
A

s
k
a
r
s
d
a
m
h
©

K

1

u
s
m
e
c
i
i
d
t
fl
c
p
s
m

(

1
d

Chemical Engineering Journal 133 (2007) 325–333

A kinetic investigation of cationic starch adsorption
and flocculation in kaolin suspension

Yanxiao Chen a,b, Shaoying Liu a, Gongying Wang a,∗
a Chengdu Institute of Organic Chemistry, Chinese Academy of Sciences, Chengdu 610041, China

b Graduate School of Chinese Academy of Sciences, Beijing 100039, China

Received 27 April 2006; received in revised form 6 February 2007; accepted 24 February 2007

bstract

The flocculation kinetics of kaolin particles suspended in 0.01 mol/L NaCl solution and adsorption properties of cationic starch on kaolin
urface have been investigated at pH 5.0. Adsorption kinetics of cationic starch followed pseudo-second-order model (R2 > 0.98). Flocculation
inetics showed that increase in flocculant dosage resulted in higher rate constants for the flocculation process and lower rate constant for the
ggregate breakage. The rate of aggregation of particles and frequency of collisions of particles are very slow and the two steps determined the
ate of flocculation process. The adsorption of cationic starch on the kaolin surface followed Langmuir isotherm (R2 > 0.99). Thermodynamic
tudy indicated that the values of �Gθ were strongly temperature-dependent and that cationic starch adsorption onto kaolin particles entropically

ominated rather than enthalpically driven since |�Hθ| < |−T�Sθ|. The negative values of �Gθ and the positive values of �Hθ suggested that the
dsorption process is spontaneous and endothermic. The value of �Hθ (37.262 kJ/mol) suggested that the electrostatic interaction is the dominant
echanism for the adsorption of cationic starch on kaolin. The fractional coverage decreased with increasing temperature, consistent with a reduced

ydrodynamic diameter and a more contracted polymer conformation.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Cationic starch derivatives are important commercial prod-
cts that find wide applications in fields such as papermaking,
pinning and weaving, petroleum well drilling, water treat-
ent, medicine, daily chemicals and floatation. Cationic starch,

specially those with high degree of substitute, are the most
ommon type of nature polysaccharides derivative flocculants
nvestigated due to the efficient flocculation for suspensions of
norganic or organic matter having a negative charge and pro-
uce a good settling performance for relatively low cost. Over
he recent years many studies have been performed to examine
occulation behavior and to elucidate the interaction between
ationic starch and substrate [1–10]. All authors reiterated the

oint that the adsorption and flocculation processes must occur
imultaneously to work and should not be thought of as separate
echanisms.

∗ Corresponding author. Tel.: +86 28 85250005; fax: +86 28 85220713.
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The flocculation of fine particle suspensions are critically
ependent on many physicochemical factors including particle
ize and distribution, solid concentration, pH and ionic strength
f the suspending medium, molecular weight and charge density
f the flocculants, adsorption density and conformation of the
dsorbed flocculants. But the most important influence affecting
he extent and mechanism of flocculation is dependent primarily
n the nature of adsorption of the polymer on the particle surface
nd also the conformation of the adsorbed polymer. Sableviciene
t al. [1], Bratskaya et al. [2], Jäinström et al. [4], and Björklund
nd Wågberg [7], have observed the importance of solid loadings
pon polymer adsorption. The studies concluded that the final
dsorption capacities are controlled by the amount of available
urface area in the system. Flocculation does not require high or
omplete coverage of the particle surface by the adsorbed poly-
er. Besra et al. [11] proposed that for flocculation of kaolin

uspension the optimum flocculant concentration for obtaining
he highest settling rate corresponds to about 50% coverage of

he particle surface by the adsorbed flocculant. Nyström et al.
10] investigated the interactions between highly cationic starch
nd likewise cationic calcite and have concluded that the floc-
ulation is dependent on the adsorption and is in most cases

mailto:yxchen888@163.com
mailto:gywang@cioc.ac.cn
dx.doi.org/10.1016/j.cej.2007.02.019
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nhanced with increased adsorption. Jäinström et al. [4] exam-
ned the effect of solid loadings upon floc strength and stated
hat the solid loadings can affect floc strength and hence control
he rate of floc breakup under the influence of shear. Gray and
itchie [12] also examined the effect of polyelectrolyte prop-
rties upon floc strength and hence rate of floc breakup and
oncluded that floc strength increases with adsorption capacity
f polyelectrolyte on oppositely charged substrate.

Although the past works indicated cationic starch could
e effective flocculants for wastewater treatment, there has
een very little work undertaken examining the flocculation
nd adsorption kinetics of cationic starch for kaolin in detail.
n previous studies of flocculated systems, it has either been
bserved or assumed that the adsorption process is complete
ithin a several-second period. However, our work shows that

dsorption-flocculation kinetics are not always so simple. The
nderlying aim of this current work is to emphasize the kinet-
cs of cationic starch adsorption and flocculation in flocculated
aolin systems and to show the importance of investigating the
inetics of adsorption and flocculation to fully understand the
occulation phenomena. Adsorption isotherms and thermody-
amic parameters of the adsorption were also investigated.

. Experimental

.1. Materials

Cationic starch derivatives (2-hydroxy-3-trimethylammo-
ium-propyl starch chloride) with degree of substitution (DS
.47), corresponding to 47 quaternary ammonium groups per
00 glucose units, were synthesized according to the route
escribed elsewhere [13]. Common corn starch (industrial
rade) purchased from Dacheng Corn starch Co., Ltd. (Jilin,
hina) was used as a raw material. Substitution degree of
erivatives was determined by semimicro Kjeldahl method as
escribed in [14]. Cationic starch solution with concentration 1
nd 5 g/L were prepared by dissolving an appropriate amount
f starch with stirring for 1 h at 60 ◦C and then for 24 h at room
emperature.

A kaolin sample was procured from Xinong Chemical Com-
any Limited. The physical and chemical characteristics of the
aterial (data provided by the manufacturer) are as follows: the

aolin particles have an average spherical diameter of 2.0 �m
>88%, w/w); particles larger than 325 mesh: 0.01% maxi-
um; the specific surface area measured by BET method was

0.62 m2 g−1; density of kaolin: 2.25 g cm−3; moisture 0.3%
aximum; silica: 53 ± 0.5 %; alumina: 44 ± 0.5 %; ferric oxide:

.5%, titania: 0.2%; loss on ignition 0.5%.
Sodium chloride was used as a supporting electrolyte at a

oncentration of 0.01 mol/L to maintain constant ionic strength.
ilute solutions of NaOH and HCl were used for pH adjust-
ents.
.2. Adsorption experiments

The adsorption capacities of water-soluble cationic starches
nto kaolin particles were determined by the depletion method.

r
1
N
o

g Journal 133 (2007) 325–333

ne gram of kaolin was suspended in 100 mL of 0.01 mol/L
aCl solution at predetermined temperature and stirred for
0 min with a magnetic stirrer. Cationic starch solution (of
equired concentration) was added to the kaolin dispersion and
he stirring was extended for predetermined time. Although
dsorption is a fast process, we found that complete adsorption
nd saturation were attained after 1-day. During required time
or 1–30 min the kaolin was settled down and a clarified layer
f the liquid was formed. A volume of 50 mL of the formed
larified liquid was removed and analyzed using spectropho-
ometer (Spectrophotometer-722, Shanghai Qinghua Analytical
nstruments Factory, China) and colloid titration procedure [1].
he amount of adsorbed starch (Q) was calculated using the
ifference between known initial starch concentration and con-
entration measured in supernatant.

= (C0 − Ct) × V

m
(1)

here C0 and Ct are the initial and residual concentration of
ationic starch in the suspension at time t; V the volume of the
uspension; m is the mass of the kaolin powder, respectively.

.3. Flocculation experiments

A 2-g of kaolin was dispersed in a 250-mL beaker with
50 mL water with 0.01 mol/L NaCl additions using ultrasonic
reatment for 15 min followed by vigorous stirring during 1 h.

solution of cationic starch was added in different doses and
hen water was poured to get exactly 200 mL (the final concen-
ration of kaolin in the dispersion was 1.0 wt.%). Immediately
fter addition of the flocculant, the suspension was stirred at
constant speed of 250-rpm for 1–5 min. The flocs were then

llowed to settle down for predetermined time periods. A clari-
ed layer of liquid was formed in the upper part of the beaker.
t the end of the settling period, the suspension was allowed

o flocculate for predetermined time periods and then a fixed
olume was removed by suction, filtered, dried, and weighed.

. Results and discussion

.1. Flocculation kinetics

The kinetics of flocculation depends on the rate of different
rocesses, namely, the rate of the transport of polymer molecules
o the suspended particles, the rate of adsorption of macro-

olecules on the surface and the time scale necessary to reach
he equilibrium state of the polymer layer, the rate of aggrega-
ion of particles having adsorbed polymers, and frequency of
ollisions of particles with adsorbed polymer to form flocs.

.1.1. Effect of contact time on adsorption
Fig. 1 shows the variation of adsorption capacity with time for

ifferent initial flocculant concentration at 25 ◦C. The adsorption

ate of cationic starch is found to be very rapid during the initial
min and thereafter the adsorption of cationic starch decreases.
o significant change in the adsorption of cationic starch is
bserved after about 10 min. The results show that a rapid
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ig. 1. Adsorption capacities of cationic starch on kaolin as a function of time
pH 5.0; temperature, 25 ◦C; NaCl concentration, 0.01 mol/L).

ncrease in cationic starch adsorption occurred within 1 min
ith more than 90% of equilibrium adsorption completed in

ll cases. Fig. 1 shows that the adsorption of cationic starch onto
aolin attains about 99% of their equilibrium adsorption density
ithin 5 min. Therefore, after 5 min contact time, a steady state

pproximation was assumed and a quasi-equilibrium situation
as accepted. Since the time of flocculation in our experiments

s 5 min, the adsorption of cationic starch on kaolin can be
ssumed to be close to the equilibrium adsorption condition.
ence, in each case, 5 min can be considered as the equilibrium

ime required for maximum adsorption of flocculant.
As shown in Fig. 1, the adsorption capacities increase with

ncreasing initial cationic starch concentration. The amount of
ationic starch adsorbed increases from 3.609 to 17.59 mg/g
y increasing initial cationic starch concentration from 36.7
o 314.58 ppm, respectively. Adsorption results indicated the
dsorption of cationic starch is fast at the initial stages of the
reatment time, and thereafter, it becomes slower near the equi-
ibrium. It is obvious that a large number of vacant surface sites
re available for adsorption during the initial stage, and after
lapse of time, the remaining vacant surface sites are diffi-

ult to be occupied due to repulsive forces between cationic
tarch adsorbed on the surface of kaolin particle and solution

hase. Generally, when adsorption involves a surface reaction
rocess, the initial adsorption is rapid, as observed by Solberg
nd Wågberg for cationic polyacrylamide [15]. Then, a slower

f
T
t

able 1
ffect of initial concentration of cationic starch (C0) on external mass transfer rate co

0 (ppm) External mass transfer model

kf (×10−2 cm/s) R2

36.7 8.47 0.9180
00.9 5.70 0.9520
57.3 5.62 0.9927
62 4.65 0.9994

2 correlation coefficient.
ig. 2. Dimensionless concentration as a function of time for cationic starch at
arious initial concentrations (pH 5.0; temperature, 25 ◦C; NaCl concentration,
.01 mol/L).

dsorption would follow as the available adsorption site gradu-
lly decreases and repulsive forces increase.

.1.2. External mass transfer model
A commonly used empirical model [16] was used in this work

o calculate the rate of the transport of cationic starch molecules
o the kaolin particles, kf.

dCt

dt
= −kfSS(Ct − CS) (2)

here Ct is the cationic starch concentration in fluid phase at
; Cs the related to the fluid phase concentration at the external
urface; kf the external mass transfer coefficient; SS is the surface
rea for mass transfer to the particle assuming smooth spherical
articles.

At t = 0, Ct = C0, Eq. (2) becomes

d(Ct/C0)

dt

]
t=0

= −kfSS (3)

he plot of Ct/C0 versus t was shown in Fig. 2. At t = 0, the
lot of Ct/C0 will yield a slope of −kfSS, from which kf can
e obtained and presented in Table 1. The data indicate that,
s expected, the concentration of cationic starch decreased as
erred from the solution phase to the surface of kaolin particles.
he data also suggest that the transport rate is rapid with 50%

ransport, depending on initial concentration, occurring within

efficient (kf), rate constant of adsorption (k), and initial adsorption rate (h)

Pseudo-second-order model

k (g mg−1 s−1) h (mg g−1 s−1) R2

1.727 × 10−2 0.1218 0.9948
1.048 × 10−2 0.7581 0.9973
7.666 × 10−3 1.2038 0.9953
5.023 × 10−3 1.3153 0.9972
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he first minute of the experiment. After 1 min there is a grad-
al decrease in the rate of transport as the experiment proceeds.
rom Table 1, external mass transfer rate (kf) decreased with the

ncrease in initial flocculant concentration. This is in agreement
ith adsorption equilibrium theory, as the influence of initial
occulant concentration on external mass transfer is dependent
n the slope of the operating lines on equilibrium isotherms, i.e.,
he lines joining C0–Ce. The higher the C0 value the lower the
loped of the operating lines are, and therefore the driving force
or mass transfer decreases.

.1.3. Pseudo-second-order model
In order to analyze the rate of adsorption of cationic starch

n kaolin particle surface for the present study, characteristic
onstants of the adsorption were determined using a pseudo-
econd-order equation based on pseudoadsorption equilibrium
apacity of the solid phase. The term “pseudo” is used to denote
he nonequilibrium nature of the isotherm [17]. The pseudo-
econd-order equation [18] is expressed as:

t

Qt

= 1

kQ2
e

+ 1

Qe
t (4)

here k is the rate constant of the adsorption (g mg−1 s−1), Qe
he amount of cationic starch adsorbed at equilibrium (mg g−1)
nd Qt is the amount of adsorbed cationic starch on the surface
f kaolin at any time t (mg g−1).

The initial adsorption rate, h (mg/g s), as t → 0 can be defined
s: h = kQ2

e , then Eq. (3) becomes

t

Qt

= 1

h
+ 1

Qe
t (5)

Fig. 3 shows the plot of t/Qt versus t for the adsorption
f cationic starch on kaolin at different initial concentration.
ighly significant linear regression curves (R2 > 0.98) supported

he adsorption model used, which indicated that the adsorption

inetics followed the pseudo-second-order model. The values
f k and Qe can be obtained from the intercept and the slope of
he line, respectively. The results are listed in Table 1 for each
nitial concentration.

ig. 3. t/Qt vs. time plots for cationic starch adsorption on kaolin at various initial
oncentrations (pH 5.0; temperature, 25 ◦C; NaCl concentration, 0.01 mol/L).
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From Table 1, it is evident that h increases with the increase
n initial flocculant concentration, which is in good agreement
ith the uptake results shown in Fig. 3. It is also evident that the
alue of k decreases as the initial concentration increases. The k
alue decreased with increasing initial concentration, meaning
hat cationic starch adsorption on kaolin is less favorable at high
nitial concentration. This can be explained by the fact that at this
ase electrostatic repulsion between adsorbed macromolecules
nd macromolecules in the solution increase thereby reducing
he adsorption of cationic starches on kaolin surface. It is also
vident from Fig. 1 that the adsorption processes for cationic
tarch is highly dependent on the initial concentration of cationic
tarch.

.1.4. The kinetics of aggregation of particles
Cationic starch addition produced a fast flocculation pro-

ess that decreased the concentration of the kaolin particles
o a minimum value, as shown in Fig. 4. With 36.7 ppm of
ationic starch, the final concentration of the kaolin particles
as lower because of the formation of relatively weak flocs that
ere broken by hydrodynamic shear forces under the condi-

ions of testing. This is due to the low dosage and the number of
he positive charge of the cationic starch that do not favors the
occulation by “bridging” and charge neutralization. The rate
f flocculation is slow and the rate of deflocculation is rapid.
ig. 4 shows that the particle aggregation took place during the
rst 60 s after the cationic starch addition, producing large flocs
hose stability could be hard enough to maintain at 250 rpm.
s was expected, the concentration of the kaolin particles after
occulation decreased with increasing the flocculant dosage.
owever, this decrease was not pronounced for higher floccu-

ant dosage (262 ppm) as compared with intermediate flocculant
osages (157.3 ppm). The influence of flocculant dosage can
e explained because bigger flocks are formed when flocculant
osage increases. Besra et al. [19] have observed at pH values
bove 2.2, the kaolin surface becomes net negatively charged.

dding cationic starch to the kaolin suspension leads to attrac-

ion between the suspended particles bearing negative charge
nd the cationic groups of cationic starches. The cationic starch
olecules attached to kaolin particles still have free active sites

ig. 4. Kinetic curves of flocculation of kaolin by cationic starch at different ini-
ial concentration (pH 5.0; temperature, 25 ◦C; NaCl concentration, 0.01 mol/L).
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hat can be adsorbed on the free surface of other particles. This
rocess results in “bridging” between kaolin particles and in the
onsequent formation of large flocs having a three-dimensional
etwork structure. Besides bridging, the addition of the floccu-
ants increases charge neutralization to reach zeta potential value
f zero at which maximum flocculation occurs. This would result
n the optimal rate value for the aggregation of particles. After
his situation, higher flocculant dosage may impart a positive
lectric charge to the suspended particles high enough to cause
utual repulsion. In addition, at higher dosage starches covers
ost of the available sites on each particle and bridging becomes

egligible. The overall result is redispersal of the flocs because
f electrostatic repulsion. Therefore, the rate for the aggregation
f particles decreased.

The kinetics of the aggregation of particles, deflocculation
nd reflocculation processes was studied by following Smolu-
howski classical model [20,21], based on the existence of
wo simultaneous processes: the aggregation of particles, with
econd-order kinetics, and the aggregate breakage, with first-
rder kinetics.

d(N/N0)

dt
= −N0k1

(
N

N0

)2

+ k2
N

N0
(6)

here N is the number concentration of the kaolin particles at t;
0 the number concentration of kaolin particles at t = 0; k1 and

2 are the kinetic constants for the aggregation of particles and
inetic constants for the aggregate breakage, respectively. This
elationship allows us to compare the kinetics of aggregation of
articles and the aggregate breakage at different initial concen-
ration. The relationship between both types of kinetics allows
s to obtain the equilibrium situation towards which the system
ends in each case.

The rate constants obtained from the plot of N/N0 versus t
urve are given in Table 2. The rate constants for the aggrega-
ion of particles (k1) increased and the rate constants (k2) for
he aggregate breakage decreased with increasing in flocculant
osage (Table 2). This shows that the flocks formed with high
osage of cationic starch were harder than the flocs formed with
ow dosage of cationic starches. This could indicate that there
re more junction points among particles and that those junc-
ions are stronger. k1 obtained with 262 ppm of cationic starch
as similar to the one obtained with 157.3 ppm. The steric repul-
ive forces explain the lower rate constants for the aggregation
f particles with 262 ppm of cationic starch. When the cationic
tarch dosage is larger than 157.3 ppm, there are steric and elec-
rostatic repulsion forces among particles, because the amount

g
c
c
t

able 2
he rate constant for flocculation of kaolin at different initial concentration

0 (ppm) Kinetics of aggregation of particles

k1 (×10−11 count−1 s−1) k2 (×10−9

36.7 2.80 10.23
00.9 5.50 9.973
57.3 7.40 8.187
62.0 7.00 7.525
g Journal 133 (2007) 325–333 329

f the cationic starch adsorbed on particle surfaces is higher than
0% of the maximum adsorption and because the particles are
ositively charged. This causes the flocculation rate to decrease,
s shown by the k1 values presented in Table 2. These results
emonstrate that cationic starch overdose affects the floccula-
ion kinetics and show the competition between cationic starch
dsorption and bridge formation, which affects floc properties.
owever, k2 obtained with 262 ppm of cationic starches was

maller than the one obtained with 157.3 ppm. This indicates a
oderate excess of cationic starch could improve the floc stabil-

ty and increase the floc strength. But a large excess of cationic
tarch affects the flocculation kinetics and the floc properties.

.1.5. Frequency of collisions of particles
Investigations of flocculation kinetics of suspensions are

mportant for understanding the flocculation mechanism and for
rocess control of solid–liquid system separations. From the
iterature [15,22,23], it is known that the order of flocculation
rocess is mostly bimolecular.

N0

Nt

)1/2

= 1 + 1

2
kN0t (7)

here Nt is the number concentration of the kaolin particles at
ime t, and k is the rate constant for collisions between the sin-
lets. N0 values for a known weight of kaolin were calculated by
onsidering the particle diameter (2 �m) and density of kaolin
2.25 g cm−3). For a 1 g kaolin sample, N0 was calculated to
e 1.062 × 108. Similarly, knowing the weight of particles floc-
ulated in a given time period, one can calculate Nt (here the
ssumption is that the portion of kaolin which did not floccu-
ate are singles). A plot of (N0/Nt)1/2 against t should give a
traight line with an intercept of 1 for a bimolecular process
Fig. 5). The rate constants (k) were obtained from the slope of
N0/Nt)1/2 versus t curve and are given in Table 2.

From Table 2, it is clear that the rate constant (k) increases
s the cationic starch concentration increases. At a low dosage
f 36.7 ppm, the rate constant is very small but shows a 10-fold
ncrease at the higher cationic starch concentration. In the case
f low dosage, the number of cationic starch molecules is too
ow for both charge neutralization and bridging effects. There-
ore, k is low. The enhancement in the rate constant (k) with
he increase of flocculant concentration could be ascribed to the

reater availability of flocculant in the vicinity of kaolin parti-
les. As a result, the chances for molecular collisions between
ationic starch and kaolin will be greater. Once this is the case,
he adsorption of cationic starch onto kaolin surface would be

Frequency of collisions of particles

s−1) k (×10−11 s−1) R2

2.07 0.9677
7.72 0.9882

24.40 0.9776
26.93 0.9783
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ig. 5. (N0/Nt)1/2 as a function of setting time at different initial concentration
pH 5.0; temperature, 25 ◦C; NaCl concentration, 0.01 mol/L).

avored. It was further demonstrated that the dosage of the starch
ight be adjusted to control the flocculation behavior.
The rate constant for all initial concentrations (Table 2)

ith extremely low values (<10−10) for the kinetic model of
ggregation of particles and frequency of collisions of par-
icles compared with those for external mass transfer model
nd pseudo-second-order kinetic models for the adsorption of
ationic starch onto kaolin strongly suggest that the rate-limiting
tep may be the process of aggregation of particles and frequency
f collisions of particles.

.2. Adsorption isotherms

The distribution of cationic starches between the solid adsor-
ent phase and the liquid phase at equilibrium, which are
he basic requirements for the design of adsorption systems,
an be best expressed by adsorption isotherms. All adsorption
sotherms for cationic starches onto kaolin particles at different
emperature were fitted to the following Langmuir adsorption
sotherm model.

Ce

Q
= 1

QmKn
+ Ce

Qm
(8)

here Ce presents the equilibrium concentration of cationic
tarche (ppm) in the solution; Q is adsorbed amount of cationic
tarche (mg/g); Qm represents the maximum monolayer adsorp-
ion capacity (mg/g) and Kn is a constant related to the energy

f adsorption (L/mg).

Fig. 6 shows that the adsorption capacities increase with
ncreasing in temperature, suggesting that the adsorption is
ndothermic in nature. Similar endothermic results have also

i
f
e

able 3
hermodynamics parameters for flocculant adsorption onto kaolin at different tempe

emperature Qm Kn R2 �
◦C) (mg/g) (L/mg) (

5 16.3132 28.7053 0.9975 3
5 18.4502 46.5326 0.9974 3
5 18.9036 86.2784 0.9991 3
5 21.2314 111.981 0.9978 3
0 23.2558 240.246 0.9979 3
ig. 7. Langmuir plot of adsorption (pH 5.0; NaCl concentration, 0.01 mol/L).

een reported for several related cationic starch adsorption stud-
es [1–4].

The maximum monolayer adsorption capacity (Qm) and the
quilibrium constants (Kn) calculated from the slope and the
ntercept of linear plot of Ce/Q versus Ce (Fig. 7) together with
he correlation coefficients are summarized in Table 3. It may be
tated that the experimental data were well correlated (R2 > 0.99)
y the Langmuir adsorption isotherm, which suggests that the
ationic starch form monolayer coverage on the kaolin surface.

In order to gain an insight into the adsorption mechanism

nvolved in the adsorption process, thermodynamic parameters
or the present system were calculated. The variation in the free
nergy (�Gθ), apparent enthalpy change (�Hθ) and entropy

rature

Hθ T�Sθ �Gθ Fractional
kJ/mol) (kJ/mol) (kJ/mol) coverage (×10−2)

7.262 45.304 −8.042 9.247
7.262 46.781 −9.519 8.176
7.262 48.682 −11.420 7.980
7.262 49.974 −12.480 7.105
7.262 52.445 −15.183 6.487
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ig. 8. van’t Hoff plot of adsorption equilibrium constant, Kn using Langmuir
onstant.

hange (�Sθ) were calculated using the following thermody-
amic functions:

Gθ = −RT ln Kn (9)

Hθ = −
[
R

d ln Kn

d(1/T )

]
(10)

here R is the universal gas constant; T the absolute temperature
K); Kn is the Langmuir constant.

Fig. 8 shows the van’t Hoff plots of ln Kn versus 1/T. The value
f �Hθ was determined from the slopes. Table 3 listed the calcu-
ated thermodynamic parameters. It is noted that all �Gθ values
isted in Table 3 are negative. This suggests that the adsorption
rocess is spontaneous with high preference of cationic starch
or kaolin. �Gθ was more negative with increasing temperature,
hich suggested that higher temperature facilitates the floccu-

ation. As it is reflected from the positive value of �Hθ , the
dsorption process was endothermic which is responsible for
ncrease in adsorption as the temperature increased. The data not
nly indicate that the adsorption of cationic starches onto kaolin
s more favorable at increasing temperatures, but also suggest
hat the adsorption process is dominated by entropic rather than
nthalpic effects since |�Hθ| < |−T�Sθ|.

The variation of energy for physical adsorption is generally
mall than that of chemisorption. Typically, �Hθ for physical
dsorption ranges from 0 to 40 kJ/mol, compared to that of chem-
cal adsorption ranging from 40 to 800 kJ/mol [25]. As shown in

able 3, the value of �Hθ (37.262 kJ/mol) was higher than those
orresponding to physical adsorption but near the lower limit of
orresponding chemical adsorption. This would suggest that the
dsorption process might be considered as physical adsorption

i

c
[

able 4
he result of desorbed studies and the surface coverage

0 (ppm) Total amount of flocculant
adsorbed (mg/g)

Amount of floccul
desorbed (mg/g)

36.7 3.3536 2.3708
00.9 9.2361 6.0873
57.3 13.4275 7.9746
62 17.3257 9.1613
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n nature. Moreover, the chemical sorption may be involved in
ationic starch adsorption on kaolin particles.

.3. Reversibility and conformation of the adsorbed
ationic starch

To establish the nature of adsorption, desorption experiments
ere carried out by washing the cationic starch treated suspen-

ion with distilled water. The kaolin was treated with cationic
tarch in a manner similar to that for adsorption studies except
hat at the end of the equilibration time, the contents were fil-
ered and washed with measured amount of distilled water till
he filtrate did not show any trace of measurable quantity of
ationic starch. The concentration of cationic starch in the fil-
rate liquid is reported as the amount desorbed on washing, and
s presented in Table 4. With the decrease of flocculant dosage,
he formed flocs were slowly destroyed, as shown by the slow
ncrease in the values of percentage of flocculant desorbed by
ashing. It is generally believed that polyelectrolyte induces the

ormation of irreversible flocs [20]. Partial kaolin reflocculation
s possible with low doses of cationic starches, while an overdose
f cationic starches induces the formation of irreversible flocs.
herefore, although the covering grade was high and the charge
f the particle surface was reverse, high doses produce stable
ocs. As shown in Table 4, with 36.7 and 100.9 ppm of cationic
tarches, it clearly shows that by washing about 70% and 65%
f the adsorbed cationic starch was desorbed, respectively. The
act that they are removable by simple washing suggests that
hey could have been adsorbed on kaolin surface by physical
dsorption. Such physical adsorption could be a result of elec-
rostatic interaction between negatively charged kaolin surfaces
nd positively charged cationic starch. Moreover, the magnitude
f �Hθ obtained from thermodynamic study also supports that
he adsorption process was a typical physical process. The bal-
nce of above 40% cationic starch at higher dosage, which could
ot be desorbed by simple washing, could have adsorbed on
aolin surface through chemisorption. The interaction between
ationic starch and kaolin surface may be considered to occur
ia hydrogen bonds. The mechanism of adsorption involving
ydrogen bonding of hydroxyethyl groups to silanol or aluminol
roups on the kaolin surface is proposed in this case. Moreover,
he magnitude of �Hθ (37.262 kJ/mol) obtained from thermo-
ynamic study also supports that the chemical sorption may be

nvolved in the cationic starch adsorption on kaolin.

Since the best flocculation was obtained at pH 5.0 (where the
ationic starch molecules are believed to be in the coiled form
19]), as a rough approximation the cationic starch molecules

ant Percentage of flocculant
desorbed by washing (%)

Fractional
coverage (×10−2)

70.69 4.795
65.91 5.690
59.39 6.021
52.88 7.763
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ere considered to be spherical too. The surface coverage
as calculated by considering kaolin particles to be spherical.
he size of a polymer patch was calculated by using the for-
ula, size = πR2

H, where RH is the hydrodynamic radius (RH) of
dsorbed cationic starch. Besra et al. [11] measured the hydro-
ynamic radius (RH) of adsorbed polymer and found it to be
lose to the gyration size (〈S2〉1/2), which is related to the spe-
ific surface area (SA) and specific monolayer adsorption (Qm)
y the following expression:

m = SAM

π(〈S2〉1/2)
2
N

(11)

here M is the number-average molecular weight of adsorbed
olymer; N is the Avogadro’s number (6.023 × 1023). Since SA,

and N are constants, the value of gyration size (〈S2〉1/2) can
e estimated directly from the above equation.

We have used the adsorption data presented in Table 3 to
alculate the surface coverage. From the cationic starch con-
entration one can calculate the number of molecules per kaolin
article (total weight of kaolin taken for each flocculation exper-
ment was 1 g). By multiplying the number of molecules/particle
ith the polymer patch size, one gets the total patch area on the
article surface. Since the particle surface area is known (the
iameter being known), one can calculate the fractional surface
overage as total patch area/particle area (4πr2). Some typical
alues are given in Tables 3 and 4.

As shown in Table 3, the surface coverage decreased as
he temperature increased. This attributed to the decrease
f the hydrodynamic radius (RH) of adsorbed polymer with
ncreasing in temperature. Hydrodynamic diameter of cationic
tarch decreased with increasing temperature, consistent with

reduced cationic starch–solvent interactions and a more
ontracted polymer conformation. The decrease of the hydro-
ynamic radius of nonionic polyethylene oxide and anionic
olyacrylamide adsorption on kaolin by increasing temperature
as been observed by Mpofu et al. [24]. Moreover, as the tem-
erature was increased, the floc structures became more open
ith larger voids, which, under shear, were easily destroyed. So

he surface coverage decreases with increasing temperature.
From Table 4, the surface coverage increases with the increase

f initial flocculant concentration. When the dosage of floc-
ulant was 36.7 ppm, the coverage grade of the particles was
ow because the adsorbed amount of cationic starches was six
imes lower than the maximum one. Under these conditions,
he configuration of the adsorbed chains may evolve toward a
at conformation and the flocculation grade may decrease. This
otential flattening would be slower than the aggregation pro-
ess. With this low dosage, the charge density is low, and the
teric repulsion is negligible because of the low coverage grade.
herefore, for low doses of cationic starches induced aggrega-

ion despite the low coverage grade, the mechanism induced by
ationic starches may be the fast formation of bridges. When

he first chains adsorb onto a particle, they can form bridges
ith other particles and part of the cationic starch could be

dsorbed on these aggregated particles before the coverage grade
eaches such a value that steric repulsion takes place. In that
g Journal 133 (2007) 325–333

ase, flocs are stable, which is consistent with the hypothe-
is of flattening because the high coverage grade avoids the
attening of the cationic starch. When the dosage is 157.3 or
62 ppm, the coverage of the surface of the particles would be
igh enough to limit the polymer flattening. The higher cover-
ge grade limits the polymer flattening, and the minimization
f electrostatic repulsive forces among particles. And the higher
overage grade there were the higher number of junction points,
he flocs were more stable than the ones induced by the low
ose because polymer flattening is limited at a high coverage
rade.

. Conclusions

Adsorption results indicate the adsorption of cationic starch
s fast at the initial stages of the treatment time, and there-
fter, it becomes slower near the equilibrium. The rate of the
ransport of cationic starch molecules to the kaolin particles
s very rapid. The driving force for mass transfer decreases
ith the increase of initial flocculant concentration. Adsorp-

ion kinetics of cationic starch follows pseudo-second-order
odel (R2 > 0.98). The adsorption rate constant was found to

ncrease with the increase in cationic starch concentration. The
ate constants for the aggregation of particles increase as ini-
ial flocculant concentration progresses, but after 157.3 ppm
t decreases. The rate constants for the aggregate breakage
ecrease with increasing initial flocculant concentration. The
ncrease of the collision efficiency shows that increase in floc-
ulant dosage results in higher rate constants for the flocculation
rocess. The rate of aggregation of particles and frequency of
ollisions of particles are very slow and the two steps determine
he rate of flocculation process.

Thermodynamic parameters indicate that the adsorption
rocess is a spontaneous process. The adsorption data show
hat the free energy of cationic starch adsorption is strongly
emperature-dependent and that cationic starch adsorption onto
aolin particles entropically dominates rather than enthalpi-
ally driven. The value of �Hθ (37.262 kJ/mol) suggest that
he electrostatic interaction is the dominant mechanism for the
dsorption of cationic starch on kaolin.

The surface coverage decreases with increasing tempera-
ure, consistent with a reduced hydrodynamic diameter and a

ore contracted polymer conformation. The fractional coverage
ncreases with the increase of initial flocculant concentration.
he flocs are more stable than the ones induced by the low dose
ecause cationic starch flattening is limited at a high coverage
rade.
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