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Abstract: Direct CO, reduction from rich amine is advantageous as this allows for a push a step closer to realising the
concept of integrated carbon capture and utilization. This study looks into the application of using a photocatalytic process
to convert the absorbed CO, into formic acid. A slurry system using TiO, as a photocatalyst was used together with a
Ultraviolet C (UVC) light source and based on Response Surface Methodology (RSM) analysis, with the empirical model
R’ of 0.9080 achieved, the optimum yield of formic acid obtained was 108 pmol/g cat-hr when running with 0.2 g TiO,, at
50 °C and a 3-hour operation. The yield of product obtained is comparable to others reported in the literature. A moderate
kinetic model fit was achieved for formic acid production with an R* of 0.64 and Root Mean Squared Deviation (RMSD)
of 14.08. Comparison is done between slurry and immobilised TiO, where a 33% drop in yield was achieved when the
photocatalyst was immobilised onto Polytetrafluoroethylene (PTFE) fibres.
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1. Introduction

Photocatalytic CO, reduction converts CO, to other chemicals using light as the energy input.' Titanium dioxide
(TiO,) has been regularly used for Ultraviolet (UV) induced photocatalysis due to its abundance, low cost, and having
sufficient positive and negative redox potentials in the conduction band and valence band. TiO, in its anatase form is
the most suitable for photocatalytic reactions due to its larger surface area, stability and higher activity compared to its
rutile or brookite form.’

The idea of direct photocatalytic CO, reduction in rich amine is in line with the concept of Integrated Carbon
Capture and Utilization (ICCU). Rich amine is the amine stream that leaves the CO, absorption tower and is loaded with
CO,, to be regenerated and recycled back into the system. The concept of ICCU involves direct CO, desorption and
conversion from the rich amine. This removes the need for a CO, purification process, compression, and transportation,
and would significantly improve energy efficiency.” Among various products that can be synthesized from CO,,
methanol and formic acid are of high interest for the ICCU." Tai et al. reported a methanol yield of 31.49 pmol/gcat.h
from direct photocatalytic CO, reduction using Mg-TiO, in rich amine.’
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Attractively, producing formic acid requires only two electron transfers, CO, + 2H" + 2¢” — HCOOH, whereas
reduction to methanol requires six.”” Formic acid is a carboxylic acid with a wide range of applications, one that is
gaining attention is its use as an energy carrier (4.4 wt% H, in formic acid). The industry standard requires most
formic acid to be in a concentration of 85%, with its use as a chemical intermediate to manufacture chemicals and
pharmaceuticals and as a preservation/ animal feed additive.”

Since amine solutions are basic, the photocatalytic system in basic conditions is expected to follow a parallel
reaction scheme as shown in Figure 1 as theorized by Galli et al.” In addition to the consecutive path, formaldehyde
would form autonomously from formic acid. Gas phase products (CO and H,) will also form consecutively through
photoreforming of the formaldehyde and formic acid. Hence, to target formic acid production, the process reaction has
to be carried out at an optimum condition, otherwise its concentration would decrease as it could be converted to other
chemicals.
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Figure 1. Parallel reaction scheme for molecular CO, and carbonate photoreduction produced by Galli et al.’

When CO, is absorbed by a tertiary amine solution such as Methyldiethanolamine (MDEA), it reacts chemically
with the amine and becomes bicarbonate. Pan et al."’ described that bicarbonate (HCO;) can be reduced by electrons to
form formate, but it can also be oxidized to carbonate by holes or hydroxyl radicals. In a mechanistic study by Nguyuen
etal.,'" the photocatalytic HCO, reduction could lead to the formation of formate, methanol, and acetate.

To find the optimum condition for the photocatalytic process, Response Surface Methodology (RSM) can
be employed to optimize many process parameters whilst reducing the number of experiments. This method can
simultaneously evaluate the effects of several process variables and determine the impact of each independent variable
and its combined effect.'”"> The RSM concept has been used and reported by some researchers in photocatalysis
CO, conversion, with the Central Composite Design (CCD) being the most used. For example, Chakrabortty et al.,"
used CCD to reach the optimum condition for the photoconversion of CO, to methanol. Delavari et al.,” used a
central composite rotatable design to evaluate photocatalytic conversion of immobilized TiO, coated on a mesh, and
Firoozabadi et al."” applied a face-centered composite design to study the effect of temperature, UV light power, and
partial pressures of CO, and H,O on its reaction. Apart from that, the Box-Behnken Design (BBD) is also another
widely preferred design for RSM, especially in photocatalytic degradation.'*"® It required three levels for each factor,
hence fewer experimental runs and is used to fit a second-order model.'” This study looks at optimizing photocatalytic
temperature, reaction duration and the amount of photocatalyst used.

To understand the kinetics of heterogeneous catalytic processes, Langmuir-Hinshelwood (LH) kinetics is the
most commonly used kinetic expression.'” LH kinetic models reported for CO, photoreduction involve diffusion and
adsorption of CO, onto the surface of the photocatalyst, generation of electron-hole pairs and photoreaction, and finally
the desorption of products from the surface.” Understanding the kinetics of CO, photoreduction to produce formic acid
using TiO, is important for practical process scale-up in the future. Kinetic constants and good model fit are determined
based on proposed models in the literature.”

In further consideration of pursuing ICCU, slurry photocatalytic systems are commonly used, but immobilised
photocatalysts would help to prevent them from being easily washed away.” In our previous study, TiO, had been
successfully immobilised onto Polytetrafluoroethylene (PTFE) membrane surfaces.” Immobilizing photocatalysts onto
solid supports has emerged as a practical strategy to improve catalyst stability, facilitate recovery, and enable continuous
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operation in photocatalytic systems. Thus, a comparison between slurry and immobilised photocatalyst systems is
important in developing the technology.

This study aims to optimize the photocatalytic reduction of CO, in rich amine to formic acid using TiO, through
the response surface methodology. It further seeks to model the reaction kinetics to better understand the governing
mechanisms. Additionally, the performance of slurry TiO, is compared with that of immobilized TiO, to evaluate their
suitability for integrated carbon capture and utilization applications.

2. Experimental methodology
2.1 Materials

Titanium (IV) oxide (TiO,) anatase (99.7% trace metal basis) was purchased from Sigma Aldrich. Properties of the
TiO, are listed in Table 1 below. For photocatalytic CO, reduction performance testing, N-Methyl-2,2’-iminodiethanol
(MDEA) and piperazine anhydrous were used as the medium and were purchased from Merck.

For TiO, immobilization, Polytetrafluoroethylene (PTFE) hollow fibre membranes were produced and supplied by
Dalian Institute of Chemical Physics (DICP). All materials were used without further purification.

Table 1. Properties of the photocatalyst TiO, anatase

TiO, particle characteristics Value
BET surface area (m%/g) 96.7
Pore volume (cm’/g) 0.25
Average pore size (A) 89.1
Band-gap energy (eV) 291

2.2 Analytic quantification by HPLC analysis

To measure the amount of formic acid in the product sample, an Agilent High-Performance Liquid Chromatography
(HPLC) 1,200 series system was used with a Phenomenex Rezex Organic Acid (ROA) H' (8%) 300 x 7.8 mm column.
The analysis method is as described in Table 2.

Table 2. HPLC analysis method

Parameters Condition
Injection volume 20 uL
Mobile phase 0.0025 mol/L H,SO,
Flow 0.6 ml/min
Temperature 40 °C
Detector MWD (UV), 210 nm 16 bandwidth
Analysis time 35 min
Retention time 16.501 min (Formic acid)
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The calibration curve for formic acid has a strong linear relationship between peak area and concentration
across the tested range (0-50 ppm). The plotted data points fall closely along the regression line, yielding an excellent
correlation coefficient of 0.99993. The low residual standard deviation (5.7176) confirms the precision and reliability of
the calibration for quantitative analyses.

2.3 Batch photocatalytic CO, reduction setup

A glass reactor with a capacity of 300 ml (with a diameter of 5 cm and height of 15.3 cm) was used. The batch
photoreactor setup was lit up internally using a SOBO UVC-9W double lamp (4.44-6.19 eV, 250 nm and an intensity of
2.7 mW/cm’), similar to the previous experimental setup reported.”** A magnetic stirrer was used to improve the flow
of material and heat within the reactor. An oil bath was used to maintain a constant temperature, and the photoreactor
setup was placed in a stainless-steel vessel which reflected light for better efficiency in light energy utilization.

The reaction medium was prepared using 45 wt% of MDEA with piperazine in a distilled water solution and
bubbled directly with CO, to produce a CO,-rich amine solution. The CO, loading of the rich amine was analysed
through a titration method™ to ensure saturation and consistency of the amount of CO, in the amine for every batch run,
i.e., 0.5 mol CO,/mol amine (10 wt%). Three hundred milliliters of the solution was filled into the gas-tight reactor.
Ti0O, was measured and put into the medium in the photoreactor with continuous stirring, as shown in Figure 2.

Amine UV Lamp
medium

Reflective

stainless-steel pot | TiO, dispersed in amine

Magnetic|stirrer
Hot plate

Figure 2. Schematic diagram of the batch reactor setup for photocatalytic CO, reduction with slurry TiO, dispersed in the rich amine solution

At the end of the batch reaction, liquid samples were taken and analyzed by HPLC to determine the amount of
formic acid produced from CO, reduction. Product yield was calculated based on the analyser result, the amount of
catalyst, and reaction time, as shown in Equation (1):**

Concentration of product (umol)

Product yield (umol/g-h) = (1)

catalyst amount (g)x reaction time (h)

2.4 Experimental design using RSM method

Table 3. Experimental factors with the set low and high levels

Factor Name Unit Low level High level Mean
A Time Hour 1 3 2
B Temperature °C 30 50 40
C Catalyst amount g 0.2 1.0 0.6
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The Design of Experiments (DOE) was based on a Box-Behnken design which explores the factor space without
extreme corner points. The basis for low and high levels for time, reaction temperature, and catalyst amount for the
experiments is described in Table 3 and is built upon the reported outcomes from previous researchers.””® Fifteen
experimental runs were planned for the DOE with replications of the middle point; the list of experimental conditions is
tabled out in Table 4.

Table 4. Experimental design using box-behnken design for photocatalytic CO, reduction

No. Reaction time (hour) Temperature (°C) Catalyst amount (g)
1 2 40 0.6
2 1 30 0.6
3 3 30 0..6
4 2 30 0.2
5 2 30 1.0
6 2 40 0.6
7 1 40 0.2
8 3 40 0.2
9 1 40 1.0
10 3 40 1.0
11 2 40 0.6
12 1 50 0.6
13 3 50 0.6
14 2 50 0.2
15 2 50 1.0

2.5 Kinetic model fitting

The optimum condition obtained from the DOE study was used for the kinetic model fitting study. The reaction
was carried out up to 10 hours, with sampling carried out intermittently. The samples were analysed using HPLC as per
the method mentioned above. The experimental kinetic data, which is the concentration of formic acid against time, was
evaluated using a non-linear regression method.

The mathematical expression describing the reaction rate follows the Langmuir Hinshelwood model. Three models
were evaluated to estimate the unknown kinetic constants. This approach is similar to that done by other researchers
in selecting kinetic models that best fit the experimental data.”” Model I is based on the model established by Astuti et.
al.”® for CO, photoreduction to formic acid. Model II and III are based on the model developed for methanol yield by
Abdullah et al.*' but adopted for formic acid based on the assumption that methanol produced would be from having
formic acid as intermediate.’

Model I:
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PolymathPlus software was used for kinetic model fitting through a non-linear regression curve fit. The initial
guess value is keyed in, and a few iterations are done to obtain the best fit. The accuracy of the kinetic model is assessed
through R” and Root Mean Squared Deviation (RMSD).”*" R’ is calculated based on the sum of squares as described
in Equation (2) below. Hence, the higher the R* value, the better the model fits the experimental dataset. RMSD is a
measure of the differences between true and predicted values, calculated by Equation (3), where the lower the RMSD,
the more accurate the experimental results are relative to theoretical predictions.

=
©
I
|
<~ M=
—_
<
<
|
<>
-
N—
o

@)

M=
—_—
<
<
|
<|
<
N—
S

-
I

RMSD = (v,-5,) €)

~.
)

I |~
=

where y is predicted or fitted value, y is mean value and # is the number of observations.

2.6 Immobilisation of TiO, onto polymeric membrane surface

TiO, photocatalysts were immobilised onto a PTFE membrane. The immobilisation method is described in detail
in our previous paper.”’ The PTFE membrane first needs to go through a defluorination and surface grafting process,
prior to the immobilisation of TiO, onto the surface.

Field Emission Scanning Electron Microscope with Energy Dispersive X-Ray (FESEM-EDX) (Hitachi, Model
SU7000) was used to confirm the presence of silane with TiO,, and later its presence on the polymer surface. Sample
preparation involved sputtering it with platinum using Quorum Q150RS. The amount of TiO, immobilised on the PTFE

31,32

surface was quantified by Thermogravimetric Analysis (TGA) (Mettler Toledo), based on the mass of the residue.”
TGA was operated by heating from 25 °C to 800 °C at a rate of 10 °C/min with nitrogen flowing at 50 ml/min.

2.7 Evaluation of immobilized TiO, on formic acid yield

2 strands of PTFE-TiO, hollow fiber membrane (each of 2 m length) were placed into the photoreactor by winding
around the UVC light source. The photocatalytic reaction setup is similar to that described in Section 2.3, as shown
in Figure 2. In addition, for reusability testing, the PTFE-TiO, was used directly in the following cycles without any
additional treatment. The recyclability test was conducted over 3 runs.

Volume 7 Issue 1|2026| 115 Sustainable Chemical Engineering



3. Results and discussions
3.1 Rich amine as photocatalytic reaction medium

Blank control tests were performed to gauge the influence of a CO,-rich amine solution in photocatalysis and to
improve confidence in the photocatalytic activity. Table 5 shows the results at varying control runs, i.e. fresh amine
exposed to UV light, rich amine with TiO, added in, and rich amine exposed to UV light. The control runs were
conducted in the same setup as shown in Section 2.3 and were run for 3 hours.

Blank control experiments showed only trace formation of formic acid (0.100-0.154 ppm) under all non-catalytic
conditions, indicating minor background contributions from the rich amine matrix and UVC irradiation. Thus, this
establishes that true photocatalytic production in this study must exceed ~0.15 ppm. These findings verify that the
formic acid measured under optimized conditions is attributable to genuine photocatalytic activity rather than artefacts
from the reaction medium or illumination.

Table 5. Blank contol test for rich amine as photocatalytic reaction medium

Sample Bubbled with CO, TiO, added in UV exposure Formic acid detected (ppm)
Blank 1 x 0.100
Blank 2 x x 0.115
Blank 3 x x 0.154

The trace amount of formic acid detected in the sample is assumed to be due to the degradation product of the
amine itself. Formic acid is one of the oxidative degradation products of MDEA and piperazine.” The use of amine
solutions as a medium for the photocatalysis reaction is limited in literature. They have however been incorporated as
electron donors and sacrificial agents (such as Triethylamine (TEA) and Triethanolamine (TEOA)) to enhance charge
separation and overall photocatalytic efficiency.” It is interesting to note that one of the oxidative degradation products
of MDEA also includes TEOA.” Thus, it could indirectly assist in the photocatalytic reaction. There is no reported
literature however on the use of MDEA or piperazine as a hole scavenger.

3.2 Response surface analysis
3.2.1 Statistical analysis

This study looks at formic acid as the targeted product of CO, reduction in rich amine. The experimental runs
(refer to Table 4) were carried out, and samples were analyzed through HPLC. The data were analyzed using Analysis
of Variance (ANOVA) through Design-Expert software by Stat-Ease, Inc. (version 23.1.0), and the data was fitted
to the best model. The resultant model has P-value of 0.0378 (i.e. less than 0.0500) which indicates model terms are
significant, as shown in Table 6 below.

Model terms A, B, BC, and A* are found to be significant for the yield of formic acid. Based on the ANOVA
results, factors with p-values less than 0.05 are considered statistically significant, indicating that they have a
measurable influence on the response variable. These factors are therefore important in the response surface modeling
and optimization process to ensure accurate prediction and control of the system behavior.

The model has an F-value of 5.48 which implies the model is significant and that there is only a 3.78% chance
that it could occur due to noise. Based on the model statistics, the model has a good R? value of 0.9080. The model
also has an adequate precision of 7.609 (i.e. a value > 4) which indicates an adequate signal and that it can effectively
navigate the design space. Collectively, these statistical indicators confirm the robustness and predictive capability of
the developed empirical model for optimizing the photocatalytic CO, reduction process. The produced empirical model
is a polynomial expression that consists of 15 coefficients as follow:

Yield of formic acid (ppm) = -5.23501 — 1.90079A + 0.291209B + 6.12328C + 0.007412AB + 0.197812AC —
0.134737BC + 0.496450A2 — 0.002594B2 — 1.29391C”.
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Table 6. ANOVA result for yield of formic acid

Source Sum of squares df Mean square F-value p-value
Model 5.12 9 0.5684 5.48 0.0378 significant
A-Time 1.13 1 1.13 10.92 0.0214
B-Temperature 1.06 1 1.06 10.23 0.0240
C-Catalyst amount 0.0036 1 0.0036 0.0347 0.8596
AB 0.0220 1 0.0220 0.2120 0.6645
AC 0.0250 1 0.0250 0.2415 0.6439
BC 1.16 1 1.16 11.21 0.0204
A 0.9100 1 0.9100 8.78 0.0314
B’ 0.2485 1 0.2485 2.40 0.1823
c 0.1582 1 0.1582 1.53 0.2715
Residual 0.5184 5 0.1037
Lack of fit 0.3355 3 0.1118 1.22 0.4794 not significant
Pure error 0.1829 2 0.0915
Cor total 5.63 14
Table 7. Experimental result with predicted results comparison
Formic acid (ppm)
Run Time (hr) Temp (°C) Catalyst (g)
Actual Predicted
1 2 40 0.6 1.524 1.252
2 1 30 0.6 0.848 0.886
3 3 30 0.6 1.661 1.738
4 2 30 0.2 0.492 0.239
5 2 30 1.0 0.841 0.978
6 2 40 0.6 0.926 1.252
7 1 40 0.2 1.074 1.290
8 3 40 0.2 1.956 2.132
9 1 40 1.0 0.968 0.793
10 3 40 1.0 2.166 1.951
11 2 40 0.6 1.305 1.252
12 1 50 0.6 1.168 1.091
13 3 50 0.6 2.278 2.240
14 2 50 0.2 1.807 1.671
15 2 50 1.0 0.048 0.254
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The statistical analysis of the model provides insight into the relative importance of the process parameters for
photocatalytic CO, reduction to formic acid. Based on the ANOVA results and regression coefficients, the factors can
be ranked in terms of their influence on the response as follows: reaction time > temperature > catalyst amount. This
ranking suggests that the duration of the reaction plays the most critical role in determining the formic acid yield.

Within the studied time range (i.e. 1 to 3 hours), it was observed that shorter durations were insufficient to achieve
the optimal formic acid yield. This suggests that the photocatalytic reduction of CO, requires a minimum threshold
of reaction time to allow for adequate photon absorption, charge carrier generation, and subsequent surface reactions
leading to the product formation. Thus, extending the reaction time closer to the upper limit of the studied range appears
necessary to drive the reaction toward higher conversion efficiency.

The factors ranking is followed by the thermal energy input, while the amount of catalyst has a comparatively
lesser effect within the studied range. The model term BC is significant, and it is the interaction between temperature
(B) and catalyst amount (C). Based on the produced empirical model, the term BC exhibited a significant negative effect
on formic acid yield, indicating that simultaneous increases in both factors reduce the response. This suggests that high
catalyst loading combined with elevated temperature is detrimental to yield. Excessive catalyst loading would result in
unfavorable light scattering and limit light penetration into the solution.”

The experimental result from the DOE is shown in Table 7 together with the predicted values based on empirical
models from RSM analysis.
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Figure 3. (a) Linear fit of predicted vs actual values, (b) Residual vs predicted diagram, (c) Residual vs run diagram, (d) Normal plot of residuals

Figure 3a presents the linear fit between predicted and actual values, demonstrating a strong correlation and
indicating that the developed model is capable of accurately estimating the response variable. To further assess the
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model’s adequacy, residual analysis was performed. As shown in Figures 3b-c, the plots of residuals against predicted
values and experimental runs reveal that all residuals fall within + 4%. This narrow range suggests a minimal deviation
between observed and predicted outcomes, reinforcing the reliability and precision of the model.™

The normal probability plot of the residuals shows that there are almost no violations of the basic assumptions of
the analysis, which confirms the independent residuals and errors are normally distributed.””” The absence of patterns
or clustering in the residual plots further indicates that the model does not suffer from heteroscedasticity (observed as a
funnel-shaped pattern) or autocorrelation (observed as a wave-like or cyclical pattern), thereby validating the statistical
robustness of the analysis.

The developed model demonstrates a strong ability to explain the existing experimental data, as evidenced by the
high coefficient of determination (R), low residual error, and statistically significant factors.

3.2.2 Optimized production of formic acid and validation

It is essential to validate the developed model’s predictive capability using independent data or additional
experimental runs. Validation is carried out to ensure that the model is not overfitted and can reliably generalize to new
conditions beyond those used in its construction. Thus, the model is used to predict and validate the optimum condition
for formic acid production.

Figure 4 shows the 3D plot illustrating the effect of reaction time and temperature on the yield of formic acid at a
minimal constant catalyst amount of 0.2 g. The optimum condition to produce the highest yield of formic acid based
on the model is to run the photocatalytic reaction at 50 °C, with 0.2 g of catalyst in 300 ml solution (i.e. 0.67 g/L) for 3
hours. The model point-predicted mean of 2.662 ppm of formic acid from the reaction; whilst the validation run using
the optimized condition produced 2.730 ppm of formic acid as shown in Table 8 below.

Formic acid (ppm)

A: Time (hour)
)

1
30 40 50

B: Temperature (°C)

Figure 4. Interaction effect of reaction time and temperature against yield of formic acid at constant catalyst amount of 0.2 g

Table 8. Validation run of optimized condition

Formic acid (ppm) Yield (pmol/g cat-hr)
Run Time (hr)  Catalyst(g) Temp (°C)
Actual Predicted Actual Predicted
1 3 0.2 50 2.8327 2.6621 102.5655 96.3914
2 3 0.2 50 3.0048 2.6621 108.7991 96.3914
3 3 0.2 50 2.3509 2.6621 85.1218 96.3914
Average 3 0.2 50 2.7295 2.6621 98.8288 96.3914
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The optimum conditions were proven to produce the highest amount of formic acid among the results evaluated
in the ANOVA. Successful validation further supports the model’s applicability for guiding process optimization and
future scale-up efforts.

3.3 Comparative analysis of optimized production of formic acid

Results in Table 9 compare the formic acid yield in this study against those reported in the literature. The use of
rich amine as a medium is scarce in literature, but NaOH is commonly used to tune the pH of the reaction medium
to be basic. Most of the photocatalytic reactions are observed to run for longer periods of up to 8-10 hours™” which
is not favorable for process scale up. Longer reaction times mean less product per unit time, which reduces overall
productivity. It also means higher operational expenses, making it less competitive economically.

Comparatively, Galli et al.* show a competitive outlook with a yield of 2,954 pmol/gcat/h after a similar 3 hours
of reaction. The researchers, however, employed the addition of 2.0 g of hole scavenger (i.e. sodium sulphite, Na,SO,)
which was completely consumed during the reaction, and operated at a higher temperature and pressure of 80 °C and
7 bar, respectively. The increased pressure likely contributed to the enhanced yield by increasing the solubility and
availability of CO, in the reaction medium, thereby improving the mass transfer and reaction kinetics. This observation
suggests that CO, concentration plays a critical role in determining the efficiency of formic acid production.

Table 9. Comparison against result in literature

Formic acid produced Reaction duration

Photocatalyst (umol/g cat-hr) Light source Reaction medium (hrs) Reference
TiO, 108.00 UvC-9w MDEA-PZ solution 3 This study
TiO, 2,954.00 25 W Hg vapour lamp Water with NaOH and 3 Galli et al.”

Na,SO,
N-TiO,/CuO 1,980.00 Xenon lamps (40 W) Water 3 Ibarra-Rodriguez et al."
TiO, 59.80 500 W Xenon lamp TEA solution 4 Astuti et al.”
. UV-VIS lamp 300 W and . 38
TiO, 16.38 Xe-Halogen lamp 400 W Water with NaOH and H,;PO, 8 Mele et al.
. HRC UV-VIS lamp 300 W and  Aqueous phosphoric acid 2
Ti0y-Cube 208.50 Xe-Halogen lamp 400 W solution at pH =3 8 Mele et al.
. HRC UV-VIS lamp 300 W and . 2
TiO,-CuPc 65.20 Xe-Halogen lamp 400 W 0.1 M NaOH solution 8 Mele et al.
. UV-VIS lamp 300 W and . 38
TiO,-CuPc 26.06 Xe-Halogen lamp 400 W Water with NaOH and H;PO, 8 Mele et al.
TiO, 22.10 500 W tungsten-halogen lamp NaOH aqueous solution 10 Zhao et al.”
TiO,-CoPc 148.76 500 W tungsten-halogen lamp NaOH aqueous solution 10 Zhao et al.”
TiO, 0.27 990 W Xenon lamp Purified water 30 Kaneco et al.”

Ibarra-Rodriguez et al.*' have also reported a high yield of formic acid at 3 hours of reaction with 1,980.00 umol/
gcat/h. Whilst their reaction conditions (i.e. 50 °C and 0.13 bar) are close to the ones used in this study, they carried out
an extensive study to modify the TiO, catalyst. The TiO, was impregnated with CuO and nitrogen-doped to achieve
higher affinity for adsorbing CO, molecules and its high electronegativity increased CO, reactivity and conversion.

It is interesting to observe that in one of the studies, Mele et al.”” have used an acidic medium instead of the
common basic medium approach. They achieved a fair yield of formic acid of 208.5 umol/gcat/h after 8 hours of
reaction. The researchers reported from their observation that the conversion of CO, into formic acid increased by
decreasing the pH value in their set of experiments. This was because acidic pH favors the desorption of formic acid
from the photocatalyst surface. Perhaps future research could delve further into the impact of low pH on facilitating
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desorption from the photocatalyst surface.

In summary, the formic acid yield obtained in this study is considered promising, particularly given the simplicity
of the system employed. The photocatalytic reaction was conducted under ambient conditions without the use of
elevated pressure or temperature, which enhances the practicality and scalability of the process. Furthermore, no hole
scavenger was introduced, and the TiO, photocatalyst was used without any extensive surface modification. These
factors demonstrate the inherent effectiveness of the system and suggest that further enhancements could be achieved
through targeted catalyst engineering.

3.4 Kinetic model fitting

CO, photoreduction reaction was carried out over 10 hours and sampled periodically. The production of formic acid
(umol/g cat) over time is as shown in Figure 5 below. The model fitting is limited to the production of formic acid (i.e.
the first 3 hours of reaction) and does not describe how over time the formic acid would eventually be photodegraded
and consumed or formed into other products, such as formaldehyde and methanol.” This observation is similar to the
trend reported by Galli et al.,” where, when the duration of the reaction is prolonged, formic acid would eventually be
photodegraded and consumed, and gas phase products such as CO and H, were detected after prolonged reactions and
would steadily increase with reaction time. Thus, the kinetic model fitting in this study focus on the formation of formic
acid in the first 3 hours of the reaction.
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Figure 5. Production of formic acid (umol/g cat) over time
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Figure 6. Comparison of the experimental rate with kinetic model predicted rate for (a) Model L, (b) Model II and (c) Model II1

Three kinetic models are evaluated and used to fit experimental data. Model I is based on the model established
by Astuti et al.”” for CO, photoreduction to formic acid. Model II and Model III are based on models developed for
methanol yield by Abdullah et al.”' but adopted for formic acid based on the assumption that methanol produced would
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be from having formic acid as an intermediate.*’
The result of the model data fitting can be observed in Figures 6 and 7, and Table 10. The R” obtained is within the
range of 0.50-0.65, indicating a moderate level of correlation between the predicted and actual values.
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Figure 7. Comparison of the experimental data with fitted kinetic model over the 3-hour reaction time

Table 10. Result of kinetic data for slurry system by non-linear regression

Equation Ref. Constant R RMSD Variance 95% confidence
Model I Astuti et al.”® k=17,996.9826 0.6402 14.0896 3,375.84 2,009.98
Model 11 Abdullah et al.”! ke, =885,531.8 0.5130 16.3936 660,292 2,721.10
ky=-17,307.74
Model III Abdullah et al.”! k,=-1.015E-05 0.5225 11.8941 1,432.37 2.4825
ks =0.0742
C 2
( HCOOH)

Model I is based on the simplified rate expression ¢ = , assuming a second-order dependence on formic

acid concentration. This model yielded a rate constant k = 7,996.98 umol’/(L-gcat)’-h. The model showed a moderate fit
with a R* value of 0.6402 and RMSD of 14.09. Model I is the best fit amongst the several models evaluated representing
the data on photocatalytic CO, reduction to formic acid. Model II is a more complex expression incorporating higher-
order terms, resulting in a rate constant & = 885,531.8 umol’/(L-gcat)’-h. Despite its complexity, the model had a lower
R’ of 0.5130 and higher RMSD of 16.39, indicating poorer fit compared to Model 1. Model III is a polynomial-based
model with multiple constants and had the lowest RMSD (11.89), and the R* of 0.5225 suggests limited predictive
reliability.

Astuti et al.* described that Model I is based on the assumption that only one reactant (CO, or H,0) undergoes
chemisorption on the catalyst surface, while the other reacts via physisorption. Model II by H Abdullah et al.,”" in
contrast is based on assumption that two reactants (CO, and H,0) are chemisorbed onto the catalyst surface. The
schematic description is as shown in Figure 8. Hence, it can be roughly deduced that only one reactant undergoes
chemisorption on the catalyst surface.

Comparing the kinetic constant obtained from Model I (i.e. k = 0.007997 mol’/(L-gcat)*h. Against the literature,
it is encouraging that it is found to be comparable to the values reported by Astuti et al.,” in their work with ZnO-ZnS
heterojunction photocatalysts on CO, reduction to formic acid. They reported their kinetic constant to be in the range of
0.002-0.012 mol*/(L-gcat)*h whilst varying the photocatatlyst composition and calcination temperature.

Although Model I demonstrated the best fit among the three kinetic models evaluated, its coefficient of
determination (R* = 0.6402) indicates only a moderate correlation between the predicted and experimental data. One
plausible explanation for this is the preloaded rich amine condition used in this study. The rich amine was introduced
to simulate the downstream photocatalytic conversion of CO, that had already been captured in a prior absorption step,
thereby mimicking conditions in an integrated CO, capture and utilization (ICCU) system.
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In contrast, many studies in the literature employ a continuous flow of gaseous CO, directly into the photocatalytic
reactor.”' In continuous flow systems, CO, interacts directly with the catalyst surface, allowing kinetic models to more
accurately represent the adsorption and conversion dynamics of molecular CO,. Whereas, in the present study, CO, is
predominantly present in absorbed forms, such as carbonate or bicarbonate species, bound within the amine matrix.
These species may exhibit different reaction pathways, rates, and accessibility to the catalyst surface compared to free
CO, gas. As a result, the kinetic model may not fully capture the complexities introduced by the amine-mediated CO,
delivery, leading to a lower R? value.

Where,
@ -co. ¢ -u A, —FA
I1Il = Tightly adsorbed, |l = Weakly adsorbed

Figure 8. Possible schematic adsorption structures of CO,, 2H", and HCOOH for (a) Model I and (b) Model I1*°

This suggests that while Model I is moderately appropriate, its predictive accuracy is inherently limited by the feed
chemistry and reaction mechanism. Future model development could consider how carbonate or bicarbonate species
might be incorporated for CO, photoreduction.

3.5 Performance of immobilised TiO, for CO,

3.5.1 Immobilisation of TiO, onto polymeric membrane surface

The amount of TiO, immobilized onto the PTFE is quantified based on the residue after decomposition of the
polymer in TGA. Upon analysis, TiO, immobilised onto PTFE is 11.32 wt%. Comparing this against literature,
Dekkouche et al. reported TiO, immobilisation of 11.0 wt%, 2.7 wt% and 3.3 wt% on their Polysulfone (PS), PTFE
and Polyvinylidene Fluoride (PVDF) membranes, respectively.’ Hence, considerably good amounts of TiO, are
immobilized on the membrane.

Figure 9. FESEM EDX of (a) neat PTFE membrane and (b) PTFE-TiO,
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Figure 9 shows an FESEM image of the PTFE surface with the immobilized TiO,. No major changes took place
in terms of the hollow fibre membrane diameter and thickness after the process. Leaching tests were carried out for the
immobilized PTFE as shown in Figure 10. The amount of TiO, was found to be reduced and leached out over time.
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Figure 10. Leaching test result of PTFE-TiO, after 4 days

3.5.2 Testing of optimised condition with immobilised TiO,

TiO, immobilised onto the PTFE membrane is tested for formic acid under the same optimised condition (i.e. 50 °C
and 3 hours of reaction). The immobilised photocatalyst system produced 73.07 umol/g cat-hr of formic acid, as shown
in Figure 11. This is about a 33% drop in performance from the slurry system.

It can be deduced that this is due to limited access to direct light exposure for the photocatalysts available in the
reaction. Similar observations were made by other researchers when studying immobilised photocatalysts; Espindola
et al.” reported that the efficiency of oxytetracycline removal was higher when using TiO,-P25 slurry due to the higher
photocatalyst surface area, and Gowland et al.”” described that the suspended catalyst outperformed the immobilised
catalyst reactions, achieving a 99% reduction in the Natural Organic Matter (NOM) concentration when compared to
an 89% reduction. Encouragingly, the yield of formic acid produced (i.e., 73.07 umol/g cat-hr) is still considerably
comparable with that reported in the literature (as compared in Table 6).
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Figure 11. Comparison between slurry against immobilized TiO, system for photocatalytic CO, reduction to formic acid

3.5.3 Reusability evaluation of the immobilized PTFE-TiO,

Following the evaluation of photocatalytic performance, it is equally important to assess the reusability and
stability of the immobilised PTFE-TiO, catalyst over multiple cycles. Reusability is a key factor in determining the
practical viability of immobilised photocatalysts, especially for continuous or long-term applications.
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The performance of the catalyst across repeated usage cycles is examined, with particular attention to yield
reduction. It is observed that the yield for immobilized PTFE + TiO, drops by about 18-23% after each cycle (i.e. from
73 pwmol/g cat-hr to 46 umol/g cat-hr by the third cycle) as shown in Figure 12. The drop in performance is likely due
to some amount of the photocatalysts leaching out over time after use. As reported, the amount of TiO, immobilised
dropped by half after 4 days of leaching tests. Hence, less TiO, is available for formic acid production.
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Figure 12. Recyclability testing of immobilized TiO, for formic acid production

3.6 Future application of rich amine for photocatalytic CO, reduction

The findings of this study demonstrate that direct photocatalytic CO, reduction in rich amine is feasible, with
formic acid successfully generated under UVC-irradiated TiO, slurry conditions. However, the required reaction time of
three hours and the resulting ppm-level product concentrations highlight significant process limitations. The low yield
complicates the downstream separation process for obtaining the formic acid product. The long duration also prevents
the treated amine from being recycled efficiently into the absorption loop, posing a major barrier to continuous ICCU
operation. These challenges indicate that, in its current form, photocatalytic regeneration of the full rich-amine stream is
not yet practical from a process-engineering standpoint.

To progress toward industrially viable ICCU implementation, future research should focus on strategies that
intensify photocatalytic performance and reduce energy demands. From an engineering perspective, a more realistic
approach may involve treating only a slip stream of the rich-amine circuit rather than the entire solvent inventory,
enabling partial CO, conversion while maintaining stable solvent circulation. Catalyst innovation remains essential,
including TiO, surface modification, metal/non-metal doping, and heterojunction engineering to enhance charge
separation and improve reaction rates. Transitioning to visible-light-responsive catalysts would further improve process
economics by reducing the reliance on high-energy UVC sources and enabling better utilization of solar or low-cost
Light-Emitting Diode (LED) illumination. These directions collectively offer a pathway toward higher conversions,
shorter reaction times, and more energy-efficient ICCU operation.

4. Conclusion

The photoreduction of CO, has been explored for formic acid production in rich amine. Optimisation was carried
out through a design of experiments based on the Box-Behnken design, optimising the reaction temperature, duration,
and catalyst amount. Based on response surface analysis, the optimum amount of 108 pmol/g cat-hr was achieved when
running at 50 °C and 3-hour of operation, and this was comparable to literature results. The RSM empirical model has a
good R? value of 0.9080, and was successfully validated. This optimum condition of the slurry system was then used for
kinetic model fitting and comparison against immobilised photocatalysts. A moderate level of correlation for the kinetic
model fit was achieved for formic acid production with R* of 0.64 and RMSD of 14.08. Two immobilisation methods
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were attempted: one using TiO, directly, whilst the other used silane-functionalised TiO, to improve its bonding. A 33%
drop in formic acid yield was observed compared to the slurry system, and subsequent running cycles observed a further
drop of 18-23%.
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