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Abstract: Water pollution caused by Cu?* ions poses a significant threat to the ecosystem and
human health, hence the development of highly cost-effective, highly operation-convenient and
highly efficient natural polymer-based adsorbents is urgently needed. To overcome this serious
problem, a novel cost-effective magnetic chitosan composite adsorbent (CsFeAC) was prepared
with magnetic macroparticles and highly porous activated carbon carrier using the sol-gel method.
Several methods, namely SEM, BET, FTIR, XRD, TGA and VSM, were applied to characterize
the adsorbent. Batch tests were conducted to investigate Cu?* adsorption properties of CsFeAC at
different pH values, contact time, initial Cu>* concentrations and temperatures. The adsorption fits
better to the Langmuir isotherm and follows the pseudo-second-order model, suggesting that it is a

monolayer adsorption and the rate-limiting step is the chemical chelating reaction. The saturated



adsorption capacity is found to be 216.6 mg/g. Thermodynamics analysis suggests that the
adsorption process is endothermic, with increasing entropy and spontaneous in nature. BET and
XRD tests confirm that the higher specific surface area and lower crystallinity of CsFeAC
significantly improve the absorption capacity and rate. FTIR spectra reveal that the amino and
hydroxyl groups play an important role in the chelating adsorption. The supermagnetic property of
CsFeAC facilitates its easy separation characteristic. Further recycling experiments show that
CsFeAC still retains 95% of the original adsorption following the 5" adsorption-desorption cycle.
All these results demonstrate that CsFeAC is a promising recyclable adsorbent for removing Cu?*.
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1. Introduction

With the rapid growth of industrialization, water pollution caused by heavy metals has become
one of the most serious environmental problems, and attracted considerable attention (Zhu et al.,
2012; Lara et al., 2014). Cu?" is one of the most common heavy metal ions used in several
industries, such as dyeing, copper electroplating, and petroleum refining (Wu et al., 2015; Demiral
et al., 2016). To minimize the pollution caused by Cu?* ions, the maximum contaminant level for
Cu?" developed by Chinese Environmental Protection Agency has decreased from 1.0 mg/L of
GB8978-1996 to 0.5 mg/L of GB21900-2008 for industrial effluents. To fit the increasingly
stringent discharge requirements, several technologies, for example, chemical precipitation,
adsorption, ionic exchange, membrane separation, etc., have been developed for removing Cu?*
(Ren et al., 2013; Zhang et al., 2008; Mi et al., 2015; Zhou et al., 2009). Of these methods,

adsorption is recognized as the most effective and widely employed (Ali et al., 2007;



Ananpattarachai et al., 2016; Luo et al., 2015). In particular, the adsorbents derived from natural

biopolymers, such as chitosan, are promising due to their wide availability, biodegradability and

biocompatibility (Meng et al., 2015; Nitayaphat et al., 2015; Leceta et al., 2013).

Magnetic chitosan adsorbents have been considered to be excellent candidates for heavy metals

removal due to their highly chelating capability and easy magnetic separation (Xu et al., 2015).

Especially, many chitosan-based adsorbents are prepared with magnetic nanoparticles for their

higher specific surface area and lower internal diffusion resistance (Elwakeel et al., 2014;

Nasirimoghaddam et al., 2015; Tao et al.,, 2016; Chen and Wang, 2011). However, magnetic

nanoparticles are highly chemically active, and are easily oxidized in the air which may result in

magnetism loss and aggregation (Reddy et al., 2013). These nanoparticles also cause secondary

pollution to the environment due to their very minute dimensions. Conversely, the magnetic cores

with larger sizes (such as macroparticles) can facilitate the magnetic separation process (Herrling

et al., 2015; Wang et al., 2011). Additionally, the higher specific surface area can be obtained by

loading on other porous carriers, e.g. activated carbon powder, which may provide an alternative

method to improve the adsorption capacity for heavy metals removal (Liu et al., 2014; Cechinel et

al., 2014). Furthermore, iron oxides are susceptible to acid conditions, which may lead to the

adsorbents losing their magnetism (Wang et al., 2010). Consequently, inert coating layers are

necessary to protect the magnetic cores (Huang et al., 2016; Li et al., 2012).

Based on all the above discussions, a novel magnetic chitosan composite adsorbent of

chitosan/SiO,/ Fe;Og4/activated carbon (CsFeAC) was preferably prepared with the sol-gel method

using glutaraldehyde as cross-linker in this present work. As far as we know, this is the first study

to investigate a cost-effective chitosan composite adsorbent together with magnetic macroparticles



and highly porous activated carbon for improving adsorption efficiency. The adsorbent was

systemically characterized by scanning electron micrograph (SEM), Brunauer-Emmett-Teller

(BET) surface area test, Laser particle size analyzer (LPSA), Fourier transform infrared (FTIR)

spectra, X-ray diffraction (XRD), thermogravimetric analysis (TGA) and vibrating sample

magnetometer (VSM). Batches of tests were conducted to investigate the adsorption properties of

CsFeAC for Cu?" removal, and the adsorption isotherm, kinetics, and thermodynamics were

further analyzed. Also, the reusability of the adsorbent was examined for further application.

2. Materials and methods

2.1. Materials

Chitosan used in this study was purchased from Nan Tong Xing Cheng Biological Products Co.

Ltd. Its deacetylation degree and viscosity average molecular weight were 91% and 1.5%10° g/mol,

respectively. Activated carbon from coal was provided by Chengde Huajing Activated Carbon Co.,

Ltd. Glacial acetic acid, concentrated nitric acid, NaOH, Na,EDTA, Na,Si03.9H,0, Fe;04, and

CuSO, were purchased from Sinopharm Chemical Reagent Co., Ltd. All the reagents used in this

study are analytical grade.

2.2. Preparation of magnetic chitosan composite adsorbent

2.2.1. Preparation of magnetic activated carbon composite carrier

The activated carbon was ground to powder in a 325-mesh sieve, then activated by 1 M HNO;,

and washed till it reached a neutral condition using distilled water. Finally, it was dried in an oven

at 80 °C and stored in a desiccator for use. 3 g Fe;04, 2 g pretreated activated carbon powder, and

6 g Na,Si03.9H,0 were added to 100 mL of distilled water. The mixture was firstly stirred for 1

hour at 80 °C. This was followed by the mixture pH being adjusted between 8.0 and 10.0 by



diluting HCI or NaOH aqueous solutions, and then stirred for another 2 hours. Furthermore, the

product was purified with distilled water several times to remove impurities, such as excessive

activated carbon powder and SiO,, which showed no magnetism. After necessary drying at 80 °C,

the resultant magnetic composite carrier of FeAC was obtained.

2.2.2. Preparation of CsFeAC

CsFeAC was prepared by the sol-gel method (Chen et al., 2010). The magnetic cores embedded

in chitosan are magnetically activated carbon coated with silica carriers in micrometer scale. Silica

coating could connect Fe;O4 to activated carbon and protect Fe;Oy4 particles from acidic and

oxidative conditions. The larger magnetic cores (compared to nanoparticles) can promote the

magnetic separation process. The presence of activated carbon can provide a larger specific

surface area to load on more effective component of chitosan for removing heavy metals.

Briefly, 3 g chitosan was dissolved in 100 mL 2% (v/v) of glacial acetic acid solution to obtain

3% (w/v) of chitosan solution, and then 3 g magnetic composite carrier of FeAC was well-

dispersed in the chitosan solution after 1 hour’s stirring. Following this, 40 mL 2.5% of

glutaraldehyde was dropped into the as-prepared chitosan mixture within 20 min, and this was

stirred for another 4 hours. Finally, the resultant black gel was formed, which was further washed

with distilled water several times to remove unreacted chitosan. Then it was freeze-dried for

further experiments.

2.3. Characterization methods

The morphologies of carriers and adsorbents were observed by SEM (S4800, Hitachi, Japan).

The particle sizes of carriers and adsorbents were measured by LPSA (Mastersizer 2000, UK).

The specific surface areas of carriers and adsorbents were determined by a BET model (TriStar



3000 V6.08A) using low-temperature nitrogen adsorption. FTIR spectra were recorded in KBr

disks on a FTIR spectrometer (IR Prestige-21, Shimadzu, Japan). TGA analysis was evaluated

with a thermogravimetric analyzer (TGA, SDTQ600) and the TGA curve was recorded in oxygen

atmosphere. The set heating program ranged from room temperature to 100 °C at a heating rate of

10 °C/min, kept isothermally for 30 min and heated to 800 °C at a heating rate of 10 °C/min. XRD

analysis was executed using an X-ray diffractometer (Rigaku, D/Max-2500) with a scanning range

of 5-90°. The magnetic intensity was tested on a vibrating sample magnetometer (730 T,

Lakeshoper, USA).

2.4. Adsorption experiments

In order to test the adsorption capacity of CsFeAC for Cu?*, batch experiments were carried out

by adding 0.05 g CsFeAC in 500 mL Cu?' solution. The mixture was shaken in a thermostatic

shaker at a speed of 200 rpm and the supernatant was analyzed for Cu?" concentration. The effect

of pH was conducted at 25 °C with Cu?" concentration of 100 mg/L. The chosen initial solution

pH was 4.0 to 6.0 with specific reference to precipitation formation when pH was higher than

upper limit. Adjusting the solution pH was conducted using diluted HCl or NaOH solutions. For

adsorption equilibrium experiments, the adsorption amounts were conducted at a Cu?*

concentration varying from 0 to 1000 mg/L with the pH remaining below 5.5 at 25 °C for 2 hours.

For kinetic experiments, the adsorption amounts at different contact time were conducted at a Cu**

concentration of 100 mg/L with the pH 5.5 at 25 °C. For adsorption experiments at different

temperatures (25, 35, 45 and 55 °C), the mixtures were conducted at pH 5.5 with a Cu?*

concentration of 100 mg/L. The concentrations of Cu** were determined by a microcomputer

copper concentration detector (Hanna HI96747, Italy). The adsorption capacity q, (mg/g) at time t



was calculated according to equation (1):

qi = (Co=C)>xV/m (1)
where Cy (mg/L) is the initial concentration of Cu?*; C, (mg/L) is the concentration of Cu?* at any
time t; V (L) is the volume of the Cu?" solution; and m (g) is the mass of the magnetic chitosan
composite adsorbent.
2.5. Desorption and reusability experiments

Reusability is one of the most important features of an adsorbent if it is to have a practical
application. To test the reusability of the adsorbent, the adsorption-desorption cycle was repeated
5 times using the same adsorbent. For each cycle, 500 mL, 100 mg/L of Cu?" solution was
adsorbed by 0.05 g CsFeAC for 120 min to reach adsorption equilibrium. The adsorbent loaded
with Cu?" was desorbed using 0.1 M of Na,-EDTA solution, and then washed thoroughly with

distilled water for re-adsorption.

3. Results and discussion
3.1 Characterization of magnetic chitosan composite adsorbent
3.1.1 SEM and BET analysis

The surface morphologies of AC, Fe;04, FeAC and CsFeAC characterized by SEM are shown
in Fig. 1. It can be seen from Fig. 1c that the porous activated carbon powders (Fig. 1a) and Fe;O4
crystals (Fig.1b) in FeAC are covered and connected by a loose silica layer, which can protect
Fe;04 from acidic and oxidative conditions. Moreover, the silica precipitated from Na,SiO;.9H,0
contains a certain amount of hydroxide, which may be used to load more chitosan. Interestingly,

compared with FeAC in Fig. lc, the surfaces of CsFeAC in Fig. 1d look much tighter and



smoother (Fig. 1d) after loading chitosan onto FeAC, which indicates that the chitosan is
successfully cross-linked to the composite carriers. The SEM images reveal that the size of the
carriers and adsorbents ranged from a few to tens of micrometers. However, the particle size
recorded by SEM is a little smaller than that detected by a laser particle size analyzer. As tested by
a laser particle size analyzer, the average particle size of AC and FeAC are 15.72 and 16.22 pm,
respectively, indicating that coating of silica does not significantly change the morphology and
size of FeAC. However, the magnetic property of FeAC especially facilitates the magnetic
separation process. BET specific surface area of CsFeAC is about 27.97 m?/g, much larger than
those reported in the literature (Meng et al., 2015; Xu et al., 2015), which should be attributed to
the larger specific surface area of AC. Hence more chitosan loading and better adsorption capacity

is expected.

Fig. 1 SEM images of (a) AC, (b) Fe;04, (c) FeAC and (d) CsFeAC



3.1.2 TGA and XRD analysis

The TGA and DTG curves of AC, FeAC, Cs and CsFeAC are illustrated in Fig. 2. For the TGA

results, apart from water loss events, the main chains of cross-linked CsFeAC began to degrade

rapidly at 185 °C, and the final decomposition temperature was approximately 650 °C. However,

the main chains of Cs began to degrade rapidly at 260 °C. The difference in decomposition

thermograms between Cs and CsFeAC suggests that the introduction of magnetic composite

carriers into the complex reduces crystallinity, which in turn reduces the degradation temperature

(Reddy et al., 2013). This is further confirmed by the XRD patterns in Fig. 3. When comparing the

weight losses of AC, FeAC and Cs with CsFeAC, the average mass contents of chitosan, activated

carbon, and residual inorganic component in cross-linked CsFeAC are estimated to be 40.07%,

14.28% and 45.65%, respectively.
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Fig. 3 XRD patterns of (a) Cs and (b) CsFeAC



The XRD patterns of Cs and CsFeAC are given in Fig. 3. It can be seen that the characteristic

diffraction peaks of Fe;O4 almost appeared in CsFeAC at 18.3°, 30.1°, 35.5°, 37.1°, 43.1°, 53.5°,

57.0°, 62.6°, 71.0°, 74.0° and 75.0°, which could be assigned to the planes in PDF No. 65-3107,

and ascribed to cubic spinel phase. This indicated that CsFeAC contained Fe;O4 and that no phase

change took place. At the same time, the intensive characteristic diffraction peak of Cs at 20.6° in

Fig. 3 (a) almost disappeared in the CsFeAC profile in Fig. 3 (b), suggesting that the

crystallization of chitosan was almost unfolded on the magnetic carriers and the amorphous region

increased. Consequently, the adsorption capacity of adsorbent was significantly improved, since it

was reported that the metal ions more easily penetrated the amorphous region and subsequently

adsorbed onto the adsorbent. Similar results have been reported by Luo et al. (2015) and Zhou et

al. (2005).

3.1.3 Magnetic properties analysis

The magnetic hysteresis loops of Fe;04, FeAC and CsFeAC are indicated in Fig. 4. Virtually no

remanence and coercivity was evident in any of them, which indicated the existence of

supermagnetic properties. The saturation magnetization of Fe;0,4, FeAC and CsFeAC were 92.60

emu/g, 33.02 emu/g and 28.32 emu/g, respectively. It is obvious that the loss of saturation

magnetization is almost completely in the process of the synthesis of FeAC, and slightly in the

chitosan loading of CsFeAC. The saturation magnetization of FeAC declined steeply because of

the uniform coating of silica dioxide and the connected AC carrier around the Fe;O,4, and the

saturation magnetization of CsFeAC slightly declined because of the further loading of chitosan.

Despite this difference, CsFeAC still could be easily separated from water by magnet.

Interestingly, it is found that the presence of magnetite favors the adsorption of Cu?". As tested
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by batch experiments using identical conditions, the equilibrium adsorption capacity of CsFeAC
for Cu?* is 117 mg/g, higher than that of CsAC (chitosan-activated carbon) with 107 mg/g, even
though BET specific surface area of CsFeAC is only 27.97 m?%/g, lower than that of CsAC with
107.59 m?/g. Also, as detected by a laser particle size analyzer, CSAC and CsFeAC have similar
particle sizes, 45.90 um and 47.59 um, respectively. It can be inferred from this that the magnetic
induction may have a positive effect on the Cu?" adsorption process. The induction mechanism

will be further investigated in our future research.
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Fig. 4 Magnetic hysteresis loops of (a) Fe;O4, (b) FeAC and (c¢) CsFeAC

3.1.4 FTIR analysis

The FTIR spectra of Cs, CsFeAC and Cu?*-loaded CsFeAC are presented in Fig. 5. For chitosan,
the broad characteristic peak around 3355 cm! is attributed to O-H stretching vibration due to the
intra- and inter- hydrogen bond, and the peaks at 2919 cm™ and 2876 cm! derive from the
stretching vibrations of C-H bond. The characteristic peak of primary amine (-NH,) appears at
3355 cm! for stretching vibration, and the characteristic peaks appear at 1597 em!' and 1660 cm’!
for bending vibration. The bands at 1075 cm™' and 1033 cm! display the stretch vibration of C-O
bond. Compared to the spectrum of Cs, the typical peaks around 576 cm’' and 1087 cm'!

correspond to Fe-O stretching vibration and Si-O-Si stretching vibration, respectively. This means

11



that CsFeAC contains silicon and iron oxide. Also, the characteristic peaks at 1597 cm™! and 1660
cm ! disappear in CsFeAC, and a broad peak at 1631 cm™! appears, which may be assigned to the -
NH, bending vibration and the C=N bond generated from the cross-linking of chitosan with
glutaraldehyde. Moreover, the absorption peak at 1384 cm! is significantly enhanced, the peak at
2876 cm! shifts to 2927 cm™!, and the broad peak of -NH, and O-H shifts from 3355 cm™! to 3413
cm! and becomes narrow. This suggests two things: firstly, that the intra- and inter-hydrogen
bonds decrease; and secondly, the free amine and hydroxyl groups increase, which leads to better
absorption capacity.

After adsorption of Cu?', the peak at 1631 cm™' corresponded to the vibration of -NH, shifts
from 1631 cm! to 1636 cm™!, and the peak at 3355 cm! corresponded to the stretching vibration of
-OH shifts from 3355 cm! to 3423 cm!. Indicated here is that both -NH, and -OH play a role in
Cu?" adsorption. Similar results have been reported in other studies (Luo et al., 2015; Chen and

Wang, 2011).
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Fig. 5 FTIR spectra of (a) Cs, (b) CsFeAC, and (¢) Cu**-loaded CsFeAC
3.2. Adsorption properties of CsFeAC for removing Cu?*
3.2.1. Effect of initial pH on the adsorption

It is confirmed that the solution pH value makes a significant impact on the adsorption process,

12



because it affects not only protonation of functional groups in the adsorbent, but also the
precipitation formation of heavy metal ions (Ren et al., 2013; Meng et al., 2015; Chen and Wang,
2011). Considering the formation of Cu?" hydroxide precipitate at higher pH value, the selected
pH values in the batch experiments were set below 6.0 in this study. Also, the adsorption capacity
of CsFeAC for Cu?' ions was investigated at the pH range of 4-6. It is found that the Cu?*
adsorption capacity of CsFeAC increases from 72 mg/g to 117 mg/g with the initial pH increases
from 4.0 to 5.5 and decreases to 96 mg/g when the initial pH was 6.0. The optimal pH value for
Cu?"adsorption of by CsFeAC is around 5.5.

It is known that the amino and hydroxyl groups of chitosan are easily protonated at lower pH
values, which means that more active sites are occupied by H* ions. Gradually increases the initial
solution pH value, more active sites are deprotonated, and the positive charge is reduced, which in
turn results in better affinity to Cu?" and consequently higher adsorption capacity. Further
increases the pH wvalue, hydroxide precipitate appears, and correspondingly the adsorption
capacity declines. Thus, the pH value of 5.5 was selected for the following absorption studies.
3.2.2 Adsorption isotherms

The adsorption curves at different Cu?* concentrations are shown in Fig. 6. It can be seen that
the adsorption capacity of CsFeAC increased sharply at first with the increase of initial Cu?*
concentrations, and then gently rose to reach a plateau. Furthermore the adsorption capacity
almost reached its maximum value at the initial Cu?" concentration of 500 mg/L, and the Cu?*
adsorption capacity was approximately 200 mg/g. In order to investigate the adsorption
mechanism, three isotherms, specifically the Langmuir, Freundlich and Temkin models, are used

to match the experimental results.

13
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Fig. 6 Adsorption isotherms for Cu?* on CsFeAC

The Langmuir isotherm assumes that monolayer adsorption occurs on a structurally and
energetically homogeneous surface on which the adsorbed molecules on the binding sites are not
interactive. Also, the adsorption enthalpy is identical to the increase of adsorption amounts. The

Langmuir isotherm is described by equation (2) as follows:

11 1

9. Kq,Co q,
where . (mg/g) is the equilibrium adsorption capacity on the adsorbent; C. (mg/L) is the
equilibrium concentration in the solution; q,, (mg/g) is the maximum adsorption capacity on the
adsorbent; and K (L/mg) is the constant of the Langmuir model related to the affinity of binding
sites.

The Freundlich isotherm describes the adsorption on a structurally and energetically
heterogeneous surface on which the adsorbed molecules are interactive and the amounts of

adsorbate can increase infinitely when the initial concentration also increases. The Freundlich

isotherm is expressed as equation (3):

1

qe :KFCenF (3)

where Ky and ng are the Freundlich constants related to adsorption capacity and intensity,

14



respectively.

The Temkin isotherm is a modification equation of the Langmuir isotherm. The adsorption
enthalpy declined linearly with the increase of adsorption amounts. The Temkin isotherm is
described by equation (4).
q.=alnp+alnC, (4)
where o and P are constants related to adsorption enthalpy and capacity of the adsorbent.

The obtained parameters for the isotherms are listed in Table 1. It can be seen that the Langmuir
model fits better with the experimental data with the higher correlation coefficient R? (R? =0.957).
Also, the maximum adsorption capacity (216.6 mg/g) obtained from the Langmuir isotherm
matches well with the maximum experimental adsorption capacity (203 mg/g). These results
suggest that it is a monolayer adsorption process between CsFeAC and Cu?". Therefore the Cu?*
adsorption onto CsFeAC could be attributed to a homogenous distribution of molecules on the
binding sites.

Table 1 Parameters of the isotherm models for Cu?* adsorption on CsFeAC

Adsorbent Langmuir parameters Freundlich parameters Temkin parameters
qm(mg/g) Ky (L/mg) R? RL Kr np R? o B R?
CsFeAC 216.6 0.0204 0.957 0.047-0.831 4291 0.2386 0.888 0.624 334 0.942

In comparison with other chitosan-based adsorbents reported in the literatures, CsFeAC

prepared for this study shows higher adsorption capacity (as shown in Table 2), which may be

attributed to the higher specific surface area and lower crystallinity of CsFeAC. In fact, CsFeAC

performs better in the separation and reuse processes due to its supermagnetic properties. These

characteristics of CsFeAC may facilitate its potential application in heavy metal removal or

notable metal recovery.

15



Table 2 Comparison of adsorption capacity of chitosan-based adsorbents for Cu?*

Adsorbent name qm (mg/g) Operational conditions References
XMCS 34.52 25°C,pH 5.0 Zhu et al., 2012
MA-CS/Fe;04 163.92 25°C,pH 5.0,25 min ~ Wuetal., 2015
CMS 3142 25°C,pH 5.0,12 h Renetal., 2013
EDCMS 4442 25°C,pH 5.0,12h Renetal., 2013
SCCH 18.082 25°C,pH 6.5,5h Zhang et al., 2008
Porous COCB beads 227.27%  30°C,pH5.0,24 h Mietal., 2015
Non-porous COCB beads 175.44* 30°C,pH5.0,72h Mi et al., 2015
TMCS 66.7° 28°C,pH 5.0,8 h Zhou et al., 2009
MCCM 88.212 30 °C, 80 min Luo etal., 2015
Chitosan-modified MnFe,O, 65.12 pH6.5,5h Meng et al., 2015

Magnetic chitosan nanoparticles ~ 33.7%

CsFeAC 216.6°

25°C, pH 5.0,4 h

25°C,pH 5.5,2h

Chen and Wang, 2011

This work

3 Obtained from the Langmuir isothermal model.

Furthermore, the separation factor constant (Rp) is introduced to indicate the favorability of

CsFeAC towards Cu?'ions. It is calculated by equation (5):

R, = /(14K .Co) (5)

where K (L/mg) is the Langmuir constant; Cy (mg/L) is the initial concentration of Cu?*ions; and

Ry is the separation factor constant of Langmuir isotherm.

Ry represents the type of the adsorption that is irreversible (Ry = 0), favorable (0 < Ry < 1),

linear (R; = 1), or unfavorable (Ry >1) (Xu et al., 2015). As shown in Table 2, the obtained value

falls between 0 and 1, suggesting the adsorption of CsFeAC for Cu?" is a favorable reaction.

3.2.3 Adsorption kinetics

The effect of contact time on the adsorption of Cu?* by CsFeAC is given in Fig. 7. It is

16



observed the adsorption is fast initially, slows down thereafter, and finally reaches equilibrium.
Fig. 8 highlights the fact that the adsorption amount at 5 min reached 77% of the equilibrium
amount at 120 min. The initial rapid adsorption may be due to the existence of many vacant

adsorption sites on the adsorbent surface. Then this adsorption decreases since the adsorption sites

are occupied by Cu?*, until the adsorption reaches equilibrium.
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Fig. 7 The adsorption kinetics for Cu?" adsorption on CsFeAC
It is well-known that the adsorbate first diffuses from solution onto the boundary layer, and then
spreads from the boundary layer to the exterior and interior surface of the adsorbent, and finally
reacts with the functional groups on the adsorbent. In order to investigate which is the rate-

limiting step in the adsorption process, pseudo-first-order, pseudo-second-order, and Elovich

models are introduced to fit the experiment data.

The pseudo-first-order, pseudo-second-order, and Elovich models are described as equations (6),

(7) and (8), respectively:

ln(qe - qt) = 1nqe - Klt (6)

t 1 N t -
= — (7
qt qui qe

q, =K. Int+ A, (8)
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where q; (mg/g) and q. (mg/g) represent the adsorption capacity on the adsorbent at time t (min)
and equilibrium, respectively; K;, K, and K, are pseudo-first-order kinetics rate constant, pseudo-
second-order kinetics rate constant and Elovich kinetics rate constant, respectively; and A, is
Elovich kinetics constant.

The parameters calculated from the kinetic models are listed in Table 3. The results indicate that
the pseudo-second-order model fits the experiment data much better than the other models, since
its correlation coefficient (R?) value is 0.990, which is higher than that of the pseudo-first-order
model (0.974) and Elovich model (0.980). Meanwhile, the q. value calculated from the pseudo-
second-order model is much closer to the experimental data than the other models. These kinetics
data imply that the rate-controlling step may be the chemical chelating reaction between Cu?* ions
and binding sites on the adsorbent.

Table 3 Parameters of the kinetic models for Cu?* adsorption on CsFeAC

Adsorbent  Pseudo-first-order model Pseudo-second-order model Elovich model

q.(mg/g) K;(L/mg) R? q.(mg/g) K,(g/mgmin) R? A, K. R?

CsFeAC 108.6 0.3441 0974 113.0 0.0060 0.990 7559 8.467 0.980

Based on the aforementioned kinetic analysis, it is inferred that the chemical chelating reaction

dominates the adsorption of Cu?" on CsFeAC. This suggests that the exterior and interior diffusion

resistances for Cu?" adsorption are low. The low exterior diffusion resistance may be reduced by

shaking the solution sufficiently. The low interior diffusion resistance may be attributed to the

chitosan spreading fully on the composite carriers, which results in high specific surface area and

low crystallinity of the adsorbent. Consequently, this releases more free amino and hydroxyl

groups and improves the adsorption capacity and rate. These results further confirm that it is

necessary to increase the specific surface area of adsorbent and decrease the crystallinity of

18



chitosan to improve the absorption rate. Added to this, the presence of magnetic species may

positively improve the adsorption capacity due to the effect of magnetic induction..

3.2.4 Adsorption thermodynamics

The effect of temperature on the adsorption of Cu?* by CsFeAC is illustrated in Table 4. It is

evident that the adsorption capacity increased sharply as the temperature increases from 25 to 55

°C, suggesting that the Cu?" adsorption on CsFeAC is an endothermic process. Further, the

thermodynamic parameters such as the enthalpy change (AH®), the entropy change (AS®) and the

Gibbs free energy change (AG®) are calculated by equations (9) - (11), and the results are listed in

Table 4:
_ 9
KD_Ce (9)
AH® AS°
InK . =- + 10
D T R (10)

AG®=AH®-TAS® (11)

where Kp is the equilibrium constant; g, (mg/g) is the equilibrium adsorption capacity on the
adsorbent; C. (mg/L) is the equilibrium concentration in the solution; and R (8.314 J/mol K) and T
(K) are the gas constant and absolute temperature, respectively.

As listed in Table 4, the negative values of AG® indicate that the adsorption of Cu?* on CsFeAC
is spontaneous. Also, AG® decreases with the temperature increasing, which indicates that the
adsorption is more favorable at a higher temperature. Furthermore, the positive value of AH®
implies that the adsorption of Cu?" on CsFeAC is an endothermic process, and the positive AS®
value suggests an increase in the randomness at the adsorbent/adsorbate interface. The positive

values of AS® may be connected to the liberation of protons in the interaction between Cu?" ions
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and adsorption points. Similar results have been observed in the adsorption of Pb?" onto

carboxylated chitosan magnetic microspheres and submicrospheres (Xu et al., 2015).

Table 4 Thermodynamic parameters for Cu?* adsorption on CsFeAC

t (°C) qe(mg/g) Kp AH® (kI/mol)  AS®(J/mol K)  AG®/( kJ /mol)
25 129 1.487 17.95 63.41 -0.952
35 155 1.834 -1.586
45 186 2.285 -2.220
55 224 2.887 -2.854

3.3. Desorption and reusability studies

Desorption and reusability of an adsorbent is significantly important for further practical

applications. Generally, the loaded metal ions can be desorbed by eluent, such as acids and

chelating agents. In this study, acids may react with Fe;O, in the magnetic composite adsorbent,

and depress the magnetic separation of the adsorbent. Consequently, Na,EDTA (0.1 M) was

selected to desorb the loaded Cu?* on the adsorbent, since it can form a steady complex with metal

ions without any damage being done to the adsorbents.

Adsorption capacity percentage (%
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Fig. 8 Reusability of CsFeAC for Cu?* (initial Cu?* concentration: 100 mg/L; adsorbent dose: 0.05

g; pH value: 5.5; contact time: adsorption 120 min, desorption 120 min; temperature: 25 °C).

20



In order to examine the reusability of CsFeAC, the adsorption-desorption cycle was repeated 5
times and the results are presented in Fig. 8. It can be seen that the adsorption capacity of CsFeAC
still remains at 95% at the 5™ cycle. These results indicate that desorption of CsFeAC by
Na,EDTA solution is effective, and CsFeAC has great potential in practical application for Cu?*

removal.

4. Conclusion

A cost-effective adsorbent of CsFeAC was fabricated with micro-scale magnetic activated
carbon carrier using the sol-gel method. It is confirmed that the higher specific surface area and
lower crystallinity of CsFeAC significantly improve the absorption capacity. Equilibrium
adsorption data fit better with the Langmuir isotherm, suggesting that the adsorption is a
monolayer adsorption. Kinetics study indicates that the adsorption follows the pseudo-second-
order model, suggesting that the rate-limiting step is the chemical interaction between Cu?* and
adsorbent. The values of separation constant (0 < Ry < 1) indicate that the adsorption for Cu?" is a
favorable process. FTIR spectra reveal that the amino and hydroxyl groups play an important role
in the chelating adsorption. Moreover, its good reusability and convenient magnetic separability

enable CsFeAC to potentially have a very beneficial practical application.
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