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Abstract 
 

With the rising environmental concerns related to fossil fuels utilization and the depletion 

of these resources, interest in bioethanol from lignocellulosic waste as an alternative, sustainable 

energy source has been increasing. Date palm waste is considered a good feedstock for bioethanol 

production, especially in countries of large date palm plantations, such as the United Arab 

Emirates.  

In the lignocellulose to bioethanol process, the enzymatic hydrolysis of celluloses to 

produce simple sugars that can be converted to bioethanol by fermentation is the most challenging 

step, and enhancing it is essential for efficient and feasible operation. Enzyme inhibition by the 

products is one of the several problems that hinders the cellulose bioconversion. To resolve this 

problem, a novel membrane bioreactor (MBR) was designed with an inverted dead-end filtration 

concept for simultaneous removal of the product during the reaction. Polyethersulfone membranes 

(PES) were used, and their selectivity in allowing only product permeation was proven. The 

effects of water flowrate and initial substrate concentration were investigated, and a mathematical 

kinetic model that was based on the mechanistic steps was developed to predict the dynamic 

behavior of the system, and the kinetic parameters were estimated by fitting the experimental data. 

The experimental results were also used to develop a statistical non-linear interactive model. 

Using standard cellulose, the glucose production yield increased from 7% without product 

separation to 45% with product separation. Both kinetic and statistical models showed good 

agreement (R2: 0.96 and 0.97, respectively). The process was optimized, and the optimal 

conditions were determined to be at substrate concentration of 2.67 g/L and a water flowrate of 

0.8 mL/min, at which a maximum yield of 86.7% was achieved.  

To increase the efficiency of the process by increasing solids loading and mixing quality, 

another novel tubular radial-flow MBR was designed. The effectiveness of the inverted dead-end 

MBR versus radial-flow MBR designs was assessed using real, complex lignocellulose biomass, 

namely date seeds (DSs). The tubular radial-flow MBR used here had more than a 10-fold higher 

membrane surface area than the flat-sheet MBR design. With simultaneous product separation 

using the flat-sheet inverted dead-end filtration MBR, a total reducing sugars yield of 10.8% from 

pretreated DSs was achieved within 8 h of reaction, which was three times higher than the yield 

without product separation, which was only 3.5% within the same time and under the same 

conditions. The superiority of the tubular radial-flow MBR to hydrolyze pretreated DSs was 
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confirmed with a total reducing sugars yield of 29% within 8 h. A detailed kinetic model was 

developed to predict the dynamic behavior of the tubular radial-flow MBR, and the kinetic 

parameters were estimated from the experimental data. The novel reactor was proved to 

successfully operate at high solids loading, and with a developed statistical non-linear interactive 

model the total reducing sugars production was optimized with optimal conditions of substrate 

concertation of 28.9 g/L and water flowrate of 1.2 mL/min resulting in a maximum glucose 

production of 8.7 g. In addition, the effects of different glucose concentrations, water flowrates, 

and membrane cut-offs on glucose diffusion were studied. The promising results obtained by this 

research could pave the way for an economic lignocellulose-to-bioethanol process. 

 

Keywords: Cellulose, Enzymatic hydrolysis, Kinetic model, Membrane bioreactor, Product 

inhibition, Product separation, Substrate inhibition.  
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Title and Abstract (in Arabic) 
 

 المائي الأنزیمي للسلیلوزالحیوي الغشائي لتعزیز التحلل المفاعل 

 ص الملخ

مع تزاید المخاوف البیئیة المتعلقة باستخدام الوقود الأحفوري واستنفاد ھذه الموارد، یتزاید الاھتمام بالإیثانول الحیوي 

البیوإیثانول،   الجیدة لإنتاج  المواد الأولیة  التمر من  تعتبر مخلفات نخیل  السلیلوزیة كبدیل، مصدر طاقة مستدام.  النفایات  من 

 .م مزارع نخیل التمر الكبیرة، مثل الإمارات العربیة المتحدةخاصة في البلدان التي تض

، فإن التحلل المائي الأنزیمي للسلیلوز لإنتاج السكریات البسیطة البیوإیثانولإلى  السلیلوزیة    تحویل المواد   في عملیة 

وري للتشغیل الفعال والمجدي.  التي یمكن تحویلھا إلى إیثانول حیوي عن طریق التخمیر ھو الخطوة الأكثر تحدیاً، وتعزیزھا ضر 

یعد تثبیط الإنزیم بواسطة المنتجات أحد المشكلات العدیدة التي تعیق التحویل الحیوي للسلیلوز. لحل ھذه المشكلة، تم تصمیم 

شیة  ) بمفھوم ترشیح نھایة مسدود مقلوب للإزالة المتزامنة للمنتج أثناء التفاعل. تم استخدام أغMBRمفاعل حیوي غشائي جدید (

)، وتم إثبات انتقائھا في السماح بنفاذ المنتج فقط. تم دراسة تأثیر تدفق الماء والتركیز الأولي للركیزة،  PESالبولي إیثر سلفون (

وتم تطویر نموذج حركي ریاضي شامل یعتمد على الخطوات المیكانیكیة للتنبؤ بالسلوك الدینامیكي للنظام، وتم تقدیر المعلمات  

تفاعلي غیر خطي. الحركیة من خلا نموذج إحصائي  لتطویر  التجریبیة  النتائج  استخدام  تم  التجریبیة. كما  البیانات  ل ملاءمة 

الجلوكوز من   إنتاج  القیاسي، زاد  السلیلوز  إلى  7باستخدام  المنتج  النموذجین  45٪ دون فصل  المنتج. أظھر كلا  ٪ مع فصل 

توالي). تم تحسین العملیة وتم تحدید الظروف المثلى لتكون عند  على ال  0.97و   0.962R :الحركي والإحصائي توافق جید (

 ٪.86.7مل / دقیقة، حیث تم تحقیق أقصى عائد  0.8جم / لتر وتدفق ماء قدره  2.67تركیز الركیزة  

نصف  آخر جدید للتدفق الشعاعي مفاعل لزیادة كفاءة العملیة عن طریق زیادة جودة التحمیل والخلط الصلبة، تم تصمیم

ذات التدفق الشعاعي باستخدام الكتلة الحیویة الحقیقیة  MBR المسدود المقلوب مقابل تصمیمات  المفاعل . تم تقییم فعالیةقطري

الأنبوبي ذو التدفق الشعاعي المستخدم ھنا على مساحة  MBR یحتوي ر التمرو بذ  ر.، وھي بذور التمالسلیلوزیة والمعقدة من

ذي الصفیحة المسطحة. مع فصل المنتج المتزامن باستخدام الترشیح  MBR من تصمیم  أضعاف  10سطح غشاء أعلى بمقدار  

ساعات   8المُعالجة مسبقاً خلال   DSs ٪ من10.8، تم تحقیق عائد جلوكوز بنسبة   MBR المسدود المقلوب ذو الطرف المسدود

٪ فقط في نفس الوقت وبنفس الشروط. تم  3.5من التفاعل ، وھو أعلى بثلاث مرات من الناتج دون فصل المنتج ، والذي كان  

ساعات. تم    8٪ خلال    29المُعالجة بالماء مع عائد جلوكوز بنسبة   DSs الأنبوبي ذو التدفق الشعاعي على MBR تأكید تفوق

الأنبوبي الشعاعي  للتدفق  الدینامیكي  بالسلوك  للتنبؤ  مفصل  نموذج حركي  من  MBRتطویر  الحركیة  المعلمات  تقدیر  وتم   ،

البیانات التجریبیة. ثبت أن المفاعل الجدید یعمل بنجاح عند تحمیل صلب عالٍ ، وباستخدام نموذج إحصائي تفاعلي غیر خطي  

مل /   1.2جم / لتر ومعدل تدفق الماء    28.9نتاج الجلوكوز الكلي بالظروف المثلى لترابط الركیزة البالغ  مطور ، تم تحسین إ

جم. بالإضافة إلى ذلك، تمت دراسة تأثیر تركیزات الجلوكوز المختلفة   8.7دقیقة مما أدى إلى یبلغ الحد الأقصى لإنتاج الجلوكوز  

ة على انتشار الجلوكوز. النتائج الواعدة التي تم الحصول علیھا من خلال ھذا البحث  ، ومعدلات تدفق المیاه ، وانقطاعات الأغشی

 .البیوإیثانول إلىالسلیلوزیة  یمكن أن تمھد الطریق لعملیة اقتصادیة من
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Abstract (Dutch) 

Met de toenemende bezorgdheid over het milieu over het gebruik van fossiele brandstoffen 

en de uitputting van deze hulpbronnen, is de belangstelling voor bio-ethanol uit lignocellulose-

afval als alternatieve, duurzame energiebron toegenomen. Afval van dadelpalm wordt beschouwd 

als een goede grondstof voor de productie van bio-ethanol, vooral in landen met grote 

dadelpalmplantages, zoals de Verenigde Arabische Emiraten. 

In het proces van lignocellulose naar bio-ethanol is de enzymatische hydrolyse van 

celluloses om eenvoudige suikers te produceren die door fermentatie in bio-ethanol kunnen 

worden omgezet, de meest uitdagende stap, en het verbeteren ervan is essentieel voor een 

efficiënte en haalbare werking. Enzymremming door de producten is een van de vele problemen 

die de bioconversie van cellulose belemmeren. Om dit probleem op te lossen, werd een nieuwe 

membraanbioreactor (MBR) ontworpen met een omgekeerd ‘dead-end’ filtratieconcept voor 

gelijktijdige verwijdering van het product tijdens de reactie. Er werden 

polyethersulfonmembranen (PES) gebruikt en hun selectiviteit bij het toestaan van alleen 

productpermeatie werd bewezen. De effecten van waterflowrate en initiële substraatconcentratie 

werden onderzocht, en een grondig wiskundig kinetisch model dat was gebaseerd op de 

mechanistische stappen werd ontwikkeld om het dynamische gedrag van het systeem te 

voorspellen, en de kinetische parameters werden geschat door de experimentele gegevens te fitten. 

De experimentele resultaten werden ook gebruikt om een statistisch niet-lineair interactief model 

te ontwikkelen. Bij gebruik van standaardcellulose nam de opbrengst aan glucoseproductie toe 

van 7% zonder productscheiding tot 45% met productscheiding. Zowel kinetische als statistische 

modellen lieten een goede overeenkomst zien (R2: respectievelijk 0.96 en 0.97). Het proces werd 

geoptimaliseerd en de optimale omstandigheden werden bepaald op een substraatconcentratie van 

2,67 g/L en een waterflowrate van 0,8 ml/min, waarbij een maximale opbrengst van 86,7% werd 

bereikt. 

Om de efficiëntie van het proces te verhogen door de kwaliteit van het laden en mengen 

van vaste stoffen te verhogen, werd een andere nieuwe buisvormige MBR met radiale stroming 

ontworpen. De effectiviteit van de omgekeerde ‘dead-end’ MBR versus radiale stroom MBR-

ontwerpen werd beoordeeld met behulp van echte, complexe lignocellulose-biomassa, namelijk 

dadelzaden (DS's). De hier gebruikte buisvormige MBR met radiale stroming had een meer dan 

10 keer groter membraanoppervlak dan het MBR-ontwerp met vlakke plaat. Met gelijktijdige 
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productscheiding met behulp van de platte-vel omgekeerde dead-end filtratie MBR, werd een 

glucoseopbrengst van 10,8% uit voorbehandelde DS's bereikt binnen 8 uur na de reactie, wat drie 

keer hoger was dan de opbrengst zonder productscheiding, die slechts 3,5% was binnen dezelfde 

tijd en onder dezelfde voorwaarden. De superioriteit van de buisvormige MBR met radiale 

stroming om voorbehandelde DS's te hydrolyseren werd binnen 8 uur bevestigd met een glucose-

opbrengst van 29%. Er werd een gedetailleerd kinetisch model ontwikkeld om het dynamische 

gedrag van de buisvormige MBR met radiale stroming te voorspellen, en de kinetische parameters 

werden geschat op basis van de experimentele gegevens. De nieuwe reactor bleek succesvol te 

werken bij een hoge vastestofbelasting, en met een ontwikkeld statistisch niet-lineair interactief 

model werd de totale glucoseproductie geoptimaliseerd met optimale omstandigheden van 

substraatovereenstemming van 28,9 g/L en een waterstroomsnelheid van 1,2 ml/min, resulterend 

in een maximale glucoseproductie van 8,7 g. Daarnaast werden de effecten van verschillende 

glucoseconcentraties, waterstroomsnelheden en membraanafsnijdingen op glucosediffusie 

bestudeerd. De veelbelovende resultaten van dit onderzoek kunnen de weg vrijmaken voor een 

economisch lignocellulose-naar-bio-ethanolproces. 

 

Trefwoorden: Cellulose, Enzymatische hydrolyse, Kinetisch model, Membraanbioreactor, 

Productremming, Productscheiding, Substraatremming. 
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Chapter 1: Introduction 
 

1.1 Statement of the Problem 

The bioconversion process of lignocellulose to ethanol is considered a promising method 

to satisfy the need for alternative, sustainable, and environmentally friendly energy sources 

instead of the depleting fossil fuels. Date palm trees are predominating on the farmland of the 

Middle East, with their cellulose rich parts, the accumulation of the waste is an issue that is 

annually increasing, especially in the United Arab Emirates (UAE) [1]. Deploying enzymes for 

the conversion of lignocellulose to mono-sugars, which is the feed for ethanol production, has 

attracted attention for decades. However, the kinetics of enzymatic hydrolysis are slow in nature 

and the lignocellulose is of a complex structure. Combining these two facts results in a 

complicated process that needs to be deeply understood to overcome its drawbacks and enhance 

its economic feasibility. The two main problems of the enzymatic hydrolysis are enzymes 

inhibition with the product and the heterogeneous nature of the substrate. As the hydrolysis 

reaction progresses, glucose is produced and accumulated in the system, which reduces the 

activity of the enzyme. This is referred to as product inhibition. It would be very costly to 

continuously replace the deactivated enzymes. In addition, in a continuous process, the enzyme 

needs to be retained inside the reactor for repeated uses and elimination of loss from the system 

with the effluents and products. The conventional way to confine enzyme within the reactor is to 

use it in immobilized form. However, this is not possible with cellulose hydrolysis, as the substrate 

itself is heterogeneous. Hence, there is a need for a system that tackles the product accumulation 

and enzyme confinement to improve the kinetics of the reaction and the reusability of the enzyme.  

1.2 Research Objectives 

To enhance the enzymatic hydrolysis of cellulose and reduce the total biorefinery cost two 

major challenges must be overcome: product inhibition and low solid loading. To solve these 
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issues, a continuous reactor and an ultrafiltration membrane are integrated in a system to allow 

enhancing the enzymatic hydrolysis of cellulose through continuous removal of the product. The 

membrane should have the capability to filter only the desired product and reject enzymes to allow 

its repeated use. This is hypothesized to enhance the kinetics of the reaction and lower the cost of 

the process. Experimental analysis is used to prove this concept and determine the dynamic model 

of the system in the integrated membrane MBR system.  

The main objective of this work is to design and test novel MBRs for enhanced hydrolysis 

of lignocellulose from date palm waste to be used as a real biomass for bioethanol production. 

Accordingly, the objectives of this work are as follows: 

• Experimental analysis of simultaneous reaction and product separation through a 

membrane reactor will be used to develop a reliable kinetic model to describe the process; 

• Enzymatically convert cellulose from date palm waste to fermentable glucose for 

bioethanol production; 

• Design and operate a novel MBR adapting an inverted dead-end filtration concept to 

eliminate the membrane fouling and enhance the hydrolysis yield;  

• Develop a model for the inverted dead-end MBR considered both the reaction kinetics and 

the convective diffusion; 

• Design and operate a radial flow tubular MBR of enhanced hydrolysis yield through high 

solids loading and enhanced product diffusion; 

• Develop a model for the radial flow tubular MBR considering the reaction kinetics, the 

dynamic changes in the substrate structure, and with simultaneous product separation.  

1.3 Hypothesis and Novelty Statement  

The use of ultrafiltration membranes to simultaneously remove glucose from the reaction 

is proposed to improve glucose production and retain the enzymes. The novelty of this research 
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is in the designed MBRs, including both the inverted dead-end and the radial flow tubular MBR, 

and the detailed analysis of the product diffusion out of the reaction system and its effect on the 

reaction. The hypothesis will be tested in both MBRs and the effect of the main key factors will 

be determined. A model that combines reaction kinetics with product separation will be 

developed, which helps in better understanding of the system. The use of the system for the 

hydrolysis of waste biomass abundantly available in the UAE will be another novel aspect of this 

work presenting realistic results. 
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Chapter 2: Lignocellulosic Bioethanol Production 
 

The concurrent increase in population and industrialization resulted in an escalation in 

energy demand, with fossil fuels being the main source [2]. However, fossil fuels are 

nonrenewable resources of energy and their use has an adverse impact on the environment [3]. 

Therefore, finding a more sustainable and greener source of energy is a necessity [4]. Biofuels, 

which are renewable energy sources produced from biomass, have been receiving an increasing 

attention as potential substitutes for fossil fuel, particularly in the transport sector, due to their 

sustainability and low environmental impact [4]. Bioethanol is a biofuel that is used as an additive 

to petrol derived gasoline in conventional engines to reduce the harmful impacts of combustion 

emissions and can also be used pure in slightly modified engines. Brazil for example depends 

heavily on bioethanol, produced from sugarcane, as an energy source, accounting for 18% of the 

total energy consumption in the nation [5]. However, sugarcane and other conventional feedstock 

that are considered food stock are not preferred to be used for energy production. Lignocellulosic 

biomass on the other hand is considered more appropriate, as it is generally not used as a direct 

feed source and most of it is considered biomass waste, making it a sustainable feedstock for 

biofuels production [6–8]. However, this type of biomass is considered recalcitrant, due to the 

presence of lignin, which is strongly linked to the cellulose forming a protection shield. In 

addition, the cellulose structure in most lignocelluloses is highly crystalline, rendering incomplete 

enzymatic hydrolysis inevitable  [9, 10]. Different approaches have been used to separate the 

cellulose from other components in the lignocellulosic structure before converting it to sugars that 

can be easily converted to bioethanol by fermentation [11].  

2.1 Ethanol Feedstock  

Biomass feedstock is a material of biological origin that can be converted to different bio-

based products such as ethanol in a biorefinery. There are three types of biomass feedstocks based 
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on the composition and the origin of the biomass: first-generation, second- and third-generation 

feedstock [12]. 

First-generation biomass is edible biomass that is easy to process. The most common types 

of the first-generation feedstock for ethanol production are starch-rich and sugar crops. Sugar 

crops, such as sugar cane, sugar beet, and sugar sorghum are biomass composed mainly of mono 

or disaccharides.  Starch-rich crops, such as corn and wheat, are composed primarily of starch. 

Due to their composition, the conversion of those feedstocks to bioethanol is easy and inexpensive 

[13].    

Lignocellulose and algae are examples of second- and third-generation feedstock, which 

comprises non-food part residues. Unlike the first-generation biomass, lignocellulosic biomass is 

the inedible part of the plant, which is composed mainly of cellulose, hemicellulose, and lignin. 

Agricultural waste, such as straw, corn stover, corn cob and bagasse, forestry wastes, like wood 

chips, and municipal and industrial wastes are all examples of lignocellulosic biomasses that can 

be used for ethanol production. Algae biomass, on the other hand, are composed of triglycerides, 

which can be utilized for the production of other energy products besides the carbohydrates that 

can be used for ethanol production [13].    

2.2 Lignocellulose  

Lignocellulose is composed of three main components, cellulose, hemicellulose, and 

lignin. Other components are also found in smaller amounts in the structure, such as extractives 

and ash. Lignocellulose is predominated by cellulose consisting of 40-50% of the total structure, 

followed by hemicellulose, which is estimated to be 25-30%, and lastly 15-20% lignin [14]. A 

schematic diagram of the lignocellulosic structure is shown in Figure 1.    

Cellulose is composed of repeated units of cellobiose, which constitutes two glucose 

molecules linked together by β-1,4 glycosidic linkage. Repeated units of glucose give rise to a 
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glucan unit, which is estimated to be between 2000 to 2700 units [15]. The degree of 

polymerization is determined by the glucan units contained in the cellulose structure [16]. The 

polymer chains constituting cellulose are linked through covalent and non-covalent bonds forming 

microfibrils [17]. The structure of cellulose is dominated by a crystalline structure in which the 

microfibrils are arranged in parallel, while the rest of the structure is amorphous [18].   

Hemicellulose is made of repeated units of different sugar monomers, including xylose, 

arabinose, mannose, galactose, and glucose. The sugar monomer composing the chain is 

determining the type of hemicellulose, which can be either linear or branched, surrounding the 

cellulose [19]. Lignin, on the other hand, is composed of phenylpropane units, which each is 

composed of coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. Lignin is known to have a 

three-dimensional structure linked to the remaining components, hemicellulose and cellulose, thus 

providing rigidity to the cell wall and protection from the activity of the microorganisms and other 

environmental factors [20].  

 

Figure 1: Schematic diagram of the lignocellulosic structure composed of cellulose, 
hemicellulose, and lignin [21] 
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2.2.1 Date Seeds  

Date palms, Phoenix dactylifera, is an abundant bio-source in the Middle East [22]. 

Statistics show that 83.7% of the total global production of dates comes from the Middle East, 

with the United Arab Emirates being one of the world top 10 producers [23]. The different wastes 

produced from the date palms, such as date fruit, dry dates, petiole, leaf axis, and date seeds, are 

potential feedstock for energy production [24]. Between the years 2010 and 2013, the annual 

world production of dates increased from 7 million tons to 7.63 million tons, with an average yield 

of 6.86 tons per hectare [25]. As date seeds (DSs) account for around one-third the date fruit 

weight [25], its production rate exceeds one million ton per year [26].  

The composition of DSs differs for different cultivars, growth conditions, fertilizers used, 

and fruit maturity [26]. However, their general composition has been reported to be 5.1–6.5% 

protein, 9–12.7% oil, 1.1–1.2% ash, and 73.1–83.1% total carbohydrate on a dry weight basis 

[25]. The high carbohydrates content makes DSs a potential feedstock for producing fermentable 

sugars for bioethanol production [25]. Similar to other lignocellulosic biomass, DSs are mainly 

composed of cellulose, hemicellulose, and lignin [27]. The mass percentages of the three 

components in the lignocellulosic biomasses are reported to be 40-50 wt% cellulose, 15-30 wt% 

hemicellulose, and 20-30 wt% lignin [28]. Besides cellulose, which is mainly composed of 

glucose [29], hemicellulose is also a sugar polymer. Analysis of hemicellulose from date seeds 

show that the largest component is xylose, accounting for 21.9 wt%, followed by uronic acid at 

4.3 wt%, arabinose 1.2 wt%, and traces of mannose, galactose, and glucose [30]. The analysis of 

lignin, on the other hand, comprised of oxygenated phenyl propane units of three alcohols, namely 

coniferyl, sinapyl, and p-coumaryl [31]. 
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2.3 Lignocellulose to Bioethanol Process 

A representative diagram of ethanol production from lignocellulosic feedstock is shown 

in Figure 2. The process includes size reduction through mechanical methods, followed by 

pretreatment in which the biomass structure is further disrupted and separated. Hydrolysis comes 

then, which is the scope of this work, where the polysaccharides are broken down into monomers 

such as glucose, xylose, and arabinose. Fermentation is where the simple sugars are converted to 

ethanol.  

 

Figure 2: Biorefinery process of ethanol production from lignocellulosic feedstock 

 

2.3.1 Pretreatment  

Pretreatment is the step in which the lignocellulose biomass is converted from being 

recalcitrant to a form ready for the enzymatic hydrolysis [32]. An efficient pretreatment must be 

able to recover the full lignocellulosic components with fewer degradation byproducts. In 

addition, it must be feasible and effective on different biomass quantities and types [32]. There 

are different types of pretreatment methods used for lignocellulosic biomass that can be classified 

into physical, chemical, and biological pretreatments.    
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2.3.1.1 Physical Pretreatment 

Most of the biochemical conversion processes involve physical pretreatment as a first step 

to reduce the particle size, which increases the surface area to volume ratio, and reduces the degree 

of polymerization and crystallinity of the biomass, thus, enhancing the conversion rate [33]. The 

enzymatic hydrolysis of cotton cellulose was enhanced with a glucose yield up to 99.8% in 50 h 

when the particle size was reduced from 25 to 0.78 µm [34]. There are different types of physical 

treatments such as chipping, shredding, milling, and grinding; these differ in the end particle size. 

In general, decreasing the particle size below 0.3 mm was proved to increase the conversion yield 

of glucose [35]. 

2.3.1.2 Chemical Pretreatment  

Acidic pretreatment  

Hemicellulose and cellulose are partially solubilized by both diluted and concentrated 

acids. However, the concentrated acids are not favored due to their severe effects on the biomass 

and the process, such as cellulose degradation and inhibitors production [36]. Dilute acids are 

used with a concentration a range of 0.5-2.5%, at a temperature range of 100 to 200oC [36]. 

Different studies have investigated the effect of dilute sulfuric acid pretreatment on enhancing the 

enzymatic hydrolysis step [37, 38]. Pretreating rice straw with 1% (w/w) sulfuric acid enhanced 

the efficiency of the enzymatic hydrolysis to reach 70% due to the  increase in the pore volume 

of the biomass, which resulted in a glucose and xylose combined yield of 83% after 72 h [39]. 

Although the enzymatic hydrolysis is enhanced by this type of pretreatment, the partial hydrolysis 

of cellulose results in more crystalline cellulose, thus, lower the conversion yield compared to 

other pretreatment methods [40].  
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Alkaline pretreatment  

Unlike the acid pretreatment, in the alkaline pretreatment, alkaline reagent interacts, 

breaks down, and isolate lignin only from the biomass, which can enhance the enzymatic 

hydrolysis with lower cost, and a simple process scheme [41]. The use of alkaline compounds 

such as sodium hydroxide, sodium carbonate and ammonia allows this pretreatment method to be 

superior over other methods due to the fact that these compounds are non-corrosive chemicals, 

requiring mild conditions [41]. In addition, this method is highly selective for lignin removal while 

retaining cellulose and hemicellulose intact, and the absence of inhibitors production enhances 

the fermentation step. It was found that pretreating rice straw with ultrasound-assisted alkaline 

(NaOH) improved the digestible cellulose yield by a factor of 3.5 compared to untreated biomass 

[42]. The suggested pretreatment method was found to increase the surface area accessible for 

cellulases, and increases the porosity compared to the same biomass treated with heat only. 

However, the crystallinity index in this pretreatment generally increases, which is primarily due 

to the lignin removal and not cellulose structural changes [41]. However, the degree of 

polymerization was found to decrease when the pretreatment with NaOH below 8 wt% 

concentration was carried out, which caused separation in the cellulose lattice [43]. In addition, 

pretreating sugarcane bagasse with 20% aqueous ammonia for 48 h at 50oC was found to result in 

57.3% total sugar release in the subsequent enzymatic hydrolysis [44].   

Oxidative pretreatment  

Oxidizing agents like oxygen, ozone, and hydrogen peroxide are used remove lignin, 

however, a partial break of some of the hemicellulose is observed. In addition, those agents are 

not selective for only lignin, but they can attack cellulose and lead to the production of by-products 

such as aliphatic aldehydes and aliphatic organic acids, which inhibit the subsequent enzymatic 

hydrolysis [45]. This pretreatment method can be combined with other methods to improve the 
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degradation of lignocellulose and enhance the enzymatic hydrolysis. For example, corn stover 

was pretreated in a two-stage process, the first stage was the pretreatment with dilute hydrochloric 

acid (1 wt%) for 40 min at 120oC, followed by the second stage of alkaline wet oxidative 

pretreatment with 12.6 wt% ammonium hydroxide with pressurized oxygen (3 MPa) at 130oC for 

the same timing. This two-stages process was found to give around 86% lignin removal, 82.8% 

and 71.5% xylan, and glucan yields, respectively [46].    

2.3.1.3 Physicochemical Pretreatment  

This class of pretreatment changes the structure of the biomass both physically and 

chemically. There are different types used, such as solvent fractionation, steam explosion, liquid 

hot water, and carbon dioxide explosion.  

Solvent fractionation  

Solvent fractionation is the partial solubilization of lignocellulosic components through 

breaking down hydrogen bonds between the fibrils, which is due the fact that different 

lignocellulosic components have different solubilities in different solvents [33]. This type of 

pretreatment involves the use of organic solvents, ionic liquids, or phosphoric acid.  

Organic solvents, such as ethanol in the presence of an acid catalyst, are used to extract 

lignin from the biomass and, thus, reduce the crystallinity [47]. However, some properties of those 

solvents have restricted the application of organosolv, organic solvents, as a pretreatment method. 

For example, the use of low boiling point organosolv, such as ethanol, acetone, methanol, and 

ethyl acetate [47], requires operating at high pressure. In addition, if those solvents are flammable, 

safety issues should be considered [48]. However, the fractionation of corn stover biomass using 

ethanol resulted in a 91% glucan content after lignin removal, while fractionation of giant 

miscanthus and wheat straw with ethanol was not efficient [49]. In addition, the use of organic 

amine, such as polyamine, as a catalyst to ethanol fractionation, showed to help in boosting the 
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delignification of corn stover biomass that removed 82% lignin and resulted in a sugar yield of 

83% [50]. Furthermore, the combination of sulfuric acid and ethanol for wheat straw pretreatment 

was found to enhance the extraction of fermentable sugars to 89% in comparison with other 

organosolv tested, such as methanol, butanol, acetone, and diethylene glycol [51]. Although 

different solvents have been reported to fractionate lignocellulose, residence time, biomass 

loading, byproduct production, and structural disruption are all factors to be taken into 

consideration in selecting the most convenient pretreatment method. For example, using cellulose 

solvents, such as concentrated phosphoric acid, showed better structural disruption and 97% 

glucan yield in 24 h compared to the use of dilute sulfuric acid that attained 84% in 72 h, however, 

the effect of using such concentrated acids in inhibitor production was not reported [52, 53].  

Ionic liquids (ILs) such as 1-allyl-3-methylimidazolium chloride [AMIMCl], -allyl-3-

methylimidazolium acetate [EMIM][AC] and 1-butyl-3-methylimidazolium chloride [BMIMCl] 

showed to effectively solubilize cellulose from the biomass [54]. Due to the presence of anions 

such as chloride, cellulose can bind via hydrogen with the ionic liquid. Cellulose can be then 

recovered using an antisolvent such as water, which will break down these bonds, after which the 

recovery of the used IL is possible and can be reused [54]. Thus, pretreatment with ILs is an area 

of interest in research [55]. A sugar yield of 89% and 87% from sugarcane bagasse and wheat 

straw, respectively, were achieved with both biomasses pretreated with [EMIM][AC] [56]. 

Pretreating wheat straw with 1-ethyl-3-methyl-imidazolium acetate showed competitive results 

when followed by xylanases before cellulose hydrolysis, these two pre-steps helped in improving 

the accessibility of cellulose by the enzymes, which allowed for up to 99% cellulosic degradation, 

and 97.6% xylose yield [57].  
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Steam explosion  

This commonly used pretreatment method involves the application of high pressure and 

temperature followed by a sudden decrement in the pressure leading to a break down in the 

lignocellulosic structure [58]. A better biomass disruption was found when steam explosion was 

combined with other pretreatment methods. For example, elephant grass was treated with different 

concentrations of sulfuric acid to yield around 52% digestible cellulose, while barley straw 

biomass pretreated with steam explosion and extrusion reached up to 84% glucan [59–63]. 

However, this pretreatment results in by-products production, similar to the dilute acid 

pretreatment, that inhibit the enzymatic hydrolysis, which requires a subsequent detoxification 

step before the enzymatic hydrolysis [64]. The formation of acetic acid, furfural, 5-HMF and 

vanillin showed insignificant inhibition on the cellulases, however, formic acid inactivated the 

enzymes, this effect increased with increasing the solids loading [65].   

2.3.1.4 Biological Pretreatment  

Biological pretreatment involves the use of bacterial and fungal strains, like Bacillus sp, 

Trichoderma reesei, Thermomonospora sp, and Phanerochaete chrysosporium, to degrade the 

lignocellulose structure [66, 67]. Due to the ability of these organisms to release enzymes such as 

lignin peroxidase and laccases, lignin is removed from the lignocellulosic structure [68]. The most 

applied fungus known for its ability to degrade lignocellulose is the white-rot fungus. Using 

Ceriporiopsis subvermispora to pretreat sugarcane bagasse at 27oC for 60 days resulted in 47% 

sugar yield [69]. The biological pretreatment advances on other pretreatment technology in that it 

is a non-energy requiring method, environmentally friendly, and cost-efficient. However, it is a 

time consuming pretreatment method, which results in low yield, rendering it feasibility in 

biorefinery processes [70].  
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2.3.2 Hydrolysis  

There are different ways in which cellulose can be hydrolyzed to fermentable sugars.  

Chemical, biological, and other methods as well, such as gamma-ray, electron-beam, and 

microwave irradiation, which all have been reported. However, chemical and biological 

hydrolysis are the most commonly used due to their feasibility and effectiveness [71–73].  

2.3.2.1 Chemical Hydrolysis   

Chemical hydrolysis involves the use of chemicals, such as diluted and concentrated acids. 

The use of concentrated acid helps in enhancing the sugar yield and can be carried out under low 

temperatures compared to dilute acid hydrolysis. However, the acid consumption, in this case, is 

high, and further downstream processing, such as detoxification, is required. In addition, this 

process requires a long residence time, and it is costly to recover the acid for reuse. On the other 

hand, dilute acid hydrolysis has a lower yield, requires high temperatures, and non-useful 

byproducts are produced [74, 75].  

2.3.2.2 Enzymatic Hydrolysis   

The massive applications of different cellulases in various fields have attracted attention 

for their use in bioenergy production. The main sources of commercial cellulases are Trichoderma 

reesei and Aspergillus niger  [76]. Cellulase plays a key role in the enzymatic hydrolysis.  It is a 

multi-component system that breaks polymer chains into fermentable sugars, as shown in Figure 

3 [77]. It is composed of three types of enzymes, endoglucanase, cellobiohydrolases 

(exoglucanase), and β-glucosidases. Endoglucanases work synergistically with exoglucanase, and 

the hydrolysis initiates with endoglucanase, which attacks the polymer chain at random sites 

creating reducing and non-reducing ends. Exoglucanase then acts on those ends to convert them 

to shorter polysaccharides chains consisting of two glucose units, called cellobiose. The last 

component, β-glucosidase, will break down cellobiose from the mid-point producing two glucose 
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units. The latter is considered the rate-limiting step for the hydrolysis due to its sensitivity of the 

enzymes towards the end product, glucose, leading to product inhibition [78]. Studies have shown 

that each cellulase-producing microorganism exhibits the lack of one or more types of cellulases 

leading to inefficient hydrolysis. A. niger and Trichoderma atroviride were found to be mostly β-

glucosidases producers, and lack the other two [78]. Thus, different cellulase recipes from 

different sources are key to enhance the conversion rate. It was reported that the catalytic activity 

of commercial cellulases derived from T. reesei and A. niger can be improved by the addition of 

crude cellulases from five different fungal strains, namely Chaetomium thermophilum, Thielavia 

terrestris, Thermoascus aurantiacus, Corynascus thermophilus, and Myceliophthora 

thermophile, when pretreated barley straw was hydrolyzed [79].  

 

Figure 3: A schematic diagram of the bioconversion of lignocellulosic biomass to fermentable 
glucose [80] 
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2.4 Enzyme Kinetics and Modeling  

The mechanism of the enzymatic hydrolysis of cellulose is similar to other enzymatic 

reactions. Figure 4 illustrates the mechanism and kinetics of each step. In the first step, the enzyme 

is adsorbed onto the surface of the substrate. After which, two pathways are possible; enzyme 

either binds to an active site, denoted as productive binding, or to a non-active site, denoted as 

non-productive binding. In the former pathway, the enzyme-substrate complex is formed and can 

proceed to the catalytic reaction step during which the glycosidic bond is broken. The enzyme-

product complex is formed and then separated to release the product from the enzyme, and the 

enzyme active site is free again for another binding. Therefore, the rate of the catalytic reaction is 

directly proportional to the rate of substrate productive binding to the active sites [81]. However, 

if the substrate is adsorbed through a non-productive pathway, the substrate acts as an inhibitor 

and the catalytic process is inhibited. Thus, no product is formed in this pathway and the enzyme 

is inactive [81]. This proves the fact that as the enzymatic hydrolysis progresses, the substrate 

surface dynamically changes [82]. Cellulose is composed of hydrolyzable and non-hydrolyzable 

(inert) parts. At the enzyme-substrate surface, the enzyme breaks down cellulose leaving the inert 

at that layer, proceeding to the next layer, which contains also cellulose and inert too [82]. As the 

reaction continues, the enzyme is adsorbed deeper into the substrate, shrinking the available 

substrate surface area. 
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Figure 4: Reaction mechanism of enzymatic hydrolysis of cellulose 

 

Different mechanisms for cellulase kinetics were proposed by different researchers, trying 

to fully understand the process. The mechanism shown in Equation (1) was proposed to explain 

the burst phase for a soluble substrate and non-processive enzyme, that cleaves cellulose randomly 

and not processivity. The processive action of an enzyme means that enzymes bind to the cellulose 

and cleaves it for multiple cycles continuously before it dissociates [83]. 

E + S 
𝑘𝑘1↔

 𝑘𝑘−1
ES  

k2→  EP2 + P1  
k3→  E + P2 (1) 

The model suggests that an enzymatic reaction produces two products; one of them, P1, is 

produced rapidly at the beginning of the reaction, with k1 and k2 being larger than k3. The enzyme 

then accumulates as EP2 complex, which dissociates slowly with time to produce P2. This can be 

proven by monitoring the concentrations of P1 and P2 as a function of time, in which P1 increases 

during the first stage of the reaction before it goes to steady-state [83–85]. However, key factors 

affecting the mechanism of the enzymes, such as product inhibition, is not considered.  
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To account for the processive action of the enzyme, Equation (1) was modified to include 

multiple cycles of the catalytic action of cellobiohydrolase, as shown in Equation (2) 

 

(2) 

In this model, the cellulose cleavage is occurred enzyme’s cleaving of the cellulose strand is 

occurred consecutively, in a processive manner, and goes through many cycles of consecutive 

reactions before it dissociates. The hydrolysis initiates by the binding of cellobiohydrolase, E, to 

cellulose strand containing n cellobiose units, Cn, to form an enzyme-substrate complex, ECn. 

After this, it can either produce one cellobiose unit, C, with a rate constant k2 or dissociate back 

to enzyme and cellulose with dissociation rate constant k3. The reaction continues with the same 

steps, but with shorter cellulose strands in each cycle and with the possibility of the dissociation 

of the enzyme. After multiple cycles of cleaving cellobiose units, the desorption rate is slowed 

down because of the inhibition by cellobiose leading to the accumulation of enzyme-substrate 

complex (ECx), since k2 is larger than k3, and a further decline in the kinetics is observed [83–85]. 

The drawback of this model is that it is assuming a constant substrate concentration, which 

is valid only at the beginning of the reaction when it is higher than the concentration of the 

enzymes. Hence, the accessibility and affinity of the enzyme to bind to the rest of the cellulose 

strand is not considered [86]. In addition, the inhibition effect is considered only by cellobiose, 

while mono-sugars are not considered. This model was further modified to include the 

consideration of enzyme deactivation by an irreversible binding to the substrate, Equation (3). 
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(3) 

The inhibition of the enzyme during the processive hydrolysis, Equation (3), was proposed 

in the assessment of the hydrolysis of the microcrystalline cellulose, which is composed of 

amorphous and totally hydrolyzable cellulose, which reported that the decline in the kinetics was 

due to the enzyme-substrate irreversible binding [87]. However, the model does not consider 

enzyme inhibition by the end product, and ignores the mass transfer limitations, which are 

significant in heterogeneous reactions.  

Product inhibition effect was included in a model developed by Huang [88] and Peitersen 

et al. [89], in which cellulose as a substrate binds reversibly to the enzyme to form either 

productive or non-productive enzyme-substrate complex. Productive complex may then proceed 

to the forward direction to produce the product, P. Once product is released, product inhibition 

might occur upon binding to the enzyme, which is irreversible in this model. The mechanistic 

steps of this model are presented by Equations (4)-(7).  

E + Sc
kc1��
 kc2

 E∗Sc (4) 

E∗Sc    
kP��   E + P (5) 

E + Sx
kSx1�⎯�
 kSx2

 E∗Sx 
(6) 
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E + P
kEP1�⎯�
 kEP2

 EP 
(7) 

In this mechanism, the substrate is presented in two fractions, hydrolyzable substrate that 

can produce a product upon binding with the enzyme (Sc), and non-hydrolyzable substrate (Sx) 

that results in non-productive binding and deactivates enzymes. The reversible binding of the 

enzyme to the hydrolysable and non-hydrolyzable substrates and to the product are accounted for 

in this model. In addition, unlike previous models, the active surface concentration, which is 

represented by Sc, is considered rather than the total mass concentration, which gives an insight 

into the quality of the substrate and represents better the mechanism of the reaction [82, 90, 91]. 

Moreover, this presentation incorporates the dynamic changes that occur in the substrate surface 

during the enzymatic hydrolysis, which helps in predicting the conversion decline as the reaction 

proceeds. However, the different types of cellulases are not distinguished but rather assumed to 

be one type with the same function for simplicity, unlike models proposed by Zyl et al. [92] and 

Zhang [93] that distinguished the action of endoglucanase and exoglucanase in separate steps. In 

the model described in Equations (4)-(7), product inhibition is represented by the reversible 

formation of an enzyme-product complex. In more recent models, different additions were 

accounted for, like the heterogeneous substrate, the degree of polymerization, inhibition effect, 

the rapid decline in the initial rates, and the pretreatment effect on hydrolysis yield. However, this 

model will be used as the base for modeling in this research with modifications to estimate the 

kinetic parameters involved in the enzymatic hydrolysis of selected lignocellulosic biomass.   
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Chapter 3: Challenges of lignocellulose Enzymatic Hydrolysis and Potential 
Solutions 

 

The use of lignocellulose for ethanol production increases the income of farmers, provides 

more jobs, and reduces gas emissions by increasing the green lands [94]. However, due to the 

difficulty of the hydrolysis of lignocelluloses, the cost of production, estimated at 0.60 €/L, is 

higher than the market prices of ethanol, which is 0.23 €/L, making the overall process 

economically unfeasible  [95–97]. Overcoming the barriers that show down the hydrolysis process 

and enhance the yield would change the situation and makes the large-scale production more 

feasible.   

3.1 Heterogeneous Mixture  

Lignocellulose is a recalcitrant substrate, since it is composed of different components, 

with some of them being resistant to enzyme degradation. In addition, the crystalline cellulose 

substrate forms a heterogeneous mixture, wherein the enzyme, which has to be used in its free 

form, binds to the heterogeneous substrate for the reaction to proceed. The slow kinetics of 

enzymatic hydrolysis of cellulose are correlated with the heterogeneous nature of the substrate 

that affects the diffusion of enzymes to the substrate. In addition, the necessity of using the enzyme 

in a soluble form brings another difficulty in continuous reactor systems, as the enzymes, in this 

case, are continuously lost with the effluent, which makes the process unfeasible. Due to its low 

conversion and high cost, the contribution of the enzymatic hydrolysis could exceed 50% of the 

total bioethanol production cost [98–108]. 

3.2 Enzyme Inhibition  

There are three pathways by which the enzyme can be inhibited, namely, competitive, non-

competitive, and uncompetitive inhibition. In competitive inhibition, the inhibitor competes with 

the substrate for the active site and binds to only free enzymes. In non-competitive inhibition, the 
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inhibitor binds only to the enzyme-substrate complex. In contrast, in uncompetitive inhibition, the 

inhibitor binds to either the free enzyme or enzyme-substrate complex [109]. In competitive 

inhibition, the inhibition effect can be reduced by increasing the substrate concentration. This 

decreases the chance of inhibitor binding to the enzyme, while the Ki value remains unchanged. 

However, the Km value also increases with the substrate loading. On the other hand, the non-

competitive inhibitor acts on the enzyme-substrate complex. Hence, the addition of more substrate 

does not help in the case of inhibition [110].  

Surface accessibility is one of the factors affecting the conversion rate, which results in 

declining the adsorption of enzymes to the substrate with time [111]. At first glance, increasing 

the solids loading in the reaction could be considered a strategy to overcome this problem. With 

different solids loadings, however, a similar trend of an instant increase in the conversion was 

found to be followed by a decline. Nevertheless, with higher solids loading, the increment in the 

initial phase of the reaction was higher. The instant increase can be attributed to the instant 

occupation of most of the active sites on the enzyme, and productive binding occurs with more 

substrate available [108]. However, as the enzymatic hydrolysis progresses, the substrate surface 

dynamically changes and the non-hydrolyzable parts are more and exposed for enzyme to bind 

with, thus, with time the non-productive enzyme-substrate complex is increasing. In addition, 

there are three interconnecting causes of the decrement that is observed during the hydrolysis, 

which are mass transfer, mixing speed, and product concentration. The main inhibitors of cellulase 

are the hydrolysis products. Out of all the hydrolysis products, xylose showed a non-competitive 

inhibition with cellulase, whereas glucose and cellobiose both showed competitive inhibition [90, 

112]. Much less inhibition was reported for galactose and mannose [108]. 
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3.3 Immobilization: Solution for Heterogeneous Mixture Challenge  

Enzymatic hydrolysis of lignocellulose has been suggested as a potentially sustainable 

approach for ethanol production. However, challenges including the high cost and recyclability 

of the enzyme render the large-scale production unfeasible. During the reaction, cellulase is lost 

with the product, and a purification unit is thus required to purify the product and recycle the 

enzyme. To simplify the separation of reusability of the enzyme, immobilization by entrapment 

within a matrix using different methods, such as covalent binding and crosslinking, has been 

intensively investigated [113–116]. Several reports have emphasized the positive effect of 

immobilization on the stability of cellulase. For example, immobilizing cellulase into polyacrylic 

acid nanogel showed enhanced thermal stability, and 75% of enzyme activity was maintained at 

80oC [117]. Using magnetic nanoparticles in enzyme immobilization also attracted interest due to 

the large surface area and high enzyme loading capacity [118]. The capacity of the immobilized 

enzymes on the magnetic nanospheres can increase with surface charge, which can stabilize the 

catalytic activity of the enzymes, and enhance thermal and pH stability [119–121]. Although 

immobilizing cellulase on polyvinyl alcohol/Fe2O3 magnetic nanoparticles enhanced the 

conversion yield more than the use of free enzymes, enzyme activity was reduced to 40% within 

four cycles [122].  

Despite the advantages of immobilization in enhancing cellulase stability and simplifying 

the separation, the use of immobilized cellulase with the highly crystallized lignocellulose 

biomass that remains insoluble in an aqueous solution is not practical. Immobilization results in 

fixing enzymes on or within solid support, which limits its accessibility to the heterogeneous 

substrate. This adds resistance, which further reduces the hydrolysis rate. Above that, as cellulose 

contains hydrolyzable and non-hydrolyzable parts, using the enzyme in immobilized form would 

prevent it from reaching deep within the cellulose matrix to reach the hydrolyzable cellulose as 

the reaction proceeds, and the surface hydrolysable parts are consumed [123–125]. Therefore, 
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using the enzyme in soluble form is inevitable for achieving an appreciable reaction rate. This 

necessitates finding another way to separate the enzyme from the product and facilitating its 

repeated use. 

3.4 Membrane Technology: Solution for Product Inhibition Challenge 

Conventional bioreactors, of different designs, have been used in industry for bioethanol 

production from cellulosic materials. However, they all face one or more of the problems 

explained above. For example, stirred tank bioreactors (STRs) have been commonly used in 

industry due to their high solid loading advantage. However, in these types of reactors, enzyme 

deactivation is inevitable as a result of product inhibition and the shear stress generated by 

vigorous agitation [126]. In addition, as the enzyme must be used in a soluble form, due to the 

heterogeneous nature of the reactant, it is used for a single pass only in the STRs and then lost 

with the effluents. To overcome the shear deactivation problem in the reactor, a horizontal rotating 

tubular bioreactor has been suggested and different rotation agitation impellers in STRs were 

adopted. However, a reduction in shear stress imposed on the enzymes was only observed when 

the enzyme loss and deactivation due to product inhibition were not eliminated. Therefore a large-

scale production using the current reactor designs would remain unfeasible [127]. 

MBRs have been proposed as promising solutions for the product inhibition effect, by 

selectively separating the produced inhibitors.  In addition, by using membranes of proper cut-

offs, the large enzyme molecules could be retained, which prevents their loss with the effluent 

and allows for their repeated use for a longer reaction time. At the same time, the smaller product 

molecules are separated from the reaction, without the need for additional purification [128], 

which eliminates product inhibition and maintains enzyme activity. Shear stress imposed on the 

enzymes could also be reduced in MBRs, which further maintains the activity of the enzymes. 
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The superiority of MBR over STR can be seen in the comparison between the yields of 

enzymatic hydrolysis achieved using both reaction systems. For example, hydrolysis of parchment 

coffee, composed mainly of xylan, in an MBR and an STR under the same conditions, showed 

that at a low solid loading of 1 mg/mL both reactors reached 97% conversion within 3 h. However, 

with increasing the solid reactants loading to 10 mg/mL, the superiority of the MBR became more 

evident achieving a conversion of 78%, whereas the conversion using the STR was only 53% 

[129]. This decrease in conversion in both reactor systems was due to the increase in the produced 

sugars concentration, which resulted in product inhibition. In addition, under the same agitation, 

the increase in solid substrate concentration reduced the mixing efficiency. Although the effect of 

solid loading is expected to be the same in both reactor systems, the reduced product inhibition 

effect in the MBR system was the reason for its better performance. 

3.4.1 MBRs Configurations  

Generally, filtration can be integrated with a bioreactor system in two configurations, 

wherein the membrane is either in a separate unit or submerged or in contact with the reaction 

vessel [130]. Figure 5 shows schematic diagrams of different MBR configurations adopted in 

different studies. In a hybrid membrane reactor, Figures. 5A and 5B, the reaction is carried out in 

one vessel, and then the reaction slurry is passed to a different unit, where the filtration membrane 

is placed, which makes this configuration easier to scale up. In comparison to the reaction in a 

batch system, enzymatic hydrolysis of olive mill solid residues in a continuous MBR coupled with 

separate ultrafiltration (Carbosep M5) in a crossflow filtration mode, 10 kDa, similar to the 

configuration in Figure 5A, showed enhanced conversion. Under the same conditions, a glucose 

yield of 45% was achieved in the MBR within 14 h, whereas in the batch system, 24 h was required 

to achieve the same yield [131]. However, this enhanced performance was not observed when an 

MBR coupled with ultrafiltration polyethersulfone membrane of 50 kDa molecular weight cut-off 

(MWCO) was used for saccharification of washed corn stover using 20 FPU/g cellulases 



26 
 

  
 
 

(Trichoderma longibrachiatum). This was attributed strongly to the loss of enzymes in the system 

[132]. In addition, a techno-economical assessment of an MBR coupled, in a crossflow filtration 

mode, with an ultrafiltration unit of 10 kDa MWCO used for the hydrolysis of α-cellulose 

pretreated with ionic liquid showed that the process is economically unfeasible. In this study, the 

end products, glucose, and cellobiose, that permeate from the ultrafiltration unit were further 

purified in a nanofiltration unit to separate the intermediate cellobiose. In the last stage, an 

electrodialysis unit was used to remove the ionic liquid used in the pretreatment step. The overall 

cost of glucose was estimated to be 2.75 €/kg, which is relatively expensive [133]. Despite their 

advantage in retaining the enzyme and allowing its repeated use, in a separate MBR-filtration 

configuration, the reaction slurry must be pumped to the filtration unit and recycled back to the 

reaction vessel, which adds to the production cost on the one hand, and might cause enzyme 

deactivation and loss on the other hand. In addition, the advantages of simultaneous separation of 

product are not provided in such configurations. Furthermore, fouling is more pronounced as 

recycling the reaction slurry between the reaction vessel and the ultrafiltration unit requires 

applying pressurized filtration to maintain a constant permeate flux. The problem is more severe 

in a crossflow filtration, wherein filter cake layer formation is high. Pumping the reaction slurry 

to the ultrafiltration unit at a high speed may reduce the accumulation. However, this requires 

much energy and even when an agitation at 500 rpm was used to eliminate cake layer formation 

at a filtration pressure of 1 bar,  a decrease in membrane permeation was still observed [133].  

To avoid using multiple systems with pumping systems, integrated MBRs, in which the 

products are simultaneously separated, have attracted attention [134]. Besides using fewer units 

with no inter-pumping, which reduced the overall cost, the simultaneous separation of the 

products pushes the reaction forward and reduces enzyme inhibition. Examples of different 

integrated MBRs reported in the literature are shown in Table 1. 
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Table 1: Applications of integrated membrane bioreactors (MBRs) in enzymatic hydrolysis of cellulose 

MBRs 
Configurations 

Membrane Substrate 
Enzyme  

Operational conditions 
Conversion 

Ref. 

Type Composite MWCO Type Pretreatment Flux Substrate 
(g/L) 

Enzyme 
(g/L) 

T 
(oC) pH Press

(bar) 
t 
(h) 

Mixing 
(rpm)  

Dead-end 
filtration 
 

UF 

Polysulfone 10 kDa 
Alpha-
cellulose 
fiber 

- C8546  
T. reesei 

7-9  
L/m2 
h 

25  0.1 40 4.7 0.7 48 - a 53% [112] 

Cellulose 
acetate 10 kDa 

Xylan 
extracted 
from coffee 
parchment 

- Xylanase,  
A. niger nd 1  0.11 40 4.6 nd 3 200 97% [129] 

PES 10 kDa 
Microcrysta
lline 
Cellulose 

NaOH 

Cellic CTec2-
with high 
level of β-
glucosidase 

10 
mL/
min 

100  2.4 50 5 nd 8 200 7.6% [135] 

Polysulfone 10 kDa 
Corn 
Stover 

Aquas 
ammonia 
(SAA) 

(A) Spezyme 
CP, T. reesei  
(B) 
Novozyme 
188 

- 

5 
(A) 60 
FPU/g 
(B)30 
CBU/g 

45 4.8 0.6 20 120 

82% 

[136] Dilute 
sulfuric acid-
sodium 
hydroxide 

10  94% 

Submerged 
filtration 

Dialysis 
Spectra/Pro
6 

1 kDa Wheat 
straw Heat 

(A) Celluclast 
1.5L T. reesei 
(B) 
Novozyme 
188 A. niger 

- 1 
(A) 4.1, 
and  
(B) 1.08 

50 5 - 72 350 28% [137] 

Tubular filtration UF 

Fitevig 
500N-Non-
woven 
textile-
polyethylen
e (PE) 

nd 

Solka Folc 
powder 

- 

Celluclast T. 
reesei 

80 
mL/
min 

25  3 50 4.8 - 

25 

- 

50% 

[138] Mavicell 
cellulose 
pellets 

Heat 10 70% 

a 300 V electric pulse was subjected on membrane for 20 s 
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In most investigated integrated MBRs, in which reaction and separation are carried out in 

one unit, the dead-end filtration concept was adapted, where the flow direction is perpendicular 

to the membrane [130]. In these MBRs, the membrane is placed at the bottom of a stirred tank 

reactor (STR), as shown in Figure 5C. The reactants are placed above the membrane and the low 

molecular weight products, glucose and cellobiose, permeate to the bottom stream. Similar to 

other MBRs, dead-end filtration showed enhanced cellulose conversion compared to a 

conventional STR. For example, α-cellulose hydrolysis conversion of 53% was achieved in a 

dead-end filtration MBR with a flat sheet polysulfone membrane of 10 kDa MWCO, whereas the 

conversion was only 35% in a STR under the same reaction conditions [112]. The superior 

performance of dead-end filtration MBR was also shown in the enzymatic hydrolysis of corn 

stover, pre-treated with combined acid and alkaline. The hydrolysis conversion in the MBR was 

94% compared to only 77% in a continuous bioreactor (CBR) under the same reaction conditions 

[136]. Despite their favorable characteristics in reducing product inhibition and retaining the 

enzyme, there are several limitations in dead-end filtration MBRs that restricted their large-scale 

application for enzymatic hydrolysis of cellulose. For example, they have limited solid substrate 

loading, which negatively impacts yields. That is mainly because high substrate concentrations 

result in insufficient mixing and increased surface deposition and filter cake formation. These 

problems reduce the membrane permeability and result in damaging the membrane by molecules 

deposition [139]. Vigorous mixing near the membrane surface could be used to minimize these 

effects, but it results in increased shear stress, which has a damaging effect on enzyme activity. 

To overcome the cake formation of the substrate on the ultrafiltration surface, a modified 

configuration with multiple membranes system was proposed. A nylon sealed bag containing the 

pretreated cellulose is submerged in a reaction vessel containing buffer and enzyme. The bag has 

relatively large openings that allow the enzyme to diffuse in, but prevents the cellulose from 

diffusing out, and thus trap substrate and eliminate its deposition on the ultrafiltration membrane. 
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The glucose molecules, produced inside the sealed bag, diffuse to the outer vessel and are 

separated using a separate ultrafiltration unit [135]. Although the concept of this modified 

configuration is promising on a small bench scale, its applicability in large-scale production might 

be difficult. In addition, when the concept was tested, the accumulation of substrate on the 

ultrafiltration membrane surface was indeed eliminated, but the proteins molecules accumulated 

on the membrane forming a gel layer that reduced membrane permeability [140].  

Another MBR configuration that was also tested, to enhance the solid loadings, is the 

tubular reactor, shown in Figure 5D. The tubular membrane found in the center of the MBR 

provides a large surface area for the separation process. This results in more efficient product 

separation, which results in a faster rate and reduction of the reactor volume. In addition, the 

diffusion resistance of enzyme-substrate is expected to be low in such a configuration. However, 

this configuration was also theoretically simulated [141]. 

 

Figure 5: Schematic diagrams of different MBR configurations. (A) external filtration unit 
coupled with STR in crossflow module, (B) external filtration in the dead-end module, (C) dead-
end filtration MBR, and (D) Tubular MBR 
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3.4.2 Membrane Selection  

The success of an MBR to effectively retain the enzymes while easily permeating the 

product depends on the type and properties of the membrane used in the reactor [130]. 

Ultrafiltration (UF) and nanofiltration (NF) membranes are the two types that have been 

commonly reported in enzymatic hydrolysis applications [130]. However, UF membranes, which 

have an average pore size in the range of 0.5 to 100 kDa, are the ones used to selectively retain 

the large enzyme molecules in the main hydrolysis reactor, which is the focus of this thesis.  NF 

membranes, on the other hand, which have an average pores size of in the 150 to 1000 Da, are 

used to concentrate product [130, 142], which is essential for  enhancing the downstream 

processes and reducing the production cost [143].  

UF membranes can be fabricated from different materials, which include polysulfone (PS), 

polyethersulfone (PES), cellulose acetate (CA), nylon (NY), and ceramics [144]. The membranes 

most commonly used in MBRs for enhancing the enzymatic cellulose hydrolysis are PES 

membranes, with MWCO of 10 to 50 kDa. This is mainly due their hydrophobicity, which gives 

them the ability to effectively reject cellulase enzymes without interfering with the reaction [130]. 

The PES hydrophobicity, however, was found to increase the membrane fouling. Therefore, 

hydrophilic polymers, such as poly vinyl pyrrolidine (PVP), have been suggested to be added to 

the membrane as an antifouling agent [145, 146]. Having said that, the high-water solubility of 

the added hydrophilic polymers resulted in their leaching out during the process, and thus, the 

antifouling properties did not last for long and was lost after multiple usages of the membrane 

[145]. Ceramic membranes appear to be more interesting for industrial applications, due to their 

high physical and mechanical strengths, which PES membranes lack, allowing them to withstand 

high permeation fluxes suitable for large-scale production [147]. The performance of a ceramic 

membrane was examined in a hybrid MBR with a crossflow filtration mode, in which reaction 

was carried out in a stirred tank reactor, and compared to that of a PES membrane [148]. An MBR 
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with a tubular ceramic membrane, 5 kDa MWCO, containing three channels was operated in 

continuous mode with a permeation flowrate of 215 mL/min and 0.5 bar of back pressure. The 

MBR with PES membrane, 5 and 10 kDa MWCO, was operated in a semi continuous operation 

mode with 120 mL/min flowrate and at 1.2 bar of back pressure. Although both membranes 

showed high enzyme retention reaching over 98%, their ability to maintain the activity of the 

enzyme and the permeation flux for multiple cycles was different. The 5 kDa PES membrane 

maintained active enzymes for 6 cycles, which was indicated by the consistent hydrolysis yield 

of 94%. However, a decline in permeation flux was observed, which was attributed to the pore 

blockage by the non-hydrolyzed glucose oligomers. The performance was improved when PES 

membrane of a larger MWCO of 10 kDa was used, in which the activity and permeation flux were 

maintained for 9 cycles. The performance of the 5 kDa ceramic membrane was found to be similar 

to that of the 10 kDa PES membrane, which suggests that it could be a better alternative to PES 

membranes because of its higher mechanical strength [148].    

3.4.3 Key Factors Affecting the Performance of MBRs  

The performance of MBRs is influenced by different parameters that are related to the 

enzymatic hydrolysis reaction, the reactor configuration, and the membrane properties. Table 2 

shows a summary of the main factors affecting the enzymatic hydrolysis, and advantages and 

disadvantages of the different MBRs discussed in this thesis are presented in Table 3. The 

temperature and pH of the reaction system are important factors to be optimized to operate at the 

highest activity and stability of the enzyme for enhanced hydrolysis rate and yield [149]. The 

activity and stability of cellulase also depends on the microbial strain used for its production of 

the recipe of prepared enzymatic cocktail [128]. Other factors that also affect the enzymatic 

activity, but received much less attention, are salts and ionic strength of the reaction medium 

[150]. For example, the presence of sodium ions from sodium acetate buffer used in many studies 

to adjust the pH of the reaction was found to enhance the endoglucanase action but suppressing 
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exoglycanase [150]. The two effects could be balanced at a concentration of sodium ions that 

depends on the source of the cellulase used.  

The performance of an MBR for enzymatic hydrolysis cellulose is affected by substrate 

related factors, which are directly correlated with the pretreatment step [149]. The lignocellulosic 

biomass pretreatment is considered a crucial step that does not only determines the success of the 

hydrolysis step, but also the subsequent steps. The efficiency of the pretreatment method, which 

depends on the type of lignocellulosic material [151], is measured by the digestibility of the 

resultant cellulose. More than 90% sugar yield should be achieved in less than three days using 

an enzyme loading lower than 10 FPU/g cellulose [152]. The crystallinity index of the pretreated 

lignocellulose, which measures the recalcitrance of cellulose, has been linked to the efficiency of 

the hydrolysis. Efficient pretreatment results in a lower crystallinity index, which allows for a 

better accessibility of enzymes through the amorphous cellulose matrix [151]. For example, 

pretreating rice straw with ultrasound-assisted alkaline (NaOH) improved the digestible cellulose 

yield by a factor of 3.5, compared to untreated biomass [42]. This pretreatment method was found 

to increase the porosity and reduced the crystallinity index of the biomass, which enhanced the 

accessibility of cellulase, compared to the same biomass treated with heat only. The pretreatment 

with NaOH below 8 wt% was also shown to cause separation in cellulose lattice and decreased its 

polymerization [43]. On the other hand, despite its strong effect on removing lignin and 

hemicellulose, acid-alkali pretreatment, 0.1 M hydrochloric acid and 0.1 M sodium hydroxide, of 

lignocelluloses showed an increase in the crystallinity, which was mainly attributed to the action 

of acid in removing the amorphous cellulose leaving behind the recalcitrant cellulose only. 

Therefore, delignification by alkaline pretreatment has been suggested to be adequate for 

enhancing enzyme accessibility of the treated substrate [144]. Comparing sodium hydroxide 

pretreatment with mechanical pretreatment, using ball milling, on wheat straw cellulose, showed 

that alkaline pretreatment enhanced better the hydrolysis rate. Complete hydrolysis of biomass 
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pretreated with NaOH was attained in 10 h, whereas that pretreated with ball milling required 24 

h. This shows that the significance of lignin removal, attained by the alkaline treatment, is more 

significant on enhancing the hydrolysis than particle size reduction, attained by the ball milling. 

However, a better hydrolysis was attained when both pretreatments were combined [153].  

Enzyme and substrate loading are other important parameters that affect the technical and 

economic feasibility of cellulose hydrolysis process. Although increasing the substrate 

concentration is expected to increase the hydrolysis yield, studies showed that this is only correct 

up to a certain concentration, above which substrate inhibition occurs and poor mixing due to the 

viscus slurry, resulting in a reduction in the hydrolysis rate [154]. In addition, a high substrate 

concentration in some MBRs configuration enhances membrane fouling, which has a strong effect 

the feasibility of the process [155]. The increase in enzyme concentration also contributes to 

membrane fouling wherein the former contributes to the external fouling, whereas the latter 

contributes more to internal fouling. Figure 6 shows the filter cake formation, which increases the 

hydraulic resistance manifested as a decline in permeate flux. Physical or chemical cleaning is 

usually applied to remove the accumulated molecules on the membrane surface. Physical cleaning 

can be achieved either by backflushing in which water flux is reversed for short period of time to 

disrupt the cake layer, or by relaxation in which membrane cleaning is scoured with air bubbles 

[156]. Chemical cleaning on the other hand is used when the fouling is irreversible, by using a 

dissolving reagent. However, with both methods, the permeability cannot be completely retained, 

and the membranes would require replacement. Fouling is more severe in crossflow filtration 

systems, which should be operated below a critical flux, above which fouling starts to build up. 

Nevertheless, fouling would still be inevitable, and was observed even at low fluxes. Pumping the 

reaction slurry was also suggested to slow down substrate accumulation, by redistribution of the 

molecules on the membrane surface, and thus, controlling the rate of accumulation. Nevertheless, 

such an approach adds to the energy requirements and increases the operating expenses [157].    
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Figure 6: Filter cake formation in dead-end MBR on membrane surface. A) schematic diagram 
of the deposition of solutes on the membrane surface, and B) real accumulation of standard 
cellulose molecules on a PES membrane 

 

In an attempt to minimize membrane fouling, Gan et al. applied an electrical pulse directed 

on the membrane by installing a cathode in the form a stainless-steel mesh physically supporting 

the membrane from the bottom and an anode placed above the membrane with 1 mm distance. 

After fouling, the membrane surface was subjected to an electric pulse of 300 V for 20 s, which 

positively increased the permeation by a factor six. However, this improvement sustained for only 

120 s before declining again. In addition, it resulted in conformational changes in the enzyme, 

which affected its activity [112]. Thus, a need for another design, or method, to minimize 

membrane fouling still exists.  

Agitation is another parameter that can be adjusted to increase the cellulose conversion, 

and MBR performance. The effect of the agitation speed on carboxymethyl cellulose conversion 

was investigated in a stirred tank reactor facilitated with a hanging bar impeller and a 10 kDa PES 

membrane installed at the bottom of the reactor, in dead-end filtration mode. An enhancement in 

the conversion, reaching about 90% within 1 hour and 55oC was achieved when the highest 

agitation speed of 1200 rpm was used, whereas the lowest tested speed of 300 rpm resulted in 

B A 
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almost 80% under the same conditions [150]. This enhancement is attributed to the sufficient 

mixing in the reaction cell that allowed for better mass transfer, as well as enhanced disruption of 

local accumulation of products surrounding enzymes that facilitates substrate- enzyme adsorption 

[158].  

 

Table 2:  Summary of factors to be considered for enhanced production yield in MBRs 

Enzymatic hydrolysis  

Enzyme-related factors  

- pH  
- Temperature  
- Product inhibition  
- Enzyme loading  
- Enzyme source  
- Salt and ionic strength  

Substrate-related factors  
- Substrate inhibition  
- Mixing efficiency  
- Solid loading  
- Pretreatment type  

Membrane performance  Membrane-related factors  

- Reactor design  
- Membrane material  
- MWCO 
- Membrane maintenance  
- Membrane fouling  
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Table 3: Summary of advantages and disadvantageous of different MBR designs 

MBR design   Advantages  Disadvantages  

Hybrid 
MBRs 

Reaction and 
filtration are 
separated  

- Membrane advantages  
- Easy to scale up  

- Multiple units in the 
system  

- Enzymes lose and 
deactivation 

- Pressurized pumping  
- Energy consumption 
- Membrane fouling    
- Economically 

unfeasible  

Integrated 
MBRs 

 

Reaction 
and 
filtration 
combined 

Dead-end filtration 
MBR - Simple set-up  

- Solid loading 
limitation  

- Enzyme deactivation 
due to shear stress 

- Sever membrane 
fouling  

Inverted dead-end 
filtration MBR 

- Membrane fouling 
elimination  

- Enhanced conversion 
yield  

- Solid loading 
limitation  

Tubular MBR 

- Enhanced membrane 
surface area 

- Low enzyme-substrate 
resistance  

- Small reactor volume  

- Limited research 
investigated  
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Chapter 4: Materials and Methods 
 

4.1 Chemical and Enzymes 

All chemicals and enzymes were purchased from Sigma-Aldrich, USA. Commercial 

cellulases Trichoderma reesei was used for hydrolysis. 3,5-Dinitrosalicyclic acid (DNS) and 

glucose oxidase were used for sugar measurements. Bradford reagent was used for protein 

detection. Glucose powder (99.5%) was used in the diffusion process and for calibration. Pure 

cellulose filter papers, with grade 1 and 150 mm diameter, were used as standard substrate in the 

screening experiment. Hydrochloric acid (HCl) 99.8%, Sodium hydroxide (NaOH) 98%, and 

ethanol 99.8% are used to pretreat the lignocellulosic biomass, date Seeds (DSs). Microdyn Nadir 

polyethersulfone (PES) ultrafiltration membranes (297 x 210 mm) were obtained from Sterlitch 

with three cut-off values, 10, 30 and 50 kDa. All the work has been done using PES-10 membrane, 

however, in some cases different MWCOs were used to confirm the absence of membrane fouling, 

determine the permeability, and analyzing permeation rate. For pH control, 0.1 M acetate buffer 

at pH 4.8 was prepared by the addition of 5.524 g of sodium acetate (99%) to 800 mL deionized 

water, followed by the addition of 1.961 g of acetic acid (99%). The solution pH was measured 

by a pH indicator, HCl and NaOH was both used to adjust the pH to 4.8. After which, deionized 

water was added to reach 1 L volume.   
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4.2 MBR with Inverted Dead-end Filtration Concept  

4.2.1 The MBR Design  

 

Figure 7: Schematic diagram of the inverted dead-end MBR 

 

The MBR was designed and built to comprise two zones, each with an internal diameter, 

ID, of 7.5 cm and height, h, of 15 cm, which corresponds to a height to diameter ratio of 2. These 

two zones are separated by a PES membrane, as shown in Figure 7. The volumes of the bottom 

and the upper chambers were 750 and 650 mL, respectively. The reaction was carried out in the 

bottom chamber, in which the substrate and enzymes were charged. The upper chamber contained 

only distilled water. This design, which is opposite to the dead-end filtration concept, which was 

not reported in the literature before, was proposed to decrease substrate accumulation on the 

membrane surface and the internal fouling. In previous studies on enzymatic cellulose hydrolysis 
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Water 
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with simultaneous product separation, a dead-end MBR, in which the membrane was placed at 

the bottom of the reaction cell, or in a separate unit adapting dead-end filtration concept, was used. 

With such a design, the substrate deposition on the membrane due to gravity was inevitable, 

resulting in the formation of a filter cake on the membrane [112, 159]. To minimize this effect, 

the membrane in this study was placed on top of the reaction cell, which contrasts with the dead-

end filtration concept. This approach rendered the gravity effect favorable and decreased substrate 

accumulation on the membrane surface, and together with the height of the reaction cell of the 

MBR, settling of the substrate particles before reaching the membrane surface was possible. The 

PES membrane was secured on the top of the reaction cell by tightly gluing its perimeter to a 

woven stainless steel wire mesh that provided physical support during the diffusion process. To 

avoid leakage, the attached membrane on the mesh was sealed with epoxy adhesive glue. The 

system was exposed to several leakage tests before being used in the experiment.  

Buffered distilled water, at the pH and temperature of the reaction was continuously passed 

through the system during the reaction using a peristaltic pump (Shenchen, China) to create the 

water flux through the membrane. The water entered from the lowermost part of the bottom 

chamber and exited from the top of the upper chamber and was then collected in a beaker. To 

avoid any possible physical damage to the membrane, the water flux through the system was 

maintained within the lower range of the pump that has a total range of 0.004 – 4.4 mL/min. The 

weight of the water in the upper chamber provided an additional support to the membrane against 

the water flux entering from the bottom chamber. 

The produced sugar molecules, in the bottom chamber, would permeate the membrane and 

move to the upper chamber that contained only distilled water. Both chambers were agitated with 

a speed enough to create turbulence for good mixing, while avoiding excessive shear stress that 

can denature the enzyme. Agitation of the lower part of the reaction cell, which was another 
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modification not used in previous designs, created turbulence for mixing and at the same time 

contributed to the reduction of the internal fouling and filter cake formation on the membrane. 

This positive effect of tangential forces, caused by mixing, on reducing fouling on membrane 

surfaces has been confirmed in a previous study [160]. Therefore, in the present study, it was 

reasonable to assume that filter cake deposition would not be encountered. While the agitation 

speed in the reaction cell was enough to create turbulence, it was kept low to avoid harsh shear 

stresses that might denature the enzymes. The latter was not a concern in the upper cell. Therefore, 

the reaction cell was agitated with a magnetic stirrer bar, whereas the upper zone was agitated 

using a mechanical stirrer (IKA-WERK, Germany) with a higher speed to provide efficient 

distribution of the diffused glucose. Membrane damage was not encountered since agitation was 

parallel to the membrane. The temperature of the reaction was maintained by covering the bottom 

zone of the reaction cell with insulated heating tape (Thermolyne, Sigma) fitted with a 

thermocouple that was connected to a temperature controller (TC4S-14R). The bottom zone was 

further covered with wool insulation and wrapped with aluminum foil to minimize any heat loss 

and temperature fluctuation.  

To start the process in the inverted dead-end MBR, acetate buffer solution in distilled water 

at pH 4.8 and 48oC was pumped through the system until the liquid fills both, the lower and upper, 

chambers and the liquid starts to overflow from the top chamber. The used pH and temperature 

are selected because they are the optimum for cellulase [161]. After that, a substrate solution in a 

pH 4.8 buffer at 48oC, of known amount of substrate, was slowly added to the bottom chamber 

through the inlet port. The enzyme was then added to bottom chamber to start the reaction. The 

bottom chamber was agitated by magnetic stirrer at a speed of 450 rpm which corresponds to 

Reynold’s number of 1313, whereas the upper chamber was agitated with a mechanical stirrer at 

a higher speed of 1000 rpm, which corresponds to Reynolds number of 4572. In both chambers, 

the flow is turbulent since the Reynolds number is above 60 [162]. Throughout the experiment, a 
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buffer solution at the same reaction pH and temperature was pumped through the inlet port of the 

bottom chamber at the desired flow rate. The water flowed through the membrane, selectively 

carrying the product as it is produced, to the upper chamber. To ensure enzyme throughout the 

process, the temperature, pH, and shear stress in the lower chamber were carefully controlled and 

monitored. The pH value was found to insignificantly change from the beginning of the 

experiment, at which it was measured to be 4.8, to 4.81 at the end.  

4.2.2 Standard Cellulose Hydrolysis with Product Separation  

In the inverted dead-end MBR, filter paper was used as a model substrate as it contains 

pure alpha cellulose and a minimal ash content of approximately 0.007%. To prove the concept 

of this study, the yield of the enzymatic cellulose hydrolysis with product separation, in the 

developed MBR, was compared with that of the reaction system without product separation. The 

effects of the main operational parameters, i.e., substrate concentration and water flowrate, on the 

process output variable, the glucose production yield, were investigated. A total of 9 experimental 

runs was suggested by the general factorial design. The ranges and levels of the input variables 

for the enzymatic cellulose hydrolysis used in the Minitab software are presented in Table 4. The 

tested flowrates, 0.2, 0.4, and 0.8, correspond to residence times of 62.5, 31.3, and 15.6 h, 

respectively.  

The total amount of produced product consists of the amount of product in the bottom 

chamber (referred to in this manuscript as “accumulated”), in the upper chamber, and in the 

collected overflow. Hence, the amount of product was determined by summing the multiplication 

of the measured product concentrations in the bottom and upper chamber by their respected 

volumes and the measured product concentration in the overflow by the collected amount at the 

specific sample time. The sum of the three calculated amounts was then divided by the amount of 

the substrate initially added to the bottom chamber. The resulting number is referred to, 
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throughout the work, as total product yield or total reducing sugars yield. A sample calculation of 

the total product yield is presented in the Appendix. In this work, all samples were collected in 

triplicates, and the results presented in all figures are the average values with the standard 

deviations shown as error bars.  

 

Table 4: Levels of two factors affecting the glucose production in the enzymatic hydrolysis of 
cellulose 

Factors level -1 0 1 

Glucose concentration, X1 (g/L) 2.67 6.67 13.33 

Flowrate, X2 (mL/min) 0.2 0.4 0.8 

 

4.2.3 Kinetic Model  

The dynamic model of the system included the following seven steps: (1) enzyme diffusion 

from the bulk of the bottom zone to the substrate surface, (2) enzyme binding to the substrate, 

both productive and nonproductive, (3) the reaction from productive binding produces the 

product, (4) desorption of the product from the enzyme surface to the bulk, which represents the 

product-inhibition effect, (5) diffusion of the product from the bulk to the membrane surface, (6) 

diffusion of the product through the membrane, and (7) diffusion of the product from the other 

side of the membrane to the bulk in the upper zone.  

Due to the mixing in the lower and upper zones, any convection–diffusion event (steps 1, 

5, and 7) was assumed to be instantaneous. Additionally, competitive inhibition of cellulase was 

assumed to have been conducted by only glucose [159, 163]. Inhibition by the non-hydrolyzable 

part of the substrate was not considered in this model because the substrate used was fully 

composed of amorphous cellulose [164]. Cellulases, a mixture of three distinct enzymes, 

endoglucanase, exoglucanase, and β-glucosidase, working in synergy, were treated as a single 
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enzyme that accomplishes complete cellulose hydrolysis. The cellulase used in this work was 

from T. reesei, which is a well-known and active cellulases [165]. It is identified for its high yield 

and production rate [166] and therefore have been reported to be the most commonly used in 

industrial applications [167]. Conventionally, extracellular cellulases from native T. reesei have 

been described with low β-glucosidase activity. However, this is because β-glucosidase gets 

trapped in the walls of the organisms once produced, and does not secrete into the culture medium 

where other types of cellulases are extracted and purified. Due to the development of several 

techniques that showed enhanced extraction of β-glucosidase, cellulases from T. reesei have 

recently been reported to have good β-glucosidases activity [168, 169]. The enzymes used in this 

work contained β-glucosidase, as described by the supplier, and the same cellulase was reported 

to have a good level of β-glucosidase activity [170]. Therefore, the T. ressei cellulase is capable 

of hydrolyzing β-D-glucans as well as (1,4)-β-D-glucosidic linkages. However, to achieve a 

higher glucose yield, which results in a better performance of the system, a cellulase cocktail with 

a higher β-glucosidase activity can be used.  Thus, the dissociation of cellobiose was assumed to 

be instantaneous, and its concentration and its inhibitory effect were considered negligible. This 

assumption was further confirmed with the glucose oxidase method, which is specific for glucose 

detection. In comparison with the DNS method, less than 2% difference in the two readings has 

confirmed that cellobiose is negligible. 

The reversible binding was considered for both the adsorption and desorption steps to 

better represent the inhibition effect. Enzyme (E) binding to the substrate (S) is described by 

Equation (8), whereas product (P) formation and desorption are described by Equations (9) and 

(10), respectively. 

𝐸𝐸 + 𝑆𝑆
𝑘𝑘𝑠𝑠
↔
𝑘𝑘−𝑠𝑠

𝐸𝐸𝑆𝑆                                                                                                                                (8) 
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𝐸𝐸𝑆𝑆
𝑘𝑘𝑃𝑃
→
 
𝐸𝐸𝐸𝐸                                                                                                                                        (9) 

𝐸𝐸𝐸𝐸
𝑘𝑘𝐸𝐸𝑃𝑃
↔
𝑘𝑘𝐸𝐸𝑃𝑃2

𝐸𝐸 + 𝐸𝐸                                                                                                                              (10) 

where ks (m3 g–1 h–1) and k-s (1/h) are the forward and backward rate constants for 

reversible ES intermediate formation, respectively; kp (1/h) is the rate constant for the surface 

reaction step; and kEP (1/h) and kEP2 (m3 g–1 h–1) are the forward and backward rate constants for 

the competitive inhibition effect of the product on the enzyme, respectively. 

Consequently, a set of first-order differential equations, Equations (11)–(13), could be 

established to describe the rate at each step of the hydrolysis. 

𝑑𝑑[𝐸𝐸𝐸𝐸]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑠𝑠[𝐸𝐸][𝑆𝑆] − (𝑘𝑘−𝑠𝑠 − 𝑘𝑘𝑃𝑃)[𝐸𝐸𝑆𝑆]                                                                                            (11) 

𝑑𝑑[𝐸𝐸𝑃𝑃]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑃𝑃[𝐸𝐸𝑆𝑆] + 𝑘𝑘𝐸𝐸𝑃𝑃2[𝐸𝐸][𝐸𝐸] − 𝑘𝑘𝐸𝐸𝑃𝑃[𝐸𝐸𝐸𝐸]                                                                                  (12) 

𝑑𝑑[𝑃𝑃]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝐸𝐸𝑃𝑃[𝐸𝐸𝐸𝐸] − 𝑘𝑘𝐸𝐸𝑃𝑃2[𝐸𝐸][𝐸𝐸]                                                                                                     (13) 

Equations (11)–(13) are similar to the ones used in a previous study [164], except that in 

the presently proposed mechanistic steps, instead of assuming EP complex formation was only 

due to the inhibition effect, it is assumed to be formed after the cleavage of cellulose and then 

dissociated to E and P. Only then does the inhibition effect occur as a result of reverse binding. 

This modification better represents the actual inhibition effect. 

Assuming a quasi-steady-state model, the differential Equations (11)–(13) were solved 

simultaneously in combination with enzyme conservation given by Equation (14), with the initial 

conditions of t = 0, [S] = [So], and [ES] = [EP] = [P] = 0, and the five rate constants, ks, k-s, kp, 

kEP, and kEP2 were estimated. The rate of product formation was then expressed by Equations 

(15)–(20). 
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1 = 𝑬𝑬 − 𝑬𝑬𝑬𝑬 − 𝑬𝑬𝑬𝑬                                                                                                                       (14) 

𝑑𝑑𝑬𝑬
𝑑𝑑𝑑𝑑

= � 𝑬𝑬 +𝐾𝐾1 𝑬𝑬
𝐾𝐾2+𝐾𝐾3𝑬𝑬+𝐾𝐾4𝑬𝑬

− 𝑘𝑘𝐸𝐸𝑃𝑃2𝑬𝑬� − 𝑬𝑬 𝑣𝑣
𝑉𝑉

                                                                                             (15) 

𝑬𝑬 = 𝟏𝟏 − 𝑬𝑬                                                                                                                                   (16) 

𝐾𝐾1 = (𝑘𝑘−𝑠𝑠+𝑘𝑘𝑃𝑃)𝑘𝑘𝐸𝐸𝑃𝑃2
𝑘𝑘𝑃𝑃𝑘𝑘𝑠𝑠

                                                                                                                        (17) 

𝐾𝐾2 =
𝑘𝑘−𝑠𝑠
𝑘𝑘𝑃𝑃

−1

𝑘𝑘𝑠𝑠
                                                                                                                                   (18) 

𝐾𝐾3 = 1
𝑘𝑘𝑃𝑃

+ 1
𝑘𝑘𝐸𝐸𝑃𝑃

                                                                                                                             (19) 

𝐾𝐾4 = (𝑘𝑘−𝑠𝑠+𝑘𝑘𝑃𝑃)𝑘𝑘𝐸𝐸𝑃𝑃2
𝑘𝑘𝐸𝐸𝑃𝑃𝑘𝑘𝑠𝑠𝑘𝑘𝑃𝑃

                                                                                                                        (20) 

where E, ES, and EP are the dimensionless mass concentrations of the total cellulase, 

enzyme–substrate complex, and enzyme–product complex, respectively, defined as the respective 

concentrations in the reaction cell, [E], [ES], and [EP], divided by the initial enzyme 

concentration, [Eo]; P and S are the dimensionless concentrations of the product and substrate, 

defined as the concentrations of the glucose, [P], and the substrate, [S]), in the reaction cell divided 

by the initial substrate concentration, [So]), respectively; V is the volume of the reaction cell; ν is 

the superficial velocity of flowing water in the system; and t is the time.  

Assuming the permeation of product out of the reaction cell (lower chamber) to be by pure 

convection, the total production yield (Y) can then be described using Equation (21), which is the 

sum of the mass of product accumulated in the reaction cell and of that diffused to the upper cell 

divided by the initial mass of the substrate. 

𝑌𝑌 = 𝐺𝐺
[𝐸𝐸0]𝑉𝑉

= 𝑬𝑬 + 𝑣𝑣
𝑉𝑉 ∫ 𝑬𝑬 𝑑𝑑𝑑𝑑𝑑𝑑

0                                                                                                           (21) 
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4.3 Radial-flow Tubular MBR  

4.3.1 Radial-flow MBR Design  

The radial flow MBR was designed with an inner zone jacketed with an outer cylinder, as 

shown in Figure 8. The wall of the inner zone, of an internal diameter, ID, of 8 cm and height, h, 

of 18.6 cm which corresponds to a height to internal diameter ratio of 2.3, surrounded by an outer 

cylinder of OD of 15 cm and h of 24 cm, with height to internal diameter ratio of 3, and outer 

diameter to internal diameter ratio of 1.9. The reaction was carried out in the inner zone where 

enzymes and substrate were charged, while the outer cylinder contained only distilled water with 

pH similar to that at the reaction zone. The walls of the inner reaction zone composed of the PES 

membrane, with a membrane thickness to internal diameter ratio of 0.003, trapped between two 

woven stainless-steel wire mesh to provide a physical support and secured to the upper and lower 

disks by tight epoxy adhesive glue and further sealed with silicone to eliminate any possibility of 

leakage. This was confirmed by subjecting the system to a leakage test before being used in the 

experiment. The reaction zone was agitated using a magnetic stirrer at 450 rpm, which 

corresponds to a Reynolds number of 1313, with bar diameter to reactor internal diameter ratio of 

0.1, as shown in Section 4.2.1, to create enough turbulence for good mixing while avoiding shear 

stress that could deactivate the enzymes. The temperature of the reaction was maintained at 48°C 

by placing the reactor on a hot plate, set at 48°C and covering the outer cylinder with a heating 

tape (Thermolyne, Sigma) fitted with a thermocouple that was connected to a temperature 

controller (TC4S-14R). The reactor was further covered with wool insulation and wrapped with 

aluminum foil to minimize any heat loss and temperature fluctuation. Distilled water at the 

reaction temperature and adjusted pH 4.8, was introduced to the inner reaction zone using a 

peristaltic pump (Shenchen, China) and diffused through the membrane, with the produced 

product, to the outer zone. The water passed from the inner cylinder to the outer cylinder through 

the membrane in a radial direction and was collected in a beaker. The system was tested at the 
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same conditions used for the inverted dead-end MBR. Samples to be measured were collected in 

triplicates, and the results presented in all figures are the average values with the standard 

deviations shown as error bars. 

 

 

Figure 8: Radial-flow MBR design. (A) Schematic diagram of the radial flow tubular MBR, and 
(B) photo of the assembled tubular MBR  

(B) 
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To start up the process in the radial flow tubular MBR, the outer cylinder was first filled 

with pH 4.8 buffer solution in distilled water at the desired temperature to reach a volume that 

was previously determined to cover the entire membrane area. A substrate solution in a pH 4.8 

buffer at the same desired temperature was slowly added to the inner cylinder through the unglued 

threaded stopper while inserting the cylinder in the outer one. This step was carefully carried out 

to keep an equal volume level in both cylinders to avoid creating a pressure difference across the 

membrane. A buffer solution at the desired temperature then added through the inlet line to fill 

the inner cylinder completely, and then the stopper was threaded back and sealed with silicone to 

avoid leakage. Once steady state was reached, where temperature, pH, and mixing speed were 

constant, enzymes were added through the inlet line to start the reaction.  

Flow diagrams of the inverted dead-end and radial flow MBRs are shown in Figure 9. In 

the inverted dead-end MBR, glucose and water flow from bottom to top across the membrane 

against gravity, as shown in Figure 9A. The active membrane surface area and specific area per 

volume of reaction in the inverted dead-end MBR were 44 cm2 and 0.06 cm2/cm3, respectively. 

In the radial flow tubular MBR the flow takes place throughout the entire membrane surface area 

surrounding the reactor, as showing in Figure 9B. The active membrane surface area and specific 

area per volume of reaction in the radial flow tubular MBR were 578 cm2 and 0.62 cm2/cm3. It 

was clear that the radial flow allowed for more product separation, which shifts the reaction more 

towards the forward direction. 
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Figure 9: Flow diagram of (A) inverted dead-end, and (B) radial flow tubular MBRs 
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4.3.2 Enzymatic Hydrolysis with Product Separation  

In the radial-flow MBR, enzymatic hydrolysis of DSs at a concentration of 13.3 g/L and 

water flow of 0.8 mL/min (τ =15.6 h) was investigated using 0.48 g/L enzyme concentration at 

48oC and agitation speed of 450 rpm (Re = 1313.4). These conditions were the highest conditions 

used in the inverted dead-end MBR using standard cellulose. Samples to be measured were 

collected in triplicates, and the results presented in all figures are the average values with the 

standard deviations shown as error bars. 

4.3.3 Kinetic Modeling 

4.3.3.1 The Effect of Substrate Concentration and Water Flowrate  

The enzymatic hydrolysis of DSs was investigated using an enzyme concentration of 0.48 

g/L at 48oC and pH 4.8, with agitation speed of 450 rpm (Re = 1313). The effects of the main 

operational parameters, i.e., substrate concentration and water flowrate, on total reducing sugars 

produced, which is the process output variable, were investigated. A total of 9 experimental runs 

was suggested by the general factorial design. The ranges and levels of the input variables for 

enzymatic cellulose hydrolysis used in the Minitab software are presented in Table 5. The tested 

flowrates, 0.4, 0.8, and 1.2, corresponds to residence times of 31.3, 15.6, and 10.4 h, respectively. 

Samples to be measured were collected in triplicates, and the results presented in all figures are 

the average values with the standard deviations shown as error bars. 

 

Table 5: Levels of two factors affecting total reducing sugars production in the enzymatic 
hydrolysis of the substrate 

Factors level -1 0 1 

Substrate concentration, X1 (g/L) 14.3 21.4 39.6 

Water flowrate, X2 (mL/min) 0.4 0.8 1.2 
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4.3.3.2 Kinetic Model  

The dynamic model developed is a modified version of the one proposed in Section 4.2.3 

used to describe the simultaneous enzymatic hydrolysis and product separation using standard, 

completely amorphous, cellulose in an inverted dead-end MBR. The model was modified to take 

into consideration the complex structure of the real lignocellulosic biomass, namely DSs, used as 

a substrate in this work. The presence of a non-hydrolyzable portion of the cellulose, which 

resulted in changes in the structure as the reaction proceeds has been taken into consideration, 

which was not considered in the previous model.  

In the heterogeneous system of lignocellulose hydrolysis, the reaction goes through 

multiple steps: (1) enzymes diffuse from the bulk to the substrate surface, (2) enzyme-substrate 

complexes are formed, during which the enzyme molecules can either bind to hydrolyzable or 

non-hydrolyzable parts of the cellulose, resulting in productive or nonproductive bindings, 

respectively, (3) productive bindings result in products formation, whereas the non-productive 

bindings result in activity loss of the attached enzyme molecules, until they detach, representing 

a substrate inhibition effect, (4) products are produced from the productive enzyme-substrate 

complex, in which delay in products desorption from the enzyme active cites represent product 

inhibition effect, (5) diffusion of the desorbed products from the bulk to the membrane surface, 

(6) diffusion of the products through the membrane, and (8) diffusion of the product from the 

other side of the membrane to the outer cylinder.  

Due to the mixing in the inner cylinder, convection from the bulk to a surface, being of the 

substrate or the membrane, was assumed to be instantaneous. Additionally, competitive inhibition 

of cellulase was assumed to be caused by the final products such as glucose. Because β-

glucosidase has a higher activity than glucanase, the dissociation of cellobiose was assumed to be 

instantaneous, and its concentration and its inhibitory effect was considered negligible. In 
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addition, due to the synergetic action of endoglucanase, exoglucanase, and β-glucosidase, 

cellulase enzymes were considered as a single enzyme. The latter two assumptions were  adapted 

by most previous kinetic studies [159, 163, 171]. The model proposed in this work took into 

consideration the changes in the structure and composition of substrate with time and the 

inhibition by the non-hydrolyzable part of the substrate, as described in a previous study [164]. In 

addition, enzyme binding to a non-hydrolyzable substrate was considered to be reversible.  

Enzyme (E) binding to the hydrolyzable substrate (Sc) is described by Equation (22), 

whereas the enzyme (E) binding to the non-hydrolyzable substrate (Sx) is presented by Equation 

(23). Finally, product (P) formation and desorption are described by Equations (24) and (25), 

respectively. 

𝐸𝐸 + 𝑆𝑆𝑐𝑐
𝑘𝑘𝑐𝑐1
↔
𝑘𝑘𝑐𝑐2

𝐸𝐸𝑆𝑆𝑐𝑐                                                                                                                              (22) 

𝐸𝐸 + 𝑆𝑆𝑥𝑥
𝑘𝑘𝑥𝑥1
↔
𝑘𝑘𝑥𝑥2

𝐸𝐸𝑆𝑆𝑥𝑥                                                                                                                            (23) 

𝐸𝐸𝑆𝑆𝑐𝑐
𝑘𝑘𝑃𝑃
→
 
𝐸𝐸𝐸𝐸                                                                                                                                    (24) 

𝐸𝐸𝐸𝐸
𝑘𝑘𝐸𝐸𝑃𝑃1
↔
𝑘𝑘𝐸𝐸𝑃𝑃2

𝐸𝐸 + 𝐸𝐸                                                                                                                             (25) 

where Sc and Sx are the hydrolyzable and non-hydrolyzable parts of the substrate, 

respectively, kc1 and kc2 are the forward and the backward rate constants for the reversible ESc 

intermediate formation, respectively; kx1 and kx2 are the forward and the backward rate constants 

for the reversible non-productive ESx intermediate formation, respectively; kp is the rate constant 

for the surface reaction step where the hydrolysable cellulose is broken down to form the product; 

and kEP1 and kEP2 are the forward and backward rate constants for the competitive inhibition of 

the product, respectively. 
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During the hydrolysis process, the enzymes hydrolyze the hydrolyzable part on the first 

layer of substrate, leaving the next inside layer exposed to another enzymatic attack. As the 

reaction continues, the hydrolysis action proceeds from the outer layers of the substrate to inner 

ones. With each newly exposed layer, another hydrolyzable and non-hydrolyzable parts are 

exposed. The ratio of the hydrolyzable and non-hydrolyzable parts, represented by non-

hydrolyzable fraction coefficient, φ, described by Equations (26) and (27), was assumed constant 

for a specific type of lignocellulose and pretreatment method [164]. The non-hydrolyzable 

fraction coefficient at each newly exposed layer was assumed to be constant. To account the drop 

in substrate accessibility of the exposed layers as the reaction proceeds, substrate accessibility 

coefficient,  σ, was introduced in a previous study [164].  This coefficient changes with time, 

starting from a value of one at which the substrate is completely accessible to the enzymes and 

decreases with time, as the reaction proceeds, as described by Equation (28). 

𝜑𝜑 = [𝐸𝐸𝑥𝑥]𝑜𝑜
[𝐸𝐸𝑡𝑡]

                                                                                                                                      (26) 

(1 − 𝜑𝜑) = [𝐸𝐸𝑐𝑐]𝑜𝑜
[𝐸𝐸𝑡𝑡]

                                                                                                                             (27) 

𝜎𝜎 = 𝑒𝑒−𝛼𝛼𝑑𝑑                                                                                                                                     (28) 

where [Sc]o , [Sx]o and [St] are the initial hydrolyzable, non-hydrolyzable, and total substrate 

concentrations, respectively, and α is a constant.  

Consequently, a set of first-order differential equations, Equations (29)–(34), could be 

established to describe the rate at each step of the hydrolysis. 

𝑑𝑑[𝐸𝐸𝐸𝐸𝑐𝑐]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑐𝑐1[𝐸𝐸][𝑆𝑆𝑐𝑐] − �𝑘𝑘𝑐𝑐2 + 𝑘𝑘𝑃𝑃�[𝐸𝐸𝑆𝑆𝑐𝑐]                                                                                       (29) 

𝑑𝑑[𝐸𝐸𝐸𝐸𝑥𝑥]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑥𝑥1[𝐸𝐸][𝑆𝑆𝑥𝑥] − 𝑘𝑘𝑥𝑥2[𝐸𝐸𝑆𝑆𝑥𝑥]                                                                                                 (30) 

𝑑𝑑[𝐸𝐸𝑃𝑃]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑃𝑃[𝐸𝐸𝑆𝑆𝑐𝑐] + 𝑘𝑘𝐸𝐸𝑃𝑃2[𝐸𝐸][𝐸𝐸] − 𝑘𝑘𝐸𝐸𝑃𝑃1[𝐸𝐸𝐸𝐸]                                                                               (31) 
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𝑑𝑑[𝑃𝑃]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝐸𝐸𝑃𝑃1[𝐸𝐸𝐸𝐸] − 𝑘𝑘𝐸𝐸𝑃𝑃2[𝐸𝐸][𝐸𝐸] − 𝑣𝑣
𝑉𝑉

[𝐸𝐸]                                                                                      (32) 

𝑑𝑑[𝐸𝐸𝑐𝑐]
𝑑𝑑𝑑𝑑

= �𝑘𝑘𝑐𝑐2 + 𝜎𝜎 (1 − 𝜑𝜑) 𝑘𝑘𝑃𝑃�[𝐸𝐸𝑆𝑆𝑐𝑐] −  𝑘𝑘𝑐𝑐1[𝐸𝐸][𝑆𝑆𝑐𝑐]                                                                     (33) 

𝑑𝑑[𝐸𝐸𝑥𝑥]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑥𝑥2[𝐸𝐸𝑆𝑆𝑥𝑥] −  𝑘𝑘𝑥𝑥1[𝐸𝐸][𝑆𝑆𝑥𝑥] +  𝜎𝜎 𝜑𝜑 𝑘𝑘𝑃𝑃 [𝐸𝐸𝑆𝑆𝑐𝑐]                                                                      (34) 

where V is the volume of the reaction cell; ν is the superficial velocity of flowing water in the 

system; and t is the time.  

 Equations (29)–(34) are similar to the ones proposed in a previous study [164], except 

that in the presently proposed mechanistic steps, instead of assuming EP complex formation was 

only due to the inhibition effect, it is assumed to be formed after the cleavage of cellulose and 

then dissociated to E and P. Only then does the inhibition effect occur as a result of reverse 

binding. This modification better represents the actual inhibition effect. 

The differential Equations (29)–(34) were solved simultaneously with the enzyme 

conservation equation, given by Equation (35), and initial conditions of t = 0, [Sc] = [Sc]o, [Sx] = 

[Sx]o and [ESc] = [ESx] = [EP] = [P] = 0. In addition, as the molecular weight of cellulose monomer 

is very close to that of the glucose molecule, mass concentration was used instead of mole 

concentration. Assuming the permeation of product out of the reaction cell (inner tube) to be by 

pure convection, the total amount of reducing sugars produced can be presented by Equation (36), 

which is the sum of the mass of total reducing sugars accumulated in the reaction cell and of that 

diffused to the outer cylinder. 

[𝐸𝐸] = [𝐸𝐸𝑜𝑜] − [𝐸𝐸𝑆𝑆𝑐𝑐] − [𝐸𝐸𝑆𝑆𝑥𝑥] − [𝐸𝐸𝐸𝐸]                                                                                            (35) 

𝐺𝐺 = 𝑉𝑉[𝐸𝐸] + 𝑣𝑣 ∫ [𝐸𝐸] 𝑑𝑑𝑑𝑑𝑑𝑑
0                                                                                                                (36) 
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4.3.3.3 Sensitivity analysis  

The significance of the estimated kinetic parameters on the total reducing sugars produced 

was examined using sensitivity analysis. Each parameter was changed ±5, ±10, ±15, and ±20% 

from the original estimated value [172], while the remaining parameters were remained 

unchanged. The amount of the total reducing sugars produced was recalculated using Equation 

(36), and the impact of each parameter was evaluated using Equation (37) [173].  

𝐸𝐸 = 𝑃𝑃2−𝑃𝑃1
𝑃𝑃1

× 100                                                                                                                        (37) 

where, P1 represent the total amount of total reducing sugars produced with the original estimated 

parameter (0% change), and P2 is the newly estimated amount with the changed parameter.  

4.4 Glucose Permeation Analysis  

The permeation rate of glucose through membranes with different MWCOs in the presence 

of convective flow with water flowrates of 0.1, 0.2, 0.4, 0.8, and 1.6 mL/min, was tested; this 

correspond residence times of 125, 62.5, 31.3, 15.6, and 10.4 h, respectively, were tested. Central 

Composite Design (CCD) was used to statistically analyze the permeation and optimize the 

process. The selected main variables were glucose concertation, water flow, and membrane 

MWCO. The ranges and levels of the input variables are presented in Table 6.  A total of 20 

experimental runs, each for 3 h, were suggested by the CCD, 23 equals 8 cube points, 6 

replications at the center point and 6 axial points. Samples to be measured were collected in 

triplicates, and the results presented in all figures are the average values with the standard 

deviations shown as error bars. 
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Table 6: Levels of the factors tested on diffusion of glucose through PES membranes 

Factors level -α -1 0 1 +α 

(g/L) 1Xoncentration, cGlucose    13.33 26.66 40 53.33 66.67 

Water flowrates, X2 (mL/min) 0.1 0.2 0.4 0.8 1.6 

Membrane MWCOs, X3 (kDa)  10 30 50  

 

4.5 Analytical Methods 

4.5.1 Total Reducing Sugars Analysis  

The total reducing sugars concentrations in a sample were measured using the DNS 

method [170]. The method measures all produced reducing sugars, including, in addition to 

glucose produced from the hydrolysis of cellulose, xylose produced from hemicellulose. In brief, 

45 µL of sample containing the sugars was mixed with 40 µL of DNS reagent and diluted with 

315 µL of distilled water to reach a total volume of 400 µL, and left to incubate for maximum of 

5 min at 100°C. After that, the reaction was stopped by incubation in ice for 10 min. The resulting 

color transformation from yellow to brown was then measured at 540 nm with a UV 

spectrophotometer (BMG SPECTROstar, Germany). 

4.5.2 Protein Analysis  

For protein measurement, Bradford reagent, which is an acidic Coomassie blue dye that 

stably binds to protein, was used. The dye is originally cationic and red in color; if an enzyme is 

present in the sample then it binds to it and form an anionic form, resulting in a color change from 

reddish brown to blue, which can be quantified at 595 nm absorbance using a spectrophotometer 

[174].  Quantifying protein in the sample was done by mixing 20 µL of the sample with 180 µL 

of Bradford reagent and placed in a 96-well plate reader [175]. A spectrophotometer was used to 

detect proteins at 595 nm, which was calibrated with serial dilutions of cellulase enzymes. The 

analysis was carried out in triplicate.   
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4.5.3 Enzyme Assay 

The assay for enzyme activity was based on glucose productivity, with one unit of cellulase 

being defined as the amount of glucose liberated at 37°C and a pH of 5 in 1 h. The concentration 

of the liberated glucose was measured, as described in Section 4.5.1, and used to determine the 

activity of the enzyme. The activity of cellulase was determined as 1800 units/g. 

4.5.4 Biomass Characterization   

4.5.4.1 Biomass Preparation and Analysis 

Date seeds (DSs) from Allig dates were obtained from Liwa Company in the UAE. The 

DSs were washed with distilled water and then sun-dried and grinded. The dried, grinded DSs 

were screened, and those in the size of 180 µm were used in this work. Extractives are components 

that naturally exist in, or are attached to, the biomass [176]. To avoid interference of the 

extractives in the pretreatment and enzymatic hydrolysis processes and to have an unbiased 

evaluation of the developed MBR, extractives were removed in a Soxhlet extraction unit using 

ethanol for 8 h. To characterize the substrate, acid-base isolation method, described by [177], was 

used to quantify the three main constituents, namely cellulose, hemicellulose, and lignin. Briefly, 

10 g of substrate was mixed with 200 mL of 0.1 M HCl while being heated at 100°C for 2 h with 

stirring at 150 rpm. The mixture was vacuum filtered to separate residues containing cellulose and 

lignin from the liquid containing hemicellulose. The residues were then washed with 20 mL 

distilled water to remove any remaining hemicellulose left, followed by air drying overnight. The 

dried residues were then treated with 200 mL of 0.1 M NaOH for 2 h at 100°C under stirring at 

150 rpm. Subsequently, the mixture was vacuum filtered to separate residues containing cellulose 

from the lignin that was solubilized in NaOH. The residues were further washed with 20 mL of 

0.1 M of NaOH and air dried.  
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 DSs were treated with both HCl and NaOH, which is referred to in this manuscript as 

“HCl+NaOH pretreatment”, to partially remove hemicellulose and lignin, respectively. The 

hydrolysis of HCl+NaOH treated samples, in which both hemicellulose and lignin were partially 

removed, were compared to samples treated with only NaOH, which is referred to in this 

manuscript as “NaOH pretreatment”, in which only lignin was partially removed while keeping 

the hemicellulose. For the latter case, 10 g of substrate sample was treated only with 200 mL of 

0.1 M NaOH for 2 h. The partial removal of hemicellulose did not result in any enhancement in 

the hydrolysis, in fact a slight lower yield was obtained compared to that obtained using NaOH 

pretreated DSs biomass. Therefore, all the substrate used in all subsequent experiments were on 

NaOH pretreated (lignin partially removed) DSs.  

4.5.4.2 Lignin Analysis  

The lignin content of fresh and alkaline treated DSs samples was determined in accordance 

with NREL LAP-003 protocol [178]. In this protocol, both acid-insoluble lignin, known as Klason 

lignin, and acid-soluble lignin were quantified. 0.3 g of extractives free sample was treated with 

72% sulfuric acid (H2SO4) at 30oC for 2 h with mixing every 15 min. The solution was then diluted 

with 84 mL distilled water to reach 4% acid concentration, after which it was autoclaved for 1 h 

at 121oC. The sample was then allowed to cool down before being vacuum filtered to separate 

liquid from the residues. The residual part, which contains the Klason lignin was placed in a 

muffle furnace at 575oC for 3 h to determine ash content. Whereas, the acid soluble-lignin was 

determined by measuring the absorbance of the liquid filtrate at 205 nm. 

4.5.4.3 Substrate Characterization  

The changes in the structural morphology due to pretreatment methods were detected 

using scanning electron microscopy (SEM) (JCM-5000; NeoScope). Fresh DSs, HCl+NaOH 

pretreated and NaOH pretreated DSs biomasses were coated with gold using a JFC-1600Auto 
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Fine Coater (JEOL) to increase the conductivity of the non-conductive catalyst and to prevent the 

build-up of electrostatic charge at the specimen surface. The samples were inserted into the SEM 

for observation. 

To analyze the functional groups in fresh DSs, HCl+NaOH pretreated and NaOH 

pretreated DSs biomasses, Fourier transform infrared (FTIR) spectroscopy (IRTracer-100 FTIR 

spectrophotometer) (Shimadzu, Kyoto, Japan) was used. The FTIR spectra were recorded on an 

attenuated total reflection Fourier transform infrared (ATR-FTIR) spectrograph using a range of 

600–4000 cm–1 with an average of 34 scans and a spectral resolution of 4 cm–1.  

X-ray diffraction (XRD) analysis was also used to measure changes in the crystallography 

of the fresh DSs, HCl+NaOH pretreated and NaOH pretreated DSs biomass. XRD scans were 

performed with a 2θ range of 4°–90°, step size of 0.02°/s, voltage of 40 kV, intensity of 20A, and 

Cu Kα radiation of 1.5406 Å. 

4.5.5 Membrane Characterization  

The PES membrane was investigated before and after subjection to the process conditions 

to detect any changes that might happen to it. Both PES-10 and PES-30 membranes were tested 

before, i.e., as received, and after their use in more than 20 runs (i.e., about 160 h of operation) at 

different substrate concentrations and water flowrates. 

To detect internal fouling or any changes in the internal structure of the membrane, images 

of cross-sectional cuts of PES-30 were observed using SEM (JCM-5000; NeoScope). Internal 

fouling may occur when molecules of sizes close to those of the membrane pores are pushed 

through, as the water is forced across the membrane, resulting in pores blocking. Neither glucose 

nor the substrate are expected to contribute to the internal fouling, as the former is much smaller, 

and the latter is much larger than the membranes MWCO. If internal fouling may occur, it would 

be mainly due to the cellulase molecules, which have molecular weights higher than the 
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membranes cut-offs, but still in the same order of magnitude. Therefore, internal fouling is 

expected to be more significant as the MWCO increases and becomes closer to the size of the 

cellulase. Therefore, the membrane with the higher MWCO, PES-30, was used in this analysis, 

as if no changes occur in PES-30, then the same can be fairly assumed in PES-10. However, to 

further confirm, cross-sectional cuts of PES-10 were examined. Samples of PES membranes 

before and after use were coated with gold using a JFC-1600Auto Fine Coater (JEOL) to increase 

the conductivity of the non-conductive catalyst and to prevent the build-up of electrostatic charge 

at the specimen surface. Then, the samples were cleaned to remove silt, dust, and detritus. The 

samples were mounted on a holder and inserted into the SEM for observation. 

To assess surface fouling, FTIR (IRTracer-100 FTIR spectrophotometer) (Shimadzu, 

Kyoto, Japan) was carried out on the membrane surface. As the probability of the occurrence of 

this type of fouling is similar to membranes of both MWCOs, both PES-10 and PES-30 were 

subjected to this analysis. The FTIR spectra were recorded on an attenuated total reflection Fourier 

transform infrared (ATR-FTIR) spectrograph using a range of 600–4000 cm–1 with an average of 

34 scans and a spectral resolution of 4 cm–1.  

XRD analysis was also used to measure changes in the crystalline structure of the 

membranes. Similar to FTIR, this test is done on both membranes, PES-10 and PES-30. XRD 

scans were performed with a 2θ range of 4°–90°, step size of 0.02°/s, voltage of 40 kV, intensity 

of 20A, and Cu Kα radiation of 1.5406 Å.  
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Chapter 5: Results and Discussion 
 

5.1 Inverted Dead-end MBR 

5.1.1 Selective Glucose Permeation 

The designed MBR with the PES membrane was subjected to glucose permeation and 

cellulase rejection analyses. Theoretically, PES membranes should selectively allow permeation 

of the relatively small glucose molecules (180 Da) and reject the larger molecules of cellulase 

comprising endoglucanase (~52,000 Da), exoglucanase (~61,000 Da), and β-glucosidase (76,000 

Da) [170]. Indeed, the PES membrane with 10 kDa MWCO (PES-10) has previously shown to 

allow the complete permeation of glucose and the total rejection of cellulase [139, 179–183]. To 

further confirm this, the permeation of glucose and cellulase to the upper chamber  through a PES 

membrane with larger MWCO membrane of 30 kDa MWCO (PES-30) was investigated. Figure 

10 shows the yields of glucose and cellulase in the upper chamber of the MBR over time 

permeated though the PES-30 membrane with initial glucose and cellulase concentrations of 40 

g/L and 3.2 g/L, respectively, and a pure water flowrate of 0.4 mL/min, equivalent to residence 

time of 31.3 h. The lines shown on the figure are connections between the points, added to 

highlight the trend. Within 16 h, approximately 50% of the added glucose had permeated to the 

upper chamber, whereas no cellulase was detected therein. The high selectivity was proven using 

larger MWCO and higher glucose and cellulase concentrations than those used in subsequent 

hydrolysis runs. This guaranteed that the high selectivity is sustained at all the lower tested 

conditions. For example, if no cellulase permeation or internal fouling are detected using the larger 

MWCO, PES-30, then it would be safe to assume that they would not take place using the lower 

MWCO, PES-10 membrane. Therefore, the total rejection of cellulase by the PES membranes 

while permeating glucose molecules was confirmed.  
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To eliminate the possibility of cellulase being pushed into the pores of the membrane, 

resulting in internal fouling and a drop in the enzyme bulk concentration, the cellulase 

concentration in the reaction cell was measured while using the PES-10 membrane. This 

experiment was conducted using initial glucose and cellulase concentrations of 67 g/L and 0.48 

g/L, respectively, and a water flowrate of 0.8 mL/min  (τ =15.6 h). The enzyme concentration was 

used in the same order of that used in the hydrolysis experiment. As the diffusion of molecules 

into the membrane pores occurs more easily when the pore size is close to the size of the enzyme 

molecules, the experiment was repeated using a membrane with a 50 kDa MWCO (PES-50). With 

both membranes, no drop in cellulase concentrations was detected after 3 h of diffusion, which 

confirmed that the diffusion effect on enzyme permeation was negligible and the PES membranes 

had completely rejected cellulases. Another important conclusion that can be made here was the 

insignificance of the membrane MWCO effect on the process within the investigated MWCO 

range, especially in the case where the convection–diffusion of glucose was greater than its 

molecular diffusion. Thus, PES-10 was used in basis all subsequent experiments. However, PES-

30 and PES-50 were still used in some cases to confirm the absence of membrane fouling, 

determining the permeability, and in the permeation rate analysis.  
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Figure 10: Yields of permeated glucose and cellulase to the upper cell through PES-30, at pH 
4.8, 48oC, water flow of 0.4 mL/min (τ =15.6 h) and initial glucose and cellulase concentrations 
of 40 g/L and 3.2 g/L, in the lower cell respectively 

 

Permeation of glucose and cellulase by means of a concentration gradient only to the upper 

chamber through PES-30 was monitored for over 12 h to determine the membrane permeability. 

Four initial glucose concentrations, 100, 133, 200, and 267 g/L, and cellulase concentration of 4 

g/L in the bottom cell were tested. Figure 11 shows the amount of glucose permeated through 

PES-30 membrane with time. The lines shown on the figure are the connection between the points, 

added to highlight the trend. It should be noted that the error bars were too small to be observable 

at the various data points of the curve, which indicates good reproducibility of the data. The 

amount of cellulase in the upper cell was undetectable, suggesting complete rejection by the 

membrane. At all tested concentrations, glucose permeated through the membrane was by natural 

diffusion.  As shown in Figure 11, natural diffusion increased with the increase in glucose 

concentration. This was mainly due to the increase in the driving force, which is concentration 

gradient. Membrane permeability is defined as the permeation rate normalized by the membrane 
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surface area, driving force, and membrane thickness active layer. In natural diffusion, the driving 

force is the concentration gradient. For simplicity the permeability was estimated based on the 

membrane actual thickness and not the thickness of the active layer of the membrane. Thus, the 

PES-30 permeability was estimated to be 1.97 h-1.  

 

Figure 11: Effect of initial concentration, Co, on the permeated glucose through PES-30 
membrane by pure natural diffusion 

 

5.1.2 Effect of the Process on the Membranes  

To confirm that the internal fouling effect was not significant and that subjecting the 

membrane to the reaction system did not affect the morphology of the membrane, damage it or 

changed the internal structure, SEM images of PES membranes were taken before, i.e., as 

commercially received, and after its use in multiple experiments with different substrate 

concentrations and water flowrates. The SEM images were taken for PES-10 membrane, which 

was used in most experiments. However, if the internal fouling occurred during the process, it 

would be expected to be prominent on the larger MWCO membrane, which has pore sizes closer 
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to the size of the enzymes. Therefore, SEM images of the larger MWCO membrane, PES-30, 

were also acquired. Figure 12 shows the SEM images of before and after usage of both 

membranes, PES-10 and PES-30. He PES membranes are composed of a thin skin layer and a 

thicker supporting layer that more looks like fibers. By looking at the figure, the intact skin layer, 

the undisrupted structured fibers, the absence of impeded molecules, and the unchanged pore’s 

structure, clearly suggest that no significant changes in the morphology of both of the membranes 

after subjection to the reaction system. Therefore, it can be assumed that internal fouling effect 

was insignificant.  

 

  

 

  

Figure 12: Cross-sectional SEM images of PES membrane. (A) PES-10 before the process, (B) 
PES-10 after the process, (C) PES-30 before the process, and (D) PES-30 after the process 
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The absence of surface fouling was also confirmed by analyzing the chemical changes that 

may have occurred on the membrane during the processes of enzymatic hydrolysis and diffusion 

using FTIR, as well as to detect enzyme immobilization as FTIR is a common technique used to 

detect enzyme immobilization on membranes [184–186]. Figure 13 shows the FTIR spectra 

(range: 600–4000 cm–1) of the PES-10 and PES-30 membranes before and after the enzymatic 

hydrolysis. The spectra of both the PES membranes were in agreement with those reported in 

other studies, in which the sustainment of the peaks, similar to those found in this work for the 

membranes before and after subjection to reaction conditions, were taken as evidence for absence 

of surface fouling [185, 187, 188]. The peaks at 2913 and 2845 cm–1 represent the phenoxy groups 

that form the backbone of the PES membrane. The peak at 1374 cm–1 is a characteristic of –CH3 

bending; the peak at 1152 cm–1 can be assigned to the asymmetrical stretching vibration of 

sulfonic acid groups found in the PES membrane; and the peak at 719 cm–1 belongs to aromatic 

carbons. The spectra of the membranes before and after the reaction generally showed similar 

peaks. The only changes observed after the process were the appearance of a peak at 1242 cm–1 

in PES-10 due to the asymmetrical stretching of aromatic Ar–O–Ar ethers and the disappearance 

of the peak at 1651 cm–1 in PES-30 due to the vibration of the amide group. The latter has been 

reported to be a characteristic of polyvinylpyrrolidone, a material added to the PES membrane 

[189]. However, these changes were minor and do not suggest any significant change in the PES 

membrane characteristics following its use in the reaction process. The absence of internal fouling 

was further confirmed by measuring the enzyme concentration in the lower cell at the beginning 

and at the end of the reaction. As no drop in the concentration was detected, which was quantified 

to be 0.48 g/L before and after, it was fairly assumed that enzyme adsorption on the membrane is 

negligible. This further confirmed the results of the FTIR, which also suggested no presence of 

adsorbed enzyme.  
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Figure 13: FTIR spectra of the investigated PES membranes (A) PES-10 before the process, (B) 
PES-10 after the process, (C) PES-30 before the process, and (D) PES-30 after the process 
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Figure 13: FTIR spectra of the investigated PES membranes (A) PES-10 before the process, (B) 
PES-10 after the process, (C) PES-30 before the process, and (D) PES-30 after the process 
(Continued) 
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The aforementioned findings were further confirmed using XRD analysis, which was 

carried out to investigate changes in the crystalline structure of the membrane. As shown in Figure 

14, there were no clear changes in the XRD spectra for either PES-10 or PES-30 membranes 

before and after enzymatic substrate hydrolysis, proving that they were not affected by the 

reaction process. 

 

Figure 14: XRD of the investigated PES membrane, PES-10 and PES-30, before and after the 
process 

 

5.1.3 Enzymatic Hydrolysis with Product Separation  

To prove the concept of enhanced enzymatic hydrolysis with simultaneous product 

separation, the experiment was run at 48°C using the PES-10 membrane, 6.67 g/L of filter paper 

as pieces, 0.48 g/L of T. reesei cellulase, and a water flowrate of 0.4 mL/min (τ =31.3 h). The 

results were compared with a reaction conducted under the same conditions but without product 

separation. As shown in Figure 15, a total glucose yield of 45% was achieved within 8 h in the 

MBR with product separation, whereas the yield did not exceed 7% in the reactor without product 

separation. The lines shown on the figure are the connection between the points, added to highlight 

the trend. It should be noted that the error bars were too small to be observable at the various data 
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points of the curve, which indicates a good reproducibility of the data. The results clearly prove 

the concept and highlight the crucial effect of product or glucose inhibition on the enzymatic 

activity. 

 

Figure 15: Comparison in glucose production yield in MBR with and without glucose separation 
under the same conditions using substrate and cellulase concentrations of 6.67 g/L and 0.48 g/L, 
at pH 4.8 and 48oC and water flow of 0.4 mL/min (τ =31.3 h) 

 

To confirm that the dominant factor for product separation was convection flow and to 

further confirm that the effect of MWCO and internal fouling were negligible, the simultaneous 

hydrolysis–product separation experiment was repeated using PES-30 membrane, under the same 

reaction conditions of 48°C, a water flowrate of 0.4 mL/min  (τ =31.3 h), and initial substrate and 

cellulase concentrations of 6.67 g/L and 0.48 g/L, respectively. As explained in Section 5.1.2, 

internal fouling is expected to be more significant as the MWCO increases and become closer to 

the size of the cellulase. Therefore, should this effect be significant, the behaviour of membranes 

of different MWCOs would have been different, with PES-30 displaying a lower permeability. 
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However, as shown in Figure 16, similar results were obtained using both membranes in the total 

yield and the accumulated yield measured in the reaction cell, which supports the assumption that 

the convection flow was the dominant permeation mechanism, the effect of MWCOs was 

confirmed to be insignificant, and further supports the previous finding that internal fouling was 

not significant.  

 

Figure 16: Total glucose yields, and glucose produced in reaction cell operated using PES 
membranes of different molecular weight cutoffs with initial substrate and cellulase 
concentrations of 6.67 g/L and 0.48 g/L, respectively, and a water flowrate of 0.4 mL/min (τ 
=31.3 h), at 48oC and a pH of 4.8. Acc, accumulated glucose in the reaction cell; FR, water flow 
flowrate; Tot, total glucose yield; Co, substrate concentration. 

 

5.1.4 Effects of the Substrate Concentration and Water Flowrate on Standard Cellulose 
Hydrolysis  

The effects of different water flowrates and substrate concentrations as a function of time 

on product yield after 6 h were measured using the PES-10 membrane at the levels listed in Table 

4. As explained in Section 4.2.2, the product yield is determined by dividing the total amount of 

produced product by the amount of initial substrate added to the reaction cell. Figure 17 shows 

the effects of two different water flowrates on the total glucose yield and the glucose yield in the 



72 
 

 
  
 
 

reaction cell using the PES-10 membrane at an initial substrate concentration of 13.3 g/L. The 

curves clearly show that the total production increased with an increase in the water flowrate. This 

was mainly due to an increase in product removal, which had a positive effect in reducing enzyme 

inhibition by the product and pushed the reaction forward. To confirm these results, the results 

obtained using the DNS method were compared with the glucose oxidase measurement method. 

The latter method specifically measures glucose only, by binding glucose oxidase enzyme 

specifically to glucose molecules to form gluconic acid that can be measured at 540 nm with a 

UV spectrophotometer [190]. The two methods were used to measure the amounts of sugars 

produced after 8 h from two hydrolysis experiment using initial substrate, standard cellulose, 

concentrations of 6.67 and 13.3 g/L at 0.48 g/L cellulase, 48°C and pH of 4.8. In both cases, the 

difference between the two readings was less than 2%, which confirms the accuracy of the 

measurement using the DNS reagent and that the cellobiose content was negligible compared to 

glucose.  

 

Figure 17: Total glucose yield and glucose produced in reaction cell operated using a PES-10 
membrane with constant substrate and cellulase concentrations of 13.33 g/L and 0.48 g/L, 
respectively, and different water flowrates, at 48oC and a pH of 4.8 Acc, accumulated glucose in 
the reaction cell; FR, water flowrate (mL/min); τ, residence time (h); Tot, total glucose yield; 
Co, substrate concentration. 
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Figure 18 shows the effects of two different initial substrate concentrations (2.7 and 13.3 

g/L) on the total glucose yield and the glucose yield in the bottom portion of the MBR cell using 

PES-10 at a water flowrate of 0.8 mL/min (τ =15.6 h). The results showed that increasing the 

substrate concentration positively affected glucose production in the reaction cell. This is the 

general behaviour of chemical reactions, where an increase in the reacting molecules to form the 

products will push the reaction forward. The slight drop in the curve observed toward the end of 

the observation period for the 2.7 g/L substrate concentration was due to the dilution effect. At 

the beginning of the reaction, the product was produced at a rate faster that the dilution effect 

generated by the introduced water flowrate, allowing the accumulation of the product and hence 

an increase in its concentration. After some time, the rate of product formation decreased, and the 

dilution effect became more prominent, resulting in the observed drop in the product concentration 

in the reaction chamber. The yield in the reaction chamber drops if the dilution effect, caused by 

the water flow, was higher than the production rate.  This was obviously not the case with the total 

glucose yields, which continued to increase as shown in Figure 18. However, the effect of 

increasing the substrate concentration had an opposite effect on the total glucose yield. This 

should not be mistakenly attributed to the substrate concentration; it is because the yield did not 

increase linearly with the increase in substrate concentration. The total glucose concentration after 

6 h reached 2.9 and 3.6 g/L using initial substrate concentrations of 2.7 and 13.3 g/L, respectively. 

Hence, to calculate the glucose yield, the amount of the produced glucose is divided by the initial 

amount of substrate, which resulted in the observed yield decrease. In the inverted dead-end MBR, 

the maximum substrate concentration that could be tested was 13.3 g/L and above this 

concentration a vigorous agitation was required, which imposes a shear stress on the enzymes that 

could resulted in enzyme denaturation. Hence, increasing the substrate concentration was avoided 

to prevent enzyme damage. However, for industrial applications, the substrate concentration has 
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to be increased to enhance the yield. To overcome this technical issue, semi-batch addition of 

substrate can be adapted to increase the yield and make the operation industrially feasible.  

 

Figure 18: Total glucose yields and glucose produced in reaction cell operated using a PES-10 
membrane with different substrate concentrations, a cellulase concentration of 0.48 g/L, and a 
water flowrate of 0.8 mL/min (τ =15.6 h). At 48oC and a pH of 4.8 Acc, accumulated glucose in 
the reaction cell; FR, water flow flowrate; Tot, total glucose yield; Co, substrate concentration. 

 

5.1.5 Evaluation of the Kinetic Model Parameters  

The Polymath software was used to determine the numerical values of the parameters in 

Equation (15). The equation was solved using estimated kinetic parameters, which were changed 

to minimize the error between the experimental results and the model predictions. The determined 

parameters are presented in Table 7, and comparisons between the experimental data and the 

model predictions are presented in Figure 19. The figure shows the total glucose yields at different 

initial substrate concentrations and water flowrates as (A) 13.3 g/L, 0.2 mL/min (τ =62.5 h), and 



75 
 

 
  
 
 

0.8 mL/min (τ =15.6 h), and (B) 6.67 g/L and 0.4 mL/min (τ =31.3 h), respectively, using the 

PES-10 membrane with 0.48 g/L cellulase at 48°C and pH of 4.8. The results showed that the 

developed kinetic model with the determined parameters could largely predict the experimental 

data.  

Table 7: Estimations of the kinetic model parameters 

Kinetic parameter Value  Unit 

ks 3.5 x10-2 m3/g.h 

k-s 0.33 1/h 

kP 0.33 1/h 

kEP 0.5 1/h 

kEP2 9.0 x10-3 m3/g.h 
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Figure 19: Comparison between the experimentally determined total glucose yield and the 
kinetic model-predicted yield for enzymatic hydrolysis at 48oC and a pH of 4.8 using the 
polyethersulfone (PES)-10 membrane, a cellulase concentration of 0.48 g/L, and initial substrate 
concentrations and water flowrates of (A) 13.3 g/L, 0.2 mL/min (τ =62.5 h), and 0.8 mL/min (τ 
=15.6 h), and (B) 6.67 g/L and 0.4 mL/min (τ =31.3 h), respectively. Co, substrate 
concentration; FR, water flowrate  
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As shown in Table 8, a comparison of the yields after 6 h resulted in an R2 value of 0.96, 

which was close to that found using the statistical model. To the best of our knowledge, this is the 

first study to present a kinetic model developed from mechanistic reaction steps that can be used 

to describe the behavior of the complex enzymatic hydrolysis of cellulose in a MBR with 

simultaneous product separation. 

Table 8: Total glucose yield after 6 h at different substrate concentrations (X1) and water 
flowrates (X2) 

 

 

5.1.6 Statistical Analysis  

Response surface regression analysis was performed using the Minitab 19 software with 

the statistical significance established at a P-value of <0.05. Table 9 shows the results of the 

analysis of variance obtained after examining the effects of two independent variables, i.e., 

substrate concentration (X1) and water flowrate (X2), on the total glucose yield after 6 h of 

hydrolysis. The linear effects of both the substrate concentration and water flowrate were found 

to be significant, with P-values of 0.000 and 0.035, respectively. The P-values indicated that 

although both factors were significant, the substrate concentration effect was more significant. 

The quadratic term of the substrate concentration (𝑋𝑋12) was also significant (P = 0.007), whereas 

that of the water flowrate (𝑋𝑋22) was not estimated and removed from the model because of the 

sample size by the software. This indicates that, unlike the water flowrate effect, the substrate 

concentration effect would have a parabolic shape. It was also found that both X1 and X1X2 
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negatively contributed to the yield of glucose production, which agrees with the previous 

observation discussed in Section 5.1.4. 

Table 9: Response surface regression analyses of product yield versus substrate concentration 
(X1) and water flowrate (X2): (A) coded coefficients; (B) analysis of variance.  

A. Term Coef SE Coef T-Value P-Value VIF 
Constant 26.89 2.91 9.22 0.000   
X1 -30.59 3.14 -9.73 0.000 1.04 
X2 8.56 3.14 2.72 0.035 1.07 
X1*X1 18.07 4.44 4.07 0.007 1.11 
X1*X2 -2.53 3.14 -0.80 0.452 1.00 

B. Source DF Adj SS Adj MS F-Value P-Value 
Model 4 4451.00 1112.75 28.13 0.000 
  Linear 2 4035.73 2017.87 51.02 0.000 
    X1 1 3742.55 3742.55 94.62 0.000 
    X2 1 293.18 293.18 7.41 0.035 
  Square 1 655.42 655.42 16.57 0.007 
    X1*X1 1 655.42 655.42 16.57 0.007 
  2-Way Interaction 1 25.57 25.57 0.65 0.452 
    X1*X2 1 25.57 25.57 0.65 0.452 
Error 6 237.32 39.55     
Total 10         

 

A second-order interactive regression model, Equation (38), was developed to relate the 

product yield (%) and the two independent parameters, X1 and X2. This model was referred to as 

“statistical model” in the manuscript. The equation was used to draw a three-dimensional (3D) 

plot of the combined effects of substrate concentration and water flowrate on the total glucose 

yield (Figure 20). 

Yield (%) = 92.9 − 0.15.12 𝑋𝑋1 + 41.2 𝑋𝑋2 + 0.636 𝑋𝑋12 − 1.58 𝑋𝑋1𝑋𝑋2        (38) 

The process was optimized using Response Optimizer in Minitab, which showed that the 

lowest substrate concentration (2.67 g/L) and the highest water flowrate (0.8 mL/min), which 

corresponds to the lowest residence time of 15.6 h,  would result in the maximum yield of 86.65% 
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(Table 8). The experimental results agreed closely with the model prediction and obtained an 

actual yield of 86.63 ± 0.017%. These results agreed with the 3D surface graph (Figure 20), which 

also showed the positive effect of the water flowrate and the negative effect of the substrate 

concentration on the yield. This figure also showed that the substrate concentration effect was 

more significant than the water flowrate effect, which agreed with the P-values discussed above. 

 

 

Figure 19: Three-dimensional plot of total glucose yields as a function of the substrate 
concentration and water flowrate after 6 h of enzymatic hydrolysis at 48oC and a pH of 4.8 using 
the polyethersulfone PES-10 membrane for product separation. 

 

5.2 Radial-flow Tubular MBR Analysis  

5.2.1 Biomass Characterization and the Effect of Pretreatment on Substrate  

The fresh date seeds (DSs), after removing the extractives, were characterized. Cellulose, 

hemicellulose, and lignin contents were determined to be 47 ± 0.7%, 28 ± 0.4%, and 25 ± 0.6%, 

respectively. This analysis falls within the typical ranges of the constituents of most 

lignocellulosic materials [191]. To confirm the lignin content and to investigate the efficiency of 

NaOH pretreatment, acid-insoluble lignin (Klason lignin) and acid-soluble lignin were quantified. 
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Klason lignin and soluble lignin in the fresh untreated DSs were determined to be 24.01% ± 2.47 

and 0.16% ± 5.59×10-5, respectively. The determined total lignin content of 24.17% was in 

agreement with that found by the constituents’ analysis. Klason lignin and acid-soluble lignin in 

the NaOH treated samples were found to be 16.6% ± 2.6 and 3.95×10-4% ± 1.8×10-4, 

respectively. Hence, over 30% of total lignin was removed by the NaOH pretreatment. The 

method has been reported as an efficient method for lignin removal and biomass swelling to 

enhance the enzymatic hydrolysis of lignocellulosic material, while preventing the solvation of 

hemicellulose [192]. The biomass type, alkaline concentrations, temperatures, and pretreatment 

time all affect the percentage removal of lignin. By using alkaline treatment at 4% NaOH for 1 h 

at room temperature 15.68% of the lignin content was removed from DSs [193]. Operating at a 

higher temperature of 80oC, a higher lignin removal of 70% was achieved using 2% NaOH on 

herbaceous lignocellulose, such as wheat straw, corn straw, and sugar bagasse. However, the 

increase in temperature was less effective with hardwood and softwood biomass, achieving 39.6% 

and 16%, respectively [194]. 

The effects of the HCl+NaOH pretreatment and NaOH pretreatment on crystallinity of the 

DSs were examined with XRD, as shown in Figure 21. The analysis showed slight increase in the 

intensities after both pretreatments, which indicate an increase in the crystallinity. The peaks at 

16o and 23o reflect the crystalline cellulose type I, while cellulose type II is presented at 20o. The 

intensity of those peaks increased in both HCl+NaOH pretreated DSs and NaOH pretreated DSs 

biomass, which indicates a higher crystallinity degree in the structure of the treated fibers due to 

the partial removal of lignin [195]. A similar increase in the intensity of peaks that represent 

crystalline cellulose, was also observed with DSs from Phoenix dactylifera L. after lignin and 

hemicellulose removal [29]. It was also noticed that the increase in peak intensity with 

HCl+NaOH pretreatment (i.e., removing partially both lignin and hemicellulose) was higher than 

that with partial removal of lignin only. This suggests that the acid used in the HCl+NaOH 
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pretreatment may not have hydrolyzed hemicellulose only but also the amorphous parts of 

cellulose structure, resulting in increased crystallinity [196]. As a result, the peaks at 25o and 26o, 

which reflect cellulose crystallinity and crystalline carbon, respectively, appeared only in the 

HCl+NaOH pretreated sample. 

 

 

Figure 20: X-ray diffraction spectra of fresh, HCl+NaOH pretreated, and NaOH pretreated DSs 

 

FTIR analysis was carried out to investigate the effect of HCl+NaOH pretreatment and 

NaOH pretreatment on the composition and functional groups in DSs. Figure 22 shows the FTIR 

spectrums of fresh DSs, HCl+NaOH pretreated DSs, and NaOH pretreated DSs. The peaks 

between 4000-2995 cm-1 are assigned to hydrogen bonded OH stretching vibration [40]. Peaks at 

2905 and 2855 cm-1 are assigned to asymmetric and symmetric C-H stretching in methyl and 

methylene groups, respectively, and the peak at 2870 cm-1 represents the aliphatic CH stretching 

[197], which all three main constituents, cellulose, hemicellulose, and lignin contribute in. The 

peak at 1654 cm-1 reflects the C=C or C=N vibration in the aromatic region, which is influenced 

by the lignin [40]. The band at 993 cm-1 represents the C-O-C glycosidic bond vibration, and C-
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C stretching is assigned to the peak at 791 cm-1, which are related to cellulose component [198]. 

After NaOH pretreatment, where lignin is partially removed, a similar spectrum to that of the fresh 

DSs was observed, but with the appearance of two peaks at 1743 and 864 cm-1. The former is 

assigned to the C=O bond that can be due to either acetyl or ester group found in hemicellulose, 

while the latter represents the C-H rocking vibration of cellulose [28, 199, 200]. The appearance 

of those two peaks is a sign of structural distribution and that the partial removal of lignin allowed 

the exposure of both cellulose and hemicellulose. By comparing the spectrum of the HCl+NaOH 

pretreated DSs, it was observed that peaks at 1371 and 1338 cm-1 appeared, which are assigned to 

CH stretching of cellulose, which indicates the biomass structural deformation after hemicellulose 

and lignin partial removal. The appearance of the band at 1238 cm-1 can represent either C-O-H 

deformation or C-O phenolic stretching that might reflect remaining of lignin found in the 

biomass. The appearance of a band at 864 cm-1 represents, as mentioned earlier, the C-H rocking 

vibration of cellulose [28]. 
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Figure 21: Fourier-transform infrared spectra of fresh, HCl+NaOH pretreated, and NaOH 
pretreated DSs 

 

SEM was used to analyze the morphological changes as a result of HCl+NaOH 

pretreatment and NaOH pretreatment, as shown in Figure 23. The fresh DSs biomass, shown in 

Figure 23A, was characterized by a smooth and solid surface. The effect of HCl+NaOH 

pretreatment is shown in Figure 23B. It can be seen that the structure has been disrupted, due to 

the action of NaOH, leaving holes that can be observed on the surface of the molecules, while 

elongated, structural cracks indicate the severe action of acid treatment, attributed to the partial 

hydrolysis of the amorphous part of the biomass. Image of the NaOH pretreated DSs biomass is 

shown in Figure 23C. It can be seen that the structure contained holes that indicate the disruption 

of the matrix due to lignin partial removal. However, unlike with the HCl+NaOH treated samples, 

with NaOH pretreatment the samples maintained a similar overall structure without cracks [40]. 
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Figure 22: Scanning electron microscopy images of (A) fresh, (B) HCl+NaOH pretreated, and (C) 
NaOH pretreated DSs 

 

5.2.2 Enzymatic Hydrolysis with Product Separation  

HCl+NaOH pretreatment was used to remove partially both hemicellulose and lignin, to 

disrupt the lignocellulose structure and enhance the enzyme accessibility to cellulose. A 

preliminary test was done to evaluate the need for the hemicellulose removing step. The total 

reducing sugars yield from enzymatic hydrolysis of HCl+NaOH pretreated DSs was found to be 

close to that obtained using NaOH pretreated DSs. With the HCl+NaOH pretreatment, the total 

reducing sugars yield after 8 h of hydrolysis was 3.2%. Under the same conditions, the yield 

obtained from the NaOH pretreated DSs was 3.5%. Similar results were also observed when 

comparing the hydrolysis yield of corn stalk biomass acid-alkaline pretreated for lignin and 

hemicellulose removal and alkaline pretreated for lignin removal only. After 96 h of hydrolysis, 
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the cellulose conversion in the acid-alkaline pretreated samples was 70.3%, whereas it reached 

100% in alkaline pretreated samples. Delignification only of loblolly pine biomass was also shown 

to increase the cellulose hydrolysis conversion after 72 h by 88% as compared to untreated 

samples, where cellulose conversion was only 16% [201]. The lower conversion of the acid-

alkaline pretreated samples is attributed to the use of acid, which in addition to removing 

hemicellulose dissolves some of the amorphous portion of cellulose. This increases the percentage 

of the crystalline cellulose in the HCl+NaOH pretreated sample observed in the XRD analysis, 

which results in a drop in the conversion yield [40]. Therefore, all subsequent experiments using 

the MBR were carried out using NaOH pretreated DSs samples with partial removal of lignin 

only.  

The enzymatic hydrolysis of standard cellulose with simultaneous product removal in 

inverted dead-end MBR was evaluated and modeled, as previously shown in Section 5.1.5. The 

results clearly showed the significant enhancement in reaction rate and production yield with the 

continuous in situ removal of the products. In this study, the developed inverted dead-end MBR 

was tested on the lignocellulosic biomass, DSs, which is more complex and more difficult to 

degrade than the standard cellulose. Initially, the glucose production yield by enzymatic 

hydrolysis of fresh DSs was compared to the NaOH pretreated DSs without product separation. 

With the NaOH pretreated DSs, the yield after 8 h of reaction reached 3.5%, compared to less 

than 2.1% with fresh DSs. This further confirms the significance of lignin partial removal in 

enhancing the cellulase accessibility to cellulose that enhanced the hydrolysis. In addition, the 

production yield from the NaOH pretreated DSs in a batch reactor without product removal was 

compared to that with product removal in the inverted dead-end flat sheet filtration MBR, at the 

same reaction conditions. As shown in Figure 24, without product separation, the production yield 

reached a plateau at 3.5% after 4 h and no increase was observed after that. This was mainly due 

to the product inhibition effect, which was also observed with the standard cellulose, as explained 
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in Section 5.1.3. With continuous product separation, however, the yield significantly increased 

to 10.8%. This further proves the significance effect of product removal on enhancing the reaction 

rate and yield. The production yield of standard cellulose in the same MBR with product removal 

was 34% under the same conditions. The lower yield observed using DSs is attributed to the 

limited accessibility of cellulase, as compared to the standard cellulose case, which composed of 

pure hydrolysable amorphous cellulose. The results also show the significance of the pretreatment 

method on the effectiveness of the hydrolysis process, which is a  key challenge with using any 

lignocellulosic biomass [22].  

These findings agree with previously reported enhancement in cellulose hydrolysis by the 

use of MBR. In general, by simultaneous product separation, in a dead-end MBR system, an 

increase in conversion by up to 40% can be achieved as compared to case without product 

separation in the conventional batch reactor [159]. Enhanced enzymatic hydrolysis conversion of 

α-cellulose to 53%, after 48 h, was achieved using dead-end MBR with flat-sheet polysulfone 

membrane, 10 kDa, compared to 35% in batch reaction [112]. In addition, the use of CSTR with 

dead-end filtration module with a 2 kDa polyethersulfone membrane, for the enzymatic hydrolysis 

of cotton cellulose achieved 19% conversion, with semi-continuous product removal after 72 h, 

compared to only 5% in a batch system [202]. In a stirred tank reactor with crossflow membrane 

module, pretreated rice straw with dilute sulfuric acid for 30 min at 100oC achieved 81% cellulose 

conversion after 72h, which was reasoned by the effect of both pretreatment and product removal 

[203].  
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Figure 23: Production yield from NaOH pretreated DSs with and without permeation, and 
standard cellulose with permeation in the inverted dead-end MBR using substrate and enzyme 
concentrations of 13.3 g/L and 0.48 g/L, respectively, at pH 4.8, 48oC, and water flowrate of 0.8 
mL/min (τ =15.6 h) 

 

The most important finding of this work is testing the novel tubular MBR with radial flow 

MBR. The new design provides a larger diffusional surface area, which increases the product 

diffusion and in turn results in a further enhancement of the reaction rate and production yield. 

This idea was previously suggested [141], for a simulated case. In this work, however, the reactor 

was physically built and challenged by a real test. The reducing sugars production yield from the 

enzymatic hydrolysis of the NaOH pretreated DSs is shown in Figure 25, compared to that 

achieved using the inverted dead-end MBR, under the same conditions. The superiority of the 

new design was evident with a yield reaching up to 29% within 8 h. The enhancement in the yield 

in the radial MBR is attributed to the increase in the diffusion area. The tubular membrane 

surrounding the reaction area throughout the reactor allowed for more product separation and 

pushed the reaction to the forward direction, compared to the limited membrane area allowing 
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diffusion in the flat-sheet MBR. In addition, at the substrate concentration used, no mixing 

problems were encountered, which suggests that the reactor can handle higher concentrations, 

which is a major challenge facing the inverted dead-end MBR design.  

In comparison with a 30 kDa flat-sheet membrane (NADIR 30) in a dead-end module, the 

enzymatic hydrolysis of Solka Floc cellulose with a flowrate of 80 mL/min in a tubular reactor 

using porous stainless steel, 0.1 µm, showed 53% conversion com-pared to 48% conversion in 

flat-sheet after 25h [138]. The difference in the conversion yield was partially attributed to the 

limitation in product removal due to the smaller membrane surface area in the flat-sheet 

membrane. In addition, the hydrolysis of pretreated Mavicell, using thermal pretreatment at 120oC 

for 20 min, in the same tubular reactor achieved 70% conversion after 10h [138]. The effect of 

product removal in these studies agree with the results presented in this work and reflect the 

contributions of both pretreatment effect on substrate disruption and increasing product removal 

by increasing membrane surface area in the tubular design. In addition, the viscous slurry that 

may result by high solid loading and mass transfer limitations are eliminated in the tubular reactor 

allowing to further enhance the yield. However, substrate inhibition can be evident at certain high 

concentrations which was reported before [141, 204]. This can be solved with the intermittent 

substrate feeding to sustain a high yield production. The positive results from this work are 

promising, and the work will continue to model and optimize the process. 
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Figure 24: Reducing sugars production yield from NaOH pretreated DSs using inverted dead-end 
MBR and radial flow MBR, using substrate and enzyme concentrations of 13.3 g/L and 0.48 g/L, 
respectively at pH 4.8, 48oC, and water flowrate of 0.8 mL/min (τ = 15.6 h) 

 

5.2.3 Effects of the Substrate Concentration and Water Flowrate on DSs Hydrolysis 

The effects of different water flow rates and substrate concentrations on biomass 

conversion as function of time were investigated by measuring the total reducing sugars produced 

using PES-10 membrane at the levels listed in Table 5. Figure 26A shows the results at the lowest 

initial substrate concentration of 14.3g/L. It was found that at this substrate concentration, 

increasing the water flow rate initially had low significant effect on the biomass conversion, 

especially at the initial times. However, as the water flow rate increased to 1.2 mL/min (τ = 10.4 

h), the effect becomes more evident, and the amount produced total reducing sugars increased 

significantly. This indicates that the effect of increasing the water flow rate becomes more evident 

as the amount of produced total reducing sugars increases, and its inhibition becomes more 

significant. At the medium concentration of 21.4 g/L, shown in Figure 26B, a similar trend was 

observed were increasing flow rate had initially showed low significance on total produced 

reducing sugars, and the effect became more pronounced at 1.2 mL/min (τ = 10.4 h), especially 
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at the time of reaction progressed. The effect of increasing the initial substrate concentration from 

14.3 to 21.4 g/L was more evident at lower flow rates of 0.4 and 0.8 ml/min, with a residence of 

time 31.3 and 15.6 h, respectively. At the highest tested concentration of 39.6 g/L, shown in Figure 

26C, the effect of increasing water flow rate was more evident at the medium and the highest flow 

rates used, 0.8 and 1.2 mL/min, with a residence of time 15.6 and 10.4 h, respectively, which can 

be attributed to the enhanced removal of product that was required with higher initial substrate 

concertation. Generally, as the positive effect of increasing water flow rate on reducing the 

product inhibition and pushing the reaction forward by enhancing the product removal becomes 

more evident as the amount of produced total reducing sugars increase, it becomes more 

significant at longer reaction times and at the higher initial substrate concentrations of 21.4 and 

39.6 g/L, shown in Figures 26B and 26C, respectively. 
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Figure 25: Total reducing sugars produced using different water flowrates of 0.4, 0.8, and 1.2 
mL/min (τ = 31.3, 15.6, and 10.4 h, respectively), and substrate concentrations of (A) 14.3 g/L, 
(B) 21.4 g/L, and (C) 39.6 g/L, operated at pH 4.8, 48oC, enzymes concentration of 0.48 g/L and 
PES-10  
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The effects of substrate concentration and water flow rate on the total reducing sugars 

production and total reducing sugars yield after 8 h of reaction time are presented in Figure 27. 

As explained earlier, both factors have a positive effect on the biomass conversion. However, as 

shown in Figure 27A, the effects of both factors, were only pronounced at low values and tended 

to fade as the factors increase. It can also be seen that the effect of water flow rate was less 

significant than that of the substrate concentration. This is because as the water flow rate increases, 

the concentration of total reducing sugars in the reaction zone reduces to levels at which the 

product inhibition effect becomes insignificant. Hence. further increase in water flow rate would 

have an insignificant effect on the reaction rate. Increasing the substrate concentration, on the 

other hand, results in increasing their availability for binding to the active sites for enzyme 

productive binding. However, at the highest water flow rate of 1.2 mL/min (τ = 10.4 h) a slight 

substrate inhibition effect was encountered. Substrate inhibition effect, in which an increase in 

substrate concentration result in a decrease in the reaction rate, was observed in previous studies 

[205–208]. Substrate inhibition could be attributed to the decrease in enzyme adsorption with 

increasing substrate concentration [209], this was shown in cellulase adsorption on Avicell 

cellulose, in which the adsorption dropped by 30% with increasing the substrate loading from 1% 

to 5% (w/v) [209]. Enzyme adsorption, however, may not be the only reason for the substrate 

inhibition. For example, a drop in the in the hydrolysis rate of Solka floc cellulose was shown to 

drop as the concentration of the substrate exceeded 75 g/L, despite showing an increase in enzyme 

adsorption with the increase in initial substrate concentration [210]. The substrate inhibition was 

therefore attributed to other effects, such as the formation of clustered cellulose network upon 

wetting, which traps water inside the cellulose pores, leaving less water volume for cellulose 

suspension. This results in a thicker suspension that limits the cellulase diffusion into the cellulose 

pores [210]. The complex cellulosic structure of the lignocellulosic biomass may play a more 

significant role in substrate inhibition. As mentioned earlier, the cellulose consists of hydrolysable 
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and non-hydrolyzable parts. Initially, the readily available first layer of hydrolyzable cellulose is 

hydrolyzed, resulting in an increment in the hydrolysis rate. However, with the progress of the 

reaction, the percentage of the non-hydrolyzable parts increases, resulting in more non-productive 

binding with the enzyme and an inevitable decrease in reaction rate. This effect was not only 

observed as reaction time increases, but also as the substrate concentration increases, which limits 

the amount of substrate concentration to be used.  

MBRs were suggested to overcome the product inhibition effect, while allowing for the 

repeated use of the enzyme in a soluble form. These major problems, which are encountered in 

conventional reactor systems, were successfully overcame and the performance superiority of 

MBRs over batch reactors with no product separation was clearly shown. For example, the 

hydrolysis of the NaOH pretreated DSs with product separation in the inverted dead-end MBR 

resulted in 10.8% production yield after 8 h compared to only 3.5% at the same conditions but 

with no product separation, as shown in this work. These favorable effects were shown to be 

further improved in the radial flow MBR, used in this work, due to the larger diffusion specific 

interfacial area as compared to the inverted dead-end MBR. Indeed, by using the radial flow MBR, 

the enzymatic hydrolysis of pretreated DSs significantly increased to 29% within 8 h, under the 

same conditions.  The effects of water flow rate and substrate concentration on the total reducing 

sugars yield after 8 h in the radial flow MBR are shown in Figure 27B. Both factors have a positive 

effect on the yield with the maximum achieved at flow rate and substrate concentration of 1.2 

mL/min (τ = 10.4 h) and 14.3 g/L, respectively. Substrate inhibition can be observed in the yield 

at 39.6 g/L decreased at the flow rate of 1.2 mL/min. The good performance of the radial flow 

MBR was confirmed in this work, in which a yield of 53% was achieved within 8 h. The drop in 

the observed yield with increasing substrate concentration, show in Figure 27B, should not be 

mistaken by the substrate imbibition, discussed earlier. This drop, however, was mainly because 

the total reducing sugars production did not increase linearly with the increase in substrate 



94 
 

 
  
 
 

concentration, and hence, dividing the amount produced by the initial amount of substrate used 

resulted in the observed decrease in the yield. A similar decline in production yield was observed 

when Avicell cellulose was hydrolyzed using T. reesei cellulase in a batch reactor. The sugar yield 

after 72 h showed a 33% drop when the substrate concentration was increased from 1 to 5% (w/v) 

[209]. Generally, investigation of high solid loading in MBR has been scarce in the literature. In 

dead-end MBRs, the maximum substrate concentration  did not exceed 25 g/L, which was 

essential to minimize membrane fouling [112, 129, 136, 137]. A similar maximum concentration 

of 25 g/L was also used with thermally pretreated Mavicell cellulose enzymatically hydrolyzed in 

a tubular MBR design [138]. To address the membrane fouling effect, while allowing for higher 

solid loading, a modified configuration of the dead-end MBR was tested, in which the substrate 

was confined inside a nylon bag that allows the diffusion of both enzymes and product. This 

allowed loading higher concentrations of microcrystalline cellulose substrate pretreated with 

NaOH [135]. Although higher concentrations of 100 and 200 g/L were used, trapping the substrate 

inside the bag limited the mixing and, thus, enzyme-substrate binding, which resulted in low 

biomass conversion yield of only 4.50% and 3.25% at the two concentrations, respectively [135].  

As shown in Figure 27B, the radial flow MBR, used in this work, did not only show a superior 

performance to other MBRs in terms of reducing sugars production, but also in its effectiveness 

in handling solid loading of complex lignocellulosic biomass, which was three times higher than 

the maximum limit that could be handed using the previous inverted dead-end MBR design. 

Furthermore, this was achieved without mixing problems that might limit enzyme-substrate 

binding. By using a more efficient pretreatment method that reduces the cellulose crystallinity, 

the drop in production yield at high substrate concentration, could be improved and the full 

potential of the tubular MBR could then be reached. 
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Figure 26: Total reducing sugars production after 8 h using different water flowrates of 0.4, 0.8, 
and 1.2 mL/min (τ = 31.3, 15.6, and 10.4 h, respectively), and substrate concentrations of 14.3 
g/L, 21.4 g/L, and 39.6 g/L, (A) total reducing sugars produced, g, and (B) total reducing sugars 
yield, %. At pH 4.8, 48oC, enzymes concentration of 0.48 g/L and PES-10  

 

5.2.4 Kinetic Model  

Polymath software was used to determine the numerical values of the parameters in 

Equations (29) – (34). The equations were solved using estimated kinetic parameters, which were 

changed to minimize the error between the experimental results and the model predictions for all 

tested conditions. Assuming a value of non-hydrolyzable fraction coefficient to be 0.6, the 
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determined parameters are presented in Table 10. Comparisons between the experimental data 

and the model predictions are presented in Figure 28. The figure shows the total reducing sugars 

produced at different initial substrate concentration at the center flow rate of 0.8 mL/min (τ = 15.6 

h). The figure shows that the model predicted the experimental data at the same order, especially 

at the low substrate concentrations. The model tended to overestimate the results at the highest 

substrate concentration, which suggests that other hydrodynamics factors at the higher substrate 

concentrations could have interfered with the reaction. This was attributed to the dynamic changes 

in the substrate quality during the reaction, especially at the higher substrate concentrations, which 

resulted in higher initial total reducing sugars production and a faster exposure of the non-

hydrolyzable substate to the enzymes. This leads to faster non-productive binding and a decline 

in the total reducing sugars production [171]. A better presentation of the changes in substrate 

structure with time could overcome this drawback and improve the model predictions. A similar 

overestimation of experimental results was also observed at high substrate concentrations using a 

kinetic model developed to estimate enzymatic hydrolysis of α-cellulose in a batch reactor at 40oC 

and pH of 4.7. The model developed using α-cellulose hydrolysis also underestimated the results 

at low substrate concentrations [171].  
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Table 10: Kinetic model parameters estimation 

Kinetic parameter Value  Unit 

kc1 0.1  m3/g.h 

kc2 0.33 1/h 

kp 9.5 1/h 

kep1 100 1/h 

kep2 3 x10-3 m3/g.h 

kx1 0.05 m3/g.h 

kx2 10 1/h 

α 4.7 x10-6 1/h 

φ 0.6 - 

 

 

Figure 27: Comparison between the experimentally determined total reducing sugars produced 
and the kinetics model predictions at pH 4.8, 48oC, enzymes concentration of 0.48 g/L, PES-10, 
and the center water flowrate of 0.8 mL/min (τ = 15.6 h) (i.e., X2 factor level of zero) different 
initial substrate concentrations 
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5.2.5 Sensitivity Analysis  

Sensitivity analysis was carried out to examine the significant of the kinetic parameters on 

the total reducing sugars produced, thus, knowing the determining parameter affecting the overall 

kinetics. Figures 29A and 29B show the sensitivity analysis of the estimated parameters of direct 

effect on the total reducing sugars produced, namely kc1, kx2, kp, and kep1 and those of inverse 

effect, namely, kx1, and φ. The parameters kc2, and kep2 also showed inverse effects, but they were 

insignificant, and hence not shown in Figure 29B, which can be removed from the model for 

further simplification. Figure 29A shows that all direct effect parameters had an effect in the range 

of ±3.8% from the original estimated value, with a stronger effect in the negative side. The most 

significant parameter was the substrate crystallinity factor, φ, which resulted in over ±20% change 

in the total reducing sugars produced compared to the original estimated value, which was also 

higher in the negative effect. This reflects the importance of the substrate quality and the 

importance of pretreatment method that contributes to better substrate quality on estimating the 

kinetic parameters and enhances overall hydrolysis rate. 
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Figure 28: Sensitivity analysis of estimated parameters on the total reducing sugars produced 

 

5.2.6 Statistical Analysis  

Response surface regression analysis was performed using the Minitab 19 software with a 

statistical significance established at a p-value of <0.05. Table 11 shows the results of the analysis 

of variance obtained after examining the effects of the two independent variables, substrate 

concentration (X1) and water flow rate (X2), on the total reducing sugars produced after 8 h of 

hydrolysis. As shown in the table, the linear effects of both substrate concentration and water flow 

rate were found to be significant, with p-values of 0.015 and 0.014, respectively. Although both 
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factors were significant, the substrate concentration effect was slightly more significant. None of 

the quadratic terms, substrate concentration (𝑋𝑋12) and water flow rate (𝑋𝑋22), however, were found 

to be significant. These results are in agreement with those reported in Section 5.1.6. In addition, 

the quadratic term (𝑋𝑋12) and X1X2 negatively contributed to the total reducing sugars production, 

which agreed with the previous observation were increasing the substrate concertation to the 

highest concertation resulted in substrate inhibition phenomena which negatively affected the 

yield at the end of the reaction time.  

 

Table 11: Response Surface Regression: product produced versus substrate concentration and 
water flowrate:(A) Coded Coefficients (B) Analysis of Variance 

 
A. Term Coef SE Coef T-Value P-Value VIF 
Constant 6.917 0.508 13.61 0.001   
X1 1.696 0.339 5.00 0.015 2.78 
X2 1.287 0.250 5.14 0.014 1.01 
X1*X1 -1.130 0.390 -2.89 0.063 2.78 
X2*X2 0.269 0.431 0.62 0.576 1.00 
X1*X2 -0.654 0.249 -2.63 0.078 1.01 
B. Source DF Adj SS Adj MS F-Value P-Value 
Model 5 22.1627 4.4325 11.93 0.034 
  Linear 2 19.1166 9.5583 25.72 0.013 
    X1 1 9.2997 9.2997 25.02 0.015 
    X2 1 9.8169 9.8169 26.42 0.014 
  Square 2 3.2581 1.6290 4.38 0.129 
    X1*X1 1 3.1130 3.1130 8.38 0.063 
    X2*X2 1 0.1451 0.1451 0.39 0.576 
 2-Way Interaction 1 2.5711 2.5711 6.92 0.078 
    X1*X2 1 2.5711 2.5711 6.92 0.078 
Error 3 1.1149 0.3716     
Total 8         
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Figure 29: 3-D plot of total reducing sugars produced using PES-10 after 8 h. Operated at pH 
4.8 and 48oC as a function of substrate concentration and water flowrate 

 

A second-order interactive regression model, Equation (39), was developed to relate the 

total reducing sugars produced (P) and the two independent parameters, X1 and X2. The equation 

was used to draw a three-dimensional (3D) plot of the combined effects of substrate concentration 

and water flow rate on the total reducing sugars produced (Figure 30). 

𝐸𝐸 = −7.06 + 0.759 𝑋𝑋1 + 4.2 𝑋𝑋2 − 0.00996 𝑋𝑋12 +  1.68 𝑋𝑋22 − 0.1536 𝑋𝑋1𝑋𝑋2       (39) 

As shown in Table 12, the total reducing sugars produced predicted by the statistical model 

after 8 h resulted in an R2 value of 0.95. The positive effect of both the water flow rate and the 

substrate concentration on the biomass conversion and the slightly negative effect at the highest 

concentration, which were observed in the experimental results (Figure 26) were also observed in 

the 3D surface graph shown in Figure 33. The more significant effect of the substrate 

concentration over the water flow rate effect, as suggested by the p-values, can also be observed 

in the 3D surface graph. 

 



102 
 

 
  
 
 

The process was optimized using Response Optimizer in Minitab, which showed that the 

highest water flow rate of 1.2 mL/min (τ = 10.4 h) and a substrate concentration of 28.9 g/L would 

result in the maximum total reducing sugars amount of 8.7 g. The experimental result obtained at 

1.2 mL/min (τ = 10.4 h) and 18.7 g/L, which was 7.99± 0.06 closely agreed with the model 

prediction.  

 

Table 12: Total reducing sugars produced after 8 h at different substrate concentrations (X1) and 
water flowrates (X2) 

 

 

5.3 Glucose Permeation  

5.3.1 Parametric Study  

The amount of permeated glucose to the upper cell with time through PES-10 membrane 

at different initial glucose concentrations and water flowrates is shown in Figure 31. The lines 

shown on the figure are the connection between the points, added to highlight the trend. Similar 
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trends to those shown in Figure 31 were found for other tested conditions but presenting them in 

the figure would overcrowd it. Increasing the glucose concentration and water flowrates resulted 

in increasing the glucose permeation rate. At a water flowrate of 0.2 mL/min (τ = 62.5 h) and 

glucose concentration of 27 g/L, 11% of the glucose permeated through the membrane within 3 

h. By increasing the flowrate to 0.8 mL/min (τ = 15.6 h)  and glucose concentration to 53 g/L, the 

glucose permeation increased to 51%.  

 

Figure 30: Effects of initial glucose concentrations, Co (g/L), and water flowrates, FR (mL/min), 
corresponding to residence time, τ (h), on permeated glucose through PES-10 membrane. 

 

The permeation rates were determined from the slopes of the permeation amount curves, 

similar to the ones shown in Figure 32. The effects of an increasing initial glucose concentration 

at a constant water flowrate of 0.4 mL/min (τ = 31.3 h) and increasing water flowrate at a constant 

initial concentration of 40 g/L, on glucose permeation rate through PES-30 membrane are shown 
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in Figures 32A and 32B, respectively. The results clearly show the positive effect of both factors 

on the permeation rate. The significance of both effects, however, was found to diminish as they 

increase. Based on the central composite design (CCD), PES-30 was the central point, thus, there 

were more data points using it, to show the effect of each parameter on the permeation rate. 

However, permeation rates for all runs are presented in Table 14.  

The increase in glucose permeation rate with the increase in initial concentration, at 

constant water flowrate, was only due to the increase in the molecular diffusion, as a result of 

increasing the diffusion driving force. The increase of glucose permeation with the increase in 

water flowrate, at constant initial concentration, however, was due to the increase in convective 

flow. As the flowrate increased from 0.1 to 1.6 mL/min, which corresponds to a decrease in the 

residence time from 125 to 7.8 h, respectively, at constant initial glucose concentration of 40 g/L, 

the permeation rate increased from 0.4 to 4.59 g/h.  By increasing the initial concentration from 

13.3 to 66.67 g/L, at a water flowrate of 0.4 mL/min (τ = 31.3 h), the permeation rate increased 

from 1.23 to 3.59 g/h.   

The effect of increasing the MWCO of the membrane on the glucose permeation rate at a 

constant glucose concentration and a water flowrate of 40 g/L and 0.4 mL/min (τ = 31.3 h), 

respectively, is shown in Figure 32C. It can be seen that increasing the membrane MWCO resulted 

in a slight increase in the permeation rate. This can be attributed to the significant difference in 

the molecular weight of glucose in comparison to the pore sizes of PES-10, 30 and 50 kDa 

membranes. The relatively larger pore size allows glucose to pass easily in all MWCO.  
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Figure 31: Glucose permeation rate using PES-30 at (A) 0.4 mL/min (τ = 31.3 h) water flowrate 
and different initial glucose concentrations, (B) glucose concentration of 40 g/L and different 
water flowrates and (C) glucose concentration of 40 g/L, 0.4 mL/min (τ = 31.3 h) water flowrate 
and different MWCOs 
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5.3.2 Statistical Analysis   

Response surface regression analysis was performed using Minitab 19 software with 

statistical significance established at a P-value of <0.05. Table 13 shows the results of the analysis 

of variance obtained after examining the effects of three independent variables, i.e., glucose 

concentration (X1) water flowrate (X2), and MWCOs (X3) on glucose permeation rate. The analysis 

shows that the linear effects of both glucose concentration and water flowrate are significant, with 

P-values of 0.000 for both, with more contribution by water flowrate effect. However, the effect 

of the MWCO was found insignificant. These results are in agreement with those discussed in 

Section 5.3.1. The quadratic term of the water flow (𝑋𝑋22) was found significant (P = 0.001), 

whereas those of the glucose concentration (𝑋𝑋12) and MWCOs were insignificant. However, both 

quadratic term of water flowrate (𝑋𝑋22) and the interaction between MWCO and water flowrate 

showed a negative contribution on the permeation rate. 
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Table 13: Response surface regression analysis of glucose permeation rate versus glucose 
concentration (X1), water flowrates (X2), and MWCOs (X3): (A) Coded Coefficients (B) 
Analysis of Variance 

A. Term Coef SE Coef T-Value P-Value VIF 
Constant 3.599 0.186 19.40 0.000   
X1 1.577 0.256 6.17 0.000 4.61 
X2 2.107 0.137 15.42 0.000 1.23 
X3 0.055 0.120 0.46 0.660 2.63 
X1*X1 0.456 0.231 1.98 0.088 1.33 
X2*X2 -1.109 0.208 -5.35 0.001 1.43 
X3*X3 0.186 0.148 1.25 0.251 1.42 
X1*X2 0.564 0.421 1.34 0.223 4.61 
X1*X3 0.318 0.173 1.83 0.110 1.00 
X2*X3 -0.297 0.204 -1.45 0.190 2.60 

 

B. Source DF Adj SS Adj MS F-Value P-Value 
Model 9 31.9831 3.5537 59.18 0.000 
  Linear 3 16.7736 5.5912 93.11 0.000 
    X1 1 2.2842 2.2842 38.04 0.000 
    X2 1 14.2804 14.2804 237.82 0.000 
    X3 1 0.0127 0.0127 0.21 0.660 
  Square 3 3.2597 1.0866 18.10 0.001 
    X1*X1 1 0.2349 0.2349 3.91 0.088 
    X2*X2 1 1.7160 1.7160 28.58 0.001 
    X3*X3 1 0.0940 0.0940 1.57 0.251 
  2-Way Interaction 3 0.4362 0.1454 2.42 0.151 
    X1*X2 1 0.1075 0.1075 1.79 0.223 
   X1*X3 1 0.2016 0.2016 3.36 0.110 
   X2*X3 1 0.1268 0.1268 2.11 0.190 
Error 7 0.4203 0.0600     
Total 16         

Coef, coefficient; SE Coef, standard error of the coefficient; VIF, variance inflation factor; DF, 
degrees of freedom; Adj SS, adjusted sum of the squares; Adj MS, adjusted mean square 
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A second-order interactive regression model, Equation (40), was developed to relate the 

permeation rate (ng) and the three independent parameters, X1, X2, and X3. The equation was used 

to draw a three-dimensional (3D) plot of the combined effects of glucose concentration and water 

flowrate at a fixed MWCO of 10 kDa on the permeation rate (Figure 33).  

𝑛𝑛𝑔𝑔 = −0.049 − 0.034 𝑋𝑋1 + 93.8 𝑋𝑋2 − 0.0321 𝑋𝑋3 + 0.000641 𝑋𝑋12 − 548 𝑋𝑋22 + 0.000464 𝑋𝑋32 +

0.47 𝑋𝑋1𝑋𝑋2 + 0.000595 𝑋𝑋1𝑋𝑋3 − 0.329 𝑋𝑋2𝑋𝑋3                                                               (40) 

Table 14: Glucose permeation rate after 3 h at different glucose concentrations (X1), water 
flowrates (X2), and MWCOs (X3) 

 

As shown in Table 14, the glucose permeation rate predicted by the statistical model after 

3 h resulted in an R2 value of 0.99. The process was optimized using Response Optimizer in 

Minitab, and the optimum conditions were found to be the highest glucose concentration of 66.67 

g/L, highest MWCO of 50 kDa and water flow of 1.6 mL/min (τ = 7.8 h). Under these optimum 

conditions, the maximum permeation rate of 4.5 g/h could be achieved, which was very close to 

that experimentally determined at conditions of glucose concentration of 53.3 g/L and water 
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flowrate of 0.8 mL/min (τ = 15.6 h), using both PES-10 and PES-50, and using PES-30 at 

conditions of glucose concentration of 40 g/L and water flowrate of 1.6 mL/min (τ = 7.8 h). Figure 

33 clearly shows the slight positive effect of glucose concentration compared to the significant 

effect of water flowrate on the permeation rate, which agrees with the experimental findings 

presented in Section 5.3.1 that persists throughout the tested range. 

 

Figure 32: Combined effects of initial glucose concentration and water flowrate on glucose 
permeation rate through PES-10 membrane 
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Chapter 6: Conclusion and Future Perspectives 
 

6.1 Conclusion    

Enzymatic hydrolysis of cellulose is a complicated process. Understanding and modelling 

the reaction are key factors for enhancing the process and improving the feasibility. The two main 

obstacles facing the enzymatic hydrolysis of cellulose, namely enzymes recycling and product 

inhibition, are addressed in this work. To solve these obstacles, a novel inverted dead-end 

ultrafiltration MBR was designed, tested, and modelled to enhance the product yield. In addition, 

the applicability of high solids loading was further tested in a newly designed radial flow tubular 

MBR system with a lignocellulosic biomass, DSs, which is a major concern in large-scale 

production. 

To simultaneously address the problems of product inhibition and confining soluble 

enzyme inside the reactor system, an MBR was designed using PES-10 membrane in an inverted 

dead-end filtration concept. The PES membrane was shown to completely reject cellulase and 

only allow the permeation of glucose. By using the MBR for enzymatic hydrolysis of standard 

cellulose by T. reesei cellulase, the efficient continuous separation of the products enhanced the 

total yield after 8 h from 7% (without product separation) to 45%. This was mainly due to the 

elimination of product inhibition effect and the pushing of the reaction in the forward by the 

continuous product removal. In addition, the novel design eliminated membrane fouling 

occurrence, which was a major concern with other MBR configurations. This was proven by SEM, 

FTIR, and XRD analyses, which showed absence of internal or surface fouling. Statistical analysis 

of the effect of initial substrate concentration and water flowrate on the production yield showed 

that both effects were significant. A kinetic model was developed from the mechanistic reaction 

steps and was successfully fitted to the experimental data to determine the kinetics parameters.  
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The applicability of an inverted dead-end MBR was further evaluated using a real 

lignocellulosic waste biomass, namely date seeds (DSs). Using fresh, untreated DSs, enzymatic 

hydrolysis yield did not exceed 2.1% after 8 h. However, by removing 30% of lignin from the 

DSs, the hydrolysis yield enhanced to 3.5% under the same conditions. This shows the 

significance of biomass pretreatment on the enzymatic hydrolysis yield. The effect of partial 

removal of lignin on opening of the lignocellulose structure and exposing the cellulose was 

confirmed using SEM, FTIR, and XRD analyses.  

The effect of continuous products separation was also tested in a novel radial flow MBR, 

which offered a much larger specific interfacial area and allowed for higher solids loading that 

those were not provided by the inverted dead-end MBR. The membrane surface in the inverted 

dead-end MBR was 44 cm2. However, the specific surface area of the radial flow MBR was 578 

cm2, and the specific area per volume of reaction was 0.62 cm2/cm3, compared to only 0.06 

cm2/cm3 in the inverted dead-end MBR, which resulted in a further enhanced separation. In 

addition, high solids loading above 13.3 g/L, which was a barrier to overcome in the inverted 

dead-end MBR, was shown to be applicable in the radial flow MBR, which is promising for 

scaling up the process. The results of this work represent a significant addition to MBR research 

for enhancing the enzymatic hydrolysis of lignocellulose for bioethanol production. 

6.2 Future Perspectives 

The global annual bioethanol production is estimated to reach up to 140 billion liters in 

2022, with a compound annual growth rate (CAGR) of 7.6%. These figures are still low compared 

to other industrial applications, which is mainly due to the challenges faced in large scale 

bioethanol production [212]. Therefore, an important aspect is the use of MBR for simultaneous 

enzymatic hydrolysis, which could have a positive effect on simplifying the process. 
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To improve the performance of lignocellulosic-to-ethanol production process and bring it 

closer to commercialization, it is essential to enhance the cellulose hydrolysis rate and yield, while 

operating at high substrate loading to increase the concentration of the produced sugars [213]. To 

achieve this, an effective substrate pretreatment method, which result in improving the substrate-

cellulase productive binding, should be adopted [214]. By using the NaOH pretreatment, 30% of 

lignin was removed.  However, higher concentrations of the alkaline, coupled with other 

pretreatment methods, could be investigated to increase the removal of lignin. Nevertheless, care 

should be taken to avoid the production of by-product inhibitors to the enzyme. In addition, a high 

pH after the alkaline pretreatment would require an additional neutralization step to avoid enzyme 

deactivation.  

Enhancing enzymatic hydrolysis and the subsequent fermentation step both require high 

solids loading, which proved to be a major problem in most conventional stirred reactors. This 

was addressed in the radial-flow MBR using PES membrane, which showed promising results for 

enhanced enzymatic hydrolysis while allowing for high solids loading. To improve this further 

and to be industrially applicable, a membrane with a high mechanical strength that can withstand 

high separation fluxes would be needed. Ceramic membranes have shown promising results in 

this regard, and can be tested as an alternative to the PES membranes. The use of ceramic 

membranes in MBRs for enhanced enzymatic hydrolysis of cellulose has never been addressed in 

literature, and for large scale production, more investigations would be needed.  
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Appendix 
 

A sample calculation for the product yield is shown below for the case of using inverted 

dead-end MBR using PES-10 at 8 h of hydrolysis reaction, substrate and enzyme concentrations 

of 6.67 and 0.48 g/L, respectively, and a water flowrate of 0.4 mL/min:  

Measured products concentration in the bottom chamber (accumulated) = 2.33 g/L 

Measured products concentration in the upper chamber = 0.64 g/L 

Measured products concentration in the collected overflow = 0.52 g/L 

Volume of the bottom chamber = 0.75 L 

Volume of the upper chamber = 0.65 L 

Total volume of collected overflow after 8 h = 0.192 L (which is also equal to 0.4 x10-3 L/min x 

480 min): 

Total products amount =  2.33 �
g
L�

× 0.75(L) + 0.64 �
g
L�

× 0.65(L) + 0.52 �
g
L�

× 0.192 (L) 

Total product amount = 2.26 g 

Total amount of substrate used =  6.67 �g
L
� × 0.75(L) = 5 g 

The total yield is calculated by dividing the total products amount by the amount of substrate 

initially added in the bottom chamber:  

𝐸𝐸𝑃𝑃𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑛𝑛 𝑦𝑦𝑃𝑃𝑒𝑒𝑦𝑦𝑑𝑑 =  
2.26 𝑔𝑔

5 𝑔𝑔
× 100% = 45.2% 
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The potential of the enzymatic hydrolysis of lignocellulose is currently 

compromised by the cost of production in comparison to the yield. The main two 

challenges are related to the activity of the enzyme activity and to product 

inhibition. This study enhances the feasibility by developing a membrane 

bioreactor (MBR) technology. The different suggested MBR types in the literature 

allow for different ranges of enhancement, however, membrane fouling and high 

solid loadings are limiting their application. In this PhD dissertation, novel MBRs 

are designed to eliminate the product continuously and allow the handling of a high 

solids loading. 
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