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a b s t r a c t
Preparation of a series of novel hybrid composite materials m-aramid/chitosan to extract Hg(II) ions 
from water was carried out by using various weight ratios of m-aramid to chitosan (100/0, 85/15, 65/35, 
50/50, and 35/65, respectively). Their structures were characterized by Fourier-transform infrared 
spectroscopy (FTIR) and scanning electron microscope. The result of FTIR indicated that the peak 
intensity of chitosan increases with increasing of the content of chitosan in the m-aramid/chitosan 
hybrid composite films. The adsorption properties of m-aramid/chitosan were affected by many 
factors including pH range, contact time, temperature, and the content of chitosan. The saturated 
adsorption capacity for Hg(II) ions increased with the increase of chitosan content and could reach 
to 0.09, 0.27, 0.43, 0.51, and 0.72 mmol·g–1 at room temperature, respectively. The results show that 
the process of kinetic adsorption could be well described by the pseudo-second-order rate model. 

The isothermal adsorption experiments followed Langmuir and Freundlich models. Furthermore, the 
adsorption mechanism was also presumed.

Keywords: Hybrid composite; m-Aramid; Chitosan; Adsorption; Hg(II) ions

1. Introduction

With increasing industrialization including pigments, 
metallurgical processes, electroplating, mining, and leather 
industries, the contamination caused by heavy metals which 
entering the environment with the discharge of industrial 
wastewater became a serious environmental problem [1]. 
Heavy metals, particularly Hg(II) ions with two positive 
charges, are toxic and harmful to plants, animals, and human 
beings because of their toxicity and non-biodegradability. 
Many methods such as reverse osmosis, complexation, ion 
exchange, precipitation, and adsorption have been used 
to remove toxic metals from aqueous solution [2]. Among 
them, adsorption has attracted attention as an effective and 

economical method for the removal of heavy metals from 
wastewater due to its low cost and simplicity. As a low-cost 
material, chitosan has proved to be an extremely promising 
adsorbent.

Chitosan, as a partially deacetylated derivative of the 
cheap, abundant, and renewable natural chitin [3], has 
been used in many biomedical applications, such as wound 
healing [4], wound dressing [5], food [6], enzyme immobili-
zation [7], tissue engineering [8], and drug delivery [9] due 
to its antimicrobial activity, non-toxicity, biocompatibility, 
biodegradability, and excellent adsorption. It has been well 
known that chitosan and its derivatives can efficiently adsorb 
heavy metals from wastewater [10,11]. However, under acidic 
conditions, chitosan cannot remove metals directly because 
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of the protonation of its –NH2 groups. Up to the present, 
great attention have been paid to the chemical modification 
of chitosan through cross-linking, which was believed to be 
one of the most effective methods to avoid its protonation 
under acidic conditions, in which the linear structure of chi-
tosan molecule could be transformed into network structure 
with the most commonly cross-linking agents, such as glutar-
aldehyde [12–14], glyoxal [15], epichlorohydrin [16,14], and 
genipin [17]. However, after cross-linking, activity sites of 
chitosan were reduced significantly because of the covalent 
interaction between cross-linking agents and chitosan, which 
would decrease the affinity of chitosan to metal ions [18–20]. 
In addition, little research has been carried out on the blend 
of chitosan and aramid fiber.

In recent years, aramid fiber has received considerable 
attention because of its unique properties such as low 
specific density and electrical conductivity, excellent 
resistance to thermal and chemicals, high tensile, and 
modulus strength [21]. Poly(p-phenyleneterephthalamide) 
(p-aramid) was known by its trade name Kevlar®, and 
poly(m-phenyleneisophthalamide) (m-aramid) was first 
described by Du Pont in 1961 [22] and commercialized in 
1967, under the trademark Nomex® [22]. The p-aramid is the 
para-variety of aramid fiber and differs from its meta-variety 
m-aramid in the chemical structure only in phenylnitrogen 
and phenyl-carbonyl linkage positions [23] as shown in 
Fig. 1. p-Aramid is in wide use in the field of textile and 
advanced composites for many impact-related applications 
such as bulletproof vests, helmets, and various armor sys-
tems due to their outstanding strength to weight ratio and 
high tenacity, dimensional stability, high modulus, high 
strength, excellent heat, and flame resistant [24]. Unlike 
p-aramid, m-aramid is softer and more textile-like and is 
an inherently flame resistant and self-extinguishing poly-
mer easier to process, resulting in more applications than 
p-aramid. Recently, m-aramid plays a vital role in the field 
of manufacturing protective garments worn at smelting fur-
naces or in oil refineries, portswear and racing wear, anti-
static working clothing, heat-resistant gloves, and military 
heat-resistant protective clothing [25]. However, it should 
be noted that with the development of m-aramid industries 
comes the issue of waste fibers, which could cause severe 
environmental pollutions. Therefore, recycling and reusing 
of these wasted aromatic polyamide fibers are very urgent 
and important. As the development of membrane technology 
science [26,27], high value could be adopted by immobilized 
chitosan into the waste m-aramid to solve the problem of 
dissolution of chitosan in acidic solutions, thus the potential 
environmental pollutions could be avoided, and the waste 
could be reused as reinforcement materials to improve the 
chemical stability of m-aramid/chitosan composite films. It is 
quite simple to obtain acid-resistant composites by using the 

intermolecular hydrogen bond between them with aramid 
fibers being dissolved and physically mixed with chitosan.

Removal of heavy metals from aqueous solution has 
been the subject of extensive industrial research because 
they threaten not only the health of humans but also the 
environment [28]. To the best of our knowledge, it was found 
that the adsorption properties of m-aramid/chitosan hybrid 
composite films toward heavy metals were not reported. 
The objective of this study is to investigate the relation-
ship between various weight ratios of adsorbents and their 
adsorption properties choosing Hg(II) ions as represen-
tative. In the present investigation, a series of m-aramid/
chitosan hybrid composite films with various compositions 
(100/0, 85/15, 65/35, 50/50, and 35/65) were synthesized. The 
adsorbents were characterized by Fourier-transform infrared 
spectroscopy (FTIR) and scanning electron microscopy 
(SEM). Their adsorption capacities for Hg(II) ions were 
investigated. Furthermore, the effect of acidity, adsorption 
isotherm, and adsorption kinetics of Hg(II) ions adsorption 
were also studied.

2. Experiments

2.1. Materials and methods

Dimethylsulfoxide (DMSO, Damao Chemical Reagent 
Factory, Tianjin, China), methane sulfonic acid (CH3SO3H, 
Kelong Chemical Reagent Factory, Chengdu, China), and 
lithium chloride anhydrous (LiCl, Ruijinte Chemical Co., Ltd., 
Tianjin, China) were used as supplied. Chitosan (viscosity 
was 50–800 mPa s, degree of deacetylation was ≥90.0%) 
was obtained from Sinopharm Chemical Reagent Co., Ltd., 
China. m-Aramid was provided by Yantai Taiho Advanced 
Materials Co., Ltd., Yantai, China. Hg(II) ions stock solution 
was received from Huanqiu Reagent Factory, Jiangyan. All 
reagents were of analytical grade.

FTIR spectra were collected on a Nicolet MAGNAIR550 
(series II) spectrophotometer within the range from 400 to 
4,000 cm–1. The morphology and thickness of hybrid com-
posite material m-aramid/chitosan were determined on a 
field emission SEM (Hitachi S-4800 SEM, Japan). The concen-
tration of Hg(II) ions was determined with a flame atomic 
absorption spectrophotometer (Model 932A, GBC, Australia).

2.2. Preparation of m-aramid/chitosan hybrid composite film

The preparation of m-aramid/chitosan hybrid composite 
film is similar to the method described in a study by Kim and 
Lee [29]: m-aramid was sequentially washed three times with 
distilled water (~60°C), ethanol, and acetone, and then dried 
overnight at room temperature. A total of 10 g of m-aramid 
was added to 100 mL of DMSO with 10 g of LiCl to produce 
a homogeneous 10 wt% m-aramid solution with constant 
stirring at 130°C for 4 h. Chitosan (1.5 g), distilled water 
(100 mL), and 1 g of methane sulfonic acid were added to 
a flask and stirred for 1 h at room temperature followed by 
freeze-drying for 48 h. In total, 10 g of freeze-dried chitosan–
methane sulfonic acid salt and 100 mL of DMSO were added 
to a three-necked flask, and the mixture was stirred at room 
temperature for 1 h. A total of five different solutions were 
made with the following ratios of m-aramid and chitosan–
methane sulfonic acid salt by weight: 100/0, 85/15, 65/35, 
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Fig. 1. (a) Poly(p-phenyleneterephthalamide) and (b) 
poly(m-phenyleneisophthalamide).
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50/50, and 35/65 and were stirred for 2 h at 60°C. The five 
solutions were coagulated on film-making plates in a 1% 
sodium hydroxide solution bath at room temperature for 6 h, 
washed with abundant distilled water, soaked in distilled 
water at room temperature for 6 h and at 80°C for 20 min, 
and then dried at room temperature.

2.3. Saturated adsorption

Into a conical flask with m-aramid/chitosan hybrid film 
(0.25 g), 20 mL of Hg(II) ions solution (pH 2.06) with an initial 
concentration (C0) of 0.002 mol·L–1 were added. After the flask 
was shaken at room temperature for 24 h, and then filtered 
off, the final Hg(II) ions solution concentration was analyzed 
with atomic adsorption spectrometry (AAS). The adsorption 
amount (Q: mmol·g–1) of Hg(II) ions was calculated according 
to Eq. (1).

Q
C C V
W

=
−( )0  (1)

where C0 and C (mmol·mL–1) are the initial and equilibrium 
concentrations of Hg(II) ions, respectively; V (mL) is the 
volume of Hg(II) ions solution, and W (g) is the dry weight of 
m-aramid/chitosan blend film.

2.4. Effect of pH

Effect of pH on the adsorption of Hg(II) ions has 
been investigated in the pH range of 1–5 with HNO3 and 
hexamethylenetetramine to adjust the acidity of medium. 
In total, 20 mg of m-aramid/chitosan with 20 mL of Hg(II) 
ions solution (0.001 mol·L–1) were shaken for 20 h at room 
temperature. Then, the adsorption of Hg(II) ions was 
examined.

2.5. Adsorption isotherm

Isothermal adsorption experiments were carried out as 
following: the initial Hg(II) ions concentration was varied 
from 0.005 to 0.02 mol·L–1 with 20 mg of m-aramid/chitosan 
after 24 h of shaking. The sample was filtered before AAS 
measurement.

2.6. Adsorption kinetics

A total of 50 mg of adsorbent with 25 mL of Hg(II) ions 
solution (0.02 mol·L–1) were shaken at different tempera-
tures (10°C, 15°C, 25°C, and 35°C), respectively. And, 1 mL 
of supernatant solution was taken from the conical flask at 
different time intervals and the concentration of Hg(II) ions 
was measured with AAS.

2.7. The rate of weight loss

After 50 mg of sample was immersed in 50 mL of 1% ace-
tic acid solution, the samples were shaken for different times. 
After the surface solution on the hybrid film was removed 
with filter paper, the material was dried at 105°C for 24 h.

The rate of weight loss (WL) was calculated according to 
Eq. (2).

W
W W
WL=
0 1

0

−
×100%  (2)

where W0 and W1 are sample weights before and after soak-
ing in 1% acetic acid solution, respectively.

3. Results and discussion

3.1. FTIR characterization

FTIR spectra of the pure m-aramid and m-aramid/
chitosan hybrid films are shown in Fig. 2. Peaks at 3,305, 
1,656, 1,609, and 1,541 cm–1 were due to N–H stretching 
vibration, amide C=O stretching, C=C stretching vibration 
of the aromatic ring, and N–H in-plane bending modes of 
m-aramid, respectively [29].

The characteristic peaks of chitosan, C–H stretching vibra-
tion at 2,882 cm–1 and stretch vibration of C–O bond at 1,085 
and 1,034 cm–1 [10], could still be observed obviously along 
with the characteristic absorption peaks of m-aramid after 
the incorporation of chitosan into m-aramid, and the inten-
sity was increased with the increase of the ratio of chitosan, 
which indicated a good compatibility between m-aramid and 
chitosan.

Chitosan, having two hydroxyl groups (–OH) and one 
amine group (–NH2), and m-aramid having one amide group 
in each repeating unit, have four types of intermolecular 
hydrogen bond between them [30] as shown in Fig. 3.

3.2. Morphology characterization

Morphology, shape, and cross-section of pure m-aramid 
and hybrid films were characterized with SEM. Surface 
images of films are shown in Fig. 4. SEM images showed 
that the aggregation of particles in m-aramid film was about 
50–250 nm in size, and the 35/65 wt% m-aramid/chitosan 
hybrid film had pores with diameter of 0.1–5 μm, indicating 
that even in the same coagulation system, the mixed liquor 
might have different coagulation forms [29]. Moreover, the 
pure chitosan became transparent when it was coagulated 
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Fig. 2. FTIR spectra of pure m-aramid and m-aramid/chitosan 
films, (1) pure m-aramid, (2) 85/15, (3) 65/35, (4) 50/50, and (5) 
35/65 wt %.



M. Wang et al. / Desalination and Water Treatment 146 (2019) 197–209200

in 1% NaOH solution, whereas, the pure m-aramid and 
four m-aramid/chitosan films were opaque, which could be 
attributed to the mass of small voids in the structure formed 
during coagulation.

Cross-sectional SEM images of films are shown in 
Fig. 5. The cross-sectional SEM images of the films were 
obtained after freezing with liquid nitrogen followed by 
breaking. Fig. 5 shows that both of the two films have 
three-dimensional porous structures. The cross-sectional 
image of pure m-aramid film had a relatively smooth surface, 

meanwhile, the 35/65 wt% m-aramid/chitosan hybrid film 
contained more micropores on the wall of macropores, and 
the pore sizes were all from nanometers to 10 μm in these two 
dense sponge-like structures probably because of their differ-
ent coagulation rates. Figs. 4 and 5 also show that chitosan 
adhered to m-aramid very well without phase separation, 
which indicated the phase compatibility between m-aramid 
and chitosan. The results showed that chitosan had a good 
compatibility to m-aramid, and these hybrid films were very 
stable.

3.3. Rate of WL

As shown in Fig. 6, the ratio of m-aramid/chitosan had 
a significant influence on their WL. Except for m-aramid, 
the rate of WL of all hybrid materials was increased along 
the time and reached the maximum value at about 1.5 h. The 
film with more chitosan had a higher WL rate than that with 
less chitosan. WL rates of 85/15, 65/35, 50/50, and 35/65 were 
0.46%, 0.82%, 2.99%, and 6.15%, respectively, suggesting 
that the optimal ratio of m-aramid/chitosan film was 50/50 to 
adsorb metal ions.

3.4. Static saturated adsorption capacity

Batch adsorption experiments were performed to remove 
Hg(II) ions by the synthesized m-aramid/chitosan hybrid 
films. The hybrid membrane without acid treatment, after 
adsorbing Hg(II) ions, had no chitosan loss. The saturated 
adsorption capacities of these m-aramid/chitosan films 
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(a) 100/0 and (b) 35/65 wt%.



201M. Wang et al. / Desalination and Water Treatment 146 (2019) 197–209

with the ratio of 100/0, 85/15, 65/35, 50/50, and 35/65 were 
calculated. As shown in Fig. 7, the saturated adsorption 
capacity for Hg(II) ions could reach 0.09, 0.27, 0.43, 0.51, 
and 0.72 mmol·g–1 at room temperature, respectively, with 
the order of 35/65 > 50/50 > 65/35 > 85/15 > 100/0. With the 
increase of the chitosan content, adsorption capacity of the 
hybrid film was obviously increased, probably because of 
amine and hydroxyl groups in chitosan, the main active sites 
for metal ions. However, the utilization ratio of chitosan of 
85/15, 65/35, 50/50, and 35/65 was 1.83, 1.23, 1.02, and 1.11, 
respectively, indicating that a higher chitosan content did not 
ensure a higher utilization ratio of chitosan in the hybrid film 
because the effect of hydrogen bonds was diminished and 
the rate of WL of chitosan was increased with the increase of 
chitosan content.

Chitosan has been modified by other researchers to 
increase adsorption capacity. It had been reported that 
Rodrigo et al. [14] synthesized epichlorohydrin-crosslinked 
and glutaraldehyde-crosslinked chitosan membranes with 
the maximum adsorption capacity of 30.3 and 75.5 mg·g–1 

(0.15 and 0.37 mmol·g–1), respectively. It could be observed 
that most of m-aramid/chitosan films exhibited better 
adsorption capacity than those chitosan membranes. It was 
reported that two chitosan films were obtained using chi-
tosan cross-linked with genipin (Chg) and then grafted with 
caffeic acid (Chg+caf) by Rocha et al [17]. The estimated 
capacity of Chg and Chg+caf films was 2.2 and 4.0 mg·g–1 

(0.011 and 0.020 mmol·g–1), respectively. The adsorption 
capacity values of m-aramid/chitosan films were also higher 
than those mentioned above.

3.5. Effect of pH

In order to investigate the function of m-aramid/chitosan 
films, the adsorption capacities for Hg(II) ions at different pH 
conditions value were determined and are shown in Fig. 8. It 
could be observed that all kinds of m-aramid/chitosan films 
exhibit good adsorption capacity for Hg(II) ions, indicating 
that the films might be used to adsorb Hg(II) ions from 
wastewater. The adsorption capacities of adsorbents increased 
with the increasing of chitosan content of m-aramid/chitosan 

films due to the increasing of functional groups because the 
higher content of functional groups of chitosan gave rise to 
better coordination with Hg(II) ions.

As shown in Fig. 8, pH had a slight effect on the Hg(II) 
ions adsorption of m-aramid/chitosan hybrid films if the 
content of chitosan was less than 15%. Adsorption capacities 
for Hg(II) ions were increased with the increase of pH when 
the content of chitosan was higher than 35%. The adsorption 
amount could reach to the maximum at pH = 5 because the 
Hg(II) ions hydrolysis might occur when pH was above 5. 
Hg(II) ions is the dominant specie when pH is below 5.5, 
which can be bound on m-aramid/chitosan films through 
coordination, while the main form is Hg(OH)2 when pH is 
above 5.5 [28]. On the other hand, the electrostatic repul-
sion between Hg(II) ions and the protonated groups or H+ 
ion might result in the decrease of Hg(II) ions adsorption 
when pH was decreased, therefore decreasing the Hg(II) ions 
removal efficiency [31,32]. Fig. 8 also shows the uptake of 
Hg(II) ions increased with an increasing content of chitosan.

3.6. Adsorption isotherm

As shown in Fig. 9, the Hg(II) ions adsorption capacity 
was increased with the increase of Hg(II) ions concentration 
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and the chitosan ratio. The isothermal equilibrium data were 
processed in terms of Langmuir [33] and Freundlich [34] iso-
therm models according to the following equations:

C
q

C
q q b

e

e

e= +
0 0

1
 (3)

ln ln lnq K
n

Ce F e= +
1

 (4)

where qe and q0 are the adsorption capacity and theoretical 
saturation adsorption capacity of the adsorbent (mmol·g–1), 
Ce is the equilibrium concentration of Hg(II) ions (mmol·L–1), 
b is the Langmuir adsorption constant (mL·mmol–1), KF is the 
Freundlich constant (mmol·g–1), and n is the Freundlich expo-
nent related to adsorption intensity.

Linear Langmuir and Freundlich adsorption isotherms 
of Hg(II) ions were obtained as shown in Figs. 10 and 11, 
respectively. The q, b, 1/n, KF values, and the linear regression 
correlation coefficients (RL

2 and RF
2) for Langmuir and 

Freundlich isotherms are listed in Table 1. Results showed 
that the regression coefficients (RL

2) of Langmuir model 
and (RF

2) Freundlich model were close to 1, indicating that 
Langmuir and Freundlich models could well interpret the 
adsorption of m-aramid/chitosan hybrid films for Hg(II) 
ions, that is, the adsorption of Hg(II) ions onto m-aramid/
chitosan hybrid films in aqueous medium should belong to 
a monomolecular layer [35]. In addition, 1/n values of Hg(II) 
ions from Freundlich isotherm model were all less than 1, 
implying that the marginal adsorption energy was decreased 
with the increase of the surface Hg(II) ions concentration and 
the Hg(II) ions could be favorably adsorbed by m-aramid/
chitosan hybrid films.

3.7. Adsorption kinetics

As shown in Fig. 12, the adsorption increased sharply 
within the beginning of 1 h and then the adsorption 

equilibrium was reached within approximately 4 h, probably, 
not only due to the strong chelation and good affinity of 
Hg(II) ions onto m-aramid/chitosan films, but also the small 
diffusion barrier in the resin layer. The uptake-time curves 
show that the maximum uptaking equilibrium increased 
with the increase of temperature, indicating that the Hg(II) 
ions adsorption was an endothermic process. The adsorbing 
rate did not always increase with the increase in temperature 
within half an hour, indicating the diffusion rate of Hg(II) 
ions might be enhanced by the increase of temperature and 
quickly forms complexes on the outer layer. The higher steric 
hindrance at higher temperature could slow down the dif-
fusing rate of Hg(II) ions into the inside of the adsorbents to 
combine with active sites. Moreover, the order of adsorption 
capacities of Hg(II) ions onto m-aramid/chitosan films was in 
accordance with that obtained in section of static saturated 
adsorption capacity.

The adsorption progress of solution and adsorbed 
phases in adsorbate–adsorbent systems could be described 
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Table 1
Langmuir and Freundlich parameters of m-aramid/chitosan films toward Hg(II) ions at room temperature

Adsorbent wt% Langmuir Freundlich
q (mmol·g–1) b (mL·mmol–1) RL

2 KF (mmol·g–1) 1/n RF
2

100/0 0.414 1.51 0.9692 1.796 0.783 0.9946
85/15 1.247 0.516 0.9758 1.338 0.149 0.9590
65/35 3.077 0.519 0.9967 1.475 0.556 0.9863
50/50 3.155 0.772 0.9116 1.432 0.513 0.9071
35/65 5.495 0.550 0.9751 1.423 0.443 0.9775
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Fig. 12. Hg(II) ions adsorption kinetics of m-aramid/chitosan films at different temperatures: (a) 100/0, (b) 85/15, (c) 65/35, (d) 50/50, 
and (e) 35/65 wt% (the initial concentration of Hg(II) ions: 0.02 mol·L–1; absorbent material: 50 mg).
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as follows [36–38]: (1) bulk diffusion, Hg(II) ions transported 
from the bulk solution to the boundary film; (2) film diffu-
sion, Hg(II) ions transferred from the boundary film to the 
outer surface of the m-aramid/chitosan film; (3) intraparticle 
diffusion, Hg(II) ions transferred from surface into the inner 
of matrix of adsorbents; and (4) chelation on active sites. The 
diffusion steps of Hg(II) ions onto the m-aramid/chitosan 
hybrid films are shown in Fig. 13.

Because of vigorous stirring, the first step could be 
ignored at the low Hg(II) ions concentration. The last step 
could also be neglected because the chelation could occur rap-
idly. Therefore, only film diffusion and intraparticle diffusion 
were considered as the rate-controlling steps. In order to dis-
tinguish film diffusion and intraparticle diffusion, several 
models had been studied. As Guibal et al. [39] described, 
the shape (tablet rather than sphere) and porosity (weak 
porosity) of chitosan were very different from conventional 
materials. A linear fit of experimental data according to sev-
eral simplified kinetic models is listed in Table 2 [39]: (1) the 
homogeneous diffusion model controlled by film diffusion 
(HDM-FD); (2) the homogeneous diffusion model controlled 
by particle diffusion (HDM-PD); (3) the shrinking core model 
controlled by film diffusion (SCM-FD); (4) the shrinking core 
model controlled by particle diffusion (SCM-PD); and (5) 
the shrinking core model controlled by chemical reaction 
(SCM-CR).

The HDM-FD and HDM-PD were used to match the 
adsorption kinetics of m-aramid/chitosan films for Hg(II) 
ions, and the linearization of kinetics data is shown in Fig. 14. 
The linear equation and correlation coefficient of HDM-FD 
and HDM-PD are listed in Tables 3 and 4, respectively. These 
results show that, according to coefficient values (R2) of 
HDM-FD and HDM-PD, both HDM-FD and HDM-PD fitted 
with kinetic data of Hg(II) ions adsorption onto m-aramid/
chitosan films.

According to the theory of hard and soft acids and 
bases, Hg(II) ions were soft ions and can form strong bonds 
with nitrogen atom of amino group except that –OH also 
take part in the adsorption [40], which was confirmed by 
Chen and Wang [10]. Furthermore, Braier and Jishi [41] also 
proposed that the sorption of metal ions took place in the 
vicinity of the glycosidic oxygen with contributions from 
nitrogen and –OH groups. Therefore, the structure of Hg(II) 
ions onto the m-aramid/chitosan films could be proposed as 
shown in Fig. 15.

3.8. Adsorption kinetics model

In order to investigate the sorption mechanism for 
the adsorption of Hg(II) ions by m-aramid/chitosan films, 
two simplified pseudo-first-order and pseudo-second 
order models were used as the following Eqs. (5) and (6), 
respectively [42,43].

log log
.

q q q
k

te t e−( ) = − 1

2 303  (5)

t
q k q q

t
t e e

= +
1 1

2
2  (6)

where qe and qt are adsorbed amounts (mmol·g–1) at 
equilibrium and at time t (h), respectively; k1 (h–1) and 
k2 (g·mmol–1·h–1) are the rate constants of pseudo-first-order 
and pseudo-second-order adsorption.

Pseudo-first-order kinetic and pseudo-second-order 
kinetic models of m-aramid/chitosan films for Hg(II) ions 
adsorption are shown in Fig. 16, and the results are listed 
in Table 5. According to results from Azizian [44], with 
high initial concentration of solute, the general equation 
converts to a pseudo-first-order model, while it converts 
to a pseudo-second-order model at lower initial concen-
tration of solute. The correlation coefficient (R2) values of 
pseudo-second-order kinetic model were higher than those 
from the pseudo-first-order kinetic model, suggesting that 
the process of kinetic adsorption could be better described 
with the pseudo-second-order kinetic rate model. Therefore, 
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Table 2
Linearization of kinetic data-simplified equations for 
ion-exchange mechanisms with HDM and SCM controlled by 
FD, PD, and CR (X is the fractional approach to equilibrium)

Model and 
controlling step

F(X), y-axis x-axis

HDM-FD –ln(1–X) t
HDM-PD –ln(1–X2) T
SCM-FD X

 C t dt
t

( )
0
∫

SCM-PD 3–3(1–X)2/3–2X
 C t dt
t

( )
0
∫

SCM-CR 1–(1–X)1/3

 C t dt
t

( )
0
∫
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Fig. 14. Linearization of kinetics data of m-aramid/chitosan films for Hg(II) ions: (a) homogeneous diffusion model controlled by film 
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these new materials had great potential as adsorbents to 
remove Hg(II) ions from water with lower metal initial 
concentration.

4. Conclusions

A series of novel m-aramid/chitosan films with the ratio 
of 100/0, 85/15, 65/35, 50/50, and 35/65 were successfully pre-
pared and systematically characterized with FTIR and SEM 
techniques.

It was found that the adsorption abilities of m-aramid/
chitosan toward Hg(II) ions were dependent on pH value 
of solution and the optimum pH was 5. Their Hg(II) ions 
adsorption capabilities were increased with the increase of 
the chitosan content and temperature. However, the higher 
content of chitosan did not ensure the high utilization ratio 
of chitosan.

Regarding to adsorption thermodynamics and kinetics 
of Hg(II) ions on m-aramid/chitosan films, the Langmuir 
and Freundlich models could be used to describe the Hg(II) 
ions adsorption on m-aramid/chitosan films. The kinetic 
adsorption process could also be well described with the 
pseudo-second-order rate model in which the film diffusion 
might be the primary rate-determining step along with partly 
particle diffusion. The m-aramid/chitosan films with low 
chitosan content showed a slow WL rate than those with high 
chitosan content.
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Table 3
Parameters of HDM-FD

Resins T (°C) Linear equation R2 Intercept 
error

100/0 10 y = –0.02455x + 0.5761 0.9899 0.08253
15 y = 0.7549x + 0.4241 0.9741 0.04403
25 y = 0.4069x + 0.6857 0.9505 0.09155
35 y = 0.09119x + 0.9977 0.9580 0.1725

85/15 10 y = 0.5389x + 1.0171 0.9198 0.2505
15 y = 0.4363x + 0.5836 0.9769 0.05705
25 y = 0.6428x + 0.4098 0.9904 0.02554
35 y = 0.1577x + 0.8486 0.9929 0.04522

65/35 10 y = 0.7011x + 0.5453 0.9797 0.04996
15 y = 0.7490x + 0.5651 0.9253 0.1158
25 y = 1.0989x + 0.8713 0.9825 0.09547
35 y = 0.3492x + 0.6006 0.9931 0.03547

50/50 10 y = 1.0259x + 1.0453 0.9954 0.05822
15 y = 0.6737x + 0.6234 0.9817 0.05396
25 y = 1.3148x + 0.4448 0.9579 0.05446
35 y = 0.1343x + 1.3182 0.9766 0.1299

35/65 10 y = 1.4232x + 1.5041 0.9969 0.08345
15 y = 0.3013x + 0.8197 0.9915 0.04806
25 y = 1.7675x + 0.4687 0.9700 0.05253
35 y = 0.3616x + 1.0478 0.9481 0.2028

Table 4
Parameters of HDM-PD

Resins T (°C) Linear equation R2 Intercept 
error

100/0 10 y = –0.0533x + 0.3900 0.9994 0.01352
15 y = 0.3001x + 0.3764 0.9724 0.0404
25 y = –0.03348x + 0.6423 0.9418 0.09361
35 y = –0.0717x + 0.7350 0.9835 0.07798

85/15 10 y = 0.1695x + 0.8548 0.9371 0.1839
15 y = 0.1042x + 0.4983 0.9865 0.03697
25 y = 0.0313x + 0.5108 0.9598 0.06102
35 y = –0.1271x + 0.7491 0.9961 0.02967

65/35 10 y = 0.2526x + 0.4914 0.9834 0.04061
15 y = 0.3347x + 0.4794 0.9475 0.08091
25 y = 0.8387x + 0.402 0.9345 0.06851
35 y = 0.09614x + 0.4161 0.9924 0.02111

50/50 10 y = 0.4928x + 0.9714 0.9968 0.04508
15 y = 0.2485x + 0.5596 0.9890 0.03739
25 y = 0.7686x + 0.4190 0.9675 0.04472
35 y = –0.3042x + 1.2560 0.9711 0.1381

35/65 10 y = 0.8364x + 1.4235 0.9977 0.06824
15 y = 0.00394x + 0.7194 0.9984 0.01843
25 y = 0.8431x + 0.7049 0.9426 0.1020
35 y = 0.3525x + 0.4276 0.9258 0.07811
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Fig. 16. (a) Pseudo-first-order kinetic model and (b) pseudo-second-order kinetic model of m-aramid/chitosan films for Hg(II) ions.
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