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a b s t r a c t
A novel nano-adsorbent prepared by hydrothermal carbonization of chitosan was used for remov-
ing molybdenum (Mo(VI)) from groundwater. Optimal adsorption parameters were determined 
via varying pH, time, concentrations, and temperatures. The results indicated that the removal 
rate of Mo(VI) by chitosan carbonization nanoparticles (CCN) was depended on pH values and 
the maximum adsorption efficiency could be achieved when the pH is in the range of 1.5–3.3. 
Kinetic studies showed that Mo(VI) could be removed rapidly, and the experimental results fit-
ted pseudo- second-order kinetic model well. Mo(VI) adsorbed by CCN was described well by 
Langmuir model and the theoretical maximum adsorption capacity reached 192.308 mg g–1 at 
303.15 K. Thermodynamic parameters indicated that the adsorption process was endothermic, 
entropy increasing, and spontaneous. Electrostatic interaction and hydrogen bonding were 
the major adsorption mechanisms. Regeneration and real groundwater treatment experiments 
revealed that Mo(VI) could be removed efficiently by CCN, and CCN could be recycled for a long 
term. Altogether, CCN might be a green, efficient, and recyclable adsorbent for Mo(VI) removal 
from groundwater.
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1. Introduction

Molybdenum (Mo) is not only an essential micronutrient 
for both plants and animals but also a very important stra-
tegic resource [1,2]. The provisional daily intake of Mo rec-
ommended is 75–250 μg for adolescent boys and girls [3]. 
Nevertheless, water-soluble Mo will cause environmental 
pollution if its concentration exceeds 5 mg L–1, in addition, 
the toxic degree ranks between those of Zn(II) and Cr(III) 
compounds [4]. Notably, Mo pollution in groundwater has 
been deemed as a serious issue in some fields of drinking 

water obtained from wells [5]. For example, Mo concentra-
tions varied from a few mg L–1 to 800 mg L–1 in some mill 
tailings of North America [6]. Moreover, Mo pollution events 
have been reported in some other places, such as in Brenda 
Mines of British Columbia, Canada; the San Joaquin Valley, 
USA; and Wujintang Reservoir, China [7,8], which can also 
pollute groundwater through various ways such as rainfall 
runoff. However, there are few reports about the removal of 
Mo pollution from groundwater.

Mo can exist in various oxidation states ranging from 
+2 to +6 in water, while MoO4

2− is the most soluble form 
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among Mo compounds, and it is widely distributed in natu-
ral environment and water bodies [8]. Methods, for example, 
chemical precipitation [9] and ion-exchange [10] have been 
developed for Mo pollution control in surface water, but the 
cost is too high for the various reagents and complicated 
instruments. Adsorption gained wide acceptance because it 
is an efficient and economically feasible process for purifica-
tion [11]. Numerous materials including chelating resin [12], 
pyrite [13], desulfurization steel slag [14], nano-magnetic 
CuFe2O4 [15], ocetylpyridinium bromide-bentonite [16] have 
been reported for the adsorption of Mo(VI), which indicated 
that protonated materials are conducive to Mo(VI) removal.

Chitosan (CS), an abundant natural polysaccharide, with a 
large amount of free amino and hydroxyl functional groups 
on its structure, is considered as an excellent adsorbent for 
the treatment of organic anions (methyl orange, methylene 
blue, dyes) and heavy metal cations (Cr(VI), Cu(II), Cd(II), 
Zn(II), as well as Pb(II)) [17–19]. Therefore, it is reasonable 
to deduce that CS is also likely suitable for the removal of 
Mo from groundwater. However, raw chitosan is water 
soluble at pH < 6.0 which limited its application as adsor-
bent [20]. Some modified CS adsorbents such as magnetic 
chitosan nano particle [21], molybdate-imprinted chitosan/
triethanola mine gel beads [22] have been developed for 
Mo(VI) removal, but the preparation process is too complex.

The objective of this paper was to remove Mo(VI) by a 
new chitosan carbonization nanoparticle (CCN) adsorbent. 
To our best knowledge, no other studies employing CCN 
for treatment of Mo(VI) contaminated groundwater have 
been reported. The effects of pH, temperature, adsorption 
kinetics, adsorption isotherms, and adsorption mechanism 
were particularly investigated. Regeneration tests and actual 
groundwater experiments were also studied in order to 
illustrate the practicality of Mo(VI) removal by CCN. The 
results of this study not only expand the application range of 
chitosan, but also provide reference for Mo(VI)-containing 
groundwater treatment technology.

2. Materials and methods

2.1. Materials and chemicals

Sodium molybdate 2-hydrate (Na2MoO4·2H2O) was 
employed to prepare a stock solution containing 1,000 mg L–1 
of Mo(VI). 80%–95% deacetylated chitosan powders were 
supplied by Sinopharm Chemical Reagent Co. Ltd., China. 
All other chemicals were of analytical grade and commer-
cially available from Shanghai Chemical Reagent Co. Ltd. 
and used without further purification. Milli-Q water was 
used to prepare aqueous solutions.

2.2. Synthesis of the CCN

First, 4.0 g of CS was dispersed in 75 mL Milli-Q water 
by ultrasonic to obtain a homogeneous dispersion at room 
temperature. Then, the mixed solution was transferred into 
a 100 mL teflon-lined stainless steel autoclave. Finally, the 
container was closed and maintained at 180°C for 12 h. 
After that, the autoclave was cooled to room temperature 
naturally. Then, the as-prepared nanocomposite (CCN) was 
obtained by filtering, rinsing, drying, grinding, and sieving 
(<0.15 mm) prior to use.

2.3. Batch adsorption experiments

Batch adsorption experiments were carried out by 
agitating 0.1 g of CCN with 100 mL aqueous solution con-
tained different Mo(VI) concentration in a constant tem-
perature oscillator with speed of 150 rpm. The ionic strength 
of the Mo(VI) solution adjusted by NaCl was controlled at 
0.1 mol L–1. All the experiments were conducted with three 
parallel tests. The data presented in all tables and figures 
are average values.

The adsorption kinetics experiment were carried out 
with initial Mo(VI) concentration of 50, 100, and 200 mg L–1 
for different time intervals at an optimum pH. Adsorption 
isotherm studies were performed with Mo(VI) concentra-
tions ranging from 5 to 500 mg L–1 at 10°C, 20°C, and 30°C. 
When the adsorption of Mo(VI) by CCN reached equilibra-
tion, the suspensions were filtered through 0.45 μm filters 
for further analyzing the residual Mo.

The effect of pH on the adsorption performance of 
Mo(VI) was conducted by adding 0.1 g of CCN into 100 mL 
of 10 mg L–1 Mo(VI) aqueous solution under different pH 
value. The solution pH was adjusted to 1.0–10.0 using 
1 mol L–1 HCl or NaOH, and the changed total volume was 
<2%. After adding 0.1 g of CCN, all the samples were shaken 
for 24 h at 20°C, then the residual Mo concentration was 
measured. The point of zero charge (pzc) of the material 
was determined as described in literature [23].

2.4. Regeneration

In order to evaluate the regeneration ability of CCN, 
the adsorption and desorption tests of Mo(VI) was studied 
for consecutive five cycles. In each cycle, CCN was added 
into 50 mg L–1 of the Mo(VI) solution with adsobent dosage 
of 5.0 g L–1 and the mixture was shaken in a shaker with 
speed of 150 rpm for 8 h. After that, the Mo(VI)-adsorbed 
CCN was separated from the solution by centrifugation and 
then using 40 mL of 0.1 mol L–1 NaOH for Mo(VI) desorption 
by shaking for 1 h. After desorption, the CCN was collected 
and the amount of desorbed Mo(VI) in aqueous solution 
was examined. After each cycle of regeneration experiments, 
CCN was washed and dried overnight for the next cycle.

2.5. Real groundwater treatment

Groundwater was collected from a tube well nearby a 
molybdenum ore in Xinzhou City, China. The groundwa-
ter quality parameters (mg L–1) were analyzed by standard 
methods [24], which contained total hardness (1,350.24), sul-
fate (1,239.04), nitrate (14.13), nitrite (4.87), ammonia (0.64), 
organic matter (1.46), iron (0.11), manganese (0.07), total arse-
nic (0.01), copper (0.87), zinc (0.55), total chromium (0.03), 
Mo(VI) (0.23), and pH (6.75). This groundwater sample was 
spiked with Mo(VI) up to a level of desire (10.0 mg L−1) for 
further experiments, the pH and reaction time were adjusted 
to the optimum value according to the above analysis.

2.6. Analysis

The structure and surface characteristics of adsorbents 
were measured using scanning electron microscopy (SEM; 
FEI Quanta 200). Powder XRD patterns at two angles from 
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10° to 80° were recorded at an interval of 0.33° on a UItima IV 
diffractometer using Cu radiation (40 kV, 40 mA). FTIR spec-
tra were recorded on a Nicolet 6700 FTIR spectrophotome-
ter. The XPS analysis was taken by an X-ray photoelectron 
spectroscopy Escalab 250Xi with the monochromatic Al Kα 
X-ray radiation. The pH value of the solution was measured 
by S-3C model pH meter, while the concentrations of Mo 
were determined by thiocyanate photometric method [25].

3. Results and discussion

3.1. Adsorbent characterization

Typical field-emission scanning electron microscopy 
images of the CCN and CCN-Mo are shown in Fig. 1. In 
gen eral, CCN (100,000×) has near-spherical shape, and its 
diameter is less than 50 nm (Fig. 1a). As for CCN-Mo (100,000×) 
(Fig. 1b), a similar shape is observed compared with original 
CCN surface with exception of a larger diameter (>50 nm). 
Moreover, compared with the surface of CCN-Mo (20,000×) 
(Fig. 1d), the particles of CCN (20,000×) (Fig. 1c) are clearer 
and more evenly distributed, which further confirms that 
Mo was successfully adhered to the external structure of 
CCN by the adsorption process.

The crystalline structure of the CCN and CCN-Mo was 
studied by XRD and the diffractograms are shown in Fig. 2. 

It can be seen from XRD patterns, adsorption of Mo sharply 
decreased the crystalline nature of CCN. CCN showed obvi-
ous diffraction peak at 20° corresponding to its crystalline 
phase [19,26]. However, after adsorbed Mo, the peak of 
CCN-Mo has been significantly weakened and shifted. It 
indicated that introduction of Mo in the CCN matrix disrupts 
its crystalline structure, especially by loss of the hydrogen 
bonding.

3.2. Mo(VI) adsorption process

3.2.1. Effect of pH

The pH value can affect the metal species in solution and 
the surface properties of the adsorbents, so it is an important 
influencing parameter for adsorption of metal ions in water 
[27]. As shown in Fig. 3, it is evident that Mo(VI) adsorption 
onto CCN were highly pH-dependent. The maximum Mo(VI) 
adsorbed by CCN occurs when the pH value in the range of 
1.5–3.3. The maximum Mo(VI) removal may be due to the 
surface protonation of the sorbent and the change of Mo(VI) 
to other species. The pHzpc of the CCN is 3.9. However, the 
speciation of Mo anions are anionic polynuclear hydrolyzed 
species within pH in the range of 2.0–4.6 [28]. Therefore, the 
adsorbent surface is positively charged when pH is below 
the pHzpc, and anion adsorption occurs. The decrease in the 

 
(a) 

 
(b) 

 
(c) 
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Fig. 1. Surface appearance of (a) CCN (100,000×), (b) CCN-Mo (100,000×), (c) CCN (20,000×), and (d) CCN-Mo (20,000×).



261J.-j. Lian et al. / Desalination and Water Treatment 167 (2019) 258–268

removal at pH > 4.0 is due to the weakening of the surface 
protonation. When the pH value is increased to 8.0, the per-
centage of Mo(VI) adsorption decreased rapidly toward a 
negligible level by the end of the test (<20%). It is noted that 
electrostatic attraction played an important role in Mo(VI) 
adsorption on CCN.

3.2.2. Adsorption kinetic studies

The adsorption kinetics of Mo(VI) by CCN was inves-
tigated with reaction time ranging from 0 to 900 min at pH 
2.5, 293.15 K. The initial Mo(VI) concentrations were 50, 
100 and 200 mg g–1, respectively. Fig. 4a shows that adsorp-
tion capacity of CCN increased with the increasing of time 
until it reached equilibrium under different Mo(VI) concen-
tration. Besides, the adsorption performance of CCN with 
respect to Mo(VI) was rapid initially and then slowed down 
gradually until it attained equilibrium. In the initial stage, 
there are a large number of vacant surface sites for Mo(VI) 
adsorption. As reaction time was prolonged, the remaining 
vacant surface sites are difficult to be occupied for steric 
hindrance between Mo(VI) adsorbed on the surface of CCN 
and solution phase. In order to better investigate the adsorp-
tion mechanism of Mo(VI) onto CCN, the pseudo-first-order 
kinetic model and pseudo-second-order kinetic model were 
adopted to interpret data obtained from batch experiments 
according to the two equations that have been expressed in 
our previous work [14].

The correlative parameters calculated by the pseudo- 
first-order kinetic model and pseudo-second-order kinetic 
model are presented in Table 1 and the fitting results of the 
two kinetic models are shown in Figs. 4b and c. The results 
showed that the calculated values (qe,cal,2) obtained from the 
pseudo-second-order kinetic model are very close to the 
experimental value (qe,exp). Moreover, the correlation coef-
ficients (R2) of the pseudo-second-order kinetic equation 
is relatively greater than that of pseudo-first-order kinetic 
model, suggesting that pseudo-second-order kinetic model 
is more suitable for describing Mo(VI) adsorption onto CCN 
based on the assumption that the rate-limiting step may be 
chemisorption involving valence forces through sharing or 
exchanging electrons between adsorbate and adsorbent [29].

Solute adsorption onto the solid surface can be controlled 
by several steps, for example, external diffusion, surface dif-
fusion, and pore diffusion [30]. In order to confirm the actual 
rate-controlling step in the Mo(VI) adsorption process, the 
well-known Weber–Morris equation was applied [31]:

q k t It i= +0 5.  (1)

where qt (mg g–1) is the amounts of metal ion adsorbed onto 
adsorbent at time t (min), ki is intraparticle diffusion rate 
(g mg–1 min–0.5), I represents the boundary layer diffusion 
constants (external film resistance). The plots of qt against 
t0.5 give straight line with slope and intercept equal ki and 
I, respectively. If the plots of qt vs. t0.5 satisfy the linear rela-
tionship and pass through the origin, the adsorption process 

 
Fig. 2. XRD spectra of the CCN and CCN-Mo.

 
Fig. 3. Effect of initial pH values on Mo(VI) adsorption by CCN. 
Conditions: CCN dosage = 1.0 g L–1, T = 293.15 K, initial Mo 
concentration = 10 mg L–1.

Table 1
Kinetic parameters of pseudo-first-order and pseudo-second-order for Mo(VI) adsorbed by CCN

C0 (mg L–1) qe,exp 
(mg g–1)

Pseudo-first-order Pseudo-second-order

qe,cal,1 (mg g–1) k1 (1 min–1) R2 qe,cal,2 (mg g–1) k2 (mg (g min)–1) R2

50 47.104 10.102 0.0030 0.8126 49.020 0.0027 0.9999
100 88.649 18.754 0.0032 0.8337 93.458 0.0014 0.9999
200 143.025 52.857 0.0041 0.9104 147.059 0.0004 0.9995
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should be controlled by internal diffusion. Otherwise, more 
steps may influence the adsorption process.

The plots of qt vs. t0.5 are given in Fig. 4d for the adsorp-
tion of Mo(VI) by CCN at different initial Mo(VI) concentra-
tions. Obviously, the adsorption data were well-fitted by two 
straight lines, indicating that two steps took place during 
Mo(VI) adsorption onto CCN. First, Mo(VI) in aqueous solu-
tion was transported onto the surface of CCN, then Mo(VI) 
was transported and adsorbed on the interior surface of CCN 
[32]. Besides, the time in intraparticle diffusion state is longer 
than that of external diffusion state in Fig. 4d, indicating that 
the intraparticle diffusion is the main rate-controlling state. 

The detailed fitting model parameters is shown in Table 2. 
The R2 values are close to unity, confirming the applicability 
of Weber–Morris model for Mo(VI) adsorption on CCN. The 
constant I2 values increased with the increasing of Mo(VI) 
concentration of Mo(VI), suggesting that the boundary 
layer thickness was increased with increasing initial Mo(VI) 
concentration.

3.2.3. Adsorption isotherm studies

The adsorption isotherm will reflect the specific rela-
tion between the concentration and accumulation degree of 

 

(a)

 

 

(b)

 

 

(c)

 

(d)

Fig. 4. Effect of contact time for the adsorption of Mo(VI) onto CCN (a), and linear fitting of pseudo-first-order kinetic model 
(b), pseudo-second-order kinetic model (c), and Weber–Morris diffusion model (d). Conditions: CCN dosage = 1.0 g L–1, T = 293.15 K 
and pH = 2.5.

Table 2
Kinetic parameters of Weber–Morris model for Mo(VI) adsorption on CCN

C0 (mg L–1) First stage Second stage

I1 ki,1 (mg g–1 min–0.5) R2 I2 ki,2 (mg g–1 min–0.5) R2

50 26.688 2.3367 0.9974 42.208 0.2419 0.9018
100 47.792 5.174 0.9531 80.965 0.4408 0.9228
200 53.97 7.3293 0.9938 103.84 1.622 0.9005
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adsorbate onto the adsorbent surface at a constant tempera-
ture. Herein, the adsorption isotherms of Mo(VI) adsorbed 
by CCN were investigated at different initial Mo(VI) 
concentrations within temperature in the range of 283.15–
303.15 K when the pH value was 2.5. As shown in Fig. 5, 
the adsorption capacities (qe) were increased quickly at low 
Ce values, whereas the increment of qe was slowed down at 
higher values of Ce, which is due to the limited active sites on 
the surface of CCN for relatively high Mo(VI) concentration. 
Besides, the amount of adsorbed Mo(VI) by CCN increased 
as temperature increased, implying that the adsorption 
process was endothermic.

In order to gain a better understanding of adsorption 
performance for Mo(VI) adsorbed by CCN, four isotherm 
models including Langmuir isotherm, Freundlich isotherm, 
Temkin isotherm, and Dubinin–Radushkevich isotherm have 
been used to fit the experimental data [14]. The adsorption 
plots and the fitting model parameters with R2 for the differ-
ent models are separately shown in Fig. 6 and Table 3.

The R2 values of Langmuir isotherm model are higher 
than that obtained from other three isotherms (Table 3). 
It may be due to the homogeneous distribution of active 
sites on the adsorbent surface. A comparison of Mo(VI) 
adsorption capacity of some adsorbents based on the val-
ues of Q0 (Table 4) is comparable with the results obtained 
in previous studies. It was found that CCN had a higher 

adsorption capacity in comparison with the reported adsor-
bents, indicating CCN can be used as an alternative material 
for Mo(VI) removal from solution. From the Temkin iso-
therms, typical bonding energy range for the ion exchange 
mechanism was reported to be in the range of 8–16 kJ mol–1, 

 
Fig. 5. Adsorption isotherms data for Mo(VI) on CCN. 
Conditions: CCN dosage = 1.0 g L–1, pH = 2.5.

 

 

(a)

 

 

(c)

(b)

(d)

Fig. 6. Adsorption isotherms data and modeling for Mo(VI) on CCN. (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin 
isotherm, and (d) Dubinin–Radushkevich isotherm.
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while the physisorption process was reported to have 
adsorption energies less than –40 kJ mol–1 [33]. The values 
of bT (0.102–0.122) obtained in the present study indicated 
that chemisorption and physisorption was involved in the 
adsorption process.

3.2.4. Thermodynamic analysis

Temperature is a major influencing factor in the adsorp-
tion process. In this study, Mo(VI) adsorption on CCN was 
monitored at three different temperatures (283.15, 293.15, 
and 303.15 K) under optimized conditions by adapting the 
Khan and Singh [36] method. Thermodynamic parameters 
including changes in Gibbs free energy (∆G°), enthalpy 
(∆H°), and entropy (∆S°) are presented in Table 5. The nega-
tive values of ∆G° indicated that the adsorption process was 
spontaneous in nature. Besides, the decrease in negative 
value of ∆G° with the increase of temperature indicates 
that Mo(VI) adsorption process on CCN was more favorable 
at higher temperatures [37], which was mainly attributed to 
the higher temperature did not only enhance the free vol-
ume of CCN but also can get rid of the solvent molecules 

from the inter-facial region [38]. The values of ∆H° were pos-
itive in the process of Mo(VI) adsorbed on CCN, suggesting 
that the adsorption reaction was endothermic. The positive 
value of ∆S° suggested the increased randomness at the 
solid/solution interface during the adsorption of Mo(VI) on 
CCN.

3.3. Adsorption mechanism

3.3.1. FTIR spectra

The adsorption pattern of metals onto materials is attrib-
utable to the active groups and bonds present on adsorption 
materials [39]. FTIR spectroscopy of CCN, before and after 
Mo(VI) binding, was used to determine which functional 
groups were responsible for Mo(VI) uptake. As shown in 
Fig. 7, the band at 3,425 cm–1 is connected with the pres-
ence of –OH and –NH2 stretching vibrations. The band at 
1,622 cm–1 corresponds to deformation modes of the N–H 
asymmetric stretching. After adsorbing Mo, some different 
adsorbance peaks and new peaks appeared in the FTIR spec-
tra of CCN. The peak at wave number of 3,425 cm–1 became 

Table 3
Isotherm model parameters for Mo(VI) adsorption to CCN at three temperatures

Isotherm models Expression formula Parameters 283.15 K 293.15 K 303.15 K

Langmuir
C
q

C
Q Q b

e

e

e= +
0 0

1
Q0 (mg g–1) 158.730 181.818 192.308
b (L mg–1) 0.058 0.116 0.219
R2 0.9977 0.9975 0.9986

Freundlich ln ln lnq
n

C ke e F= +
1

kF (mg1–n Ln g–1) 11.613 20.859 34.422
n 2.002 2.334 2.865
R2 0.9361 0.9505 0.9743

Temkin q RT
b

A RT
b

Ce
T T

e= +ln ln
A (L g–1) 1.948 6.110 37.745
bT (kJ mol–1) 0.102 0.105 0.122
R2 0.9789 0.9715 0.9526

Dubinin–Radushkevich ln lnQ Qe m= −βε2

Qm (mg g–1) 119.941 122.437 138.463
β (mol2 kJ–1) 1.603 0.601 0.330
E (kJ mol–1) 0.559 0.913 1.231
R2 0.9305 0.9031 0.9389

Table 4
Comparison of CCN and other adsorbents for Mo(VI) adsorption capacity

Adsorbent Adsorption capacity Q0 (mg g–1) References

Chelating resin 42.0 [12]
Pyrite 130.0 [13]
Biochar modified by nanoscale zero-valent iron and cetyl-trimethyl  
 ammonium bromide

48.54 [8]

Desulfurization steel slag 4.38 [14]
Nano-magnetic CuFe2O4 30.58 [15]
Cetylpyridinium bromide-bentonite 134.4 [16]
Molybdate-imprinted chitosan/triethanolamine gel beads 37.04 [22]
Carminic acid modified anion exchanger 13.5 [34]
Hydrotalcite-like layered double hydroxides 16.2 [35]
Chitosan carbonization nanoparticle 158.73–192.31 This work
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weaker and shifted to a lower wave number (3,401 cm–1), 
which might be due to the formation of hydrogen bonding 
between –OH and –NH2 groups on CCN-Mo [19]. Another 
significant change was found at 1,622 cm–1, the decreased 
wave number could be attributed to the formation of the 

coordinated –NH3
+ and molybdate complexes. Besides, the 

presence of a narrow and weak peak at 901 cm–1 might be 
due to asymmetric and symmetric stretching frequencies of 
Mo=O bond [40]. The new band at 651 cm–1 of CCN-Mo was 
assigned to deformation modes of the Mo–O–Mo stretching 
vibration [41]. These results suggest that –OH and –NH2 have 
participated in binding of molybdate anions onto the surface 
of CCN, which is similar to the adsorption of humic acid by 
magnetic chitosan nanoparticle [42].

3.3.2. XPS spectra

XPS analysis was performed for further evidence the 
adsorption mechanism inferred by the FTIR analysis. As 
shown in Fig. 8, the characteristic peak of Mo appeared in 
XPS spectra of CCN-Mo. Moreover, the 3d3/2 and 3d5/2 spec-
tra of Mo existed at 235.7 and 232.5 eV, respectively, were 
corresponded to the Mo6+ state [43]. Obviously, there was no 
redox reaction occurred in the removal process of Mo(VI) 
adsorbed by CCN.

It was reported that the mechanism involving Mo(VI) 
adsorption is an electrostatic interaction process between 
protons and MoO4

2– in aqueous solution [3]. In this study, 
the adsorption of Mo(VI) was considerably influenced by the 
pH values of aqueous solution. From the Temkin isotherms, 

Table 5
Thermodynamic parameters for the adsorption of Mo(VI) on CCN

Temperature (K) ∆G° (kJ mol–1) ∆H° (kJ mol–1) ∆S° (J mol–1 K–1) R2

283.15 –5.231
54.285 210.303 0.9989293.15 –7.437

303.15 –9.432

 
Fig. 7. FTIR spectra of CCN and CCN-Mo.

 
Fig. 8. XPS spectra of CCN and CCN-Mo.
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typical bonding energy bT (0.102–0.122) indicated that the 
adsorption process seemed to be involved in the chemisorp-
tion and physisorption. According to FTIR results, –OH and 
–NH2 participated in binding of molybdate anions onto the 
surface of CCN, which confirmed that hydrogen bonding 
played an important role in Mo adsorption. Besides, there 
was no redox reaction, because no evidence of low valence 
species of Mo was found in XPS analysis. Therefore, it was 
deduced that the main mechanisms of Mo(VI) adsorption 
on CCN should be controlled by electrostatic interaction 
(physisorption) and hydrogen bonding (chemisorption) 
mechanism.

3.4. Regeneration

The reusability is a crucial factor for designing an effi-
cient adsorbent. A good adsorbent should have the advan-
tage of a relatively high adsorption capacity and relatively 
high desorption efficiency which will reduce its economic 
cost. As shown in Fig. 3, little Mo(VI) was adsorbed onto 
when pH > 8, suggesting that alkaline solution could be 
used for the desorption of Mo(VI) from CCN-Mo. Therefore, 
0.1 M NaOH solution was used for elution, which exhibited 
to be more available for desorption of Mo(VI) to the similar 
consistency principle and electrostatic repulsion [44]. Five 
successive cycles on adsorption/desorption were carried out 
in this study. As shown in Fig. 9, CCN showed good regener-
ation rate and the removal efficiency of CCN was still higher 
than 85% after regeneration for five times and the desorp-
tion rate also stayed around 83%. The slight decrease of the 
adsorption capacity may be attributed to the incomplete 
desorption, and the incomplete desorption of Mo(VI) may 
due to the dual process of physisorption and chemisorption 
[45]. The plausible mechanism for Mo(VI) removal and CCN 
regeneration is shown in Fig. 10.

3.5. Real groundwater treatment

The adsorption/desorption experiment was also carried 
out by agitating 1.0 g of CCN with 100 mL groundwater con-
taining 10 mg L–1 Mo(VI) in a constant temperature oscilla-
tor. The results indicated that the adsorption/desorption rate 
could reach 78.20% and 75.44% after five successive cycles. 
Loss of Mo(VI) removal capacity compared with the static 
adsorption experiments was probably due to the competition 
of sulfate that existed in real groundwater [14]. It is suggested 
that CCN is a promising adsorbent for removing Mo(VI) 
from aqueous solution due to its potential practical applica-
tions in groundwater treatment.

 

Fig. 10. Plausible mechanism for Mo(VI) removal and CCN regeneration. (M2– stands for Mox
VIOy

2–).

 Fig. 9. Performance of CCN-Mo by multiple cycles of regenera-
tion. Conditions: CCN dosage = 5.0 g L–1, T = 293.15 K, initial Mo 
concentration = 50 mg L–1.
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4. Conclusions

The adsorbent studied in this paper is based on chitosan, 
which is a low-cost and biodegradable natural biopolymer. 
The effects of various conditions for Mo(VI) adsorption by 
CCN were investigated systematically. The experimental 
data could be well fitted by pseudo-second-order kinetic 
model and Langmuir isotherm model with the maximum 
monolayer adsorption capacity of 192.308 mg g–1 at 303.15 K. 
Thermodynamic studies revealed that the adsorption of 
CCN with respect to Mo(VI) was a feasible, spontaneous 
and endothermic process. FTIR and XPS studies showed 
that electrostatic interaction and hydrogen bonding were the 
two major adsorption forces for the adsorption of Mo(VI) 
by CCN. On the basis of the low cost and easy availability 
of the raw material used for the preparation of CCN and 
its reasonably high adsorption/desorption capacity, CCN 
can be a potential candidate used for Mo(VI) removal from 
groundwater.
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