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ABSTRACT

Shell powder (SP) with chitosan (CS) immobilized was applied as a composite biosorbent (CS-SP)
for adsorptive removal of Congo red from aqueous solution. The materials were characterized using
Fourier transform infrared spectroscopy, X-ray diffraction, and scanning electron microscopy. Dye
adsorption onto SP and CS-SP was investigated under varied conditions such as chitosan content,
initial dye concentration, pH, salt concentration, and temperature. The optimum CS content was
determined as 15 wt%, under which CS-SP displayed a fine coating structure and a greater adsorp-
tion capacity of 258.53 mg/g compared with 36.50 mg/g for SP at 30°C. The composite adsorbent
maintained its performance in high-salinity, acidic or alkaline environment, and exhibited excellent
reusability throughout five-recycle regeneration. The dynamic data conformed to pseudo-second-or-
der and Elovich models while the equilibrium isotherms followed Langmuir and Temkin models,
which revealed that chemisorption was involved in the adsorption mechanism. Besides, the maxi-
mum monolayer adsorption capacity for CS-SP reached 263.85, 283.29, 322.58 mg/g at 30°C, 40°C, and
50°C, respectively, and adsorption on CS-SP was verified to be endothermic and spontaneous from
thermodynamic study. The results indicated that the prepared CS-SP biosorbent is quite promising

for dye wastewater treatment.
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1. Introduction

Nowadays, extensive use of dyes in textile, plastic, leather,
paper, and related industries has produced large volumes
of dye wastewater. Most dyes are toxic, non-biodegradable,
carcinogenic and mutagenic for human being and aquatic life
[1]. For example, Congo red (CR), a common benzidine-based
anionic diazo dye, has been ascertained to cause allergic
responses and to be metabolized to benzidine, known as a
human carcinogen [2—4]. Therefore, dyes are among the most
hazardous substances existing in industrial effluents, and the
wastewater treatment issue should be taken seriously ahead of
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discharge [5]. In order to remove dye contaminations, a vari-
ety of techniques have been employed, such as coagulation
and flocculation [6], membrane process [7], photocatalytic
degradation [8], biological treatment [9], and adsorption
[10,11]. Majority of these methods display a high expense or
poor effectiveness, whereas adsorption is typically consid-
ered as an attractive process with advantages of simple oper-
ation, easy recovery, high efficiency and low cost as well.

The exploration of environment-friendly natu-
ral biosorbents, for example, rice husk [12], cotton
[13], Hibiscus cannabinus fiber [14], de-oiled soya [15],
egg shell [16], hen feather [17], and chitosan [18], has
attracted growing interest. However, more noteworthy
are composite biosorbents like iron oxide-impregnated
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dextrin [19], montmorillonite-immobilized alginate [20] and
alginate/Fe,O, nanocomposite [21] for their outstanding
comprehensive  properties. The polyaminosaccharide
chitosan (CS) is derived from partial N-deacetylation of
chitin, the second most abundant biopolymer in nature due
to its wide distribution in crustaceans, insects, fungi, etc.
Owing to multiple functional groups (-NH,, -OH), as well as
biocompeatibility, biodegradability, and non-toxicity [22], CS
has exhibited an excellent adsorbability and potential for dye
removal. Nevertheless, CS also exposed the disadvantages
of low specific gravity, poor mechanical strength, and
acid instability [1]. To pave the way for its widespread
application, strenuous efforts have been endeavored by
immobilization of CS on rigid inorganic materials to prepare
CS composites [23], most of which are synthesized by CS pre-
cipitation from its acid solution onto the inorganic substance
under pH adjustment [24,25]. In previous studies, CS has
been immobilized on various sorts of materials, such as clay
[24], quartz sand [26], hydroxyapatite [1], and magnetic iron
oxide. However, due to incompatibility between CS and the
inorganics, those resulted composites may suffer from poor
interfacial adhesion which adversely affected their adsorp-
tion performance [26]. Organo-modification to the inorganic
substance could improve its compatibility with CS and thus
enhance the adsorption capacity [27], but inevitably compli-
cates preparation procedures.

Shells, a kind of by-products generated from worldwide
shellfish cultivation, have been listed as one of the most
serious environmental issues due to disposing difficulty
[28]. The shell belongs to biominerals, and as distinct from
mine calcium carbonate, it contains about 95% calcium
carbonate and 5% biomacromolecules including proteins,
polysaccharides, and glycoproteins [29], making it a natural
organic/inorganic composite. It has been confirmed that
shell powder (SP) surface possesses a variety of functional
groups [30] such as amino (-NH,), hydroxyl (-OH), and
carboxyl ((COOH), which impart inherent organic affinity to
SP [31]. Although shell waste has been successfully applied
to polymer fillers and many other fields [32], its application
in adsorption is sparse, except for desulfurization,
denitrification, and phosphate removal after thermal treat-
ment of calcination and pyrolysis [32].

Thus, in this paper, the natural structure of SP was
retained and utilized to prepare a chitosan-coated shell
powder (CS-SP) composite biosorbent, and the obtained
adsorbent was then adopted for CR removal from aqueous
solution. Operation parameters including chitosan content
in CS-SP, adsorbent dosage, initial pH, salt concentration,
and temperature were investigated in detail. The adsorption
dynamics, isotherms, thermodynamics as well as adsorbent
recycle were also researched.

2. Experimental procedure
2.1. Materials

SP was prepared from pearl shell [28] supplied by a
food factory in Changzhou, China. CR (purity >98%) was
purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Chitosan (BR), hydrochloric acid (AR),
sodium hydroxide (AR), sodium chloride (AR), and sodium

sulfate (AR) were all bought from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). All the reagents were
used without further purification.

2.2. Preparation of chitosan-coated shell powder

CS-SP composite was fabricated through the simple
method of liquid phase deposition [24,25]. CS was first dis-
solved in diluted hydrochloric acid of 0.1 mol/L to prepare
1 wt% CS solution, while SP were dispersed uniformly into
deionized water with the mass ratio of 1:60 through stirring.
After that, the CS solution was added dropwise into SP sus-
pension under 900 rpm mixing speed, during which CS was
precipitated on SP. After CS addition, the resulted mixed
system was filtered by means of bolting silk with 250 mesh
size, then the filter residue was rinsed with deionized water
under the mass ratio of 40:1, dried at 50°C for 24 h and finally
ground into granules to obtain CS-SP. In this work, different
additive amount of CS in SP was studied, including 0, 5, 10,
15, 20, and 25 wt%, and the prepared adsorbents were named
as SP, 5%, 10%, 15%, 20%, and 25% CS-SP, respectively.

2.3. Characterization

Infrared spectra of SP and CS-SP were measured using a
Nicolet 560 Fourier Transform Infrared Spectroscopy (FTIR)
Instrumentation by potassium bromide disc method. The
crystalline phases present in the samples were identified by
a Shimadzu X-ray diffractometer (XRD-6000) at 40 kV and
40 mA, with a Cu Ka radiation source, and 20 scale range
of 10°-80°. Besides, morphologies of SP and CS-SP were
observed by scanning electron microscopy (SEM) in a Hitachi
SU8B000 field emission SEM at a voltage of 3 kV. Prior to
inspection, the samples were sputter-loaded with platinum.

2.4. Adsorption experiment

The CR adsorption experiments were carried out by
agitating 0.06 g of the adsorbent with 30 mL of dye solu-
tion for 10 h at 200 rpm and 30°C, in a thermostated rotary
shaker (Hualida, HZ-9210K, Taicang, China). During a sat-
urated adsorption study, the adsorption performances of
CS-SP with different chitosan content were compared with
each other to confirm the optimal additive amount. Effect of
adsorbent dosage was investigated with different adsorbent
doses (0.01-0.12 g) and 30 mL of 400 mg/L dye solutions. In
the pH effect experiment, initial pH values of the solution
(400 mg/L) were adjusted to 3.40-10.88 using dilute HCl
or NaOH solution. To evaluate the salt influence, sodium
chloride or sodium sulfate (0.025-0.3 mol/L) was added
to the dye solution (400 mg/L) for dye effluent simulation.
Moreover, adsorption dynamics, isotherms, and thermody-
namics were researched under various temperature condi-
tions (30°C, 40°C, and 50°C). The above studies were carried
out for SP and CS-SP simultaneously. After adsorption for
the desired time, the treated dye solution was separated from
the adsorbent in a centrifuge (Eppendorf, 5804, Germany)
at 10,000 rpm for 3 min. Dye concentration was then esti-
mated by monitoring the absorbance at 496 nm using a UV—
Vis spectrophotometer (Shimadzu, UV-2550, Tokyo, Japan).
All the experiments were carried out in triplicates, and
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the reported values were obtained by averaging the three
data sets. Adsorptive removal of CR from the solution was
evaluated by the amount of adsorption (g, mg/g) and per-
centage removal (% removal).

3. Results and discussion
3.1. Characterization

As can be seen from the IR spectra (Fig. 1(a)), the
spectrograms of SF, 5%, 15%, and 25% CS-SP were identi-
cal in peak positions. The bands located at 715, 870, 1,078,
and 1,426 cm™ were attributed to the in-plane bending
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vibration, out-of-plane bending vibration, symmetric stretch,
and asymmetric stretch of CO,* [33], respectively. In accor-
dance with previous research [30], the presence of organic
matters on SP was verified from the IR spectra. The peak at
2,892 ecm™ belonged to stretching vibration of CH, and the
band at 3,428 cm™ was ascribed to the -OH and —-NH stretch-
ing [22,30]. Considering the intensity of carbonate peak (1,426
cm™) as contrast, an obviously enhancing trend could be
found in the organic peak intensity of SP, 5%, 15%, and 25%
CS-SP, being a result of the increase in CS content. Benefited
from the surface characteristic of SP, it was likely to immobi-
lize CS on it to further improve its surface activity along with
application performance in dye adsorption. As revealed from
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Fig. 1. Characterizations of shell powder (SP) and chitosan-coated shell powder (CS-SP): (a) FTIR spectra; (b) XRD patterns;
SEM image of (c) SP, (d) 5% CS-SF, (e) 15% CS-SP, and (f) 25% CS-SP.
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the X-ray diffraction (XRD) patterns (Fig. 1(b)), all the main
crystalline phases presented in samples were calcite, indicat-
ing that the introduced CS did not crystallize independently
but closely attached to the SP particles.

The microstructures of SP and CS-SP were displayed in
the SEM images (Figs. 1(c)—(f)). From Figs. 1(c) and (d), it can
be seen that similarly to unmodified-SP, a large number of SP
surfaces in 5% CS-SP were still exposed, demonstrating that
the 5 wt% additive amount was not enough to make coat-
ing achieved. With the increase in CS content, coating layers
gradually got formed and it was finally obtained at 15 wt%
content as confirmed in Fig. 1(e). The successful coating
could be ascribed to the inherent organic affinity of SP with
distinctive surface characteristics [30], which contributed
to producing strong interfacial adhesion between SP and
CS. When CS content became much higher, agglomeration
occurred among different particles resulted from the physi-
cal crosslinking of CS molecules (Fig. 1(f)).

3.2. Effect of CS content on adsorption

The CR adsorption on SP and CS-SP with different
CS content was measured in the same gradient of initial
dye concentration, so as to seek out the optimal CS
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additive amount. As presented in Fig. 2(a), with the raised CR
concentration, the adsorption quantities of all the adsorbents
kept increasing till reaching ultimate values. At low content
(£15%), the adsorption capacity was significantly enhanced
by raised CS percentage, while at high content (>15%), the
enhancement tended to be unobvious. Remarkably, the
adsorption capacity of 15% CS-SP was nearly six times higher
than that of SP, and this great improvement was due to the
excellent CR adsorption performance of CS. In aqueous solu-
tion, the amine groups (-NH,) on CS were protonated to
form cations (-NH,") while CR molecules ionized to gener-
ate negative ions (SO,), thus adsorption was enhanced as a
result of strong electrostatic attractions between them [34].

As discussed in the SEM results, SP particles were not
well-coated until the CS content reached 15 wt%. Consequently,
addition of CS below 15 wt% decreased the uncovered sur-
faces of SP, and noticeably increased the adsorption capacity.
When content was higher than 15 wt%, the already formed CS
coating and emerging particle agglomeration jointly reduced
the modification effect and limited the continuing enhance-
ment in adsorption. It was finalized that the optimal additive
amount of CS was 15 wt% in this work. Therefore, the subse-
quent experiment was conducted on SP and 15% CS-SP, and
the 15% CS-SP adsorbent was hereafter named as CS-SP.
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Fig. 2. Variation in adsorption with different process parameters: (a) CS content; (b) adsorbent dosage; (c) solution pH; (d) salt

concentration.
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3.3. Effect of adsorbent dosage

Fig. 2(b) presented the removal of CR by SP and CS-SP
under different adsorbent dosage (0.01-0.12 g/30 mL) at the
dye concentration of 400 mg/L. The removal efficiency by
CS-SP was enhanced significantly with increase in adsor-
bent addition with the dose lower than 0.06 g/30 mL, while
the removal rate almost reached a plateau (larger than 90%)
when adding more CS-SP adsorbent. The maximum removal
efficiency obtained was higher than 96%. As to SP, the per-
centage removal kept gradually rising but lower than 30%
within the whole experimental range. Accordingly, the adsor-
bent dosage in this work was chosen as 0.06 g/30 mL, and SP
was used as a contrast under the same dose.

3.4. Effect of pH

The effect of initial pH (3.40-10.88) of the dye solution
(400 mg/L) was shown in Fig. 2(c). With the increase in pH
value, it can be seen that both of SP and CS-SP exhibited
slight downward trends in the adsorption capacity.

The pH effect could be ascribed to the electrostatic inter-
action between the dye and adsorbents. The point of zero
charge (pH,,.) of SP and CS-SP were obtained at 9.95 and
9.83, respectively, by the method of potentiometric titration
[35,36]. The relatively high adsorption observed at low pH
values (pH < pH,,,.) was partially due to strong electrostatic
attraction between positively charged surface of the adsor-
bents and negatively charged CR molecules. In addition, sur-
face dissolution of the adsorbents in acidic solution enlarged
the specific surface area, which contributed to adsorption
improvement as well. With increase of the pH values, adsorp-
tion decreased owing to the weakened electrostatic attraction
resulted from reduced positive charge on adsorbents, as well
as the presence of abundant OH ions in solution competing
with the anionic dye for adsorption sites. As discussed therein
before, the electrostatic interactions between dye and CS-SP
was mainly caused by the protonation of amine groups on CS.
As aresult, caused by the large reduction of protonation in CS
[34], adsorption on CS-SP suddenly declined when pH >9.22.

However, there was still significant adsorption observed
in alkaline solution even when pH = 10.88, indicating an
existence of other pathways for CR adsorption. Similarly to
CS with rich amino and hydroxyl groups, in CR there also
existed O, N, and S atoms that can form quantities of hydro-
gen bonds with CS-SP adsorbent [37]. Furthermore, except
the above mechanisms, it was supposed that additional ways
like chemisorption probably existed, which was supported
by the adsorption on SP in alkaline pH. It was worth men-
tioning that CS-SP adsorbent in this work was applicable to a
wide pH range especially acidic condition. The commendable
acid stability was ascribed to the strong interfacial adhesion
between SP and CS, as well as acid neutralization by the SP
component.

3.5. Effect of salts concentration

Sodium salt is often used as a stimulator in dye industries,
and the discharged wastewater consequently contains high
concentration of salts [37], which may affect the adsorption
removal efficiency. In this paper, salt influences from sodium

chloride and sodium sulfate were investigated at the initial
CR concentration of 400 mg/L (Fig. 2(d)). With addition of the
two salts, no reduction but a little improvement in adsorption
performance was observed. It can be explicable that salts may
shield the electrostatic attraction between opposite charges
and decrease the repulsion of the same charges in adsorbents
and the dye molecules [25]. Since both of the salts showed
no adverse effects on the CR adsorption, the adsorbents were
expected to be broadly utilized in high-salinity environment.

3.6. Adsorption dynamics

The adsorption of CR (400 mg/L) onto SP and CS-SP at a
series of time and temperature (30°C, 40°C, 50°C) was pre-
sented in Fig. 3(a). At this initial dye concentration, there was
no obvious difference in adsorption dynamics under three
temperatures, but the equilibrium capacity for CS-SP was
much higher than that for SP. The adsorption on CS-SP could
be easily divided into two stages: increment in adsorption
amount was found to be significant during the first 90 min,
then it started to slow down and equilibrium was attained
after 360 min. As for SP, the equilibrium was faster reached in
120 min. Five kinetic models, that is, pseudo-first-order equa-
tion [38], pseudo-second-order equation [39], liquid-film dif-
fusion [40], Elovich equation [41], and intra-particle diffusion
equation [42] were adopted to investigate the kinetics of CR
adsorption at 30°C and to determine controlling mechanisms
of the adsorption process. The fitting curves were presented
in Figs. 3(b)—(f).

The pseudo-first-order and pseudo-second-order equa-
tions are expressed as Egs. (1) and (2), respectively.

In(g, —q,) =Ing, —k;t 1)
Lo tet @
qf quez qc’

where g, and g, (mg/g), respectively, are the amount of CR
adsorbed on adsorbents at equilibrium and at time ¢ (min),
k, (min™) is the pseudo-first-order rate parameter and
k, (g/(mg min)) is the pseudo-second-order rate parameter.

As can be seen from Figs. 3(b) and (c), for both
adsorption on SP and CS-SP, the pseudo-first-order model
did not match well with the experimental data (correlation
coefficient R?< 0.80), while the pseudo-second-order model
provided an excellent fit (R*> 0.99) and the calculated
equlllbrlum adsorption capacities (q,, o = 41.12 mg/g,
Dueal, csspy = 186.22 mg/g) were quite compatible with the
experimental values (q,,. & = 4099 mg/g, q,.. csop =
182.76 mg/g). The results indicated that chemisorption might
be a rate-controlling step in the adsorption process [43,44].

The liquid-film diffusion model is given as Egs. (3)
and (4):

~In(1-F) =kt ®)
q

=1 4
. 4)
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where F is fractional attainment of equilibrium at time f and
k., (min™) is the adsorption rate constant. It was indicated
from Fig. 3(d) that the liquid-film diffusion model was not
suitable for the entire adsorption process (R?<0.87). However,
there were linear relations before 20 min for SP and 90 min
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for CS-SP, verifying fitness of this model and domination of
liquid-film diffusion in the beginning stage.

The Elovich model has been widely used to describe
chemical adsorption kinetics [43,45], and the model is
shown in Eq. (5):
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Fig. 3. Adsorption dynamics: (a) adsorption capacity at different time and temperature; linear fitting by kinetic models of
(b) Pseudo-first-order, (c) Pseudo-second-order, (d) Liquid-film diffusion, (e) Elovich, and (f) Intra-particle diffusion.
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_1

q,= Bln((x[?))-r%lnt (5)

where a (mg/g min) is the initial adsorption rate constant,
B (g/mg) is a constant related to the surface coverage and
the activation energy for chemical adsorption. As shown
in Fig. 3(e), the CR adsorption onto SP and CS-SP can be
described by the Elovich model (R%,=0.9164, R*  ;, = 0.9755),
and in accordance with pseudo-second-order modeling, this
result demonstrated the existence of chemisorption as well.
The intra-particle diffusion model is described as Eq. (6):

g, =kt +C )

where k, is the intra-particle diffusion rate constant
(mg/g min?%) and C (mg/g) is associated with the extent
of boundary layer effect. As can be seen from Fig. 3(f), the
intra-particle diffusion model did not fit the data through-
out the experiment, while multi-linearity could be obtained
particularly for CS-SP, indicating that the adsorption process
was not governed by a single step [46].

In summary, the adsorption mechanisms on SP and CS-SP
were proposed as follows. At the initial 20 min for SP and
90 min for CS-SP, external diffusion or boundary layer diffu-
sion of adsorbate molecules was the rate-limiting step, which
could be confirmed from the liquid-film diffusion model-
ing. In this period, CR molecules diffused from solution and
through liquid film to the external CS surface of adsorbents.
The second stage for CS-SP was more gradual and governed
by internal or intra-particle diffusion, where CR molecules
were transferred through CS coating to be adsorbed onto site
of the inner SP surface. As to SP, the adsorbate was directly
adsorbed during the second phase without an internal dif-
fusion. Throughout the process, CR was adsorbed in several
pathways, including electrostatic interaction between the
adsorbate and adsorbents along with hydrogen bonding
between CR and CS. Furthermore, chemisorption could not
be neglected based on the above results, and the probable
interpretation was raised hereinafter. In aqueous solution,
CR dye was ionized to generate negative ions (SO*), and cal-
cium sulfonate was produced on adsorbents through chemi-
cal reaction between SO* and CaCO, (Fig. 4).

oI
H,N
N s
I s Yo
o
Na* O
+ CaCOj =

NH,

Fig. 4. The possible chemical reaction between CR and adsorbents.
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3.7. Adsorption isotherms

The adsorption isotherms at different temperatures
were shown in Fig. 5(a). As compared with SP, adsorption
on CS-SP was obviously improved by temperature increase
especially in high initial CR concentrations. The temperature
effect was ascribed to the facilitated internal diffusion on
CS-SP, a result synergistically affected by promotion in dif-
fusivity of the dye molecule and increment in the pore size of
CS coating [3]. Four adsorption isotherm models, including
Langmuir [47], Freundlich [48], Temkin [49], and Dubinin-
Radushkevich (D-R) [50] models, were then introduced to
explore the equilibrium adsorption. The fitting curves were
presented in Figs. 5(b)—(e), and some of the calculated param-
eters shown in Table 1.

The Langmuir and Freundlich equations are two widely
employed adsorption isotherm models. Langmuir model is
based on the assumption that monolayer adsorption occurred
over an adsorbent surface with homogenous sorption ener-
gies and no interaction between the adsorbed molecules was
included. In contrast, Freundlich model considered mul-
tilayer adsorption on a heterogeneous adsorbent surface
accompanied by interaction between adsorptive molecules.
The Langmuir and Freundlich models can be expressed as
Egs. (7) and (8), respectively.

C 1 1
—t=—+—C, )
9 b 4
Ing,=InK 11 C 8
ng, =InK, +; nC, 8)
where C, is the equilibrium concentration of the

adsorbate (mg/L), g, is the adsorption capacity at equilibrium
(mg/g), g, (mg/g) is the maximum adsorption capacity
calculated, b (L/mg) is the Langmuir constant related to
the adsorption energy, and K, ((mg/g) (L/mg)'") and n are
Freundlich constants associated to the adsorption capacity
and adsorption intensity, respectively. Figs. 5(b) and (c) and
Table 1 show that the experimental data followed well with
the Langmuir model, but did not accord with the Freundlich
model. The maximum monolayer adsorption capacities
calculated from Langmuir model are presented in Table 1.

Ca*

+ NHQCO(_J,
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The Temkin isotherm is assumed that the adsorption heat
decreases linearly with coverage due to adsorbate/adsorbate
interactions, and it has the form as Eq. 9:

L.-Q. Ge et al. / Desalination and Water Treatment 81 (2017) 291-302

where A is the Temkin isotherm equilibrium binding con-
stant (mg/L), b, is related to adsorption heat (J g/(mg mol)), R
is the gas constant (8.314 J/(mol K)), and T is the absolute tem-
perature (K). As shown in Fig. 5(d) and Table 1, the present
work data for CS-SP were fitted well to the Temkin model,

q, =M+Elng (9) which further proved the presence of a chemical adsorp-
by by tion [51] on CS-SP. The fitting signature for CS-SP was better
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Fig. 5. Equilibrium adsorption at different temperature: (a) adsorption isotherms; linear fitting by isotherm models of (b) Langmuir,
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Table 1
Parameters of adsorption isotherm models for CR adsorption onto SP and CS-SP at different temperatures (30°C, 40°C, and 50°C)
Isotherms/constants SP, 30°C SP, 40°C SP, 50°C CS-SP, 30°C CS-SP, 40°C CS-SP, 50°C
Langmuir
q, (exp, mg/g) 36.50 35.21 34.43 258.53 274.74 306.85
q,, (cal, mg/g) 36.58 36.28 37.09 263.85 283.29 322.58
b, L/mg 0.0568 0.0515 0.0292 0.0369 0.0354 0.0250
R? 0.9968 0.9869 0.9793 0.9992 0.9995 0.9995
Freundlich
R? 0.8925 0.8182 0.8667 0.8293 0.8446 0.8887
Temkin
A, mg/L 6.137 3.076 0.669 1.050 0.716 0.414
b,, ] g/(mg mol) 560.56 529.65 437.40 63.49 56.86 47.82
R? 0.9071 0.8399 0.8653 0.9591 0.9682 0.9879
D-R
R? 0.7161 0.8167 0.7627 0.8122 0.8223 0.7712
than that for SP, which was also observed in kinetic study of =~ Table 2

pseudo-second-order and Elovich equations. The distinction
in model fitting could be put down to the high adsorption
capacity of CS-SP that made more chemisorption occurred
on it.

The D-R model, an equation often adopted to distinguish
between physical adsorption and chemical adsorption [52],
is given as Egs. (10) and (11):

Ing, =Ing_ - Be® (10)
1
e= RTln(1+C—) (€D

where g, is the D-R adsorption capacity (mg/g), B is the activ-
ity coefficient related to the mean adsorption energy (mol?/
J3), and ¢ is the Polanyi potential. The results (Fig. 5(e) and
Table 1) illustrate a poor correlation between the experimental
data and this model, according with the adsorption mecha-
nisms of physisorption accompanied with chemisorption in
this work.

As a new composite biosorbent, the developed CS-SP
adsorbent exhibited a relatively high adsorption perfor-
mance for CR when compared with previously reported CS
composites (Table 2). The adsorption capacity of CS-SP was
even higher than that of graphene oxide/CS fiber [52], and
comparable with CS/organo-montmorillonite nanocomposite
[27]. The much higher adsorption on CS/organo-montmoril-
lonite compared with that on CS/montmorillonite could be
due to the improved compatibility and interfacial adhesion
between CS and montmorillonite resulted from organic mod-
ification [27,53]. As to SP, benefited from its inherent organic
affinity [30], reasonable adsorbability was obtained on well-
coated CS-SP (section 3.1.). Significantly large adsorption
capacity was observed on CS/carbon nanotube for its nano-
structure [54], and on hydroxyapatite/CS composite mainly
because of its extremely high CS content (50 wt%) [1]. By
virtue of the abundant shellfish shell resource and simple

Comparison between maximum adsorption capacities (g,) of
various CS composites calculated from Langmuir model for CR
adsorption

Adsorbents q,, Mg/g References
CS-coated quartz sand 4 [26]
CS-coated magnetic iron oxide 43 [25]
CS/montmorillonite 55 [53]
CS-alginate sponge 122 [55]
Graphene oxide/CS fiber 227 [52]
CS/organo-montmorillonite 291 [27]
CS/carbon nanotubes 450 [54]
Hydroxyapatite/CS 769 [1]

CS-SP 264 This work

preparation process, utilization of CS-SP for dye removal was
expected to be more economical than those adsorbents like
CS/organo-montmorillonite, graphene oxide/CS fiber and CS/
carbon nanotube.

3.8. Adsorption thermodynamics

Considering the obvious temperature effect on CR
adsorption onto CS-SP, it is necessary to further study
its thermodynamic parameters, including the change of
standard Gibbs free energy change (AG'), change of standard
enthalpy (AH’), and change of standard entropy (AS°), which
can be determined by the following equations [56]:

AG® =—RTInK, (12)
0 0
K =A% A (13)
° R RT
K-S (14)
Ce
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Table 3

Thermodynamic parameters for the adsorption of CR onto CS-SP
Cy mg/L AH® kJ/mol AS", J/(mol K) AG® kJ/mol

30°C  40°C  50°C

600 16.05 112.24 -17.98 -19.07 -20.23
800 15.80 106.67 -16.52 -17.63 -18.65
1,000 15.35 102.22 -15.67 -16.60 -17.72
1,200 13.91 94.82 -14.86 -15.74 -16.76
1,400 11.64 85.44 -14.31 -15.00 -16.03
Mean 14.55 100.28 -15.87 -16.81 -17.88

where K_is adsorption equilibrium constant or distribution
coefficient, C_ is the amount of CR adsorbed per mass of
adsorbent (mg/g), C, is the CR concentration in solution at
equilibrium (mg/mL), R is the gas constant (8.314 J/(mol K)),
and T is the absolute temperature (K).

In this paper, the thermodynamic parameters of
adsorption on CS-SP were calculated from the experimental
data with C;> 600 mg/L, since temperature influence was
remarkable at high concentrations. As shown in Table 3,
the negative values of AG" demonstrated the spontaneous
nature of CR adsorption onto CS-SP and feasibility of the dye
removal process within 30°C-50°C range. Increased absolute
value of AG® with the rise of temperature revealed the higher
affinity and favorability of CR adsorption onto CS-SP at
higher temperature. The positive values of AH° confirmed
the endothermic nature of the adsorption process, which
was consistent with the increased adsorption of CR at high
temperature. The endothermal characteristic of CR adsorp-
tion was also discovered in relevant studies about chitosan
composites such as chitosan-coated magnetic iron oxide [25]
and hydroxyapatite/CS composite [1]. Moreover, the positive
AS°reflected an incremental randomness at the solid—solution
interface during adsorption.

3.9. Recycling of CS-SP adsorbent

The regeneration performance of the CS-SP biosorbent
was investigated to evaluate its industrial applicability. Dye-
adsorbed CS-SP was first eluted by mixture solution of NaOH
(0.1 mol/L) and ethanol with the volume ratio of 1:1, then
washed with deionized water. After desorption, the adsorbent
was dried and ground, then used to remove CR (400 mg/L)
in another cycle. An excellent reusability was displayed from
the experimental result that the adsorption capacity in five
adsorption—desorption cycles was 180.5, 180. 1, 179. 0, 178.4,
and 177.5 mg/g, respectively. This confirmed a sufficient stabil-
ity of the coating structure on CS-SP, which could be attributed
to the strong interfacial adhesion between CS and SP.

4. Conclusions

A novel CS-SP biosorbent was obtained at chitosan (CS)
content of 15 wt%. Adsorption experiments toward CR
revealed that CS-SP adsorbent had an improved adsorp-
tion capacity six times higher than that of SP. The biosor-
bent was reusable, and adaptable to high-salinity, acidic or
alkaline environment. The adsorption behavior, in which

electrostatic interaction, hydrogen bonding, and chemisorp-
tion was included, was well fitted with pseudo-second-order
and Langmuir models, and moreover, verified to be
endothermic and spontaneous. This research proposed a
promising biosorbent for dye wastewater treatment and
also contributed to resource utilization of shellfish shell
waste.

Symbols
A -

T Temkin isotherm equilibrium binding constant,

mg/L

B —  Activity coefficient related to the mean adsorption
energy, mol?/J?
b - Langmuir constant related to the adsorption
energy, L/mg
b, —  Temkin model constant related to adsorption heat,
J &/(mg mol)
C — Intra-particle diffusion model constant associated
with the extent of boundary layer effect, mg/g
G, — Initial concentration of the dye solution, mg/L
C, — Equilibrium concentration of the dye solution,
mg/L
C, — Amount of the dye adsorbed per mass of adsor-
bent, mg/g
F —  Fractional attainment of equilibrium
k, —  Pseudo-first-order rate parameter, min™*
k, — Pseudo-second-order rate parameter, g/(mg min)
K, — Adsorption equilibrium constant or distribution
coefficient
Kf —  Freundlich constants associated to the adsorption
capacity, (mg/g) (L/mg)""
ki — Adsorption rate constant of liquid-film diffusion
model, min™
” - Intra-particle diffusion rate constant, mg/g min=°
— Freundlich constants associated to adsorption
intensity
q, — Amount of the dye absorbed on adsorbents at
equilibrium, mg/g
g, — Maximum adsorption capacity, mg/g
q, — Amount of the dye absorbed on adsorbents at time
t, mg/g
R —  Gas constant, J/(mol K)
T —  Absolute temperature, K
t — Adsorption time, min
\%4 —  Volume of the dye solution, L
W - Weight of the absorbent, g
o — Initial adsorption rate constant of Elovich model,
mg/g min
B — Elovich model constant related to the surface
coverage and the activation energy for chemical
adsorption, g/mg
AG" - Change of standard Gibbs free energy, kJ/mol
AH’ - Change of standard enthalpy, kJ/mol
AS® - Change of standard entropy, J/(mol K)
E — Polanyi potential
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