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AbstractFlocculation kinetics and sludge dewatering of kaolin suspension as influenced by various q-EFBC floccu-
lant dosing were studied. In this study, 62.5 mg L1 q-EFBC exhibited the highest turbidity removal efficiency of 99.53±
0.08%. The adsorption rate of kaolin towards 12.5 mg L1 to 112.5 mg L1 q-EFBC dosing increased rapidly for t<60 s
and became gradual before completion. The mass transfer coefficient was independent of dosage. The experimental data
best-fitted the non-linear pseudo-first order due to the R2>0.99 and the lowest standard deviation. The highest rate con-
stant of particle aggregation and breakage was consistent with the highest rate constant of particle collision, which led to
the highest turbidity removal at the optimal dosage. The rate-limiting steps in the flocculation process were particle colli-
sion and aggregation since their rate constant was lower than the other kinetic constants. The lower values of SRF and
TTF of treated sludge as compared to the untreated one confirmed the improvement in the dewaterability characteristic.
The lowest TTF (37.44±1.44 s) and SRF (1.49×1010 m kg1) was observed for 62.5 mg L1 q-EFBC. The high turbidity
removal and improved sludge dewaterability indicate the potential application of q-EFBC for water treatment.
Keywords: Adsorption, Flocculation, Kinetics, Cellulose, Turbidity Removal

INTRODUCTION

Fine particles in a suspension are commonly removed by the
flocculation process through particle destabilization and agglomer-
ation prior to sedimentation for disposal [1]. Due to the increas-
ing awareness of sustainability and environmentally friendly concepts,
the focus has been shifted towards developing environmentally
friendly materials, such as natural-based flocculants like tamarind
kernels [2], palm rachis [3], Moringa oleifera, Opuntia ficus-indica [4]
and guar gum [5]. Cellulose, the most abundantly available poly-
saccharide, has also been studied concerning the isolation process
from various sources (i.e., birch, date palm rachis and cotton) and
modification with a range of chemicals to produce flocculants [3,6,7].
The excellent performance of cellulose-based flocculants in treating
water and wastewater was proven; however, only limited reports
on the flocculation kinetics of cellulose-based flocculants can be
found in the literature [8-10].

In general, flocculation occurs after a considerable amount of
added flocculants is adsorbed onto the suspended particles to initi-
ate destabilization. The oppositely charged polymer molecules are
attracted to the vacant particle surfaces, resulting in charge neutral-

ization, forming bridges or patching [11]. In practical applications,
the nature of flocculant adsorption on a particle surface and its
reconformation are significant factors that determine the floccula-
tion performance [11-13]. An initial adsorption process is rapid with
numerous vacant surface sites, then, becomes slower before com-
pletion, resulting in the decrease of approachable unoccupied sur-
face sites. The final quantity of adsorption, thus, depends on the
available surface area of the system [12-14]. The adsorption of poly-
mer then encourages agglomeration of flocs by colliding with one
another, prompted by three possible modes of transport: a) Brown-
ian motion; b) gradient velocity and c) differential sedimentation
[13]. A dependable correlation between adsorption and flocculation
processes can facilitate the control of flocculation, consequently en-
abling process-tuning aiming to attain the desired floc characteristics.

In conjunction with the flocculation process, sedimentation of
fine particles is a subsequent common practice that produces a
semi-solid slurry or sludge. The sludge is usually disposed of by
composting, incineration and landfill, which faces challenging issues
due to the cost (e.g., handling, transportation, and space) and man-
agement [15]. Therefore, an effective flocculation is required to min-
imize the sludge water content and volume, thus overcoming these
issues. Sludge dewatering has been studied widely and several rele-
vant review papers can be found in the literature discussing the types
of flocculants [16], key parameters affecting sludge dewatering
performance and characteristics [14,17,18], encountered challenges



670 S. S. Mohtar et al.

May, 2019

and disposal techniques [15,19,20]. Over a decade, a number of bio-
polymer flocculants such as proteins, starch, chitosan, cellulose and
lignin were reported [21-25]. These alternatives were developed to
minimize the amount of synthetic flocculants in practical use or
completely substituting them. They were usually modified through
etherification or grafting in order to comply with the target pollut-
ants charge, increase the molecular weight to enhance the floccula-
tion stability and increase the water solubility for feasible application
in various water treatment systems. Their application was unaided
or used in combination with the commercially available floccu-
lants, and some were reported to have superior performance over
synthetic flocculants [21,23,25].

This study reports on the flocculation kinetics and the effect of
the flocculation on the dewatering characteristics of producing
sludge using a cellulose-based flocculant. The flocculant, quater-
nized cellulose (q-EFBC) derived from the oil palm empty fruit
bunches (OPEFB), was used to remove turbidity of kaolin suspen-
sion by varying the dosage. The flocculation kinetics covered each
flocculation stage, which includes adsorption of polymer onto par-
ticles and flocs formation. The adsorption process was studied based
on the mass transfer and reaction-based kinetics models. Particle
collision, aggregation and breakage were considered for aggrega-
tion kinetics of flocculation process. The dewatering characteris-
tics of the generated sludge were assessed via the measurement of
the time to filter (TTF) and specific resistance to filtration (SRF).
The evaluation of each stage of the flocculation process up to the
generation of sludge is necessary to better understand and predict
the flocculation mechanisms as well as the effect of the floccula-
tion process on the sludge dewatering properties.

MATERIALS AND METHODS

1. Materials
The q-EFBC used was OPEFB cellulose modified with 3-chloro-

2-hydroxypropyl trimethylammonium chloride (degree of substi-
tution (DS)=0.56; cellulose Mw=1,869 g mol1). The details of iso-
lation, modification and characterization processes are described
elsewhere [8,26]. Kaolin particles (average size: 5m, BET surface
area: 14.18 m2 g1, : 2.4 g cm3) were purchased from Merck (Ger-
many). The double-distilled water (DW) used throughout the experi-
ments was produced using the AWS/4D Aquamatic Water Stills
Hamilton (U.K.).
2. Flocculation Experiment

A jar test model VELP Scientifica JLT6 (Europe) equipped with
six 75 mm×25 mm rectangular propellers was used to perform the
flocculation process. A 300mL of 1,400mg L1 kaolin suspension was
prepared in DW and the pH of the suspension was adjusted to
pH 7 using 0.1M NaOH or HCl solution. The experiment was con-
ducted by rapid stirring at 250rpm for 3min and slow stirring at 30
rpm for 30min to promote the flocculation process. The flocs were
allowed to settle down for 30 min prior to turbidity measurement
using a Hanna instrument HI88703 Turbidimeter (Romania). The
turbidity removal efficiency, t (%) was calculated according to Eq. (1)

(1)

where Ti (NTU) and Tf (NTU) are the respective initial and final
turbidity of the suspension.

The adsorption quantity, q (mg g1) of kaolin particles at vary-
ing q-EFBC dosages was determined by a depletion method. 2 mL
of the suspension was taken at 15 s, 30 s, 45 s, 60 s, 120 s, 180 s,
600 s, 1,200 s and 1,800 s during slow stirring and filtered right away
using a 0.45m nylon filter syringe. The residual concentration of
the q-EFBC in the supernatant was determined by a high perfor-
mance liquid chromatography (HPLC) model Agilent Technolo-
gies 1200 (U.S.A.) equipped with Rezex RPM-Monosaccharide
column and RI detector (U.S.A.). The DW was used in the mobile
phase with a flow rate of 0.6 mL min1 at 60 oC. The q was calcu-
lated using Eq. (2)

(2)

where Co (mg L1) and Cr (mg L1) are the initial and residual con-
centrations of q-EFBC in the supernatant, respectively. V (L) is the
volume of the suspension and m (g) is the mass of kaolin.

The flocculation degree was then monitored by measuring the
kaolin concentration under slow stirring. The concentration was
recorded and determined by a gravimetrical method at selected
times, which were 15 s, 30 s, 45 s, 60 s, 120 s, 180 s, 600 s, 1,200 s and
1,800 s.
3. Filtration and Dewatering Experiments

The filtration and dewatering experiments were conducted con-
tinually using a 500 mL Buchner funnel (filter holder Ø=3.5 cm)
equipped with an Edwards RV12 pump (England) and ACSI digi-
tal pressure meter (U.S.A.). The generated slurry after the floccula-
tion process was poured into the filter under the pressure of 0.19
bars. The time at 25 mL of volume intervals was recorded. The fil-
tration was prolonged for 5 min before the wet cake sample was
collected and weighed. The wet cake was then dried at 105 oC until
constant weight was reached. The wet and dried cake was weighed
to determine moisture content (%) by Eq. (3)

Moisture content (%)

(3)

RESULTS AND DISCUSSIONS

1. Flocculation Kinetics
As a time dependent process, it is necessary to study the rate of

kaolin adsorption for evaluating the flocculant performance in
removing turbidity. In this study, a common approach of adsorp-
tion process was applied. Fig. 1 shows the q as a function of time t (s),
for various q-EFBC dosages in kaolin suspension. It was found
that the q increased rapidly at the early stage and became slower
before completion. This could be explained by the numerous vacant
active sites for adsorption at the beginning of the process. As the
time increased, these unoccupied active sites decreased, subsequently
completing the adsorption process. The increasing adsorption rate
with q-EFBC dosage in this study was in agreement with Gregory
and Barany [27]. However, eventually, saturation can occur and
increasing dosage will no longer lead to an increase in adsorptiont  
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process [28].
The adsorption process was further investigated with an assump-

tion that the flocculation process is described by four successive
steps: 1) external mass transfer (transport of the flocculant mole-
cules in bulk solution to the kaolin particles); 2) surface interaction
on the kaolin particle; 3) rate of particles collision and 4) particles
aggregation and breakage [12,29].
2. External Mass Transfer

The transport rate of the q-EFBC from the bulk solution to the
suspended kaolin particles is studied by using the commonly used
mass transfer model as shown in Eq. (4) [30]

(4)

where V (m3) is the volume of the particle-free liquid, Ct (mg L1)
is the q-EFBC concentration at time t (s), m (g) is the mass of kaolin,
kf (cm s1) is the external mass transfer coefficient, Ss (m2 g1) is
the surface area of kaolin particle and Cs (mg L1) is the q-EFBC
concentration at the external surface of the particle [30].

Assuming at t=0, Ct=Co,

(5)

The slope of kfSs was obtained from a plot of Ct/Co versus t
and the value of m/V is known; thus, kf can be calculated and is
presented in Table 1. The concentration of the q-EFBC in the sus-
pension decreased with time. The effect of q-EFBC dosage was
insignificant, in which, the transport rate for all dosages was fast

V
dCt

dt
--------   mkfSs Ct  Cs 

d Ct/C0 
dt

---------------------
t0

   
m
V
----kfSs

Fig. 1. Adsorption quantity versus time of (a) 12.5 mg L1, (b) 62.5 mg L1 and (c) 112.5 mg L1 q-EFBC dosage in kaolin suspension.

Table 1. Reaction-based kinetics models
Initial dosage (mg L1) 12.50 62.50 112.50
Complete experimental adsorption quantity
qe (mg g1) 08.85 44.42 079.58
External mass transport 
kf (cm s1) 3.35×104 3.32×104 3.35×104

Non-linear PFO
qe, calc (mg g1) 08.86 44.40 079.58
k1 (s1) 00.18 00.32 000.46
R2 00.99 00.99 000.99
SD (%) 00.03 8.00×103 4.00×103

Linear PFO
qe, calc (mg g1) 02.75 02.72 001.65
k1 (s1) 00.12 00.05 000.05
R2 00.92 00.23 000.13
SD (%) 24.71 74.60 078.15
Non-linear PSO
qe, calc (mg g1) 08.92 44.41 079.59
k2 (g mg1 s1) 00.11 01.60 000.81
R2 00.99 00.98 000.99
SD (%) 01.18 00.01 000.02
Linear PSO
qe, calc (mg g1) 08.88 44.44 079.59
k2 (g mg1 s1) 00.27 01.27 003.91
R2 00.99 00.99 000.99
SD (%) 01.54 00.07 000.17
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exceeding 98% in less than 15 s. The kf values were found to be
independent of the dosage.
3. Surface Interaction

The surface interaction between adsorbate (flocculant) and ad-
sorbent (kaolin particles) can be described by several chemical reac-
tion kinetic models. In this study, the non-linear and linear forms
of pseudo-first order (PFO) and pseudo-second order (PSO) models
were used. The equations are presented in Table 2. The validity of
the models was determined by the coefficient of determination
(R2) and the standard deviation, SD (%) was calculated as in the
following equation:

Table 2. Turbidity removal efficiency, kinetic parameters and dewaterability characteristics of kaolin flocculation treated with a q-EFBC at
various dosages

Kinetic models Parameters Eq. Plot
PFO Non-linear qe (mg g1): complete adsorption quantity

qt (mg g1): adsorption quantity at time t (s)
0(7) qt vs. t

Linear q1 (mg g1): calculated complete adsorption quantity
k1 (s1): PFO rate constant

0(8) ln(qeqt) vs. t

PSO Non-linear k2 (g mg1 s1): PSO rate constant 0(9) qt vs. t

Linear (10) t/qt vs. t

qt   qe 1  ek1t
 

qe   qt    q1 k1tlnln

qt  
k2qe

2t
1  k2qet
------------------

t
qt
----  

1
k2qe

2
----------  

t
qe
----

Fig. 2. Non-linear PFO and PSO models fitting for the adsorption of (a) 12.5 mg L1, (b) 62.5 mg L1 and (c) 112.5 mg L1 q-EFBC onto kaolin.

(6)

where qt, exp and qt, cal are the respective experimental and calcula-
tion adsorption quantity at time t (s) and n is the number of data
points.

The non-linear plots of PFO (NLPFO) and PSO (NLPSO) at
various q-EFBC dosages are illustrated in Fig. 2. It was observed
that although the R2 value as presented in Table 1 for both non-
linear models was close to 1, the SD value of NLPFO was the low-

SD  
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qt, exp
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est. This indicates that the NLPFO was a better match kinetics model
for the experimental data rather than the NLPSO. Further pro-
cessing of the same experimental data by the linear PFO (LPFO)
and PSO (LPSO), however, produced contradictory results. As
shown in Fig. 3, the experimental data fit LPSO well with R2 of
0.99 and a lower SD value as compared to LPFO. This contradic-
tion, however, does not invalidate the decision of NLPFO as the
best-fitted model to interpret the interaction between q-EFBC and
kaolin particles at the surface since the deviation percentage was
the lowest and the qe, calc was the closest to the experimental results.
Moreover, several researchers recommended the use of a non-lin-
ear over linear form to describe the adsorption kinetics because

linearization remarkably changed the units of x- and y-axis, thus
altering the error distribution [31-33]. The k1 of NLPFO as pre-
sented in Table 1 increased with q-EFBC dosage, which could be
explained by the higher interaction of the flocculant molecules
with the particle surface sites as the dosage increased. The incre-
ment in adsorption, however, is not indefinite as the saturation
could occur at a higher flocculant dosage that no longer leads to
the increase in adsorption [28,34,35].
4. Frequency of Particle Collisions

The collision of particles during flocculation was studied by
determining the number of concentration, N (m3) reduction right
after the rapid stirring ended, where t=0 s for 30 min with very

Fig. 3. Linear (a) PFO and (b) PSO models fitting for the adsorption of (i) 12.5 mg L1, (ii) 62.5 mg L1 and (iii) 112.5 mg L1 q-EFBC onto
kaolin.
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slow stirring. The q-EFBC dosage was varied and the particle con-
centration was measured simultaneously by a gravimetrical method
at specific times. Fig. 4 shows that the reduction of the N occurred
considerably at the first 10min, and thereafter the decrement became
slower until t=30 min. The final concentration of the suspended
kaolin particles was the lowest at q-EFBC dosage of 62.5 mg L1

followed by 112.5 mg L1 and 12.5 mg L1. This was expected since
the 62.5 mg L1 resulted in the highest removal of turbidity as shown
in Table 3.

The change in N with time is due to the aggregation of particles
into larger flocs. The highest N reduction at the earlier stage was
found to be 112.5 mg L1 q-EFBC. The N reduction, however, be-
came slower than 62.5 mg L1 dosage after 240 s, resulting the latter
as the optimal dosage for the highest N reduction. On the other
hand, the N reduction of 12.5mg L1 q-EFBC dosage was the low-
est, reaching equilibrium at t=900 s. These results indicate that at a
high flocculant dosage, after a certain time, an over equivalent ad-
sorption of the positively charged flocculant would cause repul-
sion that would lead to a faster equilibrium as compared to the opti-
mal dosage. Whereas, a low dosage is inadequate to fully flocculate
the fine particles causing the fastest equilibrium.

The order of flocculation is mostly bimolecular; therefore, the
frequency of particle collision is calculated using Eq. (11) [12]

(11)

where k (m3 s1) is the rate constant between single collisions. N0

(m3) is the initial number of concentration and the calculated value
is 5.39×1013 m3 considering the known value of particle size (5m)
and the initial kaolin density (2.4 g cm3). Similarly, Nt (m3), the
number concentration of the kaolin particles at time t (s), can be
calculated using the known particle’s weight in a given time period,
assuming that the portion of non-flocculated kaolin particles are
singles [12,36]. The value of k as given in Table 3 was obtained from
the slope of (N0/Nt)0.5 against t as shown in Fig. 5. The k of 62.5
mg L1 q-EFBC dosage was found to be the highest, followed by
112.5 mg L1 and 12.5 mg L1 dosage. The highest k at an optimal
q-EFBC dosage (62.5 mg L1) is attributed to the adequate accessi-
bility of flocculant in the kaolin particle’s vicinity. Sufficient amount
of flocculant adsorbed onto kaolin surface causes mutual attraction
among particles, increasing probability of collision. In addition, the
larger agglomerated particles, if not settling, lead to a higher colli-
sion rate. At a lower dosage, the available flocculant molecules in
the surrounding kaolin particles are scarce, resulting in a lesser colli-
sion. A higher dosage, conversely, causes rejection due to the satu-
ration of flocculant molecules, thus reducing the collision of particles
[28].

N0

Nt
------ 
 

0.5
 1 

1
2
--kN0t

Fig. 4. A plot of Nt/No versus t for kaolin suspension at various q-
EFBC dosages.

Table 3. Parameters of mass transfer and adsorption kinetics at various dosages
Initial dosage (mg L1) 0 (Blank) 12.5 62.5 112.5
Turbidity removal efficiency
t (%) 57.33±1.22 90.70±0.66 99.53±0.08 98.02±0.04
Collision of particles
k (m3 s1) n/a 2.57×1017 4.31×1017 2.60×1017

Particles aggregation and breakage
ka (m3 s1) n/a 7.79×1017 1.80×1016 7.29×1017

kb (s1) n/a 2.10×103 4.73×102 1.50×103

Sludge dewatering characteristics
TTF (s) 101.40±1.27 58.97±6.59 37.00±1.44 48.06±5.77
SRF (m kg1) 3.94×1010 3.68×1010 1.49×1010 1.87×1010

Fig. 5. A plot of (No/Nt)0.5 versus t for kaolin suspension at various
q-EFBC dosages.
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5. Particles Aggregation and Breakage
The flocs growth involves the formation and breakage so that

the rate of aggregation is kept in balance. According to Jarvis et al.
[37], aggregation of particles dominates over flocs breakage through-
out the rapid initial formation of flocs. The significance of break-
age increases until a steady-state floc size distribution is achieved.
In this study, the aggregation of kaolin particles was studied based
on the classical Smoluchowski model with the second-order kinetics
of particle aggregation and the first-order kinetics aggregate break-
age as shown in Eq. (12) [12]

(12)

where ka (m3 s1) and kb (s1) are the kinetic rate constants of parti-
cle aggregation and breakage, respectively.

Table 3 shows the rate constants, ka and kb, which were obtained
from the plot of Nt/N0 versus t as shown in Fig. 4. The ka and kb

were first increased with dosage to an optimal value. This was
encouraged by the increasing of q-EFBC acitve sites to facilitate more
particle’s interaction that brings about aggregation and breakage.
Contrarily, further increment in dosing would only deteriorate the
particle agglomeration because particle overcharging causes repul-
sion as observed for 112.5 mg L1 dosage [12]. These results were
in accordance to the collision of particles, in which, a higher possi-
bility of collision leads to a higher aggregation as well as breakage.
As the rate constant for particle collision and aggregation is extremely
low as compared to the other rate constant, it suggests that the
rate-limiting steps in flocculation process are the collision and aggre-
gation of particles.
6. Sludge Dewatering Characteristics

The removal of turbidity in the kaolin suspension depends on
the dosage of the flocculants used. In this study, q-EFBC has an
optimum dosage of 62.5 mg L1 for the highest turbidity removal
as shown in Table 3. This is expected since too low a dosage is inade-
quate for particle agglomeration and the excess dosage could cause
redispersion of the agglomerated particles. Most water treatment
plants generate large quantities of sludge produced from the floc-
culation and filtration processes. The characteristics of sludge dewat-
erability, therefore, were evaluated through the measurement of TTF
and SRF at various q-EFBC dosages. The TTF in this study defines
the required time to collect 50 mL of filtrate. The TTF, as shown
in Table 3, initially decreased with the increased dosage, reached the
lowest at 62.5 mg L1 q-EFBC, then increased slightly at 112.5 mg
L1 q-EFBC. These values were lower than that of the TTF for
kaolin dispersion without treatment (blank), which confirms the
improvement in sludge dewatering characteristics by q-EFBC.

The SRF was calculated using the following Eq. (13) to (17) [38]:

(13)

where t (s) is the time of filtrate volume V (m3),  (N s m2) is the
fluid viscosity, P (N m2) is the applied pressure during the filtra-
tion, A (m2) is the filter area, K (m2) is the cake permeability, Rm

(m1) is the medium resistance, and  is the volume ratio of cake
to filtrate as given by Eq. (14)

(14)

where s is the mass fraction of solid in the slurry, 1 (kg m3) and
2 (kg m3) are the liquid and solid densities, respectively, and C is
the cake concentration by volume fraction as given by Eq. (15).

(15)

The slope of the plot of t/V versus V was used to calculate the cake
permeability, K (m2) using Eq. (16)

(16)

where b (s m6) is the slope of the t/V versus V. The SRF (m kg1)
was determined by Eq. (17).

(17)

As shown in Fig. 6, the slope, b, of 112.5 mg L1 and 62.5 mg L1

was lower than the blank, indicating a faster time taken for water
separation. The SRF value for both dosage was comparable. The
SRF of 12.5mg L1, on the other hand was higher and almost equiva-
lent to the blank. This indicates that too low a q-EFBC dosage was
unable to assist the dewatering process.

The lowest TTF and SRF values obtained at an optimal dosage
implies that an adequate amount of q-EFBC enhanced sedimenta-
tion by producing larger and heavier flocs, thus improving the sludge
dewaterability characteristic. In an ideal situation, the hydration
shell of sludge can be destroyed by the interaction between the
opposite charges of particles and flocculant [23]. The charge neu-
tralization of the positively charged q-EFBC and the negatively
charged kaolin diminished the surface tension of water, reduced
gradually the thickness of the hydration shell. This prompted the
release of more bound water into the sludge bulk solution, thus
resulting in a better dewatering performance [39]. Inadequate q-
EFBC dosage of 12.5 mg L1 has a weaker charge neutralization,
which explains the highest TTF and SRF values. On the other hand,
an excess q-EFBC generated repulsive force and restabilized the
suspension [16]. This explains a slight increment of TTF and SRF

d Nt/N0 
dt

----------------------   N0ka
Nt

N0
------ 
 

2
  kb

Nt

N0
------

t
V
----  


2PA2K
----------------V  
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----------
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1 s Cs  1 C 1s
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C  

dry cake weight
solid density
-------------------------------------

dry cake weight
solid density
-------------------------------------  

moisture in weight cake
water density

---------------------------------------------------------
----------------------------------------------------------------------------------------------------

K  


2PA2b
---------------

SRF  
1

KCs
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Fig. 6. A plot of t/V versus V for kaolin suspension dewatering at
various q-EFBC dosages.
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on 112.5mg L1 q-EFBC. In addition, for an organic polymer floccu-
lant such as q-EFBC, increasing the dosage only increases the water
viscosity and deteriorates the dewatering performance even more
[16].
7. Mechanism of Flocculation Process

In this study, the flocculation mechanism of q-EFBC flocculant
in kaolin suspensions is explained by means of the kinetics approach.
This involves an adsorption of flocculant onto particles and floc
formation. During flocculation, the flocculant molecule is trans-
ferred to the particle surface at its respective rate from bulk solu-
tion and the interaction on the particle surface occurs right after.
For polyelectrolyte such as q-EFBC, the interaction can be studied
by means of zeta potential. The initial zeta potential of kaolin sus-
pension was 22.31mV. Since the positively charged q-EFBC mole-
cule was strongly attracted to the negatively charged kaolin particle,
the zeta potential value increased with dosage. At an optimal dos-
age, the zeta potential was 1.04 mV, which was the closest value
to 0 mV. This was expected since an adequate attachment of the
flocculants onto the kaolin particles neutralizes the charge, attain-
ing an isoelectrical point of zeta potential (0 mV), largely eliminat-
ing the repulsion force among particles, thus subsequently initiating
destabilization of the suspension [13]. For lower dosage of q-EFBC,
the zeta potential was 7.10 mV. Although this is able to achieve
92% turbidity removal efficiency, the zeta potential value, which
inclined to the negative site indicates that a low flocculant dosage
was insufficient for an effective destabilization. On the other hand,
at 112 mg L1, the zeta potential value of 3.84 mV indicates that a
high dosage could compensate the negativity of the kaolin parti-
cles and inclined to a positive site. It is expected that an excess of
flocculant dosage would increase the zeta potential value until
adsorption is completed and causes rejection for aggregation due
to the overcharging.

Flocculation subsequently takes place after particle destabiliza-
tion. After the adsorption process, the flocculant (q-EFBC) would
attach to two or more kaolin particles encouraged by the collisions
between particle-particle, particle-floc and floc-floc due to slow fluid
motion, then forming polymer bridges. The floc growth is domi-
nated by aggregation. Since the aggregation occurs under stirring,
the breakage of particles was common and in this study, based on
the obtained kinetic data, the breakage increased with the floc

growth. As shown in Tables 1 and 3, 62.5 mg L1 q-EFBC resulted
in the highest turbidity removal, regardless of the highest q of 112.5
mg L1 q-EFBC. The particle collision frequency seems to be the key
to remove suspended kaolin particle successfully using q-EFBC
since the rate was the highest and resulted in the highest aggre-
gate coefficient.
8. Economic Analysis

For practical use, the rough estimated cost of q-EFBC with 1 g
q-EFBC as a basis is presented in Table 4. The cost for an optimal
flocculant dosage was much higher than the commercially avail-
able polyacrylamide and aluminium sulfate. About 96% of the total
cost was derived from the cellulose isolation process, which used
as ionic liquid (1-butyl-3-methyl imidazolium chloride, [bmim][Cl])
and acetone, as reported in Mohtar et al. [26]. Although the three
times recyclability was considered in the estimation, the price was
still high. The estimated cost, if excluding the pricey isolation pro-
cess, was approximately USD 0.03. Even though the price is still
high, considering the advantages of natural biopolymers towards
human and environmental benefits, the application of cellulose as
a flocculant should be taken into account. It is suggested that more
economical isolation should be applied to make the application
practicable.

CONCLUSION

The flocculation kinetics and sludge dewaterability of kaolin
suspension treated with q-EFBC are affected by the initial floccu-
lant dosage. Merely sufficient amount of q-EFBC could effectively
destabilize the suspension, which occurs at an isoelectrical point of
zeta potential, subsequently flocculating to form larger and heavier
flocs for easier filtration. The adsorption quantity increases with
dosage, and the rate increases rapidly at first before decreasing
gradually towards completion. The highest rate constant of colli-
sion and aggregation at the optimal dosage, indicates that an effec-
tive flocs formation ensues after particle collisions and aggregation
regardless of a reasonable particle breakage. The q-EFBC improved
the sludge dewaterability by reducing the TTF and SRF, with the
lowest at the optimal q-EFBC dosage. The estimated cost of the q-
EFBC was higher than the commercially available flocculants/coagu-
lants due to the pricey isolation process. Thus, a more economical

Table 4. Cost estimation of q-EFBC
Materials Price (USD/tonne) Quantity (g) Cost (USD)
OPEFB 000250.00 002.00 1.00×103

[bmim][Cl] 100000.00 020.00 a0.67
Acetone 002000.00 156.80 a0.11
NaOH 000500.00 003.51 2.00×103

Urea 000300.00 003.51 1.00×103

Thiourea 001400.00 002.86 4.00×103

CHPTAC 001300.00 016.96 0.02
Total cost (USD g1) 0.80
Polyacrylamide (USD g1) 3.00×103

Aluminium sulfate (USD g1) 2.00×104

aEstimated price for three cycles of isolation process
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isolation process should be introduced considering the advantages
offered by this natural-based polymer to humans and the environ-
ment.
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