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ABSTRACT  

Enzymatic cellulose hydrolysis from lignocellulose biomass has been 

extensively studied as the product from the hydrolysis can be used to convert into 

renewable biochemical such as bioethanol. Cellulose hydrolysis were traditionally 

carried out in a batch reactor. However, cellulose hydrolysis in batch reactor leads to 

product inhibition which results in low yield of glucose. Kinetic study of cellulose 

hydrolysis in batch reactor was performed, and showed that cellulase was inhibited by 

glucose and cellobiose in a competitive manner, with Ki of 2.58 g/L and 2.24 g/L 

respectively. Therefore, it is necessary to separate glucose from the hydrolysis reactor 

in order to minimize product inhibition. In this study, enzymatic membrane reactor 

(EMR) was used to reduce the amount of enzyme used and to prevent product 

inhibition. The filtration technique used was ultrafiltration (UF) in a crossflow mode. 

Before performing cellulose hydrolysis in an EMR, a membrane screening was done 

to select a suitable membrane to be used in the EMR.  Results had shown that HFK-

131 membrane is the most suitable membrane as it has the lowest contact angle and 

the highest permeability. Cellulose hydrolysis was then carried out in an EMR with 

different substrate concentrations (5 g/L to 20 g/L) and different product removal 

strategies in order to study their effect on the product yield, membrane performance, 

and fouling mechanisms. The PES membrane showed almost 95% and above rejection 

of cellulase as the cellulase molecular weight (MW) was larger than molecular weight 

cut off (MWCO) of the membrane. Hermia’s pore blocking model was applied to 

determine the predominant fouling mechanism of the membrane filtration. From the 

results, intermittent product removal at 24 hours interval was better as the cellulose 

conversion could achieve more than 80% and the membrane flux decline is less severe 

than the product removal at 4 hours interval. For the effect of substrate concentrations, 

the cellulose conversion decreased from 88.48% to 61.43% with increasing substrate 

concentration. The flux also declined from 23.92 L/m2.h to 15.15 L/m2.h as the 

substrate concentrations were increased resulting in more cellulose to be deposited on 

the membrane surface, and leads to a more severe membrane fouling.  It was also 

observed that the cake layer model was the predominant fouling mechanisms at 5 g/L 

and 10 g/L of substrate concentration, whereas 20 g/L has a combination of complete 

pore blocking and cake layer model. This result was further proved by SEM images, 

where the fouled membrane at 20 g/L appeared to have the most fouling layer on the 

membrane surface. Besides that, the membrane surface roughness increased with 

increasing substrate concentration, with the highest at 38.50 nm at 20 g/L. Results 

demonstrate the potential of using EMR for the production of reducing sugars and 

enzyme recovery in cellulose hydrolysis. With known fouling mechanism of cellulose 

hydrolysis in EMR, further improvement of the EMR operation at high substrate 

concentration could be done to minimize fouling.   
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ABSTRAK  

Hidrolisis selulosa enzimatik dari biomas lignoselulosa telah dikaji secara mendalam 

kerana produk dari hidrolisis boleh digunakan untuk menukar kepada biokimia yang 

boleh diperbaharui seperti bioethanol. Hidrolisis selulosa secara tradisinya dijalankan 

dalam reaktor kelompok. Namun, hidrolisis selulosa dalam reaktor kelompok 

mengakibatkan pelumpuhan produk dan mengurangkan hasil glukosa. Kajian kinetik 

hidrolisis selulosa dalam reaktor kelompok telah dijalankan, dan keputusan 

menunjukkan activiti enzim selulase telah dilumpuh oleh glukosa dan selobiosa dalam 

keadaan berdaya saing, dengan Ki 2.58 g/L and 2.24 g/L masing-masing. Oleh itu, 

glukosa perlu diasingkan dari reaktor hidrolisis supaya pelumpuhan produk boleh 

diminimakan. Dalam kajian ini, enzim membran reaktor (EMR) digunakan untuk 

mengurangkan kegunaan enzim dan mencegah pelumpuhan produk.  Teknik 

penapisan yang digunakan ialah penapisan ultra dalam keadaan aliran silang. Sebelum 

menjalankan hidrolisis selulosa dalam EMR, pemilihan membran telah dilakukan 

supaya membran yang sesuai boleh dipilih untuk digunakan dalam EMR. Keputusan 

telah menunjukkan polietersulfon (PES) 10 kDa adalah membran yang paling sesuai 

kerana ia mempunyai sudut sentuhan yang paling rendah dan  ketelapan air yang paling 

tinggi. Hidrolisis selulosa dijalankan dalam EMR dengan mengunakan pemekatan 

substrat (5 g/L to 20 g/L) dan strategi pemisahan produk yang berbeza untuk mengkaji 

kesan-kesan terhadap hasil produk, prestasi membran, dan mekanisme kotoran 

membran. Membran PES menunjukkan hampir 95% dan ke atas penolakan selulase 

kerana selulase berat molekul (MW) lebih berat dari nilai potongan berat molekul 

(MWCO) membran. Model menyekat pori Hermia telah digunakan untuk menentukan 

mekanisme kotoran yang utama dalam membran penapisan. Separasi produk terputus-

putus dalam 24 jam jarak waktu adalah lebih baik kerana konversi selulosa telah 

mencapai lebih dari 80% dan  keturunan fluks membran adalah kurang serius apabila 

dibandingkan dengan separasi produk dalam 4 jam jarak waktu. Konversi selulosa 

telah menurun dari 88.48% kepada 61.43% dengan pemekatan substrat yang 

meningkat. Fluks membran juga telah menurun dari 23.92 L/m2.h ke 15.15 L/m2.h 

apabila pemekatan substrat meningkat. Hal ini telah mengakibatkan pengumpulan 

selulosa yang banyak atas permukaan membran dan kotoran membran yang serius.  

Mekanisme kotoran yang utama ialah model lapisan kek dalam pemekatan substrat 5 

g/L dan 10 g/L, manakala 20 g/L mempunyai kombinasi model penyekatan pori 

lengkap dan model lapisan kek. Keputusan ini telah dibuktikan dengan gambar SEM, 

di mana membran yang kotor mempunyai lapisan kotoran yang paling banyak atas 

permukaan membran.  Selain itu, kekasaran permukaan membran bertambah dengan 

pemekatan substrat yang meningkat. 38.50 nm merupakan kekasaran permukaan yang 

paling tinggi di 20g/L. Keputusan menunjukkan potensi kegunaan EMR untuk 

penhasilan gula penurun dan pemulihan enzim dalam hidrolisis selulosa. Dengan 

mengetahui mekanisme kotoran hidrolisis selulosa dalam EMR, penambahbaikan 

EMR yang selanjutnya boleh dijalankan untuk meminimakan kotoran membran dalam 

operasi EMR yang menggunakan pemekatan substrat yang tinggi.   
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INTRODUCTION 

 Background of Study 

Cellulose hydrolysis from lignocellulosic biomass has been extensively studied 

as the product from the hydrolysis can be used to produce renewable energy, which is 

carbon neutral and environmentally friendly. Cellulose can be found abundantly in 

natural residual lignocellulosic material such as wheat/rice straw, palm empty fruit 

bunches or sugar bagasse and it has been widely used in lignocelluloses biorefinery 

(Lynd et al., 2008; Zhang, 2009; Rashid et al., 2013). These low-cost lignocellulosic 

materials can be converted into fermentable sugars, which reduces the waste disposal 

costs and concomitantly meets the growing demand for energy (Lynd et al., 2002; 

Walker and Wilson, 1991; Gan et al., 2003). The sugars can further be converted to 

fuels and chemicals like ethanol, organic acids and biodegradable plastics (Walker and 

Wilson, 1991; Lynd and Zhang, 2004). The conversion of waste cellulosic residues to 

bio-ethanol involves delignification of cellulose, depolymerization of carbohydrate 

polymers to free sugars via enzymes and fermentation of these sugars to produce 

ethanol (Cheung and Anderson, 1997)  

There are two usually used methods to transform cellulose into reducing sugar, 

which are acid hydrolysis and enzymatic hydrolysis. Acid hydrolysis uses dilute acid 

or concentrated acid to reduce cellulose into reducing sugar. Although it is one of the 

most commonly used approaches, the yield from acid hydrolysis is low and there is a 

higher chance of producing inhibited product such as hydroxymethylfurfural from acid 

hydrolysis (Carvalho et al., 2013). Therefore, enzymatic hydrolysis is often preferable 

as it is carried out in a milder condition and has less impact on the environment. The 

enzymatic hydrolysis is carried out using an enzyme known as cellulase, where it 

consists of a mixture of endoglucanases, exoglucanases as well as β-glucosidases 

(Ghazali et al., 2017). These three enzymes work synergistically to convert cellulose 
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into glucose (Sofia and Rodrigues, 2014). The endoglucanases and exoglucanases 

reduce cellulose into cellobiose, then the cellobiose will be hydrolyzed into glucose by 

β-glucosidases.  

Cellulose hydrolysis is traditionally carried out in a classical batch reactor at a 

maintained temperature and pH, where the substrate, enzyme, and the product stay in 

the same reactor and the product will be collected at the end of the process 

(Nguyenhuynh et al., 2017a). Batch hydrolysis only allows the enzyme to be used once 

and needs new enzymes for a new batch of hydrolysis. Therefore, there are some 

disadvantages of using the batch reactor, which are low productivity, high operating 

costs (due to the addition of enzyme for each batch), and loss of catalytic activity due 

to enzyme inactivation (Rios et al., 2004). Product inhibition is also one of the major 

problems in batch hydrolysis, where the rate of reducing sugar is affected by inhibitors 

such as glucose and cellobiose. Other than product inhibition, another drawback of 

batch cellulose hydrolysis is the enzyme wastage, as the enzyme will be replaced for 

each hydrolysis process, despite the enzyme still possess some catalytic activity.  

The alternative approach to replace the batch reactor is the enzymatic 

membrane reactor (EMR). In recent years, EMR has caught researchers’ interest for 

its potential ability to prevent product inhibition and to increase the product yield 

(Ghazali et al., 2017; Andrić et al., 2010; Zain et al., 2017). Some studies concluded 

that higher conversion of cellulose into glucose can be achieved by removing glucose 

using membrane reactors (Gavlighi et al., 2013; Gan et al., 2002). For cellulose 

hydrolysis, the membrane reactor consists of a reactor for enzymatic reaction and a 

membrane separation unit (Nguyenhuynh et al., 2017a). After the hydrolysis is 

completed, the enzyme will be retained in the membrane while the reducing sugar will 

permeate through the membrane. The main purpose in enzymatic membrane reactor is 

to make sure that more than 90% of the enzymes are being rejected while carrying out 

separation process, and at the same time, maintaining full enzymatic activity inside the 

hydrolysis reactor.  

For the cellulose hydrolysis in an EMR, ultrafiltration (UF) is used as the 

separation process to retain cellulase as well as removing the reducing sugar produced 
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from the enzymatic reaction. The membrane used in UF is chosen based on the enzyme 

molecular weight. UF membranes can retain large molecules with a molecular weight 

ranging from 10 to 100 kDa (Nguyenhuynh et al., 2017a), and it is being widely 

applied in biological products separation, in particular protein. The following studies 

also used UF membrane to separate cellulase from the reducing sugars (Rad et al., 

2017; Amirilargani et al., 2012). The cellulase (macromolecules) in the liquid phase 

can be retained by UF. Reducing sugar such as glucose and cellobiose are smaller than 

the pore size of UF membrane, therefore they can pass through the UF membrane 

easily and enters permeate.  

 Problem Statement 

One of the main drawbacks of cellulose hydrolysis in the batch reactor is product 

inhibition that lowers the product yield. Glucose and cellobiose, the reducing sugars 

produced from cellulose hydrolysis, has been reported to be the inhibitors of the 

hydrolysis process and reduce the rate of cellulose hydrolysis. This is because of the 

presence of glucose and cellobiose inhibit the enzyme β-glucosidase in the cellulase 

complex system. Therefore, it is crucial to separate these two reducing sugar from 

these products to prevent inhibition. Besides product inhibition, enzyme wastage is 

also another problem which makes the batch process expensive due to high enzyme 

cost. A significant amount of the cellulase remains active in the batch reactor. The 

cellulase used after hydrolysis process will not be reused and will be treated as waste 

although the enzyme still possesses some enzymatic activity after hydrolysis. To 

overcome this problem, recovery of cellulase is one of the best strategies to reduce 

enzyme cost as the cellulase can be reused and not wasted (Gomes et al., 2015; Tian 

et al., 2015; Haven et al., 2015). Cellulase recycling can be done in a membrane reactor. 

The retained cellulase in the membrane is recycled back to the reactor to perform the 

hydrolysis reaction continuously. Recovery and reuse of enzyme can also achieve the 

zero-release of water in the enzyme treatment stage (Wang et al., 2016). Therefore, 

product inhibition and cellulase waste can be minimized by having an ideal EMR 

system.  
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However, membrane fouling remains a major obstacle hindering the practical 

application of EMR. Membrane fouling causes permeate flux decline, as well as 

deposition of fouling layer (Jiang, 2007). Membrane fouling limits the use of 

membrane separation, leads to membrane resistance, decrease the efficiency of the 

product separation process, and increase the operation and energy cost of EMR. 

Although membrane fouling has been well reported, the underlying mechanism 

remains incompletely understood due to the diversity of operational conditions, 

membrane materials, and configurations used in different studies in EMR (Ozgun et 

al., 2013). Therefore, it is important to study the membrane fouling mechanisms and 

fouling layer formation in EMR (Meng et al., 2007; Herrera-Robledo et al., 2010). It 

is crucial to identify the pore-blocking mechanisms that occur during membrane 

filtration of cellulose hydrolysate to select a proper cleaning strategy (Choi et al., 

2005).  

 Objectives 

(a) To determine the kinetics of enzymatic cellulose hydrolysis in a batch reactor.  

(b) To evaluate the effect of product removal strategy on the reducing sugar yield 

in an EMR.  

(c) To determine the membrane fouling mechanism of cellulose hydrolysis in a 

membrane reactor. 

 Research Scope 

This research is done to perform cellulose hydrolysis in an EMR by using 

crossflow ultrafiltration with a UF membrane. Before performing cellulose hydrolysis 

in an EMR, the batch hydrolysis was performed to study the kinetics of the process. 

The hydrolysis process used cellulase as an enzyme and microcrystalline cellulose as 

a substrate. Inhibitors such as glucose and cellobiose with a concentration of 5 g/L and 

10 g/L was added into the batch reactor and react together with substrate and enzyme. 

Type of inhibition and kinetic parameters of cellulose hydrolysis was studied.  
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The UF membranes from different companies were used to screen for its pure 

water permeability and contact angle. The membrane was chosen based on the highest 

pure water permeability and the lowest contact angle. Two product removal time was 

used in this research, which are product removal time at 4 hours interval and 24 hours 

interval. Cellulose conversion and flux were analyzed for these two product removal 

time. The effect of substrate concentration used in EMR on the product yield, flux, and 

fouling mechanism was also been evaluated. The substrate concentration varies from 

5 g/L to 20 g/L for cellulose hydrolysis in an EMR. Besides that, the rejection of 

reducing sugar and cellulase enzyme was studied throughout the research.   

Fouling mechanism of the hydrolysis process was analyzed using Hermia’s 

model and the flux data recorded was used to fit the model. Reducing sugar 

concentration obtained in the permeate flow was measured using dinitrosalicylicacid 

(DNS) method. Bradford assay was used to determine the percentage of cellulase 

enzyme rejected back into the reactor. 

 Significance of the Study   

This study was significant to reduce enzyme cost by reusing enzyme during 

cellulose hydrolysis in an EMR. Moreover, this research provided a platform to 

understand better in cellulose hydrolysis kinetics of cellulase from Trichoderma reesei 

to increase the understanding of the enzymatic reaction. Furthermore, cellulose 

hydrolysis in an EMR has not been investigated for its effect on different product 

removal time and substrate concentration on fouling mechanism and product yield. 

Therefore, it is important to study the membrane fouling mechanism so that a suitable 

cleaning approach could be selected with known fouling mechanism. 



 

89 

 

REFERENCE 

Abdelrasoul, A., Doan, H. and Lohi, A. (2013). Fouling in membrane filtration and 

remediation methods. In: Mass Transfer: Advances in Sustainable Energy and 

Environment Oriented Numerical Modeling. Intech. 

Abels, C., Carstensen, F. and Wessling, M. (2013). Membrane processes in biorefinery 

applications. Journal of Membrane Science, 444, 285–317. 

Abuja, P.M. et al. (1988). Structural and functional domains of cellobiohydrolase I 

from Trichoderma reesei. European Biophysics Journal, 15(6), 339–342. 

Al-Zuhair, S., Al-Hosany, M., Zooba, Y., Al-Hammadi, A. and Al-Kaabi, S. (2013). 

Development of a membrane bioreactor for enzymatic hydrolysis of cellulose. 

Renewable Energy, 56, 85–89. 

Alfani, F., Cantarella, M. and Scardi, V. (1983). Use of a membrane reactor for 

studying enzymatic hydrolysis of cellulose. Journal of Membrane Science, 16, 

407–416. 

Amirilargani, M., Sabetghadam, A. and Mohammadi, T. (2012). Polyethersulfone 

polyacrylonitrile blend ultrafiltration membranes with different molecular weight 

of polyethelene glycol: Preparation, morphology, and antifouling properties. 

Polymer Advanced Technology, 23, 398–407. 

Andric, P, Meyer, A.S., Jensen, P.A. and Dam-Johansen, K. (2010). Reactor design 

for minimizing product inhibition during enzymatic lignocellulose hydrolysis: I. 

significance and mechanism of cellobiose and glucose inhibition on cellulolytic 

enzymes. Biotechnology Advances2, 28(3), 308–324. 

Andric, P., Meyer, A.S., Jensen, P.A. and Dam-Johansen, K. (2010). Reactor design 

for minimizing product inhibition during enzymatic lignocellulose hydrolysis. II. 

quantification of inhibition and suitability of membrane reactors. Biotechnology 

Advances2, 28(3), 407–425. 

Andrić, P., Meyer, A.S., Jensen, P.A. and Dam-Johansen, K. (2010). Effect and 

modeling of glucose inhibition and in situ glucose removal during enzymatic 

hydrolysis of pretreated wheat straw. Applied Biochemistry and Biotechnology, 

160(1), 280–297. 

Balat, M. (2011). Production of bioethanol from lignocellulosic materials via the 



 

90 

 

biochemical pathway: A review. Energy Conversion and Management, 52(2), 

858–875. 

Ballesteros, M. (2010). Enzymatic hydrolysis of lignocellulosic biomass. In: 

Bioalcohol production : biochemical conversion of lignocellulosic biomass. CRC 

Press, p. 476. 

Barati, B. and Sadegh Amiri, I. (2015). Literature review of cellulase and approaches 

to increase its stability. In: In Silico Enginneering of Disulphide Bonds to Produce 

Stable Cellulase. SpringerBriefs in Applied Sciences and Technology. 

Barros, S.T.D., Andrade, C.M.G., Mendes, E.S. and Peres, L. (2003). Study of fouling 

mechanism in pineapple juice clarification by ultrafiltration. Journal of 

Membrane Science, 215, 213–224. 

Bélafi-Bakó, K., Koutinas, A., Nemestóthy, N., Gubicza, L. and Webb, C. (2006). 

Continuous enzymatic cellulose hydrolysis in a tubular membrane bioreactor. 

Enzyme and Microbial Technology, 38(1–2), 155–161. 

Belfer, S., Fainchtain, R., Purinson, Y. and Kedem, O. (2000). Surface characterization 

by FTIR-ATR spectroscopy of polyethersulfone membranes-unmodified, 

modified and protein fouled. Journal of Membrane Science, 172(1–2), 113–124. 

Van den Berg, G.B., Rácz, I.G. and Smolders, C.A. (1989). Mass transfer coefficients 

in cross-flow ultrafiltration. Journal of Membrane Science, 47(1–2), 25–51. 

Bezerra, R.M.F. and Dias, A.A. (2004). Discrimination among eight modified 

Michaelis-Menten kinetics models of cellulose hydrolysis with a large range of 

substrate/enzyme ratios: inhibition by cellobiose. Applied Biochemistry and 

Biotechnology, 112(3), 173–184. 

Bhagia, S., Wyman, C.E. and Kumar, R. (2019). Impacts of cellulase deactivation at 

the moving air-liquid interface on cellulose conversions at low enzyme loadings. 

Biotechnology for Biofuels, 12(96). 

Bhave, R.R. (2014). Chapter 9: Cross-Flow Filtration. In: Fermentaion and 

Biochemical Engineering Handbook: Principles, Process Design and Equipment. 

Elsevier, pp. 149–180. 

Bilad, M.R., Li, Y.B. and Vankelecom, I.F.G. (2014). Application of a magnetically 

induced membrane vibration (MMV) system for lignocelluloses hydrolysate 

filtration. Journal of Membrane Science2, 452, 165–70. 

Botha, T. and Blottnitz, H. (2006). A comparison of the environmental benefits of 

bagasse-derived electricity and fuel ethanol on a life-cycle basis. Energy Policy, 



 

91 

 

34(17), 2654–2661. 

Carstensen, F., Apel, A. and Wessling, M. (2011). In situ product recovery: Submerged 

membranes vs. external loop membranes. Journal of Membrane Science, 394, 1–

36. 

Carvalho, M.L. et al. (2013). Kinetic study of the enzymatic hydrolysis of sugarcane 

bagasse. Brazilian Journal of Chemical Engineering, 30(03), 437–447. 

Chapla, D., Pandit, P. and Shah, A. (2012). Production of xylooligosaccharides from 

corncob xylan by fungal xylanase and their utilization by probiotics. Bioresource 

Technology, 115, 215–221. 

Chen, G., Song, W., Qi, B., Lu, J. and Wan, Y. (2013). Recycling cellulase from 

enzymatic hydrolyzate of acid treated wheat straw by electroultrafiltration. 

Bioresource Technology2, 144, 186–193. 

Cheryan, M. (1998). Ultrafiltration and Microfiltration Handbook CRC Press., 

Cheung, S.W. and Anderson, B.C. (1997). Laboratory investigation of ethanol 

production from municipal primary wastewater solids. Bioresource Technology, 

59(1), 81–96. 

Chichester, C.O., Mrak, E.M. and Stewart, G.F. (1964). Advances in food research, 

New York: Academic Press. 

Choi, H., Zhang, K., Dionysiou, D.D., Oerther, D.B. and Sorial, G.A. (2005). Effect 

of permeate flux and tangential flow on membrane fouling for wastewater 

treatment. Separation and Purification Technology, 45(1), 68–78. 

De, S., Dias, J.M. and Bhattacharya, P.K. (1997). Short and long term flux decline 

analysis in ultrafiltration. Chemical Engineering Community, 159, 67. 

Draphcho, M., Nghiem, P. and Walker, H. (2008). Biofuels Engineering Process 

Technology, McGraw-Hill, USA. 

Emtiazi, G., e Naghavi, N. and Bordbar, A. (2001). Biodegradation of lignocellulosic 

waste by Asperigillus terreus. Biodegradation, 12, 259–263. 

Fackler, K. et al. (2011). FT-IR imaging microscopy to localise and characterise 

simultaneous and selective white-rot decay within spruce wood cells. 

Holzforschung, 65(3), 411–420. 

Fang, Y.M. and Duranceau, S.J. (2013). Study of the effect of nanoparticles and 

surface morphology on reverse osmosis and nanofiltration membrane 

productivity. Membranes2, 3, 196–225. 

Festucci-Buselli, R.A., Otoni, W.C. and Joshi, C.P. (2007). Structure, organization, 



 

92 

 

and functions of cellulose synthase complexes in higher plants. Brazilian Journal 

of Plant Physiology, 19(1), 1–13. 

Frank, L. (2010). Membrane process opportunities and challenges in the bioethanol 

industry. Desalination, 250, 1067–9. 

Gan, Q., Allen, S.J. and Taylor, G. (2002). Design and operation of an integrated 

membrane reactor for enzymatic cellulose hydrolysis. Biochemical Engineering 

Journal, 12(3), 223–229. 

Gan, Q., Allen, S.J. and Taylor, G. (2003). Kinetic dynamics in heterogeneous 

enzymatic hydrolysis of cellulose: an overview, an experimental study and 

mathematical modelling. Process Biochemistry, 38(7), 1003–1018. 

Gavlighi, H.A., Meyer, A.S. and Mikkelsen, J.D. (2013). Enhanced enzymatic 

cellulose degradation by cellobiohydrolases via product removal. Biotechnology 

Letters, 35(2), 205–212. 

Ghazali, N.F. and Makhtar, N.A. (2018). Enzymatic hydrolysis of oil palm empty fruit 

bunch and its kinetics. Malaysian Journal of Analytical Sciences, 22, 715–722. 

Ghazali, N.F., Pahlawi, Q.A., Hanim, K.M. and Makhtar, N.A. (2017). Enzymatic 

hydrolysis of oil palm empty fruit bunch using membrane reactor. Chemical 

Engineering Transactions, 56, 1543–1548. 

Giorno, L. and Drioli, E. (2000). Biocatalytic membrane reactors: applications and 

perspectives. Trends in Biotechnology, 18(8), 339–349. 

Goldscmidt, F. (2008). From Cellulose to Ethanol: Engineering Microorganisms to 

Produce Biofuel. Institute of Biogeochemistry and Pollutant Dynamics. 

Gomes, D., Rodrigues, A.C., Domingues, L. and Gama, M. (2015). Cellulase recycling 

in biorefineries-Is it possible? Applied Microbiology and Biotechnology, 99(10), 

4131–4143. 

Gregg, D.J. and Saddler, J.N. (1996). Factors affecting cellulose hydrolysis and the 

potential of enzyme recycle to enhance the efficiency of an integrated wood to 

ethanol process. Biotechnology and Bioengineering, 51(4), 375–383. 

Gruno, M., Valjamae, P. and Pettersson, G. (2004). Inhibition of the Trichoderma 

reesei cellulases by cellobiose is strongly dependent on the nature of the substrate. 

Biotechnology and Bioengineering, 86(5), 503–511. 

Gurram, R.N. and Menkhaus, T.J. (2014). Continuous enzymatic hydrolysis of 

lignocellulosic biomass with simultaneous detoxification and enzyme recovery. 

Applied Biochemistry and Biotechnology, 173(6), 1319–1335. 



 

93 

 

Gurunathan, T., Nohanty, S. and Nayak, S.K.A. (2015). Review of the recent 

developments in biocomposites based on natural fibres and their application 

perspectives. Composites Part A: Applied Science and Manufacturing, 77, 1–25. 

Haldar, D., Gayen, K. and Sen, D. (2018). Enumeration of monosugars’ inhibition 

characteristics on the kinetics of enzymatic hydrolysis of cellulose. Process 

Biochemistry, 72, 130–136. 

Haven, M.O. et al. (2015). Continuous recycling of enzymes during production of 

lignocellulosic bioethanol in demonstration scale. Applied Energy, 159, 188–195. 

Henley, R.G., Yang, R.Y.K. and Greenfield, P.F. (1980). Enzymatic saccharification 

of cellulose in membrane reactors. Enzyme and Microbial Technology, 2(3), 206–

208. 

Henrissat, B. (1991). A classification of glycosyl hydrolases based on amino acid 

sequence similarities. Biochemistry Journal, 2, 309–316. 

Hermia, J. (1982). Constant pressure blocking filtration laws- application to power-

law non-newtonian fluids. Transactions of Institution of Chemical Engineers, 60, 

183–187. 

Herrera-Robledo, M., Morgan-Sagastume, J.M. and Noyola, A. (2010). Biofouling 

and pollutant removal during long-term operation of an anaerobic membrane 

bioreactor treating municipal wastewater. Biofouling, 26(1), 23–30. 

Holtzapple, M.T. (2003). Cellulose. Encyclopedia of Food Sciences and Nutrition, 

998–1007. 

Hong, J., Tsao, G.T. and Wankat, P.C. (1981). Membrane reactor for enzymatic 

hydrolysis of cellobiose. Biotechnology and Bioengineering, 23(7), 1501–1516. 

Hospodarova, V., Singovszka, E. and Stevulova, N. (2018). Characterization of 

cellulosic fibers by FTIR spectroscopy for their further implementation to 

building materials. American Journal of Analytical Chemistry, 9, 303–310. 

Huynh, N., Thy, T. and Nithyanandam, R. (2016). Fractionation of hydrolyzed 

microcrystalline cellulose by ultrafiltration membrane. Journal of Engineering 

Science and Technology, 11(1), 136–148. 

Iritani, E. and Katagiri, N. (2016). Developments of blocking filtration model in 

membrane filtration. KONA Powder and Particle Journal, 33, 179–202. 

Jacobsen, S.E. and Wyman, C.E. (2000). Cellulose and hemicellulose hydrolysis 

models for application to current and novel pretreatment processes. Applied 

Biochemistry and Biotechnology, 84(1–9), 81–96. 



 

94 

 

Jeon, S. et al. (2016). The effect of membrane material and surface pore size on the 

fouling properties of submerged membranes. Water, 8(12), 602–613. 

Jiang, T. (2007). Characterization and modelling of soluble microbial products in 

membrane bioreactors. Ghent University. 

Jonsson, G. and Boesen, C.E. (1977). Concentration polarization in a reverse osmosis 

test cell. Desalination, 21(1), 1–10. 

Jorgensen, H., Eriksson, T., Borjesson, J., Tjerneld, F. and Olsson, L. (2003). 

Purification and characterization of five cellulases and one zylanase from 

Penicillium brasilianum IBT 20888. Enzyme and Microbial Technology, 32, 851–

861. 

Jørgensen, H. and Pinelo, M. (2017). Enzyme recycling in lignocellulosic biorefineries. 

Biofuels, Bioproducts and Biorefining, 11(1), 150–167. 

Juang, R., Chen, H. and Chen, Y. (2008). Resistance-in-series analysis in cross-flow 

ultrafiltration of fermentation broths of Bacillus subtilis culture. Journal of 

Membrane Science, 323(1), 193–200. 

Khongnakorn, W. and Youravong, W. (2016). Concentration and recovery of protein 

from tuna cooking juice by forward osmosis. Journal of Engineering Science and 

Technology, 11(7), 962–973. 

Koros, W.J., Ma, Y.H. and Shimidzu, T. (1996). Terminology for membranes and 

membrane process. Journal of Membrane Science, 120, 149. 

Kristensen, J.B., Felby, C. and Jørgensen, H. (2009). Yield-determining factors in 

high-solids enzymatic hydrolysis of lignocellulose. Biotechnology for Biofuels, 

2(1), 11. 

Li, N.N., Fane, A.G., Winston, W.S.H. and Matsuura, T. (2011). Advanced membrane 

technology and applications, Wiley. 

Liu, J., Lu, J. and Cui, Z. (2011). Enzymatic hydrolysis of cellulose in a membrane 

bioreactor: Assessment of operating conditions. Bioprocess and Biosystems 

Engineering, 34(5), 525–532. 

Liu, X. and Ng, H.Y. (2014). Double-blade casting technique for optimizing substrate 

membrane in thin-film composite forward osmosis membrane fabrication. 

Journal of Membrane Science, 469, 112–126. 

Lozano, P., Bernal, B., Jara, A.G. and Belleville, M.P. (2014). Enzymatic membrane 

reactor for full saccharification of ionic liquid-pretreated microcrystalline 

cellulose. Bioresource Technology2, 151, 159–165. 



 

95 

 

Luo, J.Q., Meyer, A.S., Jonsson, G. and Pinelo, M. (2013). Fouling-induced enzyme 

immobilization for membrane reactors. Bioresource Technology, 147, 260–268. 

Lynd, L.R. et al. (2008). How biotech can transform biofuels. Biotechnology, 26, 169–

172. 

Lynd, L.R., Weimer, P.J., van Zyl, W.H. and Pretorius, I.S. (2002). Microbial cellulose 

utilization: Fundamentals and biotechnology. Microbiology and Molecular 

Biology Reviews, 66(4), 739–739. 

Lynd, L.R. and Zhang, Y.H.P. (2004). Toward an aggregated understanding of 

enzymatic hydrolysis of cellulose: Noncomplexed cellulase systems. 

Biotechnology and Bioengineering2, 88(7), 797–824. 

Malmali, M. (2014). Application of membrane processes for concentration and 

separation of sugar streams in biofuel production. University of Arkansas. 

Malmali, M., Stickel, J. and Wickramasinghe, S.R. (2015). Investigation of a 

submerged membrane reactor for continuous biomass hydrolysis. Food and 

Bioproducts Processing, 96, 189–197. 

Mameri, N. et al. (2000). Enzymatic saccharification of olive mill solid residue in a 

membrane reactor. Journal of Membrane Science, 178(1–2), 121–130. 

Mandels, M., Andreotti, R. and Roche, C. (1976). Measurement of saccharifying 

cellulase. Biotechnology and bioengineering symposium, (6), 21–33. 

Marshall, A.D., Munro, P.A. and Trägårdh, G. (1993). The effect of protein fouling in 

microfiltration and ultrafiltration on permeate flux, protein retention and 

selectivity: A literature review. Desalination, 91(1), 65–108. 

Meng, F.G., Zhang, H.M., Yang, F.L. and Liu, L.F. (2007). Characterization of cake 

layer in submerged membrane bioreactor. Environmental Science and 

Technology, 41(11), 4065–4070. 

Mhurchu, J. (2008). Dead-end and crossflow microfiltration of yeast and bentonite 

suspensions: experimental and modelling studies incorporating the use of 

artificial neural networks. Dublin City University . 

Miao, Y., Chen, J.Y., Jiang, X. and Huang, Z. (2012). Kinetic studies on the product 

inhibition of enzymatic lignocellulose hydrolysis. Applied Biochemistry and 

Biotechnology, 167(2), 358–366. 

Miller, G.L. (1959). Use of dinitrosalicyclic acid reagent for determination of reducing 

sugar. Analytical Chemistry, 31(3), 426–428. 

Mittal, A., Katahira, R., Himmel, M.E. and Johnson, D.K. (2011). Effects of alkaline 



 

96 

 

or liquid-ammonia treatment on crystalline cellulose: changes in crystalline 

structure and effects on enzymatic digestibility. Biotechnology for Biofuels, 4, 41. 

Mohammad, A.W. and Zain, M.M. (2016). Clarification of glucose from cellulose 

hydrolysate by ultrafiltration with polyethersulfone membrane. International 

Journal of Biomass & Renewables, 5(1), 14–18. 

Mondal, S., Cassano, A., Tasselli, F. and De, S. (2011). A generalized model for 

clarification of fruit juice during ultrafiltration under total recycle and batch mode. 

Journal of Membrane Science, 366(1–2), 295–303. 

Mores, W.D., Knutsen, J.S. and Davis, R. (2001). Cellulase recovery via membrane 

filtration. Application of Biochemistry and Biotechnology, 91–93, 297–309. 

Mulder, V. (1995). Polarization phenomena and membrane fouling. Membrane 

Science and Technology, 2, 45–84. 

Mussatto, S. and Roberto, I. (2002). Alternatives for detoxification of diluted acid 

lignocellulosic hydrolyzates for use in fermentative processes: A review. 

Bioresource Technology2, 93(1), 1–10. 

Mussatto, S.I., Dragone, G., Fernandes, M., Milagres, A.M.F. and Roberto, I.C. (2008). 

The effect of agitation speed, enzyme loading and substrate concentration on 

enzymatic hydrolysis of cellulose from brewer’s spent grain. Cellulose, 15(5), 

711–721. 

Muttalib, N.A.A., Zaidel, D.N.A., Nazrul, M. and Alam, H.Z. (2017). Effect of 

impeller design on the rate of reaction of hydrolysis in batch reactor. Chemical 

Engineering Transaction, 56, 1423–1428. 

Nguyen, L.T., Neo, K.R.S. and Yang, K.-L. (2015). Continuous hydrolysis of 

carboxymethyl cellulose with cellulase aggregates trapped inside membranes. 

Enzyme and Microbial Technology, 78, 34–39. 

Nguyenhuynh, T., Nithyanandam, R., Chong, C.H. and Krishnaiah, D. (2017a). A 

review on using membrane reactors in enzymatic hydrolysis of cellulose. Journal 

of Engineering Science and Technology, 12(4), 1129–1152. 

Nguyenhuynh, T., Nithyanandam, R., Chong, C.H. and Krishnaiah, D. (2017b). 

Configuration modification of a submerged membrane reactor for enzymatic 

hydrolysis of cellulose. Biocatalysis and Agricultural Biotechnology, 12, 50–58. 

Niu, F., Huang, M., Cai, T. and Meng, L. (2018). Effect of membrane thickness on 

properties of FO membranes with nanofibrous substrate. IOP Conf. Ser.: Earth 

Environ. Sci. 2018 



 

97 

 

Njobuenwu, D.O., Oboho, E.O. and Gumus, R.H. (2007). Determination of contact 

angle from contact area of liquid droplet spreading on solid substrate. Leonardo 

Electronic Journal of Practices and Technologies, (10), 29–38. 

Oh, K.K., Kim, S.W., Jeong, Y.S. and Hong, S.I. (2000). Bioconversion of cellulose 

into ethanol by nonisothermal simultaneous saccharification and fermentation. 

Applied Biochemistry and Biotechnology, 89(1), 15–30. 

Ohlson, I., Trägårdh, G. and Hahn-Hägerdal, B. (1984). Enzymatic hydrolysis of 

sodium-hydroxide-pretreated sallow in an ultrafiltration membrane reactor. 

Biotechnology and Bioengineering, 26(7), 647–653. 

Ozgun, H. et al. (2013). A review of anaerobic membrane bioreactors for municipal 

wastewater treatment: Integration options, limitations and expectations. 

Separation and Purification Technology, 118, 89–104. 

Pagliero, C., Mattea, M., Ochoa, N. and Marchese, J. (2007). Fouling of polymeric 

membranes during degumming of crude sunflower and soybean oil. Journal of 

Food Engineering, 78(1), 194–197. 

Palmer, T. (1985). Understainding enzymes, Ellis Horwood Series in Biochemistry and 

Biotechnology, Ellis Horwood, UK. 

Palmqvist, E. and Hahn-Hagerdal, B. (2000). Fermentation of lignocellulosic 

hydrolysates. I: Inhibition and detoxification. Biotechnology Bioengineering, 

74(1), 17–24. 

Parawira, W. and Tekere, M. (2010). Biotechnological strategies to overcome 

inhibitors in lignocellulose hydrolysates for ethanol production: A review. 

Critical Reviews in Biotechnology, 31(1), 20–31. 

Pearce, G. (2007). Introduction to membranes: Membrane selection. In: Filtration and 

Separation. pp. 35–37. 

Philippidis, G.P., Smith, T.K. and Wyman, C.E. (1993). Study of the enzymatic 

hydrolysis of cellulose for production of fuel ethanol by the simultaneous 

saccharification and fermentation process. Biotechnology and Bioengineering, 

41(9), 846–853. 

Pino, M.S. et al. (2018). Bioreactor design for enzymatic hydrolysis of biomass under 

the biorefinery concept. Chemical Engineering Journal, 347, 119–136. 

Pohlschröder, M., Leschine, S.B. and Canale-Parola E. (1994). Multicomplex 

cellulase-xylanase system of Clostridium papyrosolvens C7. Journal of 

Bacteriology, 176(1), 70–6. 



 

98 

 

Poletto, M. et al. (2014). Native cellulose: Structure, characterization and thermal 

properties. Materials, 7(9), 6105–6119. 

Poletto, M., Pistor, V., Zeni, M. and Zattera, A.J. (2011). Crystalline properties and 

decomposition kinetics of cellulose fibers in wood pulp obtained by two pulping 

processes. Polymer Degradation and Stability, 96(4), 679–685. 

Popescu, M.C., Popescu, C.M., Lisa, G. and Sakata, Y. (2011). Evaluation of 

morphological and chemical aspects of different wood species by spectroscopy 

and thermal methods. Journal of Molecular Structure, 988(1–3), 65–72. 

Powell, L.C., Hilal, N. and Wright, C.J. (2017). Atomic force microscopy study of the 

biofouling and mechanical properties of virgin and industrially fouled reverse 

osmosis membranes. Desalination, 404, 313–321. 

Puri, V.P. (1984). Effect of crystallinity and degree of polymerization of cellulose on 

enzymatic saccharification. Biotechnology and Bioengineering, 26(10), 1219–

1222. 

Qi, B., Luo, J., Chen, G., Chen, X. and Wan, Y. (2012). Application of ultrafiltration 

and nanofiltration for recycling cellulase and concentrating glucose from 

enzymatic hydrolyzate of steam exploded wheat straw. Bioresource Technology, 

104, 466–472. 

Qu, P., Tang, H.W., Gao, Y., Zhang, L.P. and Wang, S. (2010). Polyethersulfone 

composite membrane blended with cellulose fibrils. BioResources, 5(4), 2323–

2336. 

Rad, N.M., Mousavi, S.M., Bahreini, M. and Saljoughi, E. (2017). Use of Membrane 

Separation in Enzymatic Hydrolysis of Waste Paper. Korean Journal of Chemical 

Engineering, 34(3), 768–772. 

Rahman, M.M., Al-Sulaimi, S. and Farooque, A.M. (2018). Characterization of new 

and fouled SWRO membranes by ATR/FTIR spectroscopy. Applied Water 

Science, 8, 183. 

Rashid, S.S., Alam, M.Z. and Fazli, M.B.F.A. (2013). Separation of cellulase enzyme 

from fermentation broth of palm oil mill effluent by ultrafiltration process. 

International Journal of Chemical, Environmental and Biological Sciences, 1(3), 

501–506. 

Ravazzini, A.M. (2008). Crossflow ultrafiltration of raw municipal wastewater: 

Investigations using PVDF tubular membranes. Delft University of Technology. 

Rios, G.M., Belleville, M.P., Paolucci, D. and Sanchez, J. (2004). Progress in 



 

99 

 

enzymatic membrane reactors - A review. Journal of Membrane Science, 242(1–

2), 189–196. 

Rodrigues, A.C., Felby, C. and Gama, M. (2014). Cellulase stability, 

adsorption/desorption profiles and recycling during successive cycles of 

hydrolysis and fermentation of wheat straw. Bioresource Technology2, 156, 163–

9. 

Rodrigues, A.C., Haven, M.Ø., Lindedam, J., Felby, C. and Gama, M. (2015). 

Celluclast and Cellic® CTec2: Saccharification/fermentation of wheat straw, 

solid–liquid partition and potential of enzyme recycling by alkaline washing. 

Enzyme and Microbial Technology, 79–80, 70–77. 

Rosa, M.F. et al. (2010). Cellulose nanowhiskers from coconut husk fibers: Effect of 

preparation conditions on their thermal and morphological behavior. 

Carbohydrate Polymers, 81(1), 83–92. 

Saha, K. et al. (2017). Membranes as a tool to support biorefineries: applications in 

enzymatic hydrolysis, fermentation and dehydration for bioethanol production. 

Renewable and Sustainable Energy Reviews, 74, 873–890. 

Sahai, R. (2000). Membrane separations: Filtration. Encyclopedia of Separation 

Science, 1717–1724. 

Sakinah, A.M.. et al. (2014). Effect of substrate and enzyme concentration on 

cyclodextrin production in a hollow fibre membrane reactor system. Separation 

and Purification Technology, 124, 61–67. 

Salinas-Rodriguez, S.G., Amy, G.L., Schippers, J.C. and Kennedy, M.D. (2015). The 

modified fouling index ultrafiltration constant flux for assessing 

particulate/colloidal fouling of RO systems. Desalination, 365, 79–91. 

Sarkar, B. (2013). A combined complete pore blocking and cake filtration model 

during ultrafiltration of polysaccharide in a batch cell. Journal of Food, 116, 333–

343. 

Shamsuddin, N., Das, D.B. and Starov, V.M. (2015). Filtration of natural organic 

matter using ultrafiltration membranes for drinking water purposes: Circular 

cross-flow compared with stirred dead end flow. Chemical Engineering Journal, 

276, 331–339. 

Shi, L.E. et al. (2009). Continuous enzymatic production of 5’-nucleotides using free 

nuclease P1 in ultrafiltration membrane reactor. Journal of Membrane Science, 

345, 217–222. 



 

100 

 

Shuler, M.L. and Kargi, F. (2002). Bioprocess engineering: Basic concepts, Prentice 

Hall. 

Sofia, B. and Rodrigues, S. (2014). Production and purification of new microbial 

cellulases. The Journals of Gerontology. Series A, Biological Sciences and 

Medical Sciences, 69(6), 773–5. 

Sousa Jr., R., Carvalho, M.L., Giordano, R.L.C. and Giordano, R.C. (2011). Recent 

trends in the modeling of cellulose hydrolysis. Brazilian Journal of Chemical 

Engineering, 28(4), 545–564. 

Sueb, M.S.M., Luo, J., Meyer, A.S., Jørgensen, H. and Pinelo, M. (2017). Impact of 

the fouling mechanism on enzymatic depolymerization of xylan in different 

configurations of membrane reactors. Separation and Purification Technology, 

178, 154–162. 

Sun, Z.H. and Chen, F. (2016). Hydrophilicity and antifouling property of membrane 

materials from cellulose acetate/polyethersulfone in DMAc. International 

Journal of Biological Macromolecules, 91, 143–150. 

Tamime, R. et al. (2011). Membrane characterization by microscopic and scattering 

methods: multiscale structure. Membranes, 1(2), 91–97. 

Tan, L.U.L., Yu, E.K.C., Campbell, N. and Saddler, J.N. (1986). Column cellulose 

hydrolysis reactor: An efficient cellulose hydrolysis reactor with continuous 

cellulase recycling. Applied Microbiology and Biotechnology, (3). 

Tian, S.Q., Wang, X.W., Zhao, R.Y. and Ma, S. (2015). Recycling cellulase from 

enzymatic hydrolyzate of laser-pretreated corn stover by UF membrane. 

Bioresources, 10(4), 7315–7323. 

Valchev, I., Yotova, L. and Valcheva, E. (1998). Kinetics of xylanase treatment of 

hardwood pulp. Bioresource Technology, 65(1–2), 57–60. 

Vela, M.C.V., Blanco, S.Á., García, J.L. and Rodríguez, E.B. (2008). Analysis of 

membrane pore blocking models applied to the ultrafiltration of PEG. Separation 

and Purification Technology, 62(3), 489–498. 

Wahlström, R.M. and Suurnäkki, A. (2015). Enzymatic hydrolysis of lignocellulosic 

polysaccharides in the presence of ionic liquids. Green Chemistry, 17, 694–714. 

Walker, L.P. and Wilson, D.B. (1991). Enzymatic hydrolysis of cellulose: An 

overview. Bioresource Technology, 36(1), 3–14. 

Wang, C. et al. (2012). Membrane fouling mechanism in ultrafiltration of succinic acid 

fermentation broth. Bioresource Technology, 116, 366–371. 



 

101 

 

Wang, Q. et al. (2016). Recycling cellulase towards industrial application of enzyme 

treatment on hardwood kraft-based dissolving pulp. Bioresource Technology, 212, 

160–163. 

Weiss, N., Börjesson, J., Pedersen, L.S. and Meyer, A.S. (2013). Enzymatic 

lignocellulose hydrolysis: Improved cellulase productivity by insoluble solids 

recycling. Biotechnology for Biofuels, 6(5), 1–14. 

Wojtusik, M., Villar, J.C., Zurita, M., Ladero, M. and Garcia-Ochoa, F. (2017). Study 

of the enzymatic activity inhibition on the saccharification of acid pretreated corn 

stover. 

Xiao, Z.Z., Zhang, X., Gregg, D.J. and Saddler, J.N. (2004). Effects of sugar inhibition 

on cellulases and β-Glucosidase during enzymatic hydrolysis of softwood 

substrates. Applied Biochemistry and Biotechnology, 113–116, 1115–1126. 

Xie, N. et al. (2014). Effect of Different Pretreatment Methods of Corncob on 

Bioethanol Production and Enzyme Recovery. Cellulose Chemistry and 

Technology, 48(3–4), 313–319. 

Xu, F., Yu, J.M., Tesso, T., Dowell, F. and Wang, D.H. (2013). Qualitative and 

quantitative analysis of lignocellulosic biomass using infrared techniques: A 

mini-review. Applied Energy, 104, 801–809. 

Xu, Z.H., Li, Q.L. and Pinnau, I. (2007). Fouling of reverse osmosis membranes by 

biopolymers in wastewater secondary effluent: Role of membrane surface 

properties and initial permeate flux. Journal of Membrane Science, 290(1–2), 

173–181. 

Yang, S., Ding, W. and Chen, H. (2006). Enzymatic hydrolysis of rice straw in a 

tubular reactor coupled with UF membrane. Process Biochemistry, 41(3), 721–

725. 

Yang, S., Ding, W.Y. and Chen, H.Z. (2009). Enzymatic hydrolysis of corn stalk in a 

hollow fiber ultrafiltration membrane reactor. Biomass and Bioenergy, 33(2), 

332–336. 

Yuan, Y. and Lee, T.R. (2013). Contact angle and wetting properties. In: Surface 

Science Techniques. Springer-Verlag Berlin Heidelberg, Berlin, pp. 3–34. 

Zain, M.M., Mohammad, A.W. and Hairom, N.H.H. (2017). Flux and permeation 

behaviour of ultrafiltration in sugaring out cellulose hydrolysate solution: a 

membrane screening. Journal of Physical Science, 28, 25–38. 

Zhang, J., Liu, G. and Bao, J. (2016). Cost evaluation of cellulase enzyme for 



 

102 

 

industrial-scale cellulosic ethanol production based on rigorous Aspen Plus 

modeling. Bioprocess and Biosystems Engineering, 39(1), 133–140. 

Zhang, Y.P. (2009). A sweet out-of-the box solution to the hydrogen economy: Is the 

Sugar-powered car science fiction? Energ Environ. Sci., 2, 272–282. 

Zhao, W.F. et al. (2013). Preparation and characterization of sulfonated 

polyethersulfone membranes by a facile approach. European Polymer Journal, 

49(3), 738–751. 

Zhao, Y., Wu, B., Yan, B. and Gao, P. (2004). Mechanism of cellobiose inhibition in 

cellulose hydrolysis by cellobiohydrolase. Science in China Series Life Science, 

47(1), 18. 

Zhong, Z.X., Li, W.X., Xing, W.H. and Xu, N.P. (2011). Crossflow filtration of 

nanosized catalysts suspension using ceramic membranes. Separation and 

Purification Technology, 76(3), 223–230. 

Zydney, A.L. (1997). Stagnant film model for concentration polarization in membrane 

systems. Journal of Membrane Science, 130(1), 275–281. 

 

 

 

 

 




