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Abstract 

Thermodynamic stabled CO2 molecules can be biocatalytically reduced to methanol via three cascade dehydrogen-

ases (formate, formaldehyde and alcohol) with the aid of cofactor as the electron donor. In this study, Alcohol dehy-

drogenase (EC 1.1.1.1), the third step of the cascade enzymatic reaction which catalyzed formaldehyde (CHOH) to 

methanol (CH3OH) will be immobilized in an ultrafiltration membrane. The enzyme will be immobilized in the 

support layer of a poly(ether)sulfone (PES) membrane via a technique called fouling induced enzyme immobiliza-

tion. The objective of this study is to evaluate the effect of varying pH (acid (pH 5), neutral (pH 7) and alkaline (pH 

9)) of the feed solution during immobilization process of ADH in the membrane in terms of permeate flux, observed 

rejection, enzyme loading and fouling mechanism. The experiment was conducted in a pressure driven, dead-end 

stirred filtration cell. Reaction conversion and biocatalytic productivity will be also evaluated. The results showed 

that permeate flux for acid solution were the lowest during immobilization. High concentration polarization and 

fouling resistance cause lower observed rejection for pH 7 and 9. Enzyme loading for pH 5 give 73.8% loading rate 

which is the highest compared to 62.4% at pH 7 and 70.1% at pH 9. Meanwhile, the conversion rate during the re-

action shows that reaction on fouled membrane showed more than 90% conversion for pH 5 and 7. The fouling 

model predicted that irreversible fouling occurs during enzyme immobilization at pH 7 with standard blocking 

mechanism while reversible fouling occurs at pH 5 and 9 with intermediate and complete blocking, respectively.  
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1. Introduction 

The global emission of carbon dioxide (CO2) 

was recommended by Intergovernmental Panel 
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on Climate Change (IPCC) to be reduced by 50-

80% based on 1990 levels by the year 2050 [1]. 

Industrial activities contribute 30% of the total 

anthropogenic emission of CO2 [2]. Emission of 

CO2 are mainly from the combustion of fossil 

fuel and discharges from thermoelectric power 

plant, steel mills, refineries, and cement plant 

[3]. The concentration of atmospheric CO2 is ris-
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ing around 400 ppm due to massive global 

emissions [4]. Based on the research by Global 

Carbon Project, an international research con-

sortium, presented their findings at the United 

Nations climate talks in Bonn, Germany shows 

that global CO2 emissions reach 41 billion 

tones in 2017 [5]. Some parties have decided to 

reduce CO2 emissions during international cli-

mate negotiation under United Nations Frame-

work convectional on Climate Change 

(UNFCC). The aim of the framework calls for 

limiting global warming to a rise of 1.5–2 °C 

[6]. Thus, critical measures must be made to re-

duce atmospheric CO2 levels, such as carbon 

capture and storage [7–9], direct emission re-

duction of CO2 by development of clean and 

sustainable energy resources replacing non-

renewable fossil fuels and converting CO2 into 

useful chemicals [10,11].  

One way to reduce CO2 emissions to the at-

mosphere is by converting CO2 to valuable 

product such as methanol. This attractive 

strategy developing measure for reducing 

greenhouse gas emission by utilization of CO2 

as feedstock for producing chemicals and fuels. 

These products can be beneficial product for in-

dustries at the same time give a sustainable 

options of CO2 conversion with zero and nega-

tive emission of greenhouse gas [12]. The main 

conversion step of CO2 involving biological pro-

cesses is the conversion using enzymatic step 

with the Calvin cycle for CO2 conversion in na-

ture. However, in nature, sequential enzymatic 

reduction of CO2 to methanol does not occur. 

Enzymatic biocatalytic process for sequential 

reduction of CO2 to methanol had been discov-

ered by Obert and Dave where methanol is pro-

duced from combination of formate dehydro-

genase (FDH), Formaldehyde dehydrogenase 

and Alcohol Dehydrogenase. In this process, re-

duced nicotinamide adenine dinucleotide 

(NADH) was used as the terminal electron do-

nor for the enzymatic reaction [13]. The CO2 is 

thermodynamically stabled molecule. Hence, to 

be able to reduce CO2 by this biocatalytic pro-

cess is a good achievement in science because 

enzymatic reaction is sustainable.  

In this study, Alcohol Dehydrogenase (ADH) 

was immobilized in the support layer of 

poly(ether)sulfone (PES) ultrafiltration mem-

brane. ADH catalyzed the conversion of formal-

dehyde to methanol with the simultaneous co-

factor oxidation of NADH to NAD+ was used as 

the enzyme model. The reaction is the final 

phase of three (3) cascades enzyme catalysis of 

CO2 to CH3OH. ADH immobilization in/on 

membrane will inevitably foul the membrane. 

Hence, it is hypothesized that controlled foul-

ing could be applied to immobilize enzyme effi-

ciently. In this study, controlled fouling of 

membrane can be done by manipulating the 

pH of buffer solutions during enzyme immobili-

zation. The objective of this study is to evaluate 

the fouling mechanisms during fouling-induced 

enzyme immobilization on the support of com-

mercial PES ultrafiltration membrane at dif-

ferent pH of 5, 7, and 9. Constant pressure 

fouling model from Hermia was fitted with ex-

perimental data to elucidate the enzyme distri-

bution on the support of the membrane. The 

performance of the enzymatic membrane reac-

tor in terms of membrane permeability before 

and after enzyme immobilization and during 

reaction, enzyme loading at different pH and 

the percentage conversion will be also evaluat-

ed.  

 

2. Materials and Methods 

2.1 Chemicals and Membrane Properties 

All chemicals used in the experiments were 

purchased from Sigma-Aldrich (St. Louis, MO, 

USA) which includes alcohol dehydrogenase 

from Saccharomyces cerevisiae, -nicotiamide 

dinudeotide (NADH), formaldehyde (37% w/w), 

sodium acetate trihydrate, acetic acid, dipotas-

sium phosphate (K2HPO4), monopotassium 

phosphate (KH2PO4), Trizma-base and hydro-

chloric acid. Enzyme and substrate solution 

were prepared with different buffer solution, 

0.1 M Acetate buffer at pH 5, 0.1 M tris-HCl at 

pH 7 and 9. The molecular weight of formalde-

hyde, NADH and ADH were 0.03 kDa, 0.7 and 

141 kDa, respectively. The flat-sheet ultrafil-

tration membrane is used is made of 

poly(ether)sulfone (PES) (skin) and polypropyl-

ene (support), 30 kDa molecular weight cut off, 

with 13.4 cm2 of effective area (Synder, CA, 

USA). Schematic diagram of the experimental 

setup is shown in Scheme 1. 

Scheme 1. Membrane orientation in Amicon 

stirred cell, dead end filtration adapted from 

[14]. 
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2.2 Experimental Set-up and Procedure 

Membrane was soaked in ultrapure water 

for two minutes and followed by 50% ethanol 

solution for two minutes to remove the protec-

tive layer of the membrane based on manufac-

turer’s instructions. The membrane support 

layer will be facing feed. An extra polypropyl-

ene support will be placed below the skin layer 

to avoid compression. The ultrafiltration filtra-

tion experiments were carried out in a 50 mL 

dead-end stirred cell (Amicon 8050, Milipore, 

USA) with fixed stirring speed of 100 rpm. Ni-

trogen gas pressure of 1 bar will be purged in to 

measure water permeability of membrane. Wa-

ter permeability will be measured by filtration 

of pure water continuously for 10 minutes. A 

pressure of 2 bar was set during enzyme immo-

bilization and reaction. Permeate was collected 

in a 10 mL cylinder tube to monitor the perme-

ate flux. All the experiments were performed at 

room temperature (25 °C). 

 

2.3 Immobilization of Alcohol Dehydrogenase 

Different pH buffer solutions (pH 5, 7, and 

9) were used to carried out enzyme immobiliza-

tion. 30 mL enzyme solution (0.1 g/L) was 

poured into the cell with pressure of 2 bar. The 

permeate was collected in a precise cylinder for 

analysis. The fouled membrane fitted in the cell 

was rinsed 3 times at the end of filtration with 

5 ml of buffer each time without applying pres-

sure. The retentate and rinsing residual were 

collected. Finally, the fouled membrane was fil-

tered with buffer at pH 7 at 1 bar and perme-

ate was collected for mass balance analysis. 

ADH concentration was evaluated using Brad-

ford protein assay and absorption value was 

measured at 595 nm using UV-VIS spectropho-

tometer (Perkin Elmer, Germany). 

 

2.4 Enzymatic Reaction 

The enzyme reaction of 30 mL of substrate 

mixture (134 µM HCOH + 100 µM NADH) at 

pH 7 was fed into the Amicon stirred cell which 

was prior immobilized with ADH. Permeates 

were collected for every 4 ml were collected and 

analyzed immediately. Absorbance at 340 nm 

set to monitor NADH concentration during re-

action. 

 

2.5 Calculated Parameters 

Observed rejection of enzyme was calculat-

ed as: 

 

(1) 

 

where, Cp (concentration of enzyme in perme-

ate) and Co (concentration of enzyme in the 

feed) during immobilization. The amount of en-

zyme immobilized can be estimated from the 

following equation: 

(2) 

 

The enzyme immobilization efficiency of in the 

membrane is expressed as loading percentage: 

 

(3) 

 

where mi is amount of immobilized enzyme, mt 

is the amount of enzyme in the feed, Cp, Cr, and 

Cw are the concentration of enzyme in the per-

meate, retentate and rinsing residual, and 

pressure-driven washing, respectively. Vp, Vr, 

and Vw are the volume obtained from the per-

meate, retentate and rinsing residual, and 

pressure-driven washing, respectively. 

Analysis of the biocatalytic conversion is 

calculated as percent oxidation of NADH to 

NAD+: 

(4) 

 

(a) (b) 

Figure 1. SEM images of (a) support layer (b) skin layer of PES membrane. 
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where, Ci,NADH is the initial concentration of 

NADH in the feed and Cp,NADH is the concentra-

tion of NADH in the permeate during reaction. 

The details of filtration blocking model is re-

ferred from previous work [14]. 

 

3. Results and Discussion 

3.1. Membrane Characterization 

Figure 1 shows SEM images of the support 

and skin layer of PES membrane used in the 

experiment with the same scale of 10 µm. The 

support layer consists of fibrous like structure 

from polyethylene, making it suitable to immo-

bilize enzyme and potentially minimize mass 

transfer resistance during biocatalysis. The 

skin layer molecular weight cut off is 30 kDa 

and there are no obvious pores can be seen. 

This condition is expected to retain the enzyme 

in the support layer and alleviate enzyme leak-

age during the reaction stage.  

Permeate flux during enzyme immobiliza-

tion at different solution pH is shown in Figure 

2. Pristine PES membrane recorded a water 

permeability of 91.5 L/m2·h·bar. Membrane 

permeability decreases with time (cumulative 

permeate volume). The average membrane per-

meability is decreasing when the solution pH is 

lower (acid). The trend is the same for all solu-

tion pH. Figure 3 shows the observed rejections 

as a function of permeate flux at different pH. 

Observed rejection on membrane is an index of 

solutes retainment by the membrane whether 

the solutes show lower solubility in water or 

the solutes diffusion occurs at a low pace 

through the membrane. The index is indicated 

by 100% for completely permeable membrane, 

while 0% indicates completely impermeable 

membrane. During earlier filtration process of 

enzyme, the flux decline is rapid for the first 10 

ml of permeate (Figure 2). At the same time, 

the membrane is shown to be completely per-

meable with more than 80% observed rejection 

(Figure 3). After some time, the flux decline be-

coming gradual (Figure 2). At this stage, the 

membrane become semi-permeable because the 

observed rejection is at 50% at the end of filtra-

tion process for pH 7 and 60% for pH 9. The ob-

served rejection is stable above 90% through-

out filtration process at pH 5. The results 

showed that the membrane was responsive to-

wards different solution pH with severe flux 

decline observed at the lowest pH (pH 5). 

 

3.2 Effect of pH on Enzyme Immobilization and 

Membrane Fouling 

The lowest enzyme loading was recorded 

when the pH solution was neutral, which was 

62.4% from 3.0 mg in the feed solution (Table 

Figure 2. Permeate flux trend during immobili-

zation with different pH. 

Figure 3. Observed rejection based on immobi-

lization with different pH. 

Solution pH 
Amount of enzyme (mg) Enzyme loading 

(%) Feed Permeate Retentate Washing Residue 

5 3.0 0.151 0.312 0.323 73.8 

7 3.0 0.773 0.201 0.461 62.4 

9 3.0 0.624 0.155 0.357 70.1 

Table 1. Amount of enzyme immobilized in the membrane at different pH. 
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1). The highest enzyme loading was observed at 

pH 5 with 73.8%. There are two possible mech-

anisms in which enzyme could anchored on the 

membrane, which in this case it is regarded as 

membrane fouling. Fouling occurs either by 

electrostatic charge and hydrophobic interac-

tion or retention by electrostatic repulsion and 

steric hindrance [15,16]. It could also by syner-

gy of the two mechanisms. It was suggested 

that at pH 5, the enzyme is anchored on the 

membrane by electrostatic charge and hydro-

phobic interaction, while at pH 9, enzyme re-

tention by electrostatic repulsion and steric 

hindrance dominated [15,17]. 

The degree of membrane fouling can be dis-

tinguished during enzyme immobilization at 

different solution pH [18,19]. The discussion of 

the effect of different pH on membrane fouling 

is closely related to the isoelectric point (pI) 

[20]. pI is the pH of a solution at which the net 

charge of a protein becomes zero. In other 

words, the net charge of macromolecular pro-

tein is positive if the surrounding pH is less 

than the pI, while the net charge is negative if 

the pH is more than the pI. As a result, when-

ever the pH of the solution differs from pI, the 

protein surfaces can be either net positive or 

negative charges. pI for PES membrane is at 

pH range of 4 to 5 while pI for ADH enzymes is 

around pH 5.4 to 5.8 [21]. Generally, when the 

filtrating solution is acid (pH 5), the membrane 

was almost neutral. At this pH, enzyme is posi-

tively charged. Fouling is prominent because 

there is significant hydrophobic adsorption be-

tween enzymes and the membrane [22,23]. 

This explained the highest loading of enzyme 

at 73.8% at pH 5, compared to pH 7 and pH 9. 

In this study, fouling mechanism is de-

scribed by fitting in permeate flux data during 

enzyme immobilization at different solution pH 

into Hermia model. This model is selected con-

sidering that it is the most complete model de-

scribing dead-end filtration in batch system 

[24,25]. According to this model, there are four 

major fouling mechanisms, which was de-

scribed as complete blocking, intermediate 

blocking, standard blocking, and cake layer for-

mation. Complete blocking is interpreted when 

the size of ADH enzymes (foulant) is the same 

with the pore size of the membrane and the 

foulant deposited on the pores completely 

blocked the flow passage.  

Figure 4. Experimental data fitting into Hermia dead-end filtration model; (a) Standard blocking; (b) 

Intermediate blocking; (c) Complete blocking and (d) Cake layer. 
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This type of fouling mechanism will result 

in reduced number ‘free’ pores. In intermediate 

blocking, a single foulant could form aggregates 

with other particles and create multi-layers on 

the membrane surface which subsequently lead 

to increase in cake thickness. As the foulant de-

posits on the internal pore surface, it reduces 

the free pore volume, and this is known as 

standard blocking. The most severe fouling 

mechanism is cake layer formation, whereby all 

the foulants deposited on top of each foulants 

which previously had blocked the pores. The 

type of fouling is determined by the highest de-

gree of model fitness (R2) when fitting in per-

meate flux data during enzyme immobilization 

at different solution pH (Figure 4) [24]. 

Intermediate blocking dominates at pH 5 

(Figure 5). At this pH, the surface of the mem-

brane obtained positive net charge because the 

solution pH is lower than the isoelectric point 

of the membrane. The feed solution is also posi-

tively charged at pH 5. The same charges on 

the membrane's surface cause the enzyme mol-

ecule repelled away from the membrane's sur-

face. Nevertheless, during pressure-driven fil-

tration, the enzyme molecule, will be ‘forced’ to 

dock on the surface of the membrane. This al-

lows more enzyme molecules to deposit on the 

previously accumulated ADH on the membrane 

pores. At pH 9, complete blocking dominates 

(Figure 5). The membrane surface obtained 

negative net charge because the solution pH is 

higher than the isoelectric point of the mem-

brane. Different charges interaction on the sur-

face of the membrane causing the enzyme mol-

ecules attracted on the surface of the mem-

brane and completely blocked the pores. Only 

70.1% is immobilized on the surface of the 

membrane, there are ‘free’ pores on the mem-

brane compared to intermediate blocking, and 

responsible for a higher permeate flux from the 

rest. At pH 7, standard blocking dominates. For 

this type of fouling, enzyme molecules ad-

sorbed inside the membrane pores and cause 

reduction in pore diameter [26]. 

 

3.3 Reactive Membrane Performance 

Enzymatic reaction in converting formalde-

hyde to methanol was continued after immobi-

lization of membrane at different pH. Figure 6 

shows the result of permeate flux during reac-

tion where membrane fouled with pH 5 give 

the lowest permeate flux with an average of 33 

L/m2·h·bar. Hence, largest irreversible fouling 

resistance occur give slowest permeate flux 

during reaction due to more enzyme docked on 

the membrane (Figure 5). Irreversible fouling 

refers to complete, standard and intermediate 

blocking in Hermia’s model [27]. The permeate 

flux of pH 9 is 62 L/m2·h·bar which higher com-

pared to other pH as the irreversible fouling re-

sistance during immobilization is low (Figure 

5). So that, it makes the smooth filtration pro-

gress during the enzymatic reaction.  

The biocatalytic conversion during enzymat-

ic reaction applied on fouled membrane at pH 5 

show the highest conversion rate at an average 

of 95%, followed by pH 7 at an average of 90% 

conversion. At pH 9, initial conversion was at 

90% and decreases to 80% at the end of the re-

action time. The biocatalytic conversion during 

enzymatic reaction applied on fouled mem-

brane at pH 5 show the highest conversion rate 

at an average of 95%, followed by pH 7 at an 

average of 90% conversion. Although enzyme 

loading was quite high at pH 9, initial conver-

sion at 90 % decreases to 80% at the end of the 

reaction time (Figure 7). At pH 9, some en-

zymes could have been rejected by the mem-

brane via electrostatic repulsion [28]. During 

the reaction, the pH of the feed solution is 

Figure 5. Analysis of R2 value calculated from 

Hermia’s model data fitting. 

Figure 6. Permeate flux during biocatalysis at 

different pH of enzyme immobilization. 
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changed to pH 7. This could lower the electro-

static repulsion between enzyme and mem-

brane at lower pH, hence some part of the en-

zymes could have leak from the membrane. 

 

4. Conclusions 

The effect of solution pH 5, 7 and 9 during 

filtration of ADH enzyme in an attempt to im-

mobilize enzyme in the PES membrane support 

was investigated upon membrane permeability, 

enzyme loading and fouling mechanisms. The 

highest enzyme loading was recorded when im-

mobilization procedure is conducted at pH 5 

and the lowest enzyme loading is recorded at 

pH 7. The docking mechanism of enzymes on 

the membrane is due to electrostatic charge 

and hydrophobic interaction at low pH, while 

electrostatic repulsion and steric hindrance 

mechanisms, dominated enzyme retention at 

high pH. It was observed that, reversible foul-

ing mechanism (intermediate and complete 

blocking) occurs at pH 5 (intermediate block-

ing) and 9 (complete blocking). Meanwhile, ir-

reversible fouling, indicated by standard block-

ing at pH 7 could indicate the most suitable 

fouling mechanisms to dock the ADH enzyme 

on the membrane surface. The enzyme is 

‘protected’ inside the membrane pores and 

could lead to enzyme stability in longer run. 

The biocatalytic conversion of the reactor 

reached more than 90% with a slight decrease 

of conversion at pH 9 towards the end of the re-

action. 
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