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Abstract

Natural field latex with about 30% dry rubber content (DRC) needs to be further

concentrated to about 60% DRC for further downstream processing into a variety of

products. A large volume of skim latex (consists of 6-8% DRC) is produced as by-

product during centrifugation of natural field latex. Membrane separation process can be

used to recover the skim rubber particles as well as the by-product serum from the skim

latex stream leading to zero discharge. Current practice requires a wastewater treatment

plant to treat the waste to meet the legal requirement before discharging to the

environment. As such a study has been initiated to gain an understanding of the fouling

behavior of skim latex in terms of permeate flux and fouling resistances during the

ultrafiltration of skim latex in order to increase membrane life as well as optimizing

cleaning procedure. A bench scale crossflow ultrafiltration unit using single channel

tubular ceramic membrane with pore size 0.05µm was used in this study. The effect of

operating conditions, i.e. crossflow velocity (1.3 cm/s to 4.6 cm/s) and transmembrane

pressure (0.3 bar to 1.0 bar) were investigated. The overall filtration performance

showed a similar trend, i.e. initial permeates fluxes start up high and then decreases

rapidly. Finally, permeate flux attained pseudo steady state where permeate flux was

almost constant at this stage. At crossflow velocity 4.6cm/s, initial permeate flux and

permeate flux at pseudo steady state decreased with the increase in transmembrane

pressure. At crossflow velocity 1.3 cm/s, permeate flux at pseudo steady state is reduced

by about 38% as transmembrane pressure increased from 0.6 bar to 1.0 bar. However,

permeate flux at pseudo steady state is increased drastically (263%) as transmembrane

pressure increased further to 1.3 bar. This behavior occurred due to the change in the

microstructure of fouled membrane as shown in scanning electron microscope images.

Keywords: Ultrafiltration; skim latex; ceramic membrane; fouling
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Abstrak

Lateks mentah dari ladang getah dengan kandungan getah hampir 30%

kandungan getah kering (DRC) perlu dipekatkan sehingga kandungan getah mencapai

60% DRC sebelum diproses selanjutnya. Semasa process pemekatan, skim lateks (DRC

6-8%) akan dihasilkan sebagai produk sampingan dalam kuantiti yang besar. Proses

penurasan dengan menggunakan membran merupakan cara yang ideal untuk

memperoleh semula getah dan elemen farmaseutikal dalam skim latek. Amalan yang

digunakan dalam industri getah sekarang memerlukan loji rawatan untuk merawat air

sisa  supaya memenuhi keperluan undang-undang sebelum dilepas ke alam sekitar.

Dengan itu, kajian atas kesan parameter operasi kepada proses penapisan adalah sangat

penting untuk memahami tingkah laku pengotoran dari segi kadar resapan dan rintangan

pengotoran untuk meningkatkan hayat membrane dan mengoptimumkan prosedur

pembersihan. Unit penapisan skala makmal dengan membran seramik dengan saiz liang

0.05µm digunakan dalan kajian ini. Kesan halaju aliran dan tekanan dalam proses

penurasan membrane telah dikaji. Secara keseluruhan, kadar resapan adalah tinggi

semasa permulaan. Kadar resapan kemudian berkurang dengan masa dan menjadi stabil

selepas masa penurasan 2000s. Pada halaju 4.6 cm/s, kadar resapan pada permulaan dan

semasa stabil berkurang dengan penambahan tekanan dalam membran. Pada halaju 1.3

cm/s, kadar resapan semasa stabil berkurang sebanyak 38% semasa tekanan bertambah

dari 0.6 bar ke 1.0 bar. Kadar resapan semasa stabil bertambah pula sebanyak 263%

semasa tekanan dalam membran bertambah melebihi 1.3 bar. Hal ini adalah disebabkan

oleh pengotoran permukaan membran telah mengubah struktur kotoran pada permukaan

membran. Lapisan kotoran pada permukaan membran mempunyai poros yang lebih

besar pada tekanan yang lebih tinggi membenarkan resapan yang lebih tinggi. Kajian
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juga menunjukkan kadar resapan bertambah dengan halaju aliran. Ini adalah disebabkan

oleh tegasan ricih pada permukaan membran dapat melambatkan kesan pengotoran.

Kata kunci: Penurasan ultra; skim lateks; membran seramik; pengotoran
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CHAPTER 1

INTRODUCTION

1.1 Background

Thailand, Indonesia and Malaysia are the three largest rubber producer countries

in the world. These countries produced around 70-90% of the world natural rubber

production (Table 1.1). Table 1.1 showed that natural rubber production for Indonesia

had increased about 26.7% from year 2006 to 2010. Malaysia as the third largest natural

rubber producer, produced about 20-23% of the world natural rubber production

(Annual Rubber Statistics Malaysia 2010; "Malaysian Rubber Export Promotion

Council," 2003-2011).

According to Department of Statistics Malaysia, in 2010, Malaysia had exported

more than 800 000 tonnes rubber products since year 2000 as shown in table 1.2

(Annual Rubber Statistics Malaysia 2010).

Table 1.1: Natural rubber production from 2006 to 2010 (Annual Rubber Statistics
Malaysia 2010)

Production of the years (‘000 tan metric)

Countries 2006 % 2007 % 2008 % 2009 % 2010 %

Malaysia 188.0 23.0 153.3 23.0 156.4 22.8 161.2 23.4 142.4 20.5

Indonesia 140.9 17.2 191.0 28.7 208.0 30.3 208.0 30.1 305.0 43.9

China 74.8 9.1 91.0 13.7 69.3 10.1 69.3 10.0 67.0 9.6

Thailand 251.9 30.8 230.4 34.6 251.7 36.7 251.7 36.5 180.4 26.0

Others 163.1 19.9 - - - -

Total 818.7 100 665.7 100 685.4 100 690.2 100 694.8 100
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Table 1.2: Summary of rubber exports for year 2000-2010 (Annual Rubber Statistics
Malaysia 2010)

Year
Export

‘000 tonnes RM million

2000 978.0 2571.3

2001 820.9 1886.4

2002 887.0 2491.9

2003 946.5 3581.5

2004 1109.1 5210.5

2005 1128.0 5786.6

2006 1137.6 8234.6

2007 1018.1 7335.2

2008 915.5 8111.3

2009 697.6 4459.5

2010 900.9 9210.1

Natural rubber is gaining economic importance in terms of sustainability issues.

Large scale natural rubber producers are also prone to the volatile nature of the

commodity price movement. According to NST Business Times in September 2012,

Malaysia and Thailand are looking at the possibility to develop a joint large-scale

rubber and rubber based industries located in the Kedah-Thai border. This effort is taken

to stabilize the falling rubber prices as well as to protect the rubber smallholders who

are dependent on the commodity for their living.

Natural rubber latex is the main industrial raw material for natural rubber latex

products. Natural rubber is a naturally occurring substance obtained from the

exudations of Hevea brasilienesis rubber tree. Natural rubber is either exported as latex

concentrates or processed into dry solid rubber (in sheet, crepe, or block forms).

If solid rubber is required, natural rubber latex is collected and undergoes further

processing. In this process, heat is applied to destroy many of the proteins and solid

rubber is produced. The industry classifies solid rubber based on its method of

Univ
ers

ity
 of

 M
ala

ya



3
`

processing and the final purity of the material. It is referred as technically specified

rubber (TSR) or sometimes sheet rubber.

In the market, about 10% of all natural rubber is processed into latex concentrate

by removing some of the water. Latex concentrate containing about 60% DRC is made

from freshly tapped field latex, un-coagulated ("Market Information in the Commodities

Area," 2011). During the concentration process of natural rubber latex, large amounts of

skim latex with DRC of 6-8% are produced as a byproduct (Thongmak et al., 2009).

Rubber particles in the skim latex are recovered through coagulation. Coagulation is the

process of destabilization of rubber particles. Acetic acid and formic acid are generally

used for coagulation. In practice, the quantity of acid used for coagulation of the latex

especially skim latex after centrifuging process is generally found to be higher than the

actual requirement. Insufficient acid during coagulation results in incomplete

coagulation and cause the rubber particles to enter the effluent stream along with skim

serum. The usage of excess acid not only causes acidic effluent but also causes

difficulties in coagulation.

1.2 Problem statement

Skim latex is a by-product during concentration process of natural rubber latex

with dry rubber content of only 6-8%. It is economically and environmentally desirable

to recover these remaining rubber particles in skim latex. However, rubber particles in

skim latex are highly stabilized and it is difficult to recover them. The conventional

practice by most rubber mills is to use industrial grade sulfuric acid to coagulate the

remaining rubber particles. The quantity of acid used is generally in excess of the actual

requirement (Van et al., 2007). Acidic skim rubber produced fetches a low price in the

market. Furthermore, highly acidic effluent is discharged as waste and released acidic
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gas into the environment, posing a series of environmental problems such as malodor

and polluting the waterways. In a survey of Vietnam Rubber Factory (Table 1.3), it was

shown that about 25m3 of acidic effluent was released per ton of product produced. The

effluent is even more than during latex concentration process. Table 1.4 shows the

content of hydrogen sulfite in gaseous emission during processing of natural rubber

latex. These data shows that most of the hydrogen sulfite is released at the reception

tank. In the centrifuging process, about 0.008-0.012 mg/m3 was released, an average of

about 1.38% of total gaseous emission.

Table 1.3: Wastewater /Effluent discharged per ton of products (Van et al., 2007)

Product Effluent (m3)

Skim latex 25

Latex concentrate 18

Miscellaneous 35

Total flow rate 106 m3/ year

Table 1.4: Concentration of ammonia and hydrogen sulfite in gaseous emission
from latex processing (Van et al., 2007)

Process H2S (mg/m3)

Reception tank 0.022 – 0.03

Rolling 0.019 – 1.27

Centrifuging 0.008 – 0.012

Drying 0.001 – 0.021

Packaging 0.005 – 0.016

Membrane separation process provides an alternative method of recovery of

skim rubber. The main purpose of filtration of skim latex is to concentrate skim latex to

about 30% which is almost similar to the rubber content of field latex. Concentrated

skim latex can be added into the new batch of field latex for the following

centrifugation process or it can be blended for other purposes. Filtration of skim latex
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can produce clear serum which is free of rubber as a by-product. The single largest

component of the serum is a water soluble carbohydrate which is about 23% by weight

of the total non-rubbers. This carbohydrate is an important chemical feed stock for the

synthesis of a range of bioactive material (Deng & Deng, 2000). If all the serum from

skim latex processing can be exploited, the income from biochemical extraction may

well exceed the sales of latex concentrate. The studies by Veerasamy shows that field

latex can be concentrated from DRC 30% to 46% using membrane separation

technology with a suitable preservation system (Veerasamy et al., 2003).

However, application of membrane separation process in filtration of skim latex

has drawback due to fouling problem (Shah & Sulaiman, 2009; Veerasamy et al., 2003;

Veerasamy et al., 2009). This phenomenon affects membrane separation efficiency and

incurs higher costs in term of membrane replacement and the need for cleaning.

Membrane fouling is defined as the accumulation of particles of feed inside or in the

pores of the membrane surface. Formation of fouling layers on membrane surface will

change the properties on the membrane and thus increase the resistance to permeate

flow. Fouling is governed by factors such as membrane pore size, solute loading and

size distribution, membrane material and other operating conditions. Understanding the

behavior of fouled membranes can lead to optimization of the process system in terms

of the flux-fouling relationship. However, there is presently limited study and resources

on the fouling behavior during ultrafiltration of skim latex.Univ
ers
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1.3 Objectives of study

This study focused on the fouling behavior during the ultrafiltration of skim

latex. The objectives of this investigation are as follows:

a. To investigate the effects of transmembrane pressure on fouling.

b. To investigate the effects of crossflow velocity on fouling.

c. To investigate the relationship between crossflow velocity and

transmembrane pressure on filtration performances.

d. To characterise membrane fouling using various techniques

e. To identify fouling mechanisms of skim latex on membrane surface.

1.4 Significance of study

As mentioned previously, one of the major limitations of membrane separation

process of skim latex is membrane fouling. One of the key elements to develop an

effective prevention or cleaning methods is to gain understanding of the fouling

behavior. A sound characterization protocol can determine the predominant membrane

fouling mechanism at different stages of the filtration operation. The complex nature

and structure of fouling layers present additional challenges in the study of fouling.

Experimental data obtained from the characterization of fouling layer can also be used

to develop a protocol to clean the used membrane and assess the effectiveness of

various membranes cleaning method; and to optimize the operation of the process.Univ
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1.5 Outline of dissertation

As shown in Table 1.5, the dissertation is presented in five chapters. Chapter 1

gives a brief overview of the thesis. The problem statement and the significance of the

research are also presented in this chapter. In Chapter 2, a review on previous studies

and works related to this investigation is presented in order to provide fundamental

understanding on the area of research. Research methodology including materials and

equipments used in the study is discussed in Chapter 3. In the following Chapter 4,

experimental results are presented and analyzed. The fouling behavior during

ultrafiltration of skim latex is discussed as a result of different operating parameters.

Finally, conclusion derived from the results obtained is summarized in Chapter 5.

Additional information is presented in the appendix.

Table 1.5: Summary for dissertation outline

Chapter Description

Chapter 1: Introduction Research background and problem statement.

Chapter 2: Literature review
Review on previous works and provide
fundamental understanding.

Chapter 3: Methodology
Materials and experimental approaches used
in the study.

Chapter 4: Results and discussions Experimental results and data interpretation.

Chapter 5: Conclusion Summary on research finding.
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CHAPTER 2

LITERATURE REVIEW

2.1 Natural rubber latex

2.1.1 Characteristics of natural rubber latex

Currently, almost all fresh natural rubber as the main industrial raw material for

rubber products is obtained from Brazilian (Hevea brasilienesis) rubber trees. Fresh

latex tapped from the rubber tree, known also as field latex, is a cloudy, white liquid,

similar in appearance to cow’s milk. It is basically a polydispersed biopolymer colloid

suspension of rubber particles in an aqueous phase. Dispersed rubber particles consist of

isoprene units (C5H8)n arranged as cis-1,4-polyisoprene as shown in Figure 2.1 (Beilen

& Poirier, 2007). The mean diameter of natural rubber latex particles from Hevea

brasiliensis varies from 0.2μm to 3μm (Cornish, 2001). The molecular weight of

isoprene monomer in natural rubber latex is a 68Da. Rubber particle of Hevea

brasiliensis has at an average molecular weight of 1200kDa (Beilen & Poirier, 2007).

C C

CH2 H2C

H CH3

* *

n

Figure 2.1: Chemical structure of cis-1, 4-polyisoprene in natural rubber
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Due to its high molecular weight (>1 million Da), natural rubber possesses high

performance properties which include resilience, elasticity, abrasion and impact

resistance, and efficient heat dispersion which cannot be matched by synthetic rubber.

As shown in Figure 2.2, in natural rubber latex, the particles consist of a rubber core

surrounded by a layer of highly specific protein and lipid composition which act as a

membrane (Nawamawat et al., 2011). This layer usually carries positive charges at

normal pH 6.5. The phospholipids with some positive charges attract proteins which

having lower isoelectric points than 6.5 to form a lipid bilayer with hydrophilic heads

facing out. The glycosylated moieties and hydrophilic groups of the phospholipids

group enable the particles to interact with the aqueous cytosol (Cornish, 2001). This

may cause the rubber particles to obtain a net negative surface charge and caused

repulsive force between rubber particles and prevents the collision between rubber

particles ("All About Natural Rubber Latex," 2009). This phenomenon had improves

the latex colloidal stability.

Figure 2.2: Cross section of rubber particles (Nawamawat et al., 2011)

Natural rubber latex consists of about 30% rubber and about 5% non rubber

materials such as proteins, minerals, carbohydrates and lipids (Beilen & Poirier, 2007;

Danwanichakul et al., 2011). A summary of natural rubber latex composition is shown
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in Table 2.1. The study of Cornish also stated that proteins associated with rubber

particles of Hevea brasiliensis contain of 80 different proteins across a  size range of 5

to over 200kDa (Cornish, 2001).

Table 2.1: Composition of natural rubber latex (Heinisch, 1974)

Component Composition (%)

Rubber 30-40%

Proteins 1.5-3.0%

Resins 1.5-2.0%

Sugars 1.0-2.0%

Ash 0.5-0.1%

Water 55.0-70.0%

As a biological liquid, latex will coagulate within a few hours after tapping due

to naturally occurring agents. Spontaneous coagulation of latex is mostly due to the

hydrolysis of the lipid substances in the latex which produce fatty acid anions. As a

biological liquid, microbial activities in latex during storage produce volatile fatty acids.

The presence of divalent metal ions such as calcium and magnesium tend to neutralize

the negative charges adsorbed on rubber particles surface. Such reactions reduce the

stabilizing layer and thus caused spontaneous coagulation of latex. To prevent such

coagulation, a short term preservative, called anticoagulant, is added. Anticoagulants

prevent coagulation by offsetting the enzymatic and bacterial influences. The most

widely used preservative is ammonia. Presence of ammonia in latex causes hydrolysis

of phospholipids and protein retained on rubber particles surface. Hydrolysis of

phospholipids produces glycerol, fatty acids anion, phosphate anions and organic base.

Every molecule of phospholipids produces two higher fatty acids anions enhancing the

net negative charge on rubber particles surface and thus improve its colloidal stability.

Proteins also undergo hydrolysis in the presence of ammonia, producing protein with

lower molecular weight. Decrease of molecular weight causes the increase in their
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solubility in water. Proteins are displaced from the rubber-serum interface causing the

reduction in net negative charge on rubber particles surface. This can reduce the

colloidal stability of latex. However, hydrolysis of phospholipids is a relatively fast

reaction compared to hydrolysis of protein. Therefore, in the presence of ammonia,

colloidal stability of latex is improved.

Natural rubber latex exhibits pseudoplastic rheological behavior (Doneva et al.,

1998; Krusteva et al., 1999; Sridee, 2006). It has shear thinning properties, i.e. latex

viscosity decreases with the increase of shear rate. A plot of viscosity versus shear rate

of natural rubber latex at various total solid contents from the study of Sridee was

shown in Figure 2.3. The plot proved that viscosity of natural rubber latex was reducing

with shear rate. At low shear stress, rubber particles interactions between them make its

viscosity high. When shear rate is applied, rubber particles slide and align in the shear

direction. As shear rate increases, the interactions between particles can be overcome,

and the viscosity of the latex will decrease. Besides shear rate, colloidal system

viscosity is also highly dependent on particle size distribution. Viscosity will increased

as particle size increase (Sridee, 2006). Total solid content and temperature will also

affect latex viscosity. High total solid content increases the interaction between the

particles and thus increases its viscosity (Krusteva et al., 1999)
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Figure 2.3: A plot of viscosity at 25°C versus shear rate of natural rubber latex at

various total solid contents (Sridee, 2006)

2.1.2 Natural rubber processing

As shown in Figure 2.4, natural rubber is either exported as latex concentrates or

processed into dry solid rubber (rubber sheet, crepe, or block forms). In the industry,

about 10% of natural rubber latex is exported as latex concentrate (Kumar, 2012;

Tekasakul & Tekasakul, 2006). Latex concentrate is usually used to make gloves,

coating, adhesives and other applications. As mentioned previously, fresh tapped natural

rubber latex usually consists of only 30% dry rubber content and it is not economic to

produce rubber products at this concentration. It needs to be further processed and

concentrated to about 60% dry rubber content before undergoing further product

development. Centrifugation, creaming, evaporation and electro decantation are
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methods that can be used to concentrate field latex. Two common methods used are

creaming and centrifugation. Concentration by creaming uses creaming agents

(ammonium alginate and tamarind seed powder) that cause the lighter rubber particles

to swell and rise to the top and form cream while the dispersion medium remain at the

bottom and form a skim layer. The lower layer is then removed to obtain concentrate

latex with about 50-55% DRC. However, it is a slow process and the colloidal stability

of properties of the films form is highly affected.

Figure 2.4: Typical natural rubber processing and manufacturing

In Malaysia, about 85 to 90% of latex concentrate is obtained through

centrifugation (Veerasamy et al., 2003). In this method, field latex is spun at very high

speed. Centrifugal force generated can separate the rubber from serum. The rubber

particles will raise to the surface due to its density that is lower than the serum.

Centrifugation of field latex produces cream (60% DRC) and skim latex (6-8%DRC)

("How Products Are Made," 2006-2011). One of the best centrifuges used in

concentration of field latex is the de Laval centrifuge. In the process, latex is fed into the

machine through the center and enters into a number of conical shells within a bowl

which rotates at high speed (6000rpm). Rubber particles are separated from the aqueous

Natural rubber latex

Dry rubber

Rubber sheet

Crepe rubber

Crumb rubber

Liquid rubber

Skim latex
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phase serum by the means of centrifugal force due to differences in density. Rubber

particles with lower densities will rise to the surface as a cream gully (Figure 2.5).

However, a portion of small rubber particles are difficult to be effectively separated

from the aqueous phase and usually come out together with the serum to produce skim

latex. As shown in Figure 2.5, in centrifugation process, only a small portion of

proteins, carbohydrates and lipids remained in concentrated latex with the remainder

being retained in skim latex.

Figure 2.5: Fresh latex and centrifuged latex compositions and its structure
(Perrellaa & Gaspari, 2002)

The concentrated latex will be collected, ammoniated and stored for further

manufacturing processes. Meanwhile skim latex obtained was deammoniated,

coagulated with acid, creped and dried to produce cheap grade rubber block.Univ
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2.1.3 Environmental problems and wastewater practice in natural rubber

processing

As rubber industry grows with time, the consequence of rubber processing has

also lead to a serious environmental problem. The rapid growth in natural rubber

products had caused high volume of polluted effluent being released during the

processing operations. Typical environmental problems in rubber industry are acidic

wastewater with high BOD, COD, SS, high concentration of ammonia and nitrogen

compounds, and emit high level of odor. The composition of wastewater from rubber

industry also provides a favorable condition for pathogenic bacteria (Van et al., 2007).

As comparison, effluent from creaming process is less acidic than effluent from

centrifugation process. However, BOD and COD level of the effluent from

centrifugation process is much higher. From Table 2.2, effluent from creaming process

is more acidic than effluent from centrifuging process.

Table 2.2: Typical characteristics rubber processing wastewater (Van et al.,
2007)

Process pH
BOD
(mg/l)

COD
(mg/l)

SS
(mg/l)

TDS
(mg/l)

Sulfide
(mg/l)

Latex concentrate
(Creaming)

8.95 34900 58752 14142 28307 -

Latex concentrate
(Centrifuging)

5.3 3645 5873 1962 13597 -

Ribbed smoked
sheet rubber

5.05 4080 8080 - 4120 -

To overcome pollution problem of rubber industry, waste water treatment is

introduced to make sure it meets the Malaysian Environment Laws (Environment

Quality Act 1974, Act 127). Table 2.3 shows the summary of wastewater treatment

practices in the rubber industry. The purpose of the treatment is to remove the

remaining rubber particles and solid wastes in the wastewater and to neutralize the
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wastewater. However, long retention time and sufficient space are required to carry out

all these treatments.

Table 2.3: Summary of waste water treatment practices in the rubber industry (Van et
al., 2007)

Wastewater
treatment

Description Constrains

Pretreatment  Rubber trap is installed to trap
solid waste by reducing solid
waste by 40-60%.

 Equalization tanks were used
to retain solid waste.

 Adequate detention time
is required.

 Suitable coagulants are
required.

Primary treatment  Waste water was neutralized
using lime.

 Suspended solids were
retained using coagulants with
adequate retention time.

 Sludge obtained will be dried
and removed.

 Sufficient retention is
required.

Secondary
treatment

 Biological treatment to reduce
the quantity of pollutants and
suspended solids.

 Constrained on land area.
 Primary treatment steps

need to be incorporated.
 Detention time of 2-

3days may require.
Tertiary treatment  To remove the remaining

residual in the waste.
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2.2 Skim latex

2.2.1 Characteristics of skim latex

During centrifugation of field latex, mainly rubber particles are removed while

leaving other components in the serum. Besides rubber particles, proteins and other non-

rubber components with higher density than rubber particles will precipitate in the

serum during centrifugation process. Skim latex which is produced as a by-product

during concentration process of natural rubber latex consists of dry rubber content

(DRC) about 6 -8% and total solid content (TSC) of about 7% (Paiphansiri &

Tangboriboonrat, 2005). Most of the rubber factories tend to discard skim latex due to

its high ratio aqueous phase in the skim. Wastewater from rubber factory need to be

treated before released to the environment.

One of the important concerns in natural rubber products is the protein allergenic

problem due to the presence of proteins in rubber. Low protein skim rubber has high

potential to be used in protective products such as gloves and masks, and other medical

related products. Furthermore, the fluidity and interfacial morphology of skim rubber

can form smoother films (Rippel et al., 2003).  Thus, it is economically desirable to

recover the remaining rubber particles in skim latex. On the other hand, it is also

environmentally desirable to do so as it can prevent rubber particles to be discharged in

the waste stream.

However, it is relatively a difficult task to coagulate the remaining finely

dispersed rubber particles in skim latex due to its high colloidal stability. Previous

studies show that the average diameter of rubber particles in skim latex (297nm) was

36.4% smaller than the size of rubber particles in the cream latex (467nm)

(Danwanichakul et al., 2011; Rippel et al., 2003). Skim latex also contains dissolved

ammonia added as preservative making skim serum slightly alkaline (pH 9-10)
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(Jayachandran & Chandrasekaran, 1998). High content of protein substances (9-11%

w/v) is also present in skim latex (Jayachandran & Chandrasekaran, 1998). The high

content of ammonia and proteins had further enhanced the stability of these finely

dispersed rubber particles and affect the following coagulation process. Further, these

non-rubber components will affect the skim rubber recovered and it’s pricing in the

market (Haris et al., 2010).

Similar to fresh tapped natural rubber latex, skim latex possesses shear thinning

behavior which is referred as pseudoplastic material (Liang & Kai, 2011). Hence,

viscosity of skim latex decreases with increasing shear rate. However, viscosity of skim

latex is lower than natural rubber latex as the particles size smaller and rubber content in

skim latex is much lower. Viscosity of skim latex is dependent on concentration, storage

time and temperature (Liang & Kai, 2011).

2.2.2 Processing of skim latex

The conventional method to recover skim rubber is by coagulation with

industrial grade sulfuric acid instead of acetic acid and formic acid. Coagulation is the

process of destabilization of rubber particles. Usage of acid produces acidic skim rubber

and fetched a low price in the market. In acid coagulation, the acid content of the

coagulated rubber could reduce rubber quality. The quantity of acid used for

coagulation of the latex especially skim latex after centrifuging process generally is

found to be higher than the actual requirement. Insufficient acid during coagulation

results in incomplete coagulation with in escape of rubber particles into the effluent

along with skim serum. The use of acid in skim latex coagulation also leads to

generation of highly acidic effluent being discharged from latex rubber industries (~pH

5-6) (Van et al., 2007). The usage of excess acid not only causes acidic effluent but also
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redistribute the rubber protein and causes difficulties in coagulation ("Pollution Control

Implementation Division - III," 2011). Release of this acidic gas into the environment

will cause a series of environmental problems such as malodor and will also affect

health. Figure 2.6 shows the typical latex processing in rubber industry. In skim latex

processing, skim latex is coagulated with 10% sulfuric acids following by neutralization

with 3% NaOH. Crepe rubber produced also need to soak in 0.15% sulfuric acid and 1%

phosphoric acid.

Figure 2.6: Typical processing of skim latex (Haris et al., 2010)

Skim
latex

Ammonia
reduction

Coagulation
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sulfuric cid
Milling  to crepe
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2.2.3 Coagulation of skim rubber

2.2.3.1 Biological method

Coagulation can also be carried out without the addition of acid using biological

methods. However, biological method is not commonly used due to various reasons.

Skim rubber may normally is of lower quality and is usually associated with offensive

smell. Furthermore, biological method usually takes longer time than acid coagulation.

Previous study to coagulate skim rubber using Acinetobacter derived from latex

centrifugation effluent (Jayachandran & Chandrasekaran, 1998). The results showed

that significant amount of coagulation is only observed after incubation of 48 hours.

However, COD of residual effluent for biological coagulation is about 80% lower than

that of chemical coagulation using sulfuric acid.

Rubber Research Institute Malaysia (RRIM) tends to improve the assisted

biological coagulation method by adding sugar from pineapple juice. The results

showed that nearly complete coagulation can be achieved in 16 hours. However, the

skim rubber produced contains bubbles and is more suitable to convert to block rubber

instead of RSS sheet (Cecil & Mitchell, 2005).

Chitosan and polyacrylamide have also been used to coagulate skim latex

instead of sulfuric acid (Danwanichakul et al., 2011). The study showed that chitosan

can be a promising alternative by giving coagulation-flocculation efficiency as high as

80%. The serum after coagulation with chitosan has a pH closer to 7. Both the skim

rubber and serum properties from chitosan system were comparable to the sulfuric acid

system but the quality of the serum was better than sulfuric acid. Effluent produced was

69% lower in BOD and 16.9% lower in COD.
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2.3 Membrane separation technology

2.3.1 Introduction

2.3.1.1 Classification of membrane separation technology

Membrane filtration has emerged as a separation technology which is

competitive in many ways with conventional separation techniques, ranging from

distillation, adsorption, absorption and extraction. It is more and more widely used in

various industries, such as medical application, food industries to waste treatment.

Membrane separation process has gained wide acceptance because it is a low energy

consumption process, and has no secondary contamination. Four industrial scale

membrane separation processes have been developed, i.e. reverse osmosis,

nanofiltration, ultrafiltration, and microfiltration.

In simply term, membrane separation process is a process where solids are

separated from solution by a semi-permeable membrane which allows the passage of

one or more of the components (Porter, 1990). The driving force in all these processes is

pressure driven. Figure 2.7 summarizes the separation process relative to common

materials that would be filtered out through each process. Separation processes are

classified based on the membrane filters pore size and also the approximate particles

molecular weight that can be filtered. Table 2.4 shows the types of particles that can be

removed for different types of filters. From the summary in Table 2.4, microfiltration

membranes allow most of the substances except bacteria and suspended solids to pass

through, while reverse osmosis shows the lowest permeability.
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Figure 2.7: Characterization of filtration process based on filtered particles sizes and
approximate molecular weight (Jebamani et al., 2009)

Table 2.4: Permeability of various substances in water by membrane filtration processes
(Jebamani et al., 2009)

Membrane process

Permeability of particles

Water
Monovalent

ions
Multivalent

ions
Viruses Bacteria

Suspended
solids

Microfiltration √ √ √ √ ᵡ ᵡ
Ultrafiltration √ √ √ ᵡ ᵡ ᵡ

Nanaofiltration √ √ ᵡ ᵡ ᵡ ᵡ
Reverse osmosis √ ᵡ ᵡ ᵡ ᵡ ᵡ

Selections of membrane separation processes and membranes are mostly based

on the molecular weight cut off. In addition to molecular weight, there are several other

factors such as molecule shape and pH that affect permeation through the membrane.

Microfiltration can only filter colloidal particles and bacteria in the range of 0.1 to

10µm in diameter. In ultrafiltration, microporous membranes with pore diameter

between 1-100nm are commonly used. Therefore, in ultrafiltration, not only colloidal

particles and bacteria can be removed, viruses also can be filtered out; with particle
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sizes in the range of 0.005 to 0.1 microns or molecular weight cut off (MWCO) ranging

from 300000 to around 200 Daltons for dissolved materials. Ultrafiltration membranes

usually are classified in term of MWCO, rather than membrane pore size.

2.3.1.2 Modes of Flow (Dead end and crossflow modes)

Membrane separation process can be operated in dead end mode or crossflow

mode. In dead end, feed solution flows perpendicularly onto the membrane surface

(Figure 2.8). The solution passes through the membrane which is the only exit from the

filtration module and solutes which are larger than the pore size are retained on the

surface. Particles accumulate and start to build up a cake layer on the surface of the

membrane, which will deteriorate the efficiency of the filtration process. Filtration rate

decays as the cake layer build up immediately as filtration starts.
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Figure 2.8: Illustration of particles motion in dead end and crossflow filtration

Crossflow filtration, also known as tangential flow filtration, is a process of

filtration where by the feed flows parallel to the membrane surface as shown in Figure

2.8. Crossflow filtration is more efficient for separation of colloidal solution and can

minimize the fouling layer compared to conventional dead end mode filtration. In

crossflow filtration, a feed solution, under pressure, is forced through the center of a

porous tube where pressure differential is established between the inside and outside of

the membrane. The pressure differences force some of the feed solution and dissolved

molecules, which are smaller than the membrane pore size, to pass through the

membrane as permeate. Particles that are larger than the pore are retained in the feed

solution. Feed solution flows in parallel induces turbulence and creates a continuous

scouring action. This force of flow can sweep away particles that accumulate on
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membrane surface and re-directed to the bulk solution. Thus, concentration polarization,

pore blocking and formation of fouling layer can be reduced

(Cotterill, 1996; "Crossflow Microfiltration ", 2002; Sulaiman & Aroua, 2002; Vyas et

al., 2002). The scouring effect in crossflow filtration reduces fouling, maintain the

permeate flux for a longer period of use, thus enhances the membrane efficiency and

capacity compared to filtration in dead end mode. Further, membranes in crossflow

filtration usually can be reused after cleaning and thus reducing production cost.

2.3.1.3 Membrane Materials

A variety of materials has been used for commercial ultrafiltration membranes.

It can be made of organic polymers or inorganic materials such as ceramic, glass, metal

or organic materials. Among all these materials, polymeric membranes, such as

polysulphone and cellulose acetate are the most common. However, cellulose acetate

membranes are sensitive to acid or alkaline hydrolysis, high temperature and biological

degradation. Thus, various techniques such as polymer blending, surface modifications

are used to improve their performance and reduce fouling (Akoum et al., 2005; Belfer et

al., 1999).

2.3.1.4 Membrane Properties

2.3.1.4.1 Pore size or molecular weight cut off (MWCO)

Membranes actually do not have a specific value for pore size due to its material

and processing conditions. In membrane separation processes, membranes are

characterized by membrane pore sizes or molecular weight cut-off. In ultrafiltration,
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membranes are characterized in term of molecular weight cut off rather than membrane

pore size. Molecular weight cut-off is defined as the molecular weight of the globular

protein that is 90% rejected by the membrane. Flux reduction decreases as membrane

molecular cut off increase (Howell, 1995). The main reason is that protein forms a

monolayer in large pores while in small pore size, protein molecules tend to plug the

pores (Howell et al., 1993). It had been proved that permeate flux decays slowly for

membrane with large pore size because large pore size leads to lower membrane

resistance (Hwang & Huang, 2009).

2.3.1.4.2 Porosity

Porosity is the pore volume divided by the volume of the material. Porosity can

be measured by analyzing image of membrane obtained from microscopic analysis

(Kennedy et al., 2008).

2.3.1.4.3 Membrane permeability

In order to assess the membrane permeability, Carman-Kozeny equation can be

used to describe the convection transport in term of volume flux as a function

proportional to applied pressure.

= . ∆ (Equation 2.1)

Where J is the water permeate flux, Lp is the liquid phase permeability of the membrane

and ∆P indicates the transmembrane pressure. The initial microfiltration and

ultrafiltration membrane permeability, Lp0, can be characterized from the pure water
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flux. Initial membrane permeability is then estimated through Carman-Kozeny equation.

Pure water flux is highly dependent on membrane pore size and its size distribution.

2.3.1.4.4 Surface / pore charge

Membrane surface charge is very difficult to measure. However, membrane

surface charges can be estimated through measurement of zeta potential. The zeta

potential of membrane surface was calculated from the measured streaming potentials

using the Helmholtz-Smoluchowski equation (Cho et al., 2000; Costa et al., 2006; Hong

& Elimelech, 1997). Zeta potential is the electric potential at the shear plane of a

particle. In colloidal system, zeta potential can be related to the stability of colloidal

suspension. The surface charge implies different fouling tendencies. The zeta potential

of membrane depends on the nature of ions present in the solution, i.e. pH of the

solution (Hong & Elimelech, 1997; Mart et al., 2003). In previous study, membranes

become less negative with increasing divalent cation concentration (Hong & Elimelech,

1997). At high ionic concentration, membrane surface charges had been reduced. This

had caused the decrease in electrostatic repulsion between the membrane surface and

feed solution, which eventually leads to more severe fouling layer (Hong & Elimelech,

1997; Seidel & Elimelech, 2002) . Thus, the zeta potential of membrane is actually

depends on the ions present in the feed solution (Seidel & Elimelech, 2002). Negatively

charged feed solution is more effectively separated with negatively charged membrane

(hydrophilic) than solution with positive charges. Since most solutions tend to be

negatively charged, hydrophilic membranes are preferred for separation process (Ernst

et al., 2000). More hydrophilic membranes can lead to less adsorption and fouling

during separation process. Particles adsorption is highly affected by the zeta potential

and the solution pH (Ernst et al., 2000).
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The isoelectric point is the pH at which a particular molecule or surface carries

no net charges (Mart et al., 2003). Isoelectric point of a solution is highly affected by

the change of electrolyte concentration in the solution. This point is very important as it

is normally the point where the colloidal system is least stable ("Zetasizer Nano series

technical notes,").

2.3.2 Fouling in membrane separation process

2.3.2.1 Fouling mechanisms

In membrane filtration, fouling is referred to the blocking of membrane pores by

the deposition and adsorption of particles on membrane surface or within the membrane

pores (Kennedy et al., 2008). Fouling is a general term to describe the deterioration of

membrane performance.

In dead end filtration process, the solution flows normally to the membrane

surface. Particles passed through the membrane when subject to the driving force. While

in crossflow filtration, the feed flows tangentially to the surface of membrane. Particles

are pushed through the membrane when transverse driving force is applied at the feed

side. Thus, particles move in pressure driven crossflow filtration as a result of the

balances of transverse flow and tangential flow forces (Song & Elimelech, 1995).

Transverse flow is determined by the combination of applied pressure, membrane

resistance and the extent of concentration polarization (Song & Elimelech, 1995). Feed

solution is continuously supplied into the system in order to maintain the pressure

gradient. Permeate is obtained at the other side of membrane. Retentate is removed at

further downstream. Rejected particles are either diffused back into the bulk solution or

deposited on the membrane surface. Tangential flow tends to reduce the accumulation

of particles on membrane surface by sweeping away the accumulated particles.
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As filtration continues, the concentration gradient of rejected particles on

membrane surface increases and form a concentration polarization layer. The layer acts

as a second resistance layer to permeation and reduce permeate flux. This had attributed

to the rapid decrease in permeate flux at the initial stage of filtration process. In

previous studies of the application of membranes separation technology in latex

suspensions, a typical flux performances with time was obtained as shown in Figure 2.9

(Doneva et al., 1998; Krusteva et al., 1999). Experimental results show that initial pore

blocking can be occurred during the first few minutes of filtration and does not increase

further later on (Mourouzidis-Mourouzis & Karabelas, 2006). The fast initial pore

blocking is usually irreversible.

Figure 2.9: A typical flow of permeate flux as a function of filtration time

The rate of particle deposited onto the polarized layer is the result of balance

between the convection motion of the permeate through the membrane and the particle

back transport mechanism away from the surface (Mondor & Moresolib, 2002). A cake

or gel layer starts to form when filtration is prolonged. When the rate of deposition is

almost equal to the rate of particles inertial lift back to the bulk solution, a pseudo

Permeate flux

Filtration time

Initial flux

Flux at steady state

Pseudo steady
state
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steady state is reached (Hwang & Huang, 2009). At steady state, the concentration

polarization layer reached a thickness that is about constant with time. The properties of

the cake layer formed in turn determine the performance and characteristics of the

filtration process.

In membrane separation process, the process performances are characterized by

flux and its selectivity. Flux indicates the productivity of the process and is defined as

the rate of flow of fluid through the membrane per unit area of the membrane.

Selectivity is the ability of the membrane to select one or more components to pass

through the membrane while rejecting the others. It can be expressed in terms of

retention or separation factor. Both selectivity and productivity are highly dependent on

membrane and feed solution characteristics.

Fouling can be classified into washable (reversible) and non-washable

(irreversible) phenomenon. Reversible fouling usually is easily removed by hydraulic

flushing or backwashing after filtration. Reversible fouling usually points to the

deposition of particles on membrane and in the membrane pores. On the other hand

irreversible fouling refers to fouling due to strong physical or chemical adsorption of

particles onto the membrane surface and pores (Faibish & Cohen, 2001). Thus,

irreversible fouling is difficult to remove through physical backwashing (Kennedy et al.,

2008). Reversible and irreversible fouling are major obstacles in membrane separation

technology. Severe fouling can deteriorate the filtration performance causing a decline

in permeate flux, increase in solute rejection and affect the quality of permeate. It may

increase the operation downtime and operating costs due to the need for intensive

membrane cleaning or membrane replacement due to shorter life span.

Reversible and irreversible fouling can be a result of several mechanisms

(Matsuura, 2004):
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a) Pore blocking

b) Adsorption of solute on membrane surface

c) Concentration polarization

d) Cake or gel formation

2.3.2.1.1 Pore blocking

The motion of particles in crossflow filtration system is the result of tangential

and transverse flow. Particles brought onto the membrane surface may not adsorb on the

membrane surface, but the solutes may physically block the membrane pores due to

sieving mechanism. The solutes may block the pores totally or may block the pores

partially and caused pore restriction. It is irreversible and can be partly removed through

backwashing. Pore blocking reduces the membrane porosity and thus decline in

permeate flux as shown in Figure 2.10 (Costa et al., 2006).

Figure 2.10: Change of permeate flux with filtration time of colloidal natural organic
matter solution in a dead end filtration system (Costa et al., 2006)
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The effect of pore blocking is more significant in microfiltration due to larger

pore sizes which allow particles to penetrate and be deposited in the membrane pores.

For ultrafiltration, fouling is mostly on the membrane surface (Marshall et al., 1997).

The extent of pore blocking highly depends on the amount of particles arriving at the

membrane surface, the amount of particle accumulation and filtration rate during

filtration process (Hwang et al., 2007). However, filtration resistance due to pore

blocking (Rif) is relatively small and can be negligible compared to filtration resistance

due to cake (Rc) and concentration polarization (Rp) as shown in Figure 2.11 in the

filtration of BSA (Hwang et al., 2006).

Figure 2.11: Effects of filtration pressure on the filtration resistances due to different
sources (Hwang et al., 2006)

2.3.2.1.2 Adsorption of solute particles on membrane surface

Adsorption of particles on membrane surface may be the result of physical-

chemical interactions due to electrostatic forces, hydrogen bonding, hydrophobic

interactions and charge transfer. The interaction of particles-membrane is highly
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affected by the particles properties and also membrane surface. Surface charges may

affect the solution properties such as pH and ionic strength. Particles adsorption on

membrane surface may be reversible, partially reversible or irreversible. As observed in

the adsorption of albumin and γ-globulin on quartz, two stages were observed (Rodgers,

1999). Initially, proteins bound to the membrane surface are reversible. The particle can

either diffuse back into the bulk solution or remain at membrane surface. As filtration

prolonged, the applied pressure may cause the protein molecules to undergo

conformation changes and lead to irreversible fouling. The extent of particles adsorption

is also highly dependent on the operating conditions, such as solution concentration,

transmembrane pressure and crossflow velocity.

2.3.2.1.3 Concentration polarization

Concentration polarization is reversible accumulation or deposition of retained

particles on membrane surface during filtration. At the initial stage of filtration process,

a fraction of solutes penetrates through the membrane while the others may be retained

on the membrane surface or diffused back to the bulk solution. The retained particles

result in a layer with a relatively high concentration at the membrane surface. This

concentration polarization layer is usually more viscous and caused the increase in

hydraulic resistance to permeate flow. The extent of the effect of concentration

polarization layer is highly dependent on the extent of particles accumulation and its

structure. The concentration polarization layer can either form a cake layer or increase

the osmotic pressure at the membrane surface (Oers et al., 1992). The most important

effects of concentration polarization is the reduction in permeate flux and increase in

solutes retention and selectivity. Filtration of bentonite solution in previous study

showed that still images captured during filtration showed that phenomenon of
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concentration polarization featuring fluidized and stagnant layer was observed as shown

in figure 2.11 (Marselina et al., 2009).

Figure 2.12: Still images captures for the changes in fouling deposition for bentonite
filtration (Marselina et al., 2009)

However, flux decline due to concentration polarization is reversible and can be

simply recovered by using water (Hwang et al., 2006; Singh, 2007). The extent of

concentration polarization is highly dependent on operating conditions. As

transmembrane pressure increases, more particles are brought to the membrane surface

and encourage the formation of concentration polarization layer (Song & Elimelech,

1995). On the other hand the increase in crossflow velocity tends to reduce

concentration polarization due to its scouring effect. In addition, the increase in solution

concentration also caused the formation of concentration polarization layer.

2.3.2.1.4 Gel or cake layer formation

As filtration prolongs, particles deposition on membrane surface increases with

time. As noted earlier particles concentration in concentration polarization layer also

increasing with time. As solute concentration exceeds the critical limit, a cake or gel

layer is formed. The particles interact between each other and caused a transition from

concentration polarization to a cake layer with a compact structure. The cake layer acts

as a secondary barrier and imposed hydrodynamic resistances on further particles

through the membrane. Thus, permeate flux decreases and solute rejection increases.
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Further increases in transmembrane pressure will increase the concentration of particles

on membrane surface and the thickness of gel layer.

According to the compression model suggested by Hwang et al (2009), the

typical cake compression mechanism of soft colloids can be divided into four stages. As

filtration starts, particles were brought onto membrane surface and deposited randomly

to form a concentration layer. At this stage, particles retained their original shape. As

more and more particles are deposited on the membrane, the continued compressive

pressure rearranged the particles into a more compact structure. The particles start to

deform in shape as filtration continues, especially particles located next to membrane

surface, to form a skin layer. This stage of particles compression is called localized

deformation. As particles deformation continues and extend throughout the cake layer,

homogeneous deformation occurs and a gel layer with high hydrodynamic resistance is

formed. It was also found that the cake layer is more easily formed at high

transmembrane pressure and low crossflow velocity (Vela et al., 2008).
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Figure 2.13: Four stages of cake compression during filtration of soft particles (Hwang
et al., 2006)

The formation of gel or cake layer is affected by the operating conditions and the

feed properties such as feed solution concentration and applied transmembrane pressure.

As the feed solution concentration increases, more solute particles are brought to the

membrane and reached the critical concentration. Increase of transmembrane pressure

tends to compress the particles and encourage the particles to interact and caused phase

transitions. It was also observed that new particles depositions are more likely to occur

around the existing deposits spot (Li et al., 2000).
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2.3.2.2 Limiting and critical flux

Previous studies and experiments had proved that there are a critical value and a

liming flux in crossflow filtration process. Below this critical value, solute particles

depositions are insignificant and above this value, the effect of fouling is severe and

significant (Howell, 1995; Li et al., 1998).

Figure 2.14: A plot of permeate flux as a function of transmembrane pressure

Critical flux can be observed in a plot of permeate flux versus transmembrane

pressure. It is the flux when the plot starts to deviate from linearity (Figure 2.14). This

deviation might be due to solutes adsorption, pore blocking and the formation of cake

layer which increase the hydrodynamic resistance. Limiting flux is the maximum

constant flux obtained as transmembrane pressure increases (Bacchina et al., 2002).

Beyond limiting flux, increases in transmembrane pressure do not result in any further

increase in permeate flux.

Critical flux can be defined as the transition point between concentration

polarization and cake formation (Bacchina et al., 2002). The determination of critical

flux is highly dependent on the balance of repulsive force and drag force acting on the

particle (Tang et al., 2009). As pressure is applied in the system, particles are subjected

Critical flux

Limiting flux
Permeate

flux

Transmembrane pressure
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to transverse driving force in order to convey the particles towards the membrane

surface. Repulsive force is due to the interaction between the particles and between the

particles with the membrane surface. Below critical flux, repulsive force is higher than

the driving force which lift the particles back to the bulk solution. Above critical flux,

the transverse force becomes dominant to overcome the repulsive force and leads to

particles deposition. Critical flux is reached when cake formation fouling occurs at a

certain point on the membrane whereas limiting flux is reached when the whole

membrane surface operates at the critical flux (Bacchina et al., 2002). Limiting flux also

indicates a point where the rate of transport is independent of the driving force at high

flux. Both the critical flux and limiting flux are highly dependent on membrane

properties, feed solution properties (pH, ionic strength and feed solution concentration)

and operating conditions. As in the study of Tang et al, limiting flux was reducing with

the increase of ionic strength (Tang et al., 2009). It had been observed that critical flux

decreased as protein concentration increased and it increased with increasing shear

stress (Youravong et al., 2003). This is because the increase in shear stress tends to

scour away the particles deposition and reduce fouling.

2.3.3 Factors Affecting Membrane Separation Process

Membrane separation process performance is highly dependent on operating

condition such as membrane properties, feed solution properties, and operating

parameters. The extent of fouling is determined by operating parameters such as

crossflow velocity and transmembrane pressure. Factors such as particle sizes, surface

reactivity and pore size also affect the interactions between particles and membrane

surface (Singh, 2007).
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2.3.3.1 Transmembrane pressure

Transmembrane pressure is the transverse driving force to drive the flow

towards and through the membrane surface (Bacchina et al., 2002). As the applied

pressure increases, particles deposition increases and leads to more severe fouling.

Thus, an increase in filtration pressure results in a higher resistance and rejection

coefficient. The initial pore blocking is more severe at higher pressure (Mourouzidis-

Mourouzis & Karabelas, 2006). Particles concentration on membrane surface also

reached gelling point faster. Therefore, for filtrations at constant pressure and crossflow

velocity, the system operated at high transmembrane pressure reached the pseudo-

steady state faster. Applied pressure increases the compressive force implied on the gel

or cake layer. It leads to the formation of a denser and more compact cake layer with

higher filtration resistance and eventually decrease in permeate flux (Hwang et al.,

2006). However, it is important to optimize the permeate flux with transmembrane

pressure because too low transmembrane pressure will result in low permeate flux.

Meanwhile, increase of applied pressure does increase filtration permeate driving force

but the severe fouling and increase of membrane resistance may offset the effect of flux

enhancement. As observed in Figure 2.17, permeate flux is directly proportional to

transmembrane pressure initially until the permeate flux exceeds critical value, it starts

to deviate from the linearity and starts to level off. Permeate flux is independent from

transmembrane pressure at this stage due to the increased fouling and compaction. In

previous study of Veerasamy et al (2002), natural rubber latex was successfully

concentrated from DRC 30% to 40%. In this study, it was found that permeate flux was

increased with transmembrane pressure initially and then decreased after reached its

maximum point as transmembrane pressure exceeds 2.9bar (Veerasamy, 2002).
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2.3.3.2 Crossflow velocity

In filtration, solute particles are subjected to transverse drag force and tangential

force in flow. Increase of feed flow velocity creates turbulence in the system and

increases shear stress that scours away the accumulated particles (Akoum et al., 2005;

Konieczny & Bodzek, 1996; Samuelsson et al., 1997; Springer et al., 2009). This will

bring more particles to diffuse back to the bulk solution. Thus, the increase in crossflow

velocity can reduce the concentration polarization and maintain the permeate flux

performance. In a study of spent latex wastewaters ultrafiltration using polymeric

membranes previously showed that increase of crossflow velocity had increased the

permeate flux (Konieczny & Bodzek, 1996). This indicates that crossflow velocity can

improve the mass transfer of solutes rejection (Akoum et al., 2005; Singh, 2007;

Sulaiman & Aroua, 2002). This is because increases of wall shear stress leads to a

decrease of the amount of deposited material. Limiting flux is also improved with

crossflow velocity as wall shear stress is increased (Samuelsson et al., 1997).

In a study of crossflow microfiltration of skim milk using a ceramic membrane,

increase of wall shear stress decreases deposit thickness and porosity by removal of

larger particles away from the membrane (Berre & Daufin, 1996). The decrease in

porosity is due to the fact that large particles are more likely to diffuse back to the bulk

solution and leaving fine particles on membrane surface. Analysis of size distribution of

the deposited particles at different crossflow velocity had proved that particle sizes in

cake layer are smaller at higher crossflow velocities (Li et al., 1998; Singh, 2007).

However, even if higher wall shear stress permits higher flux, an excessive increase of

shear stress can cause a decrease of whey protein transmission(Berre & Daufin, 1996).

An increase of crossflow velocity reduces the amount of fouling but the selective

removal of larger sized particles results in a deposit where smaller size particles are
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dominant leading to a thinner and less porous cake with a higher specific resistance and

leads to lower whey protein transmission.

However, high crossflow velocity will also cause high pressure drops and

inconsistent fouling along the membrane (Singh, 2007). In the study of Sulaiman &

Aroua (2002), experiments were carried out using a tubular PVDF membrane in the

ultrafiltration of skim latex serum. It was observed that permeate flux increases with

feed flow velocity until a maximum limit, then permeate flux starts to decrease with the

flow velocity. This might due to the fact that high feed flow may increase the internal

pressure and increase fouling during filtration.

2.3.3.3 Feed solution concentration

Permeate flux is a function of feed concentration. In the study of Konieczny &

Bodzek (1996) on ultrafiltration of spent latex wastewater, the influence of feed

concentration is also studied. The permeate flux was found to decrease with the increase

of the concentration. For solution of high concentration, permeate flux reaches steady

state faster than solution of low concentration. This is because as the solution

concentration increases, the amount of particles reaching the membrane surface per unit

volume feed solution also increases. Increases in solution concentration can cause more

severe concentration polarization effect and also faster formation of cake layer.Univ
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2.3.3.4 Particle size

In previous study, critical flux of a suspension tends to increase as particle size

increases (Harmant & Aimar, 1998; Li et al., 1998). This may due to the fact that fine

particles tend to form denser cake layer compared to larger particles. Therefore, fouling

layer with higher resistance tends to form for small particles. Further, fine particles

block the membrane pores easily and reduce the effective pores for filtration. Thus, it

was found that permeate flux increase with the increase of particle diameter due to

decrease in membrane pores blocking (Song & Elimelech, 1995).

Table 2.5 summarizes the effect of transmembrane pressure, crossflow velocity,

feed concentration and particles size in filtration process. These parameters affect the

particles motion during filtration and also the formation of fouled layer.

Table 2.5: Summary of effects of various parameters during filtration

Factors Effects

Transmembrane
pressure

 Increase in pressure increases particles convection force
and increase fouling.

Crossflow velocity  Increases in crossflow velocity increases shear stress and
scour away depositions on membrane surface .

 However, in small surface area, increase of crossflow
velocity also increases the internal pressure during
filtration.

Feed solution
concentration

 Amount of particle increase with concentration caused
more severe fouling.

Particle size  The effect of particle size depends on pore size of
membrane used.

 Smaller particle can penetrate into membrane pores easily.
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2.3.4 Membrane Transportation Model

2.3.4.1 Darcy equation

Darcy’s Law is used to describe the flow of a fluid through a porous medium

(Ebersold & Zydney, 2004). Darcy’s Law is a simple equation which relates permeate

volume through the medium with the fluid viscosity and the pressure gradient for a

given distance.

= ∆
µ

(Equation 2.2)

Based on Darcy’s Law (equation 2.2), the rate of permeate volume, Q (m3/s), is

the product of the permeability of the medium, k (m2), the cross sectional area, A (m2),

and the pressure gradient, ∆P (Pa), divided by the product of dynamic viscosity, µ (Pa.s)

and l (m) is the thickness of medium (Ghosh, 2006; Holdich, 2002). The equation is

simplified by combining the medium permeability and thickness in terms of membrane

resistance, Rm. Thus, equation 2.2 can be written as follows:

= = .∆
(Equation 2.3)

where v is the permeate volume collected (m3). Membrane resistance can be obtained by

a plot of filtrate volume (v) versus filtration time (t) for water filtration at constant

pressure.

In cake layer filtration, particles formed a cake layer on the membrane surface

and impose additional hydraulic resistance (Rc) to the permeate flow. Thus, the equation

2.3 can be written as:

= = .∆( ) (Equation 2.4)
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Permeate flux rate (J) is then defined in the cake filtration equation as shown

below:

= = ∆( ) (Equation 2.5)

2.3.4.2 Resistances model - Resistance in series model

Decline of permeate flux is the result of fouling. Fouling layer is considered as a

physical barrier to permeate flow. Resistance in series model is derived from Darcy’s

Law for flow through cake filtration based on the concept that permeate flux is

proportional to the driving force and inversely proportional to the total filtration

resistances (Chang et al., 2009).

= (Equation 2.6)

Driving force in filtration is usually the result of pressure applied. According to

resistance in series model, fouling is the combination of several mechanisms (Chang et

al., 2009; Matsuura, 2004). Thus, the total filtration resistance (Rt) is contributed by the

membrane resistance itself (Rm), irreversible internal fouling (Rf) and reversible surface

fouling (Rc). Thus, filtration resistances can be written as below:

= + + (Equation 2.7)

Thus, the basic filtration equation can be written as:

= ∆( ) (Equation 2.8)
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Membrane initial resistance, Rm, can be obtained through water flux test for a

new membrane before filtration starts. Rf and Rc are determined from the experimental

data obtained after subtracting the Rm obtained previously. Resistance in series model is

very useful in determining the resistance components which attributes to the

deterioration of permeate flux. Irreversible internal fouling is insignificant compare to

reversible fouling resistance. Reversible fouling is usually dominant and much greater

in total filtration resistance compare to irreversible fouling resistance (Field, 2010).

However, there are some limitations in resistances in series model. The results obtained

might be affected by various factors such as the method used in the experiments (Chang

et al., 2009; Yoon, 2011).

2.3.4.3 Fouling indices - Modified fouling index (MFI)

Modified fouling index (MFI) is used as an indicator of fouling potential in

membrane filtration. MFI is developed based on cake filtration theory (Schippers et al.,

1981). The theory assumed that cake filtration is the dominant mechanism in fouling. It

is defined as the gradient of the linear region found in the plot of t/V versus V from the

general cake filtration equation as follows:

= .∆ + ∆ . (Equation 2.9)

where v is permeate volume (m3), t is filtration time (s), η is solution viscosity (Pa.s),

∆P is pressure gradient (Pa), A is membrane effective surface area (m2), Rm is

membrane resistance and I is the fouling potential, also known as resistivity (m-2).
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Modified fouling index is determined using the same equipments and method as

for silt density index (SDI) in ASTM D4189 but permeate volume is recorded every 30s

over a period of 15 minutes.

Figure 2.15: A typical plot of filtration time/permeate volume (t/v) as a function of
permeate volume, v

A typical plot of t/v versus v curve is shown in Figure 2.15. For most of the case,

linearity is observed except for the initial period. The linear relationship between t/v

versus v at various operating conditions implies that cake layer filtration occurs. The

slope of the curve seems to increase slowly with time. This may be because of the

decrease in permeate flux due to the increase in filtration resistance. In previous study,

MFI was investigated using polysulphone membrane in tap water experiments. The

result showed that initial MFI measured was low and then increase with filtration time

(Boerlage et al., 2002).

Fouling mechanism is usually dominated by pore blocking at the initial stage

resulting in high slope (Hu et al., 2004; Kanani et al., 2008; Li et al.; Purkait et al.,

2005). In the study of Blanpain-Avet et al (1999), it had been revealed that fouling starts

from internal clogging to the buildup of an external fouling layer over the membrane

surface. As filtration prolonged, fouling mechanism gradually switch to cake filtration

v

MFI

t/v

Blocking filtration

Cake filtration Cake compaction
filtration
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which is usually indicated by linear region of the curve (Boerlage et al., 2002). Thus,

basically, the curve can be divided into three regions, i.e., pore blocking filtration, cake

filtration and cake compaction (Hwang et al., 2007; Vela et al., 2008). The slope of the

linear region is taken as MFI. As applied pressure is increased to critical level, further

increases in pressure will cause cake layer compaction (Alhadidi et al., 2011). The

studies of MFI over time previously showed that MFI is decreasing over time and then

gradually approached a steady state (Boerlage et al., 2002).

Experimental results showed that MFI obtained in crossflow filtration is lower

than in dead end filtration (Javeed et al., 2009). This is due to the fact that large particles

tend to recirculate in the retentate in the flow because of shear flow along the membrane

surface. In dead end filtration process, both large and small particles were transferred to

membrane surface to form a fouled layer. Deposition of fine particles fill the voids of

cake layer formed, resulting in cake layer with lower porosity. However, fouling in

cross flow filtration is dominated by smaller particles. Large particles usually being

scoured away by shear and inertial lift forces of the flow. The scouring effect is

increased with cross flow velocity. Thus, MFI of cross flow filtration system is

increased with smaller particles and high solution concentration (Park et al., 2006). The

reduction in particles size caused more fine particles to form the fouled layer with

higher hydraulic resistance and resulted in higher MFI. The fouling potential was also

highly affected by membrane pore size (Sim et al., 2010). Smaller particles were

retained as membrane pore size decreased. The retention of small particles in the

solution caused the formation of highly compact fouled layer. Thus, MFI is increased

with the reduction of membrane pore size.  Higher MFI is also expected for solution

with higher concentration. High concentration of particles causes the increase in the

amount of fouling and the onset of cake compression (Boerlage et al., 2004).
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MFI is also highly dependent on operating parameters. As transmembrane

pressure increased, the particles drag force increased causing more particles to transport

to membrane surface. Thus, more particles were deposited on membrane surface.

Particles deposition contributed significantly to filtration resistance and hence leads to

the increase in MFI as fouling increased (Sim et al., 2010). MFI is also affected by the

flow velocity. In crossflow filtration, variation in crossflow velocity may alter the flow

condition. According to the study by Sim et al (2010) of crossflow ultrafiltration of

silica colloidal suspensions, it was found that at low crossflow velocity range, an

increased in crossflow velocity leads to a reduction of MFI. This is because the

additional shear force along the membrane had reduced particles deposition. While at

high velocity range, the increases in crossflow velocity had caused the reduction in

fouled layer average particles size. This had lead to a more compact cake layer and

raised the values of specific cake resistance. Eventually, the increase in crossflow

velocity can cause the increased in MFI values.

2.3.4.4 Rejection coefficient

Rejection coefficient is used to measure the membrane selectivity and membrane

retention for solute. The difference between true rejection coefficient and the apparent

rejection coefficient is shown below.

= = 1 − (Equation 2.10)

where Cb, Cp, Cm are the concentrations of solute in the bulk, in the permeate solution

and at the membrane surface respectively, and Rrej is the rejection coefficient.  Rejection

coefficient of a membrane is not a constant and it is highly affected by the operating

conditions. Apparent rejection coefficient is more commonly used for comparing to the
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true rejection coefficient because the solute concentration on membrane surface is

difficult to measure.

2.4 Application of membrane separation technology in natural rubber latex

industry

Membrane separation technology can be used as an alternative to recover

particles in skim latex. Previously, Veerasamy and coresearchers had run some studies

on the application of membrane separation process to concentrate natural rubber latex

(Veerasamy, 2002). The studies showed that natural rubber latex could be concentrated

from 30% DRC to 46% DRC. However, the concentration and efficiency were

considered inadequate to meet the market requirement. Further at that time, it was not

cost effective to replace the typical latex processing industry with membrane separation

technology. Thus, the attention was shifted and introduced membrane separation

technology for skim latex processing. In this case, ultrafiltration of skim latex aims to

concentrate skim latex from 6% dry rubber content to about 30% which is almost

similar to the rubber content of field latex. As an option, concentrated skim latex then

can be added into the new batch of field latex during centrifugation process.

Ultrafiltration of skim latex also produces clear serum free of rubber as by-product.

Krusteva et al (1998) and Doneva et al (1999) had showed the possibility of

using membrane separation technology for latex suspensions. In both studies, small

scale laboratory crossflow microfiltration unit was used to study monodisperse latex

suspensions. Studies of Krusteva (1998) showed that pseudoplastic behavior of dense

suspension affected the tangential outflow of the cake in crossflow microfiltration

(Krusteva et al., 1999). In the study of Doneva et al, monodisperse latex suspensions

with different concentrations in crossflow microfiltration using polyacrylonitrile
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membranes were studied. Latex suspensions were prepared by diluting latex from

Acronal, Akzo, Netherlands with prefiltered distilled water. The experimental results

showed that latex suspensions exhibit a pronounced pseudoplastic rheological behavior

and its effect on crossflow microfiltration (Doneva et al., 1998).

2.5 Summary

As widely recognized, continued usage of membrane can lead to fouling

problems entailing membrane replacement and increased operating costs. The presence

of proteins in feed materials has been observed to be one of the causes of fouling to

occur during processing. This phenomenon will have direct impact on process

productivity and cleaning of membranes.  Thus a scientific understanding of fouling

behavior during ultrafiltration of skim latex is necessary to optimize its performance.

However, there are only limited studies on application of membrane separation

technology in rubber industry.

As mentioned in chapter 1, the objectives of this study are to study the skim

latex ultrafiltration performance and to characterize fouling using different techniques

so as to observe and explain fouling behavior and its corresponding mechanisms. The

effect of operating parameters (transmembrane pressure and crossflow velocity) on

filtration performance and protein concentration in permeate will also be studied. The

experimental data obtained can be used to develop a protocol to clean fouled membrane

and to assess the effectiveness of various membranes cleaning methods. The research

also can suggest solutions to delay the onset of fouling phenomena thus prolonging life

span of membranes and thus reduce operating cost in term of membrane replacement

and productivity enhancement. Besides, the data can also be used to optimize the

operation of process.
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In this study, a bench scale crossflow ultrafiltration unit is used to study the

fouling behavior of proteinaceous skim latex solution. Fouling in crossflow filtration is

lower compared to dead end filtration system. Ultrafiltration is widely used in dairy

industry. It is ideal process for fractionation, concentration and purification. Single

channel tubular ceramic membranes are used as the medium. Ceramic membranes were

chosen due to its high solvent resistance and thermal stability at extreme pH are suitable

for food, biotechnology and pharmaceutical applications. However, ceramic membranes

are mechanically weak.

Filtration performance and fouling behavior will be analyzed in terms of flux,

resistance, MFI and rejection coefficient in order to determine the possible mechanisms

(pore blocking, absorption, concentration polarization and gel layer formation).
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CHAPTER 3

METHODOLOGY

3.1. Experimental methodology

The general experimental methodology is shown in Figure 3.1. The figure describes

the initial and general process of experimental planning. Among man industries, skim

latex processing in natural rubber industry was selected as the field of study. The

purpose of the planning is to determine the flow and process during the study and also

the materials used and the scope of experiments. Single channel ceramic membranes

were selected as the medium in this study. Transmembrane pressure and crossflow

velocity were choosen as the parameters to be studied in this experiment.

The actual experimental methodology is shown in Figure 3.2. Properties of skim

latex such as total solids content (TSC), dry rubber content (DRC), acidity, viscosity

and density were determined before filtration experiments. Ultrafiltration experiments

were carried out in a range of different parameters (transmembrane pressure and

crossflow velocity). The membranes and feed solution after filtration were then further

analyzed using different technique. Experimental data observed was then being

analyzed and studied. Analysis and interpretation of the data can provide some

understandings on the fouling behavior on ultrafiltration of skim latex.Univ
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Figure 3.1: General experimental planning

Data interpretation and analysis

Evaluation of the experimental data to identify the accuracy and suitability of the
techniques.

Membrane characterization

Membrane characterization: Single
channel ceramic membrane is chosen as
the medium. Pore size determination,
microstructure of membrane, and zeta
potential measurements.

Membrane fouling experiments

A bench scale filtration unit is used to foul the membrane using skim latex as feed.
Different operating parameters such as transmembrane pressure, cross flow velocity,
pH solution, and membrane surface roughness will be used to study the fouling of the
membrane.

Membrane Surface and Fouling Layer Characterization

Various techniques have been employed by researchers to characterize the membrane
surface and fouling layer.

Select the process industries

The initial part of the study will use simulated feed to represent the actual feed
material from the selected industry which in this case is skim latex processing.

Feed solution characterization

Feed solution characterization: Skim
latex was used as feed solution. Physical
and chemical properties of skim latex,
including rheological properties
investigation, need to be determined.
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Figure 3.2: Experimental methodology

3.2. Materials

Single channel Al2O3 ceramic membranes were used with an inner diameter of

7mm, outer diameter 10mm, length 250mm and a mean pore size 0.05µm. The

membranes used in the study were purchased from Gamma Scientific Research Sdn

Bhd, Malaysia. Specifications of the membrane were provided as Appendix 1. Ceramic

membranes were chosen due to its excellent selectivity, permeability, thermal and

chemical stability (Li et al., 2006).

Skim latex used in this study was obtained from a local latex factory. The skim

latex was stabilized with preservative solution to prevent premature coagulation during

storage prior to ultrafiltration.

All chemicals used in this study including sodium hydroxide and total protein kit

were purchased from Sigma-Aldrich, Malaysia.

Ultrafiltration Experiment

Skim latex Phase I
- Evaluation of process parameter: Crossflow

velocity & transmembrane pressure.

Phase II
- Observation of overall fouling behavior
- Fouling characterization – permeate flux,

fouling resistance, membrane fouling index
(MFI), protein rejection coefficient,

Phase III
- Data analysis.

- Total solid content
(TSC)

- Dry rubber content
(DRC)

- Acidity, pH
- Viscosity
- Density

Experiments

Preliminary study
– Characterization of materials
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3.3. Equipment setup

The schematic diagram of the bench scale crossflow membrane unit is illustrated in

Figure 3.3. The unit includes a stainless steel membrane module, a peristaltic pump

(Masterflex L/X, Cole-Parmer,USA), pressure gauges and a digital balance GF-400

(A&D Weighing, Milpitas, USA) which is connected to a computer. In this system, a

250mm single channel ceramic membrane was encased in a stainless steel module. Feed

solution was circulated through the system using the peristaltic pump. The applied

pressure was controlled by using a flow control valve. Two oil-filled type pressure

gauges were fitted at the inlet and outlet of the module to measure the pressure.

Transmembrane pressure was taken as the mean value of the inlet and outlet pressures

measured.

Figure 3.3: Schematic diagram of the bench scale crossflow ultrafiltration unit used
in this study
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3.4. Experimental procedure

3.4.1. Skim latex characterization

Total solid content, solution density, viscosity, dry rubber content, protein

concentration and particle size distribution of skim latex were determined prior to the

experiments. All characterizations were carried out using guideline as per ASTM

D1076-88.

3.4.1.1. Total solid content (TSC)

Total solid content is defined as the percentage of non-volatile mass in the samples. An

empty flat bottom dish was weighed using a digital balance GF-400 (A&D Weighing,

Milpitas, USA) and a 2.5g ± 1g of skim latex samples (m0) was added to the dish. The

sample was dried in an oven at temperature of 100°C ± 2°C. After 2 hours of drying

time, the sample was removed and cooled to room temperature in a desiccator. The

dried latex was then weighed and placed into the oven again. The weighing and drying

were repeated until a constant weight (m1) was obtained. TSC was calculated as follow:

= 100% (Equation 3.1)

The experiments were repeated three times to calculate the average TSC of skim

latex.Univ
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3.4.1.2. Dry rubber content (DRC)

Dry rubber content was defined as the percentage of coagulated rubber mass in a

sample. A 10g ± 1g of skim latex sample (m0) was weighed using a digital balance GF-

400 (A&D Weighing, Milpitas, USA). 20% sulfuric acid (Sigma-Aldrich, Malaysia)

was poured slowly at the edge of the dish which was then slowly rotated to coagulate

the rubber. Then the dish was left undisturbed for 30mins. The coagulated latex was

pressed by a spatula until a uniform sheet of rubber not exceeding 2mm in thickness

was obtained. The coagulated rubber was soaked in water. The sample was dried in an

oven (Memmert UFB 400, Germany) at 70°C ± 5°C. After 10 hours of drying, the

sample was cooled to room temperature in a desiccator. The dried rubber was weighed

and dried again. The weighing and drying were repeated every two hours until a

constant weigh (m1) was obtained. DRC was calculated as follow:

= 100% (Equation 3.2)

The experiments were repeated three times to calculate the average DRC of skim

latex.

3.4.1.3. Density

Density of skim latex was determined using an indirect method as in ASTM

D1076-88. A 100ml flask with stopper was weighed (m0). The flask was filled with

distilled water and marked. The mass of water and flask was determined (m1). Volume

(υ) of the flask up to the mark was determined based on the equation below:

= (Equation 3.3)
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where ρwater is the density of water (0.9970479g/cm3). The flask was cleaned

and dried. Skim latex was filled into the flask until it was half full. Skim latex in the

flask with stopper was weighed (m2). Distilled water was added till the calibrated

mark. The flask filled with skim latex and distilled water was weighed (m3). Density

(ρ) was determined using the following equation:

= (Equation 3.4)

3.4.1.4. Viscosity

Skim latex viscosity was determined using the rotational viscometer (Haake VT-

550, Germany). The picture of rotational viscometer is shown in Figure 3.4. Skim latex

was placed in the sample cup. The motor was rotate predefined rotational speed. The

sample tends to exert resistance force against the rotational movement due to its fluid

viscosity. The resulting torque or resistant determines the sample viscosity. Five

samples were measured and were repeated to calculate the average viscosity of skim

latex.
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Figure 3.4: Rotational viscometer, Haake VT-550 from Germany

3.4.1.5. Protein concentration

There are a number of ways to quantify protein in natural rubber latex. Modified

Lowry method is used to determine total protein content according to ASTM D5712.

Total protein kit used in this study as purchased from Sigma-Aldrich, Malaysia. The

Lowry method procedure is based on Peterson’s modification of the micro Lowry

method. In this method, protein in skim latex is precipitated using DOC (deoxycholate)

and TCA (trichloroacetic). The precipitated solution was then centrifuged using a

centrifuge (Sigma 2-16, Germany) to remove the supernatant. The precipitated protein

was then dissolved using the Lowry reagent solution, in which the peptide bonds of the

protein will react with the alkaline cupric tartrate reagent. Folin & Ciocalteu’s phenol

reagent was then added to give a blue-purple solution. Absorbance of the colored

solution was then measured at a wavelength between 500nm and 800nm using a

spectrophotometer (Genesys 20, Thermo Scientific). The protein concentration is then

determined from a calibration curve. Protein concentration in feed and permeate were

determined using this modified Lowry method.
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3.4.1.6. Particle size distribution

Skim latex particles size distribution was determined by using a Malvern

Mastersizer 2000 (United Kingdom). Five measurements were carried out to obtain an

average particle size distribution.

3.4.2. Membrane characterization

Before each experiment, the initial membrane resistance and permeability were

determined by using water flux test. Distilled water was used as the feed solution. The

initial membrane resistance was determined using the following equation:

= ∆
(Equation 3.5)

where µw is the water viscosity, Rm is the membrane initial resistance and ∆P is the

applied transmembrane pressure, and Jw is the water flux measured. The measurement

was used as a baseline to assess the membrane performance throughout this study.

3.4.3. Ultrafiltration experiments

A schematic diagram of a bench scale crossflow ultrafiltration unit as shown in

Figure 3.3 was used to conduct this study. The experiments were carried out at room

temperature of 25°C. The transmembrane pressure used in this study was in the range of

0.6 to 1.3bar. The crossflow velocity ranged from 1.3cm/s to 4.6cm/s. A new membrane

was used for each experiment. Before ultrafiltration, new membranes were immersed

and rinsed with deionized water to remove the residues on membrane surface so that

stable water permeate flux can be obtained (Chang et al., 2011).
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Feed solution (skim latex) was pumped through the system by using a peristaltic

pump. 500ml of skim latex was used in each experiment. The experiment was run in

recycle mode, i.e. both retentate and permeate were recirculated through the feed

reservoir by using a peristaltic pump to keep the concentration constant. The experiment

at each set of operating conditions was run continuously for about 160 minutes until a

pseudo steady state permeate flux was obtained. Permeate was collected into a reservoir

placed on a digital balance which is connected to a computer before it was recirculated

back to the feed tank. The measurements were collected 30 seconds after experimental

run began in order to stabilize the transmembrane pressure. Permeate mass was

collected at one minute interval and the results were stored in a computer. For analysis

purpose, the pseudo steady state data were then averaged and plotted versus

transmembrane pressure. The change in permeate flux was analyzed as a function of

filtration time.

3.4.4. Membrane cleaning procedure

After completion of each ultrafiltration skim latex experiment, the system was

drained. The system was flushed with deionized water and then cleaned by running

500ml of 2% NaOH aqueous solution for 30 minutes to remove any deposition on

membrane surface (reversible cake fouling). The system was then drained and rinsed

with 1L of deionized water.Univ
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3.4.5. Calculation

3.4.5.1. Determination of permeate flux at pseudo steady state

Permeate flux at pseudo steady state was determined from the obtained data.

Permeate flux was plotted as a function of filtration time to obtain the relationship

between permeate flux and filtration time. Permeate flux at pseudo steady state was

determined using the equation based on the assumption that pseudo steady state was

reached as permeate flux is about constant with time.

3.4.5.2. Determination of rejection coefficient

Protein concentration in feed, permeate and retentate were determined as

mentioned in section 3.4.1.5. Rejection coefficient was then determined using the

equation 2.10 (section 2.3.4.4).

3.4.5.3. Determination of filtration resistances

Filtration resistance is the contribution of membrane initial resistance (Rm) and

fouling resistance (Rf and Rif) formed during filtration of skim latex. According to

Darcy’s Law, permeate flux can be expressed as in the equation 2.8 (section 2.3.4.3).

The resistances can be calculated by using the equation 2.7 and experimental flux data

obtained (Zhao et al., 2003).

The resistances were determined in a few stages. Firstly, membrane resistance

(Rm) is determined before ultrafiltration process via water flux test. After each

experiment, the membrane was rinsed with deionized water in order to remove the

remaining feeds solutes on the membrane surface. Water flux test was then performed

using deionized water. Membrane resistance (R’m) was then calculated using the data

obtained (Rai et al., 2006).
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The membrane was then drained and cleaned thoroughly as mentioned in section

3.3.4. Water flux test was performed on this membrane. Membrane resistance (R’’
m) was

then calculated using permeate data obtained in equation 3.1.

Irreversible (Rif) and reversible fouling (Rf) resistances can be determined as

follows: = ′′ − (Equation 3.1)= ′′ − ′ (Equation 3.2)

The determination of irreversible and reversible fouling are based on the

assumption that reversible cake layer is effectively removed through the cleaning

method as mentioned in 3.3.4. The difference of fouling resistance before and after

cleaning is taken as reversible fouling resistance (Rf).

3.4.5.4. Scanning electron microscope analysis

Samples were carefully taken from the membrane after ultrafiltration and send to

Combination Technology and Catalysis research Centre (COMBICAT), University

Malaya for morphological analysis. The morphology of the fouled membrane surface

was analyzed by using a field emission scanning electron microscope model FEI Quanta

200 (USA).
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CHAPTER 4

RESULTS AND DISCUSSION

4. Results and discussion

The characteristics of skim latex were investigated to determine selected feed

properties (skim latex) before ultrafiltration runs could proceed. The characteristics of

skim latex are as followed:

4.1. Characteristics of skim latex

a. Particles size distribution

Particle size distribution of skim latex was investigated using particle size

analyzer, Mastersizer 2000. The rubber particles in skim latex were in the range of 0.07

to 0.33± 0.012 µm. The particles size distribution was smaller than natural rubber latex

which range from 0.2 μm to 3 μm (Cornish, 2001; Danwanichakul et al., 2011; Rippel et

al., 2003; Thongmak et al., 2009). This is because larger particles were removed during

centrifugation process.

b. pH

Skim latex was preserved with ammonia to avoid coagulation before processing.

Thus, the pH value of skim latex is more alkaline, in the range of 9.62 ± 0.12. The value

is similar to the pH values mentioned by Jayachandran & Chandrasekaran (1998) and

Liang et al (2011).
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c. Total solid content (TSC) and dry rubber content (DSC)

The percentage of total solid content (TSC) and dry rubber content (DRC) were

analyzed to identify the amount of total solid and rubber in skim latex. The results show

that TSC is in the range of 6.42 ± 0.02% and DRC is in the range of 4.24 ± 0.01%. TSC

result is similar to the value obtained by Paiphansiri & Tangboriboonrat (2005).

However, DRC obtained is slightly lower than the mentioned value, 6-8%.

d. Viscosity

The result obtained in Figure 4.1 indicates that skim latex is a pseudo plastic

solution, i.e., apparent viscosity is decreasing with higher shear rate. Its behavior is

similar to that of natural latex (Liang & Kai, 2011; Sridee, 2006). Similar to fresh

tapped natural rubber latex, skim latex possesses shear thinning behavior (Liang & Kai,

2011). Hence, viscosity of skim latex decreases with increasing shear rate. However,

viscosity of skim latex is lower than natural rubber latex as rubber content in skim latex

is lower than in natural rubber latex (30% DRC).

Figure 4.1: Rheological behavior of skim
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The characteristics of skim latex were summarized in table 4.1 as shown below:

Table 4.1: Characteristics of skim latex

Charateristics Result Std dev Unit

Particles size distribution 0.07 – 0.33 ± 0.012 µm

pH 9.62 ± 0.12 -

Density 0.9957 ± 0.0072 g/cm3

Total solid content 6.42 ± 0.02 %

Dry rubber content 4.24 ± 0.01 %

4.2. Ultrafiltration of skim latex

4.2.1. Effect of transmembrane pressure at crossflow velocity 1.3cm/s

a. Initial permeate flux

Figure 4.2 shows the change of permeate flux with filtration time for skim latex

at fixed crossflow velocity 1.3 cm/s and transmembrane pressure ranging from 0.6 bar

to 1.3 bar. The experimental results show that at constant crossflow velocity 1.3 cm/s,

initial permeate flux increased for about 5.6% as transmembrane pressure increased

from 0.6 bar to 1.0 bar. The initial permeate flux increased 57% as transmembrane

pressure increased further to 1.3 bar. This is because the increase in transmembrane

pressure had increased the feed solution particles convection force and pushed more

particles to pass through the membrane (Hu et al., 2004; Hwang & Huang, 2009). As in

previous study of skim milk ultrafiltration using modified polysulfone membranes,

initial permeate flux drop rapidly immediately after the filtration started (Rinaldoni et

al., 2009). The results in their study are in parallel with the experimental results showed

that the initial permeate flux increased with the increase of transmembrane pressure.
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Figure 4.2: Permeate flux was plotted as a function to filtration time for ultrafiltration of
skim latex at crossflow velocity 1.3 cm/s and transmembrane pressure 0.6, 1.0 and

1.3bar

b. Permeate flux at pseudo steady state

As ultrafiltration time approached 2000s, permeate flux tends to reach pseudo

steady state where permeate flux is almost constant. As shown in Figure 4.3, permeate

flux at pseudo steady state decreased slightly for about 38% as transmembrane pressure

increased from 0.6 bar to 1.0 bar due to the increases in filtration resistance as more

particles were foul on membrane surface as transmembrane pressure increased.

Permeate flux at pseudo steady state is highest at transmembrane pressure 1.3 bar due to

the decrease of filtration resistance.
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Figure 4.3: Permeate flux at pseudo steady state is plotted as a function of
transmembrane pressure at fixed crossflow velocity 1.3 cm/s

c. Filtration resistance

As shown in Figure 4.4, in general, filtration resistance is increased rapidly

initially due to fouling and then reached pseudo steady state. The change in filtration

resistance is similar to that in previous study (Blanpain-Avet et al., 1999; Purkait et al.,

2005). In Figure 4.4, the trend of the filtration resistance with time showed that filtration

resistance is higher at transmembrane pressure 1.0 bar compared to 0.6 bar.This is

because the increase in transmembrane pressure had increased the particles convection

force and lead to more severe fouling. As applied pressure increases further to 1.3 bar,

filtration resistance tends to be lower than 1.0 bar (Figure 4.4). This is the main reason

for the increase of permeate flux at pseudo steady state (263%) as transmembrane

pressure increased to 1.3 bar as permeate flux is inversely proportional to filtration

resistance. The reduction in filtration resistance is due to the increase in transmembrane

pressure had caused large particles to deposit on membrane surface to form cake layer

with lower porosity and hydraulic resistance.
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Figure 4.4: Filtration resistance is plotted as a function of time for ultrafiltration of skim
latex at fixed crossflow velocity 1.3 cm/s and variant transmembrane pressure

The analysis of filtration resistance shows that reversible fouling resistant (Rf)

dominating (99.9%) compare to irreversible fouling resistance (Rif) which is only 0.1-

0.5% (Table 4.2) (Zhao et al., 2003). Thus, the change in filtration resistance is mainly

due to the reversible fouling resistance. Reversible fouling resistance is increased as

transmembrane pressure increased from 0.6 bar to 1.0 bar due to more severe fouling.

As applied pressure exceeds 1.0 bar, reversible fouling resistance is decreased as fouled

layer porosity increased. SEM images of membrane surface after filtration are shown in

Figure 4.5.
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Table 4.2: Analysis of reversible resistance (Rf) and irreversible resistance (Rir) during
the ultrafiltration of skim latex at crossflow velocity 1.3 cm/s

Crossflow
velocity (cm/s)

Transmembrane
pressure (bar)

Rr/Rm % Rir/Rm %

1.3 cm/s 0.6 bar 430.34 99.7 1.25 0.5

1.3 cm/s 1.0 bar 1756.39 99.9 1.59 0.1

1.3 cm/s 1.3 bar 1071.25 99.8 1.90 0.2

(a) (b)

Figure 4.5: SEM images of fouled membrane surface under crossflow velocity 3.3
cm/s and transmembrane pressure (a) 0.9 bar and (b) 1.3 bar

The images show that fouled layer porosity is more obvious at transmembrane

pressure 1.3 bar. Low porosity cake layer has lower filtration resistance. Meanwhile,

irreversible fouling resistance increased with applied pressure. Rif increased 27.2% as

pressure increased from 0.6 bar to 1.0 bar and increased 19.5% when increased further
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to 1.3 bar. The increases in applied pressure had increased the particle convection force

and pushed more fine particles towards the membrane and block the pores (Purkait et

al., 2004).

d. Modified fouling index and resistivity

Figure 4.6 showed the plot of t/v as s function of permeate volume, v. The curves

increases rapidly initially and then slow down and tends to level off at high

transmembrane pressure. The slope of the regression line of the linear region is taken as

the value of modified fouling index (MFI). Resistivity, I, can be calculated from the

obtained modified fouling index values. The curves show similar trend, i.e. the slope

increase rapidly initially and tends to decrease as filtration prolonged. The estimated

initial slope at transmembrane pressure 0.6 bar was 633.3 s/cm6, and then reduced

around 5.2% to 600 s/cm6, reduced further for about 74.4% to 154 s/cm6. Fouling

mechanism at initial stage is usually dominated by pore blocking, this resulting in high

slope. The decrease in initial slope with transmembrane pressure at crossflow velocity

1.3 cm/s implied that pore blocking is reduced with the increase in transmembrane

pressure. This may be because as transmembrane pressure increased, larger particles

were brought to the membrane surface. Large particles are difficult to penetrate into

membrane pores and may block the pores.

MFI is used as an indicator of fouling potential. As shown in Table 4.3, MFI

results show that fouling potential is decreasing with transmembrane pressure at

crossflow velocity 1.3 cm/s. The result implies that at low crossflow velocity, cake layer

formation is decreasing with transmembrane pressure. However, the fouled layer

resistivity is increased to 50.4% as applied pressure increased from 0.6 bar to 1.0 bar.

As applied pressure increased further to 1.3 bar, the resistivity is reduced to 98%. This
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is because the increase of applied pressure had increased the cake layer fouling

potential. However, fouled layer resistivity is decreasing due to the change in cake layer

microstructure.

A typical t/v versus v plot is given in Figure 4.6 previously shows fouling started

with pore blocking, followed by cake filtration and cake compaction. The curve at

transmembrane pressure 0.6 bar does not show obvious trends of cake compaction

compare to the curves for transmembrane pressure 1.0 bar and 1.3 bar. Thus, cake

compaction occurred at higher transmembrane pressure (Alhadidi et al., 2011). As a

result, reversible fouling resistance is also increased with transmembrane pressure as

shown previously in Table 4.2.

Figure 4.6: Plot of t/v as a function of permeate volume, v, for skim latex ultrafiltration
at fixed crossflow velocity 1.3cm/s and transmembrane pressure 0.6 bar, 1.0 bar and 1.3

bar
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Table 4.3: Modified fouling index, MFI, and resistivity, I, at various operating
parameter

CFV (cm/s) TMP (bar) MFI (s.cm-6) Resistivity, I x 1011 (cm-2)

1.3 0.6 550.0 8.14

1.3 1.0 480.0 12.24

1.3 1.3 7.1 0.24

4.2.2. Effect of transmembrane pressure at crossflow velocity 4.6cm/s

a. Initial permeate flux

Figure 4.7 shows the filtration flux time course during crossflow filtration of

skim latex at crossflow velocity fixed at 4.6 cm/s with increasing transmembrane

pressure ranging from 0.6 bar to 1.3 bar. The results showed that the initial permeate

flux decreased slightly about 3.62% as transmembrane pressure increased from 0.6 bar

to 1.0 bar. As transmembrane pressure increased further to 1.3 bar, the initial permeate

flux increased about 12.4%. This is because the increase in pressure had increased the

amount of particles arriving at the membrane surface during the initial stage and

accelerated fouling process. Thus, the effective membrane area for particles permeation

is decreased as transmembrane pressure increased. This can be observed from the

analysis of filtration resistance in later discussion.Univ
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Figure 4.7: Permeate flux was plotted as a function to filtration time for ultrafiltration of
skim latex at crossflow velocity 4.6 cm/s and transmembrane pressure 0.6, 1.0 and 1.3

bar

b. Permeate flux at pseudo steady state

Permeate flux reach pseudo steady state as filtration time approached 2000s. The

analysis showed that permeate flux at pseudo steady state is decreasing with

transmembrane pressure (Figure 4.8). Permeate flux at pseudo steady state was reduced

about 7.8% as transmembrane pressure increased from 0.6 bar to 1.0 bar and decreased

for about 70% as transmembrane pressure reached 1.3 bar. The experimental result is

similar to the results obtained by Shah et al (Shah & Sulaiman, 2009). This is because

the increases in transmembrane pressure caused severe fouling by bring more particles

to membrane surface during filtration process. Thus filtration resistance is also

increased as shown in Figure 4.9 (Hu et al., 2004; Zhao et al., 2003).
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Figure 4.8: Permeate flux at pseudo steady state is plotted as a function of
transmembrane pressure at fixed crossflow velocity 4.6 cm/s

Figure 4.9: Filtration resistance is plotted as a function of time for ultrafiltration of skim
latex at fixed crossflow velocity 4.6 cm/s
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c. Filtration resistance

Figure 4.9 shows that the trend of filtration resistance with filtration time is

higher at 1.3 bar. As shown in Table 4.4, the change in filtration resistance is mainly

due to the reversible fouling instead of irreversible fouling. This is because irreversible

fouling is less significant as mentioned previously. Reversible fouling is increased to

78.5% upon the increase of transmembrane pressure from 0.6 bar to 1.0 bar. Reversible

fouling increased for 171% as transmembrane pressure increased further to 1.3 bar.

However, experimental results also showed that irreversible fouling resistance

decreased with transmembrane pressure due to more severe surface fouling covering the

surface and reduce pore blocking.

Table 4.4: Analysis of reversible resistance (Rf) and irreversible resistance (Rir) during
the ultrafiltration of skim latex at crossflow velocity 4.6 cm/s

Crossflow
velocity (cm/s)

Transmembrane
pressure (bar)

Rr/Rm % Rir/Rm %

4.6cm/s 0.6bar 207.49 99.1 1.81 0.9

4.6cm/s 1.0bar 370.41 99.7 1.29 0.4

4.6cm/s 1.3bar 1003.75 99.9 1.35 0.1
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Figure 4.10: A plot of t/v versus as a function of filtration volume for ultrafiltration of
skim latex at fixed crossflow velocity 4.6cm/s

d. Modified fouling index and resistivity

A plot of the t/v versus v for crossflow velocity 4.6 cm/s, is shown in Figure

4.10. Table 4.5 showed that, at crossflow velocity 4.6 cm/s, MFI and I increased with

transmembrane pressure. As transmembrane pressure increased from 0.6 bar to 1.0 bar,

MFI increased slightly for about 9%. It implies that fouling potential only increased

slightly as transmembrane pressure increased from 0.6 bar to 1.0 bar. As transmembrane

pressure increased to 1.3 bar, fouling potential increased tremendously as shown in

Table 4.5. High pressure leads to higher concentration on membrane surface and caused

the increase of fouling (Boerlage et al., 2004). The result shows similar trend with the

analysis of permeates flux performance and fouling resistance results obtained. Particles

drag force increased as transmembrane pressure increased. This had caused more

particles to be deposited on membrane surface. Particles deposition leads to the increase

in MFI as fouling increased (Sim et al., 2010). Due to more severe fouling, resistivity, I,
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increased for 86.4% as transmembrane pressure increased from 0.6 bar to 1.0 bar and

increased about 2766% at 1.3 bar.

Table 4.5: Modified fouling index, MFI, and resistivity, I, at crossflow velocity 4.6 cm/s
and transmembrane pressure 0.6 bar, 1.0 bar and 1.3 bar

CFV (cm/s) TMP (bar) MFI (s.cm-6) Resistivity, I x 1011 (cm-2)

4.6 0.6 16.7 0.59

4.6 1.0 18.2 1.10

4.6 1.3 400.0 31.53

Skim latex ultrafiltration performances with transmembrane pressure observed

were different at constant crossflow velocity 1.3 cm/s and 4.6 cm/s. The main reason is

due to the increase in crossflow velocity can increase the particles tangential shear force

along the membrane surface. The increase in shear stress can cause more particles to

diffuse back to the bulk solution and reduced fouling (Hwang & Huang, 2009). This

may also because the increase of crossflow velocity can also increase internal pressure.

4.2.3. Effect of crossflow velocity at transmembrane pressure 0.3 bar

a. Initial permeate flux

Ultrafiltration of skim latex at fixed transmembrane pressure 0.3 bar and 1.0 bar

across the crossflow velocity range from 1.3 cm/s to 4.6 cm/s were also studied. At

transmembrane pressure 0.3 bar, initial permeate flux decreased for 59.3% as crossflow

velocity increased from 1.3 cm/s to 3.6 cm/s. However, as crossflow velocity increased

further to 4.6 cm/s, initial crossflow velocity had improved for 117.3% (Figure 4.11).

This may be because as crossflow velocity increased from 1.3 cm/s to 3.6 cm/s, larger

particles are more likely to diffuse back into the bulk solution (Berre & Daufin, 1996).
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Smaller particles were brought to the membrane and caused more severe pore blocking

effect. However, as crossflow velocity increase further to 4.6 cm/s, in a limited space,

increase of crossflow velocity can cause the increase of internal pressure and caused

cake layer formed faster (Chen & Hsiau, 2009).

Figure 4.11: Permeate flux was plotted as a function of filtration time for ultrafiltration
of skim latex at fixed transmembrane pressure 0.3 bar across the range of crossflow

velocity

b. Permeate flux at pseudo steady state

Permeate flux reached pseudo steady state as filtration time approached 1600s.

At pseudo steady state, permeate flux is almost constant. At pseudo steady state,

permeate flux is improved as crossflow velocity increased (Figure 4.12). As crossflow

velocity increased from 1.3 cm/s to 3.6 cm/s, permeate flux at pseudo steady state had

improved 15.5%. As crossflow velocity increased to 4.6 cm/s, permeate flux at pseudo

steady state increased 8.8%. Permeate flux at pseudo steady state can be improved by

reducing fouling. The increase of crossflow velocity can increase flow shear stress and

scoured away fouled particles.
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Figure 4.12: Permeate flux at pseudo steady state is plotted as a function of crossflow
velocity at fixed transmembrane pressure 0.3 bar

Figure 4.13: Filtration resistance is plotted as a function of time for ultrafiltration of
skim latex at transmembrane pressure 0.3 bar across ranges of crossflow velocity
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c. Filtration resistance

The analysis of filtration resistance ratio (Rt/R0) also indicates that at

transmembrane pressure 0.3 bar, filtration resistance trend is decreased as crossflow

velocity increased from 1.3 cm/s to 3.6 cm/s (Figure 4.13). The reduction in filtration

resistance ratio is due to the scouring effect which had reduced fouling. However, as

crossflow velocity increased further to 4.6cm/s, the trend of filtration resistance ratio is

increased instead of decreased. This may be because the increase of crossflow velocity

can also lead to the formation of compact cake layer with lower average particles size

and higher filtration resistance as mentioned previously. (Mikulasek et al., 1998; Zhao

et al., 2003). The combination of these two effects is the main reason of the increase in

filtration resistance as crossflow velocity increases further to 4.6 cm/s.

d. Modified fouling index and resistivity

Figure 4.14: Plot of t/v as a function of permeate volume, v, for skim latex ultrafiltration
at transmembrane pressure 0.3 bar and crossflow velocity 1.3 cm/s, 3.6 cm/s and 4.6

cm/s
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Table 4.6: Modified fouling index, MFI, and resistivity, I, at transmembrane pressure
and crossflow velocity 1.3 cm/s, 3.6 cm/s and 4.6 cm/s

CFV (cm/s) TMP (bar) MFI (s.cm-6) Resistivity, I x 1011 (cm-2)

1.3 0.3 708.3 5.42

3.6 0.3 62.5 0.96

4.6 0.3 229.2 4.17

Figure 4.14 is the regression of t/v as a function of permeates volume, v, the

slope of the initial linearity is highest at crossflow velocity 1.3 cm/s. As mentioned

previously in literature review, fouling mechanism is usually dominated by pore

blocking at the initial stage resulting in high slope (Hu et al., 2004; Kanani et al., 2008;

Li et al.; Purkait et al., 2005). Thus, pore blocking is more severe at crossflow velocity

1.3 cm/s. Previous study also showed that fouling usually starts from internal clogging

to the buildup of an external fouling layer over the membrane surface. As filtration

prolonged, fouling mechanism gradually switch to cake filtration which is usually

indicated by linear region of the curve (Boerlage et al., 2002). The MFI results imply

that cake layer fouling potential is the highest at crossflow velocity 1.3 cm/s (Table 4.6).

The result implies that cake layer formation is the most drastic at crossflow velocity 1.3

cm/s. As crossflow velocity increased to 3.6 cm/s, the scouring effect had reduced the

cake layer formation potential for 91.2% and the fouled layer resistivity, I, for 4.46 x

1011 cm-2. At low transmembrane pressure (0.3 bar), as crossflow velocity increased

further to 4.6 cm/s, fouling potential (MFI) and cake layer resistivity (I) is increased for

266.7% and 334.4%, respectively. This is due to the fact that the increase of crossflow

velocity tends to induce more fine particles to be deposited and form compact fouled

layer. The result is consistent with the analysis of filtration resistance and permeates

flux.
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4.2.4. Effect of crossflow velocity at transmembrane pressure 1.0 bar

a. Initial permeate flux

As shown previously in Figure 4.12, at transmembrane pressure 1.0 bar, the initial

permeate fluxes increased as cross flow velocity increased. Figure 4.15 also implies that

permeates fluxes at pseudo steady state are also increased as cross flow velocity

increased. As crossflow velocity increased from 1.3 cm/s to 3.6 cm/s, the normalized

initial permeate flux had increased for 263.5% from 0.0028 to 0.0101. As crossflow

velocity increases further to 4.6 cm/s, initial permeate flux had increased for 55.7%. The

increment of permeate flux with crossflow velocity is similar to the experimental results

of Mikulasek on crossflow microfiltration experiments of aqueous dispersion of

titanium dioxide through a ceramic membrane (Mikulasek et al., 1998). In the study of

Mikulasek, it showed that steady state fluxes increased with crossflow velocity. This is

because increase in crossflow velocity tends to increase shear stress along the

membrane surface. Shear stress can scour away the particles deposition or accumulation

on membrane surface and reduce fouling (Faibish & Cohen, 2001; Hwang & Huang,

2009; Thomassen et al., 2005).
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Figure 4.15: Permeate flux was plotted as a function of filtration time for ultrafiltration
of skim latex at fixed transmembrane pressure 1.0 bar across the range of crossflow

velocity

b. Filtration resistance

The analysis of filtration resistance with filtration time in Figure 4.16 showed that

the trend of filtration resistance is lower at higher crossflow velocity. This is because as

shear stress increased, fouled layer was scoured away causing reduction in hydraulic

filtration resistance.
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Figure 4.16: The changes of filtration resistance are plotted as a function of filtration
time at transmembrane pressure 1.0 bar and variant crossflow velocity

c. Modified fouling index and resistivity

As can be seen in the regression analysis of t/v versus v, the slope of the curve is

decreased as crossflow velocity is increased from 1.3 cm/s to 4.6 cm/s (Figure 4.17).

The result implies that the slope linearity is decreasing as crossflow velocity increased.

The slope of linearity was taken as MFI. In Table 4.7, MFI had reduced by 41.9% as

crossflow velocity increased from 1.3 cm/s to 3.6 cm/s. As crossflow velocity increased

further to 4.6 cm/s, MFI has reduced for 93.5% from 278.9 s.cm-6 to 18.2 s.cm-6.
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Figure 4.17: Plot of t/v as a function of permeate volume, v, for skim latex ultrafiltration
at transmembrane pressure 1.0 bar and crossflow velocity 1.3 cm/s, 3.6 cm/s and 4.6

cm/s

Table 4.7: Modified fouling index, MFI, and resistivity, I, at transmembrane pressure
and various crossflow velocities

CFV (cm/s) TMP (bar) MFI (s.cm-6) Resistivity, I x 1011 (cm-2)

1.3 1.0 480.0 12.24

3.6 1.0 278.9 14.33

4.6 1.0 18.2 1.10

Decrease of MFI with crossflow velocity is most likely due to the reduction in

cake layer formation potential as shear stress increased. However, as crossflow velocity

increased from 1.3cm/s to 3.6cm/s, fouled layer resistivity slightly increased by 17.1%.

This is because the increase of crossflow velocity has also caused the decrease of cake

layer average particles size (Sim et al., 2010). Increases in crossflow velocity cause fine

particles to deposit on membrane surface instead of large particles. Most of the large

particles were lifted back into the bulk solution. It will lead to the formation of compact

cake layer and higher filtration resistance (Mikulasek et al., 1998; Zhao et al., 2003).
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Zhao et al showed that the hydraulic resistance is decreased with crossflow velocity in a

study on the effect of operational parameters on fouling of ceramic membranes during

microfiltration titanium white acid (Zhao et al., 2003). As crossflow velocity increased

further to 4.6cm/s, fouled layer resistivity had reduced for 92.3% due to scouring effect

as crossflow velocity increased had reduced fouling.

The filtration performance at transmembrane pressure 0.3 bar and 1.0 bar with

crossflow velocity have different trends. This is because as transmembrane pressure

increases from 0.3 bar to 1.0 bar, particles convection force is increased. Convection

force on the particles plays an important role in determining the movement of particles

in the flow as shown in the experimental result.
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4.3. Protein rejection coefficient

4.3.1. Effect of transmembrane pressure on rejection coefficient

Rejection coefficient is used to measure the membrane selectivity and membrane

retention for solute. Rejection coefficient of protein during ultrafiltration of skim latex

at crossflow velocity 1.3 cm/s and 4.6 cm/s were shown in Figure 4.18 and Figure 4.19.

The results show that protein rejection coefficient is decreasing with transmembrane

pressure at crossflow velocity 1.3 cm/s and 4.6 cm/s.

Figure 4.18: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at crossflow velocity 1.3 cm/s

At crossflow velocity 1.3cm/s, as transmembrane pressure increased from 0.3

bar to 0.6 bar, protein rejection coefficient had decreased for 14.7%. As transmembrane

pressure increased to 1.0 bar, protein rejection coefficient had reduced 17.2%.
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4.3. Protein rejection coefficient

4.3.1. Effect of transmembrane pressure on rejection coefficient

Rejection coefficient is used to measure the membrane selectivity and membrane

retention for solute. Rejection coefficient of protein during ultrafiltration of skim latex

at crossflow velocity 1.3 cm/s and 4.6 cm/s were shown in Figure 4.18 and Figure 4.19.

The results show that protein rejection coefficient is decreasing with transmembrane

pressure at crossflow velocity 1.3 cm/s and 4.6 cm/s.

Figure 4.18: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at crossflow velocity 1.3 cm/s

At crossflow velocity 1.3cm/s, as transmembrane pressure increased from 0.3

bar to 0.6 bar, protein rejection coefficient had decreased for 14.7%. As transmembrane

pressure increased to 1.0 bar, protein rejection coefficient had reduced 17.2%.
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4.3. Protein rejection coefficient

4.3.1. Effect of transmembrane pressure on rejection coefficient

Rejection coefficient is used to measure the membrane selectivity and membrane

retention for solute. Rejection coefficient of protein during ultrafiltration of skim latex

at crossflow velocity 1.3 cm/s and 4.6 cm/s were shown in Figure 4.18 and Figure 4.19.

The results show that protein rejection coefficient is decreasing with transmembrane

pressure at crossflow velocity 1.3 cm/s and 4.6 cm/s.

Figure 4.18: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at crossflow velocity 1.3 cm/s

At crossflow velocity 1.3cm/s, as transmembrane pressure increased from 0.3

bar to 0.6 bar, protein rejection coefficient had decreased for 14.7%. As transmembrane

pressure increased to 1.0 bar, protein rejection coefficient had reduced 17.2%.
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Figure 4.19: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at crossflow velocity 4.6 cm/s

Protein rejection coefficient had decreased 38.5% and 47.5% when

transmembrane pressure increased from 0.3 bar to 0.6 bar and then further to 1.0 bar.

The results showed that protein permeation through the membrane increased with the

increase of transmembrane pressure. This may be because the increase of

transmembrane pressure had increased the particles convection force and more protein

molecules are pushed through the membrane. Protein rejection coefficient is also highly

dependent on resistance of the medium to the permeation of proteins through the

medium. The rate of reduction of protein rejection coefficient is higher at crossflow

velocity 4.6 cm/s compare to at 1.3 cm/s. This had proved that the effect of

transmembrane pressure is more significant at higher crossflow velocity.
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Figure 4.19: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at crossflow velocity 4.6 cm/s

Protein rejection coefficient had decreased 38.5% and 47.5% when

transmembrane pressure increased from 0.3 bar to 0.6 bar and then further to 1.0 bar.

The results showed that protein permeation through the membrane increased with the

increase of transmembrane pressure. This may be because the increase of

transmembrane pressure had increased the particles convection force and more protein

molecules are pushed through the membrane. Protein rejection coefficient is also highly

dependent on resistance of the medium to the permeation of proteins through the

medium. The rate of reduction of protein rejection coefficient is higher at crossflow

velocity 4.6 cm/s compare to at 1.3 cm/s. This had proved that the effect of

transmembrane pressure is more significant at higher crossflow velocity.
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Figure 4.19: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at crossflow velocity 4.6 cm/s

Protein rejection coefficient had decreased 38.5% and 47.5% when

transmembrane pressure increased from 0.3 bar to 0.6 bar and then further to 1.0 bar.

The results showed that protein permeation through the membrane increased with the

increase of transmembrane pressure. This may be because the increase of

transmembrane pressure had increased the particles convection force and more protein

molecules are pushed through the membrane. Protein rejection coefficient is also highly

dependent on resistance of the medium to the permeation of proteins through the

medium. The rate of reduction of protein rejection coefficient is higher at crossflow

velocity 4.6 cm/s compare to at 1.3 cm/s. This had proved that the effect of

transmembrane pressure is more significant at higher crossflow velocity.
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4.3.2. Effect of crossflow velocity on rejection coefficient

Rejection coefficient increased with crossflow velocity at transmembrane

pressure 0.3 bar (Figure 4.20). The increment is 13.9% as crossflow velocity increased

from 1.3 cm/s to 3.6 cm/s and 73.2% as crossflow velocity increased to 4.6 cm/s. The

results imply that protein permeation through the membrane is reduced with the increase

of crossflow velocity at transmembrane pressure 0.3 bar. This is because at low

transmembrane pressure range, the increase of crossflow velocity shear increase the

particles inertial lift force and reduce the particle convection through the membrane.

Figure 4.20: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at transmembrane pressure 0.3 bar

However, at transmembrane pressure 1.0 bar, rejection coefficient is slightly

increased for 3.4% as crossflow velocity increased from 1.3 cm/s to 3.6 cm/s (Figure

4.21). Protein permeation is reduced as crossflow velocity increased from 1.3 cm/s to

3.6 cm/s due to particles inertial lift back to bulk solution instead of permeate through
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4.21). Protein permeation is reduced as crossflow velocity increased from 1.3 cm/s to
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the membrane. As crossflow velocity increase further to 4.6 cm/s, rejection coefficient

reduced rapidly for 33.3%. This may due to the increase of crossflow velocity which

increased the internal pressure and more proteins were pushed through the membrane.

Figure 4.21: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at transmembrane pressure 1.0 bar
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the membrane. As crossflow velocity increase further to 4.6 cm/s, rejection coefficient

reduced rapidly for 33.3%. This may due to the increase of crossflow velocity which

increased the internal pressure and more proteins were pushed through the membrane.

Figure 4.21: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at transmembrane pressure 1.0 bar
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the membrane. As crossflow velocity increase further to 4.6 cm/s, rejection coefficient

reduced rapidly for 33.3%. This may due to the increase of crossflow velocity which

increased the internal pressure and more proteins were pushed through the membrane.

Figure 4.21: Coefficient rejection of protein in skim latex during ultrafiltration of skim
latex at transmembrane pressure 1.0 bar
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

The experimental results in this study showed that filtration performance and

fouling in the ultrafiltration of skim latex is highly dependent on transmembrane

pressure and crossflow velocities do affect the filtration performances. The effect of

transmembrane pressure on fouling has different trends at a range of crossflow velocity

and transmembrane pressure. This study allows us to gain a better understanding in the

effect of transmembrane pressure and crossflow velocity on fouling and filtration

performance in ultrafiltration of skim latex.

The skim latex used in this study was alkaline (pH 9.62 ± 0.12) with a particle size

distribution range of 0.07 to 0.33 ± 0.012 µm and density 0.9957 ± 0.0072 g/cm3. The

feed solution used has TSC of 6.42 ± 0.02% and 4.24 ± 0.01%. Ultrafiltration of skim

latex was studied using single tubular ceramic membrane of 0.05μ in a bench scale

ultrafiltration unit.

The experimental results showed that, in general, permeate flux decreases with

filtration time. Permeate flux decreased drastically at the initial period and then

gradually reached pseudo steady state as filtration time approached 1600 s. The

reduction in permeate flux with filtration time is basically caused by the buildup of

fouling layer on membrane surface. The initial rapid reduction in permeate flux is

because severe fouling is occurred at the initial stage (Hwang & Sz, 2010). As filtration

prolonged, particles start to block the pores and reduce the available membrane area for

filtration. Thus, particles start to accumulate and deposit on surface to form polarization
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layer. Permeate flux had reduced for about rapidly for 79-92% as permeate flux reached

pseudo steady state. At this point, the particle deposition rate is equal to the particles

back diffusion rate. Thus, no further fouling occurred at this point and permeates flux

and resistance had reached an almost constant state. At pseudo steady state, further

growth of fouling layer is restricted by the flow shear stress across the fouled layer.

Thus, the trend of filtration resistance is increasing with filtration time. Filtration

resistance is increased rapidly initially due to fouling and then reached pseudo steady

state. The rapid increased in filtration resistance is the main reason leads to the drastic

reduction in permeate flux.

5.1.1 Effects of crossflow velocity

The effect of transmembrane pressure on permeate flux performance is different

from that of crossflow velocity 1.3 cm/s and 4.6 cm/s. At low crossflow velocity range

1.3 cm/s, the increase in transmembrane pressure can cause the increase of initial

permeate flux. However, permeate flux at pseudo steady state decreased 38% due to

more severe fouling. As transmembrane pressure 1.0bar, the increase in particles

convection force can cause large particles to deposit and formed fouled layer with

higher porosity and lower resistance. Thus, permeate flux at pseudo steady state had

improved. At crossflow velocity 4.6 cm/s, the increase of transmembrane pressure tends

to increase the particles convection force to membrane surface and cause more severe

fouling. As a consequence, initial permeate flux and flux at pseudo steady state tend to

decrease as transmembrane pressure increased. Filtration resistance is increased (78-

171%) with transmembrane pressure due to more severe fouling.

The studies also reveal that reversible fouling is predominant (99%) compared to

irreversible fouling resistance (<1%) in the fouling of skim latex. The increase of
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transmembrane pressure caused the increase in cake layer formation which contributed

to reversible fouling resistance. MFI and fouled layer resistivity (I) are also increased

with transmembrane pressure. The increment is higher as transmembrane pressure

increased from 1.0 bar to 1.3 bar. MFI had increased 2097.8% and I had increased

2766.4%.

5.1.2 Effects of transmembrane pressure

This experimental results showed that permeate fluxes are increased upon the

increase of crossflow velocity at transmembrane pressure 1.0 bar. Initial permeate flux

and permeate flux at pseudo steady state had increased as transmembrane pressure

increased at constant crossflow velocity. The filtration resistance trend is lower at

higher crossflow velocity. However, at transmembrane pressure 0.3 bar, where

convection force is lower, the increase of crossflow velocity reduced the average

particles size of fouled layer by lifted large particles in fouled layer as crossflow

velocity increased from 1.3 cm/s to 3.6 cm/s. As the result, filtration resistance trend is

increased as crossflow velocity increased from 3.6 cm/s to 4.6 cm/s at 0.3 bar

transmembrane pressure. Modified fouling index (MFI) and resistivity (I) also increased

as crossflow velocity increased to 4.6 cm/s a transmembrane pressure 0.3 bar.
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5.1.3 Protein rejection coefficient

Protein rejection coefficient is decreased with transmembrane pressure at

crossflow velocity 1.3 cm/s and 4.6 cm/s due to the increase in particles convection

force. At constant crossflow velocity 1.3 cm/s, protein rejection coefficient had reduced

as transmembrane pressure increased. At crossflow velocity 4.6 cm/s, protein rejection

coefficient is reduced for about 38-48%. The reduction rate is more obvious at higher

crossflow velocity (4.6 cm/s).

At constant transmembrane pressure 0.3 bar, the increase of crossflow velocity

caused the increase of protein rejection coefficient. This is because the increase of shear

stress had reduced the protein particles convection force. Less protein was pushed

through the membrane. At higher transmembrane pressure, 1.0 bar, the increase of

crossflow velocity caused the increased of protein rejection coefficient. The different

behavior might due to the increase in applied pressure have affected the particles

convection force. Protein permeation is reduced because particles tend to lift back to

bulk solution instead of permeate through the membrane. As crossflow velocity

increased further to 4.6 cm/s, rejection coefficient reduced rapidly for 33.3% due to the

increase internal pressure and more proteins were pushed through the membrane.
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5.2 Future work

This study is limited to operating parameters transmembrane pressure and

crossflow velocity. It is recommended to perform studies on the effect of feeds

properties such as pH, feeds concentration, and feeds temperature and viscosity. Effects

of other parameters such as membrane dimension, membrane types, and pore size

should also be investigated.

Another key element to understand the fouling behavior is to conduct

characterization of fouled membrane. Besides scanning electron microscope (SEM),

different techniques such as X-ray photoelectron spectroscopy (XPS), UV spectroscopy

and atomic force microscopy (AFM) can also be used to characterize the fouled

membrane surface. Particles size analysis on the retentate should be carried out to

studied the size of particles deposited on membrane during the ultrafiltration of skim

latex. As skim latex is polydispersed biopolymer, compression of fouled layer during

the ultrafiltration of skim latex are also should be considered for future study. Such

studies would allow us to gain further understanding on skim latex fouling and develop

a method to clean the used membranes and assess the effectiveness of various

membrane cleaning methods. The data obtained can also be used to develop a model of

fouling and filtration behavior. An optimum operating parameter can be obtained using

the model developed in order to optimize the filtration performance.Univ
ers

ity
 of

 M
ala

ya



97
`

CHAPTER 6
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Effects of Crossflow Velocity and Transmembrane Pressure on Ultrafiltration
of Naturally-Occurring Proteins in Skim Latex Serum

Nik Meriam Sulaiman, Ho Kar Wei, Mohamed Kheireddine Aroua

Department of Chemical Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia: vione_kw@live.com

Abstract

The concentration on natural rubber latex via centrifugation results in a skim latex by-
product stream. Membrane separation process offers an attractive alternative separation method
to recover the remaining 6-8% of rubber particles as well as the by-product serum from the skim
latex stream, thus avoiding the need for a wastewater treatment plant. However, it is recognized
that continuous membrane filtration suffers from fouling phenomenon. This study investigates
the behavior of skim latex during ultrafiltration in particular pertaining to the protein fractions in
the feed solution. The effects of crossflow velocity and transmembrane pressure during
ultrafiltration were also investigated. A bench scale crossflow ultrafiltration unit using tubular
ceramic membranes, with pore size 0.05µm, was used in this study. Fouled membranes were
examined using scanning electron microscope. The results showed that, increasing the feed flow
velocity or filtration pressure led to higher filtration permeate fluxes. Increasing the crossflow
velocity resulted in higher filtration permeate flux but decreases in protein rejection coefficient.
The increment in filtration flux was due to tangential flow sweeping effect and reduced fouling.
The scanning electron microscopy results showed that increase of crossflow velocity leads to an
increase in cake layer porosity and decrease in cake layer thickness. Increase in transmembrane
pressure causes reduction in filtration permeate while increase in protein rejection coefficient.
This might due to the fact that increase of applied pressure increase the filtration driving force
causing more serious fouling and increase of fouling resistance. Scanning electron microscope
results also showed that increase in transmembrane pressure resulted in a decrease in cake layer
porosity and thickness due to high compaction.

Keywords: Ultrafiltration; skim latex, fouling, ceramic membrane
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Effects of Transmembrane Pressure and Crossflow Velocity in the Ultrafiltration of Skim

Latex Serum

Nik Meriam Sulaiman, Ho Kar Wei, Mohamed Kheireddine Aroua

Department of Chemical Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia:

karwei0808@hotmail.com

ABSTRACT

Natural field latex with about 30% dry rubber content (DRC) needs to be further

concentrated to about 60% DRC for further downstream processing into a variety of products. In

this process, a large volume of skim latex (consists of 6-8% DRC) is produced as by-product.

Membrane separation process can be used to recover the skim rubber particles as well as the by-

product serum from the skim latex stream, thus avoiding the need for the wastewater treatment

plant. However, it is recognized that continuous membrane filtration suffers from fouling

phenomenon. As such a study has been initiated to gain an understanding of the fouling behavior

of skim latex, in particular pertaining to the protein fractions in the feed solution. A bench scale

crossflow ultrafiltration unit using single channel tubular ceramic membrane with pores size

0.05µm was used in this study. The effect of operating conditions, i.e. crossflow velocity and

transmembrane pressure were investigated. In overall, filtration performance has a similar trend,

i.e. initial permeate fluxes of filtrations start up high and then decreases rapidly. Finally,

permeate flux attained pseudo steady state where permeate flux is almost constant at this stage.

At crossflow velocity 4.6cm/s, initial permeate flux and permeate flux at pseudo steady state are

decreasing with the increase in transmembrane pressure. However, at crossflow velocity 1.3cm/s,

the trends of initial permeate flux and fluxes at pseudo steady state are different. Initial permeate

flux is increasing with cross flow velocity. While, permeate flux at pseudo steady state is slightly

reduced as transmembrane pressure increased from 0.6bar to 1.0bar. Permeate flux at pseudo

steady state is increased drastically as transmembrane pressure increased further to 1.3bar. This

is mainly due to the change in the microstructure of fouled.

Keywords: Ultrafiltration; skim latex
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Membrane separation technology is gaining wider acceptance nowadays in various process

industries such as dairy, food and beverage, pharmaceutical and wastewater treatment.

Membrane separation is commonly used in dairy industry to fractionate milk fat and separation

of whey protein cheese brine purification [1]. In rubber industry, membrane separation process

has provides an alternative to concentrate rubber content in skim latex [2, 3]. Natural field latex

consists of about 30% dry rubber content (DRC). It needs to be concentrated to about 60% DRC

for further downstream processing into a variety of products. In Malaysia, about 85 to 90% of

latex concentrate is obtained by through centrifugation process. In this process, besides of cream

with 60% DRC and a large volume of skim latex (6-8% DRC) is produced. Conventionally,

rubber particles in the skim are recovered using cheap grade sulphuric acid. In this process,

highly acidic polluting effluent which can lead to malodour problems upon degradation is

produced. It will be economically and environmentally to apply membrane separation process to

recover the remaining 4-6% dry rubber content. Compare to conventional method, membrane

separation allows the recovery of potential by-product in skim latex which contains valuable

nutraceutical and other value-added components without chemicals contamination. Further,

rubber waste stream needs not further treatment before it can be discharged into the waterways.

However, it is recognized that continuous membrane filtration suffers from fouling

phenomenon [4, 5]. Prolonged usage of membrane in filtration process can leads to fouling

problems entailing membrane replacement and increased operating costs. It will also affect the

process productivity. As such a study has been initiated to gain an understanding of the fouling

behavior of skim latex, in particular pertaining to the protein fractions in the feed solution. In

order to overcome this problem, efforts had been carried out to study the fouling mechanism and

also cleaning methods to restore the membrane performance. Ultrasound [6] and gas sparging [3]

have been used as a cleaning method for fouling during natural rubber skim latex. However, a

scientific understanding of fouling behavior during ultrafiltration of skim latex is necessary to

optimize its performance [5, 7-10]. In the case of natural rubber skim latex, fouling behavior can

be attributed to the presence of naturally-occurring proteins. The extent of fouling mechanisms

on flux decline are depend on various factors such as pore size, particle size distribution,

membrane material and operating parameters (cross-flow velocity, transmembrane pressure,

solution ionic strength, etc.).
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Earlier studies have shown the possibility of using membrane separation technology in

processing skim latex. In this study, a bench scale crossflow filtration unit using single channel

tubular ceramic membranes was used to study the effect of crossflow velocity and

transmembrane pressure on skim latex ultrafiltration. The effects of crossflow velocity and

transmembrane pressure on filtration performance and filtration resistance are analyzed.

Membrane fouling index and fouled layer resistivity are also calculated in order to study fouling

mechanism.

2. Materials and Methods

2.1. Materials

Skim latex was used as feed solution. The skim latex obtained was stabilized with

suitable preservative solution to prevent premature coagulation during storage time before

filtration process. Single channel ceramic tubular membranes with pore size 0.05µm, inner

diameter 7mm, outer diameter 10mm and length 250mm were used in this study. The ceramic

membrane were made up of aluminium oxide (Al2O3).The ceramic membrane was encased in the

stainless steel module in the filtration rig as shown in fig. 1 below. The bench scale filtration unit

is included a membrane housing, a peristaltic pump, an analytical balance and two oil-filled type

pressure gauges were fitted at inlet and outlet of the module to measure the feed flow pressures.

The flow pressure was adjusted by using a flow control valve and indicated on the pressure

gauge at the inlet and outlet of the module.
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Fig. 1. Schematic diagram of the bench scale crossflow ultrafiltration unit.

2.2. Filtration of experiments

For each new membrane, before experiment, pure water flux tests were carried out over a

range of transmembrane pressures in order to determine its water permeability. The crossflow

velocity was set at 3.3cm/s.

For filtration of skim latex, each experiment was carried out using 500ml skim latex at

temperature 25°C. Skim latex was circulated in the system using a peristaltic pump with variable

speed which allowing study of a range of crossflow velocity can be carried out. Applied pressure

was adjusted by using a flow control valve. The crossflow velocity is between 1.3cm/s to

4.6cm/s and the transmembrane pressure was in the ranged of 0.3bar to 1.3bar.

Retentate was recycled back to the feed solution in order to reticulate in the system.

Permeate was collected directly onto a digital balance which connected to a computer. Flux was

measured by monitoring the mass of collected permeate before recirculate back to the feed tank

in order to maintain the feed solution concentration. The experiments were performed at various

crossflow velocity and transmembrane pressure. The experiments were carried out for 160
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minute each until a pseudo steady state reached. Filtration resistances were determined from the

pseudo steady state permeates flux using Darcy’s Law.

2.3. Determination of membrane resistance before and after ultrafiltration of skim latex

Membrane resistance and filtration resistance is determined using Darcy’s Law:

= ∆
where R is the filtration resistance, ∆P is the pressure gradient, μ is the viscosity of the solution

and J is the permeate flux obtained.

Membrane resistance, Rm, is determined by using the initial water flux test. The membranes

were subjected to water filtration at transmembrane pressure 0.5bar and crossflow velocity 3.3

cm/s. Membrane resistance was calculated through Darcy’s Law. The membranes resistances are

constant and not affected by fouling during ultrafiltration.

After filtration process, membrane is rinsed with pure water flux to remove all traces of skim

latex. The membrane total resistance, Rt, was determined by subjected the membrane to water

filtration test. Total resistance obtained the results of the membrane initial resistance (Rm),

reversible cake fouling resistances (Rc) and irreversible fouling resistance (Rf) as shown in

equation below. = + +
The membrane was then cleaned by rinsing it with 2% sodium hydroxide solution and

deionized water thoroughly in order to remove any deposition on membrane surface (reversible

cake fouling). The cleaning procedure was repeated until no further increases in water permeate

flux. Membrane resistance after cleaning is determined. Internal fouling resistance can be

determined based on the assumption that cake layer is effectively removed through cleaning. The

difference of filtration resistance before and after cleaning is taken as reversible cake fouling

resistance (Rc).
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3. Results and Discussion

3.1. Typical filtration performance

Based on the results obtained, at both 1.3cm/s and 4.6cm/s, permeate flux decreases

drastically at the initial period of time and then gradually reached pseudo steady state as filtration

time exceeding 2000s (fig. 2). The initial rapid reduction in permeate flux implies that the most

severe fouling is occurred at the initial stage [11]. The reduction in permeate flux with filtration

time is basically caused by the buildup of fouling layer on membrane surface which increases the

filtration resistance as shown in fig. 2 (resistance ratio versus filtration time). According to

Waniek et al, the dependency of permeate flux on time at the initial stage is related to irreversible

fouling developed [12]. As filtration prolonged, particles larger than the membrane pores start to

block the pores and reduce the available membrane area for filtration. Thus, particles start to

accumulate and deposit on surface to form polarization layer [13]. More particles were retained

as the hydraulic resistance increases.

As fouling increased with filtration time, resistance analysis showed that filtration resistance

increases rapidly initially and then reached a pseudo steady state as in fig. 3. The change in

filtration resistance is similar to that in the study of Blanpain-Avet et al and Purkait et al [14, 15].

The rapid increased in filtration resistance resulted in the drastic reduction in permeate flux. As

filtration continued, the concentration of accumulated or deposited particles on membrane

surface increased reached a critical point. At this point, the particle deposition rate is equal to the

particles back diffusion rate. Thus, no further fouling occurred at this point and permeates flux

and resistance had reached an almost constant state. At this point, further growth of fouling layer

is restricted by the solution axial shear stress applied upon the fouled layer [16].

3.2. Effects of transmembrane pressure on filtration performance at crossflow velocity 4.6cm/s
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Fig. 2 is the plot of permeate flux versus filtration time at constant crossflow velocity

4.6cm/s. The plot shows that the initial permeate flux is decreased upon the increased of

transmembrane pressure. High convection force as applied pressure increased had caused large

amount of particles brought to the membrane surface simultaneously and caused particles to

accumulate and deposit to form cake layer [17]. Formation of cake layer had reduced the

tendency of particles to penetrate into the membrane pores and also the effective membrane. This

had caused increases the filtration resistance (fig. 4) and reduction of the volume of permeate

pass through the membrane. As the particle convection force is increased upon the increases of

transmembrane pressure, the rate of cake layer formation is also speed up. Consequently, the

rates of attenuation of permeate fluxes also increased with transmembrane pressure. Due to more

severe fouling, permeate fluxes at pseudo steady state is also decreasing with the increases of

transmembrane pressure (fig. 3). The obtained results are similar to the results in the previous

studies [18-21].

Fig. 2. Normalized filtration permeate flux time course during filtration of skim latex at constant

crossflow velocity 4.6cm/s.
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Fig. 3. Variation of normalized permeate flux at pseudo steady state during filtration of skim

latex at constant crossflow velocity 4.6cm/s.

Fig. 4. Normalized filtration resistance time course during filtration of skim latex at constant

crossflow velocity 4.6cm/s.

0.0000

0.0010

0.0020

0.0030

0.0040

0.6 1.0 1.3

J/
J 0

Transmembrane pressure (bar)

ν=1.3cm/s

ν=4.6cm/s

0

2

4

6

8

10

12

14

16

18

0 2000 4000 6000 8000 10000

R
t/R

0

Filtration time (s)

∆P=0.6bar

∆P=1.0bar

∆P=1.3bar

Univ
ers

ity
 of

 M
ala

ya



9

In ultrafiltration process, fouling is contributed to the combination of different fouling

mechanisms [22]. Reversible and irreversible fouling resistance is studied by measure the

membrane resistance after ultrafiltration of skim latex. As in table 1, the analysis of fouling

resistance  showed that reversible fouling is predominant (>99% of total resistance), which is

mainly contributed to the formation of cake layer, compare to irreversible fouling resistance

(<1%) [20]. Reversible fouling resistance in increased with transmembrane pressure at crossflow

velocity 4.6cm/s. Thus, the increase in filtration resistance is mainly due to the change in

reversible fouling instead of irreversible fouling. However, the effect of transmembrane pressure

on irreversible fouling resistance is not significant.

A plot of the dt/dv versus v was shown in fig. 5. The curve at transmembrane pressure

1.3bar shaped concave downward, i.e. the curve of slope is increased rapidly initially and then

slowly decreases. The curve at transmembrane pressure 0.6bar and 1.0bar give an almost linear

curve. The slope of the regression line of the linear region is taken as the value of membrane

fouling index (MFI). Resistivity, I, can be calculated from membrane fouling index values

obtained using equation as shown below:

= .∆ .
where MFI is the membrane fouling index obtained, η is the solution viscosity, I is the resistivity,

∆P is the pressure gradient and A is the effective membrane area. The analysis of dt/dv versus v

(filtration volume) shows that MFI and I are increased as applied pressure increased (table 2).

MFI is increased upon the increase of pressure implies that fouling potential is higher as

transmembrane pressure increased. The result is in parallel with the analysis of permeate flux

performance and fouling resistance results obtained. The increase in particles convection forces

with transmembrane pressure has caused more particles to foul on membrane surface and

increases the fouling potential. Thus, fouled layer resistivity is higher as fouled layer is increased

with transmembrane pressure.
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Table 1

Resistance analysis of the ultrafiltration of skim latex at crossflow velocity 1.3cm/s and 4.6cm/s.

Crossflow velocity (cm/s) Transmembrane pressure (bar) Rc/Rm % Rf/Rm %

1.3cm/s 0.6bar 272.81 99.5 1.25 0.5

1.3cm/s 1.0bar 1756.39 99.9 1.59 0.1

1.3cm/s 1.3bar 1071.25 99.8 1.90 0.2

4.6cm/s 0.6bar 207.49 99.1 1.81 0.9

4.6cm/s 1.0bar 370.41 99.7 1.29 0.4

4.6cm/s 1.3bar 1003.75 99.9 1.35 0.1

Fig. 5. MFI analysis of the ultrafiltration of skim latex at constant crossflow velocity 4.6cm/s.
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Table 2

Membrane fouling index at various operating parameter.

CFV (cm/s) TMP (bar) MFI (s.cm-6) Resistivity, I x 1011 (cm-2)

1.3 0.6 550.0 8.14
1.0 480.0 12.24
1.3 7.1 0.24

4.6 0.6 16.7 0.59
1.0 18.2 1.10
1.3 400.0 31.53

1.3 0.3 708.3 5.42
3.6 62.5 0.96
4.6 229.2 4.17
1.3 1.0 480.0 12.24
3.6 278.9 14.33
4.6 18.2 1.10

3.3. Effects of transmembrane pressure on filtration performance at crossflow velocity 1.3cm/s

At crossflow velocity 1.3cm/s, initial permeate shows different trend compare to as at

crossflow velocity 4.6cm/s. Initial permeate flux is increasing upon the increase of

transmembrane pressure at crossflow velocity 1.3cm/s (fig. 6). This may because the increase in

transmembrane pressure had increased the particles convection force to pass though the

membrane. The result obtained is different from that at higher crossflow velocity (4.6cm/s) is

probably due to the fact that increase of crossflow velocity also tend to increase the internal

pressure in the module and cake layer formed faster [23]. Experimental result as shown in fig. 2

indicates that permeate flux at pseudo steady state is decreased slightly and then increased upon

the increases of transmembrane pressure. As in previously studies, permeate flux is inversely

dependence on filtration resistance. Filtration resistance is increased as transmembrane pressure

increased from 0.6bar to 1.0bar (fig. 7). However, as transmembrane pressure exceeds 1.0bar,

filtration resistance tends to decrease. As mentioned before, the change in filtration resistance is

mainly due to the change in reversible fouling resistance as in table 1. Meanwhile, irreversible is
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almost constant throughout the range of transmembrane pressure. Reversible fouling is increased

as transmembrane due to more particles were brought to the membrane surface to form cake

layer. However, as transmembrane pressure increased further, the average fouled layer particles

size is increased and thus cake layer porosity also higher. SEM images of fouled membrane

surface at transmembrane pressure 0.9bar and 1.3bar and constant crossflow velocity 3.3cm/s

were shown in fig. 8. The images show that fouled layer porosity is more obvious to be seen at

higher transmembrane pressure. Low porosity cake layer impedes lower filtration resistance.

Fig. 6. Normalized filtration permeate flux time course during filtration of skim latex at constant

crossflow velocity 1.3cm/s.
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Fig. 7. Normalized filtration resistance time course during filtration of skim latex at constant

crossflow velocity 1.3cm/s.

(a) (b)

Fig. 8. SEM images of fouled membrane surface under crossflow velocity 3.3cm/s and

transmembrane pressure (a) 0.9bar and (b) 1.3bar.
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Fig. 7. Normalized filtration resistance time course during filtration of skim latex at constant

crossflow velocity 1.3cm/s.
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Fig. 8. SEM images of fouled membrane surface under crossflow velocity 3.3cm/s and

transmembrane pressure (a) 0.9bar and (b) 1.3bar.
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Fig. 7. Normalized filtration resistance time course during filtration of skim latex at constant

crossflow velocity 1.3cm/s.
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Fig. 8. SEM images of fouled membrane surface under crossflow velocity 3.3cm/s and

transmembrane pressure (a) 0.9bar and (b) 1.3bar.
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Fig. 9. MFI analysis of the ultrafiltration of skim latex at constant crossflow velocity 1.3cm/s.

A plot of the t/V versus V at crossflow velocity 1.3cm/s was shown in fig. 9. MFI is

decreased slightly as applied pressure increases from 0.6bar to 1.0bar and then decrease

drastically as transmembrane pressure increase further to 1.3bar. The result implies that fouling

potential of cake layer is decreased with pressure. However, resistivity is increased as applied

pressure increase from 0.6bar to 1.0bar. As transmembrane pressure increased further, resistivity

starts to decrease due to more porous fouled layer formed. The result is consistent with the

analysis of fouling resistance previously. Thus, at crossflow velocity 1.3cm/s, as transmembrane

pressure increases, fouling potential is decreased. However, resistivity might change due to the

structure of cake layer formed.
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4. Conclusion

The effect of transmembrane pressure and crossflow velocity in ultrafiltration

performance of skim latex were studied. The filtrations performances have similar trends, i.e.

filtrations start with high initial permeate flux, and then decrease rapidly with time and reached

pseudo steady state where permeate flux is almost constant. It had been shown that

transmembrane pressure and crossflow velocity do affects the ultrafiltration process in terms of

initial permeate flux, decay rate and filtration at pseudo steady state. However, the effect of

transmembrane pressure in slightly different as in crossflow velocity 1.3cm/s and 4.6cm/s. At

crossflow velocity 4.6cm/s, initial permeate flux and flux at pseudo steady state is reducing with

the increase of transmembrane. This is because the increases of transmembrane pressure had

caused the increase in filtration resistance as particles convection force increased with

transmembrane pressure. It had caused the more particles to foul on membrane surface. The rate

of cake layer formation also increases with transmembrane pressure. Thus, the analysis of MFI

also implies that fouling potential and resistivity is positively dependent on transmembrane

pressure.

At crossflow velocity 1.3cm/s, the trend is slightly different due to the change in fouled

layer structure with transmembrane pressure. It was found that as transmembrane pressure

exceeds 1.0bar, large particles tends to fouled in cake layer and thus increase the fouled layer

porosity. As a consequences, filtration resistance is decreasing and permeate flux is improved. It

can be observed in the analysis of fouling index, although fouling potential is increasing with

applied pressure, resistivity might changed due to the change in fouled layer structure.

As a conclusion, both transmembrane pressure and crossflow velocity do affect the

ultrafiltration performance of skim latex. However, further studies need to carry out in order to

understand the fouling mechanism and to optimize the filtration performance.
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