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ABSTRACT: The aim of this research was to estimate the adsorption performance of water-insoluble starch sulfate (SS) for cationic
dyes. Toluidine blue (TB), as a model cationic dye, was used to prepare an adsorbate solution. The effects of adsorption time, initial
TB concentration, temperature, and initial pH on the adsorption of TB by SS were studied, and the kinetics and equilibrium of the
adsorption process were investigated using a nonlinear analysis method. The results showed that SS can effectively remove TB from
the aqueous solution. The adsorption kinetic data correlate well with the pseudofirst-order kinetic model. The Langmuir,
Freundlich, Toth, and Sips isotherm models were applied in the adsorption equilibrium study. The Toth isotherms had the best
applicability to describe the TB adsorption and show that the adsorption energies follow a heterogeneous distribution. The
maximum adsorption capacity from the Toth isotherm fitting is 26.56 mg-g~ . The results of thermodynamics studies show that the
adsorption process of TB on SS is exothermic in nature. The adsorption of TB on SS is highly pH-dependent, and the optimal

adsorption effect is achieved at pH = 6.0.

1. INTRODUCTION

With the development of thet dyeing and finishing industry,
dye effluents have become one of the major sources of pollu-
tion, especially in China." Because of environmental concerns
and significant aesthetic problems, several techniques have
been proposed for the removal of dyes from industrial effluents,
such as biological treatments,” membrane processes,” advanced
oxidation processes,* electrochemical techniques,® and adsorp-
tion procedures.® Among these techniques, adsorption is gen-
erally preferred for the removal of dyes from effluents due to its
high efficiency, easy handling, and availability of different
adsorbents. During the last few decades, studies on adsorption
processes focused particular attention on the development of
novel and cost-effective adsorbents.”” '

Recently, adsorbents based on starch have attracted more and
more attention with the aim of developing low-cost and environ-
mentally friendly adsorbents."' ™' Starch sulfates with a high degree
of substitution can be prepared by using sodium bisulfite and
sodium nitrite as materials in aqueous solution.'® Starch sulfates
with a high degree of substitution may exhibit good adsorption
ability for some substances with a positive charge. However, the
excellent swelling properties in aqueous solution make starch
sulfates difficult to use as adsorptive materials.

Therefore, the aim of this study was to prepare water-insoluble
starch sulfate and study the adsorption process between this
modified starch and cationic dyes. Toluidine blue (TB), a cationic
thiazine dye, was used as the model cationic dye. The adsorption
kinetics and equilibria were thoroughly investigated by using a
nonlinear analysis method. The adsorption thermodynamics and
the effect of initial pH on the adsorption process were also studied.

2. MATERIALS AND METHODS

2.1. Materials. Corn starch (Zhucheng Xingmao Corn Devel-
oping Co., Ltd., food-grade) was dried at 105 °C before it was
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used. Toluidine blue (TB) (molecular formula, C,sH,sCIN;S;
molecular weight, 305.83; CAS Number, 92-31-9; color index
number, 52040; dye content, 85 %; pK,, 11.8) was obtained from
Sinopharm Chemcial Reagent Co., Ltd. and was used without
further purification. The chemical structure of TB is shown in
Figure 1. Sodium bisulfite, sodium nitrite, and all other com-
mercial chemicals were analytical reagent grade and were used
without further purification. All solutions and standards were
prepared by using distilled water.

2.2. Preparation of the Adsorbents. Water-insoluble starch
sulfates were prepared according to the method described in a
previous work."” Cross-linked starch was prepared by reacting
corn starch with epichlorohydrin, and then water-insoluble starch
sulfates were prepared by reacting cross-linked starch with trisul-
fonated sodium amine (N(SO3Na)3) according to the method of
Cui et al."

A certain amount of sodium bisulfite was dissolved in distilled
water in a stirred glass kettle. Then an aqueous solution of sodium
nitrite was added dropwise to the kettle at 90 °C and reacted for
1.5 h. In this way, the sulfating agent trisulfonated sodium amine
(N(SO3Na);) was obtained. After the pH of the sulfating agent
solution was adjusted to 9.0, a preweighed amount of cross-linked
corn starch was added to this stirred glass kettle. The reaction was
allowed to proceed for 4 h at 40 °C. At the end of the reaction time,
the product was washed with deionized water three times and then
with ethanol only once. The product was then dried at S0 °Cin a
vacuum for 24 h.

Three samples with different quantities of sulfate groups, named
SS1, SS2, and SS3, were prepared to be used as adsorbents. The
sulfur content of the adsorbents was determined by elemental
analysis (PE 240011, Perkin-Elmer, USA), and the surface properties
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of the adsorbents were determined by using a surface area and
porosity analyzer (ASAP2020, USA). The structures of the adsor-
bents were analyzed by using a Fourier transform infrared (FTIR)
spectrometer (Nicolet Magna IR spectrometer 550, USA).

2.3. Adsorption Experiments. The adsorption experiments
were carried out by batch methods. The desired dose of SS was
added to 50 mL of aqueous TB solution in a series of 100 mL
glass-stoppered Erlenmeyer flasks. The suspension was stirred on
a magnetic stirrer at a uniform speed of 120 rpm in a constant
temperature bath. After a certain adsorption time, the suspension
was filtered through a 0.2 #m nylon membrane by using a syringe
filter, and the concentration of TB in the aqueous phase was
determined by using a Shimadzu UV—vis spectrophotometer
(UV-2550, Japan) at the maximum wavelength of 630 nm. The
initial pH value of the TB solution was adjusted by adding either
0.1 M HCl solution or 0.1 M NaOH solution before adding the
adsorbent. Triplicate experiments were made for each condition.

The adsorption capacity was calculated from the following
expression:

(Ci - Ct)V
m

Q= (1)
where Q is the adsorption capacity of the adsorbent (mg-g '), C;
and C, (mg- L") are the initial and terminal concentrations of TB
in the adsorption solution, respectively, and V (L) and m (g) are the
volume of the adsorption solution and the dose of the adsorbent,
respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of Adsorbents. Elemental analysis
results of the adsorbents are shown in Table 1. The sulfur content
of the adsorbents is in the order of SS1 < SS2 < SS3, which means
the content of active sulfate groups changes in the same order. The

.
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Figure 1. Chemical structure of toluidine blue (4,,,, = 630.0 nm).

Table 1. Elemental Analysis Results of SS

surface properties of the adsorbents were determined by using a
surface area and porosity analyzer, and the results are shown in the
Table 2. The data of the surface properties have no direct relation
to the sulfur content of the adsorbents. The IR spectra of the native
corn starch, cross-linked starch, and SS1 are shown in Figure 2.
There is no significant difference in the IR spectra between the
native starch and the cross-linked starch. Bands resulting from
§=O stretching at 1238 cm™ ! and from S—O stretching at
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Figure 2. IR spectra of native starch (a), cross-linked starch (b), and
SS1 (c).
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Figure 3. Effect of the adsorption time on the adsorption capacities of
SS1 29.71 +15 0.37 13.09 52.68 TB and the kinetic fitting curves (Conditions: C;, 16 mg-L™'; tempera-
$82 27.08 3.71 0.36 15.58 53.3 ture, 293 K; dose of SS, SO mg; pH, 5.24): 00, SS1; O, SS2; A, SS3; —,
SS3 23.31 321 0.39 18.82 54.27 pseudofirst-order; - - -, pseudosecond-order; - - -, Elovich.
Table 2. Surface Area and Pore Parameters for SS

parameters SS1 SS2 SS3
surface area
single point surface area at p/p® = 0.20/(m”-g~") 031 0.40 0.32
BET surface area/(m*-g~ ") 0.42 0.25 0.35
pore volume
BJH adsorption cumulative volume of pores between 1.7000 and 300.0000 nm diameter/(10%-cm®- g~ ") 0.65 0.58 0.71
pore size
adsorption average pore width (4 V/A by BJH)/(nm) 7.58 5.61 7.32
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823 cm™ ' can be observed in the spectrum of SS1, which are similar
to the result of Cui et al.'® These two bands can prove that the
product is starch sulfate.

3.2. Adsorption Kinetics Studies. Adsorption kinetics involves
the relationship between the adsorption capacities and adsorption
time. The adsorption capacities of toluidine blue (TB) on water-
insoluble starch sulfate (SS) were measured as a function of time, as
shown in Figure 3. TB is rapidly removed by SS and the adsorption
processes reach equilibrium in about 40 min. Although the quantity
of active sulfate groups was different the equilibrium time was almost
the same. Figure 3 also shows the adsorption capacity of TB
increases with an increase in the content of sulfate groups in the
three sulfated samples. This phenomenon can be explained by the
adsorption mechanism between TB and SS, as can be shown in
Figure 4. The adsorption of TB on other adsorbents was also rapid
due to its cationic character. Sheng et al.'® studied the adsorption of
TB on extracellular polymeric substances extracted from sludge and
found that the adsorption equilibrium time was 30 min at pH 11.0.
Alpat et al."” studied the adsorption kinetics of TB with Turkish
zeolite and found that the equilibrium time was also 30 min.

The adsorption kinetics in wastewater treatment is impor-
tant, as they provide valuable insights into adsorption system
design. A variety of kinetic models have been described in an
attempt to find a suitable mechanistic explanation for solid/
liquid adsorption systems, in which Lagergren's pseudofirst-
order,” Ho's pseudosecond-order’' and the Elovich models**
are the three most widely applied. The forms of the three kinetic
models are summarized in Table 3 and were used to correlate
the present experimental data. In the kinetic equations, Q,
(mg-g~ ") is the adsorption capacity at any time ¢ (min).

The nonlinear regression analysis method was used to fit the
kinetic models as well as the isotherm models with the help of the
Origin (Version 8) software program. Recent studies have shown
that the nonlinear method is more valid than the linear method
for fitting either the kinetics model* or isotherm models.**

are presented in Figure 3. The kinetic model parameters are
shown in Table 4 along with the coefficients of determination
(R®). The values of R” indicate that the best fit is with the
pseudofirst-order model. The Elovich model is not fully followed
in this process due to much lower values of R>. In many other
cases, the pseudofirst-order kinetic model provided better results
for the adsorption of dzles from aqueous solution by using
bioresource adsorbents.”**

3.3. Adsorption Equilibrium Studies. The effect of initial TB
concentration on the equilibrium adsorption capacity was stu-
died, and the results are shown in Figure SA. It can be seen that
the equilibrium adsorption capacity of TB on SS increases with a
rise in the initial TB concentration. When the initial TB con-
centration is increased from 4.00 mg-L ™" up to 32.00 mg-L ™",
the adsorption capacities of SS1, $S2, and SS3 increase from (3.40
t0 22.56) mg-g |, (3.51 to 23.83) mg-g ', and (3.57 to 25.75)
mg-g ', respectively. The increase in adsorption capacity with
respect to the TB concentration is probably due to a high driving
force for mass transfer.

The equilibrium adsorption isotherms express the specific
relation between the concentration of adsorbate and its degree of
accumulation onto the adsorbent surface at equilibrium. The
Langmuir26 and Freundlich models,”” the two two-parameter
adsorption isotherm models, are widely used to describe the
equilibrium of an adsorgtion process between the liquid and the
solid phases. The Sips™® and Toth models® are three-parameter
isotherm models, which may provide more information on the
adsorption process than two-parameter isotherm models. The
four isotherm models are summarized in Table 5 and have been
applied in the present study. In the four equations, C, and Q, are

Table 4. Kinetic Model Parameters for the Adsorption of TB
on SS (Conditions: C;, 16 mg- LY Temperature, 293 K; Dose
of SS, 50 mg; pH, 5.24)

. . 1
The nonlinear fitting curves of the pseudofirst-order, pseudo- e
second-order, and Elovich equations for adsorption of TB on SS Tineie mecldls parameters $S1 $S2 $S3
CH; CH; (0] pseudofirst-order Q./(mg-g ") 12.68 13.26 13.99
$t-0-SO,R + R'=1{J e R'=1:1 N 'O-g-O-S ¢+ RCl K,/(min ) 0256 0268 0272
u . (n) R 09961 09977  0.9969
3 3 pseudosecond-order Q./(mg-g” ") 13.76 14.32 15.11
cH, N Ky/[g- (mg-min)~']  0.029 0.030 0.029
R=H*orNa*. R'= I:E j;j R 09823 09795 09854
’ H,N S Elovich a/[mg-(g-min) '] 7448 11722  123.80
B/(g-mg ") 0.58 0.59 0.56
Figure 4. Scheme of the adsorption mechanism between TB and SS. R 09259 09197  0.9322
Table 3. Summary of Adsorption Kinetic Models Used in the Present Study
kinetic models parameters ref
pseudofirst-order
Q = Q(1—e X (2)  K;: the pseudofirst-order rate constant (min~'); Q.: the equilibrium adsorption capacity (mg-g *) 20
pseudosecond-order
K,Q. 2t K;: the pseudosecond-order rate constant [g- (mg-min) ~']; Q.: the equilibrium adsorption capacity (mg-g ') 21
Q = (3) P g+ \mg q p pacity {mg-g
1+ K,Q.t

Elovich

1 1
Q=3 1n(0tﬂ)+31ﬂf 4)

a: the Elovich coefficient representing the initial adsorption rate [mg- (g-min) ~']; : the Elovich coefficient related to the 22

extent of surface coverage and activation energy for chemisorption (g~mg71)
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the equilibrium TB concentration (mg-L™") and equilibrium
adsorption capacity (mg-g '), respectively; Q,, is the constant
representing maximum adsorption capacity (mg-g ).

The effect of the equilibrium TB concentration on the
adsorption capacities and adsorption equilibrium isotherms is
shown in Figure SB. The best model could be selected on the
basis of the values of R, It is clear from Figure 5B and Table 6
that the three-parameter isotherm models represent the experi-
mental data better than the two-parameter isotherm models. A
further comparison of the values of R” from the two-parameter
isotherm models fitting shows the Langmuir model provides a

30

25}

Q, ((mglg)
n
(=]

L]

-
w
T

-
o
T

better fit of the data than the Freundlich model. Between the two
three-parameter isotherm models, the Toth model correlates the
data better than the Sips model. Considering all the above results,
the equilibrium data of TB adsorption on all three samples can be
described in the order of fitting: the Toth, Sips, Langmuir, and
Freundlich isotherm models.

The Toth model is derived from potential theory and is
applicable to heterogeneous adsorption. It assumes a quasi-
Gaussian energy distribution. The more the parameter ¢ is away
from unity, the more heterogeneous is the system. The best
applicability of the Toth isotherms to the TB adsorption shows
that the mechanism of adsorption follows a heterogeneous
distribution of adsorption energies. A possible reason is that all
three amidocyanogens of TB (Figure 1) have the possibility to
consist of valence forces with the sulfate groups on the adsor-
bents. This means that two or three amidocyanogens of some TB
molecules come into covalent bonding proximity of the sulfate
groups at the same time. Obviously, the adsorption energies
between different amidocyanogens and the sulfate groups are
different. Another possible reason is the interactions between TB
molecules. TB molecules possibly form dimers and aggregates on
the external surface of the adsorbents.>**’

3.4. Adsorption Thermodynamic Studies. The thermody-
namics for the adsorption of TB on water-insoluble starch sulfate

Table 6. Isotherm Model Parameters for the Adsorption of

(A) TB on SS (Conditions: Adsorption Time, 60 min; Tempera-
ture, 293 K; Dose of SS, 50 mg; pH, 5.24)
sample
% isotherms parameters SS1 SS2 SS3
E
o Langmuir ~ Q,/(mg-g~") 3850 4190  47.13
Kp/(L-mg™") 0.17 0.19 021
R* 09812 09804 0.9848
Freundlich Kg/[(mg-g ')(mg-L™))"""]  6.59 745 8.81
1/n 1.69 1.66 1.58
) R 09577 09575  0.9642
0 3 4 5 = i Sips Qu/(mg-g ") 27.87 2987 3096
(B) C, /(mglL) K¢/(L-mg™") 0.32 0.35 0.46
s 0.68 0.67 0.63
Figure 5. Effect of the (A) initial and (B) equilibrium TB concentration R? 09887 09882  0.9940
on thg .adsorption c:apaciFies and aflsorption equilibrium isotherms Toth Qu/(mg-g ) 2236 2386 26.56
(Conditions: adsorption time, 60 min; temperature, 293 K; dose of
SS, 50 mg; pH, 5.24): (A): —O—, $S1; —O—, $S2; —A—, $83. (B): Ry 019 02 028
0, SS1; O, SS2; A, SS3; - - -, Langmuir; « - -, Freundlich; gray —, Sips; t 5.94 5.75 3.67
black —, Toth. R* 0.9968  0.9972  0.9958
Table 5. Summary of Adsorption Isotherms Used in the Present Study
isotherm equation parameters ref
Langmuir Q = QnCe (s) K: the Langmuir equilibrium constant related to adsorption affinity, L-mg ™ * 26
1+ K. C
Freundlich Q. = KpCM/" (6) Kg: the Freundlich constant related to the adsorption capacity, (mg-g~')(mg-L™") V%, the Freundlich 27
constant related to adsorption intensity
Sips Qu(Ks Ce)l/ : ) Kg: the Sips equilibrium constant related to adsorption affinity, L-mg ™ '; s: the heterogeneity factor 28
1+ (KsC)Ye
Toth _ QuKrCe (8) Kr: the Toth constant characterizing the adsorptive potential; ¢: constant characterizing the heterogeneity 29

[1+ (KrCo) ]!
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Figure 6. Effect of the temperature on the adsorption capacity for TB
on SS (Conditions: C;, 16 mg+ LY adsorption time, 60 min; dose of SS,
50 mg; pH, 5.24): —O—, SS1; —O—, SS2; —A—, SS3.
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Figure 7. Plots of log Kp, versus 1/T for the adsorption of TB on SS
(Conditions: C;, 16 mg-L_l; adsorption time, 60 min; dose of SS, 50
mg; pH, 5.24): 0, SS1; O, SS2; A, SS3.

was investigated in the range of (293 to 323) K, and the influence
of temperature on the adsorption is shown in Figure 6. It can be
found that there is a slight decrease for the equilibrium adsorp-
tion capacity with a temperature increase from (293 to 323) K.

Thermodynamic parameters such as change in Gibbs energy
(AG), enthalpy (AH), and entropy (AS) were determined using
the following equations:*>**

Q.
Kp = —=
P Ce107? ©)
AH AS
log Kp = — 10
08 =0 2303RT | 2.303R (10)
AG = AH — TAS (11)

where Kp, (10*-L-g ™ ') is the distribution coefficient, and Kp, can
be regarded as a dimensionless coeflicient in dilute aqueous
solutions; Q. (mg-g ') and C, (mg-L™") are the adsorption
capacity and TB concentration at equilibrium, respectively, T is
the temperature in Kelvin and R is the gas constant. AH and AS
were obtained from the slope and intercept of the plots of log Kp
versus 1/T (Figure 7). Table 7 shows the calculated values of the
thermodynamic parameters. The values of AG become less

Table 7. Thermodynamic Parameters for the Adsorption of
TB on SS (Conditions: C;, 16 mg-L_l; Adsorption Time, 60
min; Dose of SS, 50 mg; pH, 5.24)

T Q. Ko AG AH AS

sample K mg.g ' 10>.L.g"' KJ.mol™' kJ.mol ' J-(mol.-K)™"

SS1 293 12.86 4.10 —20.35 —9.22 37.99
303 1271 3.86 —20.73
313 1244 3.49 —21.11
323 11.86 2.86 —21.49
SS2 293 1332 4.97 —20.8 —10.12 36.45
303 13.11 4.54 —21.16
313 1286 4.10 —21.53
323 1231 3.34 —21.89
SS3 293 14.17 7.74 —21.94 —17.35 15.67
303 1395 6.80 —22.1
313 13.53 5.48 —22.25
323 12.78 3.97 —22.41
14t 2
5 121 &
Ee)
£
G 10t
8|
6 1 1 1
2 4 6 8 10
pH

Figure 8. Effect of initial pH on the adsorption capacities of TB on SS
(Conditions: C;, 16 mg- LY adsorption time, 60 min; temperature, 293
K; dose of SS, 50 mg): —O—, SS1; —O—, SS2; —A—, SS3.

negative with increasing temperature, and all of the values of
AH are negative, which indicate that the adsorption process is
more favorable at low temperature. Similar results were found in
the studies of Sener®* and Demir et al.*>® The positive values of
AS indicate that there is an increase in the randomness in the
solid—solution interface during the adsorption process. In addi-
tion, the small values of AG and AH are in the range of multilayer
adsorption and are compatible with the formation of weak
chemical interactions between sulfate groups and TB.***” The
complicated interaction between TB and SS has been explained
in the equilibrium studies part.

3.5. Effect of Initial pH on the Adsorption Process. The
value of pH is one of the most important factors that affect the
adsorption process. Figure 8 shows the effect of pH on the
adsorption of TB on SS in the initial pH ranges of 3.0 to 9.0. As
the pH values increase from 3 to 6, the adsorption capacities of
TB increase gradually and reach a maximum value at about pH
6. Then the adsorption capacities decrease gradually with the
pH increasing from 6 to 9. The effect of pH on the adsorption
process can be explained with the protonation of the functional
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Table 8. Previously Reported Adsorption Capacities and
Time to Reach Equilibrium for Various Adsorbents for TB
Adsorptions

Qm time
adsorbents mg-g " min ref
Turkish zeolite 33.03 30 19
fly ash 6 -- 31
gypsum 28 60 39
pulp fiber 25 240 40
SS3 47.13 40 present study

groups on the adsorbents as well as adsorbates. At low pH
values, the high concentration of the H' in solution makes the
sulfate groups exist in the form of —SO3H, and they prevent
the adsorption of TB onto SS. This implies that the active
groups are protonated. At pH 6.0, the active sites become
ionized, and the cationic TB becomes adsorbed due to better
valence forces between TB and SS. When the pH values
increase beyond 6.0, the amidocyanogens of TB become less
positive, and therefore the adsorption capacities decrease.
Similar findings were reported for the adsorption of malachite
green on oil palm trunk fiber’ and rhodamine B on sodium
montmorillonite.*®

3.6. Comparison with Other Adsorbents. To justify the
validity of insoluble starch sulfate as an adsorbent of TB, the
maximum adsorption capacity and the time to reach equilibrium
for the adsorption of TB on SS3 and other various adsorbents are
compared in Table 8. The maximum adsorption capacity is from
the Langmuir isotherm, and the time to reach equilibrium is
estimated from the effect of adsorption time on the adsorption
capacities. It shows that SS3 has good adsorption capacity and
a relatively short adsorption time when compared with other
adsorbents.

4. CONCLUSIONS

The adsorption of toluidine blue (TB) on water-insoluble starch
sulfates (SS) from aqueous solution has been thoroughly studied.
On the basis of kinetic experimental data, the adsorption processes
reach equilibrium in about 40 min and conform to the pseudofirst-
order model. The results of adsorption equilibrium studies show
that the Toth equation represents the best fit of experimental data
among the Langmuir, Freundlich, Toth, and Sips isotherm models.
The maximum adsorption capacity of SS3 from the Toth isotherm
fitting is 26.56 mg- g~ . The best applicability of the Toth isotherms
means the adsorption of TB on SS is heterogeneous. All of the values
of AH are negative, which indicates that the adsorption process is
exothermic in nature. Adsorption thermodynamic studies reveal the
adsorption mechanism via weak ionic bond interactions between
TB and SS. The adsorption capacities of TB on SS first increase and
then decrease with the pH increasing from 3 to 9, and the optimal
adsorption effect is achieved at pH = 6.0. The experimental studies
show that SS has promising potential to act as an alternative
adsorbent to remove cationic dyes from aqueous solutions.
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