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ABSTRACT

Organic pollutants in aqueous solutions may potentially be adsorbed on biochar. In this study, bio-
char was derived from the pyrolysis of chitosan at 800°C. The removal rate of 2,4-dichlorophenol
(DCP) exceeded 80%. Investigations by Fourier transform infrared spectroscopy and Brunauer—
Emmett-Teller indicated that the adsorption of organic pollutants on biochar tends to be a physical
process. The optimized pH was 5. All three isotherm models involved (Freundlich, Koble-Corrigan,
and Henry) could describe the adsorption process of 2,4-DCP well on chitosan-biochar, which was
non-uniform surface adsorption in a diluted solution. The adsorption was an endothermic pro-
cess. It took 40 min to reach the adsorption equilibrium, and kinetics of the Elovich equation and
intraparticle diffusion (IPD) model indicated that the adsorption rate at the rapid adsorption stage
was simultaneously controlled by surface diffusion and IPD and that at slow adsorption stage was
controlled by surface diffusion. The ionic strengths suggested that electrostatic interaction was not

the dominant mechanism during this process.
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1. Introduction

Among all pollutants in aquatic ecosystems, phenols,
especially the chlorinated ones, are considered as most
severe pollutants as they are hazardous to organisms even
at ppb levels [1]. 2,4-dichlorophenol (2,4-DCP) is an interme-
diate for the synthesis of various pesticides and fungicides
and widely applied in the manufacturing of preservatives
and certain methylphenol phenolic compounds commonly
used in seed disinfection. Indeed, 2,4-DCP was listed as
a priority control object by both the US Environmental
Protection Agency and the China Environmental Monitoring
Center [2,3]. Accumulation of 2,4-DCP in human body via
food chain may threaten human health by changing the

* Corresponding author.

conformation of serum proteins and the microenvironment
[4]. Hence, effective degradation of 2,4-DCP has become a
hot topic globally. To date, methods for removal of 2,4-DCP
are based on electrochemical oxidation process [5], pho-
to-catalytic oxidation [6], zero-valent metal reduction [7],
and/or adsorption [8].

Biochar, which can be commonly derived by pyroly-
sis of biomasses such as agricultural wastes (e.g., chicken
manure [9], pig manure, sawdust [10]), and urban sludge
[11]) has attracted great attention. Biochar is categorized
by solubility, stability, aromatization, and carbon enrich-
ment [12]. The constituent elements of biochar include
carbon, hydrogen, oxygen, etc., and it is characterized by
high carbon enrichment. In terms of microscopic structure,
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bio-carbon consists of closely packed, highly distorted aro-
matic ring sheets with chaotic structures [13], suggested by
X-ray investigations. Therefore, biochar tends to have large
specific surface area and high surface energy, making it an
ideal candidate for the adsorbent. Zhang et al. [14] found
that rice husks were one of the sustainable silica sources for
hierarchical flower-like metal silicate, and three-dimensional
(8D) hierarchical flower-like metals, which were prepared
by using rice husks as a sustainable silicon source silicate,
exhibited high catalytic activity and adsorption capacity. Liu
et al. [15] found that high performance of phosphate-func-
tionalized graphene oxide selectively adsorbed U(VI) from
acidic solution, and it was a chemical absorption process.
Liu et al. [16] found that amidoxime-functionalized hollow
carbon spheres (C-HCN-AO) exhibited good absorption
capacity, and the process was predominantly controlled by
inner-sphere complexation. Indeed, biochar can be used
to remove organic pollutants, including benzoquinone
[17], toluene [18], and quinoline [19], from aqueous solu-
tions. Sun et al. [20] found that the adsorption capacity of
ACs, activated carbons with different oxidation degrees,
towards phenols and resorcinol decreased with increasing
oxidation degrees, and the chemical adsorption was not
mainly dominant in the adsorption process. Oh et al. [21]
applied a novel biochar-coated zero-valent iron [Fe(0)] to
remove nitro explosives (2,4,6-trinitrotoluene and hexahy-
dro-1,3,5-trinitro-1,3,5-triazine) and halogenated phenols
(2,4-dibromophenol and 2,4-difluorophenol) from con-
taminated waters, and the removal of nitro explosives and
halogenated phenols was significantly enhanced via sorp-
tion. It indicated that biomass could be used to synthesize
a novel sorbent and catalyst for treating organic pollutants.

Seafood is a very popular food in China. More than
0.8 million tons of crabs and 1.2 million tons of crayfish are
eaten each year in China. This would cause a lot of food
waste. How to recycle it is a matter of great concern. The
preparation of chitin and chitosan is a way to recycle these
seafood food wastes [22].

In the present study, biochar was synthesized with chi-
tosan as raw material at 800°C and characterized by Fourier
transform infrared spectroscopy (FTIR), scanning electron
microscope (SEM), and Brunauer-Emmett-Teller (BET).
The removal capacity, potential adsorption mechanism,
kinetics, adsorption isotherms, and thermodynamic proper-
ties involved in removal of 2,4-DCP were investigated.

2. Materials and methods
2.1. Preparation of chitosan-biochar

Chitosan in a quartz crucible was placed in a vacuum
tube furnace, which was heated to 800°C, kept at 800°C
for 4 h, and cooled to room temperature under nitrogen.
The chitosan-biochar (CBC) obtained was then ground.

2.2. Batch equilibrium experiment

A solution with 100 mg/L 2,4-DCP was prepared. The pH
value of the solution was adjusted to 3-10 using diluted
HCI or NaOH, and CBC was added in to generate a solution
with 2 g/L. CBC. The products were centrifugated at 3,000 rpm

for 10 min and then filtered by a 0.45 um filter head. The
concentrations of 2,4-DCP were measured by high-perfor-
mance liquid chromatography (HPLC) to determine the
optimized pH value. All experiments were repeated for three
times. The adsorption capacities were calculated by [23]:

V(C,-C
o, - NG=C) (1)
m
The removal rates were calculated by:
C,-C
R:lOO%xi( Oc ) &)

0

where Q (mg/g) is the adsorption capacity; C, is the initial
solution concentration (mg/L); C, (mg/L) is the equilibrium
solution concentration; V is the solution volume (L); m (g) is
the biochar mass.

2.3. Adsorption isotherms

The adsorption isotherms were determined by batch
adsorptions at constant temperatures (298, 308, and 318 K),
with mechanical shaking (-150 rpm), and in a contact time of
4 h. The initial concentrations of 2,4-DCP were 20-300 mg/L,
which were prepared by diluting the stock solution. CBC
was added to the 2,4-DCP solution at optimized pH values
and the mixtures were centrifuged at 3,000 rpm and filtered
by a 0.45 pm membrane for 2,4-DCP analysis by HPLC.
All experiments were repeated for three times.

2.4. Adsorption kinetics

The solution with 100 mg/L 2,4-DCP was prepared. The
pH value of the solution was adjusted to five using diluted
HCI, and CBC was added in to generate a solution with 2 g/L
CBC. At a constant temperature of 308 K, the solution oscil-
lated at a speed of 150 rpm. The time was set to be 5-90 min,
respectively. After that, the supernatant was filtered by a
0.45 um membrane, and the concentration of 2,4-DCP was
measured by HPLC for calculating the adsorption capacity
and the removal rate. All experiments were repeated for
three times.

2.5. Effect of ionic strength on adsorption

The solutions, with 100 mg/L 2,4-DCP, varied the con-
centrations of NaCl in 0.01-0.1 mol/L. The pH value of the
solution was adjusted to five using diluted HCI, and CBC
was added in to generate a solution with 2 g/L. CBC. At a
constant temperature of 308 K, the solution oscillated at
a speed of 150 rpm. The time was set to be 2 h. After that,
the supernatant was filtered by a 0.45 pm membrane, and
the concentration of 2,4-DCP was measured by HPLC for
calculating the adsorption capacity and the removal rate.

2.6. Sample characterization

CBC was mixed with monocrystal KBr (CAS:7758-02-3,
SP grade, Aladdin, China) in a 1/100 m/m ratio and then



J. Wu et al. / Desalination and Water Treatment 190 (2020) 193-202 195

tableted. The tablets were analyzed by an FTIR spectropho-
tometer (VERTEX 70, Bruker, Germany) in wave number of
4,000-400 cm™ to investigate the surface functional groups.
The Zeta potential was measured by Zeta potential mea-
surement with Submicron particle size analyzer. The micro-
structure of biochar was investigated using SEM. Before that,
the biochar was coated by a gold-palladium film. Isotherm
linear, analyzed by the TriStar II 3 flex type-specific surface
area analyzer, was obtained with 77 K N, as the adsorption
medium, and the specific surface area was calculated by
the BET method.

3. Results and discussion
3.1. Biochar characterization
3.1.1. Fourier transform infrared spectroscopy

The FTIR spectra obtained using the Thermo Scientific
(America) OMNIC software are shown in Fig. 1. As
observed, the biochar contains aliphatic nitro compounds
and alcohol functional groups before and after adsorption,
respectively. The 1,563 cm™ peak was assigned to strong
absorptions of the nitro compounds [24]. The 3,433 cm™
peak was attributed the free —-OH stretching vibration
[25], indicating that biochar contained a certain amount
of hydroxyl groups, and the asymmetry of the peak shape
was due to the presence of hydrogen bonds. The 1,650 cm™
peak was put down to the C=O stretching vibration [26].
The 1,108 cm™ peak was ascribed to the C-O stretching
vibration of a secondary alcohol. It was deduced that the
nitro groups were generated by recombination of amine
groups and oxygen atoms in the molecular chain of the
chitosan during pyrolysis, while alcohol functional groups
were mainly derived from recombination of oxygen atoms
in chitosan during pyrolysis and their intrinsic ones. In
particular, the FTIR spectra indicated no significant differ-
ence before and after adsorption. Analysis by the Thermo
Scientific OMNIC software showed no changes in either
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Fig. 1. FTIR spectra of Biochar.

the surface chemical groups or chemical bonds after
adsorption.

3.1.2. Scanning electron microscopy

The SEM images of CBC are shown in Fig. 2. As observed,
CBC was a bulky substance with a layered structure. Melting
between the biochar layers was observed and it could be
attributed to sintering, which might be caused by over-heat-
ing. However, biochar was not fully bonded together and
significant interlayer gaps were observed. As a result, a
new internal channel of biochar was presented, resulting
in enhancing adsorption capacity. Additionally, branch-like
extensions were commonly observed on biochar surfaces
and these extensions might facilitate the capture of molec-
ular adsorbents by increasing the possibility of contacting
between active sites and adsorbents.

3.1.3. Brunauer—Emmett-Teller

The specific surface area of CBC, calculated by the
BET method, was 60.7185 m?/g, and the N, adsorption—
desorption isotherm of CBC is shown in Fig. 3. According
to the IUPAC classification of isotherms, this isotherm
was an IUPAC type II one, which reflected typical physi-
cal adsorption on non-porous or macroporous adsorbents.
Due to the strong interaction of adsorbates on the surface,
the adsorbate density increased rapidly at low relative pres-
sures and the curve was convex. The inflection point of iso-
therm appeared in the vicinity of single-layer adsorption.
As the relative pressure increased, multi-layer adsorption
increased. Upon reaching the saturated vapor pressure,
the adsorption layer was infinite and it was highly difficult
to determine the accurate adsorption equilibrium.

The Barret-Joyner-Halenda theory (BJH) pore size
distribution of CBC is shown in Fig. 4. The pore diame-
ter of CBC was mainly distributed in 2-10 nm. The aver-
age pore diameter was 4.96 nm. The total pore volume
was 0.137 cm?/g. In particular, the ratio of micropore pore
volume to total pore volume was about 15.25%, indicating
that the micropore amount of CBC was of little.

3.2. Effect of pH value

The pH value is an important factor in adsorption as
it affects the surface charge of adsorbents, the degree of
ionization, and the initial form of 2,4-DCP in the solution
[27]. The effect of the pH value on the adsorption of 2,4-
DCP by CBC is shown in Fig. 5. As observed, the removal
rate of 2,4-DCP decreased as the pH value increased. At
pH values no larger than 5, the adsorption capacity and
removal rate remain constant; at pH values larger than
5, the adsorption capacity and the removal rate tended
to drop rapidly to a saturated level. Therefore, the opti-
mized pH value was 5 in this study. Similar acidic condi-
tions were suitable for biochar produced from metal-nitrate
modified activated carbon [28]. This might be attributed to
the effects of pH values on the properties of 2,4-DCP and
adsorbents.

2,4-DCP is a hydrophobic organic substance. In response
to changes in pH value in solution, 2,4-DCP may be exposed
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Fig. 2. SEM images of CBC.
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Fig. 3. The N, adsorption—desorption isotherm of CBC.

to protonation and/or dephosphorization. The dissociation
process and equilibrium constant are [29]:
2,4-DCP < 2,4-DCP-+ H* pKa=7.85 3)

The morphologies of 2,4-DCP at different pH values
were obtained at room temperature (Fig. 6). As observed,
2,4-DCP is mainly in molecular form and at ionic state under
acidic and alkaline conditions, respectively. Additionally, the
solubility of 2,4-DCP in aqueous solution was maximized
at anionic state, and bonds of 2,4-DCP and water mole-
cules tended to be strong, resulting in a decrease in hydro-
phobicity and possibility of binding with CBC active sites.
Hence, adsorption of 2,4-DCP was more favorable in molec-
ular form than that at the ionic state.

Fig. 7 shows the zeta potential of CBC under different
pH conditions. According to Fig. 7, pHzpc value of CBC was
5.86, and the adsorbent surface was electrically neutral at
the pHzpc point.

At pH levels below the isoelectric point (pHpzc) of CBC,
the surface of CBC was positively charged, and the molecular
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Fig. 4. The BJH pore size distribution of CBC.
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form was dominated by the 2,4-DCP structure. Electrostatic
repulsion between adsorbent and adsorbate was negligible
in this case. The adsorption was driven by van der Waals
forces. Therefore, the effect of pH on the adsorption was
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Fig. 6. Speciation distributions of 2,4-DCP in aqueous solutions.

minimized under acidic conditions from the point of view of
both adsorbent and adsorbate.

At pH levels above the pHpzc of CBC, the surface of
the CBC was negatively charged and the state-dominated
the 2,4-DCP structure, whose surface was also negatively
charged. Therefore, significant electrostatic repulsion was
observed between adsorbates and adsorbates with active
sites on CBC surface. As a result, adsorption of 2,4-DCP
to CBC was hindered. Meanwhile, the adsorbent sur-
face would carry more negative charges as the pH value
increases, and the dissociation degree of 2,4-DCP would
be greater, resulting in the increase of electrostatic repul-
sion and the degradation of adsorption. Once the pH value
increased to a critical level, the degree of negative charges
of the two systems was saturated, as well as the adsorption
capacity. The adsorption processes at different pH levels
are shown in Fig. 8.

3.3. Kinetics and adsorption isotherms
3.3.1. Adsorption isotherms

The relationship between equilibrium concentrations of
2,4-DCP and adsorption capacities of CBC is shown in Fig. 9.
As observed, the adsorption capacity increased as the initial
concentration of 2,4-DCP increased. Once the concentration
of 2,4-DCP reached the equilibrium level, the adsorption
capacity remained unchanged. This may be attributed to the
fact that the density of active sites, which could bind 2,4-DCP
successfully, tends to be low at low concentrations of 2,4-
DCP. Meanwhile, the adsorption capacity increased with the
increase of temperature at consistent initial concentration.
Hence, it could be deduced that the adsorption was favorable
at high temperatures and the adsorption of 2,4-DCP by CBC
was an endothermic process.

In this study, models based on Freundlich, Koble-
Corrigan, and Henry equations were used to fit the experi-
mental data. The Freundlich equation is an empirical formula
expressed in an exponential adsorption isotherm [30,31]:

1

Q. =K. )

o

20

Zeta potential (mv)
=

Fig. 7. Values of the zeta potential under different pH conditions.

log(Q.) =log K, +~logC, ®)

where K, is a parameter of Freundlich adsorption capacity;
n is an empirical parameter that describes the adsorption
strength, which is directly related to the heterogeneity of the
adsorbents.

The Koble—Corrigan equation is a combination of the
Freundlich model and the Langmuir model. Its nonlinear
form was expressed as [32]:

AC!

Q.= 1+ BC

(6)

where A, B, and n are the Koble-Corrigan parameters. This
model is valid when 1/n < 1.

The Henry model is suitable for the adsorption pro-
cess carried out in dilute solutions. Its linear form was
expressed as:

Q.= A+KC, 7)

where A and K are the Henry model parameters.

The parameters of the three model were evaluated and
summarized in Table 1. Fig. 10 shows that the value of K,
of the Freundlich model increased with the increase of tem-
perature. As observed, the interaction between adsorbate
and adsorbent was enhanced by high temperatures. The
value of 1/n was less than 1, indicating that the adsorption
was readily possible. The correlation coefficient R? fitted
by the Freundlich equation, was greater than 0.98 and the
error values were negligible. Therefore, the Freundlich
equation could be used to describe the adsorption behavior.

As shown in Fig. 11, parameters A and B in Koble-
Corrigan model remained constant as temperature increased.
The value of n varied significantly from I, indicating that
the Koble—Corrigan model did not approach the Langmuir
model. The correlation coefficient R? exceeded 0.97, and the
error value was negligible. The Koble-Corrigan model could
describe the adsorption of 2,4-DCP on CBC, while the Henry
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model tends to have a high correlation to adsorption pro-
cesses in diluted solutions.

As shown in Fig. 12, the parameter A of the Henry
model remained constant and the parameter K increased,
as the temperature increased. The correlation coefficient R*
exceeded 0.97, and the error value was negligible. The Henry
model could describe the adsorption of 2,4-DCP on CBC.

In summary, all three models involved could describe
the adsorption of 2,4-DCP on CBC. Based on the assumptions
of the three models, it could be deduced that the adsorption

Chitvsan-Kinchar o

A
=
(O "=

Table 1
Isotherm parameters for 2,4-DCP adsorption onto CBC

Model Parameter 298 K 308 K 318 K
K, 4216 5147  7.743
, 1/n 0.682 0735  0.739
Freundlich R2 098 0984 0991
SSE 9.465 8146  12.165
A 4578 5654 5245
B 0001  -0.011  0.017
Koble-Corrigan n 0.712 0.767 0.899
R 0.984 0979 0987
SSE 16973 25568  16.579
A 12665  11.623 17121
K 1218 1599  1.944
Henry R 0.988 0978 0981
SSE 263.775  287.438 549.180

of 2,4-DCP by CBC was a non-uniform surface one in a dilute
solution.

3.3.2. Kinetics

As shown in Fig. 13, CBC had a fast adsorption effect
for 2,4-DCP and the majority of 2,4-DCP was removed in
the first 25 min, which was known as the rapid adsorption
stage. At this stage, the removal rates of 2,4-DCP exceeded
75%. In 20-40 min, the removal rates increased slightly.
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This stage was known as the slow adsorption stage. After
that, adsorption equilibriums were reached and the removal
rates remained constant.

The kinetic equation is mainly used to describe
the adsorption rate. The adsorption mechanism can be
inferred from the initial assumptions of the kinetic model.
The adsorption of 2,4-DCP on CBC was discussed in the
following two models.

The Elovich equation shows that the adsorption rate
decreased exponentially as the adsorption capacity (or
coverage) increased. Its integral form was expressed as [33]:

d
%0 _ et
d

t

®)

According to the boundary conditions (t = 0, Q,= 0 and
t=t, Q,=Q), itis integrated as [34]:

Q :%ln(t+to)—%ln(t0) )
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where a (mg (g h)™) is the initial adsorption rate; (g mg™)
is a parameter related to surface coverage and activation
energy; t,= 1/(ap); t(min) is the reaction time; Q(mg g™) is
the adsorption degree at ¢.

The intraparticle diffusion (IPD) model is applied in the
following form:

1
Q,=Rt? (10)
where R, is the IPD rate constant (min™), Q, is plotted against
2 to get a straight line that is forced to pass through the
origin; C is the intercept in the fitting equation. If C is close
to 0, the IPD is the control step of the adsorption process;
if C deviates significantly from 0, the IPD is not the only
control step.

The parameters of the two model were evaluated and
summarized in Table 2. As shown in Table 2 and Fig. 14,
data fitted by the Elovich model had a high fitting degree,
negligible error value, and good correlation. R? of the Elovich
model exceeded 0.94. The IPD model was not suitable for
adsorption of 2,4-DCP to CBC. The R? value was 0.79 and the
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Table 2
Kinetic parameters for adsorption of 2,4-DCP to CBC

Table 3
IPD model parameters for two phases

Parameter Elovich model IPD model Parameter R, C R?
a 7.161 - Adsorption phase 8.005 -2.385 0.9348
B 0.088 - Equilibrium phase 0.229 39.331 0.742
R, - 4.253
C 8.337
SSE(x10?%) 0.115 4.065 45
R 0.942 0.789 G
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Fig. 14. Data fitting by the Elovich model and the IPD model.

C value was significantly different from 0, indicating that the
adsorption process was also be affected by other mechanisms.

In order to further explore the adsorption mechanism,
the adsorption phase and the equilibrium phase were seg-
mentally fitted by the IPD model. The results are shown in
Table 3 and Fig. 15. As observed, the adsorption phase and
the equilibrium phase were quite different from each other.
The intragranular diffusion rate constant in the adsorp-
tion phase (R, >0.93) was significantly larger than that in
the equilibrium phase (R ). The intercept in the adsorption
phase (C,=-2.385) was significantly smaller than that in the
equilibrium phase (C,= 39.331), indicating that the adsorp-
tion phase could be well fitted by the IPD model. However,
the IPD model was not suitable for the equilibrium phase,
where the adsorption process was controlled by other
mechanisms.

In summary, the adsorption of 2,4-DCP on CBC was a
physical adsorption process simultaneously controlled by
surface diffusion and IPD. The mechanism was as follows:
at the beginning, the adsorption process was dominated by
surface diffusion and intra-ion diffusion; as the adsorption
progresses, the adsorbates migrated from macropores to
micropores through transition pores and the transfer rate
gradually decreased in the inner pores. Meanwhile, the
effects of IPD degraded gradually, while the effects of sur-
face diffusion remained constant. Once the active sites in the
inner pores of CBC were fully occupied, the IPD would no

longer serve as a control step in adsorption. Once the active
sites on the outer surface of CBC were fully occupied, the
adsorption process reached a dynamic equilibrium and
the adsorption capacity remained constant after that.

3.4. Effect of ionic strength and repeat performance

The effect of ionic strength on adsorption is complicated.
In practical adsorption processes, the adsorption capacity
may increase, decrease or remain unchanged as the ionic
strength increased [35-38]. Ions are presented in all solutions
and their effects on adsorption shall be investigated.

As shown in Fig. 16, the adsorption capacity per unit
increased slightly (from 41.75 to 43.42 mg/g) as the con-
centration of Na' in the solution increased, suggesting
that electrostatic interaction was not the primary control
mechanism during this adsorption process.

Once being added to the 2,4-DCP solution, Na* competed
for solvent molecules (H,O), resulting in the migration of
water molecules from 2,4-DCP molecules to Na*. As a result,
the solubility of 2,4-DCP and the hydrophilicity degraded.
Upon addition of electrolyte to the solution, the solubility of
solute was reduced. This phenomenon is known as salting-out
[39]. The salting-out effect increased the contact possibility
between 2,4-DCP molecules and CBC. As a result, adsorption
of 2,4-DCP was favored due to increased hydrophobicity [40].

Under the optimal conditions, the biochar was leached
with 70% ethanol several times for regenerate. Again, the
recycled biochar was used to adsorb 2,4-DCP. It was found
that the biochar could still maintain a removal rate of 41.2%
after three cycles, and adsorption capacity was 20.6 mg/g.
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Fig. 16. Effect of ionic strength on 2,4-DCP removal.

4. Conclusions

In this study, biochar derived from chitosan was employed
to remove 2,4-DCP. The optimized pH value for adsorp-
tion was 5.0. The optimized solution concentration of
2,4-DCP was 100 mg/L. For ensuring the adsorption equi-
librium reached, the optimal adsorption time was 60 min.
Considered both the energy consumption for heating and
the fluctuation of the adsorption capacity at different tem-
peratures, was room temperature considered to be the opti-
mal adsorption temperature. Under the optimal conditions,
was it found that the removal rate was 83.33%, and the
absorption capacity was 41.65 mg/g. Investigations by FTIR
indicated no changes of chemical bonds during adsorption.
Investigations by SEM indicated that CBC was a bulky sub-
stance with a layered structure and branch-like extensions
were commonly observed on biochar surfaces. Investigations
by BET indicated that the adsorption process is typical phys-
ical adsorption on non-porous or macroporous adsorbents.
All three isotherm models involved in this study (Freundlich,
Koble-Corrigan, and Henry) could describe the adsorp-
tion process of 2,4-DCP on CBC. It could be deduced that
the adsorption of 2,4-DCP by CBC was non-uniform surface
adsorption in a diluted solution. Kinetics indicated that the
adsorption rate at the rapid adsorption stage was simultane-
ously controlled by surface diffusion and IPD and that at the
slow adsorption stage was controlled by surface diffusion.
The ionic strengths suggested that electrostatic interaction
was not the dominant mechanism during this process.
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