 20°. Further investigation would include coupling the optical model with the water splitting
reactor, introducing a solar tracking system and modeling the heat transfer effect.

Keywords: water splitting, photoelectrochemical reactors, hydrogen, Fresnel lens, waveguide, concen-

tration ratio

1 Introduction

Climate change is the defining problem of this genera-
tion. Consistent use of fossil fuels and polluting manu-
facturing practices have dramatically increased the levels
of greenhouse gases, particularly carbon dioxide, in the
atmosphere, accelerating the rate of global warming [1].
Our infrastructure relies too heavily on fossil fuels - to
prevent catastrophic disruption, there much be a rapid
global transition to a more sustainable society, predom-
inantly powered by renewable energy. The drawback of
renewable energy is the inherent intermittent nature of
the resource; there is a need to develop energy storage
carriers that can be paired with renewable electricity and
hydrogen is a key candidate to fulfil this role.

Key sectors such as energy generation, transporta-
tion, heating and chemical manufacturing can be decar-
bonised by employing the use of green hydrogen, which
can be generated using various electrolyser technologies,
all of which split water into hydrogen and oxygen. Equa-
tions 1] - 3 detail the reactions occurring in alkaline elec-
trolysers, showing that the water splitting reaction has
no associated emissions with it. The hydrogen evolution
reaction (HER) occurs at the cathode of the electrolyser,
with the oxygen evolution reaction (OER) occuring si-
multaneously at the anode:

HER :2H>O +2e¢e” —20H™ + Hy
OER:40H™ —2H5O0 +4¢ + O
Overall : 2H,0 == 2H;3 + Oy

Theoretically, an equilibrium potential (AV?) of
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1.23 V must be applied to start the reaction. However,
larger overpotentials are required to run the electrolyser,
increasing with scale-up. This is due to inefficiencies
involving charge and mass transfer, even with the use
of noble metal-based catalysts such as iridium oxide at
the anode and platinum at the cathode. Optimisation
of electrolysers is an ongoing field of research, the aim
being to reduce the electrical energy consumption and
costs of all water electrolyser units. The oxygen evo-
lution reaction (OER) that occurs at the anode is the
kinetically limiting reaction because of its higher elec-
tron stoichiometry (4e™~) when compared to reduction
(2e7), leading to a higher overall activation barrier [2].

Photoelectrochemical (PEC) reactors integrate pho-
tovoltaics and electrolysers into a single device, essen-
tially harvesting solar energy and converting it to green
hydrogen through photoelectrochemical water splitting.
This combination of devices reduces the need of power
electronics, minimising the power loss and material us-
age. Additional advantages include in situ catalysis and
no requirement for critical platinum group metal (PGM)
catalysts. Although PEC reactors typically use low-cost
semiconducting and catalyst materials, efficiency is still
a major issue. Two photoelectrodes are often used (pho-
toanode and photocathode), driving the water splitting
half reactions separately. The benefit of this is that
the system is able to utilise a greater portion of the
solar spectrum. Principal phenomena that adversely af-
fect the performance of upscaled PEC systems are elec-
trode orientation (optical challenges), photoelectrode
substrate resistivity and bubble evolution at the elec-
trodes [2]. This paper attempts to address the optical
challenges associated with PEC reactors.



The research objectives of this paper were to:

e Create an optical system consisting of a linear
Fresnel lens array and stepped thickness waveg-
uide on COMSOL Multiphysics 6.1;

e Quantify the performance of the optical system
by running the model simulation and determining
the optical efficiency, geometric and optical con-
centration ratio;

e Investigate how the stepped thickness waveguide
parameters affect the performance of the optical
system through a parameter sweep analysis;

e Build upon existing COMSOL PEC reactor models
by coupling the optical system with the aim of de-
termining the relationship between concentration
ratio and hydrogen production flux.

2

A basic theoretical summary of the process of photo-
electrochemical water splitting in PEC reactors is given
in this section, along with an insight into optical com-
ponents that could be integrated with the reactor to
increase the hydrogen flux produced.

Background

2.1 Photoelectrochemical water splitting

PEC reactors use semiconducting photoelectrodes,
which consist of a substrate coated with a layer of semi-
conducting material such as titanium oxide. The semi-
conducting material can absorb solar photons with en-
ergies greater than the material band gap, which is the
energy gap between the valence band and conducting
band. This generates electron-hole pairs known as exci-
tons in the following reactions:

absorption

SC + hv SC(ecp, hip)

recombination
QHQO + QGEB S 20H™ +H2
40H™ +4hip == 2H,0 + O

In a PEC reactor, one of both electrodes can be
synthesised from semiconducting materials, performing
both photon absorption and catalysis simultaneously.
Photoelectrodes utilise an electric field that exists in the
depletion layer at the semiconductor | electrolyte inter-
face, providing the driving force for the separation of the
negatively charged electron and positively charged hole,
generating a photocurrent. These holes then migrate
to the photoanode | aqueous solution interface, where
they catalyse the OER reaction, producing oxygen. The
electrons are transferred across the photocathode elec-
trolyte | interface, driving the HER reaction. The overall
reaction is the same as a traditional electrolyser (Equa-
tion [3) 3]

Photoanodes tend to be more chemically robust that
photocathodes and so they have been researched to a
greater extent. The PEC reactor being modelled in this
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study comprises of a photoanode and a metal cathode
and requires an external voltage input to generate hy-
drogen — this is a stepping stone to the development
of a device that will split H,O spontaneously, with no
input other than solar photons.

A PEC reactor undergoing photo-assisted water elec-
trolysis can be modelled quantitatively. Figure |1f shows
a typical schematic of a PECR that highlights the elec-
trodes (note dimensions not to scale). For testing
purposes, the cathode is fixed at a potential of 0 V
(grounded) and the anode potential is varied relative to
the reference electrode (standard hydrogen electrode).

The output current consists of three major compo-
nents - the ionic current, the cathodic current and the
anodic current (consisting of photocurrent and dark cur-
rent). We refer the readers to a more rigorous theoreti-
cal modelling of the system by Hankin et al [4].

Conventional electrolysers are compatible with large
electrode geometrical areas due primarily to the fact that
uniform electric field distributions are possible between
the anode and the cathode. This is difficult to recreate
in PEC reactors due to the nature of the photoelectrode
— the semiconductor is coated on the surface of an in-
ert substrate that does not take part in the reaction.
This results in a non-uniform electric field distribution,
causing electron transfer deficiencies. For this reason,
perforated cathodes have been used to facilitate a more
uniform electric field distribution as shown in Figure [1}

PECR’s will be predominantly modular devices but
this has multiple drawbacks — each reactor will need its
own balance of plant, including electrolyte circuitry and
gas manifolds [2].
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Figure 1: Prototype photoelectrochemical reactor
schematic, also highlighting ionic, photo and cathodic

current approximation frameworks. Courtesy of Dr Anna

Hankin.

2.2 Integrating optical components with

PEC reactors

Coupling optical components with PEC reactors can en-
hance the amount of light reaching the reactor, thus
increasing the produced Hy flux. The issues of modu-
lar reactors can be circumvented by concentrating the
incident light, increasing the photocurrent density and
subsequently increasing the hydrogen flux output. Fig-



ure [2] displays a potential PEC reactor coupled with a
linear Fresnel lens array and waveguide.

Figure 2: Speculated PEC reactor coupled with a linear Fres-
nel lens array and waveguide. Courtesy of Dr Anna Hankin.

2.3 Concentrating solar radiation

The intensity of incident solar radiation is dependent on
a number of variables, such as the time of year, time of
day, latitude and extent of cloud cover. The solar radia-
tion that reaches the Earth's surface without being scat-
tered by molecules or particles in the Earth's atmosphere
is called direct solar radiation. Non-direct, isotropic ra-
diation delivered by scattered photons is called diffuse
radiation. The sum of the direct and diffuse solar radi-
ation components is called global solar radiation. Lati-
tudes around the equator will receive more sunlight be-
cause the solar incidence angle is closer to the normal.
Therefore, equatorial regions gain more direct solar radi-
ation than other regions at a given day of the year. Di-
rect solar radiation of a given location will vary through-
out the year because the earth revolves around the Sun.

Solar concentration is the most general way to use
solar radiation, providing a way to fulfil electrical and
thermal energy demands. Reflectors with parabolic sur-
faces and lenses with convex-shaped surfaces (hyper-
bolic surfaces) both have the function of converging
light into a point, thus increasing the concentration and
subsequently the intensity of light. Surfaces used in con-
centrated solar power technologies are highly susceptible
to rapid degradation due to adverse environmental con-
ditions and manufacturing defects, resulting in a sub-
stantial drop in efficiency. Traditional concentrators are
relatively expensive — there is therefore a need to de-
velop cheaper concentrators that are also maintenance
free, light weight and resistant to degradation. A po-
tential viable solution are Fresnel lenses, which are able
to focus or collimate light [5].

2.3.1 Fresnel lenses

Fresnel lenses operate based on refraction, which is the
phenomenon that occurs when light rays pass through
mediums with different densities, causing a path devia-
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tion at the boundary interface. More specifically, if light
travelling through a medium hits a boundary consisting
of a denser material, the light will bend towards the nor-
mal. This is primarily due to a change in the velocity
of light as different mediums will have different refrac-
tive indexes. Fresnel lenses are characterised by their
focal length, which is the distance between the plane
of the lens and the plane of the focal point, denoted
the focal plane. Another important parameter is the f-
number, which is defined as the focal length divided by
the diameter of the lens. For a linear Fresnel lens, the
diameter becomes the width.

Optimal selection of the slope facet, facet spacing,
draft facet, and slope angle ensure that incident light is
directed towards the focal region. A schematic of a Fres-
nel lens is shown in Figure[d] The main rationale for using
Fresnel lenses over their plano-convex counterparts, as
depicted by Figure[3] is that a Fresnel lens reduces ma-
terial use and increases the compactness of the compo-
nent while still retaining the same optical performance.
These factors make it ideal in applications where size is
a limitation, such as in the case of PEC reactors. Not all
light rays will be refracted - a small fraction will be re-
flected due to inherent surface irregularities, decreasing
the performance of the component. Other limitations
include losses due to geometry and absorption.

a) b)

Figure 3: a) Circular Fresnel lens, b) Spherical plano-convex
lens, as depicted by the COMSOL Fresnel Lens tutorial [6]

As for the material, PMMA (polymethyl methacry-
late) is advantageous when compared to glass as it can
be manufactured at scale with low costs. Given the
geometry of PEC reactors as depicted in Figure [2, a
linear Fresnel lens is suited better than a circular Fres-
nel lens. Linear Fresnel lenses operate in the same way
but instead of focusing light onto a focal point they fo-
cus light onto a linear region in the focal plane. This
concentrated light can then be directed to the photo-
electrodes inside the PECR reactor using another optical
component known as a waveguide. Linear Fresnel lenses
can also be integrated with the PECR by simple attach-
ment, aligning the Fresnel lens and waveguide with the
top and bottom surfaces of the PECR respectively.
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Figure 4: Schematic of a Fresnel lens, pointing out the de-
sign parameters that define the geometry [5].

2.3.2 Waveguides

Optical waveguides are devices that guide electromag-
netic waves in the visible spectrum. They allow light
to be directed to a specific location. Vu et al [7] dis-
cusses the implementation of a large-scale daylighting
system based on a coupled linear Fresnel lens array and
stepped thickness waveguide system. Daylighting refers
to the use of natural lighting indoors as opposed to ar-
tificial lighting, producing a more comfortable indoor
environment and reducing the impact of illnesses such
as seasonal affective disorder.

There are two broad categories of waveguide, re-
ferred to colloquially as 'lossy’ and 'lossless’ systems, as
depicted by Figure Both enable light to propagate
through the waveguide by total internal reflection, the
phenomenon that occurs when light rays arriving at the
boundary between one medium and another are not re-
fracted into the second external medium, but completely
reflected back into the first medium. 'Lossy’ structures
propagate the primary concentrated light through a flat
waveguide via coupling prisms that help guide the light
horizontally. However, this leads to geometrical decou-
pling losses and undesired ray interactions at light entry
points, diminishing the efficiency of the system. Planar
waveguides direct light rays in both horizontal direction
due to the geometry of the coupling losses, meaning that
they cannot be used in applications that require light
propagation in one horizontal direction only. 'Lossless’
systems avoid these issues by instead using a stepped
thickness waveguide, preventing additional ray leakages.
Concentrated light from the Fresnel lens is focused into
a linear region directly below the midpoint of the lens.
In a stepped waveguide, there is a midpoint step aligned
with each Fresnel lens that re-directs the incoming light
laterally into the waveguide. Each step adds thickness
to the waveguide, which poses an issue as the num-
ber of the linear Fresnel lens in the array increases. In
summary, 'lossless’ systems are constrained by thickness
and 'lossy’ systems are constrained by efficiency. It is
important to realise that the term ‘lossless’ is not tech-
nically correct - a proportion of light will not be reflected
and will simply leave the waveguides, in addition to ab-
sorption losses as the light rays meet each waveguide
boundary. A typical schematic of a stepped thickness
waveguide is depicted by Figure [0]
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Figure 6: 2D schematic of a stepped thickness waveguide,
highlighting key design parameter.

3 Methodology

The model construction and simulation were carried out
using the Ray Optics module in the finite element mod-
elling software, COMSOL Multiphysics 6.1. The Geo-
metrical Optics physics interface in COMSOL was ideal
for our study as it is designed for the analysis of ray optic
simulations of cameras, telescopes, spectrometers, solar
collectors and so on. There are some basic requirements
that must be specified before the investigation can be
carried out. A light source needs to be defined to carry
out a ray trajectory simulation study. Each component
of the model should have a defined material with some
known physical properties such as the refractive index.
The boundary conditions of the model should also be
specified. The optical system created and defined by
Vu et al. [7] was used as a foundation for parameter
values of our model, given that the sizing of the system
is comparable to speculated PEC reactor sizes. A pre-
defined ‘extremely fine’ mesh with a maximum element
size of 0.02 mm and a minimum of 0.0002 m was used
for the optical model.

Figure 7: Waveguide and Fresnel lens model on COMSOL

The final geometric model of the system proposed
is given in Figure[7] A simulated solar radiation passes
through the Fresnel lens array, which directs and focuses
the sunlight onto the waveguide. As for the simulation
of a light ray source, a ‘Release from Grid' node was
used. The node produces a user-defined grid of points
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Figure 5: a) 'Lossless’ system without decoupling losses, consisting of a stepped thickness waveguide b) Lossy system with
decoupling losses consisting of a planar waveguide with coupling prisms 7|

where each point releases a ray. In our study, a rect- defined as vertically down towards the Fresnel lens array.
angular light source with a planar wavefront is chosen. The simulation output below (Figure confirmed that
The shape of it is the same as the Fresnel lens. The the Fresnel lens was operating as expected.

total number of rays released is calculated as the num-
ber of points along the width times number of points
along length. The initial coordinates of the source as
well as the light vector direction were also defined. The
size of the light source aims to cover the whole Fres-
nel lens array exactly. For the ray tracing study, the
initial light intensity and total source power are chosen
as 1000 W/m? and 812.6 W respectively, simulating a
typical solar intensity. Both the Fresnel lens array and
stepped thickness waveguide are made of PMMA be-
cause of its excellent light transmission properties. A
monochromatic light source with wavelength of 660 nm
was chosen. Different wavelength inputs will lead to
different results.

3.1 Construction of linear Fresnel lens

The Fresnel lens array construction started with a spher-
ical plano-convex lens from a predefined COMSOL parts
library. Fresnel lenses replace the curved surface of the
lens with a series of concentric grooves, minimising the
footprint of the lens. These contours act as individual Figure 8: Simulating incident light onto Fresnel lens to ob-
refracting surfaces and lead to the same focal length as serve the concentrating effect

the original lens. Since the aim was to build a linear

Fresnel lens array, a work plane was introduced at the

cross section of the lens to extract the 2D axisymmetric The midpoint of each Fresnel lens in the array was
geometry. This cross section was further extruded to aligned with the inclined surfaces, the mirror surfaces, of
1000 mm to obtain the linear Fresnel lens. The final ge- the waveguide located below. The mirror condition was
ometry was built by duplicating the lens five times using defined based on the reflection coefficient only, which
the array feature, finally creating a linear Fresnel lens is a parameter that describes the proportion of a wave
array. After building the model, a simple test was con- that is reflected by an impedance discontinuity in the
ducted to see if the planar Fresnel lens had the expected transmission medium. The impedance discontinuity is
function of focusing light into linear regions. The light anything that affects the ratio between the inductance
source used here has the same parameters (intensity and of the trace and its capacitance. The coefficient was
size of the grid matrix) as the simulated solar radiation chosen as 1 to represent a perfect mirror with no energy
mentioned earlier. The direction of the light rays was loss. The governing equations are shown below:
5
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n, = n; — 2cos(6;)ng )

kur = kui — 2kys cos(6;) (8)

kuv,r = _kuv,i + 2kuv,s (9)
2

kv r — kv i— 7kuv.s 10

’ " cos(6;) ’ (10)

U, =, +arg(r) (11)

Where nj is a unit vector in the direction of the
incident ray, ng is a unit vector normal to the material
discontinuity and k is the wave vector. Equations[7]to[9]
represent a reflected curvature tensor in the vu, wv and
vv components. ¥; and W, are the refracted ray phase
of the incident ray and reflected ray respectively. The
difference between these two terms is the phase shift
arg(r). Table summarises the Fresnel lens dimensions:

Fresnel Lens Specification
Thickness (t) 3.5 mm
Width of singular linear Fresnel lens (ws) || 165 mm
Length (y) 1000 mm
Number of Fresnel lenses in array (N) 5
Focal length (f) 300 mm
Material PMMA

Table 1: Summary of Fresnel lens design parameters

3.2 Construction of stepped thickness
waveguide

The stepped thickness waveguide was constructed by
first creating a 2D axisymmetric cross section, then
specifying the coordinates of the edge point in a 2D
coordinate system and finally extruding by 1000 mm,
converting it to a 3D model. At the material disconti-
nuity where there are changes of the medium from the
material of model to air, the refracted wave vector is
controlled by Snell's law based on the refractive index
on either side. If the incident ray undergoes total inter-
nal reflection, no refracted ray is produced. The angle
of incidence 6; is computed:

n; - Ng

0; = arccos | ————

;| ]
In an isotropic medium, the electromagnetic prop-
erties such as the refractive index are the same in all
directions. At a boundary between two isotropic, non-

absorbing media, the refracted ray propagates in the
direction ny is given by the following relations:

(12)

n; = nn; + yng (13)

v = —ncosb; + cos b, (14)
ny

= — 15

n= (15)

0 = arcsin (nsin 6;) (16)
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Where the ray propagates from the medium with re-
fractive index n; into the medium with refractive index
ng. 0 is the refractive angle. 7 and v are two de-
fined variables. For medias that are non-absorbing, the
quantities n1, na, 6;, and 6; are real-valued.

Two wall conditions were introduced to the waveg-
uide model. The first is at the bottom surface of the
waveguide. In order to achieve a maximum performance
with minimum power losses of light, the waveguide is
modelled to have specular reflection if various conditions
are met. This interface is set such that there was spec-
ular reflection if the incident angle is greater than the
critical angle, and rays would be removed if the angle is
less than the critical angle, allowing only total internal
reflection to be seen. A pair of variables were detailed
in the parameters setting to calculate the refractive in-
dex of the waveguide material, and the critical angle on
its surfaces given that the free-space region has refrac-
tive index of the material. Specular reflection primary
behaviour is used, giving access to a variable describ-
ing the angle of incidence of the ray on the boundary.
The primary ray condition option can then be used to
compare this angle to the critical angle. Another wall
condition is used to describe the exit of the waveguide.
The condition was set to ‘Freeze’, which stops any rays
from further propagating and therefore the wave vector
of the ray remains at the same value as when the ray
initially strikes the wall. This boundary condition helps
to study the ray power or intensity at the instant contact
was made with the wall. The key design parameters of
the waveguide are shown in Table

Waveguide Specification
Total height (h) 10 mm
Inclined angle () 30°
Height of each step (s) 2 mm
Width (w) 1000 mm
Length (I,,) 900 mm
Light directing surface length (m) 4 mm
Material PMMA

Table 2: Summary of stepped thickness waveguide design
parameters

After the geometry is created and the model physics
is defined, the next step is to build the mesh. COM-
SOL uses the finite element analysis (FEA) method to
solve time-dependent problems. The partial differential
equations (PDEs) used to define these problems can be
approximated as numerical model equations. The solu-
tion to these equations act as an approximation to the
real PDEs. A mesh is doing exactly what has been de-
scribed above and plays an important role in how the
model is solved and directly affects the accuracy of the
solution. User defined elements such as prism and tetra-
hedron divide the 3D geometry into small finite parts.
These parts are studied separately and together will give
the final solution.

The ray tracing study is carried out by defining the
time steps and maximum time span. To be specific, the
ray propagation within the time it takes for the waves



(which represent photons traveling at the speed of light

in a vacuum, 3 x 108 m/s, to propagate through the

system was studied.

4 Results

The ray tracing simulation was carried out as specified.
Starting from the initial coordinates of the simulated
light source, rays were sent out in the direction defined
earlier, which was vertically downw towards the linear
Fresnel lens array. As time goes on, the light rays pass
through the Fresnel lens, concentrating the light into
five linear regions on the waveguide. The ray tracing
simulation will stop if the maximum time span defined
is reached. The propagation of light through the system
is shown in Figure [9]

Figure 9: Simulating the ray trajectories of the light pro-
pogation through the optical system. A GIF of the process
can be found [8]

4.1 Intensity profile on focal plane

By introducing a physical plane at the focal length on
COMSOL, a ‘Ray Accumulator’ node can be used to
calculate the light intensity profile of the plane.

Figure[10] shows the intensity distribution on the fo-
cal plane, clearly displaying the five linear regions of
concentrated light as expected. The maximum inten-
sity reached is 2.05 x 10° W/m? and can be found
at the centre of the spots which are shown in white.
The blue parts represent a lower intensity, and the black
parts indicate regions where the light did not penetrate
the plane.
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Figure 10: Intensity plot at the focal plane of the Fresnel
lens

4.2 Concentration ratio profile at waveg-
uide exit

A ray detector was introduced at the exit of the waveg-
uide, its role being to compute information about rays
that arrive at a set of selected boundaries. In our case,
one selected boundary is the surface of the waveguide
exit. The ray detector can provide the accumulated
power at the surface. The concentration ratio was then
studied by taking the ratio of input light intensity and
exit light intensity.
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Figure 11: Optical concentration ratio at waveguide exit
against simulation time

We chose to plot the time as the independent vari-
able against the concentration ratio, the dependent vari-
able in our analysis, as this reveals how light propagation
varies with time. A maximum concentration ratio of 43



is reached at approximately 8.2 ns as highlighted. The
results are shown in Figure

4.3 Ray power profile at waveguide exit
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Figure 12: Ray power profile at the waveguide exit

The power distribution diagram at the exit port of
waveguide is shown in Figure The shape of the
light focus points and distribution come from the shape
of the light source, which is rectangular. The red colour
represents locations with the highest power, around 23
W. Summing up the power represented by these shapes
will give the total accumulated power at the exit surface.
The intensity at the exit can be calculated by dividing
the power by the cross sectional area.

5 Discussion

The optical efficiency of the coupled Fresnel lens and
waveguide can be calculated using the following expres-
sion:

Pf”[‘?f

P

Opticalef ficiency = (17)

Where P, is the steady state power at the waveg-
uide exit in W and P; is the incident light power in W.

Using data output by the COMSOL simulation, the
optical efficiency of the system was found to be 53%.

As for optical losses, the mirror is modelled as ideal
hence there is no energy loss stemming from this. How-
ever, in reality the reflection ratio will not be 1 due to
a number of limitations, such as manufacturing defects
and material degradation. Losses come from the ab-
sorption of light within the Fresnel lens array and light
absorbed from the waveguides. Also, there are losses
due to Fresnel reflection where the two media having
different refractive indexes. To be specific, the amount
of light lost depends on the properties of material.

5.1 Concentration ratios

The geometric concentration ratio Cy which is used to
evaluate the quality of solar collectors is defined as:

_ AF'r'esnel

CO B Aemit

(18)

Where Ap,esne; is the area of Fresnel lens array
and A, is the area of focus spots at the waveguide
exit port. A geometric concentration of 591 is obtained
from the model. Typically, in concentrator photovoltaic
(CPV) system, the concentrator needs to have a concen-
tration ratio in the range of 400 — 1000 times to effec-
tively use high-efficiency solar cells [9]. Therefore, the

46

proposed model is considered to be acceptable. How-
ever, geometric concentration does not take power loss
into account as it assumes uniform radiation flux. For
modelling purposes, a more representative way of de-
ducing the efficiency of an optical system is to use the
optical concentration ratio, Cop¢, which is defined as the
intensity ratio at the lens and at the receiver.

IFresnel

Copt = (19)

Ie:m't
A maximum optical concentration ratio of 43 is
reached for our model.
The f — number of a linear Fresnel lens is defined
as:
_f
f — number = — (20)
wy
According to Davis' simulation results [10], for a cir-
cular Fresnel lens, a f-number of 1.85 gives an optical
concentration ratio of 17. This indicates the implement
of waveguide gives rise to an improvement in concen-
tration ratio.

5.2 Investigating the incline angle of the

stepped thickness waveguide

The optimum incline angle of the waveguide mirrors was
determined by performing a parametric sweep in COM-
SOL, whereby the model solutions are found iteratively
for each different inclined angle. Since this requires sig-
nificant computational power, we chose a range of an-
gles in increments of 5°, relative to the initial value of
30°that was chosen by Vu et al. [7], who offered no
explanation for why they chose this specific value.
Figure depicts the results of the parametric
sweep, revealing an interesting interplay between the in-
clined angle and optical concentration ratio. The light
rays take a specific time to i) pass through the Fresnel
lens and ii) propagate through the waveguide, finally
reaching the ray detector at the exit port of the waveg-
uide. This is the reason that there is a stepped increase
in the optical concentration ratio with time, until all
the simulated rays have propagated through the waveg-
uide and a steady state optical concentration ratio is
reached. A general observation that can be made is
that decreasing the inclined angle increases the concen-
tration ratio. However, in practice this could have draw-
backs. Decreasing the angle slowly reverts the stepped
thickness waveguide back to a planar waveguide, which
as discussed before is a lossy system, decreasing the ef-
ficiency of the system and also exacerbating further ray
leakage. Although the general trend is that a decreased
incline angle increases the concentration ratio, it was
found that an angle of 20°achieves the optimum con-
centration ratio. This suggests that there is a degree
of optimality in the system which could be investigated
further through reactor parameter optimisation.
Analysis of the ‘staircase’ structure also gives an
insight into the non-steady state light propagation
through the system. Five distinct ‘steps’ are observed,
corresponding to the number of Fresnel lens in the array.



&0

) €D

BB E R

[

™

» €D D €D €

SVvovown

Concentrabon ratv

0
0 S 10

Tine (s
Figure 13: Parametric sweep results, investigating the re-

lationship between the waveguide inclined angle and optical
concentration ratio

The waveguide is a 3D component and the light rays
that are being focused by the Fresnel lens hit the waveg-
uide from all lateral angles. Clearly the incident light
rays from the Fresnel lens that hit the light directing
surface closest to the waveguide exit will reach the ray
detector first, followed by light rays hitting the second
closes light directing surface and so on. This explains
the number of steps on the plot. A time delay is also
observed during the concentration ratio step increase.
We speculate that this occurs because of ray interac-
tions with waveguide boundaries and also with other
rays. This time delay increases fractionally after each
step. Intuitively this makes sense as the rays that hit
the light directing surface furthest away from the ray
detector will interact with the most boundary surfaces
and rays within the waveguide on average, causing the
largest time delay. The inclined angle parameter sweep
also surprisingly reveals that the time delay varies in a
peculiar non-linear way, varying significantly with dif-
ferent inclined angles. Perhaps running the COMSOL
model with a higher resolution would smooth out this
disparity in the time delay, or it could be that a change in
the incline angle alters the ray distribution of the system
in a nontrivial manner. Nevertheless, the results show
that the inclined angle of the waveguide is a parameter
that can be optimised to maximise the concentration
ratio and minimise the time delay of the system. The
concept of steady state and non-steady state when re-
ferring to ray propagation through the system could be
described as redundant because of the almost instanta-
neous reaching of the steady state.

5.3 Global solar radiation intensity

The concept of global solar radiation intensity was in-
troduced in the background section. Considering the
global intensity at London, as shown in Figure the
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solar intensity that reaches the Earth’s surface varies
with each day of the year and the maximum global inten-
sity is reached on the 168th day of the year (midyear).
Therefore, the intensity input to the Fresnel lens sur-
face will not be exactly 1000 W/m? as specified in our
model at all times — this was more of an average value.
This means recording the exact solar intensity from time
to time becomes important as it changes model results
significantly. In this case, the optical concentration ra-
tio will vary and geometric concentration ratio becomes
applicable as it depends on the system geometry only.
In order to develop a more accurate model, proper so-
lar tracking and measurement systems could be inves-
tigated. A dual-axis tracker designed by Nguyen [11]
claimed to provide an additional 40% of solar energy
over the year, relative to a system in a fixed position.
Thus, a solar tracking system guarantees a maximum
intensity of light can be captured and a good measure-
ment gives an accurate intensity input to the model.
Another reason why a solar tracking system is impor-
tant is because the light source in the model is consid-
ered to be ideal, which means the incident angle of light
is always 0°and all the incident light rays hit the Fresnel
lens array. In reality, the incident light will come in all
directions.

Giotid lerasty o solar noon (W' )

Dawy of year

Figure 14: Global radiation intensity in London versus day
of year

5.4 Thermal management

A consequence of concentrating light into small focal
regions is that this greatly increases the heat transfer
of the system, leading to extremely high temperatures
at the focal regions. These temperatures cause adverse
degradation of the materials involved. In the application
that this study describes, the light rays are concentrated
by a linear Fresnel lens array onto a stepped thickness
waveguide made of PMMA, which has a melting point
of approximately 160 °C. Heat dissipation systems must
be implemented to ensure that the waveguide material
does not melt - in other solar concentration applications
passive and active cooling water systems have been im-
plemented [2].



6 Conclusion

This paper reports model-based predictions of the per-
formance of an optical system for harvesting, concen-
trating and directing solar radiation into a photoelec-
trochemical reactor. A model of the proposed PMMA
linear Fresnel lens array and stepped thickness waveg-
uide was built using COMSOL Multiphysics 6.1. The
Geometrical Optics module was chosen, which took into
account refraction according to Snell's law at a mate-
rial interface. The stepped thickness waveguide caused
light rays to propagate via total internal reflection. The
bottom waveguide surfaces have reflective coating to
minimize the energy loss. Given an input light source
of 1000 W/mz, the geometric concentration ratio and
optical concentration ratio obtained were 591 and 43
respectively in an ideal case. The optical efficiency of
the system was found to be 53%. The maximum optical
concentration ratio at the waveguide exit could be im-
proved by changing the inclined angle of the waveguide
to the optimum value of 20°. For a more realistic study,
a solar tracking system could have been added to the
COMSOL model to increase the accuracy of the sim-
ulation. Further work may include simulating the heat
transfer of the optical system on COMSOL to determine
the viability of certain waveguide materials, as well as
discovering new waveguide geometries such as a double
layer planar waveguides proposed by Vu et al. [12] used
in concentrator photovoltaic systems.
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Data-driven modelling of twin-column chromatographic
multi-column counter-current solvent gradient purification
(MCSGP) process
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Abstract Chromatography is often involved in the downstream bioprocess for the separation of monoclonal
antibodies (mAbs). A semi-continuous chromatographic process named multicolumn counter-current solvent
gradient purification (MCSGP) process had been developed and proved feasible for the separations of mAbs.
High-fidelity simulations of such processes often demand computing a large set of partial differential and algebraic
equations (PADES) rendering great computational efforts. In contrast, a black box model based on the mapping
of inputs and outputs using purely mathematical relationships could save a lot of computational effort. This
paper explores the feasibility of developing a data-driven model using feed-forward artificial neural networks
(ANNS) for a twin-column MCSGP set-up. Two models were developed with saving computational time as
a priority. The two models were designed based on the best mean square error (MSE) of predictions and
optimised through exploring different learning rates to the ‘Adam’ optimiser. The results proved the two
models can be either used in combination or individually to give a preliminary screening of varying inputting
operating parameters that would be considered feasible given the requirements such as purity, yield, and product
collection window. The developed models were also proved to demand negligible computational time compared
to the mechanistic model simulations.

Keywords:  Chromatography, Twin-column MCSGP, Black box model, Machine learning, ANN

1 Introduction three fractions with the product having intermediate
adsorptive properties and the weak and strong com-
ponents as impurities. Although (Kim et al., 2003)
proved the applicability of SMBs for ternary separa-
tions by cascading two SMBs in series, it was limited
to the case where there is little of the most strongly or
weakly adsorbed impurities. In addition, the charac-
terised drawbacks for SMB and recycling chromatog-
raphy as their inability to perform linear solvent gra-
dients and strong dilution effects of product sample
prior to reinjection respectively urge the development
of a continuous chromatographic process specifically
targeted for the effective separation of three compo-
nent biomolecular mixtures.

Monoclonal antibodies (mAbs) have contributed vi-
tally to advancement in the treatment of infectious
diseases, cancer, and autoimmune diseases (Torphy,
2002). However, due to their targeted treatment of
chronic diseases such as cancer and their relatively low
potency which results in the need for high cumulative
doses, mAbs are usually amongst the most expensive
of drugs (Farid, 2007). Driven by the increasing pres-
sure of mAbs market demand, there exists significant
research interest related to lowering the cost of pro-
ducing mAbs. It has been shown that the cell cul-
ture titre is one of the most prominent cost drivers
(Werner, 2004). Increasing the titres in turn drives
the search for novel approaches or alternatives for the MCSGP, first introduced by (Strohlein et al.,
downstream purification processes to ensure there is a 2006), combined the advantages of both a solvent gra-
net gain in lowering the production cost (Farid, 2007). dient batch and a continuous SMB. An MCSGP pro-
cess can perform solvent gradient elution as in batch
units but using a continuous countercurrent unit. The
countercurrent nature of an MCSGP process refers
to the solid phase resins switching in position oppo-
site to the flow direction. The readers are referred
to (Aumann & Morbidelli, 2007) for a detailed ex-
planation of the working principle and a preliminary
design based on a batch gradient and the correspond-
ing chromatogram for the original 6-column set-up,
provided by the inventors. (Aumann & Morbidelli,
2008) later demonstrated the practicality of reducing
the columns to 3 and provided a design of the pro-
cess based on the same experimental method. How-

Chromatography is often employed in the down-
stream bio-process for the separation of mAbs. Tra-
ditionally, it was performed using gradient batch pro-
cesses. In the past few decades, significant efforts
have been made to the development of continuous
chromatographic processes, which have been proven
to be much more economical than batch processes for
large-scale productions of the biomolecules (Aumann
& Morbidelli, 2007). Classical continuous chromatog-
raphy processes such as simulated moving bed (SMB)
and recycling chromatography have significant advan-
tages over the batch types attributed to their ability
to conserve partial separation thereby resulting in bet- ' ' :
ter productivity (Miiller-Spéth et al., 2008). There-  €Ver, these designs generally lack relationships de-
fore, these processes were often deployed in the binary scribing the physiochemical phenomenon happening
separations of bio-molecules. However, mAbs separa- in the process, a more robust design approach will
tions generally requires splitting the feed stream into be based on the relationships describing the adsorp-
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tion equilibria, and the mass transfer properties of
all components. (Miiller-Spath et al., 2008) devel-
oped such a mathematical model with Langmuir ad-
sorption isotherms and a lumped kinetic model. The
performance parameters were defined as purity and
productivity. The issue is that to describe the peri-
odic nature and complicated adsorptive phenomena
underlaid, the mathematical models generally com-
prise large sets of partial differential and algebraic
equations (PADES) rendering great computational ef-
forts.

There exists, however, another approach based
on the mapping of input and output data using
purely mathematical correlations while involving min-
imum physiochemical process description. The data-
driven model can be called a black box model, which,
although lacks physiochemical knowledge, generally
saves computational time and effort (Tabora, 2012).
The data-driven modelling is particularly applicable
to the MCSGP process since not only the process re-
quires great computational power to simulate but also
the feed compositions will vary simultaneously sub-
ject to the disturbances from the upstream bioprocess.
This renders the optimisation of the operating param-
eters very computationally expensive. The black box
model saves the computational time and effort of com-
puting every time point for infeasible sets of initial
conditions until the process reaches the cyclic steady
state (CSS). This paper explores the approach for the
modelling of the MCSGP process at CSS that is based
on feedforward artificial neural networks (ANNs) fol-
lowing four main steps: (1) Data generation from
high-fidelity simulations of the MCSGP process. (2)
Determining the ANN structure including the activa-
tion functions, hidden layer size and neuron size. (3)
Data-driven model optimisation via tuning learning
rate. (4) Cross-validation of the data-driven model
using additional data generated from the mechanis-
tic simulations. Two data-driven models were devel-
oped following the above approach, one static model
aimed at screening infeasible combinations of inputs
and one pseudo-dynamic model designed to approxi-
mate the product concentration profile. The results
showed that the static model can give a decent pre-
liminary screening of the combinations of operating
parameters that could potentially satisfy the purity
and yield requirements, whereas the pseudo-dynamic
model was able to approximate the concentration pro-
file through an operating cycle given the input condi-
tions. Both models presented require negligible time
to run compared to the simulation based on the math-
ematical relationships.

2 Theoretical Background
2.1 Twin-column MCSGP

The focus of the paper was on the twin-column MC-
SGP process setup. As explained by (Kréttli et al.,
2013), figure (1| showed the principle of the process
operation, where the middle of the two columns is
connected by flow streams indicated by the arrows.
The figure depicts an entire cycle of the MCSGP that
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is the complete repeating element of the process.
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Figure 1: Schematic overview of a complete cycle of the twin-
column MCSGP process, adapted from (Kréttli et al., 2013)
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Figure 2: Plot of concentration against switch time, the blue
curve represents weak impurity, the red curve represents the
product and the green curve represents the strong impurity

To understand the process, it is convenient to
notice the general observation that throughout all cy-
cles, the column on the right is carrying out the gra-
dient elution task, whereas the column on the right is
performing recycling and feeding tasks.

The process starts with column 2 being equili-
brated and emptied. During phase I1, overlapping
regions of weak (W) and product (P) are eluted from
column 1. Before the stream enters column 2, it is
mixed with an additional stream of pure eluent (E)
to enhance the absorption. Figure|2|shows that phase
I1 ends when negligible impurity W concentration is
found to be eluted from column 1. During phase I1, all
components being fed into column 2 are expected to
be retained in column 2. Phase B1 operates in batch
mode. During this phase, the stream eluted from col-
umn 1 is designed to have the highest P concentra-
tion with minimal impurities contamination through-
out the whole switch. Therefore, phase Bl is also
known as the product collection window. Fresh feed
is introduced into and retained in column 2 during
this phase. Phase 12 starts when the overlapping re-
gions of P and S components are eluted from column
1. The modifier concentration in column 1 contin-



ued to increase throughout the switch to counteract
the increasing adsorptive interactions in the order of
component (W, P, S) with the solid phase resin. Since
impurity W interacts the least strongly with the resin,
it travels the quickest inside the column. Therefore,
when phase 12 finishes with the recycling of the P/S
stream. Phase B2 starts with mostly S being eluted
from column 1 and with W being eluted from column
2. Phase B2 continues until column 1 is empty, mean-
ing all components (W, P, S) were eluted out. After
this point, the switch occurs, meaning that column 1
swaps position with column 2. The gradient elution
task is now performed by column 2, which is the col-
umn on the right at this point. The cycle continues
through all phases until column 2 has eluted out all
components. Then, both columns will be switched
back to the initial positions, and the process will re-
peat exactly the path described above.

2.2 Cyclic Steady State Operation

In contrary to continuous steady-state, CSS is more
relevant to the MCSGP process due to its nature
where both the continuous sector and batch sector
are involved in the process. CSS exhibits uniform op-
erating parameters and produces similar output from
batch to batch given the batch time being constant
throughout each cycle. (Minceva et al., 2003) This
means that both the liquid and solid phase concen-
tration will, at a certain time after the process starts,
follow an almost identical profile axially along the bed.
The cyclic concentration profile of each component
will therefore be indistinguishable from one another
between each cycle. From this time onwards, it can
be identified as that the process has reached CSS.
In the MCSGP process, other than the start-up and
shut-down procedure, CSS will be applicable most of
the time. Therefore, the process performance at CSS
will be the focus of this study.

2.3 Mathematical Formulations

A mathematical model describing the detailed phys-
iochemical behaviour of the process comprised of a
lumped kinetic model and Bi-Langmuir adsorption
isotherm was developed and validated against ex-
periments by (Miiller-Spéth et al., 2008), where de-
tailed mathematical relations and nomenclature can
be found. Such mathematical models developed based
on the first-principal approach can be classified as
mechanistic models. A mechanistic model is also
known as a white box model since its structure is
well-defined and transparent. Although mechanis-
tic models provide precise and detailed descriptions
of the underlying physiochemical system, it generally
comprises a large set of complex PADEs. For the
twin-column MCSGP process, the simulated model
involves 50 space discretisation points, resulting in
4119 equations and 3309 variables (Papathanasiou et
al., 2016). The main model complexities arise from
equations [1| and [2| since both partial differential equa-
tions are a function of time and space. As listed be-

low, the two equations describe the liquid and solid
phase concentrations of the four components (i.e., the
modifier, the weak impurities, the product, and the
strong impurities).

Liquid Phase Concentration

0ci n D 0%cip . Qn Jein (1 —ei) Ogin (1)
ot ax 8132 ACO1<€1 0z Ej ot
Solid Phase Concentration

8qi,h *

5 ki (a7 — qin) (2)
where ¢ € [0, tena | represents the time, z € [0, Lo |
the column length, i = 1,...,ncomp the component,
and h =1,...,n.y the column index.

The competitive bi-Langmuir isotherm
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Computing both the liquid and solid phase concentra-
tion values at every time and every space point would
demand large computational power. Therefore, when
carrying out a sensitivity analysis or later implemen-
tation of a control and optimisation strategy, the com-
putational time could usually be a major concern for
the mechanistic model.

3 Methodology

The framework as illustrated by figure |3| was followed
through this study.

Mechas st Model
Smulabon

ANN Structure Desgs

Figure 3: The framework of black box modelling
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3.1 Data Generation and Analysis

The ANNs were trained by the data generated
from the mechanistic model built by Papathana-
siou’s research group at Imperial College London on
gPROMS® ModelBuilder v7.1.1. The data was gener-
ated using the gPROMS’s Global Sensitivity analysis
(GSA) feature. Although a GSA analysis is partic-
ularly applicable to this process as described above,
it is not the main concern of this work. The focus
instead was to use this feature as a convenient way of



generating the data since the gPROMS’s Global Sen-
sitivity analysis feature could automatically compute
a large set of combinations of inputs (initial condi-
tions), thereby generating the corresponding output
responses. The initial conditions used as inputs for
the data generation are listed in the table below:

First, 500 samples each of varying combinations
of inputs were generated from the mechanistic model
simulation on gPROMS® ModelBuilder. A subse-
quent data handling was carried out to determine the
CSS. It was decided to record the maximum concen-
tration of the product at the outlet of the column ex-
ecuting gradient elution during each cycle. The CSS
had been reached once the maximum product concen-
tration fluctuates within 0.1% from adjacent cycles.

The purity and yield at CSS were then computed
for each sample. The performance indicators were
decided to be the average purity and yield during CSS,
which were computed by the following equations.

Purity
O(L'UPS 7
Pur,, , = J 4
o Cast,j + CavPs,j + CavSs,j ( )
Yield o
_ “avPs,j
Yi= (5)
Where, j = 1,...,n¢yce the cycle index and s =
1,...,noutlet the outlet stream

Given the nature of the product, it was decided
that at least 98% purity was required. The yield re-
quirement was decided to be above 80% to ensure a
satisfactory profit. The average concentrations were
computed using numerical integration with a time in-
terval of 0.2s.

3.2 ANN Structure Determination

Python V3.10 was used to build all models. Numpy
V1.23 and Pandas V1.5.2 libraries were used for data
processing. TensorFlow V2.11 and Keras V2.3 li-
braries were used for building, training, and valida-
tion of ANNs.

Two models were decided to build—-one static
and one pseudo-dynamic model. The first one con-
sisting of 1 ANN predicting the purity and yield was
called the static model. The second one utilised 2
ANNSs where each ANN predicted the average product
concentrations at the outlet of one column through
one switch. The pseudo-dynamic model’s predic-
tions consisted of the average product concentration
at 8 time points corresponding to 8 stages through 2
switches. In this way, by tracking the product con-
centration from the outlet of one column through all
stages in a whole cycle, the concentration profile along
the other column would be identical except for a time
difference. Since the model only predicted the average
concentration at eight instants of the process during
a CSS cycle, it could only approximate the concen-
tration profile resulting in the model not being truly
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dynamic. To distinguish it from the static model, the
latter model was defined as pseudo-dynamic.

The inputs for both models were decided to be
the same as the inputs for the data generation as
shown in table [I| to incorporate as many details as
possible. Since the static model predicts yield and pu-
rity, to restrict the output between 0 to 1, a sigmoid
activation function was added to the output layer;
whereas to ensure the average concentration output
from the pseudo-dynamic model to be positive, the
output layer for each of the 2 ANN was implemented
with softplus activation function. The two activation
functions are defined below.

Sigmoid
x

f(x):m

(6)

Softplus

f(z) =In(14€") (7)

To decide the ANNs structure such as the number
of hidden layers, activation function, and neuron size
on each layer. Mean squared errors, computed using
the following formula, of the predictions to the actual
data were calculated based on the dataset comprised
of 500 samples. 1000 epochs were decided to train the
ANNSs of both models, whereas 25% percent of the 500
samples were split into the validation set. An average
mean square error (MSE) was computed for the last
100 epochs for each combination of hyperparameters.
This is to avoid the chance of training stopping at an
abnormality.

n

1 2
MSE = = — i
S n§(y ¥i)

=1

(®)

The following values of the ANN hyperparame-
ters were explored to decide the final structure of each
ANN in the model.

Table 2: Table summarising ANN features explored in the
structure determination

Features Values
.. . sigmoid, tanh@,
Activation functions hard sigmoid 10)7 ReLu
Hidden layer size 0,1,2,3,4,5,6,7

Neuron size 4,8,16,32,64,128,256

Activation functions:

et — e~
= 9
f@) = o= (9)
0, ifz<-25
f)=4020+05, if —25<x<25 (10)
1, if 2 > 25

f(z) = max(0, z)



Table 1: Table summarising inputs conditions for the Training and Validation of ANNs.

Boundary for 500 sets Boundary for 100 sets Unit Distribution for 100 sets
Feed concentration of modifier [2.0 3.0] [2.12.8] mg/mL  Normal distribution with mean 2.6, variance 0.6
Feed concentration of weak impurities [0.05 0.08] [0.04 0.07] mg/mL Uniform distribution
Feed concentration of product [0.3 0.4] [0.25 0.45] mg/mL  Normal distribution with mean 0.35, variance 0.6
Feed concentration of strong impurities [0.03 0.05] [0.03 0.05] mg/mL  Normal distribution with mean 0.04, variance 0.2
Tnlet ﬂow'rate of the colllmn executing the [0.1 1.0] [0.21.1] mL/min  Normal distribution with mean 0.4, variance 0.6
gradient elution during phase 11
Inlet ﬂow'rate of the colur'nn- exceuting the [0.1 1.0] [0.10.9] mL/min Uniform distribution
gradient elution during phase 12
Initial modlhe'r concelltrat}on for t.he column [2.0 3.0] [2.2 2.8] mg/mL  Normal distribution with mean 2.6, variance 0.4
executing the gradient elution
Initial modifier concentration for the column 0.8 1.2] 0.9 1.1] mg/mL Uniform distribution

executing the recycling and feeding tasks

3.3 Model optimisation

After the ANNs structure has been determined, 30
logarithmically (with base 10) spaced learning rates
ranged from 1 x 107° to 1 x 10™2 were analysed as
input for the optimiser ‘Adam’. ‘Adam’ is a stochas-
tic gradient descent method that is based on adap-
tive estimation of first-order and second-order mo-
ments. The advantage of ‘Adam’ over other optimisa-
tion algorithms arises from its well-suited behaviour
for problems with a large set of data or parameters.
(Kingma & Ba, 2014)

Sensitivity analysis based on varying learning
rates was conducted by training both models with
1000 epochs and with the data split into 3:1 training
and validation datasets. An average MSE loss was
computed for the last 100 epochs for both the train-
ing and validation set at each learning rate for the
same reason as described above. The variance of the
MSE loss for the last 100 epochs was also calculated
to quantify the degree of overtraining or fluctuation
of MSE.

3.4 Model Validation

To further validate the accuracy of the trained models,
an additional set of 100 samples comprised of varying
input conditions was generated. In table [I] Column
‘Boundaries Train Set’ refers to the 500 samples used
for the training of the ANNs of both data-driven mod-
els, whereas column ‘Boundary Validation Set’ refers
to the 100 additional samples used for the valida-
tion. Column ‘Distribution’ refers to the distribution
of each input in the validation set, whereas all inputs
in the Train Set were uniformly distributed. An ad-
ditional data set was generated using different distri-
bution functions and bounds of the input parameters.
To simulate the disturbance in the feed stream result-
ing from the upstream processes, up to 20% variation
was applied randomly to the upper and lower bounds
of feed concentrations in both columns. To further
eliminate the effect of monotonic increment, uniform
distribution was changed to normal distribution with
the mean shifted up to 15% from the middle value
between the upper and lower bound of each variable.
The generated data was inspected and was completely
different from the data set used for training.

4 Results and Discussion
4.1 Simulated Data Analysis

CSS Determination

As depicted by figure [, CSS was reached at differ-
ent cycle numbers depending on the initial conditions.
For some combinations of inputs, CSS was reached
from 7" cycle onwards. However, the CSS was far yet
reached even at the 10*" cycle for other cases. The
previously mentioned combinations of inputs could
potentially satisfy the purity and yield requirements,
it takes too long to reach the CSS resulting in an un-
desired loss since it was decided that the simulation
only runs for 20 cycles.
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Figure 4: Figure illustrating cyclic steady state behaviour of
the MCSGP process. The blue curve with ‘- -’ line shape indi-
cates a case that CSS has reached before 10" cycle is reached
whereas the orange curve with ‘- .” indicates a case that CSS
is not reached yet at 10t" cycle. Each empty triangle locates
at maximum cyclic product concentration where CSS has not
been reached, whereas the empty squares indicate maximum
CSS product concentration.

Non-linear Interactions in Inputs

The periodic nature and complex adsorptive reac-
tions rendered the non-linear dependency of the pro-
cess performance to the operating conditions. For ex-
ample, a change in the impurities concentration will
also affect the adsorptive behaviour of the product,
rendering sometimes the modifier concentrations less
effective. In addition, difference in flowrates inside
the column during the interconnected states will also
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have an impact on the degree of partial separations
of eluting components, resulting in a different con-
centration pattern at the outlet stream during each
stage. Varying each or some of the initial conditions
such as feed concentrations or flowrates could result
in a totally different process performance and may
sometimes render the process infeasible. The data
generation with 500 samples was also proved to be
very time-consuming since to compute the process re-
sponse, it requires the simulation to run through ev-
ery time point until CSS has been reached. For this
reason, a quick preliminary screening of the infeasi-
ble combinations of process operating conditions will
be extremely useful for the later process optimisation
subject to different set-ups or feed compositions.

As shown by figure [5| only a very small portion
(4.4%) of the input combinations satisfied the purity
and yield requirment at the 20th cyclic cycle. In addi-
tion, a wide spread of purities was observed through
all yield values which demonstrates non-linear be-
haviour of the process outputs subject to different
input conditions. For the high density of observed
purities at yield approaching 0 is, for example, due
to for certain flowrates (of the interconnected states)
combinations, product may not be actually eluted out
during the B1 stage. Moreover, the switch times and
solvent gradients being kept the same for all inputs
therefore remained unoptimised for each set of other
input conditions explains why there is only a small
fraction of the observed purities satisfy both require-
ments.
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Figure 5: Plot of sample product purity against product yield,
the red dotted line is a plot of y = 0.98, the orange triangle
scatters represent samples which has reached 0.98 and the blue
circle scatters represent samples which has lower purity than
0.98

This demonstrates the significance of developing a
data driven model for quick screening of infeasible ini-
tial conditions.

4.2 The Static Model

The result from the determination of ANN structure
for the static model in table[3|had shown that amongst
all the tested activation functions, ‘tanh’ and ‘ReLu’
activation functions performed better than ‘Sigmoid’
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and ‘hard Sigmoid’ activation functions with regards
to the average MSE loss.

Table 3: Table summarising Best MSE Loss against ANN
features for the static model. The ‘Best MSE Loss’ refers to
the average MSE of the last 100 epochs out of the 1000 epochs
used for training the ANN

Activation function Best average MSE loss Hidden Layer Size Neuron Size

ReLu 0.0583 4 128

Tanh 0.0249 4 128

Sigmoid 0.1619 3 128
Hard Sigmoid 0.1613 4 4

The static model composed of 5 feedforward lay-
ers, which include 4 hidden layers and 1 output layer,
with 128 neurons on each hidden layer was decided.
Further optimisation with regards to the learning rate
was conducted to decide whether ‘ReLu’ or ‘tanh’
activation function performed better for the static
model.

In general, the optimal learning rate was between
1 x 1072 and 1 x 10~*. With lower learning rates,
the neural network was converging slowly and was
likely to stop at the local optima, this will result in
MSE not decreasing further to where the global op-
tima are located. However, larger learning rates may
also result in overtraining given 1000 epochs. It also
lowered the possibility of locating an optimum. The
training would then mispredict the global optima lo-
cation when optimising the neural network. This was
confirmed as higher variances were observed in the
plot for learning rates that were higher than 2 x 1073.
Therefore, a learning rate that results in both low
mean and variance of MSE was chosen (figure [f]).

It was also noticed that ‘Relu’ activation func-
tion had a less stable MSE than the ‘tanh’ function
as demonstrated by larger fluctuations in variance to-
wards larger learning rates. This implied that there
were potentially multiple optima for a short range of
learning rates for the ‘Relu’ activation function. Since
both activation functions had similar MSE at a com-
parative range of learning rates, to ensure the stabil-
ity of the ANN, ‘tanh’ was chosen to avoid locating
at different optima.

The final ANN structure had been designed as
consisting of 5 layers with 4 hidden layers using ‘tanh’
and the output layer deployed the sigmoid activation
function. For each hidden layer, 128 neurons were
used. A learning rate of 1.05 x 10~3 was decided for
the ‘Adam’ optimiser. Figure[7]showed the prediction
result of this ANN.

After completion of model training, an MSE
against epochs plot (figure [8)) was generated for the
ANN. Although fluctuations of MSE could be seen
throughout the model training which indicated that
the optimisation encountered various optima, a gen-
eral decreasing trend was observed with increasing
epoch number. Although fluctuations could be seen
for the MSE value towards the end of the training,
which indicated a certain degree of overtraining, it
was considered acceptable given the MSE value was
still decreasing.
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Figure 6: Figure illustrating the average MSE loss and vari-
ance against learning rates for the ‘Adam’ optimiser of two
activation functions (Upper plots: ‘Relu’; Lower plots: ‘tanh’).
The solid lines represent the mean MSE and the dashed lines
plot the variance of MSE. In both plots, the blues line with
empty triangle illustate the training set data where the orange
line shows the validation set data.
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Figure 7: Figure illustrating the training result of the static
model. The vertical axis represents the predicted result of pu-
rity and yield in range of 0 to 1 and the horizontal axis plots
the sample purity and yield generated from the mechanistic
model. The dashed line is a plot of prediction = data . The
predictions would therefore be more accurate when the scat-
tered points approach towards the dashed line.

The final MSE for the training and validation set
were 3.6 x 107* and 1.8 x 103 respectively as shown
in figure |8} This resulted in an average error of 0.02
for the training set and 0.04 for the validation set with
respect to the simulation data. The percentage errors
of either purity or yield prediction were therefore 2%
for the train set and 4% for the validation set com-
pared to the simulation data.
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Figure 8: MSE loss against training epoch for the static
model. The dashed orange line represents the 25% validation
set whereas the blue line is plotted for the 75% training set out
of the 500 training samples.

Table [4] below depicted the accuracy of predic-
tion on the training dataset. Three target purity were
chosen: 0.98, 0.95 and 0.90. The accuracy was not
exactly the ratio between the number that reached
target purity in the data and the number that met
target purity in the prediction. This was due to the
model’s prediction error so that for certain samples
the purities were predicted to be higher than the sim-
ulated data. Although 98% purity was the strict re-
quirement for the targeted product, given there was
only a very small portion of the samples satisfied the
requirements as discussed above, a relatively minor
error could result in a large deviation of the predic-
tion accuracy calculated in such a way. Therefore,
a larger allowance for the purity requirement such as
0.95 or 0.90 was decided to compute for prediction ac-
curacy. Given the model served only as a preliminary
screening of input parameters, it was justifiable that
a relatively less strict purity requirement could be de-
cided for predictions so that samples that achieved
a relatively higher purity such as 0.90 could be opti-
mised later via fine-tuning input parameters.

Table 4: Summary table for the static model accuracy against
training dataset

. Predicted
Target Purity Sample Number Sample Number Accuracy
0.98 60 45 66.7%
0.95 98 93 89.8%
0.90 134 132 95.5%

The accuracy of the static model’s prediction was
measured with the 100 samples (generated previously
as a test set consisting of different input combina-
tions) for different purity requirements. Table [5| be-
low depicted the accuracy in predicting the number
of cases that met the target purity.

The test samples were suggesting that the static
model could predict the cases of input that would
meet the target purity. This could be further im-



Table 5: Summary table for the static model accuracy against
testing dataset

. Predicted
Target Purity Sample Number Sample Number Accuracy
0.98 17 10 52.9%
0.95 23 19 73.9%
0.90 31 30 90.3%
0.80 37 37 94.6%

proved by optimisation of the ANN. Due to the non-
reproducible nature of model training, it would be
extremely difficult to locate the exact optima such
that the ANN could predict the exact output from
the simulated data.

4.3 The Pseudo-dynamic Model

Following the same methodology as for the static
model, the ANNs structure was also decided for the
pseudo-dynamic model. Each ANN composing the
pseudo-dynamic model consisted of 3 feedforward lay-
ers. The 2 dense layers consisted of 256 neurons de-
ployed with ‘ReLu’ activation function, and the out-
put layer used ‘softplus’ activation function to avoid
negative average concentration outputs.

Table[@lillustrates the MSE for both ANNSs of the
pseudo-dynamic model. In switch 1, the average error
present in the average product concentration for the
training and validation set were 8.79 x 10~2 mg/mL
and 0.046 mg/mL respectively, whereas for switch 2,
the errors were 5.90 x 1072 mg/mL and 7.61 x 1073
mg/mL respectively. This implied that the general
trend from stage to stage would not be drastically
affected and the model would still provide sensible in-
formation to eliminate sub-optimal input conditions.

Figure [J] are the plots of samples for which the
static model had predicted to have a product purity
of above 0.98. The blue curve shows the product con-
centration profile from the mechanistic model. The
scattered points are the predicted average product

Table 6: Summary table for the pseudo dynamic model MSE
and error

MSE Train  MSE Validation Error Train  Error Validation

mg/mL mg/mL
ANN-S1  7.73 x 107° 1.97 x 1073 8.79 x 1073 4.44 x 1072
ANN-S2  3.48 x 107° 5.78 x 107° 5.90 x 1073 7.61 x 1073

concentration profile of each stage from the dynamic
model. The dashed line indicates the shift from switch
1 to switch 2 corresponding to each ANN. The pre-
dicted average product concentrations for each stage
were considered accurate in providing an approximate
concentration profile for each input condition in the
dataset. The pseudo-dynamic model could therefore
be used to provide insights for the product profile at
the end of each stage for one column, thereby elimi-
nating cases not having the noticeable or highest con-
centration of product during the collection window.

(a) Sample 1

(b) Sample 2

Figure 9: Plots of Sample product concentration against time
points. The pink curve refers to the data set and the scattered
points are the predicted average product concentration for each
stage
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Figure 10: Product concentration plot. The vertical axis represents the predicted product concentration, and the horizontal axis
represents the data. The dashed lines are the indicator where the predictions were more accurate when approaching the line.



To further validate the performance, the pseudo-
dynamic model was tested against the input param-
eters from the 100 sample test data to predict the
product concentration profile. Figure [10[a)-(h) are
plots of the predicted result against the simulated
data. The prediction from the pseudo-dynamic model
being worse than that of the static model was due to
a wider spread of average concentration compared to
either the purity or yield that both ranged from 0 to
1. In addition, the compromise made, which implied
as only 2 ANNs were designed for the pseudo-dynamic
model other than designing in total 8 ANN for each
stage, was to save the computational efforts. The re-
sults suggested that larger errors could be seen for the
ANN predicting switch 2 where the targeted column
is performing feeding and recycling tasks. This was
considered acceptable since for most samples that met
the purity and yield requirement, the product compo-
nent was not expected to be eluted out during switch
2.

5 Conclusion

The purpose of this work was to create a black box
model that could predict the purity, yield, and prod-
uct concentration at CSS given the input conditions
listed in table|l|above with saving computational time
as a priority. Although the static model and the dy-
namic model required cross-validation from the mech-
anistic model simulations, both models would still
provide valuable preliminary insights into the process
given the input conditions that were not generated
with the mechanistic model simulations. Since the re-
sponses were highly non-linearly related, simple inter-
polations between data points were thus invalid while
the black box model could predict more accurately.
This would help to eliminate most operating parame-
ters that would yield low purity at first using the static
model. The pseudo-dynamic model will then help to
eliminate the samples where the concentration profile
is not considered optimal.

There are still some limitations to the black box
model. The model is only applicable to the current
operating conditions such as concentration gradients
of the modifier, maximum flow rate during the batch
states, and switch times. It is also only applicable
to the current design parameters such as the column
length-to-diameter ratio and void ratio of the column.
Arguably still, the model can be retrained to other
setups that may be commonly in use in the industry.

The greatest advantage of the black box model
compared to the mechanistic model is the computing
time. To generate a single sample data set, about
60s or more will be required. In contrast, the black
box model would take less than 0.1s for estimating
outputs for 100 samples.

Other than the black box model, the hybrid
model combing features from both the mechanistic
and data-driven models has also been explored by
some researchers. (H. Narayanan, 2021) However, the
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best modelling approach that guarantees satisfactory
predicting accuracy with less computation as a pri-
ority remained unclear and challenging that requires
further research.
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Abstract:

Algorithmic searches for physical models have become increasingly popular in recent years,
not least in chemical engineering where recent advances have supported the wider adoption
of machine learning techniques. Existing parametric and non-parametric approaches such as
sparse and symbolic regression respectively, often suffer from fundamental issues however,
with overcomplexity and misspecification affecting the former and high computational
complexity the latter. This paper presents a new mixed integer quadratically constrained
quadratic programme (MIQCQP), which facilitates symbolic multivariate polynomial
regression, seeking to strike a balance between these two methodologies. To this end, a new
formulation is outlined and the effects of implementing a series of additional symmetry cuts,
to help reduce computational times, are explored. The performance of this formulation is then
assessed and compared against a tailored form of an existing symbolic regression formulation.
Applications and possible expansions of the formulation are also briefly discussed laying the
foundations for possible future work. Performance analysis revealed the new formulation to
be effective at producing surrogate models to accurately describe non-linear behaviour,
outperforming the tailored symbolic regression regarding both computational times and
accuracy. The new formulation was also successfully applied to various chemical engineering
examples surrounding non-linear dynamical systems and thermodynamic modelling, showing
great potential for expansion and improvement. A major limitation of the formulation
however, is its high degree of computational complexity, compared to alternative parametric

techniques, currently limiting its application to smaller, less complex data sets.

1. Introduction

Machine learning (ML) algorithms based on surrogate
modelling approaches have become increasingly
popular across chemical engineering in recent years [1].
Advances in both computational processing power and
process automation have fostered the union between
machine learning and automated systems in many areas
relating to chemical engineering including process
development [2], reaction modelling [3] and process
optimization [4]. Such applications have highlighted the
increasing need for new ML algorithms to provide
accurate and robust models for data prediction with such
models forming an integral part of system automation
[1]. As such, the past decade has seen heightened
interest in areas relating to algorithmic searches for
physical models, with important and relatively recent
advances made surrounding both parametric [5] and
non-parametric regression techniques [1,6].

For instance, concerning parametric regression, where
potentially non-linear behaviour is described using
either a linear combination of specified basis functions
or with the help of existing knowledge of the
behaviour’s functional form [1], the ALAMO approach
has emerged as a promising methodology [5,7,8].
Examples found in literature, demonstrate the ability of
ALAMO to produce accurate surrogate models in as few
terms as possible [7], with more recent developments
enabling physical knowledge of a system to be
transferred to ALAMO to improve its modelling
performance [8]. Wider applications of such sparse
techniques are abundant in the literature surrounding
parametric regression, seeing successful applications in
areas such as model selection for hybrid dynamical
systems [9], data driven identification of Navier-Stokes
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equations [10] and activity estimation in spectrometry
[11]. Despite recent developments however, drawbacks
associated with parametric approaches often come from
their high dependency on existing knowledge of the
system being analysed. This exposes the methodology
to issues such as misspecification alongside other
underlying issues such as overfitting and
overcomplexity.

Alternatively, non-parametric regression techniques,
which require no knowledge of an underlying functional
form or specification of basis functions [1], allow for the
flexible formulation of free-form equations, removing
some of the limitations imposed by parametric
techniques. One method for achieving this is symbolic
regression (SR), a technique first proposed as a ML
method in 2007 by Bongard and Lipson [12] to find
valid and useful free-form models capable of accurately
making data predictions. SR is commonly facilitated
utilising Genetic Programming (GP). This approach is
so common in fact, that the term ‘symbolic regression’
is often used synonymously with ‘genetic programming’
[6]. Genetic algorithms can often obtain good solutions
although there is never a guarantee of global optimality
[6]. Additional identified issues with this approach
include poor accuracy [13] and restricted application to
the discovery of simple functions and to data sets with
few input variables and data points [6]. This reality has
seen SR lose popularity compared to alternative
deterministic parametric techniques which are
subsequently used much more extensively in practise [9-
11].

In response to some of these issues, an alternative
approach towards SR was later proposed in 2018 by



Cozad [6], where mixed integer nonlinear programming
(MINLP) was utilised to reformulate SR as a nonlinear,
nonconvex, disjunctive program that could be solved to
global optimality. Such an approach helped to improve
the reliability of SR for inferring behavioural
information about a given system. Further
improvements to the formulation presented in [6] have
been explored in subsequent years. In 2020 for example,
improvements were proposed by Neumann [1], where
an alternative globally optimal SR formulation was
successfully implemented and applied to several
chemical engineering examples to accurately identify
physical models which correctly represent physical
phenomena. More recently, formulations leveraging
derivative information to propose suitable functional
forms was developed and its advantages through
application to determining thermodynamic equations of
state were demonstrated [14]. In many of these cases
however, the computationally intensive nature of SR,
due its high degree of combinatorial complexity, is
identified as a limiting factor for its application, limiting
its use to the analysis of, at most, a few hundred data
points [1,6]. Tackling this issue and expanding the
applicability of SR to more complex systems remains a
challenge for current research.

This paper discusses the formulation of a mixed integer
quadratically  constrained quadratic  programme
(MIQCQP) to facilitate regression via a multivariate
polynomial. We consider the problem of regressing a set
of input-output data, (X; 4, ..., Xy 4, Ya) 1<a<pby a multi-
variate polynomial y = ag+ XM _; apnTn(xq, r, Xy)
with T, (xq, ..., Xy) = xfm'l ...xf,m'N. In addition to
determining the values of the regression coefficients
ay, ---, Ay , the aim is to determine the structure of the
regression model in terms of its monomial terms
T,, ..., Ty through symbolic regression. A polynomial
functional form was selected due to its robust ability to
describe a wide range of non-linear behaviours
accurately [15], a fact that has seen polynomial
regression used extensively across science and
engineering [16-18]. The resulting formulation hopes to
strike a balance between sparse and SR techniques to
tackle many of the issues associated with each, namely
through a reduction in computational complexity
compared to existing SR formulations and an
improvement in versatility over existing sparse
regression techniques.

The remainder of this paper is organised as follows: An
initial background surrounding SR is presented in
section 2 before details of the newly proposed MIQCQP
formulation are provided in section 3.1. Information
concerning the formulation of a tailored MINLP SR,
used for comparison, is then presented in section 3.2.
Section 3.3 details the test instances considered as well
as the test setup. The results of the computational testing
are then outlined and discussed in section 4, before
efforts to expand and apply the proposed formulation to
several chemical engineering examples are presented in
section 5. Lastly, final conclusions and opportunities for
future research are presented in section 6.
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2. Symbolic Regression Overview

Symbolic regression works under the premise that any
mathematical expression can be represented by its own
expression tree (figure 1). The order of the operations is
encoded by the expression tree using operands at leaf
nodes and operators everywhere else. The expression
tree can then be evaluated by recursively applying a set
of selected operators starting at the root node. Under this
methodology changes that occur higher up the
expression tree i.e., at the root node can often have a
significant impact on the final model. The formulated
free-form equations can provide insight into the
underlying behaviour of physical systems [6] and can
subsequently be used to make accurate data predictions.

f(x3,%x3) = (5 — xy)e™?

Figure 1: An example of a typical SR expression tree

As previously mentioned however, a significant
drawback of such an approach lies with its high
combinatorial complexity. The large number of feasible
expressions obtainable through this method, thanks to
the numerous available functional forms, translates into
significantly long computational times subsequently
hindering the applicability of SR.

3. Methodology
3.1. MIQCQP Approach
3.1.1. Formulation

The proposed MIQCQP formulation is based off the
recursive formulation of monomial terms (m) in which
higher order terms can be decomposed into a product of
terms found earlier on in the solution (figure 2). The
complexity of the model is controlled by varying the
maximum number of monomials to be included in the
final model (M) along with the total number of quadratic
terms for decomposing these monomials (Q). M and Q
are selected such that M <N + Q where N is equal to the
total number of input variables. The aim of this approach
is to utilise symbolic regression to construct the relevant
monomials before linearly combining them to produce
the final surrogate model. Such a method hopes to be
less computationally complex compared to previous SR
techniques, as presented in [6], by restricting the
functional form to solely polynomial. The formulation
also aims to simultaneously be more robust at describing
complex non-linear behaviour than existing sparse
regression techniques, as seen in [5], by removing the
need to specify fixed basis functions.

Given some set of data, for data pointsd = 1, ..., D and
input variablesn = 1, ..., N, (X1 4, ..., Xn.as Ya)12a<p W€



propose the following MIQCQP formulation to perform
symbolic regression in the least squares sense Eq. (1):

m: 1 2 3 4 5
. , S —
X: X3 ‘ X2 l Xy X2 ‘ ‘
) q=1
Possible combinations for
q=1

Xy | *¥3X3 | 0xy | X202

m: 1 2 3 4 5
X Xy P X1 X3 ByXyXs
q=2
Possible combinations for g = 2
XXy | ¥1¥2 | ¥2X3 | ¥2X2 SRR X2X1 X2
Xy XaXy pryxaxy | (xgxs)(xyxs)

Figure 2: Schematic overview of MIQCQP formulation
for input variables x4, x,.

Table 1: MIQCQP notation: indices

Description Index Range
Left hand operand
position for monomial i ,.,.N+Q—-1
decomposition
Right hand operand
position for monomial Jj ,.,.N+Q—-1
decomposition
Data points d 1,..,D
Monomials m 1,...M
Quadratic terms q 1,..,0Q
Input variables n 1,..,N
Table 2: MIQCQP notation: parameters
Description Parameter
Maximum number of monomials M
Bound magnitude B
Response values at data point d Y,
Value of input variable n at data point x
d n,d
Table 3: MIQCQP notation: variables
Description Type Variable
Initial regression constant | Continuous ay
Monomial coefficients Continuous [o
Quadratic term values Continuous | Xyig.4
Monomial selection Binary Zm
Left-hand term selection Binary wg
Right-hand term selection Binary a)g’ j
D N+Q 2
minz Y, —ay,— Z AnXma 1
d=1 m=1
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S.t
N+Q
Z 7 <M 2)

vm=1.N+Q (3

N+q-1 N+q-1
Z wg; = Z wg;i =1, Vg=1..Q (4
i=1 j=1

| Xn+ga — Xia " Xja | < (2 — wh;
Vij=1.N+q—1,
Vg=1..Qvd=1..D

—wg)B )

vm=1.N+Q  (6)

vVg=1..0
Vi,j=1..N+qg—1

Zm, Wy 5, wh € {0,1}

Am, Xniqa E R vm=1..N+Q (7)
vVg=1..0Q

vd=1..D

In the above formulation binary variables z,,,m =
1,...,N +Q control which monomials are to be
included within the final regression model. These
variables are restricted by a cardinality constraint Eq.
(2), which limits the total number of selected monomials
to upper bound M. Similarly, continuous variables
a,,m=1,..,N+ Q are controlled by Eq. (3) in which
regression coefficients for non-selected monomials are
forced to zero or bound between some sufficiently large
constant + B otherwise. Binary variables w}; wf ;
encode the decomposition of auxiliary variables
Xn+gpq=1,..,Q into the product of two terms X, X;
for i,j=1,.,N+q—1. For each term to be
decomposed exactly two terms are needed, as enforced
by Eq. (4). Finally, Eq. (5) enforces the identity of term
Xn+q as the product of selected terms X;, X; as defined
by binary variables w} ;, w§ ;. Eq. (5) can equivalently
be reformulated as two separate constraints in which the
LHS is defined as < B and > -B respectively although
for conciseness the absolute value of the LHS has been
used above.

The proposed algorithm was initialised as a sparse linear
regression model by forcing binary variables
Zy+41, -5 Zn 4 tO Zero at the beginning.

3.1.2.  Ilustrative example
Consider input data x,4,n=1,2,d =1,...,10, for a
series of randomly selected data points 1 < x,, ; < 10,
and response data given by the function:

flxy,x) =7 +x + 1.2x2x, (8)

The above MIQCQP formulation can be used to predict
this function exactly due its multivariate polynomial
nature. For the following example Q and M were
selected to be 2 and 3 respectively with B set arbitrarily
to 10,000.



Solution:
f=7+x+ (0)x, + (0)x% + 1.2x%x, 9)

The resulting regression model Eq. (9) was obtained in
1.55 seconds using the global solver BARON [19]. It
can be seen that to produce term three from Eq. (8) the
regression must first produce an intermediate term x?
which does not appear in the resulting regression model
thanks to z3,a; = 0.

Alternatively, if Q = 3 and M = 5 we obtain the
following solution after 2.61 seconds.

f=7+x + (0)x, +9236x% — 9236x7 10
+ 1.2x%x, (10)
In Eq. (10) the allowance for the use of superfluous
terms results in redundant terms m = 3 and m = 4. The
effects of this may be realised in the slightly longer
computational time that is required.
3.1.3.  Strengthening the formulation

To avoid instances such as Eq. (10). It becomes
necessary to include additional constraints to remove
symmetry from the problem and in theory reduce
computational times by reducing the size of the search
space. Below we present several possible instances in
which a single solution can be presented in a multitude
of equivalent forms before presenting a series of
additional constraints to prevent such superfluous
instances from occurring.

Consider the function:

flx,x3) =7+ x; + xx; + 1.2x%x, (11)
Eq. (11) can equally be expressed as:
flx,x3) =7+ %1 + x5 + 1.2x,x2 (12)
flxy, %) =74 x1 + 400 — 3%,%¢
+ 1.2x%x, (13)
flx, %) =7+ x; + 1.2x2x, + x,%, (14)

Eq. (12) presents a case in which intra-term symmetry
provides an equivalent solution as x;x, = x,x;. Eq.
(13) presents an instance in which the use of repeated
terms can be used to provide an equivalent solution as
Xy%; = 4x,x; — 3x,x;. Lastly, Eq. (14) demonstrates
an instance in which inter-term symmetry provides an
equivalent solution as x,x; + 1.2x2x, = 1.2x%x, +
X,%;. In an attempt to remove Eq. (12-14) as feasible

solutions we enforce the following additional
constraints:
Q
L R P
qu‘iwq,st Vi,j=1..N+q—-1 (15)
q=1
N+qg-1 Vi
wg; <1- Z wg;, =1.N+qg-—2 (16

Vg=1..0Q

j=it1
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vq

—1.0-1 @D

|X1v+q+1,d’| - |XN+q,d'| 20,

Eq. (15) performs a sum across all quadratic terms q =
1, ...,Q and stipulates that any combination of active
binary variables can occur at most at one value of q. This
removes symmetry from the problem by preventing the
programme from producing multiple terms with the
same configuration of w ;, wf ;. Eq. (16) stipulates that
for each quadratic term, any active left-hand binary
variable can only ever be paired with an active right
hand binary variable whose index j is less than or equal
to the selected index i. For example, x;x, would be
invalid as j > i but x,x;and x;x;would be valid as j <
i in both cases. This removes symmetry by preventing
the programme from producing multiple equivalent
terms. Eq. (17) stipulates that no term N + q can be
larger in magnitude than its subsequentterm N + q + 1
at some data point d’ with magnitude d’ > 1. This
removes symmetry from the problem by preventing the
programme from coming up with multiple equivalent
solutions in which only the order of terms is changed. It
should be noted that for magnitudes of d’ between 0-1,
Eq. (17) would not be suitable. This is an important
caveat that needs to be considered when selecting an
appropriate d’ and could necessitate data
modification/scaling. For an alternative approach
towards tackling both intra and inter term symmetry, not
implemented in this study, see appendix B.

Adding these additional constraints could in fact
increase computational times, despite the removal of
symmetry from the problem, due to the addition of many
constraints making the problem harder to solve. As such,
the effects of adding each constraint were explored
(section 3.3) to select the optimal configuration. The
results of this exploration are presented in section 4.1.
3.2. Tailored SR Approach

For the purposes of assessing the relative performance
of the MIQCQP formulation outlined above, a tailored
MINLP symbolic regression, based off the formulation
presented in [6], was constructed for comparison. For
details concerning the full formulation see Appendix C.

As previously stated, the newly constructed SR has been
tailored for the purposes of facilitating a better
comparison with the MIQCQP formulation outlined in
section 3.1. To this end, the binary operators made
available to the model have been restricted to B = {+,*
} and Unary operators restricted to U = {cube}. Such
restrictions enable the SR to construct solely multi-
variate polynomial models, providing a consistent basis
for comparison.
3.3. Testing

Each of the discussed formulations were implemented in
GAMS version 36.2.0 and tested using an INTEL quad
core 15-7500 CPU @ 3.4GHz.

An initial exploration of the effects of adding extra
constraints Eq. (15-17) was conducted. To this end,
every possible combination of the constraints was



implemented and used to determine an optimum
surrogate model to a series of test functions utilising the
global solver BARON [19]. Functions included a
multivariate non-polynomial function: f(x;,x,) =
x;e%*2 (1), a univariate non-polynomial function:
f(x1) =x;Ilnx; (2) and a multivariate polynomial
function: fxy, %) =4+ 3x; + 2.1x, + 5x,0 —
x? — 7x,x% (3). The CPU time taken to achieve this was
recorded for a total of five runs per configuration with
the intention of selecting the configuration averaging the
fastest for future testing. Each initial run was carried out
with Q =3, N =2, D = 10 and M = 5. Further testing
was then carried out with D = 30 for some test functions
to verify the results for larger data sets.

Following the successful determination of the optimal
formulation configuration, a series of tests were
conducted to assess the relative performance of the
optimal MIQCQP formulation compared to the tailored
SR discussed in section 3.2. To this end, a multivariate,
non-linear, non-polynomial function: f(x;,x;) =
2x;e7 %12 was selected and both formulations were
tasked to produce an optimum surrogate. The MIQCQP
formulation was tested at various combinations of M, Q,
N and D, whilst the tailored SR was tested at varying
tree depths, ngam and npreq. The performance of the two
formulations was then analysed and compared. BARON
[19] was selected as the global solver for both models to
ensure a fair comparison of performance, although it
should be noted that the MIQCQP formulation can also
make use of state-of-the-art global solvers such as
GUROBI version 10 [20] which may deliver further
performance improvements compared to when using
BARON [19]. For all cases, data points x,, were
randomly generated such that 1 < x,, 4 < 10.

4. Results and Discussion
4.1. Constraint Analysis

Results from figure 3 reveal that for both the univariate
and multivariate non-polynomial functions the fastest
configuration included all three additional constraints.
When looking at the results for the multivariate
polynomial however, the fastest configuration included
only one constraint Eq. (17), followed closely by no
constraints. From these results we see that when trying
to determine an inexact surrogate model, including all
three additional constraints can produce the fastest
formulation whilst when trying to determine multi-
variate polynomials (which can be determined exactly)

4.2. MIQCQP Performance Analysis

(a)
i . — (P Tiese L017s
o SGuated Drvee

Ne2.Dwi0 i 1%

63

Avg. CPU Time (s)

the reverse appears to be true. It should be noted that the
differences in compute times between configurations
when trying to determine the multivariate polynomial
often remained small for D=10, therefore the analysis
was repeated for D=30 yielding comparable
conclusions. More broadly such results demonstrate the
effects that varying the function to be determined can
have on the impact of added symmetry cuts, making it
difficult to conclude which configuration would be
universally optimum with no single configuration

proving the best in all cases.
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Figure 3: Constraint analysis for D = 10, Eq.
(15)/(16)/ (17): I = Included, NI = Not Included

The analysis for the multivariate non-polynomial
function was also repeated for a larger data set (D=30)
to explore if the effects of implementing the additional
constraints would change as additional complexity was
added into the problem. The results yielded similar
conclusions with the fastest case being the one in which
all additional constraints were included (20.70s).
Including none resulted in the second slowest
configuration (59.61s) after the case in which only Eq.
(15,16) were included (72.02s). Here the effects of
including various constraints become more pronounced
with compute times varying more significantly. This
subsequently enables more reliable conclusions to be
obtained. For the purposes of further testing, a
configuration in which all three additional constraints
are included was selected primarily due to the observed
reduced compute times when attempting to produce
surrogate models for both D = 10 and D = 30. For fully
tabulated results surrounding the constraint analysis and
details concerning both the modelled functions and
associated error see appendix D.
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Figure 4: Scalability of proposed MIQCQP formulation as Q varies (a), M varies (b), D varies (c) and N varies (d).

Performance analysis of the MIQCQP formualtion
reveals it to possess a high degree of computational
complexity whilst also demonstrating its ability to
produce accurate surrogate models to complex non-
linear functions. For instance, figure 4a shows an
exponential increase in compute time as the number of
quadratic terms increases. Despite this however, the
total squared error can be seen to reduce rapidly to near
zero after Q=2 subsequently reducing the need to make
use of additional terms and allowing CPU times to be
kept well below 30 seconds. Selecting the optimum
number of quadratic terms such to optimise error against
compute times is therefore an important step when
attempting to use this formualtion in practise.

Interestingly, figure 4b shows an initial increase in
required compute times as M is increased (for fixed
values of Q and N) before revealing a decrease in
compute times for higher values of M. This could be due
to the increased combinatorial complexity that optimal
term selection introduces into the problem when M is
low due to the numerous possibilities avaliable for
which combination of terms to select. As M is increased
to higher values, a greater proportion of N+Q terms are
selected (to reduce error) thus reducing the amount of
variation that term selection introduces into the problem
and therefore resulting in lower compute times.
4.3. Tailored SR Performance Analysis

Table 9: Tailored SR peformance analysis with varying tree depth: ndaat:=10, nprea=2.

Figure 4c demonstrates how as the number of data points
increases, the complexity increases exponentially,
resulting in significangtly longer compute times,
reaching nearly 1000 seconds by 200 data points.
Furthermore, the mean square error (MSE) can be seen
to be increasing with the number of data points, reaching
a maximum of around 3.0E-4 at D=40 before decreasing
and broadly leveling off. This makes sense as the MSE
is an unbaised estimator of variance and as such one
would expect to see the MSE converge towards the error
variance. The low value of the MSE at D=200 highlights
the ability of the formualtion to produce accurate models
at larger data sets, even if compute times do increase to
relatively high values.

Lastly, figure 4d reveals a steady increase in compute
times as the total number of input variables increases,
however even at N = 7, compute times are below 60
seconds. Figure 4d also shows how error decreases with
the number of input variables. This can be explained by
the fact that M was allowed to increase as N increased.
By introducing additional input variables, the total
number of terms avaliable to the model also increased.
More specifically, the model can utilise a greater
number of non-quadratic terms consisting solely of input
varaibles X, 5,n =1,..,N,d =1, ...,D. For tabulated
resultes of data presented in figure 4, see appendix E.

Tree Depth | Nodes Modelled Function CPU Time (s) | Square Error
2 3 f(x) =1.321x, 0.31 17.73
3 7 f(xl, xZ) = 5.363 + X1 — 0.752x2 748 410
4 15 f(xq,x,) =—0.013 + 1.895x; + 0.025x, — 0.137x,x, 377.34 0.17
5 31 N/A Time out N/A
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Figure 5:Scalability of tailored SR as Ngaw varies (a) and npreq varies (b).
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Table 9 demonstrates the expected significant
computational complexity associated with previous SR
formualtions as commented on in the literature [1,6]. As
tree depth increases the compute time increases by
several orders of magnitude until at a tree depth of five,
the time out threshhold of 10,000s is reached yielding
no final globally optimum solution. This is undesirable
as at a tree depth of 4, the squared error still remains
relatively high at 0.17 when restricting the SR to
produce multivariate polynomails only.

Figure 5a demonstrates how as the number of data points
increases the compute time increases signifcantly,
especially after 100 data points. Furthermore, the MSE
increases significantly as the number of data points
increases highlighting the difficulty of producing an
accurate surrogate model for large data sets at a tree
depth of only 3. It can be predicted however (utilising
observations from both table 9 and figure 5a), that if a
larger tree depth was used, significantly large compute
times and likley time outs would soon become an issue
as the number of data points increased (as verified by
futher testing).

Figure 5b shows a steady increase in compute time as
the total number of input variables increases. For each
number of input variables tested, identical models were
produced resulting in the same error for all runs.
Compared to figure 5a we also see how increasing the
number of input variables has a less signifcant effect up
to Npred = 7 than when increasing the number of data
points. For tabulated results of data presented in figure
5, see appendix F.
4.4. Performance Comparison

When increasing the total number of data points, both
models scale similarly regarding compute times with the
MIQCQP formulation scaling slightly better for larger
data sets. The MIQCQP formulation with Q =3 and M
= 5 predictably runs slower than the less complex
tailored SR with a tree depth of only 3, however it is able
to achieve a significantly lower MSE for all data sets
and, unlike the tailored SR, is successful at producing a
relatively accurate surrogate model for D=200. Table 9
highlights that if the tailored SR were to be provided the
required layers to yield comparable levels of accuracy to
the MIQCQP for each data set (i.e. depth >4), it would
run significantly slower, a trend verified in [1,6].
Therefore, such a comparison reveals the improved
capability of the MIQCQP to produce surrogate models
of improved accuracy within more reasonable
timeframes and thus we can conclude that the MIQCQP
is superior to the tailored SR in this regard.

Concerning complexity, the MIQCQP formulation also
provides increased flexibility over the tailored SR, with
variations in Q/M enabling a finer balance of error with
compute times compared to varying the tree depth for
the tailored SR. In practise this would support quicker
identification of optimal configurations in which error
and compute times are sufficiently low (see figure 4a, Q
=2).
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As the number of input variables increases both
formulations scale similarly regarding compute times
with neither model requiring more than 60 seconds
when 7 input variables are present within the data set.
This is significant as the MIQCQP must also handle an
increased number of terms as the number of input
variables increases, facilitating a lower total squared
errTor.

When comparing the relative performance of the two
models however, it becomes apparent that both
formulations suffer from high degrees of computational
complexity when compared to alternative parametric
techniques. In practise, such complexity limits both
approaches to dealing with no more than a few hundred
data points.

To summarise, comparing the relative performance of
the two formulations reveals the MIQCQP to deliver
improved performance compared to the tailored SR. The
formulation can obtain more complex surrogate models
of improved accuracy over the tailored SR and do so
within more reasonable timeframes. It also provides
increased flexibility when it comes to balancing error
with compute times. Compute times for the MIQCQP do
however scale similarly to the tailored SR with regards
to both the number of data points and input variables.
Consequently, the proposed MIQCQP formulation can
produce usable surrogate models for data sets larger, and
more complex than those suitable for tailored SR,
however this will still incur long compute times.

5. Application and Expansion
This section explores the applicability and expandability
of the proposed formulation. To this end, various
attempts to apply the proposed formulation to practical
examples found throughout chemical engineering and
further expand upon its capabilities are discussed.

5.1. Application to Dynamical Systems
The proposed MIQCQP formulation could be used in
practise across many different areas throughout
chemical engineering. For example, it could be used to
discover underlying equations of non-linear dynamical
systems from data, a task recognised to have enabled the
rapid development of knowledge and technology across
many disciplines [21]. An existing framework where
governing equations of non-linear dynamical systems
are determined through sparse identification was
presented in 2016 by Brunton, Proctor and Kutz [21]. In
this section we attempt to use the proposed formulation
as an alternative approach towards tackling this issue.

5.1.1.  Height of liquid in a tank
Consider the simple scenario of a tank, cross-sectional
area A = 1m?, filling with water at a constant inlet
flowrate F;;, = 20kgs~'and an outlet flowrate given by
Foyue = avh where h is the height of liquid in the tank
and « is the outlet flowrate coefficient. For this example,
a = 10 kgs~'m~%5. From first principles we know the
differential of the height of liquid in the tank with
respect to time is given by:

dh

E=Fin—a\/ﬁ

pA (18)
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However, let us assume that this was unknown and only
data for the height of the liquid in the tank, h, at various
times, t, was available (t = 0-200s, D = 20). Such data
can ecasily be obtained in practise. Using this data, the
central difference method can be applied to obtain an
estimate for the differential at each point in time. By
providing the MIQCQP formulation with all time-
dependant variable data (h) and response data given by
the approximated gradient, it can produce a surrogate
model to Eq. (18). For example, at M=3, Q=2, N=1 and
B =10,000 the formulation produces a globally optimum
surrogate in 0.50 seconds:

dh/dt = A+ Bh + Ch? + Dh3 (19)
A =0.0151, B =-0.00596, C=0.000801, D=-0.0000642

tis]

Figure 6: Actual and predicted dh/dt Vs time

Figure 6 demonstrates the ability of the surrogate model
to accurately predict the value of the differential at any
time t, both within the range of training data (t=0-200s)
and beyond (t=200-500s).
5.1.2.  Molar holdup in a reacting system

This methodology can easily be expanded to more
complex systems in which there are multiple differential
equations which are each a function of various time
dependant variables. This can be achieved by repeating
the process above for each differential in parallel or by
modifying the formulation to perform multi-input/multi-
output regression. For instance, consider the case of a
well-stirred, isothermal reactor in which the following
reversible reaction is taking place:

CH4,OH + CH;COOH  CH;COOCHs + H,0  (20)
In this example we want to determine the differential
with respect to time of the molar holdup of each
component in the reactor. From first principles we know
this to be given by:

dn,
pra FinXini — Fourx; + Nr Z Vit
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Where F,,;, x;, Np, 11,75 all vary in time. Once again,
assuming this was unknown and that all that was
available was information regarding the molar holdup of
each component at time ¢t (t=0-50,000s, D=10, N=4), the
same method as used previously can be applied for each
component in parallel. The MIQCQP formulation can
then once again be utilised to produce a surrogate to Eq.
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(21). For example, at M =5, Q=1, N =4 and B = 100,000
the formulation produces a surrogate for each
component in 3.81 seconds, 2.57 seconds, 2.16 seconds
and 2.15 seconds respectively (figure 7).
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Figure 7: Actual (points), central difference (dotted
lines) and predicted (solid lines) dNy/dt Vs time for
methanol, acetic acid, methyl-acetate and water (NB.
water and methyl acetate overlap exactly)

Figure 7 demonstrates the applicability of the proposed
formulation to more complex dynamical systems, being
capable of producing suitably accurate surrogates for all
components. For the same reactor, time differentials for
outlet flowrates, pressure, total molar holdup etc, could
also be determined using this method. It should be noted
that some of the discrepancy seen between the actual and
predicted values comes from the difference between the
actual gradient and the gradient fed to the MIQCQP
formulation determined via the central difference
method. This can be seen by observing the improved fit
against the central difference determined gradient. As
such altering this element of the methodology could
yield improved results when making data predictions.

5.2. Expansion to Produce Rational Functions

By building upon the same basic methodology (figure
2), the proposed MIQCQP formulation can be expanded
such that it is able to produce a more diverse set of
models capable of capturing a wider range of
behaviours. One possible approach towards achieving
this is presented below, as a proof of concept, in which
the formulation is modified to produce rational
functions. An alternative approach is presented in
appendix G where division is introduced for
constructing each monomial.

5.2.1. Modified Formulation
The formulation can be expanded by modifying it to
approximate behaviour through a multivariate

generalised rational function. Previous studies have
explored the wuse of this functional form for
approximation and note its increased suitability over
standard multivariate polynomials for approximating
non-smooth and non-Lipschitz functions [22].

D
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N+Q
> =M (23)
m=1
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We modify the formulation presented in section 3.1 by
including Eq. (23-29) alongside Eq. (2-7) as well as
modifying Eq. (1) to Eq. (22). Eq. (2-7) constructs the
original polynomial (@, Xy, 4) whilst Eq. (23-29)
constructs a second polynomial (b, K, 4) in parallel.
The final rational function used for approximation
R(x;,x,) is then constructed through Eq. (27). Both
polynomials are initialised as sparse linear regressions.
Furthermore, to remove symmetry from the problem, b,
is fixed to 1 to not only avoid division by zero but to
prevent equivalent solutions from being formulated in
which the numerator and denominator are both
multiplied by some scale factor. The complexity of both
polynomials is regulated using the same M, Q and B.
5.2.2.  Illustrative example

Consider a set of input temperatures (T,/K) and
corresponding vapour pressures (P,/atm) for water as
defined by the Clausius Clapeyron Equation:

AHvap 1
Pz = P1€ R (_2__1 (30)

For water AH,,,,, = 40.8 Kjmol™t. We also know that
at latm the vapour pressure of water is 373K, enabling
us to define P;, T;. Eq. (30) can thus be modelled with
the expanded formulation (M=4, Q = 3) using BARON
[19] in 15.94 seconds as:

A+ BT, + CT?

P —
7 1+4DT, + ET? + FT}

€2y

For completeness, and to provide a broad comparison
between the proposed formulation and alternative sparse
techniques, the resulting surrogate Eq. (31) was
compared against a sparse regression in which the basis
functions [1, T, T2, T3] were provided with coefficients
[G,H,IJ] respectively. The resulting regression
completed in 0.33 seconds using the BARON solver
[19]. Due to the magnitude of the resulting coefficients
(A-J) it is important that they are implemented with
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sufficient accuracy to ensure both models remain good
surrogates to Eq. (30). For detailed values of each
coefficient, see figure 8.
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Figure 8: Modelled vapour pressure _for water at
varying temperatures compared with vapour pressure
determined via the Clausius Clapeyron equation.

Figure 8 highlights the inherent strengths of the sparse
regression with it being able to produce a surrogate of
comparable accuracy to the expanded rational SR in
significantly less time. Both approaches however are
able to produce accurate surrogates the Clausius
Clapeyron equation Eq. (30).

6. Conclusions

This report has outlined a new MIQCQP formulation, to
perform symbolic multivariate polynomial regression,
with the aim of reducing computational complexity
compared to current SR techniques [1,6] whilst also
increasing versatility compared to existing parametric
techniques [5,7]. The performance of the new
formulation (with included symmetry cuts) was assessed
using BARON [19] and compared to a tailored version
of an existing symbolic regression formulation [6],
capable of producing solely multivariate polynomials.
Examples where the formulation was then applied to
various chemical engineering examples and further
expanded upon were then briefly discussed laying the
foundation for possible future work.

The new formulation was able to produce surrogate
models to accurately describe non-linear behaviour. It
was successfully applied to predict thermodynamic
properties and as an alternative technique (to existing
parametric frameworks [21]) to determine governing
equations underlying non-linear dynamical systems.
The MIQCQP formulation was also able to outperform
the tailored SR, producing more complex and accurate
surrogate models in more reasonable timeframes.
Despite the MIQCQP formulation’s improved
performance over the traditional SR formulation [6]
however, it does continue to suffer from a high degree
of computational complexity compared to alternative
parametric techniques. Such complexity resulted in
compute times which rise exponentially with both the
number of data points and the number of additional
quadratic terms. This limits the formulation’s ability to
describe complex non-linear behaviour for larger data
sets, where many terms are required, both accurately and
more notably, within reasonable timeframes.



The scope of this paper has encompassed primarily the

formulation, testing and comparison of a new MIQCQP

formulation to carry out symbolic polynomial

regression. Future work could continue to test this

formulation by making use of alternative solvers not

utilised in this paper (such as GUROBI version 10 [20])

and  assessing  whether  further  performance

improvements can be obtained. Furthermore, testing the

formulation against existing open access benchmarks

could provide an alternative avenue to assess and

compare its performance. Subsequent work could also

explore additional means by which to expand upon the

formulation further, for example, by considering multi-

output regression and/or incorporating information

criterion to control sparsity. Lastly, investigations could

be carried out into the effectiveness of the formulation

when applied to more complex real-world examples

found throughout science and engineering with

particular emphasis on how it handles noisy data sets.
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Electrochemical Biosensor for Detection of Base Pair
Mismatches in DNA Mutations
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Abstract

Base pair mismatches present in DNA
mutations can have adverse ramifications on
human  health, product quality, and
experimental research analysis, amongst other
fields. DNA biosensors can provide a low cost
and rapid option for the detection of such base
pair mismatches. The concept of an
electrochemical biosensor utilising
streptavidin-biotin interactions to bind DNA
samples onto a modified screen-printed carbon
electrode was explored in this study. The
biosensor demonstrated successful
immobilisation of biotinylated DNA strand
onto the streptavidin-modified working
electrode surface. Cyclic voltammetry revealed
detectable differences in peak currents across
double-stranded DNA of varying number of
base pair mismatches. Detection of target DNA
concentrations down to 1 pM, or 1 % of the
immobilised biotinylated cDNA concentration,
was achieved. Electrical readouts from the
biosensor were easily replicable across
biosensor chips. This study hence serves as a
proof of concept for an innovative
electrochemical biosensor for the detection of
DNA base pair mismatches. The electrical
biosensor signal output has the potential to be
casily integrated into processes across
industries, such as quality control of DNA-
based products.

Keywords: Biosensors, Cyclic voltammetry,
DNA, Electrochemistry
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1. Introduction and Background

Beyond the Watson-Crick model for
deoxyribonucleic acid (DNA), which gives
complementary base pairs of guanine-cytosine
and adenine-thymine, base pair mismatching in
double-stranded DNA (dsDNA) may occur. In
DNA replication, such mismatches may occur
at a frequency of 1 in 107 base pairs per mitosis
cycle [1]. These DNA mismatches can have
adverse effects on human health and
biotechnology, such as in gene mutations [2],
pathogen infections [3], cancer [4], and product
quality [5]. The detection of DNA mismatches
continues to be of significant challenge. Current
detection techniques include PCR-based
methods (e.g. RT-PCR [6], ASB-PCR [7]) and
gel electrophoresis methods (e.g. DGGE [8],
TTGE [9]). However, these methods each have
inherent limitations in terms of costs,
technologies required, or accessibility for
industrial uses. PCR-based methods generally
have much higher associated costs and
technological requirements, while the simpler
electrophoresis methods offer much less
information. There is hence a technological gap
that can be addressed.

Recent developments in DNA biosensors based
on nucleic acid hybridisation have received
considerable attention due to their low cost and
low technological barriers to adoption, while
also providing rapid detection. Biosensors are
analytical devices that combine the specificity
of a biological sensing element with a
transducer and converts them into signals [10].
Such DNA biosensors can be extremely useful
in various industries, such as clinical
diagnostics [11], biological research [12], food
safety [13], and environmental monitoring [ 14].

Specifically, electrochemical biosensors will be
investigated in this study due to the high
sensitivity of electrochemical transducers. They
have the potential to create a simpler and
inexpensive detection method compared to



other assays such as spectrophotometry [15]
and fluorescence based biosensors [16]. The
electrochemical biosensor relies on differences
in electrochemical characteristics arising from
the different states of hybridisation between
complementary single-stranded DNA (ssDNA)
versus those with base pair mismatches [17].
The corresponding electrical signals will then
be amplified, processed, quantified, and
visualised on the display unit of the biosensor.

This proof-of-concept study aims to investigate
the feasibility of developing an electrochemical
biosensor to detect base pair mismatches in
DNA. The electrochemical biosensor designed
is based on a screen-printed carbon electrode
(SPCE). The SPCE utilises a three-electrode
configuration consisting of a working
electrode, a counter electrode, and a reference
electrode. The reference electrode controls the
potential of the working electrode and
minimises potential and current loss in the
circuit [18]. Advantages of SPCEs include the
low sample volume required, and the potential
for modification of the electrode surface for
specific analytes depending on analytical
requirements [19]. Problems with classical
solid electrodes, such as memory effects and
tedious cleaning processes, can also be avoided.

Selective immobilisation of the ssDNA probe is
crucial as direct adsorption of ssDNA onto the
electrode surface will lead to poor hybridisation
efficiency [20]. This would compromise the
reproducibility and sensitivity of the biosensor.
The proposed biosensor will leverage on
streptavidin-biotin  interactions to attach
biotinylated probes on the SPCE for improved
detection sensitivity. The streptavidin-biotin
binding is one of the strongest known non-
covalent bonds occurring in nature [21], with
one streptavidin protein having the ability to
bind with four biotin molecules with high
affinity and selectivity [22]. Streptavidin-
modified SPCEs would thus be used against
biotinylated DNA sequences in this study.

The SPCE biosensor chip is evaluated using
cyclic voltammetry (CV) to investigate the
electrochemical behaviour on the electrode
surface. CV is one of the most common,
straightforward, and efficient method for
obtaining  qualitative and  quantitative
information on biological and redox reactions
[23]. The working principle of CV can be
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explained with reference to the sample cyclic
voltammogram output given in Figure 1.

el W

0.2 04
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Figure 1. Example of a cyclic voltammogram [24].

The CV involves scanning across a range of
potentials, with the forward direction indicating
an oxidative scan while the backward direction
represents a reductive scan [18]. Using the
oxidative scan as an example, the current
increases exponentially as the analyte is
oxidised at the working electrode surface. The
current is dictated by the rate of diffusion of
oxidant to the electrode. As the scan continues,
more oxidant is depleted. The oxidised ions will
form a diffusion layer until the current reaches
a peak, at which point the current is limited by
mass transport of analyte to the electrode.
Further increase in potential causes a decrease
in current until a steady state is achieved. The
reverse happens during the reductive scan. The
anodic and cathodic peak currents should be of
equal magnitude but with opposite sign,
implying that a fully reversible process. Hence,
only analysis of a single peak is required.

The electrochemical biosensor tested presents a
low cost and simple analytical method for
detecting base pair mismatches in DNA. A
successful proof of concept can be used for
further developments of the method for
applications in various fields.

2. Materials and Methods
2.1 Chemicals

Common use chemicals such as phosphate
buffered saline (PBS) and salts were supplied
by Sigma Aldrich (UK). Oligonucleotide
sequences were synthesised by Invitrogen
(UK).



Table 1. Oligonucleotide sequences with underlined mismatches.

Oligonucleotide = Sequence f/ﬁss:nl;itl;;es 1(\;[/‘;::01)
Biotin-cDNA 5°-CCG GGC GTC GCT GGT GGG-3’-biotin - 6160.0
tDNA 5°-CCC ACC AGC GAC GCC CGG-3° 0 5116.6
Non-cDNA 1 5°-CCC ACC AGC CTG GCC CGG-¥’ 3 5407.6
Non-cDNA 2 5’-CCC ACC ITCG CTG GCC CGG-3° 6 5398.6
Non-cDNA 3 5’-GGG ACC AGC GAC GCC GCC-¥ 6 5196.6

2.2 Oligonucleotide Design

ssDNA sequences with length of 18 base pairs
were designed with a pair of complementary
strands, as well as three non-complementary
with mismatches of varying number of base
pairs and/or locations. The complementary
DNA was biotinylated (see biotin-cDNA) for
immobilisation on the streptavidin modified
SPCE. The full list of oligonucleotide
sequences is provided in Table 1.

2.3 Biosensor Preparation

The electrochemical biosensor was constructed
using DropSens streptavidin modified SPCE
purchased from Metrohm (UK). Preparation of
the biosensor comprised of two key steps:
immobilisation of sample onto the working
electrode and hybridisation of complementary
DNA strands. Hybridisation of ssDNA was
conducted prior to sample immobilisation in
order to achieve greater consistency and control
over reaction conditions at this current proof-
of-concept stage. It was thought that the
hybridisation of DNA strands at elevated
temperatures may damage the streptavidin
protein attached on the working electrode
surface were the ssDNA first immobilised then
heated for hybridisation.

DNA Hybridisation. Working solutions of the
sequenced ssDNA were diluted in 1x PBS
solution to the desired working concentrations.
The desired pairings of ssDNA were hybridised
together for 5 min at 73 °C, over an electric
heating bath. Hybridised aliquots were left at
room temperature for 10 min for cooling to
minimise material loss due to evaporation.

DNA Immobilisation. 10 pL aliquots of the
hybridised solutions comprising biotin-cDNA
and relevant ssDNA were pipetted onto the
streptavidin coated working electrode surface
of the SPCE. The SPCE was left at room
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temperature for 15 min over a water bath, which
provided humidity to maintain the functionality
of streptavidin. The working electrode was
washed with 1x PBS solution for 5 times to
rinse off any biotin-cDNA not fully
immobilised onto the electrode surface.

2.4 Cyclic Voltammetry

CV was performed using a Metrohm AutoLab
potentiostat on the Nova 2.1.4 interface. The
prepared SPCEs had their sensing area fully
immersed in an aqueous solution of 5 mM
KsFe(CN)s/KsFe(CN)g in 0.1 M KCI. The scan
rate was set at 100 mV/s across an
experimentally-determined scanning range of
-0.2 Vto +0.5 V. CV was initialised with 3 pre-
treatment cycles to stabilise the working
electrode before the data was recorded for a
further 5 cycles.

2.5 SDS PAGE

Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS PAGE) was performed
using a 20 % polyacrylamide gel to separate the
different ssDNA and dsDNA samples. A high
concentration of 20% polyacrylamide was
required to achieve separation due to the
extremely small differences in molecular
weights between the DNA strands measuring
only 18 base pairs in length. The gel was
prepared with 8 ml of 30 % acrylamide, 3.55
ml of water, and 0.24 ml of 50x tris-acetate
EDTA (TAE) buffer. 100 ng samples of the
DNA were mixed with 5x loading dye and
made up with water to prepare 20 pL aliquots.
SDS PAGE was conducted at 100 V for 1 hour.
The detached gel was then stained with SYBR
gold for 3 hours before images were captured
under UV light with NuGenius gel imaging
system.



3. Results and Discussion
3.1 SDS PAGE

Successful hybridisation of the ssDNA strands
following the designed conditions were
validated using SDS PAGE. As shown in
Figure 2, visible separation of bands was
observed between the ssDNA and dsDNA
samples.

Biotin-cDNA + Non-cDNA 1
Biotin-cDNA + Non-cDNA 2
Biotin-cDNA + Non-cDNA 3

Biotin-cDNA + tDNA

Biotin-cDNA

o

B
=
=

*
)
<
4
a

Non-cDNA 1
Non-cDNA 2
Non-cDNA 3

tDNA

Figure 2. 20 % polyacrylamide gel with ssDNA and
hybridised dsDNA samples captured under UV light.

Since a standard DNA ladder comprising
oligonucleotides much longer than the tested
samples was used, bunching of the DNA ladder
bands was to be expected considering the fact
that the samples tested were much shorter and
would progress much faster. Nonetheless, some
progression of the DNA ladder down the gel
showed that the SDS PAGE setup was working
as intended. The ssDNA samples gave a single
band while the dsDNA samples displayed two
bands. The higher band corresponded to the
hybridised dsDNA due to their larger molecular
weights causing them to move slower than
ssDNA. The presence of the second band for
dsDNA samples indicated that not all of the
ssDNA  were  completely  hybridised.
Nonetheless, a simple visual comparison of the
brightness of the two bands showed that the
amount of unhybridised ssDNA left was much
lower than that of hybridised dsDNA present.
The small amount of remaining ssDNA
following the hybridisation step would be
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unlikely  to  significantly  affect the

electrochemical biosensor performance.

Based on the SDS PAGE gel image, it was not
possible to distinguish between different
dsDNA strands despite the presence of varying
base pair mismatches. This further proved the
utility of an electrochemical biosensor in
providing complementary data to identify base
pair mismatches in DNA mutations.

3.2 CV Parameter Validation
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Figure 3. Cyclic voltammograms recorded for
streptavidin modified SPCE with 100 uM hybridised
biotin-cDNA and tDNA. Figures A and B
correspond to scanning ranges of -0.5 Vto +0.8 V
and -0.2 V to +0.5 V respectively. Scan rate of 100
mV/s.

Preliminary CV testing conducted on the
SPCEs allowed for confirmation of the key
parameters for running CV tests. Figure 3
shows that the smaller scanning range of -0.2 V
to +0.5 V was more suitable for the particular
SPCE used as minimal degradation of the peak
current was observed across consecutive
cycles. Reduction in peak current for the larger
scanning range in Figure 3(A) could be caused



by the degradation of biological materials due
to an excessive potential difference being
applied. The smooth curves recorded showed
that the scanning rate of 100 mV/s used
provided adequate time for the redox reactions
to proceed. Good overlap of the 5 consecutive
cycles observed in Figure 3(B) also showed that
the 3 pre-treatment cycles used were sufficient
for initial stabilisation of the working electrode.

The cyclic voltammogram in Figure 3(B)
showed well-defined peaks. This indicated that
electron transfer kinetics of Fe(CN)s* ions on
the working electrode was fast, and that the
rinsing process of the working electrode with
1x PBS was satisfactory.

3.3 Initial CV Testing

Initial CV testing was performed to ascertain
the reliability of the CV setup, as well as
provide a baseline comparison case for
subsequent tests with dsSDNA. The bare carbon
electrode was tested against standard cyclic
voltammograms available from the
manufacturer. Based on the shape of the cyclic
voltammogram, peak current location and
values, the bare carbon electrode results had
good agreement with cyclic voltammograms
provided by the manufacturer [25]. Standard
cyclic voltammograms were not available for
the bare streptavidin modified electrode.
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Figure 4. Cyclic voltammograms recorded for
electrodes with bare carbon, bare streptavidin
modified, and 100 uM biotin-cDNA. Scan rate of
100 mV/s.
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As shown in Figure 4, both streptavidin
modified SPCEs with and without immobilised
material recorded peaks at a lower potential as
compared to that of the bare carbon electrode.
By modifying the surface of the working
electrode with streptavidin, the electrochemical
characteristics of the working electrode was
altered. Hence, the shift in peak location was to
be expected.

Of importance would be the magnitude of the
peak currents recorded. The bare streptavidin
modified electrode had the highest peak current
peak current of around 0.18 mA. Peak current
decreased to 0.11 mA following immobilisation
of the single-stranded biotin-cDNA. This
showed that the immobilisation of DNA onto
the streptavidin coated working electrode
surface was successful and brought about
detectable changes in the electrochemical
activity of the electrode.

The presence of phosphate groups in
nucleotides conferred DNA its negative charge.
The repulsive electrostatic interactions of the
negatively charged ssDNA and ferrocyanide
ions impeded the transfer of ferrocyanide ions
to the working electrode surface. This implied
a higher electron transfer resistance and thus
lower peak current [20]. The recorded peak
currents for bare streptavidin and that of
immobilised biotin-cDNA provided useful
reference points for subsequent comparisons
involving different dSDNA combinations.

3.4 Base Pair Mismatch Detection

CV tests conducted with the four pairs of
hybridised dsDNA, previously given in Table
1, yielded quantifiable differences in
electrochemical readout from the CV. As
shown in Figure 5, the magnitude of peak
currents of the electrodes with hybridised
dsDNA fell between the range given by the
peak current of bare streptavidin modified
electrode and that of the electrode with only
single-stranded biotin-cDNA. Amongst the
dsDNA samples, peak current recorded in
decreasing order for hybridised pairs had tDNA
having the highest peak current, followed by
non-cDNA 3, non-cDNA 1, and then non-
cDNA 2.
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Figure 5. Cyclic voltammogram of hybridised dsDNA with tDNA and non-cDNA 1 to 3, enlarged over positive
current peaks between the range of potential applied from 0.10 V to 0.30 V. Scan rate of 100 mV/s.

While the cyclic voltammogram for dsDNA
was initially expected to give lower peak
currents than ssDNA due to an increase in
resistance from dsDNA, the CV tests conducted
showed otherwise. Peaks from dsDNA were
higher than that of ssDNA. Although dsDNA
might have inherently higher electron transfer
resistance than ssSDNA, other factors such as the
orientation of immobilised DNA on the
working electrode surface may also affect the
overall electrochemical characteristic of the
electrode [20]. Further investigation beyond
this study may be conducted to better
understand the actual electron transfer
mechanism. Nonetheless, the results obtained
were reproducible across multiple chips and
repeats. Trends in the current peaks between
hybridised pairs of DNA observed were also in
order as mentioned previously.

To better quantify the effect of the detection of
DNA base pair mismatches on the cyclic
voltammogram, the drop in peak current from
that of the bare streptavidin modified SPCE was
calculated and plotted in Figure 6.

From Figure 6, the single-stranded biotin-
cDNA recorded the largest drop in peak current
0f 0.08 mA. Samples 2 through 4 are in order of
increasing number of base pair mismatches. A
corresponding increase in the drop in peak
current was calculated, ranging from 0.055 mA
to 0.065 mA. It could be hypothesised that with
increasing number of base pair mismatches, the
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drop in peak current would eventually trend
closer towards that of single-stranded biotin-
cDNA as fewer non-cDNA strands would be
able to successfully hybridise with the biotin-

cDNA.
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5. 100 uM biotin-cDNA, non-¢DNA 3

Figure 6. Drop in peak currents from bare
streptavidin modified SPCE for various immobilised
DNA strands. Average readings from three SPCEs
for each sample recorded and corresponding error
bars plotted.

For sample 5, with non-cDNA 3, the peak
current drop was however noted to be lower
than sample 4, despite both having 6 base pair
mismatches. Hybridisation of dsDNA would be
affected by both the number of base pair



mismatches, as well as the location of the
mismatches on the DNA sequence. Comparison
between the drop in peak currents of just
samples 4 and 5 indicate that the difference in
electrochemical activity between dsDNA with
the same number of base pair mismatches at
varying locations could potentially be picked
up by the electrochemical biosensor.

Nonetheless, it should be noted that while a
trend of drop in peak current with number of
base pair mismatches was shown, the
differences could not yet be said to be
statistically significant between certain samples
based on the current small sample size of data.
This would be further discussed later in section
3.6.

3.5 Identifying Detection Limits

A brief study into the effect of target DNA
concentrations on electrochemical output was
conducted with hybridised dsDNA between
biotin-cDNA and tDNA. tDNA concentrations
of down to 1 uM, or 1 % of the 100 uM biotin-
cDNA concentration, were tested.
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Figure 7. Cyclic voltammogram for streptavidin
modified SPCE with different concentrations of
tDNA hybridised with 100 uM biotin-cDNA at 73 °C,
enlarged over positive current peaks between the
range of potential applied from 0.15 V to 0.40 V.
Scan rate of 100 mV/s.

75

0.116

o114 y = 0.002In(x) + 0.1049

-~ R>=0[9883 /
E 0.112 /
‘E
=011 5
=
o /
2 0.108
B
= 0.106 /
e
0.104

1 10
tDNA Concentration (nM)

100

Figure 8. Correlation between peak current
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hybridised with biotin-cDNA.

As shown in Figure 7, the cyclic
voltammograms showed a decrease in peak
current recorded with decreasing tDNA
concentrations. From Figure 8, peak current
recorded also showed good corelation with
tDNA concentrations in logarithmic terms. The
fitting  equation  obtained was @y =
0.002In(x) + 0.1049 with a goodness-of-fit
value of R? = 0.9883. This showed that the
constructed electrochemical biosensor
performed reasonably well even at reasonably
low sample detection limits of 1 % of the biotin-
cDNA concentrations.

It would certainly be desirable to conduct
further experiments to better determine if lower
detection limits could be achieved with the
electrochemical biosensor. Nonetheless, the
current results showed that the biosensor was
sufficiently sensitive to for detection limits of at
least 1 % and would be sufficiently robust at
this current stage of development.

3.6 Critical Evaluation

As this study is still at an early proof-of-concept
stage in the development of the electrochemical
biosensor, there was a conscious need to
balance the allocation of finite resources
available. Hence, this study sought to explore a
breadth of various aspects crucial to
understanding the biosensor, rather than
focusing too in depth on any one aspect in
particular. This included the mechanism of
immobilisation, effect of base pair mismatches
on electrical readouts, and an approximate limit
of detection. Certain trade-offs were thus made



in the process in order to determine the overall
feasibility of the concept.

Oligonucleotide length. The DNA sequences
used in this study were very short strands only
18 base pairs in length. This afforded certain
benefits such as minimising the formation of
undesired secondary structures which could
hinder the hybridisation processes. By keeping
the oligonucleotide lengths short, the ability to
hybridise would be dependent only on the
presence of base pair mismatches in the non-
cDNA. The number of mismatched nucleotides
as a percentage of the total nucleotide length
would also be higher, thus emphasising the
difference in hybridisation even for just 3 or 6
base pair mismatches. However, the use of
short oligonucleotides would also likely confer
a much smaller level of impedance to the
working electrode surface. Smaller magnitudes
of changes to peak current would thus be
expected. Cyclic voltammetry readouts could
thus be more greatly limited by the sensitivity
of the equipment available. The sensitivity of
the equipment in  measuring  short
oligonucleotides should thus be taken into
account when evaluating the lack of statistically
significant differences in the drop in peak
currents mentioned in Section 3.4. The use of
longer DNA strands could potentially lead to
more pronounced differences between the
drops in peak current.

Sample preparation. In this study, the
hybridisation event was conducted first at 73 °C
before immobilisation to avoid any potential
degradation of the streptavidin protein.
However, it was noted that there could be a
need for immobilisation biotin-cDNA first,
which  then  hybridises and captures
complementary target DNA strands. Most
samples collected would also likely face
contamination by other substances, the effect of
which on the SPCE would have to account for.
Separately, additional pre-treatment of samples
could be necessary for real world samples
containing a wide range of impurities. Hence,
while the study provides a strong basis for
further development of an electrochemical
biosensor, much more work would have to be
done to arrive at a fully implementable
commercial product.

The above two factors raised should be taken
into consideration to provide a more holistic
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view of the results from this study. These were
conscious decisions made surrounding
experimental design. It is recommended that the
above design considerations be accounted for in
any further work to be done surrounding the
electrochemical biosensor of interest.

4. Conclusions
4.1 Biosensor Proof of Concept

The  feasibility @ of  developing an
electrochemical biosensor to detect base pair
mismatches in DNA mutations, centred around
the streptavidin-biotin binding interactions, was
proven in this study. Hybridised dsDNA with
the attached biotin protein was successfully
immobilised onto the streptavidin modified
working electrode surface. Proof of successful
immobilisation is a key finding in itself as the
mechanism of immobilisation could potentially
be easily replicated for other forms of
biological molecules such as mRNA. The ready
availability of commercial SPCEs with the
streptavidin modification also ensures lower
barriers to implementation of such an
electrochemical biosensor.

Detectable changes in recorded peak current
outputs depending on the number and location
of base pair mismatches provided a desirable
outcome for further development of an
electrochemical biosensor for detection
purposes. The reproducibility of results across
multiple chips is also very promising. Given the
greater ease of processing, this electrochemical
biosensor could be easily integrated with other
automated and digital process systems into real
world applications.

The output of an electrochemical biosensor
could be used to complement experimental data
from current established methods such as SDS
PAGE. This provides users with a simple
alternative method at lower cost to analyse
biological samples of interest.

Overall, this study opens up plenty of
possibilities for applications in various
scientific fields such as molecular diagnostics,
therapeutic development, biotechnology, and
environmental studies. The ease of use and
scalability of an electrochemical biosensor only
adds to the attractiveness of such an option in
real world applications.



4.2 Future Work

This proof of concept study can be used as a
basis for more in-depth studies to better
understand the effect of particular parameters.
These include, but are not Ilimited to,
oligonucleotide length, number and location of

base pair mismatches, concentration of
immobilised  biotinylated = cDNA, and
hybridisation conditions. Practical

considerations of target sample preparation and
determining the absolute lower detection limits
can also be explored.

5. Acknowledgements

We would like to express our gratitude to Dr
Ying Tu, Mr Chileab A B Redwood-Sawyerr,
as well as all members of the Polizzi laboratory
group for their professional guidance and
support. SPCEs were purchased with funding
from Wellcome Leap.

6. References

1. Kingsland, A. & Maibaum, L. (2018) DNA
Base Pair Mismatches Induce Structural
Changes and Alter the Free-Energy
Landscape of Base Flip. The Journal of
Physical Chemistry B. 122 (51), 12251-
12259. doi:10.1021/acs.jpcb.8b06007.

2. Mahdieh, N. & Rabbani, B. (2013) An
Overview of Mutation Detection Methods
in Genetic Disorders. [ranian Journal of
Paediatrics. 23 (4), 375-388.

3. Boyce, K.J., Wang, Y., Verma, S., Shakya,
V.PS., Xue, C. & Idnurm, A. (2017)
Mismatch Repair of DNA Replication
Errors Contributes to Microevolution in the
Pathogenic Fungus Cryptococcus
neoformans J.A. Alspaugh (ed.). mBio. 8
(3). doi:10.1128/mbio.00595-17.

4. Aarnio, M., Sankila, R., Pukkala, E.,
Salovaara, R., Aaltonen, L.A., de la
Chapelle, A., Peltomaki, P., Mecklin, J.-P.
& Jarvinen, H.J. (1999) Cancer risk in
mutation carriers of DNA-mismatch-repair
genes. International Journal of Cancer. 81
(2),214-218. doi:3.0.c0;2-1">10.1002/(sici)
1097-0215(19990412)81:2<214::aid-
1jc8>3.0.c0;2-1.

5. Hlongwane, G.N., Dodoo-Arhin, D.,,
Wamwangi, D., Daramola, M.O., Moothi,
K. & Iyuke, S.E. (2019) DNA hybridisation

77

10.

11.

12.

13.

14.

sensors for product authentication and
tracing: State of the art and challenges.
South African Journal of Chemical
Engineering. 27, 16-34.
doi:10.1016/j.sajce.2018.11.002.

Jiang, H., Xi, H., Juhas, M. & Zhang, Y.
(2021) Biosensors for Point Mutation
Detection. Frontiers in Bioengineering and
Biotechnology. 9. doi:10.3389/tbioe.202
1.797831.

Morlan, J., Baker, J. & Sinicropi, D. (2009)
Mutation Detection by Real-Time PCR: A
Simple, Robust and Highly Selective
Method I. Schrijver (ed.). PLoS ONE. 4 (2),
e4584. doi:10.1371/journal.pone.0004584.

Strathdee, F. & Free, A. (2013) Denaturing
Gradient Gel Electrophoresis (DGGE).
Methods in Molecular Biology. 1054, 145—
157. doi:10.1007/978-1-62703-565-1 9.

Viglasky, V. (2013) Polyacrylamide
temperature gradient gel electrophoresis.
Methods in Molecular Biology (Clifton,
N.J.). 1054, 159-171. doi:10.1007/978-1-
62703-565-1_10.

Bhalla, N., Jolly, P., Formisano, N. &
Estrela, P. (2016) Introduction to
biosensors. Essays In Biochemistry. 60 (1),
1-8. d0i:10.1042/ebc20150001.

Moore, B., Hu, H., Singleton, M., De La
Vega, F.M., Reese, M.G. & Yandell, M.
(2011) Global analysis of disease-related
DNA sequence variation in 10 healthy
individuals:  Implications for whole
genome-based clinical diagnostics.
Genetics in Medicine. 13 (3), 210-217.
do0i:10.1097/gim.0b013e31820ed321.

Mansouri, S., Cuie, Y., Winnik, F., Shi, Q.,
Lavigne, P., Benderdour, M., Beaumont, E.
& Fernandes, J.C. (2006) Characterization
of folate-chitosan-DNA nanoparticles for
gene therapy. Biomaterials. 27 (9), 2060—
2065.
doi:10.1016/j.biomaterials.2005.09.020.

Yasmin, J., Ahmed, M.R. & Cho, B.-K.
(2016) Biosensors and their Applications in
Food Safety: A Review. Jouwrnal of
Biosystems Engineering. 41 (3), 240-254.
doi:10.5307/jbe.2016.41.3.240.

Palchetti, I. & Mascini, M. (2008) Nucleic
acid biosensors for environmental pollution



15.

16.

17.

18.

19.

20.

21.

22.

monitoring. The Analyst. 133 (7), 846—854.
doi:10.1039/b802920m.

Adiguzel, Y. (2017) Biosensor with UV
Spectrophotometric Detection.
Proceedings. 2 (3), 113. doi:10.3390/ecsa-
4-04928.

Zeglis, BM. & Barton, J.K. (2006) A
Mismatch-Selective Bifunctional
Rhodium—Oregon Green Conjugate: A
Fluorescent Probe for Mismatched DNA.
Journal of the American Chemical Society.
128 (17), 5654-5655.
doi:10.1021/ja061409c.

Asrat, T.M., Cho, W., Liu, F.A., Shapiro,
S.M., Bracht, J.R. & Zestos, A.G. (2021)
Direct Detection of DNA and RNA on
Carbon Fiber Microelectrodes Using Fast-
Scan Cyclic Voltammetry. ACS Omega. 6
(10), 6571-6581.
doi:10.1021/acsomega.0c04845.

Elgrishi, N., Rountree, K.J., McCarthy,
B.D., Rountree, E.S., Eisenhart, T.T. &
Dempsey, J.L. (2017) A Practical
Beginner’s Guide to Cyclic Voltammetry.
Journal of Chemical Education. 95 (2),
197-206.
doi:10.1021/acs.jchemed.7b00361.

Taleat, Z., Khoshroo, A. & Mazloum-
Ardakani, M. (2014) Screen-printed
electrodes for biosensing: a review (2008—
2013). Microchimica Acta. 181 (9-10),
865—891. doi:10.1007/s00604-014-1181-1.

Hernandez-Santos, D., Diaz-Gonzalez, M.,
Gonzalez-Garcia, M.B. & Costa-Garcia, A.
(2004)  Enzymatic  Genosensor  on
Streptavidin-Modified Screen-Printed
Carbon Electrodes. Analytical Chemistry.
76 (23), 6887-6893.
doi:10.1021/ac048892z.

Gonzalez, M., Bagatolli, L.A., Echabe, I.,
Arrondo, J.L.R., Argaraiia, C.E., Cantor,
C.R. & Fidelio, G.D. (1997) Interaction of
Biotin with Streptavidin. Journal of
Biological Chemistry. 272 (17), 11288—
11294. doi:10.1074/jbc.272.17.11288.

Lian, H., Jiang, J., Wang, Y., Yu, X., Zheng,
R., Long, J., Zhou, M., Zhou, S., Wei, C.,
Zhao, A. & Gao, J. (2022) A novel
multimeric  sCD19-streptavidin ~ fusion
protein for functional detection and
selective expansion of CDI19-targeted

10

78

23.

24.

25.

CAR-T cells. Cancer Medicine. 11 (15),
2978-2989. doi:10.1002/cam4.4657.

Magar, H.S., Hassan, R.Y.A. &
Mulchandani, A. (2021) Electrochemical
Impedance Spectroscopy (EIS): Principles,
Construction, and Biosensing Applications.
Sensors (Basel, Switzerland). 21 (19), 6578.
doi:10.3390/s21196578.

Robson, H., Reinhardt, M. & Bracher, C.
(n.d.) Cyclic Voltammetry Explained: Basic
Principles & Set Up. Ossila.
https://www.ossila.com/pages/cyclic-
voltammetry.

Metrohm (n.d.) Metrohm  DropSens
Screen-Printed  electrodes.  Dropsens.
https://www.dropsens.com/en/screen_print
ed_electrodes_pag.html.



Analysis of Carbon Capture Readiness for Small-Scale Refuse Derived Fuel-to-
Energy Power Plants based in the U.K.

Jeremy Kim, Heather Page

Department of Chemical Engineering, Imperial College London, U.K.

Abstract

The world is undergoing sustained efforts towards decarbonising the energy industry to address the current climate crisis.
This report investigates the feasibility of retrofitting an MEA-based post-combustion carbon capture plant to a small-scale
waste-to-energy power plant utilising Refuse Derived Fuel. The power plant is modelled and simulated through Aspen Plus
V11, alongside the carbon capture process operating with a capture efficiency of 95%. The feasibility is investigated in
terms of the energy requirements and implications, as well as the specific post-combustion capture plant area requirement
per unit power generation. At the given capture efficiency, an associated energy penalty of 45.7% is imposed, leading to a
decrease in net output by 4.3 MW,, primarily due to high energy consumption at the reboiler and CO, compressor. A
specific plot sizing of 232.6m>MW-! is obtained for the physical requirement of the carbon capture plant layout at this
capacity and operation. The high energy penalty and large specific plot area lead to complications in the feasibility of this

simulated waste-to-energy plant.
1 Introduction

Since the introduction of the Paris Agreement at COP21,
there has been an increased combined effort across the
world for governments to combat climate change. Signed
by 194 parties, including the UK, the Agreement
established long-term goals to guide nations to limit the
global temperature increase to well below 2°C, while
pursuing efforts to further limit this increase to 1.5°C
(UNFCCC, 2015). This was reinforced at the most recent
COP27, where a 2°C increase was demonstrated to be
unsafe, thus focusing on permitting a maximum rise of
1.5°C. To this end, COP27 saw the launch of new
programmes to promote climate technology solutions in
developing countries and scaling up mitigation ambition
and implementation (‘COP 27°, 2022). Yet, the UN
Framework Convention on Climate Change currently
places the world on track to reach 2.5°C by the turn of the
century (UNFCC, 2022), indicating a need for a 45%
reduction in greenhouse gas (GHG) emissions (IPCC,
2018). As such, it is clear that carbon capture holds its
place within this industry to help achieve these aims, with
increasing importance as the urgency increases day by
day. Carbon capture can particularly aid in the transition
to renewable energy, decarbonising current and existing
emissions sources, which will be needed to provide secure
and predictable energy whilst the transition to a low
carbon energy system is ongoing. Moreover, the
European Energy Roadmap forecasts that electricity
produced from biomasses and waste will account for
between 7.3 and 10.8% of total production in 2050
(European Commission, 2011), highlighting the
importance of utilising biomass and waste as energy
sources for developing an energy system independent
from fossil fuels. Refuse Derived Fuel (RDF) appears as
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a promising option, being a sustainable fuel source, with
the main drawbacks stemming from direct emissions due
to its combustion. Successfully combining an RDF-to-
energy plant with carbon capture technology may
therefore present a cumulative benefit and encourage the
adoption of utilising RDF. Investigating primarily the
energy penalty and physical plant footprint will allow for
an analysis into the carbon capture feasibility — to include
both commercial considerations alongside technical
feasibility — of such RDF-to-energy power plants in
conjunction with a carbon capture retrofit.

2 Background
2.1 Post-Combustion Capture (PCC)

Fossil fuels play a major role in power generation in the
UK, hence it is crucial that technologies which reduce the
carbon footprint of fossil fuel-dependent industries are
developed, in addition to advancing green energy
production. Carbon capture and storage (CCS) enables
continuing operation of fossil fuel-based power plants
whilst eliminating carbon emissions. The main methods
for carbon capture fall into three categories: oxy-fuel
combustion systems, pre-combustion carbon capture and
post-combustion carbon capture (PCC) — the latter of
which is implemented here. The installation of PCC
enables the reduction in carbon emissions without
significantly changing existing infrastucture making this
technique more economically feasible; a CCS process is
retrofitted to a fossil fuel power plant, capturing carbon
dioxide from the exhaust gas stream before release to the
atmosphere.



2.2 CCS Solvent Selection

Monoethanolamine (MEA) solution, an amine-based
absorption solvent for CO,, is selected as the CCS
technology for this study, being the most documented
method for CCS. Despite MEA being a mature choice of
solvent, this technology requires a large solvent
regeneration energy which has been seen to cause a high
energy penalty when retrofitted to power stations (Goto,
Yogo and Higashii, 2013). Research into lowering the
energy penalty of CCS processes through novel solvents
(Mumford et al, 2015) and by means of other gas
separation technologies — such as pressure swing
adsorption or membranes (Xie et al., 2019) — is currently
being conducted. However, such processes require
electricity rather than heat. Thus, assessing the feasibility
of operating a MEA-based CCS process, of high
regeneration energy, retrofitted to an RDF-to-energy plant
is of particular interest here.

2.3 Refuse Derived Fuel

Non-hazardous municipal solid waste (MSW) streams,
which cannot be reused or recycled, can be utilised as a
source of energy generation whilst helping to overcome
problems regarding the depletion of fossil fuels, meeting
increasing global energy demand and managing waste
generation. RDF is the energy-contained portion of MSW,
displaying a wide range of chemical composition due to
varying blends of organic mixtures and thus the properties
cannot be easily predicted. RDF is prepared from MSW
via removal of inert matter, size reduction methods — such
as milling — and drying (Jannelli and Minutillo, 2007).
Once processed, RDF can be used as a solid fuel source,
like coal, to produce energy by combustion. This energy
can then be converted within a Combined Heat and Power
(CHP) plant; steam turbines coupled with a generator
produce electricity whilst thermal energy is rejected in the
cooling water (Environ Consultants Ltd., n.d.). In this
study, the chemical compositions of several different
RDFs from European sources have been obtained from
literature to be able to adequately model an RDF-to-
energy plant. Despite the extensive research into PCC

retrofitted to larger-scale coal fired power plants, the full-
scale implementation of retrofitting PCC to smaller-scale,
waste fuel-fired power stations is still minimal (Bisinella
etal.,2021).

3 Methodology

In this study, a PCC plant has been retrofitted to a CHP
RDF plant based on a UK plant processing 4,500 kghr!
of RDF, observed in literature (Environ Consultants Ltd.,
n.d.). Both processes have been modelled by means of
Aspen Plus V11 code (Aspen Plus, 2000).

3.1 Power and Heat Generation Plant

The Aspen Plus flowsheet for this process is displayed in
Figure 3.1.1. The RDF power plant consists of various
sections:

e RDF drying section: moist RDF is dried via direct hot
air drying through a rotary drier to 1% moisture
content;

e RDF combustion section: RDF is combusted through
a moving grate combustion system at temperatures
exceeding 1500°C;

e gas recovery section: product gases are separated
from ash produced during the combustion of RDF in
a cyclone;

e power generation section: a high pressure (HP)
turbine and low pressure (LP) turbine configuration
is coupled directly with a generator.

3.1.1 Characteristics of RDF

Table 3.1.1 summarises the proximate analysis, ultimate
analysis, and Lower Heating Values (LHV) of five
different RDFs sourced throughout Europe. RDF 4 is a
UK based source, providing the highest LHV and is thus
chosen as the fuel to simulate, being applicable for this
study. A fuel with a higher LHV releases more heat when
combusted, therefore increasing power generation. These
given characteristics are input requirements to model
RDF in Aspen Plus since RDF is a non-conventional fuel.

Table 3.1.1: Chemical characteristics of 5 different European-sourced RDF fuels

RDF . Proxim‘ate Analysis.(%wt) Ultimate Analysis (%owt) Ci‘,lao]f,i:lc
Rl e o Ahewat| C B0 N s | i
1 8.50 70.40 3.60 26.00 46.80 540 2040 1.10 0.30 11.40
2 0.99 79.81 9.69 10.50 5130 7.50 29.72  0.77 0.21 23.09
3 1.30 72.85 10.84 16.31 56.75 474 2040 1.67 0.13 22.35
4 5.90 74.39 11.90 13.71 59.80 858 1647 1.03 0.41 24.92
5 4.20 76.20 10.44 13.36 43.05 591 37.07 0.60 0.00 18.45

1 - (Garcia et al., 2021); 2,3 - (Grammelis et al., 2009); 4 - (Materazzi et al., 2015); 5 - (Efika, Onwudili and Williams, 2015)
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Figure 3.1.2: Aspen Plus flowsheet of PCC plant
3.1.2 Drying where Mg, Mgpp, Mumoisture denotes the mass flowrate of

As RDFs are commonly manufactured and received with
a non-negligible moisture content, implementing a drying
stage is necessary to remove excess moisture and
maximise the heat generated and efficiency of
combustion. In Aspen Plus, this is modelled by contacting
a hot air stream — heated by use of excess heat from the
CCS process — with the wet RDF in the RSTOIC block to
react a portion of RDF to form water, before passing the
single outlet stream through the DRYER model which
separates the dried RDF from the moist air exhaust. In
practice, this is done within a direct dryer such as a belt or
rotary dryer, the most commercially observed dryers for
RDF treatment (Kiranoudis, Maroulis and Marinos-
Kouris, 1996). An energy balance around this process
yields equation 3.1.2.1:

Qmin,drying = mscps(Tsf - Tsi)
+ mRDF{XiCpl(Tv = Tg)
+ Xpep(Tsp = T,)}
+ mmoisture {A
+¢pu(Tor — T}

(3.1.2.1)
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dried RDF, initial RDF and evaporated moisture
(obtained via a mass balance of the water present)
respectively; Cps, Cpi, Cpy denotes the specific heat
capacity of the RDF (which is assumed constant over the
temperature range), water and steam respectively and A
the latent heat of water; X;, Xy denotes the inlet and outlet
moisture content of the RDF respectively and Tgf, T;, T,
T,; denotes the temperature of the RDF at the outlet, at
the inlet, the saturated water and produced vapor
respectively. Incorporating a 5% heat loss inefficiency
and for a drying process achieving 1% moisture content,
a total heat duty requirement of Q, = 0.18MW is
identified, equating to an air flowrate of 6kgs™.

3.1.3 Combustion

The combustion of RDF is quite complex and is therefore
only modelled by two major steps. Since RDF is a non-
conventional fuel, the Gibbs free energy of RDF cannot
be calculated in Aspen and therefore the RDF is first to be
decomposed into its constituent elements through the
RYIELD reactor (Aspen Plus, 2000). The yield
distribution is obtained from the ultimate analysis of RDF.
The heat of reaction associated with this decomposition of




RDF is considered then in the RGIBBS reactor, which
simulates the combustion process. This block models
chemical equilibrium by minimising Gibbs free energy
and does not require details of reaction stoichiometry,
reacting RDF and air to produce the exhaust gases. A
sensitivity analysis was conducted to find the amount of
air required for complete combustion, yielding an air
flowrate of 55,000kghr!.

3.1.4 Exhaust Gas-Solid Separation

The product exhaust gases are separated from the ashes
produced during combustion via a cyclone, modelled in
Aspen Plus by an SSPLIT block, before entering the CCS
process. The mass fractions of the main exhaust gases are
displayed in Table 3.1.2. The remaining gases includes
SOx, NOx, CO and H; which equate to less than 1% of
the exhaust gas stream.

Table 3.1.2: Composition of exhaust gas stream

Gas Mass Fraction
CO: 0.157
N2 0.717
(0) 0.064
H:0 0.056
Other gases <0.01

3.1.5 Power Generation

To generate power, the Rankine steam cycle has been
modelled. The hot combustion gases provide heat energy
to the boiler, raising the temperature of a recycled water
stream to create high-pressure steam at 600°C and 100
bar. The high-pressure steam is then expanded in the HP
turbine to a lower pressure where a portion of the heat is
converted to work. The stream exiting the HP turbine is
again passed back through the boiler and reheated to
600°C, and then expanded in the LP turbine to 0.1bar. The
isentropic efficiencies of both turbines are assumed to be
90%. The low-pressure steam is completely condensed in
the condenser where the latent heat of condensation is
rejected to the cooling water. A pump then pumps
condensate back to the boiler at 10bar.

A portion of the steam flow is bled from between the HP
and LP turbines and is used to supply the reboiler duty in
the CCS process. This stream is later reintroduced to the
steam cycle once cooled by mixing with the water stream
first entering the boiler: the detailed reasoning for this is
explained in Section 3.2.6.

3.2 Carbon Capture Plant

The Aspen Plus flowsheet for the CCS process is
displayed in Figure 3.1.2.
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The CCS process, designed to yield a 95% CO» capture
efficiency, is as follows:

e Exhaust gases exiting the power plant are first
pressurised and cooled, then enter the absorption
column;

e In the absorber, CO; in the exhaust gas stream is
absorbed by MEA solvent exiting at the bottom of the
column, whilst the remaining flue gases exit at the
top;

e  The CO,-rich MEA stream is then pumped through a
heat exchanger before entering the stripping column;

e The stripper removes CO; from the MEA stream
which exits out the top of the column, whilst the now-
lean MEA stream is recycled back through the
process;

e The CO; produced enters a condenser, followed by a
knock-out drum where remaining liquid is separated,
before being compressed to reduce volume and allow
transportation to storage sites.

3.2.1 Reaction Mechanism

In order for Aspen Plus to simulate the necessary
reactions, the vapor phase is modelled via the Soave-
Redlich-Kwong equation of state, while the liquid phase
is described through the activity coefficient ‘Electrolyte-
NRTL’ model. This model is defined by the assumptions
of like-ion repulsion and local electroneutrality (Moioli
and Pellegrini, 2013).

The CO,-MEA-H,O reaction mechanism relies on a
zwitterion mechanism, and is defined by an equilibrium
of the 5 equations as laid out below (Aboudheir et al,
2003), with all species in aqueous solution.

2H,0 < H;0" + OH (1

CO; + 2H,0 < H;0" + HCO5 (2)
HCO5 + H;O < H;0" + COs* 3)
MEACOO + H,0 <> MEA + HCOs 4)
MEAH" + H,O < MEA + H;0™ (5

In addition to these, 5 kinetically controlled reactions
complete the mechanism, as shown in equations 6 through
10 below.

CO; + OH — HCO5 (6)

MEA + CO5 <> MEA*COO" (7)
MEA*COO + MEA < MEAH' + MEACOO-  (8)
MEA*COO" + H:0 < H;0* + MEACOO" ©9)
MEA*COO" + OH <> MEACOO + H:0  (10)



3.2.2 Blower

The pressure of the exhaust gas stream is increased by
0.10bar by the blower. This ensures any frictional
pressure drops along the gas pipeline are overcome.

3.2.3 Cooler

The exhaust gases are cooled from 160°C to 40°C before
entering the absorber. This involves two cooling units: the
first unit is contacted with the air stream required for
drying RDF in the power plant, rejecting heat to warm the
air stream. This is explained in more detail in Section 3.3.
To further cool the stream to the required temperature of
40°C, the second heat exchanger utilises cooling water at
20°C.

3.2.4 Absorber

The absorber is modelled by a RADFRAC unit, with an
operating pressure of 0.75bar. The cooled exhaust gas
stream enters at the bottom of the column, contacting a
lean solvent stream which enters at the top of the column.
The concentration of MEA solvent and lean loading are
set at 30wt% and 22% respectively, observed as suitable
valves used in literature (Puxty et al., 2009) (Alie et al.,
2005). Optimising such values acts to minimise the total
regeneration energy of the process, with most of this
energy being consumed by the stripper reboiler. Sulzer
MELLAPAK™ 250Y (Chemtech, 2005) is chosen as the
internal structured packing, giving a large surface area of
packing material and thus good absorbing ability for the
CCS process. The dimensions of the column are
optimised though sensitivity analysis in Aspen Plus V11,
ensuring a large enough diameter size is chosen - too
small of a diameter results in hydraulic infeasibility.

3.2.5 Rich/Lean Heat Exchanger

The CO,-rich solvent stream exiting the absorber is heated
to 94°C by a shell-and-tube heat exchanger, where this
stream is contacted against the recycled hot lean solvent
stream.

3.2.6  Stripper

Like the absorber, the stripper is modelled as a
RADFRAC block, operating at a pressure of 1.9bar, with
the internal packing material Sulzer MELLAPAK™
250Y to allow for sufficient desorption of CO,. The pre-
heated CO,-rich solvent stream enters at the top of the
column, where the liquid stream flows down the column.
The reboiler duty provides the sensible heat, the heat of
CO; desorption and the vaporisation heat of water (Lin
and Rochelle, 2014); CO, is thus desorbed from the
solvent stream and exits at the top of the stripper. The hot
lean MEA stream exiting the bottom of the stripper is
recycled back around to the absorber. The reboiler is
designed as a kettle-type reboiler, operating at 125°C. At
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the specified MEA concentration and lean loading values,
the minimum energy consumption of the reboiler is
determined as 4.03GJton}(CO,), in alignment with
literature values reported to be 4.0GJton'(CO,) (Soltani,
Fennell and Mac Dowell, 2017). The minimum reboiler
energy consumption at the given capture efficiency of
95% is obtained through computer-aided optimisation in
Aspen Plus V11. A non-linear objective function is set to
minimise the reboiler energy consumption, given the
decision variables and constraints displayed in Table
3.2.1. To solve this objective function, a portion of the
rich-solvent stream is diverged before entering the
stripper. This can be seen in Figure 3.1.2. Thus, this is also
how the optimal MEA concentration and lean loading
values are found.

Table 3.2.1: Decision variables with constraints for minimising
the reboiler energy consumption

- . Lower Upper
Decision variable bound bound
Rich-stream split fraction 0.05 0.25
Stripper diameter 1.62 m 1.77m
Stripper operating pressure 1.7 atm 1.9 atm
Molar boilup ratio 0.1 0.2

The reboiler heating supply is obtained by bleeding steam
from between the HP and LP turbines from the power
plant, where steam is cooled from 286°C (at 10 bar) to
180°C. Total condensation is assumed with no further

sub-cooling. For 95% capture efficiency, a ratio of 1.81

kg(steam)

was obtained. Idem, Gelowitz and

kg(COy captured)
Tontiwachwuthikul, (2009) reported ratios within the

kg(steam)

range 1.9-2.5 , yet as the steam in this

kg(C0, captured)
process is being condensed from such a high temperature
this affects the quantity of steam required, thus providing
a lower ratio compared to literature.

3.2.7 CO; Compression

Before transportation and storage, CO, must be
compressed to a dense phase, above the critical pressure
(73.82 bar). Goto, Yogo and Higashii, (2013) collected
and compared several target pressures reported in various
papers for CO, compression, whereby the most common
target pressure was 110bar — this value is therefore chosen
in this model.

3.2.8 Cooling System

Cooling utility water is required as a means to reject heat
from the coolers across the CCS process, hence a cooling
system must be implemented. A forced-draft cooling
tower (FDCT) is chosen for this system. This type of
tower allows for a closed cooling water system, not
requiring circulating water from a lake or river and so is



more applicable across various locations. In FDCTs, a fan
is mounted on the side of the tower and is used to force
air through the tower. FCDTs are filled with structured
packing material such as Koch-Glitch’s FLEXIPAC@-
2Y (Purushothama, 2009).

The cooling duty is estimated through conducting an
energy balance around each cooler, which can be summed
to find the total cooling duty (q) required and thus the
flowrate of cooling water (111, ):

qi = Mys Cpr (Ti,fl - i.fz)
= My Cpe(Tier — Ticz) (3.2.8.1)
. n .
17 L0 (3.2.8.2)
e 1 (3.2.8.3)

B Cpc(Tcz - Tcl)

where ¢ and T represent the specific heat capacity and
temperature respectively; the subscripts f, ¢ denote the
process fluid and cooling water streams; /, 2 denotes the
inlet and outlet streams and i denotes each cooling block
where i = 1,...,n — with n being the total number of
coolers. The cooling water temperature range is set at
20°C - 25°C.

3.3 Heat Integration

Heat generated throughout the process can be transferred
between streams and integrated within the process, in
order to minimise utility requirements, environmental

estimate of the heat duty required, with a negative value
of Qnin = —9.80MW indicating excess heat requiring
cooling, of the magnitude of at least 9.80MW. The heat
exchanger network designed must also satisfy the second
law of thermodynamics, resulting in the introduction of a
minimum allowable temperature difference AT, =
10K. By constructing temperature intervals and the
associated cascade diagram, any pinch points present
restricting the transfer of energy can be identified. From
the Grand Composite Curve in Figure 3.3.1, no pinch
point is present and so heat can be exchanged across all
streams involved. This leads to a total integration of the
heating duty of 0.67MW, for a final cooling duty
requirement of 9.80MW, representing a 12.1%
improvement over the non-integrated system. The heat
exchanger network designed to achieve this performance
is illustrated in Figure 3.3.2.
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Figure 3.3.1: Grand Composite Curve for the simulated plant’s

footprint and improve feasibility as a whole. An analysis network
under the first law of thermodynamics provides an initial
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Figure 3.3.2: Heat-integrated heat exchanger network

3.4 Plant Layout

Table 3.4.1: Heat transfer areas for PCC heat exchangers

Heat Exchange Area (m?)
2COOLWN2 PRECOOL2 HEX 1COOLWN2 REC-COOL REBOILER DIS-COOL
1.70 45.65 149.98 20.70 129.59 446.15 29.78
6
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To achieve an accurate and representative plant sizing,
sizing of the relevant equipment must be carried out —
most of the equipment can be sized accurately in Aspen
Plus. Heat exchangers, cooling towers and the compressor
are manually sized to achieve specific sizing of these
units. Heat exchangers make use of the design equation
34.1:

Q=U-A-ATy 3.4.1)
with a minimum approach temperature of 10K selected to
ensure feasible heat exchanger operation and areas and an
overall heat transfer coefficient of 850Wm?K™' (Aspen
Plus, 2000), thus resulting in acceptable areas for all heat
exchangers present. From this, the area A can be
calculated from the heat duty Q and logarithmic mean
temperature difference ATy,. As such, the area (m?)
required for heat transfer is given in Table 3.4.1. For all
cases, shell-and-tube heat exchangers are selected, being
the industry standard and presenting a range of feasible
operating conditions (Shah and Sekulic, 2003).

Hill provides correlations for the calculation of the base
area of a cooling tower Agr (Hill, Pring and Osborn,
1990), given by

me
- FCR : FAP : FAT

Acr = F
loading

(3.4.2)
with the liquid loading factor Fiya4ing, ambient
temperature factor F,y, approach temperature factor F,p
and cooling range factor F;z provided from the
correlation plots A.3.4.1 and A.3.5.1 of Hill, Pring and
Osborn, (1990). This results in a cooling tower base area
of 108.5m>.

The CO, compressor of magnitude 2MW can be included
as a screw gas compressor package sourced from GEA,
with dimensions 2.7 x 8.5 x 3.5m (Maggiore, 2016).

In the design of a plant layout, safety is a primary
consideration where appropriate inter-unit and
interequipment safety distances must be incorporated.
These safety distances are given in Tables 3.4.2 (Lees,
2012) and 3.4.3 (IRI, 1991), outlining the minimum
horizontal ground separation requirements in metres.
Note that /> implies no spacing requirement, and ‘CP’
that reference must be made to the relevant codes of
practice; see Section C.6 of Mecklenburgh, (1986).

Table 3.4.2: Inter-unit safety distances
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Table 3.4.3: Inter-equipment safety distances
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4 Results

4.1 Plant Land Footprint

Implementation of the safety distances as detailed in
Section 3.4 leads to a plant sizing shown in Figure 4.1.1.

29.61m

©

Legend

Absorber
2Coolwn2
Precool2

HEX
1Coolwn2
Rec-cool
Stripper
Reboiler
Dis-cool
Knock-out drum
Compressor
Cooling towers

40.07m
(@)
CARSTZOTEHOOW >

—
4m

Figure 4.1.1: Diagram illustrating PCC plant layout and sizing

First, the largest diameter column — here being the
absorber — is fixed into one corner of the plant layout.
Following from this, the remaining process units can be
incorporated in a sequence mirroring the process flow
diagram as much as possible to achieve minimum spacing
and consequent investment due to land requirements;
increased piping, cabling, drainage and other support
systems; and additional or larger pumps to overcome
increased friction losses amongst other factors (Lees,
2012). The cooling system is then appended, defining the
lower boundary of the plant layout. A rectangular layout
is thus defined and optimised manually, achieving
dimensions of 40.07 x 29.61m. This equates to a specific
plant area of 232.6m>MW-!. By integrating the heat
available to reduce the cooling requirements, energy



requirements are reduced; however, the plant area
increases slightly due to the introduction of extra heat
exchangers and the consequent separation imposed, thus
extending the dimensions slightly.

Finally, the current plant does not include storage tanks —
carbon capture processes often transport the captured CO,
to suitable storage or usage sites through pipeline
networks; storage can also typically be carried out via
deep geological storage or mineral storage. However,
some cases may call for the use of storage tanks, both for
the solvent and the CO,. 2 solvent storage tanks may be
included of base dimensions 2.47 x 2.47m to allow for the
flexible operation of the plant (Fle, Kvamsdal and
Hillestad, 2016), decoupling the power plant and capture
plant operation while partially decoupling the absorber
and stripper. This can minimize the power plant energy
penalty related to carbon capture when undergoing load
changes to adapt to variations in energy demand.
Additionally, bullet tank cars may be used to store the
CO; on-site and allow for subsequent transportation.
These can load a weight of 60tonnes with base dimensions
of 2 x 6m, thus requiring 2 tanks to suit the process
(APEC, 2009). Therefore, if these tanks are to be included
in the plant, Figure 4.1.2 must be appended 34.63m south
of the cooling towers, adhering to safety limitations as per
Lees, (2012). This in turn leads to an updated total plant
dimension of 109.65 x 29.61m.

gio

T 30.48m
e
4m

Figure 4.1.2: Diagram illustrating additional storage tank
layout

Legend

M Solvent storage
tank
N CO, bullet tank

As seen by these dimensions and Figures 4.1.1 and 4.1.2,
a large proportion of the plant area is due to the safety
limitations — this is particularly true with the inclusion of
the storage tank layout. As such, formulating a formal
optimization model to achieve the minimal feasible layout
computationally may be favourable, and may result in a
non-rectangular layout of decreased dimensions.

4.2 Energy Penalty

The impact of retrofitting PCC to a power plant can be
evaluated through calculating the energy penalty: this can
be measured in various ways. For this work, the energy
penalty based on the overall reduction in electricity
generated by the power plant, before and after retrofitting
PCC, has been calculated. For 95% CO; capture rate, the
total reduction in power output was found to be 45.7%.
Compared to other fuel-fired power plants with 90%
capture efficiency, this RDF-to-energy plant incurs an
energy penalty of approximately double. This can be seen
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in Table 4.2.1. As well as this, the power plant efficiency
penalty after retrofitting CCS was calculated: this was
found to be 13.9% pts.

Table 4.2.1: Energy penalties for various fuel-fired power

plants
Energy Penalty Decrease in plant
Fuel Type (%) efficiency (% pts)
Coal 29.0 10.0
Natural Gas 21.0 7.9
RDF 45.7 13.9

4.3 Variation of RDF properties

RDF 4 (see Table 3.1.1) was chosen as the fuel to simulate
in the model; however, the composition of RDF will often
vary given the nature of this fuel source. Therefore, other
RDF sources with different chemical compositions were
inputted into this model, to compare how the varying
characteristics influence the performance of the power
plant. Figure 4.3.1 displays the results of how the overall
plant efficiency varies with LHV of different RDFs — a
larger LHV allows for more efficient combustion and thus
greater electricity generation for a given amount of fuel
input. Variation in the proximate and ultimate analyses of
RDFs will also influence the efficiency of the fuel source,
suggesting why there is a non-linear trend between LHV
and plant efficiency.

0.2
E 2, 015 -
-
Bl
33 0.1 1
S
2~ ™ 0.05 1
0 : : :
18 20 22 24

Fuel Lower Heating Value (MJkg™!)

Figure 4.3.1: Lower heating value (LHV) of 4 different RDF
sources as a function of net electrical efficiency of an RDF-to-
energy plant retrofitted to PCC

5 Discussion

The main objectives to assess the CCR of the RDF-to-
energy plant simulated in this work include having
sufficient space available on or near the power plant site
to accommodate carbon capture equipment, as well as
being technically feasible. As displayed in Figure 5.1,
retrofitting PCC still allows for a production of over
SMW., however a significant energy penalty of 45.7% is
imposed. The most energy consuming parts of the
process, owing to more than 90% of the total energy
consumed in the process, is the regeneration energy of the
stripper reboiler and the compression of CO, to 100bar,
accounting for over 50% and 40% respectively.
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Figure 5.1: Electricity generation exc./inc. PCC

Despite obtaining an optimised reboiler energy
consumption of 4.03GJton}(CO,), in alignment with
literature, there is a significant decrease in the electricity
that can be generated by the power plant as a large flow
of steam is bled from between the turbines: therefore,
efficiency of the overall process is impacted. This is
somewhat expected, given the reported high regeneration
energy of MEA solvent. However, a larger energy penalty
is observed for the RDF-to-energy plant than for coal and
natural gas-fired power stations. This is most likely due to
having a less efficient fuel source coupled with smaller
scale operation, thus the reduction in power generation is
more substantial. The overall efficiency of this RDF
power plant, before retrofitting PCC, was found to be
approximately 30%, whereas coal and natural gas fired
power stations report efficiencies of over 35% and 45%
respectively. A less efficient fuel means that more CO; is
emitted per MW, produced from combustion, requiring
higher capture energy. However, RDF does contain a non-
negligible biogenic fraction, hence CO, emissions
relating to this amount can be deducted from the net CO,
emissions. This implementation can lead to net negative
CO; emissions, making it a greener technology than CCS
retrofitted to fossil fuel-fired power stations.

The variation of RDF properties will further impact the
overall plant efficiency, as shown by varying LHVs of
different RDFs in Figure 4.3.1. The chemical composition
of RDF is not predictable and thus more unfavourable
energy penalties are likely to be obtained in practice than
what has been found here, where the process has been
optimised for one RDF type.

The land requirement associated with the retrofit of this
PCC plant is significant, at 232.6m>MW-!, which is a
barrier towards implementing PCC as a carbon capture
solution. Typical literature values for the footprint of
similar plants present an almost tenfold decrease in
specific area, with a 1200MW coal-fired power station
case study exhibiting a requirement of 35.86m>MW-! for
the inclusion of a CCS outfit achieving a similar level of
capture as to what is explored in this work (APEC, 2010).
Whilst this specific area relates to a coal-fired station, as
opposed to a waste-to-energy plant as studied here, this
discrepancy is unlikely to account for the entire
difference. It is also expected for the specific area to
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decrease as the power capacity increases, thus becoming
more feasible and contributing to the large discrepancies
observed when drawing comparisons to large-scale power
plant carbon capture outfits. Indeed, based on Fennell’s
work (Bui et al., 2018), in the range of 300MW up to
1500MW, the optimal specific plot area decreases from
28m’MW-! to 25m*MW-!. The relatively large sizing of
the considered PCC plant is first explained by the manual
optimisation carried out, as opposed to employing a
formal optimisation program. Additionally, flexibility in
selecting, sizing and placing cooling towers as required
will allow for decreased areas. Moreover, safety distances
are the leading factor in the inflated specific area. The
influence of safety distances on overall plant size will be
minimised as the power output increases, occupying a
decreasing proportion of the total plant area and allowing
for more efficient plot sizing.

6 Conclusions

In this paper, an RDF-to-energy plant retrofitted to an
MEA-based PCC process, processing 4,500kghr! of
RDF, was simulated. An energy penalty of 45.7% was
imposed on the process, operating with an MEA solvent
concentration and lean loading set at 30wt% and 22%
respectively. Such conditions gave a reboiler duty of
4.03GJton(CO,), supplied by a flow of high temperature

kg(steam)

steam with a ratio of 1.81 Despite the

kg(CO, captured)’
PCC process operating optimally, retrofitting PCC to a
small-scale power plant whilst utilising a fuel of lower
efficiency than fossil fuels proved to have a significant
effect on the plant performance. Whilst positive net
electricity generation is still achievable, the physical land
requirement is disproportionately large owing to the
inflated specific plot area. This presents complications
towards the feasibility of the project when considering the
physical implementation. Further considerations into the
geographical storage of CO,, the technical feasibility of
transporting CO, to storage areas and the economic
feasibility of the process are required to assess the overall
carbon capture readiness of this RDF-to-energy plant.
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Feasibility Study on the ZESTY Reactor for Production of Direct Reduced Iron with Hydrogen
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Abstract Calix Ltd. have partnered with the Imperial College London Fennell Group to advance research on
their patented Zero Emissions Steel TechnologY (ZESTY) for the production of hydrogen-based direct reduced
iron. This study aimed to propose a feasible ZESTY-iron reactor between 10-50 m in height, with target annual
productions of 30,000 tonnes of iron from hematite ore. Sensitivity analyses were conducted on an integrated
kinetic Aspen Plus model to investigate the effects that reaction temperature, solid inlet temperature, pressure
and hydrogen excess ratio have on the key performance metrics of residence time and heat duty. Reactor sizing
feasibility was then assessed to filter out inadequate configurations that did not comply with Calix's requirements.
Process simulations revealed that there is an optimal range of residence times which leads to feasible reactor
designs. Operating under minimal hydrogen excess, at elevated pressures and decreased temperatures showed
promising results in terms of leading to smaller, more energy efficient reactors. Ultimately, this study provided
proof of concept for the ZESTY-iron reactor by proposing a feasible reactor configuration measuring 26.66 m in
height with 4.44 m in diameter and supplied a foundational simulation model from which Calix Ltd. can expand

their Basis of Design for their demonstration plant.

Keywords

Calix Ltd., Direct Reduced Iron, Aspen Plus, Decarbonisation, Hematite Ore

1 Introduction

Human-induced climate change is a dire threat to
the natural world and societies, with carbon dioxide
(CO,) being the principal greenhouse gas contributing
to global warming [1], [2]. Leading research institutes
are working to develop new ways to reduce the emis-
sions of CO, within the top greenhouse gas-producing
industries. One such example is the iron and steel
industry, which constitutes 11% of global CO, emis-
sions [3]. Key conclusions from COP27 indicate that
this sector must experience a 25% reduction from its
current CO, emissions by 2030 to comply with objec-
tives set in the Paris Agreement [4].

According to the Global Steel Plant Tracker
(GSPT), 91.2% of the world's iron is manufactured via
blast furnace technology [3]. This process uses coal and
coke to synthesize carbon monoxide as a reducing agent
and emits vast amounts of CO,. The next best produc-
tion alternative is Direct Reduction of Iron (DRI). This
method currently uses natural gases to manufacture
a mixture of hydrogen and carbon monoxide which is
then reacted with high-grade iron ore to produce sponge
iron. These differences allow DRI to emit up to 67%
less CO, when compared to blast furnaces and aid in
the road to achieving COP27 goals [5]. Additionally,
DRI production is flexible; it is theoretically capable
of operating using pure Hy as a single reducing agent,
effectively accomplishing near-zero CO, emissions. Un-
fortunately, one major hurdle is the production of clean
H,. The optimal method would be green Hs, but it
will take time before it becomes cost competitive. As
such, the general plan to achieving net zero in the iron
and steel industry is to shift away from carbon-intensive
blast furnaces, towards natural gas-based DRI, before
transitioning to green hydrogen-based DRI [6].
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The recent conflict in Ukraine has led Russia, the
biggest producer of natural gas, to interrupt supply
chains and create a natural gas shortage. Uncertainty
with supply lines has incited fear that severely disrupts
DRI operations, thus fuelling the search for hydrogen-
based DRI production [6]. The current leaders of DRI,
MIDREX, are pushing forward with a recently an-
nounced agreement with H2 Green Steel to produce
the world's first commercial 100% hydrogen-based DRI
plant [7]. Other companies such as Calix Ltd. are also
looking to develop their own methods for hydrogen-
based DRI.

Calix Ltd. has partnered with the Imperial College
London Fennell Group to advance research for their
patented Zero Emissions Steel TechnologY (ZESTY)
reactor. It has recently received funds to conduct a de-
sign study for a ZESTY-iron demonstration plant ca-
pable of producing 30,000 tonnes of iron per annum [8].
This is a major step forward for Calix Ltd. since it will
provide proof of concept for their hydrogen-based DRI
counter-current reactor. The objective of this study
was to establish the design basis for the ZESTY-iron re-
actor directly applicable to their demonstration plant.
Key design parameters affecting the reduction process
were investigated through simulations in Aspen Plus,
and overall conclusions can be used to take this project
forward into the demonstration phase.

2 Background

Previous partnerships between the Fennell Group and
Calix Ltd. focused on a thermodynamic feasibility
study on Aspen Plus with limited kinetic modelling of
the ZESTY-iron reactor on MATLAB. The thermody-
namic investigations concluded that a counter-current
moving bed reactor operating between 600-800 °C was



feasible [9]. However, preliminary kinetic studies con-
ducted by Tkachenko found that these temperatures
would result in unreasonable residence times, exceed-
ing ZESTY's 10-50 m height guidelines. This study
concluded that temperatures in the range of 950-1050
°C would be required to achieve a reduction degree of
hematite, Xpem, of 90% [10]. From a feasibility stand-
point, nickel alloys used for construction of Calix's re-
actors have an operational upper temperature limit of
1000 °C [11]. To follow on from conclusions drawn by
Tkachenko, it was decided that a temperature range be-
tween 900-1000 °C would be explored for this project.
Thus, a novel reactor design for these temperatures
must be proposed.

Outside of past work conducted by the Fennell
group in collaboration with Calix Ltd., there is an ex-
haustive list of kinetic studies on DRI of iron oxides, as
reviewed by Spreitzer [12]. These past research stud-
ies explore a diverse range of reaction conditions and
reducing agents. However, for the purposes of this in-
vestigation, only the reduction of hematite into iron
using Hy was considered. This section details the re-
duction reactions and kinetic expressions pertinent to
this research paper.

2.1 DRI from Hematite

DRI from hematite (Fe,O3) by Hy is not a single-step
reaction. Instead, at temperatures higher than 570 °C,
there is a stepwise reduction pathway from hematite
to magnetite (FesO,), followed by a further reduc-
tion to wustite (Fe(;_4)O), before iron (Fe) is formed.
Note that (1-x) in wustite's chemical formula represents
atomic vacancies within the lattice [12]. Table 1 show-
cases the full stepwise pathway with the overall reduc-
tion reaction.

Table 1.
the overall reaction (reaction 4) [12], and the corresponding en-
thalpies of reaction at 800 °C [13].

Reduction pathway of hematite to iron, including

Number Reaction Equation Ay Hgpopo o
(kJ/mol)

1 3Fes03 + Hy — 2Fe304 + -6.02
H20

2 (1—z)Fe304+(1—4x)Hy — 46.64
3F€<1,I>O + (1 — 42)H20

3 Fe(1_3O+Hz — (1-z)Fe+ 16.41
H,0O

4 F6203(s) + 3H2(g) — 57.03

2F€<S) + 3H20(9>

2.2 Kinetic Rate Law

It was important to first identify the main rate-
controlling process for the reduction of hematite at tem-
peratures between 900-1000 °C. Turkdogan conducted
kinetic studies for hematite particle sizes of 800 ym
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at 0.96 atm under pure H, conditions. Temperatures
tested ranged from 300 °C to 1100 °C. It was concluded
that above 900 °C the reaction is only limited by intrin-
sic kinetics up to Xpem of 90%, provided particle sizes
remain smaller than 800 pm [14]. Above this size, dif-
fusional limitations hinder the reduction reaction.

The kinetic rate equation given by Eq.1 retrieved
from Chen accounts for the overall reaction under ki-
netic limiting conditions [15]. This expression has been
reformulated in terms of the rate of hematite reduction,
Them, t0 adapt it for use within Aspen Plus, and was
the governing rate law for modelling within this study.

dChem
dt

Them = —

= ]€()€7’27b;11 (pH2 - p[?20> Chem7 (1)
eq

where R is the ideal gas constant; T represents tem-
perature in Kelvin; Cje,, is the molar concentration of
hematite in the solid phase; k, is a pre-exponential term
and F, is the activation energy, both empirically deter-
mined to equal 4.41 x 107 s7! atm ™! and 214 kJ mol~!
respectively; pm, and pg,o are the partial pressure of
hydrogen and water in atm; and K., is the equilibrium
constant for reaction 3.

K4 is included in the kinetic rate equation since
the reduction of wustite with hydrogen has been exper-
imentally found to be heavily influenced by thermody-
namics [15]. The temperature dependence relationship
for K.q was obtained from [16],

Pi,0 —2070 )
K., = =ex +1.3]. 2
V=0 ey ( 0 @)

Kinetic experiments conducted by Chen were per-
formed at 0.85 atm, 1150-1350 °C, with mean particle
sizes of 21 pm. It is understood that the work through-
out this project extrapolates the use of this kinetic rate
law at different conditions. However, more adequate re-
action kinetic models were not found in literature and
specific experimentation exploring the accuracy of this
extrapolation must be conducted in future.

3 Methodology

3.1 Aspen Plus Model
Aspen Plus was selected for process simulation given
its ability to effectively model solids—gas reactions in a
flowsheeting environment with useful built-in unit oper-
ations. However, Aspen Plus has two main limitations
for modelling the ZESTY reactor: 1. difficulty with
modelling counter-current reactors, 2. long simulations
run-times for complex models with many reactor blocks
and sensitivity tests. These limitations were considered
whilst developing the ZESTY reactor model.

The conceptual design of the ZESTY reactor con-
sists of 3 preheating stages and 12 heating stages op-
erating isobarically with the same residence time each.



Aspen Plus' inability to model a counter-current reactor
was overcome by utilising Continuous Stirred Tank Re-
actor (CSTR) blocks to approximate each of the stages.
Gas and solid products from each CSTR were then
interchangedly fed in a counter-current arrangement.
Fresh hematite and gas feeds were input into stage 1
and 15 respectively. To overcome the second Aspen lim-
itation of long run-times, a simplified 7-CSTR model
was first used to run sensitivity tests before optimal
configurations were simulated on a complete 15-CSTR
model.

Hermatite input @

Sobkd indet
Heat Exchanger

Gas exhaust

|
2 Preheating
Vage
’ \
4 |
- . Heating
- -
nd . stagens
Jor 1S
Gas et @ l1on cutput
Ga et
Heat Exchanger

Figure 1. Simplified Aspen Plus ZESTY reactor model.

For the 7-CSTR model, CSTRs 1-3 represent the
3 preheating stages while CSTRs 4-7 each represent 3
stages of the reactor grouped together. The decision for
this design stems from the understanding that tempera-
ture is an important variable for the reduction reaction.
During the preheating stages, heat is exchanged from
the hot gases rising up from stage 4 and the cooler solid
inlet entering at stage 1. Having an adequate tempera-
ture profile across these stages is therefore key for a bet-
ter representation of the actual system. Meanwhile, the
heated stages are set to operate approximately isother-
mally so temperature differences are less.

To implement the governing kinetic rate law for this
project given by Eq.1, the custom rate kinetics feature
within Aspen was used. This was the case since the
rate expression by Chen did not fit under the stan-
dard rate kinetic formats available in Aspen Plus. An-
other aspect of customisation was required to input cer-
tain physical properties of hematite. The component
databases in Aspen Plus provided incomplete molar
volume and vapour pressure relationships. Therefore,
these were manually hardcoded so modelling calcula-
tions computed a negligible solid vapour pressure and
a constant hematite density of 5100 kg m~3 [17].
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To assess the accuracy of the modelling conducted,
the 7-CSTR model was tested against the experimental
data supplied by Chen [15]. The experimental Xpepm,
was plotted against the values obtained from Aspen
Plus simulations. Overall an R? value of 0.995 was ob-
served for the regressed linear relationship, validating
the use of this model throughout this study.

3.2 Feasibility Test Approach

Feasibility tests were conducted with the aim of identi-
fying the effect different key process operational para-
maters had on the design of the ZESTY-reactor. The
main paramaters studied during this investigation were
the temperature profile across the heated stages, tem-
perature of the solid inlet, Tsoiid,in, pressure, Pr, and
H, excess ratio. The H, excess ratio refers to the num-
ber of multiples H, input flowrate is from the stoichio-
metric minimum. The impact of the studied parameters
was investigated through two main perspectives: from
a kinetic perspective, with aims of minimising reaction
residence time, and energy requirements; and from a
physical design perspective, sizing reactors that com-
plied with Calix's specifications.

3.2.1 Target Parameters

Target parameters for the feasibility tests were an out-
put production of 30,000 tonnes of iron per operating
year (an operating year taken to be 8000 h/yr), 90%
overall reduction of input hematite, a reactor size as-
pect ratio of at least 6 with a reactor height between
10-50 m, and minimal operational energy requirements.
These targets were extracted from the ZESTY patent,
past research conducted by Tkachenko and well-known
reactor engineering guidelines from Douglas [8], [10],
[18]. For modelling in Aspen Plus, the overall con-
version goal was set throgh design specification blocks,
whilst an input hematite feed was calculated to achieve
the constant desired throughput.

3.2.2 Identification of Kinetic Relationships

To establish the effect the aforementioned parame-
ters have on residence time and system heat duty, ki-
netic sensitivity tests were conducted using the 7-CSTR
model. Performing sensitivity tests which vary all four
operational parameters simultaneously was computa-
tionally expensive. Hence, a methodical approach was
required to progressively build the understanding of the
effect each operational parameter has. For this purpose,
each of these were varied independently whilst holding
all other constant. As a starting point, preliminary val-
ues for operational parameters were extracted from past
studies from Ching and Tkachenko [9], [10]. Sensitivity
tests were conducted on one operational parameter at a
time and kinetically optimal values that minimised res-
idence time and energy were recycled back into the next
testing. Overall conclusions for the four operational pa-



rameters were obtained and forwarded onto the sizing
of feasible reactors.

3.2.3 Reactor Sizing — Simplifying Assumptions
Reactor sizing was split into two main parts. The first
part was focused on a rapid assessment of the reactor
system as a whole using the 7-CSTR model. This al-
lowed for a quick comparison between different reactor
designs and analysis of the trends each operational pa-
rameter has on reactor height and aspect ratio. For
this initial assessment a few key assumptions were con-
sidered: 1. reactor is isothermal across all stages, 2.
physical property parameters are constant at inlet con-
ditions — pure hematite and pure H, feeds. This prelim-
inary screening test aided in identifying which reactors
were likely to be operationally feasible and would re-
quire more comprehensive sizing.

The second part of this reactor sizing exercise
utilises the 15-CSTR model and aims to provide a more
accurate sizing calculation for reactor configurations of
interest. Through modelling of individual stages, As-
pen Plus was better able to map temperature profiles
and changing physical composition properties at each
stage for the ongoing reaction. These values were ex-
tracted and used for the sizing of each stage, where the
overall reactor height was calculated through the sum-
mation of all individual stage heights. Note that the
diameter of the reactor, d,., was held constant through-
out. The physical properties of interest include particle
density, pp, fluid density, py, and fluid viscosity, p.

Fundamental concepts and calculations for both re-
actor sizing sections were identical and are explained
through a general approach in Section 3.2.4. Given the
inaccuracy of modelling the counter current reactor on
Aspen Plus, residence times were obtained through sim-
ulations and reactor dimensions were then calculated on
a separate Excel document.

3.2.4 Reactor Sizing — Calculations

Key variables that were considered for the sizing of re-
actors are particle diameter, d,, residence time, 7, and
apparent terminal falling velocity of the solids, u;. The
particle diameter was held constant at a conservative
estimate based on explanations regarding particle size
limitations in Section 4.2.1. Residence time values were
obtained through Aspen Plus simulations, while u; was
derived from Stokes' law,

vy — 1 dyg(pp —ps) 3)
18 If

Estimating u; requires several assumptions to be con-

sidered. The first was that the flow regime in the reac-

tor was laminar. For falling spherical smooth solids,

particle Reynolds number, Re, , must be less than

0.4 [19]. The second assumption was that constant
pressure, temperature and velocity were maintained
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throughout the reactor/stage. Lastly, it was assumed
that most particles would drop along the centreline of
the reactor and thus peak gas velocity, @4, should be
considered in place of mean gas velocity, @y [15].
When calculating peak gas velocity, the ideal gas
law was employed. This is reasonably accurate for mod-
elling of high temperature gases at low pressures like in
this case. Volumetric gas flowrate, Vg, is given by Eq.4,

N1, gas BT
—_ 4
e @

Following reaction stoichiometry of reaction 4, the mo-
lar ratio of gaseous reactants is equal to gaseous prod-
ucts. Hence, total molar gas flowrate, 17 gqs, Was con-
stant throughout the reaction and calculated using re-
actor inlet conditions as given by Eq.5,

V, =

hT,gas = hHgO,o + 3EH2hhem,oXhem7 (5)

where nf7,0,0, is the inlet molar flowrate of water, Ep,
is the specified excess hydrogen ratio, 74em,o is the in-
let molar flowrate of hematite, and Xy, is the overall
reduction degree of hematite. Considering ZESTY is a
tubular reactor and using Eq.4 and 5, an expression for
the peak gas velocity was derived. Note that flow was
taken to be fully developed so 4, is twice 4.
~ 8 (";I'H207O + 3EH2hhem,oXhem)

= — RT. 6
o (6)

Since 7 measures the total residence time for solid par-
ticles, particle falling velocity, u,, was employed to cal-
culate the reactor height, [, shown in Eq.8,

Up = Ut + ’ZALg, (7)
I =u,T. (8)

Overall reactor diameter, d,., was varied and reac-
tor/stage heights were computed. Note that in Section
3.2.1, one target parameter is to design tubular reac-
tors with an aspect ratio of at least 6. Thus, a second
reactor height was calculated by using d,- and an aspect
ratio of 6. The Excel Solver function was then utilised
to minimise the squared error (SE) between these two
heights. For converging scenarios, the reactor configu-
ration was deemed feasible, however, if no convergence
was reached, it was deemed infeasible. This analysis
guided which reactor configurations should be brought
forward to be simulated on the 15-CSTR model for a
more comprehensive reactor sizing.

3.3 Energy Profile

From an efficiency and sustainability point of view, it
was important to consider limiting the operating en-
ergy input into the reactor system. The previous study
conducted by Ching investigated the effect that differ-
ent fuelling profiles would have on reactor performance



using a thermodynamic basis [9]. This study tested the
three energy profiles proposed in Ching's report and
presents a new profile that considers the kinetic rela-
tionships observed over the course of this research. The
four energy profiles are presented in Figure 2.

The methodology for this section is similar to Sec-
tion 3.2.2. All energy profile tests were first performed
on the 7-CSTR model to identify the optimal profile for
further reactor sizing using the 15-CSTR model. This
two-step process was implemented due to Aspen Plus
limitations stated in Section 3.1.
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Figure 2. Energy profiles tested in the 7-CSTR model.

4 Results and Discussion

4.1 Kinetic Feasibility Analysis

4.1.1 Temperature Profile

The first step to developing a kinetically optimal reac-
tor was to select a temperature profile for the heated
stages. In Section 2.1, it was discussed that this model
simplifies the step-wise pathway into a single-step en-
dothermic reaction. Having higher temperatures across
the reactor was therefore predicted to result in faster
kinetics as well as favouring thermodynamics of the
model. To validate this, a sensitivity analysis for
various temperature combinations across the different
heated stages were run on the 7-CSTR model with ini-
tial operational parameters fixed at a Tsojiq,in Of 400
°C, pressure of 1 atm, Hy excess ratio of 3.5 and no
water (HyO) input at the inlet. These parameters were
taken from past studies conducted for Calix Ltd. by
Ching and Tkachenko [9], [10]. Temperatures of heated
CSTRs were varied among 900 °C, 950 °C and 1000
°C.

It was found that residence times decreased when
average temperature of the heated stages were in-
creased; confirming the initial hypothesis that higher
temperatures led to lower 7. There were slight differ-
ences between the residence times of temperature pro-
files with similar average temperatures but a differing
energy distribution. This hints at the importance of
testing various energy profiles, studied in Section 4.3.
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Ultimately, the best performing temperature profile was
1000 °C isothermal operation, which had a 7 of 81.1s.
Thus, this profile was used for further kinetic feasibility
studies.

4.1.2 Solid Inlet Temperature
This section studies the effect that 704, has on 7

and the heat duty required to heat the solid feed to the
specified temperature of stage 4, Qso1q- The latter is
the sum of two different contributions: 1. the heat duty
required to preheat the solid inlet to specified Tsosid,in
2. additional energy supplied to stage 4 to maintain
its set temperature. For this sensitivity analysis, all
heated reactors were held isothermally at 1000 °C, at
a pressure of 1 atm, Hy excess ratio of 3.5, and no H,O
input.

¥

r(s)

. -
Figure 3. Variation of residence time, 7, and total solid heating
duty, Qso1iq, for different hematite feed temperatures, Tso1id,in,
at 1 atm, 3.5 Hy excess ratio, with no water at the inlet, and 1000
°C isothermal operation of the heated stages.

Figure 3 showcases how 7 and Qg.;q change as
Tsolid,in is varied between 400-700 °C at 100 °C in-
tervals. For higher inlet solid temperatures, residence
times were seen to slightly decrease. This follows since
higher Tso15q,in results in higher preheating stage tem-
peratures and thus a mild increase in reduction rates.
However, higher inlet solid temperatures led to a sig-
nificant increase in the total solid heating duty. This
is because at high Tioiq4,in there is a small tempera-
ture gradient between the exiting gas stream and the
incoming solids, leading to minimal heat transfer be-
tween phases. Therefore, heat is lost through the gas
phase leaving the reactor and more energy has to be
supplied into the system. Meanwhile, lower solid inlet
temperatures had a larger temperature gradient and
heat losses were reduced.

Given the conflicting trends between optimising re-
actor residence times and solid heating duty, all Tseiiq,in
tested were kept under consideration.

4.1.3 Pressure
From simulations, a directly proportional relationship
between the residence time and the inverse of pressure



was observed, depicted in Figure 4. This trend follows
dependencies shown in Eq.9 extracted from Chen's ki-
netic rate law, where there exists a directly proportional
dependency between 7, and Pr,

dchem YH,0
em = — P ~ 00 (g
rh s apr (- 220). )

The rate of reaction is inversely proportional to the
residence time for a constant overall reduction degree.
Therefore, by inference, 7 is inversely proportional to
the pressure of the system.

Figure 4. Resulting residence time for different pressures and
solid inlet temperatures with a dry H, inlet of 3.5 excess ratio
and 1000 °C isothermal operation of heated reactor stages.
Figure 4 also highlights the relative impact pres-
sure has on 7 compared to Tsoiq,in- It is very clear
that higher pressures would optimise reaction kinetics
and minimise 7 much more than by increasing solid
inlet temperatures. However, in Section 2.2 it was dis-
cussed that Chen's kinetic rate equation is based on
experiments conducted at near atmospheric pressures.
Further experimentation must be conducted to reaf-
firm this relationship at higher pressures. Thus, at this
point, it is preferrable not to stray too far away from
Eq.1 conditions and to limit pressure below 3 atm. Ad-
ditionally, given the early stages of this reactor design,
it would be wise to limit the capital expenditure and
operational costs. Gas compressors are CAPEX and
OPEX intensive which makes high operating pressures
unattractive [18]. The target sources of hydrogen for
this reactor are blue or green hydrogen, which can be
supplied between 1-3 atm. This further reinforces the
idea of keeping pressures below 3 atm for future stages.

4.1.4 H, Excess Ratio

The partial pressure of hydrogen has a first order depen-
dency towards the reaction kinetics as shown in Eq.1.
Thus, it is important to understand the effect Hy ex-
cess ratio has on 7 for constant pressure, as it is varied
between 3 and 5 times the stoichiometric minimum.
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For the sake of brevity, only 1 atm pressure data
points were included in Figure 5. This graph conveys
two main trends. The first shows that 7 decreases by
22% on average for an increasing H, excess ratio be-
tween 3.5-5, measured over all Tsyiq,in- The second
is that as Tso1id,in values are increased, similar to that
seen in Figure 4, there is a small mean decrease of 5.1%
in 7. Based on these trends in isolation, it might ap-
pear that designing a system with high excess reactant
is optimal. However, no consideration has been made
towards energy feasibility, where larger gas flowrates re-
quire a higher heating duty. Another disadvantage of
higher H, excess ratios is that equipment, such as re-
actors or separators when designing a recycle system,
are much larger in size [18]. These factors increase the
capital and operating expenditure and would heavily
affect the economic feasibility of this process. Thus, it
is better at this stage to design for low H, excess ratios.

Figure 5. Variation of residence times for different H, excess
ratios and Tio144,in at 1 atm, dry inlet gas feed, and 1000 °C
isothermal reactor operation for the heated stages.

In Figure 5, there are two missing result points at Hy
excess ratios of 3. This is because the simulation could
not reach the target reduction degree and resulted in
errors when run at 7444, Of less than 600 °C. Upon
further investigation, this phenomenon was seen to oc-
cur because of thermodynamics, where Eq.2 depicts the
influence H,O has on the system. At lower tempera-
tures K4 is less, and therefore there is a smaller equi-
librium concentration of water for constant pressure.
This is validated by simulation errors that occurred in
Stage 1; where temperature was at its lowest and water
concentration highest. These limitations aid in select-
ing feasible H, excess ratios for corresponding To1id,in -
Note that only discrete data points for H, excess ratios
were tested during this analysis.

4.1.5 Water Inlet Adjustment

The error warnings in Section 4.1.4 indicate that water
content limitations will be a huge factor when designing
a recycle stream in future iterations. Although a full
separation and recycle stream is outside the scope of



this project, changing inlet proportions of H,O would
affect feasibility and must be considered for the pur-
poses of designing a robust reactor.

Using Stage 1 temperature values, T, from sim-
ulation runs in Section 4.1.4, K., for various Tioid,in
and H, excess ratios were calculated. Given that a bi-
nary gas phase mixture of Hy and H,O was considered,
the following equation was derived which calculates the
thermodynamic maximum water concentration at the
outlet of stage 1, Ym,0,eqs

1/K,
YH520,eq = 1-— ( / A (10)

1+1/K.)’
Since Xpem and target iron throughput were both set
parameters, the total molar flowrate of reacted Hy and
produced H,0 were constant between simulation runs.
Therefore, the maximum inlet molar fraction of water,
NH,0,maz, Was computed using Eq.11,

(11)

Figure 6 plots the relationship between H, excess ra-
tios and Y1,0,mae at varying Tsorid,in, following Eq.11.
For higher H, excess ratios and Tsoid,in, the thermo-
dynamic limiting temperature at stage 1 was increased.
Overall, having a higher T's; meant that higher yx,0,¢q
and higher inlet water flowrates were feasible. Addi-
tionally, higher H, excess ratios further resulted in an
increased hydrogen concentration, for which more water
at the inlet was required to achieve the same equilib-
rium concentration.

hHQO,max = hT,gasyHZO,eq - them,oXhem~
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Figure 6. Maximum water inlet molar fraction, y,0,maz, be-
fore thermodynamic equilibrium is reached at the gas outlet of
stage 1, for varying Hy excess ratios and Tso14d,in -

The red line in Figure 6 indicates a change in input
H,0 molar fraction from 0% in previous simulations to
2%. This is a conservative value and encourages a more
robust design as typical separation processes recover up
to 99% of H, from water mixed gas streams [20]. The
resulting effect of this change on overall residence time
was negligible. Note that T4, of 600 °C at a Hy ex-
cess ratio of 3 fell beneath the inlet water molar fraction

95

and was thus excluded from further kinetic feasibility
studies. All other configurations presented in Figure 6
were brought forward for reactor sizing.

4.2 Reactor Sizing

4.2.1 Particle Size Selection

Previous sections optimised reaction operational pa-
rameters by minimising 7 and energy requirements. To
continue with reactor sizing, an additional parameter
must be explored — particle size denoted by d,,. Recall
from Section 2 that d, had been mentioned in the con-
text of rate control limitations and that d, smaller than
800 um at temperatures above 900 °C are kinetically
rate controlled. This size limitation is what has enabled
this investigation to progress using the kinetic equation
by Chen. However, there is another effect that changing
dp has on reactor sizing, namely the gas flow regime. In
Section 3.2.4, creeping flow for terminal falling velocity
was assumed. Changes to d, cause an effect in u; of
the solid particles, which impacts the gas flow regime
inside the reactor. Particle sizes that are too large in-
validate laminar flow assumptions, whilst sizes that are
too small cause entrainment and elutriation up the re-
actor column. Hence, a conservative d, of 110 pm was
selected.

4.2.2 Initial Reactor Sizing (7-CSTR)

The kinetic feasibility tests identified that pressure and
H, excess ratios have huge influence on 7. By extension,
it was hypothesized that they would have the largest
impact on reactor dimensions as well. To test this idea,
reactors were sized using the methodology stated in Sec-
tion 3.2.3 for varying Tsoiid,in, pressures and H, excess
ratios at 1000 °C isothermal operation of the heated
stages. Figure 7 showcases if the different designs met
ZESTY-iron reactor target parameters of 10-50 m in
height and an aspect ratio of 6.

Reactor sizes were seen to become operationally in-
feasible at high pressures and high H, excess ratios. An
increase in pressure resulted in two main consequences:
1. large decrease in 7 as seen in Section 4.1.3, 2. de-
crease in the volumetric gas flowrate within the reac-
tor. These effects led to a drastic reduction in reactor
volume making it impossible to fit the aspect ratio of
a tubular reactor within Calix's height limits. Mean-
while, an increase of H, excess ratio led to a decrease in
7 and an increase in gaseous volumetric flowrate. The
former shortened the height of the reactor whilst the
latter increased reactor diameters. The combination of
these factors has a counterproductive effect towards the
aspect ratio. Therefore, lower pressure conditions and
minimal H, excess ratios were seen to be favourable.
All feasible reactor (indicated in green) where brought
forward for comprehensive sizing analysis.



Figure 7. Initial plots representing reactor sizing feasibility at varying pressures and Hy excess ratios for Tso44,in of a) 400 °C, b) 500
°C, ¢) 600 °C, and d) 700 °C. The gas feed was set with a water molar fraction of 2% and the heated stages throughout the reactor
were operated at 1000 °C isothermal. Feasible reactors are shown in green. Closely converging reactors with an SE of less than 50 m?2
(refer to section 3.2.4) are shown in amber. Infeasible reactors are shown in red.

4.2.3 Comprehensive Reactor Sizing (15-CSTR)
All models concluded in Section 4.2.2 were simulated
on the 15-CSTR model to identify the best-performing
reactor. The methodology used is outlined in Section
3.2.3. Upon inspection, it was found that higher H,
excess ratios resulted in larger reactor dimensions and
higher heat duty requirements. As such, Tsoiq,in reac-
tor configurations not running at their minimum re-
spective Hy excess ratios were discarded. Secondly,
from Section 4.1.5, reactors with Tsoiq,:m of 500 °C
and 600 °C do not allow for smaller Hy excess ratios
compared to 400 °C. This resulted in reactors that had
negligible size differences from the 400 °C Tioid,in Te-
actor but with higher heat duties. These reactors were
also removed from consideration. Lastly, the 700 °C
Tso1id,in reactors operating above atmospheric pressure
proved to be infeasible when run on the 15-CSTR sim-
ulation. This is most likely due to a slight decrease in 7
with respect to the 7-CSTR model, shifting them from
the green to orange zone. Thus, the reactor sizes of the
two remaining models are presented in Table 2.
Hypothetically, if 7 were to be increased by adjust-
ing other operational parameters like temperature of
the heated reactors, then higher pressure configurations
would become feasible. If this were the case, these de-
signs could possibly have smaller dimensions than re-
actors operated at 1 atm. This idea forms the basis of
the investigations conducted in Section 4.3.

Table 2. Reactor sizes and total system energy duties for the

two kinetically optimal reactor configuration.

Tsotid,in H, Excess QroT
ey Pr@m) pihe oy A Hm) gy
700 1 3.0 599 3596 3.94
400 1 3.5 7.04 4224  3.90

It can be concluded that the 700 °C T4 iq4,in reac-
tor design resulted in the smallest reactor dimensions
with a minimal increase in heat duty. This forecasts
a lower capital expenditure cost with a negligible dif-
ference in operation cost. Overall, these two reactors
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were deemed the most kinetically optimal of all tested
reactors based on energy, size, and predicted cost.

Note that the heat duties portrayed in Table 2 have
inaccuracies due to the assumption that Hy inlet is sup-
plied at 25 °C. In future models, once a proper sepa-
ration and recycle system is set up, this temperature is
likely to increase and reduce the total heat duties for
both reactors.

4.3 Energy Profile Analysis
4.3.1 Testing Different Energy Profiles

This section builds upon the idea of how performance
of a reactor can be enhanced that was first posited in
Section 4.2. The idea stems from the understanding
that 7 can neither be too low as to be infeasible due to
the reactor design's inability to meet an aspect ratio of
6, nor too high where reactor height would exceed 50
m. This balance between shifting operational parame-
ters to ensure 7 fits into this optimal range allows for
manipulation of rector performance (reactor size and
operational energy). Throughout the sizing study con-
ducted in Section 4.2, the impact pressure, H, excess
ratio and Tse144,in had on reactor sizing was explored.
The one factor that has not been expanded upon is the
energy profile across the heated reactors, which was set
in Section 4.1.1 to operate isothermally at 1000 °C.
This study attempted to reconfigure the energy profile
with the aim of increasing energy efficiency whilst min-
imising reactor size compared to the two most feasible
reactors illustrated in Table 2.

As the basis of this investigation is to operate a
smaller and more energy efficient reactor, a lower total
heat duty must be established. A value of 0.374 MW
was obtained by operating a 700 °C Ts4144,in reactor at
2 atm, with a Hy excess ratio of 3, isothermally at 970
°C. This overall quota was set and energy was redis-
tributed along the heated reactor stages in accordance
with the four heating profiles represented in Figure 2.
The results of this analysis are presented in Table 3,
where a lower 7 indicated better performance.



Table 3.
and residence time, 7, for the different energy profiles at 2 atm,
Tsotid,in of 700 °C and Hy excess ratio of 3 with a 2% water inlet.

Average temperature of the heated stages, Tauvg,

Energy Profile Heated Stages Tavg (°C) 7 (8)
Decreasing 971.0 85.2
Constant 973.9 83.7
Increasing 977.4 79.8
Mountain 983.4 70.5

It can be seen that energy profiles with the highest
average temperatures across heated stages resulted in
lower 7 values. This can be attributed to the bulk of
the reaction taking place throughout the heated stages.
Hence, it is more efficient to supply heating to the
middle-bottom stages of the reactor as this energy will
be used to further maximise the rate of reaction where it
is highest. The reactor configuration using a mountain
energy profile performed the best and was simulated on
the 15-CSTR model.

4.3.2 Reactor Performance

The energy distribution profile across the 15-CSTR
model replicated the mountain profile from the 7-CSTR
simulation in Section 4.3.1. It should be noted that en-
ergy fractions were all kept within a +8% uncertainty,
whilst total energy requirement across the stages was
decreased by 5% to not exceed the 1000 °C threshold.

c)

L

Figure 8. Final proposed reactor's a) height of stages, b) reduc-
tion degree and c¢) temperature profile, for each of the 15 stages.
Operating conditions are 2 atm, Tso1iq,:n of 700 °C, 2% water
inlet, Hy excess ratio of 3, and a mountain-shaped energy profile.

Figure 8a showcases the height of each stage within
the 15-stage reactor. Noting that the viscosity of H,O
is higher than H, and that density of iron is larger than
hematite, the parabolic-like shape that reactor stage
heights take on this figure provides interesting insight
into the changing physical properties across the reac-
tor. Figures 8b and c are strongly interlinked towards
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the sizing of the reactor, as outlined during the height
calculations in Section 3.2.4.

At the bottom stages near the gas inlet (stage 15),
most of the conversion of hematite has taken place.
Therefore, maximum iron and minimal H,O concen-
trations are found, leading to longer stages. Travelling
up the reactor, the rates of reduction peak at stage 8,
where maximum production of HyO takes place. As
more water is generated, the viscosity of the gas pro-
gressively increases. This leads to a reduction of u; and
uyp, for the same 4,4, following from Eq.3 and 7. By Eq.8,
stage heights decrease, reaching a minimum at stage
5. From here upwards, reduction rates of hematite are
minimal, thereby leading to negligible changes in H,O
concentration. However, in Figure 8c temperatures can
be seen to drop significantly. This decreases gas vis-
cosities resulting in a slight increase in stage heights.
Ultimately, the total reactor height was 26.66 m, with
a diameter of 4.44 m. This is a smaller reactor than
the ones highlighted in Table 2, thus predicting lower
capital expenditure.

When considering operational costs, heat duty for
the total system was measured at 3.80 MW, which is
less than those recorded in Table 2. Although this only
constitutes a minor decrease of 3.5%, it serves as a proof
of concept for the hypothesis posed at the start of the
energy analysis. The main contributor to total heat
duty was the inlet gas feed, accounting up to 64% of
the total energy requirement. Therefore, future efforts
to reduce energy usage should target the appropriate
design of a recycle separation system.

5 Conclusion
The integrated kinetic model for the DRI from hematite
simulated using Aspen Plus is integral for the advance-
ment of Calix's goals to establish a Basis of Design for
their ZESTY-iron demonstration plant. It has the po-
tential to act as the foundation from which future con-
ceptual designs of complementary subsystems can be
built. This model was used to successfully establish
a design basis for the ZESTY-iron reactor with target
outputs of 30,000 tonnes of iron per operational year
with a 90% reduction of pure hematite ore. The key op-
erating parameters of the proposed reactor are: 2 atm
pressure, 700 °C To1id,in, gaseous inputs at a H, excess
ratio of 3 with 2% molar fraction of water, which uses
a mountain energy profile. This reactor configuration
was designed for a height of 26.66 m and a diameter of
4.44 m, with a total system heat duty of 3.80 MW.
During this study, a few key findings were made.
The first is that pressure and H, excess ratio had the
biggest influence on reactor sizing. This is due to the
effect these two operational parameters had on 7 as
they were varied. The second interesting finding was
that 7 has an optimum range. When 7 values were too
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low, the target aspect ratio of 6 for tubular reactors
could not be reached. Contrariwise, when values were
too high, tubular reactors would exceed Calix's height
guidelines of 10-50 m. This led to the final crucial find-
ing that a smaller and more energy efficient reactor can
be designed by using lower temperature conditions at
elevated pressures. The resulting reactor has the po-
tential for improved performance and lower capital and
operational expenditures. This leaves room for future
research into different configurations of this reactor.

An additional tool that Calix Ltd. and the Fen-
nell Group can investigate could be automating the
sizing calculations of reactors for each simulation run.
This would enable them to conduct rigorous sensitiv-
ity tests with smaller step changes across influential
operational parameters, and feasibility would be au-
tonomously tested.
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Abstract lonic liquids (ILs) are salts that are liquid at room temperature with unique and useful properties that have led
to much research into their use. In this paper, we develop a model within SAFT-y Mie for predicting the thermodynamic
properties of ILs. Our model describes ILs as fully dissociated ions with explicit accounts for electrostatic interactions.
The focus of our model is on 1,3-dialkylimidazolium tetrafluoroborates. We explored two representations of the ILs at
varying degrees of coarse-graining: a sphere model and a group contribution model. Using experimental data for density,
isobaric heat capacity, and speed of sound, we estimated parameters for imidazolium and tetrafluoroborate functional
groups. During the construction of the model, we investigate the importance of accurately modelling the dielectric effect
to the validity of the predicted results. We show that electrostatic interactions have significant effects on the calculated
properties. We demonstrate the inadequacy of the sphere model and show that the group contribution model provides
good predictions for a variety of imidazolium-based ILs. Thus, our work demonstrates the efficacy of using a group
contribution method with dissociated ions interacting electrostatically to model ILs in SAFT-y Mie.

1. Introduction

Ionic liquids (ILs) have gained increasing interest due to
their unique properties. ILs are broadly defined as salts
that are liquid at low temperatures, often specified as
having a melting point below room temperature (25°C).
This is made possible by a typical characteristic shared
by most ILs: they contain a bulky asymmetric cation
(Shukla and Mikkola, 2020) which inhibits Coulombic
interactions, hindering crystallisation.

One of the unique properties of ILs is their extremely
low vapour pressure (Aschenbrenner et al, 2009). As
such, losses due to evaporation are often considered
negligible. This has led to numerous investigations of its
use as a green solvent as they have minimal evaporative
losses during use, hence reducing cost and any associated
pollution risks. Separation and regeneration can be easily
and sharply done saving on energy usage (Ramdin et al.,
2012). ILs are also conductive and electrochemically
stable which has attracted interest in their potential use in
batteries and electrochemistry (Ray and Saruhan, 2021).

Many ILs are organic compounds which allows for a
great deal of customisability and variety while
maintaining the desirable properties of an IL. This variety
extends to the ability to create highly selective ionic
liquids for specific tasks, such as carbon capture (Ramdin
et al., 2012). With the sheer amount of variety possible,
it is of great interest to scientists to be able to predict
these properties and phase behaviours, instead of
performing countless tedious lab experiments.

The basis of our research into modelling ILs lies in
statistical association fluid theory (SAFT), an equation of
state (EOS) rooted in statistical mechanics and
perturbation theory. Its main benefit over other classes of
EOS is its ability to model complex associating and non-
spherical fluids. SAFT comes in many forms, diverging
after its first introduction in 1989 (Chapman et al. 1989).
In this paper, we use SAFT-y Mie, the state-of-the-art
SAFT EOS by Papaioannou et al. (2014), a group
contribution EOS capable of accurate and simultaneous
modelling fluid-phase behaviours and second-order
thermodynamic derivative properties.

Previous papers have investigated the modelling of
ILs using different versions of SAFT, with different
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approaches. Ji et al. (2012) studied the modelling of
imidazolium-based ILs with ePC-SAFT using varying
strategies and determined that the best strategy for
predicting CO:2 solubility had dissociated ions and
factored electrostatic interactions into the EOS.
Similarly, Guzman et al. (2015) modelled 1,3-
dialkylimidazolium tetrafluoroborates using SAFT-MSA
and showed that explicit electrostatic interactions allow
for the correct description of trends when increasing
alkyl-chain length. More, recent papers by Ashrafmanso-
uri and Raeissi (2021), and Dong et al. (2022) modelled
ILs as single non-dissociated neutral molecules with the
group contribution methods of SAFT-y; the former used
the square well (SW) potential for dispersion interactions
and the latter used the Mie potential.

The novelty of our research can be seen in using the
electrostatic interactions studied in the earlier papers
while also taking advantage of the group contribution
methods and Mie potential that make up SAFT-y Mie.
Our research focuses on modelling pure-component
systems and aims to test the ability of SAFT-y Mie to
describe and predict the properties of ILs. We compare a
simple sphere model with a more complex but flexible
group contribution model. Additionally, we investigate
the effects of the dielectric constant on the model.

2. Theory
2.1 Molecular Model

At its core, molecules in SAFT-y Mie are composed of
fused-spherical segments with dispersion interactions
described by Mie potentials. Association interactions are
described using specially defined sticky sites. Developed
on the framework of a group contribution approach,
chemically distinct functional groups (simply referred to
as groups) are represented by one or more identical
segments. These groups are put together to describe a
molecule’s structure. An example of this is illustrated in
Figure 3. For ionic/electrolyte systems, charged groups
also interact through Coulomb potentials.

2.2 Mie Potential

The Mie potential ®M€ is an intermolecular pair
potential that describes the dispersion forces between two
segments given by



Mie — g\ a\*
oy =ce|(5) -(2) | o
where 7 is the intersegment distance, ¢ is the depth of the
potential well or dispersion energy, o is the diameter of
the segment (corresponding to the distance where
®Mie = (), A" and A? are the repulsive and attractive
range respectively, and C is given by
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to keep € equal to the depth of the well regardless of the
values of the exponents A" and A? used. A graphical
representation of the Mie potential is shown in Figure 1.
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Figure 1. Graphical representation of the Mie potential (12,6); € =
100, A* = 6,and A" = 12.

2.3 Coulomb Potential

Analogous to the Mie potential, the Coulomb potential
ytoulomb is a4 pair potential used to describe the
Coulombic interactions between charged groups. The
Coulomb potential between charged groups k and [ is
given by

Z,Ze?

Coulomb —
u 1] =
() 4meyDry,;

A3)
where Z is the charge number, e is the elementary charge,
€y 1s the permittivity of free space, D is the dielectric
constant, and 7y, is the separations of the charges.

2.4 SAFT-y Mie Equation of State

The SAFT- y Mie EOS can be thought of as being the
sum of different contributions to the total Helmholtz free
energy A of a fluid. In this work, the relevant
contributions take the form of

A= Aideal +4 Amono +Achain +ABorn +Aion

“4)
Aldeal js the ideal contribution; it is the Helmholtz free
energy if the molecules of the fluid are treated as an ideal
gas with only translational, rotational and vibrational
kinetic energy contributions. A™°"° is the monomer
contribution; it is the contribution due to the dispersion
interactions (attraction and repulsion) between monomer
segments described by the Mie potential. A"2I" is the
chain contribution; it is the change in free energy when
monomer segments are brought together and are attached
to each other to form chains/molecules. Note that
association contributions (e.g., hydrogen bonds) are not
considered in this work.
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The last two contributions correspond to electrostatic
interactions unique to electrolyte systems, or in our case
ILs. ABO™ i5 the Born contribution; it represents the free
energy of solvation based on the Born equation. It can be
interpreted as the free energy change when a (Born)
cavity of diameter g™ is created in a dielectric
medium, where then a charge group is inserted.
Mathematically, it takes the simple form of

NMion

2 2
asorn — (1 - 1)\ M (%)
4 D Born
€y = Okk

where n;,, denotes the list of charged species, N; is the
number of molecules of charged species i. A°" is the ion
contribution, sometimes referred to as AMS4; it describes
the contribution due to Coulombic interactions between
charged groups through the Mean Spherical
Approximation (MSA) method.

For a detailed account of how each contribution is
calculated and the theory behind them, refer to the works
of Papaioannou et al. (2014), Schreckenberg et al.
(2014), and Haslam et al. (2020).

Simply put, the fluid (without association) can be
described by nine types of parameters: v*, S, g, €, A", 12,
D, Z,aB°™; where v* is the number of identical segments
that make up a group to imitate non-sphericity, and S is
the shape factor which describes how much a group
contributes to the overall molecule. Although the
subscripts are omitted above for generality, it is
important to remember that many individual parameters
make up each parameter type to describe each and every
group and/or the interactions between them.

Parameters in SAFT-y Mie can be classified into two
types — like and unlike. Like parameters characterise the
interactions between groups of the same kind (e.g., CHz
with CHz) denoted by subscript kk, while unlike
parameters characterise the interactions between groups
of a different kind (e.g., CH2 with CHs) denoted by
subscript kl. There are also parameters that describe the
group itself denoted by subscript k, which is usually
considered to fall under the category of like group
parameter.

With the parameters specified, we end up with an
expression for the Helmholtz free energy as a function of
the state variables temperature T, volume V and
composition vector N, A = A(T,V,N)

2.5 Thermodynamic Properties

After arriving at an expression for the Helmholtz free
energy of the fluid, thermodynamic properties can be
calculated using standard thermodynamic relations. In
this study, we focus on 3 properties: density, isobaric heat
capacity and speed of sound. Density is determined using
the following equations:

P=-(5),, ©
p= ™
My, = Z%Mw,i ®)



where P is pressure, N; is the number of molecules of
component i, p is mass density, My, is the total mass of
the fluid, My, ; is the molar mass of component I, and N,
is the Avogadro Constant. Isobaric heat capacity is
calculated as follows:

924
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Cp=Cy— (ggi (10)
(7 )

where Cy is the isochoric heat capacity, and Cp is the
isobaric heat capacity. Lastly, the speed of sound is

calculated using:
V2 Cp ( apP )
My, Cy \ OV /7N

where w is the speed of sound.

(11)

w =

3. Method
3.1 Molecular Representation

The ILs are modelled as fully dissociated ions with
explicit electrostatic interactions. Previous works
(Guzman et al., 2015; Ji et al., 2012) have indicated that
this approach provides the most robustness and
representability. Moreover, without having seen any
evidence of that, one can still argue that this is the most
natural and intuitive way of representing ILs owing to the
fact that in reality they do exist as free-moving
dissociated ions in the liquid phase (Lee et al., 2015), and
by being charged, they are subjected to electrostatic
interactions.

In this paper, we consider two representations of the
ILs at different degrees of coarse-graining: the simple
sphere model and the group contribution model.

Firstly, in the simple sphere model, the cation 1-ethyl-
3-methylimidazolium [EMIM] and anion tetrafluoro-
borate [BF4] are both modelled as individual spheres as
illustrated in Figure 2. In other words, they are
represented by only one group each.

+
/§ N
N
// —
Figure 2. Pictorial representation of the 1-ethyl-3-methylimidazolium

[EMIM] cation (green) and tetrafluoroborate [BF4] anion (blue) in the
simple sphere model.

In the group contribution model, the cation is broken
down into smaller groups as illustrated in Figure 3;
[EMIM] is split into two methyl groups (CHs), one
methylene group (CHz2) and one imidazolium group (IM).
By singling out IM, the same set of parameters can be
applied to other imidazolium-containing cations in a
predictive manner. [BF4] is still modelled as a sphere
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(one BF4 group) since it has a symmetric tetrahedral
shape which closely resembles a sphere.

Figure 3. Pictorial representation of the 1-ethyl-3-methylimidazolium
[EMIM] cation and tetrafluoroborate [BF4] anion in the group
contribution model. The different colours indicate different functional
groups: methyl group CH; (yellow), methylene group CH. (grey),
tetrafluoroborate group BF4 (blue), and imidazolium group IM (green).
The green dashed circle encompasses the IM group made out of five
identical segments.

3.2 Ideal Gas Heat Capacity

The ideal contribution Aideal s specified using a
temperature-dependent correlation for the ideal gas
isobaric heat capacities. This is done using the Joback
method (Joback, 1984) — a group contribution method —
with parameters from the work of Ge ef al. (2008).

3.3 Dielectric Constant and Born Cavity Diameter

The dielectric constant (or relative permittivity) D is used
in the calculation of AB°™ and A°™ as a primitive
approach to model electrostatic interactions.
Experimental data for D for ILs are hard to come by, and
when they do there are discrepancies from source to
source. For the sake of consistency, we decided to use an
average D of 15 for all ILs in this study.

In the SAFT-y Mie code used (see Section 3.6), D is
expressed by an empirical model used by Schreckenberg
et al. (2014) which takes the following form:

d
D:1+pMdV(?T—1) (12)

where p,, is the molar density of the IL, and d, and d
are component specific parameters that represents the
density and temperature dependence of D respectively. In
our model, D is approximated to 15 by taking d as zero
and choosing a d;, value that would give a D of 15 at
298.15K and latm based on experimental density data at
those conditions.

The Born cavity diameter o™ used in the

calculation of AB°™ is approximated as being 7 percent
larger than the corresponding segment diameter oy,.

3.4 Combining Rules

Combining rules are a way to estimate unlike group
parameters from their like counterparts. The use of
combining rules greatly simplifies the optimization
problem by reducing the number of adjustable
parameters needed to be estimated. Details of the various
combining rules for SAFT-y Mie can be found in the
paper by Haslam et al. (2020).

For the new groups introduced in this paper,
combining rules are used for all of its unlike parameters
with the exception of the unlike dispersion energy, &,



between charged groups. This is because &; usually
deviate considerably from combining rules (Papaioannou
et al., 2014), especially between charged groups.

3.5 Initial Estimation

We start off with an initial estimation (i.e., without the
use of an optimisation program) of the &, and oy
parameters from previous works for the simple sphere
model. The purpose of this step is to see how far one can
make predictions by just inferring from existing
parameters from a different iteration of SAFT, and to
explore the effects each parameter has.

Ekk 1s obtained by adapting SAFT-y SW parameters
from Ashrafmansouri and Raeissi (2021) using the
following relationship:

© oAsW
f 45“’“6[(%)12 - (g)é]rzdr = f eWr2dr  (13)

where eMi€ is the equivalent SAFT-y Mie &,; and g, £V
and A3V are SAFT-y SW parameters. An approximation
is made here that o is the same for the SW and Mie EoS.
Equation 13 is derived from equating the Energy

Equation of the Mie and SW potentials.

Oyx 1s also obtained by adapting SAFT-y SW
parameters from Ashrafmansouri and Raeissi (2021)
using the following equation:

l 1/3

Mie — sw
] —[ E Sik
kk

where o™ is the equivalent SAFT-y Mie gy, Spf and
opr are SAFT-y SW parameters. kk denotes the list of
SW groups that make up the simple sphere Mie group.
Equation 14 is derived by summing the volumes of
individual SW groups and taking the equivalent sphere
diameter of the summed volume.

sw3

ophh (14)

Mie

A" and A? are taken to be 12 and 6 respectively — the
Lennard-Jones potential or Mie (12,6).

SAFT-y Mie calculations on this step (only) are
carried out using gPROMS.

3.6 Parameter Estimation

From here on, SAFT-y Mie calculations and parameter
estimation are carried out using the Julia package
Clapeyron.jl (Walker et al., 2022). The parameters are
estimated by minimising the least squares objective

function F:
N
e ZR (ng:alc _ Rpr>
- Rexp
i=1 i

where R;™® is the experimental value, RS is the
calculated value, and Ny is the number of data points.
This optimisation problem is solved using the
Evolutionary Centers Algorithm (Mejia-de-Dios and
Mezura-Montes, 2019).

For the simple sphere model, we use density, heat
capacity and speed of sound experimental data of
[EMIM][BF4] at latm to estimate parameters for the
groups EMIM and BF4.

2

(15)
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For the group contribution model, we use density,
heat capacity and speed of sound experimental data of
[EMIM][BF4], 1-butyl-3-methylimidazolium tetrafluor-
oborate and 1-ethyl-3-methylimidazolium acetate
[EMIM][Ac] at latm to estimate parameters for the
groups IM and BF4.

The introduction of [EMIM][Ac] helps overcome the
problem of degeneracy/unidentifiability of parameters.
An IL with the acetate anion [Ac] is chosen because it
can be fully defined with group parameters from previous
works. The parameters for CHs, CH2 and COO~ groups
are taken from the paper by Haslam ef al. (2020).

During optimisation, A* is fixed at 6, a common
practice as A2 and A" have a similar qualitative effect on
the Mie potential. S of standalone groups such as BF4
and EMIM is set to 1, while S for non-standalone groups
such as IM, is estimated as part of the optimisation. v*
for groups deemed non-spherical such as IM are adjusted
manually until reasonable estimated parameters are
obtained.

3.7 Deviations

As a way to quantify the quality of our model parameters,
we determine the percentage average absolute deviation
%AAD given by:

NR
100
R

i=1

exp calc

exp
Ri

(16)

4. Results and Discussion
4.1 Initial Estimation

In Figure 4, we present the results of the simple sphere
model using parameters estimated from previous works
(see Section 3.5). These parameters are summarised in
Table 1. The parameters, and implicitly the contributions
they describe, are introduced in stages starting with (1)
only o and ¢ (together with other fixed parameters such
as A%, 22, Z, S, v*and Z), followed by the (2) ideal
contribution (i.e., the ideal gas isobaric heat capacities),
(3) dielectric constant, D, and lastly (4) a non-zero g 8™,
The number in the parentheses refers to the lines in
Figure 4 and will henceforth be used to refer to their
respective stage and changes.

The density predictions for (1) closely match
experimental data in terms of both value and slope. This
can partly be explained by the fact that the source these
parameters were inferred from did not explicitly account
of electrostatic interactions; the electrostatic interactions
are hence implicitly accounted for in their o and ¢ values
(and association parameters). However, it is entirely
coincidental that the exclusion of their association
parameters and the inclusion of Coulombic interactions
while using a value of D = 1 in our model gave such a
good first estimation.

(2) has no effect on density. This is because A'9¢! is
only dependent on temperature, so its contribution to the
volume derivative of A (Equation 6) is zero.

In (3), density falls by more than 150 units. This is
because increasing D implies a stronger dielectric effect
that directly reduces the effective strength of Coulombic



Table 1. Summary of model parameters at the 3 main stages of development: initial estimation, simple sphere model, and group contribution model.

CR indicates the use of combining rules.

Group Ve o Sk /A o™ /A Ak Ak (ex/kp)/K Zy (€xa/kg)/K
Initial Estimation
EMIM 1 1 5.21 1.070y, 12 6 357.60 +1 CR
BF4 1 1 4.64 1.07 0% 12 6 167.60 -1
Simple Sphere Model
EMIM 1 1 5.16 1.070% 100.00 6 1312.07 +1 300.00
BF4 1 1 5.00 1.07 0y, 100.00 6 160.82 - '
Group Contribution Model
™M 5 0.76 2.61 1.070y, 13.14 6 484.99 +1
255.83
BF4 1 1 4.18 1.07 0y, 20.46 6 59.81 -
interactions (Equation 3), resulting in a lower density.
This relies on the fact that Coulombic interactions of a
salt are predominantly attractive. This demonstrates the (@) _
significance of D and in turn the electrostatic interactions 180000 gm0 -~
. dt OOOOOOO“—_
In property prediction. o 1250 t ©0o0o04
(4) leads to a slight drop in density. To clarify, setting € 1000}
anon-zero o 3°™ has the effect of activating AB°™, given 2
that the solution when ¢B°™ is zero is undefined 3 1190F
(Equation 5). Within Equation 5, there is no explicit 1100 f
volume dependence for AB™— the only place aB°™ is 1050 |
used — so it is not expected to affect density. However, D : : :
as defined in Equation 12 is dependent on density which 280 300 7?:2/0K 340 360
is in turn dependent on volume. Hence, AB°™ has an )
implicit dependence on volume through D. 350 ' ' '
. oooooooOooooooo
Both the heat capacity and speed of sound are - 300p©
significantly underestimated for all stages. This is TEJ 250
expected since Ashrafmansouri and Raeissi (2021) did = o00l
not take into consideration the performance of their ¥
parameters with respect to second-order thermodynamic 2 150 ////”
derivative properties, a class of properties that the SW or100f
potential often fails to describe accurately as
demonstrated by Papaioannou ef al. (2014). %0 . . .
4.2 Simple Sphere Model 280 300 7?:2/0K 340 360
Using the exact same simple sphere model representation (c) , ,
as in the initial estimation, the parameters are optimised 1600 | 0000000 %0
as detailed in Section 3.6. The optimised parameters are ©o
summarised in Table 1, and the results are illustrated in _ 1400 ¢
Figure 5. 'g 1200
There are a few caveats about the parameters in Table ~ 1000}
1. Firstly, a few of the parameters are at their bounds; 3
these are gy, for BF4, &, and A}, for EMIM and BF4. 800 \
No matter how much the bounds are changed/increased, 600 \
they st.ill tend towar.ds them. This could be an iqdication 280 360 séo 3 A.fo 360
that this representation is flawed, thus the optimiser uses T/K

unphysical parameter values to attempt to minimise the
difference between experimental data and calculations.
Secondly, the parameters are degenerate; they converge
to different values each time the optimisation is carried
out. The values of &, of EMIM and BF4 are also
observed to swap places. This is because both groups
EMIM and BF4 are estimated using experimental data for
a single compound and there is nothing to distinguish the
two groups. A possible solution is to introduce another I-

103

O Experiment
— 1) Initial o and €
2) Ideal Contribution

——— 3) Dielectric Constant

— 4) Non-zero ¢5°™

Figure 4. Initial estimation for the simple sphere model: (a) Liquid
density, (b) liquid phase isobaric heat capacity, and (c) liquid phase
speed of sound at latm for [EMIM][BF4]. The various parameters are
introduced in a stepped approach, the order of which is indicated by the
number in the legend. Solid curves represent SAFT-y Mie calculations.
Symbols represent experimental data. (Neves et al., 2013; Waliszewski
et al., 2005; Zarei and Keley, 2017)



L containing only one of the groups; this solution is
explored further in the group contribution model.

Looking at Figure 5, although an improvement from
the initial estimate can be seen, the heat capacity in
particular is still a far cry from experimental data with an
%AAD of 43.46%. The results for density and speed of
sound are closer to experimental values with an %AAD
of 2.52% and 7.88% respectively; however, visually, it
can be seen that the slopes are very different suggesting
that the deviation will only get worse when the model is
calculated at higher/lower temperatures. The %AADs are
summarised in Table 2.

From this, it is concluded that the simple sphere
model is too crude for a good description of second-order
thermodynamic derivative properties of [EMIM][BF4].
It is unable to capture the unique interactions between
uncharged groups (such as between methyl and
methylene groups) or the interactions between charged
and uncharged groups (such as between methyl and BF4
groups), all the while keeping its spherical form; it is
unable to describe the density, isobaric heat capacity and
speed of sound simultaneously with accuracy.

C)

1350 f
)
g 13000 o
(@) o o
4 o lo)
~ o O o O
1250 f °0%
(0]
1200 : : : :
280 300 320 340 360
T/K
b) 350

00(
)Oooooooooooo

w
o
o

Q

c /JK ' mol"
N
[6)]
o

N
o
o

150 : - :
300 320 340
T/K

© 4700
1600 |

1500

w/ms!

1400

1300 - - : : -
300 310 320 330 340

T/K
Figure 5. Simple sphere model: (a) Liquid density, (b) liquid phase
isobaric heat capacity, and (c) liquid phase speed of sound at latm for
[EMIM][BF4]. Solid curves represent SAFT-y Mie calculations.
Symbols represent experimental data. (Neves et al., 2013; Waliszewski
et al., 2005; Zarei and Keley, 2017)
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Table 2. Percentage average absolute deviation %AAD of liquid phase
density, isobaric heat capacity and speed of sound of [EMIM][BF4]
using the simple sphere model.

Property %AAD
p 2.52
Cp 43.46
w 7.88

4.3 Group Contribution Model

In Figure 6, we present the results of the group
contribution ~ model.  Experimental  data  for
[EMIM][BF4], [BMIM][BF4] and [EMIM][Ac] are used
to estimate group parameters for the IM and BF4 groups;
the same parameters are then used to make predictions of
the same properties for 1-hexyl-3-methylimidazolium
tetrafluoroborate [HMIM][BF4], 1-methyl-3-octylimida-
zolium tetrafluoroborate [OMIM][BF4] and 1-butyl-3-
methylimidazolium acetate [BMIM][Ac].

The parameters are summarised in Table 1. At first
glance, it can be seen that the parameters are
physical/sensible; they are in the range one might expect
when comparing with the parameters of previously
studied groups. None of them are at the bounds. With the
introduction of [EMIM][Ac], the parameters are no
longer degenerate; they converge to around the same
values each time the parameter estimation is
independently carried out.

v* of 5 for IM is found to be the most optimal. This is
based on two criteria: the value of the objective function
F (Equation 15) and observing that S no longer tends to
1 (the bound). Physically, this makes sense as the
imidazolium ring is made out of 5 atoms.

In Table 3, we summarise the %AAD for the group
contribution model. The results are excellent across the
board with low %AAD of 0.45-0.66%, 0.19-3.96%, and
0.26—1.58% for density, isobaric heat capacity and speed
of sound respectively. Based on these results, it can be
concluded that SAFT-y Mie (with AB°™, Ai°") is capable
of modelling ILs accurately, even with respect to the
most stringent test: second-order thermodynamic
derivative properties.

However, the model in its current state is not without
flaws. Despite having a small %AAD, the gradients of
the lines in Figure 6 are all slightly off in the same
manner, akin to a systematic error; for example, density
is overestimated at low temperatures and underestimated
at high temperatures. This observation persists even whe-

Table 3. Percentage average absolute deviation %AAD of liquid phase
density, isobaric heat capacity and speed of sound of various ILs
containing IM and BF4 group using the group contribution model.

.. %AAD

Ionic Liquid

p Cp w
[EMIM][BF4] 0.45 0.66 0.38
[BMIM][BF4] 0.52 0.50 0.44
[EMIM][Ac] 0.45 0.19 0.26
[HMIM][BF4] 0.66 1.16 0.51
[OMIM][BF4] 0.54 2.61 1.58
[BMIM][Ac] 0.57 3.96 1.29



n only experimental data for one IL is used to estimate
the parameters. Below, we go through the possible causes
of this.

Firstly, in our method, the temperature dependence of
D is ignored, and the density dependence is assumed to
be linear. As seen in Figure 4, D does have a noticeable
effect. If indeed D varies significantly with temperature
and density and/or in a way that does not obey Equation
12, it could have undue consequences on the fidelity of
the model. Watanabe et al. (2019) showed that D for 1-
methylimidazolium acetate decreased by about 5 when
the temperature is increased by 60K. As will be discussed
in Section 4.4, a small change of 5 in D can cause an
increase in %AAD by upwards of 5 folds.
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Figure 6. Group contribution model: (a) Liquid density, (b) liquid
phase isobaric heat capacity, and (c) liquid phase speed of sound at latm
for several ILs containing imidazolium IM and/or tetrafluoroborate BF4
groups. Solid curves represent SAFT-y Mie calculations for ILs used in
parameter estimation. Dashed curves represent SAFT-y Mie predictions
for ILs not used in parameter estimation. Symbols represent
experimental data. (Neves ef al., 2013; Waliszewski et al., 2005; Zarei
and Keley, 2017; Vakili-Nezhaad et al., 2012; Kumar, 2008; Froba et
al., 2010; Su et al., 2016; Araujo et al., 2013; Mokhtarani et al., 2008;
Waliszewski, 2008; Klomfar et al., 2010; Pal and Kumar, 2012;
Zorebski et al., 2018)
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Another possible reason is the lack of association
contributions. Imidazolium and tetrafluoroborate have
been shown to form hydrogen bonds (Dong et al., 2006;
Zheng et al., 2013). That contribution could be the
missing link and could be important when the model is
extended to mixtures.

There is an uncertainty in the representation of the
ideal isobaric heat capacity obtained from the Joback
method. If the ideal heat capacity is inaccurate, this may
cause distortion to the parameters as the optimiser
attempts to compensate for this error.

Lastly, it could be the simple case that more unlike
parameters need to be varied, such as &;; between IM and
CHs, and Ay;.

The model can be extended and validated further by
considering the variation with pressure, the extension to
mixtures and gas solubilities, and the extrapolation to
interfacial and transport properties.

4.4 Effects of the Dielectric Constant

A significant assumption made in our model is the
dielectric constant D; how it varies from IL to IL and how
it varies with temperature and density. Here, we evaluate
the wvalidity of the assumption and its possible
consequences by looking at a hypothetical case where D
is changed.

In Figure 7, we show how the calculations for the
density of [EMIM][BF4] change if we vary the value of
D while otherwise using the same parameters as used in
Section 4.3. Not only do the values of the predictions
change, but the slope of the predictions changes as well.

The resulting %AADs are tabulated in Table 4. At its
greatest, decreasing D by 5, increases the %AAD from
0.45% to 2.51%, by a factor of more than 5.

Fitting multiple ILs using the same D is effectively
the same as shifting each experimental data set up or
down, where the magnitude of the shift depends on how
different the true D is from the approximated D.

This is particularly important when working with ILs
with vastly different D, such as 1-butyl-3-methylimidaz-
olium iodide with D of 2.87 (Mou et al., 2017), 1,3,-
dimethylimidazolium dimethylphosphate with D  of
29.6, 2-hydroxyethylammonium lactate with D of 85.6,
and 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluor-
oborate with D of 23.3 (Huang et al., 2011) to name a
few.

Therefore, careful attention needs to be given to D
and the equations used to calculate D when making
predictions and estimating parameters.

Table 4. Percentage average absolute deviation %AAD of liquid phase
density at latm using different dielectric constants D with parameters
estimated at D = 15.

D %AAD p
10.0 2.51
12.5 1.02
15.0 0.45
17.5 1.14
20.0 1.92
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5. Conclusion

The SAFT-y Mie EOS with electrostatic contributions is
used to model 1,3-dialkylimidazolium tetrafluoroborate
ILs as fully dissociated ions. The performance of the
model is evaluated against density, isobaric heat capacity
and speed of sound experimental data. Two models at
different degrees of coarse-graining are assessed: a
simple sphere model and a group contribution model.
The former is shown to be too crude to accurately
represent all three properties simultaneously. The latter,
however, provided good agreement with experimental
data with %AADs between 0.19% and 0.66 %. The
predictive capabilities of the new IM and BF4 group
parameters introduced in this paper are evaluated, with
%AADs between 0.51% to 3.96% for selected ILs. The
electrostatic contributions are demonstrated to have a
significant effect on the model calculations, and an
inaccurate account of the dielectric effects can affect
parameter estimation and predictions. Improvements
could be made by accounting for association, pressure
variation and an accurate description of the dielectric
effect.
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Model-Based Design Space for Robust and Flexible CO2 Capture Systems
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Abstract Carbon capture technologies have been identified as a critical means of tackling climate change. In
this work, we designed a vacuum swing adsorption (VSA) cycle for the carbon capture of post-combustion flue
gas by assessing the process performance and flexibility of different adsorbents and operating conditions. A
pipeline was developed that combines a VSA equilibrium-based model and design space identification to assess
the performance of zeolite 13X, Mg-MOF-74 and UTSA-16 in terms of the purity (%) and recovery (%) of CO»,
the CO, working capacity of the bed (mol/m?) and the specific energy usage (kWh/tonne) as well as the flexibility
of the system. After screening, the CO; purities and recoveries for all three materials were found to be similar to
one another, indicating that working capacity, energy usage and flexibility should be used as the key figures of
merit for adsorbent screening. The design spaces obtained suggest that there is minimal flexibility in manipulating
the evacuation pressure (Pr) as it dictates whether the stiff recovery constraint can be met. To minimise energy
usage and overall capture cost, it was found that operating at a higher Py is preferred, but this would be at the
expense of process flexibility. As for adsorbent ranking, UTSA-16 offers the largest feasible operating region, the
highest working capacity and lowest energy usage on average and the most flexibility during nominal operation.

1. Introduction

Fossil-based power generation has increased by pressures.® Zeolite 13X is the current benchmark for
70% from 2000 and represents a significant CO, capture processes® due to its low energy
contribution to total CO, emissions.! Carbon capture consumption.” Alternative materials, such as MOFs,
and storage (CCS) technologies have been identified have recently been studied extensively due to their
as a promising means to mitigate emissions and excellent CO; adsorption capacity and selectivity.®
meet the 2050 net-zero target, but it is critical to In light of the development of more adsorbent
optimise the efficiency, cost, and energy impact of materials for CCS,”* selecting the most appropriate
these technologies to ensure a sustainable future.” adsorbent for optimal process performance based on
Absorption and adsorption are the most adsorbent properties, such as CO, adsorption
technologically advanced CCS techniques used at capacity, selectivity, regeneration conditions,
scale. Adsorption, however, is more energy efficient mechanical/chemical pellet stability, and cost'® is a
than absorption and does not require corrosive complex decision. Adsorbents with high selectivity
solvents such as monoethanolamine (MEA).3 for CO,, working capacity and multicyclic stability
Adsorption is a separation process where are desired for an economic adsorption.>!'’!? The
adsorbate molecules in fluid phase adhere to the key performance indicators (KPIs) typically used to
surface of a solid adsorbent. Different cyclic assess the suitability of adsorbent materials are (i)
adsorption configurations exist depending on the product purity (ii) product recovery (iii) energy
methods of adsorbent regeneration. Pressure swing usage and (iv) working capacity.®’ Targets of at
adsorption (PSA) involves pressurizing the feed to least 90% recovery and 95% purity are stipulated by
above atmospheric pressure for adsorption and the US Department of Energy (DoE) for CO»
reducing it for desorption. In the case of adsorbates capture systems.®”!3 Adsorbents that satisfy the
with highly non-linear isotherms like CO, it is purity-recovery constraints should be further
favourable to reduce the desorption pressure further screened with the aim to minimise the overall
to vacuum level to enhance regeneration i.e., process costs.
vacuum swing adsorption (VSA).* As gas A wide range of approaches have been employed
compression to above-atmospheric pressure is for screening adsorbents and evaluating KPIs, such
energy intensive,’ feeding the gas at atmospheric as experimental adsorption isotherm measurement,
conditions is preferred. Cyclic VSA is thus 1415 neural network models® and detailed process
considered in this study. optimisation.>'%!” The modelling and optimisation
The choice of adsorbents is a key design variable of cyclic adsorption is significantly computationally
in adsorption processes. Traditional materials such expensive, as it involves conflicting objectives, non-
as zeolites and activated carbon as well as the novel linear isotherms and coupled partial differential
metal organic frameworks (MOFs) are widely used equations.*™!® In contrast, an equilibrium-based
in industry for post-combustion CO; capture model requires simpler computational algorithms
systems.® Zeolite adsorbents are effective for and can yield both analytical and graphical solutions
separating out CO; in dry flue gas containing non- for a much larger range of operating and design

polar compounds® with high uptake at low partial
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variables. An equilibrium model is implemented in
this study to simulate the VSA process.

To evaluate design and operating strategies,
multi-objective optimisation is typically used to
obtain a single optimal operating point by
maximising/minimising process KPIs. However, a
suboptimal operating point might provide a larger
feasible operating region and thus process
flexibility. Therefore, traditional optimisation does
not allow for an assessment of the full scale of
operating parameters, neglecting the flexibility and
robustness of the system. Our work employs model-
based design space methodology, a novel
framework developed by Sachio et al.!” that
accelerates process design and introduces
operational flexibility as a new performance
indicator. This gives insight into the extent of
feasible operating regions for different adsorbents
that satisfy the recovery and purity constraints.
Assessing  process  flexibility allows  the
consideration of controllability in the early design
stages. Controllability is an important practical
consideration which is so far unaccounted for in the
literature on the design of VSA processes.

This study aims to design an adsorption-based
carbon capture process for a typical coal-fired power
plant flue gas. A novel approach that combines an
equilibrium-based model and design space
identification (DSI) framework is used to evaluate
process flexibility and alternative operating
strategies. We simulate the four-step VSA cycle
using the equilibrium-based model and assess the
process performance using the four KPIs: CO»
purity, CO, recovery, specific energy usage and
working capacity for different adsorbent choices and
operating conditions. The results are then used to
identify the design spaces, or range of operating
conditions under which purity and recovery
constraints are met for different adsorbents.

This paper is structured as follows. Section 2
details the workflow in combining the equilibrium-
based model and DSI framework. The process
performances for different adsorbents are then
presented in Section 3. Results are compared and
discussed in Section 4.

2. Methodology
2.1 Adsorption Isotherm

The governing process considered in this work is a
four-step VSA cycle for post-combustion carbon
capture. The mixture to be separated is a dry flue gas
of 15% moles CO; and 85% moles N,. The process
performance of using the benchmark adsorbent
zeolite 13X was assessed along with two
representative MOF materials, Mg-MOF-74 and
UTSA-16. These are widely studied adsorbents that
provide a good distribution of isotherm shapes while
meeting the requirements of PUg, = 95% and

RE¢o, = 90%."* The extended dual-site Langmuir
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(DSL) model was used to describe the competitive
adsorption equilibrium between CO»/N; on each
material, as given by:

g = 9sp,ibiC; sa,idiC; M
i n n
1+Z]’ilbjcj 1+Zji1dfcf

where g, ; and g4 ; are the saturation capacities of
species { on site b and site d, in equilibirum with a
fluid concentration of C;. Adsorption equilibrium
constants b; and d; are given by the van’t Hoff
equation:

bi — bo‘ie—AUb’i/RT
di — do_ie_AUd'i/RT

@)
G3)

where by and d, are the pre-exponential factors, and
—AU,; and —AU,; are the molar internal energies.
The temperature is denoted as T and the universal
gas constant as R. Assuming the mixture is fed at 1
bar and 298.15K, the CO, and N, adsorption
isotherms are illustrated in Figure la and 1b. The
isotherm parameters for the three adsorbents were
obtained from the literature’” and detailed in
Supplementary Material Table Al. It can be
observed that the CO, isotherms are much more
nonlinear than the N, isotherms, indicating the
selectivity for CO; is higher at lower pressures for
all three materials. Mg-MOF-74 displays the largest
adsorption capacity for both CO; and N, followed
by zeolite 13X and UTSA-16.

(@

(b)

Figure 1. Adsorption isotherm of (a) CO, and (b) N, for zeolite
13X (blue lines), Mg-MOF-74 (yellow lines) and UTSA-16
(purple lines) at 298.15K.
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Figure 2. Schematic illustrating the workflow in linking BAAM and DSI models. The inputs and outputs from each model are outlined under
the blue arrows. The processing steps within the models are detailed in the grey rectangles.

2.2 Adsorbent Screening Workflow

The model used for simulating the VSA process in
this study is adopted from the Batch Adsorber
Analogue Model (BAAM) developed by
Balashankar et al.” and the modelling framework
from Maring and Webley.® In order to appraise the
robustness of different operating strategies, a novel
methodology involving model-based design space
identification (DSI) is also implemented.'® The
BAAM and DSI models are linked together to
screen adsorbents, with the workflow as shown in
Figure 2.

The BAAM model in MATLAB simulates the
four-step VSA process. The inputs to the BAAM
models are the VSA cycle parameters and the
adsorbent parameters as detailed in Supplementary
Material. Within the BAAM model, the first step is
to choose the operating bounds for P; and Pr. The
lower bound for Py is set at 0.01 bar, as any lower
would not be technically achievable in CCS
application.?’ The upper bound is taken as 0.1 bar to
give a large enough range for process modelling.?!
Since Py is at 1 bar, close to atmospheric pressure,
the upper bound for P; must be slightly lower, at 0.99
bar. The lower bound for P; is chosen as 0.04 bar,
which is just above the pressure achieved in pilot
plant experiments.” The quasi-random Sobol
sequence is then used to sample 4000 operating
points/combinations of Pr and P; within these
bounds. Sobol sequencing is employed as it
efficiently samples the operating parameter space
with uniform coverage using only a small number of
points.?? To ensure the process is physically feasible,
a data cleaning step is added to remove all the points
where P > Py.

Table 1. The upper and lower bound of the operating parameters
in the four-step VSA cycle

Operating Lower Upper
parameter bound bound
PL [bar] 0.01 0.1
P [bar] 0.04 0.99

The BAAM model is evaluated at each operating
point obtained from the Sobol sampling to generate
the corresponding KPIs. The operating points and
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KPIs are then loaded into Python, where the DSI
package is used. The operating points are screened
using the constraints PUco, = 95% and RE¢q, =
90% to identify the design space where the product
targets are satisfied. Design space metrics such as
the average, maximum and minimum KPI values,
the number of samples within the design space as
well as its size are obtained to compare the
adsorbents quantitively.

For each adsorbent, the nominal operating point
(NOP) that maximises the acceptable operating
region (AOR) is subsequently found using an
iterative approach, along with information on the
size and KPI values of this region. This allows us to
compare the operation flexibility offered by each
adsorbent during nominal operation.

2.3 Batch Analogue Adsorber
(BAAM)

The four-step adsorption cycle modelled in BAAM
consists of: (i) adsorption (ADS), (ii) blowdown
(BLO), (ii) evacuation (EVAC) and (iv) light
product pressurisation (LPP) as shown in Figure 3.
First, the dry flue gas is fed at ambient conditions to
saturate the bed at high pressure, Py =1 bar. Vacuum
is then applied to reduce the pressure to an
intermediate value, Pr, during blowdown, to remove
N> from the adsorbent bed. In the evacuation step,
pressure is further reduced from Py to Py to collect
the highly concentrated CO, product. Finally, the
raffinate stream is added in the LPP step to
pressurise the bed from Pp to Py again. This
improves recovery as the CO; left in the raffinate
stream can be recycled.

The modelling equations used in the equilibrium
model are described in detail by Balashankar et al.”
The equilibrium model allows for rapid simulation
and process performance assessment of different
adsorbents due to the following assumptions:

Model

e Zero-dimensionality with no spatial
gradients in temperature, pressure, and
concentration

e  Isothermal operation

e Instantaneous gas-solid equilibrium with
negligible mass transfer resistance
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Figure 3. Four-step VSA cycle.

These assumptions reduce the set of coupled
partial differential equations in a detailed dynamic
model into a set of ordinary differential and
algebraic equations. The process performance of the
three materials is then evaluated in terms of the
purity (%) and recovery (%) of the CO, product
stream, the CO, working capacity of the bed
(molcoo/m’hed) and the specific energy usage
(kWh/tonnecoz). The model is implemented in
MATLAB and was available in the research group
when we started the project.

2.4 Design Space Identification (DSI)

The design space (DS) considered in this study is the
feasible operating region where the constraints
PUco, = 95% and RE¢o, = 90% are met. Design
space visualisation thus allows the identification of
operating points that satisfy or violate the
constraints. This provides insight into the process
flexibility prior to carrying out expensive
experimental study.'®??

A concave hull, alpha shape, is used to construct
the design space boundary containing the set of
feasible operating points. Alpha, o is an important
parameter that dictates how fine/tight the shape is.
The shape is convex hull as a— and consists of
disjointed points for o = 0.2* Bisection method is
employed to search for the optimal value for o.
Starting with a large o value, the DS shape contains
points that violate constraints. The value of a is then
reduced to tighten the boundary until there are no
violations. This ensures that we can obtain the
biggest space possible without any violations with
respect to the change in a tolerance. The DSI tool
developed in Python allows us to visualise and
quantify the DS for an input space with up to three
dimensions. The AOR for a given NOP within the
DS is identified using the tool. This determines the
maximum allowable variations in the input
operating parameters (Pr and Pr) under which the
CO; purity and recovery constraints are still satisfied
during nominal operation. The size of the DS and
AOR as well as the relevant quantitative metrics can
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also be extracted. The Python DSI tool was available
in the research group when we started the project.

3. Results

3.1 Pareto Fronts and Trade-offs between
KPIs

A Pareto front is a non-dominated set of solutions
representing the best available trade-off between
conflicting objectives.?> Using the approach
described in Section 2, we obtained the CO-
recovery and purity of each operating point. The
trade-off in maximising the purity and recovery
resulted in the Pareto fronts as shown in Figure 4a.
The circles represent the different operating points
of the Pareto fronts, and the green arrows indicate
the optimal direction of trade-offs. It can be
observed that there is no significant difference
between the purity and recovery Pareto fronts of the
adsorbents.

Working capacity and energy usage are
commonly used as proxies for assessing the
economic potential of the adsorption process.®!2
Once the purity-recovery constraints are imposed, a
Pareto front obtained by maximising working
capacity while minimising energy usage was plotted
for each adsorbent. From Figure 4b, we can see that
UTSA-16 provides the best energy usage/working
capacity trade-off while meeting the product
constraints. Zeolite 13X and Mg-MOF-74 have
similar Pareto front behaviours and are suboptimal
relative to UTSA-16.

(@)

(b)

Figure 4. (a) Recovery/purity Pareto fronts and (b) constrained
energy usage/working capacity Pareto fronts for zeolite 13X (blue
lines), Mg-MOF-74 (yellow lines) and UTSA-16 (purple lines).
The circles represent the different operating points of the Pareto
front. The green arow indicates the optimal direction of trade-off.



3.2 Design Space and Process Flexibility

The flexibility of the process using different
materials was assessed and visualised using the DSI
framework described in Section 2.4. The resulting
purity and recovery design spaces for the benchmark
material, zeolite 13X are shown in Figure 5. The
black boundary outlines the DS within which the
operating conditions satisfy the constraints PU¢,, =
95% and RE¢p, = 90%. The DS shapes and heat
maps obtained for Mg-MOF-74 and UTSA-16 were
found to exhibit similar behaviour.

The DS shape is rectangular with a very large
length to width ratio, i.e., range of Py to Pr. It is also
confined by the lower bound of Py and upper bound
of Py. It can be observed that the recovery constraint
is harder to satisfy than the purity constraint, as most
of the operating points that meet the recovery target
are only found in the DS. This is not the case for
purity, as suggested by the yellow region
(representing near 100% purity) outside the DS on
Figure 5b.
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Figure 5. Design space for the benchmark adsorbent, zeolite 13X
using (a) recovery as heat map and (b) purity as heat map. The
black boundary outlines the design space.

In Figure 6, the DS overlayed with a heat map of
working capacity (a-c) or energy usage (d-f) is
shown. Using the DSI package (Section 2.4), we
found the NOP with the largest AOR for each
material. The NOP is indicated in the DS by the
cross and the AOR is defined by the dashed
rectangle. The maximum and minimum values of
the colour bar scale were chosen corresponding to
the maximum and minimum KPI values within the
DS for each adsorbent. Since UTSA-16 offers an
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energy usage that is significantly lower than the
other materials, a colour gradient would not be
visible if the same scale were used for all three
materials. The red and black points indicate values
that are out of the range shown on the scale. The
finding that UTSA-16 has the lowest energy usage
(Figure 6f), agrees with the result from the
constrained Pareto front (Figure 4b). The colour
gradient of the heat map shows the rate of change of
KPIs with respect to different operating conditions.

Despite exhibiting similar DS shapes, the DS
sizes vary between adsorbents. It is the largest for
UTSA-16, followed by zeolite 13X and Mg-MOF-
74. The NOPs that yield the largest possible AOR
are the same for Mg-MOF-74 and UTSA-16 at
around P = 0.013 bar and P;= 0.846 bar, whereas
the NOP for zeolite is at the same Py but at a lower
P; of 0.611 bar. The heat maps for both working
capacity and energy usage in the DS are also
comparable for all adsorbents.

4.0 Discussion
4.1 Pareto Fronts

As seen in Figure 4a, the purity/recovery Pareto
fronts for all three materials meet the PUco, = 95%
and RE¢o, = 90% constraints, implying that they
are all suitable for postcombustion carbon capture
process. Despite having different CO2 adsorption
isotherms (Figure la), the three materials show
similar purity/recovery Pareto fronts, which is in
agreement with the literature.!>?® This is observed
because we pre-selected three materials that push the
four-step VSA cycle to operate at its best
performance. Typically, the purity/recovery Pareto
behaviour would differ between materials.®2%?7 Our
selection of adsorbents for screening yielded similar
results using the classical approach, highlighting the
need for screening based on energy usage, working
capacity and process flexibility.

Energy usage and working capacity are key in
assessing the process economics, as the former is
proportional to the operating cost (OPEX) and the
latter is inversely proportional to the capital
expenditure (CAPEX). The energy usage/working
capacity Pareto fronts (Figure 4b) for zeolite 13X
and Mg-MOF-74 are very close to each other even
though Mg-MOF-74 has almost double the CO,
affinity of zeolite 13X (Figure la). The similarity
between the energy usage/working capacity Pareto
fronts for zeolite 13X and Mg-MOF-74 implies that
their  volumetric-based capacities could be
comparable despite having very different mass-
based adsorption capacities. It is noted that UTSA-
16 provides the best economic potential while
meeting the purity-recovery constraints. Moreover,
it is observed that the optimality of the Pareto
solutions of the materials are correlated with the
linearity of their adsorption isotherms. Working
capacity is defined as the difference between
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Figure 6. Design space with working capacity as heat map for (a) zeolite 13X, (b) Mg-MOF-74, (c) UTSA-16, and the design space with
energy usage as heat map for (d) zeolite 13X, (¢) Mg-MOF-74, (f) UTSA-16. The cross represents the NOP and the dashed rectangle represents

the AOR.

equilibrium loading at P; and Pr. In contrast to
nonlinear isotherms, a linear isotherm allows
reasonable values of P; and Pp to be chosen to
effectively evacuate CO, and achieve a high
working capacity. The vacuum pumps would
consume less energy when operating under less
extreme conditions. The fact that UTSA-16 requires
the least energy to achieve the product targets
suggests that materials with a low N affinity are
desirable.

4.2 Purity/Recovery Design Space

Design spaces were identified and studied to
evaluate the process robustness and flexibility. As
mentioned in Section 3.2, the DS defined based on
the purity-recovery constraints for the three
materials are similar in shape due to their similar
purity-recovery performance. Furthermore, the tall
and rectangular shape of the DS suggests there is
less flexibility in manipulating P than Py. This is
because Pr governs the evacuation step and thus the
recovery of CO,. A close examination of Figure 5a
shows that there are fewer operating conditions that
meet the recovery target, indicating that recovery is
the stiffest constraint. Once Py is specified to
achieve the required working capacity and recovery
target, purity can be tuned accordingly by
manipulating P; based on the N»/CO; adsorption
isotherms. P; should be low enough to remove
sufficient N, for high product purity without
compromising the recovery. The purity constraint
must be met for downstream geological storage to
be feasible, whereas the recovery target is a
recommendation of the DoE. The fact that the purity
constraint is less stiff implies that even if the system
operates slightly outside of DS, the purity target can
still be met, keeping the CCS process feasible.
Furthermore, the DS is located near the lower bound
of Pr in order to meet the recovery target, which
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would result in a higher OPEX due to the vacuum
pumps in the evacuation step.

The heat maps on Figure 5 allow us to assess
how the system responds to changes in operating
conditions with respect to the KPIs. The colour
gradients indicate a higher dependency of purity on
P; which dictates the amount of N, removed during
the blowdown step. P. has a more significant
influence on recovery, as it governs the evacuation
of CO». This is further supported by the results from
the Sobol indices (Figure 7). Sobol method is a
global sensitivity analysis tool for assessing process
design heuristics. We calculated the Sobol indices
using the SobolGSA tool*® based on the 3915
operating conditions (after the data cleaning step)
and the corresponding KPI values. First order
indices show the most influential manipulated
variables (P and Pr) towards a certain KPI. Second
order indices correspond to the interactions between
the manipulated variables. The first and second
order indices sum up to one as proof of convergence.
We can see that both purity and recovery are
predominantly controlled by Prand Py respectively,
further reinforcing the difficulty in optimising both
purity and recovery. The same conclusion can be
drawn for working capacity and energy usage.

Despite recovery being the stiffest constraint, as
mentioned earlier, it is interesting to note that within
the DS, recovery is invariant to the position of the
operating point, whereas a higher purity can be
achieved at a lower P;.

4.3 Energy Usage/Working Capacity Design
Space

The purity/recovery design spaces provide an initial
understanding of the feasibility of the system to
meet the CCS targets under different operating
strategies, showing that all three materials offer
promising carbon capture performances. However,
further screening of materials should be based on
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working capacity and energy usage, KPIs that
govern process economics. We can easily observe
the conflict in maximising working capacity and
minimising energy usage and the trade-off that must
be made from the colour gradients in Figure 6. As
we operate away from the left of the design space,
both energy usage and working capacity decrease.
During practical operation, around 90% of the
overall capture cost is typically attributed to
electricity costs.?! It is therefore desirable to operate
at the right-hand side of the design space, i.c., at
higher Pr, to minimise energy usage and costs.
However, operating close to the design space
boundary is done at the expense of process
flexibility, indicating there is an inherent trade-off
between process controllability and economics.

The colour gradient for working capacity
changes in the direction of increasing Py, but this is
not the case for P; (Figure 6a-c). This reinforces the
fact that the working capacity is predominantly
controlled by Pr and that the evacuation of CO; is
primarily dependent on the depth of the vacuum
swing. This result is in line with the Sobol indices.
The heat maps for energy usage in Figure 6d-f are
similar to those for working capacity, but there is
also mixing of colours as P; increases at a fixed Py.
Energy usage is therefore affected by both P;and Py,
with the latter having the greater impact, agreeing
with the fact that OPEX is dictated by the evacuation
step. However, Sobol indices show that P; has a
dominant influence on energy usage. This could be
attributed to the constraint imposed in BAAM to
ensure P; > Py, such that the values of feasible Py are
governed by Pi. Indeed, the ranges of allowable Pr.
and P; overlap and the range of P; is much larger than
the range of Py (Table 1). This means that having a
low Pj can effectively eliminate a high proportion of
possible Pp values, but the converse is not true. Py
thus dominates Py.

4.4 Overall Performance
Between Adsorbents

Comparison

Table 2 shows the proportion of operating points out
of the 3915 samples (after the data cleaning step)
located within the design space and the design space
size. The metric values for the benchmark material,
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zeolite 13X are reported in absolute terms and Mg-
MOF-74 and UTSA-16 are normalised with respect
to zeolite 13X. We can note that UTSA-16 is
superior in both DS metrics, offering the largest
feasible region of operation.

Table 2. Design space metrics for the three materials. Absolute
values for zeolite 13X are shown. Values for Mg-MOF-74 and
UTSA-16 are normalised relative to zeolite 13X.

Zeolite Mg- UTSA-
DS metrics L MOF_.74 16.
Relative Relative
Absolute . .
to zeolite  to zeolite
DS size 0.004 bar? 0.857 1.080
Proportion
of samples 6.13% 0.892 1.096
in DS

As shown in Table 3, all materials perform
similarly in terms of purity and recovery and
meeting the product targets. UTSA-16 offers the
highest working capacity and the lowest energy
usage on average within the DS, indicating that
UTSA-16 not only provides the largest feasible
operating region but also the best process-scale
performance across all KPIs. Mg-MOF-74
consumes more energy than the benchmark but
offers a higher working capacity on average. The
average energy usage obtained with this pipeline is
in the same order of magnitude as the values quoted
in the literature for a typical carbon capture plant
(~250 — 380 kWh/tonne).?% 3031

Table 3. Average values of purity, recovery, working capacity
and energy usage of the three materials within the design space.
Absolute values for zeolite 13X are shown. Values for Mg-MOF-
74 and UTSA-16 are normalised relative to zeolite 13X.

Zeolite Mg-
Avera.ge 13X MOF-74 UTSA-16
KPI in . .
Relative Relative
DS Absolute . .
to zeolite  to zeolite
Purity 98.861 % 0.992 0.997
Recovery 91.859 % 0.999 1.001
Working = 1930.202
Capacity  mol/m’ 1.066 1105
Energy 320.197
Usage kWh/tonne 1056 0.673



The DS metrics allow us to assess the range of
possible operating strategies, whereas the KPI
metrics give insight on which adsorbent offers the
best process-scale performance. However, once a
nominal operating point (NOP) is chosen in the
design space, operation flexibility centred around
that point can be assessed through the acceptable
operating region (AOR). The process using UTSA-
16 has the largest resulting AOR width, i.e., the
range of possible Py, at 0.00637 bar, followed by
zeolite 13X at 0.00584 bar and Mg-MOF-74 at
0.00553. UTSA-16 therefore offers the most flexible
operation. This is, however, a very small acceptable
pressure variability, suggesting the VSA process is
virtually inflexible.

Overall, UTSA-16 is the best in terms of DS
metrics, all four KPI values and flexibility around
the NOP. Mg-MOF-74 does not offer any significant
process improvement to the benchmark adsorbent
zeolite 13X. A similar conclusion is drawn in the
literature.?

5.0 Conclusion

The aim of this work was to design a vacuum swing
adsorption (VSA) cycle for the carbon capture of
post-combustion flue gas by assessing the process
performance and flexibility for different adsorbents
and operating conditions. The current literature
focuses on the use of computationally expensive
modelling of the VSA process while neglecting
flexibility in operation. We developed a novel
pipeline that links an equilibrium-based model with
a design space identification (DSI) framework. The
pipeline completes the simulations and outputs
graphical solutions within 15 minutes per material,
which is significantly faster than a detailed dynamic
model that requires several days of computational
time’. Using this pipeline, we assessed the
performance of zeolite 13X, Mg-MOF-74 and
UTSA-16 in terms of the purity (%) and recovery
(%) of the CO; product stream, the CO, working
capacity of the bed (mol/m?) and the specific energy
usage (kWh/tonne) as well as the flexibility of the
system.

It was found that all three materials meet the
purity and recovery constraints given by the US
Department of Energy (DoE). However, working
capacity, energy usage and flexibility should be used
as the key figures of merit for adsorbent screening,
as the purity/recovery Pareto fronts and design
spaces are similar for all materials. The tall and
narrow shape of the design space (DS) indicates that
there is less flexibility in manipulating Py than P to
achieve the product targets due to the stiffer
recovery constraint. The results from the DSI
analysis suggest that purity is governed by P; while
recovery, working capacity and energy usage are
governed by Pp. The effect of the operating
conditions on these KPIs was further assessed using
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Sobol indices, highlighting the complexity in
designing and optimising the VSA process.
Minimising the energy usage should be prioritised
as it governs the overall carbon capture costs, which
could be achieved by operating at the right-hand side
of the DS, i.e., at a higher Pr. However, operating
nearer to the design space boundary would
compromise process flexibility, implying that the
process would be more difficult to control in
practical operations. Comparing the performances
given by the three materials, UTSA-16 is the best in
terms of the design space metrics, KPI values and
flexibility around a nominal operating point. Mg-
MOF-74 does not offer any significant process
improvement to the benchmark adsorbent zeolite
13X.

The pipeline developed is a valuable tool for
rapid initial adsorbent screening prior to
experimental studies. More importantly, it allows us
to consider process flexibility in an early design
stage, which is an aspect often unaccounted for in
the literature for VSA process design. Given that
process flexibility is an important element in
understanding the controllability and robustness of a
process, further work in designing VSA should
focus on addressing the trade-off between process
flexibility and economics instead of choice of
materials. A detailed technoeconomic analysis could
be coupled with DSI to visualise how changing the
nominal operating point (NOP) and acceptable
operating region (AOR) would affect the overall
capture cost, thereby achieving the expected
economic performance even when disturbances
occur. The pipeline we presented in this work is thus
an effective tool in designing a robust and flexible
adsorption-based carbon capture system.
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Lead-free Ternary (Cs3:Bi:Bro) and Double Halide (Cs:AgBiBrs) Perovskites
for Efficient Photocatalytic Reduction of CO; to CO

Keliang Xu and Xinyu Zhang
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Abstract

Lead-free halide perovskites were seen to be promising photocatalysts due to their non-toxicity, reasonable stability
and good solar efficiency. In this paper, lead-free ternary perovskites caesium bismuth bromide (Cs3Bi2Bro) and double
halide perovskite caesium sliver bismuth bromide (Cs2AgBiBrs) were synthesised under different crystallisation times
using the anti-solvent crystallisation method and compared in their performances of photocatalytic reduction of COx.
One aim of this study was to achieve the correct synthesis as the synthesis of Cs2AgBiBrs was known to be challenging.
Further characterisations of perovskite crystals were taken using X-ray diffraction (XRD), scanning electron
microscopy (SEM) and ultraviolent-visible (UV-VIS) spectrophotometer. Crystals were dispersed on half of the quartz
filter and transferred into the reactor, the reaction was taking place under the light intensity that equalled to one sun.
The production of CO was measured after one hour using a gas chromatograph (GC), which indicated the
photocatalytic performance. It was discovered that the double halide perovskite synthesis was not as ideal due to
degradation and the best performance appeared in the Cs3Bi2Bro crystals under one minute crystallisation time which
produced 4.65 umol g=* k=1 CO.

Keywords: Lead-free halide perovskites, semiconductor, photocatalysis, CO: reduction

1 Introduction and Background methanol (CH3OH), methane (CH4), formic acid

(HCOOH) and etc. can be produced. Metal oxides
Energy shortages have always been a global concern such as TiO», MgO, ZnO and WOs are common
in recent days. In 2021, wholesale electricity prices in photocatalysts used in the photocatalytic conversion of
the European Union (EU) soared, and the prices of COz, they have been studied for years and used in the
natural gas and coal rose quite a lot at the same time'. industry®. Among all, TiO: is the most favoured choice
However, the demand for fossil fuels is still huge as it is economical, non-toxic, and stable. However,
accounts for 82% of primary energy use in 2021°. With the solar absorption of TiO: is actually very poor as it
no doubt, global fossil CO2 emissions rebounded, it possesses a band gap of ~3.1 €V, absorbing ultraviolet
increased by 5.3% in comparison to 2020, reaching light only’. There appears to be a strong desire of
37.9 Gt CO2’. As the Secretary-General stated at the developing new semiconductor photocatalysts with
conclusion of COP 27, the world needs to massively better light absorption. Materials with lower band gaps
invest in renewables and end the addiction to fossil are pursued so that visible light can be absorbed.
fuels®.

A perovskite is a material that has the same cubic
Solar fuels have therefore received an extremely high crystal structure as the mineral CaTiOs, following the
level of public attention as the most economically chemical formula ABXs;. ‘A’ and ‘B’ represent
viable, efficient, and environmentally friendly metallic cations and ‘X’ is an anion that bonds to both®.
alternative to fossil fuels. One possible approach to Researchers first discovered the method to make a
producing solar fuels is “artificial photosynthesis”. stable, thin-film perovskite solar cell with light
Similar to natural photosynthesis in plants where photon-to-electron conversion efficiencies over
glucose is produced from water and carbon dioxide 10%, using lead halide perovskites as the light-
under sunlight, energy-poor mole?ules (H20 and CO») absorbing layer in 2012, the efficiency grew
are converted to energy-rich ones”. This is also known impressively to 25.2%°. Since then, metal halide
as the photocatalytic reduction of COz. Under the perovskites gradually became very popular
catalysation of semiconductor photocatalyst CO, semiconductors to be used in various optoelectronic
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fields as they have tuneable band gaps, long carrier
diffusion lengths, high carrier mobilities and
extraordinary tolerance of defects’. These are all
characteristics that also make MHPs suitable catalysts
for photocatalysis.

CsPbBrs, as one of the typical representatives of
MHPs, has been demonstrated as the promising
photocatalyst for visible-light-driven photocatalytic
CO2 reduction since the stability of CsPbBrs was
found to be quite high due to excellent PLQY
(Photoluminescence Quantum Yield)!’. However,
research showed that the lead from halide perovskite
was found to be more dangerous as its ten times more
bioavailable compared to other resources of lead
contamination that already appeared under the
ground''. The toxicity of lead is always seen as the
most serious concern for LHPs to be used widely. In
recent days, more researchers spot on replacing lead in
MHPs with metals like Tin (Sn), Bismuth (Bi) and
Antimony (Sb)'?. In the solar cell field, it is estimated
that bismuth-based cells could convert light into
energy at efficiencies of up to 22%. Bismuth is thus
considered to be a suitable non-toxic alternative to
lead in halide perovskite'.

In this research, two Pb-free halide perovskites
Cs3Bi2Bry and CsxAgBiBrs (double perovskite) were
used as the catalysts in COz photocatalytic reduction.
Cs3Bi2Bry is a yellow crystal with a regular perovskite
structure with Cs* ions in the centre of the
cuboctahedron interstices. Cs2AgBiBrs is orange and
has a slightly different cubic structure that is built of
alternating B* and B’’ centred octahedrons of B’Xs
and B’Xs in a 3D framework known as rock salt
ordering'’. Cs2AgBiBrs has a lower band gap of 1.8-
2.2 eV'°. However, the synthesis of double perovskites
is known to be more challenging. Hence, one aim of
this experiment was to obtain the correct products. The
synthesis also underwent four different crystallisation
times (1 min, 15 mins, 30 mins, and 60 mins). The CO2
photocatalytic reduction performances of eight
samples were measured and compared. The best result
appeared in Cs:BizBro samples with one minute
crystallisation time as it displayed the highest average
CO production.

2 Experimental Methodology

2.1 Materials
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Caesium bromide (CsBr), bismuth bromide (BiBr3),
silver bromide (AgBr), dimethyl sulfoxide (DMSO)
and 2-propanol (IPA) were purchased from Sigma
Aldrich. All the chemicals in this experiment were
used without further purification. Precursors which are
sensitive to water were kept in glove box and only a
small amount was taken off before each synthesis.

2.2 Anti-solvent Crystallisation Synthesis

This experiment tried to produce Cs:Bi2Bro and
Cs2AgBiBrs by the following two reaction,

3CsBr + 2BiBr; — Cs;Bi,Bry
2CsBr + BiBr; + AgBr — Cs,AgBiBryg

According to stoichiometry, 0.2078 g of CsBr and
0.2922 g of BiBr; were dissolved in 5 ml of DMSO
respectively in two separate small tubes. DMSO, an
anhydrous solution, was extracted using shlenk line
with nitrogen. These two tubes were placed on a
magnetic stirrer for 30 min at a stirring speed of 600
rpm to ensure all bromides were fully dissolved.
Afterwards, two tubes were mixed and placed on a
magnetic stirrer for another 30 min at 600 rpm. The
neck of a 500 ml round flask containing 250 ml of IPA
was clamped by an iron stand to make its bottom just
touch the surface of a magnetic stirrer which operated
at 400 rpm to create a stable vortex. The bromide-
DMSO mixture was injected into the already vortexed
IPA and crystallised for 1 min. The obtained solution
was added into six centrifuge tubes and centrifuged at
10100 rpm for 2 min. After each centrifugation, the
clear waste solution was emptied and more previous
obtained solution was added and centrifuged until all
solution was used up. The crystals left in the tubes
were rewashed with anhydrous IPA for three times.
Anhydrous IPA was extracted using shlenk line with
nitrogen as well. All above procedures were repeated
for different crystallisation times (15 min, 30 min and
60 min).

0.2004 g of CsBr, 0.0884 g of AgBr and 0.2112 g of
BiBr3 were dissolved in 5 ml, 10 ml and 5 ml of
DMSO respectively in three separate small tubes.
Followed by same procedures written above.

Eight samples were synthesised in total which are
going to be abbreviated as CBB 1 min, CBB 15 min,
CBB 30 min, CBB 60 min, CSBB | min, CSBB 15
min, CSBB 30 min and CSBB 60 min in this paper.



CBB stands for the ternary perovskite (Cs3Bi2Bro) and
CSBB stands for the double halide perovskite
(Cs2AgBiBr).

2.3 Characterisation

Chemical component quantities were determined by a
SHIMADZU GC-2030 gas chromatograph (GC).
Detailed operations are going to displayed in Section
2.4. Scanning electron microscopy (SEM) images
were taken using a ZEISS AURIGA Cross Beam at 5
kV after coating the samples with a layer of chromium
(15 nm). The samples were prepared by dispersing the
powder on silicon wafers to ensure a homogenous
dispersion. X-ray diffraction (XRD) was conducted
using an Xpert Pro PANalytical diffractometer
operating at 40 kV voltage and 40 mA current using
Cu Ka (1 ¥ 0.15418 nm) radiation in the 26 range.
Reflectance and absorbance spectra were collected
with a SHIMADZU UV-2600 ultraviolent-visible
(UV-VIS) spectrophotometer. 0.25 mg of each sample
was diluted with 600 mg of barium sulfate, grinded
using a mortar and pestle to make them homogeneous
until only one colour was seen.

2.4 Photocatalytic Tests

A small amount of sample powders was dissolved in 2
ml of anhydrous IPA and then drop cast onto a quartz
filter as even as possible to avoid sample
agglomeration. The quartz filter was heated on a hot
plate for 15 min to get rid of residual IPA. The sample
mass was controlled around 0.8 mg to 1.2 mg. Then,
the quartz filter was transferred to the reactor with 40
ul of water drops added away from the sample. The
reactor used could contain 20 ml gas and quartz glass
window was used to allow the full solar spectrum to
reach the surface of the sample. The glass was cleaned
with Kimtech Science Precision Wipes and DI water
every time before and after the reaction.

Keeping the valve to GC closed, the reactor was
evacuated with the vacuum pump to get rid of any gas
in the pipes. CO2 was pumped into the reactor slowly
and the flowrate was gradually increased to maximum
(50 ml/min). When the pressure went back to zero, the
valve to GC was opened and the flowrate was turned
to 10 ml/min for 15 min. After 15 min, a before-
reaction GC measurement was taken, the gas flow was
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stopped and the valves before and after the reactor
were closed.

After another 15 min, the light was turned on for one
hour. AM 1.5G light was used with an intensity of 100
mW /cm? which was equal to one sun. After one hour,
the valves before and after the reactor were opened and
carbon dioxide was pumped in at 5 ml/min for 2.5 min.
An after-reaction GC measurement was taken
immediately after 2.5 min.

All above procedures were repeated three times for
each sample.

3 Results and Discussion

To check if the desired perovskites were synthesised
correctly, to have a picture of what the morphology of
crystals was, to figure out the differences in band gaps
and light absorption abilities, and to test the
performances in photocatalytic of COz reduction to
CO, all eight samples were analysed by XRD, SEM,
UV-Vis and GC and the results will be discussed in
this section.

3.1 XRD

The XRD patterns of Cs3BizBro synthesised in
different crystallisation times are shown in Figure 1(a).
All of the peaks in the XRD patterns of these four
crystallisation times were identical to a standard PDF
card (PDF #44-0714 from JADE 6.0) The values of
FOM of Cs3Bi2Br9 on reports produced by JADE 6.0
were all smaller than 2. This revealed a very successful
synthesis of Cs3BizBro crystals. There was also a
strong interest in the effect of varying crystallisation
time on crystallite size. The crystallite size ‘d’ of a
material can be defined by the Scherrer equation for
the line broadening of the peak,

k2
" Bcos@

where 4 is the wavelength of the X-ray; f, FWHM
(the full width at half maximum) of the diffraction
peak; 6, diffraction angle; and k, constant'®. The
crystallite size is inversely proportional to the
FWHM, hence, a smaller FWHM indicates a more
crystalline structure.

Taking the (0,2,2) plane at 31.681° as an example,
the FWHM values of each crystallisation time are



listed below. The FWHM values were all provided
by Peak Search Report from JADE 6.0.

Table 1: FWHM values summary
Sample FWMH (Degree)
CBB 1 min 0.202
CBB 15 min 0.177
CBB 30 min 0.179
CBB 60 min 0.197

Decreasing FWHM values from CBB 1 min to CBB
15 min implied that there was a growth of crystallite
size in the (0,2,2) plane as time went on during the
synthesis. Similar FWHM values were gained for
CBB 15 min and CBB 30 min, yet grew up again to
0.197 for CBB 60 min sample. It was suspected that
sometime after 15 min, there might be degradation
of perovskite happening as the synthesis was taking
place in the air. Degradation of perovskite could be
affected by many different environmental factors
like moisture, heat, UV and etc'’. It caused
chemical instability and some research showed that
there was a clear decrease in the XRD peaks
intensity and crystal size after exposing the
perovskite sample to air'’. As the IPA used in the
synthesis was not anhydrous and the reaction was
taking place in the air, there was a strong possibility
of degradation. CBB 60 min sample was indeed
suspected to be degrading as its (0,2,2) peak was
obviously shorter than that of CBB 30 min, with the
value of FWHM increasing at the same time.

CBB 60 min

CBB 30 min

CBB 15 min

Intensity

CBB 1 min

CBB PDF #44-0714
| 1 A L L !
510 15 20 25 30 35 40 45 50 55 60 65 70

20 (Degree)

Figure 1(a): XRD pattern of Cs3;BiBro

The XRD patterns of Cs:AgBiBrs synthesised in
different crystallisation times are shown in Figure 1(b).
As compared to Figure 1(c), a Cs2AgBiBrs XRD graph
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in another research, the XRD in this work was not very
identical so further actions should be taken to find out
the impurities. It was also discovered that after 1 min,
three new peaks appeared at 30.944°, 44.328°and
55.039°, indicating the (2,0,0), (2,2,0) and (2,2,2)
planes respectively. These were all peaks appeared in
XRD patterns of AgBr. Hence, it was suspected that
after 1 min, CSBB started to degrade and therefore
AgBr appeared.

CSBB 60 min

CSBB 30 min
>
2
=
2]
=
Q| CSBB 15 min
[=
=

CSBB 1 min l ‘

A l A k i A A A A
AgBr PDF #79-0149 g | g g
g 9| S
5 10 15 20 25 30 35 40 45 S50 55 60 65 70
20 (Degree)
Figure 1(b): XRD pattern of Cs2AgBiBrs
Cs AgBibr,

Counts

Figure 1(c): Reference and experimental XRD pattern of
Cs2AgBiBrs'

3.2 SEM

The representative SEM of images of all eight samples
were shown in Figure 2(a) for CBB and Figure 2(b)
for CSBB. For Cs3Bi2Bry crystals, the largest size that
a single crystal could grow increased slightly as the
crystallisation time increased. However, the crystal
size of four Cs3Bi2Bro samples was relatively similar
but rough in general, with CBB 1 min sample
displaying the finest crystal size among all. An
increasing number of small crystals were seen to stick
to those large ones as time passed. A reasonable guess
of the mechanism could be made that small crystals
will appear first, and then gather to grow into larger



crystals. However, the crystal size of the CBB 60 min
sample became smaller, and that furtherly proved the
guess of degradation taking place when crystallisation
time increased. As discussed in the XRD
characterisation part, the degradation of CBB was
suspected to take place at a time after 15 minutes and
for sure the CBB 60 min sample had degraded.

CBB | min CBB 15 min

| <
408.28 nm

—_—
346.31 nm

200 nm 200 nm

CBB 30 min \ CBB 60 min

470.63 nm

N\

354.55 nm

200 nm 2000m
Figure 2(a): CBB SEM images (Mag = 30.00 K X)

Cs2AgBiBrs crystals were more than twice as big as
Cs3Bi2Bry crystals. The largest size appeared in CSBB
60 min sample, reaching 1.56 ym. In contrast to
Cs3Bi2Bry, the crystal structures of Cs2AgBiBrs were
obviously well-defined and a clear growing trend
could be identified as the crystallisation time increased.
This change can be proved furtherly by Figure 3 that
Cs2AgBiBrs powders became darker under longer
crystallisation time.

CSBB 1 min CSBB 15 min

szm
1045.72 nm

200 nm 200 nm

CSBB 30 min CSBB 60 min

lm

1560.68 nm

200 nm

Figure 2(b): CSBB SEM images (Mag = 30.00 K X)

Figure 3: Photo of four CSBB samples where colour differences
were clearly seen

3.3 UV-Vis

Since UV-Vis spectroscopy probes electronic
transitions between valance band and conduction band,
it is a convenient way for analysing the band gaps for
semi-conductors'”.

3.3.1 Band Gaps Calculations Based on
Reflectance Spectra

The minimum energy difference between the top of
the valence band and the bottom of the conduction
band is understood as the band gap. For a direct band
gap semiconductor, the maximum energy of valence
band and the minimum energy of the conduction band
occur at the same value of momentum; for an indirect
band gap semiconductor, they do not occur at the same
value of momentum. Figure 4 simply explains why the
value of an indirect band gap is always smaller than
the value of a direct one.

Direct Band Gap Indirect Band Gap

Conduction Band

Conduction Band

Phonon assisted transition

Energy
Energy

Valence Band Valence Band

Momentum Momentum
Figure 4: Direct and indirect band gaps®’

The energy-dependent absorption coefficient, &, can
be expressed by the following equation,

(a )Y = B(hv — Ey)



where h is the Planck constant, v is the photon’s
frequency, B is a constant and E, is the band gap
energy. ¥ is equal to 1/2 for direct transition band gap
and 2 for indirect transition band gap.

The Tauc plot of the Kubelka-Munk function was
applied to estimate both direct and indirect band gap
transitions of CBB and CSBB from their reflectance
spectra (Figure 5(a) and Figure 6(a)). F(R) is known
as Kubelka-Munk function which is equal to,

K (1-R)
F(R)zfz( ZR)

where K is the molar absorption coefficient, S is the

scattering coefficient and R is the diffused reflectance
0,
of material, R = 1/‘:)—};. Barium sulfate was used as a

reference for the reflectance spectra so the R value

100 0.4

mentioned in the above equation was actually taken to
be the ratio of Rsqimpie/ Rpaso, -

By replacing a with F(R) and substituting back to the
first equation, the following equation was obtained,

(F(R) - h)¥Y = B(hv — E,)

Graphs with hv as the x-axis and (F(R) - hv)'/? as
the y-axis were plotted for each sample. Taken y =
1/2, the x-intercept of the extension of the linear
region and the x-axis was the direct band gap (Figure
5(b) and Figure 6(b)). Taken y = 2, it was hard to
identify the linear region (Figure 5(c) and Figure 6(c)).
Therefore, two points lie on the steepest region were
chosen, the x-intercept of the line pass through those
two points and the x-axis was calculated to be the
indirect band gap. The results are summarised in Table
2(a) and Table 2(b).

CBB 1 min
0.7 CBB 15 min
CBB 30 min

CBB 60 min

(E(R) hv)(1/2)

265727 275 28 23 24 6 27 28

24 245 25 255 26
Energy (eV)

: CBB indirect band gap

Energy (eV)

,' )

coB 1
035 | —coB1
90 CBB 30
Q CBB 60 min
280
~ CBB 1 min Qo2
o <
2 5 CBB 15 min - -
4;_‘,; CBB 30 min 5
9 CBB 60 min =
&= 60 =
o]
rx 01
50
005
40
200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
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Table 2(a): CBB band gaps summary

Energy (eV)

Table 2(b): CSBB band gaps summary

Sample Direct Band Gap | Indirect Band Gap Sample Direct Band Gap | Indirect Band Gap
(eV) (eV) (eV) (€V)
1 min 2.695 2.6334 1 min 2.350 2.1782
15 min 2.685 2.6174 15 min 2.340 2.1687
30 min 2.680 2.6104 30 min 2.340 2.1607
60 min 2.700 2.6186 60 min 2.360 2.1735
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3.3.2 Band Gaps Analysis Based on
Absorbance Spectra

As mentioned in Section 3.2, a darker colour was seen
for CSBB samples with a longer crystallisation time.
It was actually same for CBB but the colour
differences were less obvious than what could be
distinguished by eyes compared to CSBB (Figure 7).
Based on these observations, it was imagined that a
darker-coloured sample with a longer crystallisation
time would absorb more light and have a lower band
gap. However, there was not a tremendous decrease in
the band gaps, even the direct band gaps’ of CBB 60
min and CSBB 60 min were slightly higher than those
of CBB 1 min and CSBB 1 min. Meanwhile, it was
hard to conclude a trend in band gaps’ change as the
direct band gaps’ difference of CBB 1 min and CBB
60 min was only 0.005 eV and that of CSBB 1 min and
CSBB 60 min was only 0.01 eV; similarly, the indirect
band gaps’ differences were only 0.0148 eV and
0.0047 eV respectively.

- - e -

N

Figure 7: Photo of samples where colour differences were seen

As this experiment aiming at exploring perovskite
semiconductors better at absorbing light in the visible
range, 380 nm to 700 nm range in the absorbance
spectra (Figure 8) will be focused more in this section.
CSBB samples absorbed a wider range of visible light
than CBB samples. This was also verified by
calculations that both direct and indirect band gaps of
CSBB were lower than those of CBB.
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Figure 8: Absorbance spectra of CBB and CSBB
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Nevertheless, XRD detected the existence of AgBr in
CSBB samples which might contribute to the
absorption of visible light. The indirect band gap of
AgBr is 2.89 €V?! which is narrow enough to make it
absorb visible light easily’”. This might be one of the
reasons why CSBB absorbed a wider range of visible
light than CBB.

34 GC

The amount of carbon monoxide production was
monitored and measured as it implied the
photocatalytic performances of each sample for COz
reduction.

3.4.1 General Trend

The sample to be considered as the best photocatalyst
in this experiment was obviously CBB with 1 min of
crystallisation time which helped to produced 4.65
umol g=1 h=1 CO. In general, for both CBB and
CSBB, the CO production got less and less as the
crystallisation time increased (Figure 9). This trend
can be explained by the grow in crystal size which was
also mentioned in Section 3.2 shown by SEM images.
As the crystallisation time prolonged, the crystals
became larger with a smaller surface area available for
reactions to take place. As a result, less CO was
produced for samples with longer crystallisation time.
For CBB samples, the perovskite degradation also
accounted for the reduction in CO production.
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Figure 9: CO production for CBB and CSBB

3.4.2 Compare CBB with CSBB

According to the UV-Vis results discussed in Section
3.3.2, CSBB, owned a lower band gap and absorbed



more light, was hoped to offer a better photocatalytic
ability. The GC results were opposite where CSBB
only produced less than a half amount of CO compared
with CBB under same crystallisation time. This can be
explained by the following reasons. Firstly, CSBB
crystals seen under SEM were much larger than CBB
crystals; for instance, CBB 1 min crystals were
approximately 364.31 nm whereas CSBB 1 min
crystals were 826.44 nm which was 2.39 times larger.
A larger size led to a smaller surface area and a lower
production. Secondly, due to the existence of
unwanted AgBr in CSBB samples, the sample mass
weighed contained not only pure CSBB but also AgBr
which indicated the actual CSBB sample mass
participated in photocatalysis was less than the mass
used in calculations. Namely, the CSBB sample mass
might be overestimated and the production might be
underestimated.

3.4.3 Control Tests

Two controlled tests were conducted for the samples
with best photocatalysis performance for both CBB
and CSBB, which were the ones with crystallisation
time for 1 min. One of the controlled tests used helium
only instead of CO2 and H2O, the other also replaced
CO2 with helium but kept H20 as a reactant. It was
predicted that the latter one would produce more CO
but the result was opposite for CBB 1 min sample
(Figure 10). An unexpected high CO production, 1.24
umol g7 h™1 | might be caused by residual IPA
which was not fully removed in the quartz filter
heating step. IPA might undergo a reduction reaction
which contributed to the CO production. Some dark
spots were observed in the quartz filter after reaction
which proved the presence of remaining IPA in the
sample (Figure 11).
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Figure 10: CO production in control tests
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Figure 11: Photo taken after reaction proved the presence of

remaining IPA

3.4.4 Improved Methodology

In the very start of this experiment, a whole quartz
filter and there was no control in the sample mass, in
other words, an over needed amount of samples were
dropped on the filter and crystals overlapped with each
other. Only the crystals on the top surface were active
for catalysing the reaction while crystals hidden on the
bottom were not effectively playing a role. Table 3
assembles some single experiment data which used
different CSBB sample mass. One of the extreme
cases used 14.3 mg of CSBB 15 min sample which
only produced 0.0565 umol g~ h~1 of CO. Another
extreme case used 0.2 mg of CBB 60 min sample,
9.5162 umol g~ h~1 of CO was produced which was
even higher than the amount of CO produced using
CBB 1 min sample. In the pursuit of a higher but also
realistic production, the sample mass was decided to
be controlled around 0.8 mg to 1.2 mg. Besides, the
reaction time, water content and other parameters were
optimised for half a filter, these were needed to be
adjusted for using a whole one, which was the reason
that only a half quartz filter was used as mentioned in
Section 2.4.

Table 3: The effect of sample mass in CO production

Y};f;ff CSBB
Crystallisation o Sample | CO Production
. . Quartz 1 -1
Time (min) . Mass | (umolg= h™")
Filter
Used (mg)
1 Whole 34 0.9648
Half 0.8 1.7517
15 Whole 14.3 0.0565
Half 0.8 1.5505
30 Whole 7.9 0.0598
Half 0.1 0.9606
60 Whole 1.7 0.3315
Half 1.1 0.5094




4 Conclusion and Outlook

To sum up, CBB | min sample was considered as the
best photocatalyst in efficient reduction of CO2 to CO
which took part in reactions and produced 4.65
umol g~ h™1 of CO. Related crystallisation time to
the photocatalytic performances of perovskites, there
was no doubt that a longer crystallisation time created
a larger crystal size with a smaller surface area and a
poorer performance. Based on a lower band gap and a
stronger ability in absorbing a wider range of visible
light, Cs2AgBiBrs was predicted to be a better
photocatalyst than Cs3;Bi2Bre. Nevertheless, CSBB
samples helped to produce much less CO than CBB
samples. This was due to not only a larger CSBB
crystal size resulted in a smaller surface area available
for reactions to take place, but also the appearance of
AgBr after 15 min when CSBB started to degrade.

To further improve the study of these two perovskites,
more trails of GC operations can be carried out. A
larger number of sample volume definitely provides a
fairer result and a smaller error bar as it was quite large,
especially for CBB 30 min sample. In addition, the
crystallisation time interval can be narrowed to see if
there is a better crystallisation time for synthesising a
better photocatalyst. For instance, is there any
probability that a crystallisation time between 1 and 15
min does exist which offers a chance to produce the
most amount of CO can be a future research topic.
Furthermore, the presence of AgBr strongly adversely
affected the performances of CSBB samples. A
different  synthesis  methodology  such as
mechanochemical synthesis can be studied to check if
it effectively produces the desired perovskites. Last
but not the least, the BET** (Brunauer, Emmett and
Teller) analysis can be conducted to examine how
exactly the surface area of crystals changes and
influence their photocatalytic performances.
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Polymorphic Phase Transitions for Triglycine: The Effect of Additives and
Temperature on the Thermodynamic Stability of Triglycine’s Polymorphic Forms
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ABSTRACT

Within the pharmaceutical industry, there is a strong motivation to study the effect of temperature and additives
on the morphology of peptides during the crystallisation process to improve the safety, tolerability profiles, and
long-term efficacy of peptide-based therapies. This work aimed to investigate the effects of temperature, ethanol
concentration and salt additives on the phase transition boundaries between the two polymorphic forms of
triglycine: triglycine anhydrate (B-sheeted structure) and triglycine dihydrate (polyproline II / pPII structure).
Slurry crystallisation experiments were conducted by mixing triglycine anhydrate in (a) temperature-controlled
binary water-ethanol solutions of varying compositions or with (b) salt additives, followed by observation of
resultant crystals using microscope images and Raman spectroscopy. The former set of experiments revealed that
the dihydrate form was favoured by an increase in ethanol molar fraction and temperature. Further analysis of the
addition of four different salts (LiCl, NaCl, KCl and MgCl,) showed that anhydrate formation was favoured at
high salt concentrations (>1.5M), with prospective evidence implying that a higher cation charge density results
in a lower salt concentration required for phase transition.

Keywords: Crystallisation of triglycine, polymorphic conformation, phase transition boundary, pPII structure,
Raman spectroscopy, crystallisation additives

1. Introduction with peptide production and manufacturing that
Therapeutic peptides constitute a novel class of limit the proliferation of peptide therapies. In
pharmaceutical agents generally defined as a short particular, downstream purification remains a major
chain of 2-50 amino acids. As synthetically bottleneck in peptide manufacturing and relies on
accessible bioactive substances, peptides boast chromatography-based techniques. This often
many unique qualities that makes them strong necessitates excessive use of reagents and solvents
potential candidates when formulating best-in-class to obtain high quality peptides, resulting in high
therapeutics. Much like biologics, such as proteins costs, poor environmental impact, and large
and antibodies, therapeutic peptides function by amounts of aqueous waste (Isidro-Llobet et al.,
binding to cell surface receptors and triggering 2019).

intracellular effects with higher specificity and
potency than small molecules. Unlike biologics,
peptides are generally less immunogenic, and their
smaller sizes allow for deeper penetration into
human tissue. In addition, peptides tend not to
accumulate in organs and therefore, typically have
low toxicities (McGregor, 2008). Due to these
characteristics, peptide-based therapies have the
potential to offer superior patient outcomes in terms
of improved safety, tolerability profiles, and long-
term efficacy (Bruckdorfer, et al., 2004) (Fosgerau
and Hoffmann, 2015).

To address these challenges, the pharmaceutical
community has proposed peptide crystallisation as a
more cost-efficient and practical alternative to
chromatography. However, given the complex
properties and large sequence space for peptides
(n?"), selecting appropriate crystallisation conditions
is a laborious, iterative process. The current industry
standard involves screening using standard sets of
conditions and further fine tuning around conditions
with promising results. For a single peptide, this
could mean several cycles of optimisation before a
satisfactory outcome is achieved, with each lasting

With the advancement of drug discovery and days or weeks (Rosa et al, 2020). In addition,
development  strategies,  peptide  synthesis peptides often have highly flexible conformations
techniques, and molecular pharmacology in recent due to their relatively short amino acid chain
years, peptide therapies are playing an increasingly lengths.  The  manifestation of  different
large role in addressing unmet medical needs. morphological conformations further complicates
Today, there are over 80 peptide therapies on the the screening process as this could affect critical
market and 550-750 in clinical or pre-clinical physical and chemical properties of a given
development across a wide range of indications such therapeutic peptide such as solubility, stability, and
as oncology, cardiology and endocrinology (Lau et biological properties (Guo et al., 2021).

al., 2018) (Muttenthaler et al., 2021). Despite the
apparent boons associated with these advancements
and the outstanding pharmacological profile of
peptides, there remains many challenges associated

This study aimed to investigate how key
conditions affect the most stable conformation of
peptides in aqueous systems and further efforts to
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develop a more robust, systematic approach to
identifying ideal crystal growth condition for
peptides, using triglycine as a model peptide.
Triglycine exhibits two morphologies: triglycine
anhydrate and triglycine dihydrate. Primarily, there
were two areas of interest that were investigated via
slurry crystallisation experiments. Firstly, the phase
transition  boundaries between these two
conformations were analysed at different
temperatures in binary water-ethanol solutions of
varying concentrations. Insights from these
experiments would be particularly useful as anti-
solvents, such as ethanol, are commonly used to
assist precipitation of high solubility solutes.
Secondly, the critical salt concentrations at the phase
transition boundaries were investigated for four
different salts (LiCl, NaCl, KCl, MgCL) to
understand the potential role of salt addition in
achieving the desired morphological conformation
during peptide production.

2. Background

There have been many studies conducted on protein
crystallisation. Homogenous nucleation in the
absence of any foreign particles is particularly well
studied (Karthika et al., 2016). While many new
crystallisation theories have emerged to understand
the process (Lutsko, 2019), the Classical Nucleation
Theory (CNT) is the most common model used to
understand the crystallisation of biological
molecules (Karthika et al., 2016) owing to its ability
to give reasonable predictions of nucleation rates
despite its simplicity (Sear, 2007).

Under the CNT, the crystallisation process is
described by two separate steps: (a) an initial
nucleation step, followed by (b) a growth process
(Xu et al.,, 2021). CNT assumes that the crystal
nucleus has the same properties and structure as the
stable, mature crystal, and that the nucleus is
spherical in shape. While the assumptions are not
valid in certain cases, they serve as a fair
approximation moving forward. Broadly speaking,
crystallisation methods fall into one of the following
three categories: batch, vapour diffusion or liquid
diffusion (Bergfors, 2009, pp.17). The three
methods differ in how the solution chemistry
(degree of supersaturation) is adjusted. However, in
all cases, the level of supersaturation must be high
enough to initiate nucleation and support subsequent
crystal growth (Ducruix and Giegé, 1992). In this
study, batch crystallisation was chosen due to their
ease of setting up (Bergfors, 2009, pp. 19).

Polymorphism is commonly observed during the
crystallisation in the industry, specifically in the
fields of pharmaceuticals, food and fine chemicals.
This phenomenon refers to the existence of multiple
crystalline structures for a single compound which,
during the crystallisation process, is often influenced
by the presence of additives and crystallisation

129

conditions like temperature (Kitamura, 2008). The
presence of polymorphs is of particular interest as
polymorphs demonstrate different physicochemical
properties (Cruz-Cabeza and Bernstein, 2013).
Complications may arise for biomolecules with
many, flexible conformations, such as in peptides
and proteins. In the pharmaceutical industry, a
polymorphic phase transition could mean, among
other factors, a change in solubility and physical
stability, impacting the dosage delivered, drug
bioavailability and half-life when administered to
patients. This also presents significant regulatory
risk to pharmaceutical manufacturers since drug
approvals are most often granted only for a single
polymorph, highlighting the imperative need to
control the morphology of the active pharmaceutical
ingredient during the crystallisation process (Barker,
2020). At best, the wrong polymorphic form can
cause economic losses to manufacturers, as in the
case of Abbott and ritonavir, and at worst, it could
even lead to losses of lives or permanent
disfiguration, such as in the case of the thalidomide
scandal.

The presence of polymorphs introduces an
additional layer of complexity in this study. During
peptide crystallisation, these factors will influence
the thermodynamic stability of the secondary
structure of the peptide’s morphologies and,
generally, the most stable morphology would be
crystallised (Cruz-Cabeza and Bernstein, 2013).
However, this may not always be the case. Rather,
the crystals may pass through a path where the free
energy barrier is minimum during nucleation. This
means that the crystals obtained from experiments
may not be an accurate reflection of what the most
stable form is under those specific conditions
(Karthika et al., 2016). Ostwald’s step rule suggests
that the polymorph that crystallises first is usually
the metastable one, which more closely resembles
the state in the solution and are thus advantaged.
This is followed by a transformation to more stable
forms over time (Black et al., 2018). As such, it is
vital for the experiment set-up to be stirred and left
overnight for the crystals to transform into their most
stable form.

In the pharmaceutical industry, hydrates
constitute an extremely common class of solvates
and are viewed as an important area of research.
Their prevalence can be attributed to the common
use of water as a solvent in pharmaceutical
processing (Hilfiker, 2006). As with other
polymorphs, hydrates have different physical and
chemical properties from anhydrates (Tian et al.,
2010). As such, it is vital to understand the factors
that affects the stability of the hydrates to control the
type of peptide being crystallised to ensure higher
efficacy, reduce regulatory risks and improve patient
outcomes.



Previous studies done have shown that the
stability depends on various factors. One factor is
the choice of solvent used. For instance, olanzapine
exhibits over 25 crystal forms. Seven of these are
pharmaceutically relevant, being three anhydrates
(Form I to III), three dihydrates (B, D, and E) and a
higher hydrate (Reutzel-Edens et al., 2003). Form I
is the most stable form in organic solvents, while in
water, Form I is the least stable and it will convert to
a dihydrate. In a separate study done on the stability
of an indomethacin/methanol system, Veith et al.
(2020) found that indomethacin-methanol solvate
formation is favoured at lower temperatures, while
y-indomethacin is found at higher temperatures.
Despite the existing knowledge on how such factors
can influence the stability of polymorphic forms,
there is still a relatively poor understanding of the
underlying mechanisms at play.

In this study, triglycine was selected as the model
peptide to further understand these underlying
mechanisms as triglycine dihydrate is relatively easy
to crystallise as compared to the hydrated form of
other short chain peptides, such as glycine and
diglycine (Guo et al., 2021). More importantly,
triglycine can adopt a polyproline II (pPII)
secondary structure in its dihydrate morphology, in
addition to its anhydrate morphology. According to
Guo et al. (2021), there is a strong motivation to
understand the pPII structure due to its abundance in
unfolded proteins and peptides and the high stability
it confers. This significantly addresses the need to
improve morphological stability to increase the
pharmaceutical efficacy of end-products. Hence, the
study of triglycine is essential to further knowledge
surrounding the pPII structure.

The distinct difference in crystal habits between
its dimorphic forms makes visual identification of
each polymorph easier. In its anhydrate form,
triglycine has a fully extended, [-sheet
conformation. This results in a highly regular,
“plate-like” crystal habit. On the other hand, the left-
handed helical structure of the pPII structure results
in an observed “needle-like” crystal habit for
triglycine dihydrate (Guo et al., 2021). This
morphology was conventionally seen in the aqueous
state, but rarely in the solid state. Previous work
done in this area has shown that water molecules
interact with triglycine’s negatively charged
carboxylic group and positively charged ammonium
groups, stabilising the pPII structure (Guo et al.,
2021). The use of different anti-solvents and
additives can further the understanding of this
phenomena by investigating how they can interact
with the side chains of triglycine dihydrate to assist
or inhibit their formation.
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3. Materials & Methodology

3.1 Materials

Triglycine (purity > 99%, white powder, anhydrous
form) was procured from Sigma-Aldrich Co. Ltd. as
the solute of choice. As for solvents, 18 MQ
deionised water was obtained from the on-site
analytical laboratory and ethanol absolute (purity >
99.8%, clear colourless liquid, molecular biology
grade) from VWR Chemicals. The following salts
were also procured from Sigma-Aldrich Co. Ltd.:
LiCl, NaCl, KCl, and MgCl, (purity> 99%, powder,
anhydrous form, molecular biology grade).

3.2 Binary solvent experiments

To explore the critical ethanol concentration for the
triglycine phase transformation at different
temperatures, binary solvent mixtures with select
ethanol concentrations ranging from 1 mol% to 14
mol% were tested at temperatures of 5°C, 10°C,
15°C, 20°C, and 25°C as the typical screening
temperatures for crystallisation ranges between 4°C
and room temperature (Hampton Research, 2021).
All experiments were performed at atmospheric
pressure. The ethanol mole fractions tested, as
shown in Table 1, were selected based on prior work
by Jiang (2021), who previously identified the
approximate phase transition boundaries. An excess
of triglycine was introduced to each binary solvent
mixture based on predetermined solubility data to
ensure sufficient triglycine solid in the slurry would
be available for subsequent analysis.

Table 1. Experimental conditions tested for triglycine
crystallisation in binary solvent mixtures.
Ethanol Molar Temperature /°C

Fraction / mol% 5 10 15 20 25
1 x x x
2 x x x
3 X X X
4 x x x
5 x x x
6 X X
7 x x
8 x x
9 x x
10 X X X
12 x x x x
14 x x x x

To accurately assess the most stable

conformation for each sample, a series of slurry
crystallisation experiments were performed at each
temperature, followed by the observation of the
resultant triglycine crystals. These samples were
immersed in a cylindrical double-jacketed glass
vessel, coupled the ARE Heating Magnetic Stirrer
and the Grant GR150 R1 Recirculating Water Bath
with for agitation and temperature-control
respectively (Figure 1).



Figure 1. Experimental set-up depicting the glass vessel
and magnetic stirrer (left), and the water bath (right).

The samples were continuously stirred overnight
for 24 hours at 5°C to ensure that equilibrium was
achieved and the resultant triglycine was in its most
stable conformation. The solids in the slurry were
then transferred to a glass slide using a dropper and
covered with a cover slip to minimise evaporation.
They were visually inspected under the GT Vision
GXCAM HiChrome-Met microscope with a 20x
magnification to observe the crystal habit of
triglycine. Thereafter, the slurry mixtures were
filtered using a Biichner funnel and flask connected
to a Welch 2014B-01 Vacuum Pump, using
Whatman filter papers (Grade Number 1,
qualitative) as the filter medium (Figure 2).

Figure 2. Filtration set-up depicting the Biichner funnel
and flask (left), and the vacuum pump (right).

The recovered triglycine residues were
transferred to a glass slide and were then analytically
characterised via Raman spectroscopy using the
Bruker SENTERRA II Raman microscope under
20x magnification. For each sample, 10 to 15
datapoints were taken across different areas of the
sample to minimise the incidence of gross errors.
This procedure was repeated for 10°C, 15°C, 20°C,
and 25°C.

These results were compared to the initial visual
characterisation of the triglycine crystals to identify
any deviations from the expected crystal habits,
which may uncover insights regarding the crystal
growth and interactions between additives and
triglycine’s functional groups under different
conditions.
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Table 2. Measurement parameters used for the Raman
microscope.

Laser wavelength 532 nm
Power 12.5 mW
Aperture 50 pm
Resolution 4 cm!

Spectral range 400a ; 50-4260 cm!

3.3 Salt addition experiments

To wunderstand the effect of the type and
concentration of salt on the triglycine phase
transformation at 20°C, a study was conducted using
salt concentrations of 1.0M, 1.5M, 2.0M, and 2.5M
for four salts: LiCl, NaCl, KCl, and MgCl. A stock
solution of concentration 2.5M was first prepared by
dissolving the required mass of salt in 20ml of
deionised water. Subsequently, the salt solutions
with the concentrations specified above were
prepared by diluting an aliquot from the stock
solution with deionised water using a pipette.

Table 3. Dilution factors for each desired salt
concentration.

Salt stock Deionised
Salt cone. (M) solution (ml) water (ml)
1.0 2.00 3.00
1.5 3.00 2.00
2.0 4.00 1.00
2.5 5.00 0.00

As with the binary solvent experiments, an
excess of triglycine solids was introduced to the salt
solutions and the samples were left in the water bath
at 20°C overnight for 24 hours before
characterisation of the sample with microscope
imaging and Raman spectroscopy the following day.

4. Results

4.1 Binary solvent phase transition trends
Given this study focused on understanding the
conditions for phase transition, the different
polymorphs were analysed during initial stages of
experimentation. The observed microscope images
for both the anhydrate and dihydrate forms are
displayed in Figure 3(c)-(e), as well as near the
phase boundary where a mixture was observed.

The microscope images of the triglycine crystals
are shown in Figure 3(a). To verify the exact
morphology of the crystal, Raman spectroscopy was
conducted on all sample, with focus being placed on
three distinct ranges of the spectroscopy, namely
being at 1000 cm, 1680 cm!, and 3300 cm’!, as
shown in Table 4. The shift in peaks from
approximately 1000 cm™! for triglycine anhydrate to
1030 cm™ in triglycine dihydrate corresponds to the
C-C bond stretching, which has changed due to the
new conformation of dihydrate. The peaks at 1680
cm’! corresponds to the change in structure from a



(a) (b)
Eth Temperature /°C Salt Salt
mol% 5 10 15 20 25 Conc. MgCl, LiCl NaCl KCl

ANHYDRATE

Figure 3. Triglycine phase transition boundaries for (a) different temperatures and ethanol molar fractions, and (b) different
concentrations of MgCla, LiCl, NaCl and KCI. The lines in red represent a transition from triglycine dihydrate to triglycine
anhydrate as the dominant morphology. Examples of crystal images under polarised light showing (c) triglycine dihydrate, (d)

a mixture and (e) triglycine anhydrate were also included above.

B-sheet in triglycine anhydrate to the pPII
conformation present in triglycine dihydrate. Lastly,
the peak(s) at 3300 cm™! corresponds to the presence
or absence of hydrogen bonds formed between the
N-H group of triglycine and water. When water is
present, the hydrogen bonding between water and N-
H causes the bonded symmetric N-H, stretching,
which is reflected by the difference in the bands
between anhydrates and dihydrates at the 3300 cm'!
range. The presence of a single peak at the indicated
the presence of a dihydrate, which the presence of a
double band indicated the presence of an anhydrate.
Based on the above results, a phase transition table
can be constructed, which is shown in Figure 3(a).

4.2 Salt addition phase transition trends

As with the above, microscope images of the
crystals were taken under different conditions and
collated in Figure 3(b).
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Table 4. Spectroscopy ranges of interest.

Wavenumber| 1000 1680 3300
cm
Functional C-C . N-Hz
Group stretching Peptide bond stretching
Small band, Two
Anhydrate | Single band followed by a distinct
larger band bands
Single band . .
. Two distinct ~ Single
Dihydrate abo(\:;1 _11000 bands bands

5. Discussion

5.1 Ethanol interactions with triglycine
From Figure 3(a), anhydrate formation was shown
to be favoured by an increase in ethanol content.
Prior investigation into protein structures by Singh
et al. (2010) suggests that alcohol addition can
disrupt nonlocal hydrophobic interactions in the
secondary structure of proteins, reducing the
stability of the secondary structure. This induces the
unfolding of the helical pPII structure in triglycine
dihydrate into the fully extended B-sheeted structure
characteristic of triglycine anhydrate.



These experiments also confirmed the
temperature-dependence of peptide morphology
across different ethanol-water mixtures. In general,
triglycine anhydrate was observed as the dominant
morphology at higher temperatures. Kjaergaard et
al. (2010) described a similar observation for select
proteins, where a loss of the pPII structure occurred
with increasing temperature. The morphology of
triglycine proved to be particularly sensitive to
temperature between 15 to 20°C, as represented by
the large difference between critical ethanol molar
fraction at these two temperatures, namely being 8%
and 4%, respectively. However, a broader literature
review reveals that the underlying mechanism
remains poorly understood and represents a
significant area for further investigation.

In addition, an increase in ethanol concentration
results in the formation of more fragmented,
irregular plates, regardless of temperature, as seen in
Figure 4. According to El Bazi et al. (2017),
adsorption of ethanol at kink sites occurs due to
favourable hydrogen bonding interactions with
triglycine. This limits the access of triglycine in the
solution to the crystal facets and thus, inhibits
further growth into a more regular, rod-like shape.

Figure 4. Microscope images showing the crystal habits
of anhydrates crystals at a lower ethanol concentration
(left) and a higher ethanol concentration (right).

5.2 Salt interactions with triglycine

Although prior findings from literature have
established the influence of salt on the morphology
for other peptides, this effect has yet to be well
investigated for triglycine. This study demonstrates
preliminary evidence that the use of salt addition can
induce the formation of triglycine anhydrate under

(2) (b)

conditions where triglycine dihydrate is typically the
most stable conformation.

From Figure 3(b), the dihydrate was expectedly
observed as the more stable conformation at low salt
concentrations, in line with triglycine dihydrate
being the dominant conformation in pure water at
20°C. However, it was shown that triglycine
anhydrate was the more stable conformation at salt
concentrations above 1.5-2M. Han et al. (2021)
observed a similar phenomenon with glycine, where
salt addition promoted the formation of y-glycine
but could not identify the underlying mechanism.
Although finer increments of salt concentrations are
necessary to be conclusive, it can be preliminarily
concluded that the critical salt concentration at the
phase transition boundary decreases with an
increase in the cation charge density (Mg?" > Li* >
Na* > K"). A theoretical possibility would be the
competing effect between the salt ions and water for
interactions with triglycine’s charged functional
groups. Under this theory, the salt ions could
stabilise these charged functional groups in place of
water and inhibit the formation of the pPII structure.

A separate observation regarding the addition of
salts is that the addition of salts seems to increase the
solubility of tr