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ABSTRACT

Chitosan (CS) and polyvinyl alcohol (PVA) have been widely used due to their unique struc-
tures. In this study, chitosan (CS) and polyvinyl alcohol (PVA) were blended to prepare CS-PVA
membrane, which was used to study the adsorption performance of humic acid (HA). Then,
CS-PVA-HA membrane was obtained to study the adsorption performance of copper ions. The
two membranes were characterized by isoelectric point (pH_ ), Fourier-transform infrared
spectroscopy, scanning electron microscopy and X-ray photoelectron spectroscopy, and the adsorp-
tion mechanism was investigated respectively. The adsorption results showed that the adsorp-
tion capacity of HA by CS-PVA could reach 111 mg-g™ at the optimal pH value of 6. Langmuir
model was suitable to describe the equilibrium adsorption process, and pseudo-second-order
kinetic model was used to predict the kinetic adsorption behavior of CS-PVA toward HA. The
data adsorption of HA on CS-PVA membrane was a spontaneous exothermic adsorption process.
When the optimal pH value was 5.5, the adsorption capacity of Cu* on CS-PVA-HA membrane
was 85.0 mg-g™'. Freundlich model was suitable to describe the adsorption process, and Elovich
equation could better describe the kinetic adsorption behavior of Cu*. The adsorption was a spon-
taneous endothermic process. The prepared composite material had good adsorption performance

and could be used to remove the corresponding pollutants in water.
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1. Introduction

Humic acids are complexes of large molecules, mainly
carbon, oxygen, and hydrogen, with small amounts of
nitrogen, and occasionally phosphorus and sulfur. Humic
acids contain carboxyl, phenolic, carbonyl and hydroxyl
groups linked to aliphatic or aromatic carbons. It reacts
with chlorine during water treatment to produce the toxic
trihalomethane. To reduce the presence of trihalometh-
ane, as much humus as possible must be removed prior
to chlorination [1,2]. Yang et al. [3] has studied the effect
of humic acid (HA) on the adsorption of copper ion on
multilayer reduced graphene oxide (FGO) using batch

* Corresponding authors.

equilibrium method, Fourier-transform infrared spectros-
copy (FTIR) and EXAFS. Research results show that oxy-
gen-containing functional groups and negative charges can
be introduced into the surface of FRGO through adsorbed
HA, and then chemical complexation and electrostatic
attraction can increase the adsorption of Cu*. Humic acid
is one of the main problems affecting water supply in
the utilization of water resources, and it is of great prac-
tical significance to minimize its presence in drinking
water [4]. Adsorption is a promising method to remove
humic acid from water [5].

Heavy metal pollution is one of the important prob-
lems related to life. Due to the characteristics of long-term
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persistence, bio-enhancement and non-degradation of heavy
metal ions in the food chain, they will continue to bio-
accumulate along the food chain, and eventually will be
enriched in a large number of animals or human bodies, and
their content in water resources also gradually increases.
When heavy metal ions are transformed from stable com-
ponents into bioavailable forms, exceeding a certain amount
will pose a serious threat to the health of organisms [6]. In
short, if excessive metal poisoning occurs in the body;, it is
difficult to cure. As the primary pollutant, heavy metals have
the characteristics of toxicity, persistence and non-degrada-
tion, which have aroused people’s attention. Although copper
is one of the essential elements in the human body, its wide-
spread use can lead to the release of more copper ions into
the environment and further into living organisms through
various pathways. Copper can not only induce depression,
it can also accumulate in the liver, brain and pancreas,
causing vomiting, convulsions and even death. Adsorption
method has been widely used because of its high efficiency,
easy operation and regenerative ability [7,8]. In recent years,
many new modified adsorbents, composite adsorbents and
multifunctional materials have been prepared and applied
to remove metal ions [5,9]. Chitosan is made from industrial
waste and is cheap. Due to the existence of functional groups
(amino and hydroxyl) in its structure, various types of forces
or bonds can be generated, such as van der Waals force,
hydrogen bond and ionic force, so as to realize the adsorp-
tion process [10,11]. However, chitosan also has low pH
sensitivity, poor swelling and small surface area. Wu et al.
studied selective adsorption of Cu(II), Pb(II) and Ni(II) metal
ions by chitosan/poly(N-isopropylacrylamide) composite
hydrogel [12]. The equilibrium adsorption data are in good
agreement with the Langmuir model, and the adsorption
kinetics data are also in agreement with the quasi-second-
order model. Using methyl methacrylate (M-CTS) as adsor-
bent, Sutirman et al. [13] synthesized a novel crosslinked
chitosan that can effectively remove Cu ions from water.
Chitosan can improve its mechanical properties by crosslink-
ing. Crosslinking not only improves mechanical properties
but also reduces the density of active sites, thus weakening
the ability of chitosan to purify water. Therefore, it is very
important to find a kind of energy saving and environmen-
tal protection material as the support material of chitosan.
Simsek et al. [14] made composite films of microporous car-
bon fibers encapsulated in chitosan-polyvinyl alcohol poly-
mer for the adsorption of BPA from wastewater. Rodrigues
et al. [15] used vanadium ions to modify chitosan membranes
to improve the adsorption regeneration capacity of chitosan
membranes for the removal of reactive black 5 dye from
aqueous solutions. The adsorbent composite membrane has
a certain regenerative capacity. According to the literature,
chitosan can be functionalized by many reagents, including
polyvinyl alcohol, alumina, cellulose, cyclodextrin, etc. [16].

In this study, chitosan (CS) and polyvinyl alcohol were
co-mixed into CS-PVA and CS-PVA-HA films with high
adsorption capacity, which can effectively remove humic
acid and Cu* from solution. Based on the isoelectric point,
infrared spectrum, scanning electron microscopy charac-
terization, the adsorption property of membranes toward
humic acid and copper was performed and adsorption
mechanism was discussed. This experiment is somewhat

novel. First of all, the material is simple and easy to obtain,
chitosan is produced by the deacetylation reaction of crus-
taceans or microorganisms, and shrimp and crab shells
are the most produced food industry waste in the world.
Moreover, the prepared membrane materials are easy to
separate and have good adsorption results toward HA and
Cu?*. The second adsorption of HA-loaded membrane is
some novel for binding copper ions. The final preparation
process is relatively simple and does not need to go through
cross-linking. Therefore the study has some significance.

2. Materials and methods
2.1. Material

Chitosan (CS), polyvinyl alcohol (PVA), acetic acid,
humic acid (HA), copper sulfate, sodium hydroxide, all
chemical reagents were analytically pure, and the laboratory
water was deionized water.

2.1.1. Preparation of CS-PVA membrane

The adsorbent CS-PVA film was prepared by sim-
ple blending method. Fig. 1 illustrates the synthesis steps.
Firstly, chitosan was dissolved in 2% acetic acid solution,
and ultrasound was performed for 2 h. Then PVA was dis-
solved in a 95°C water bath to obtain a 5% polyvinyl alcohol
solution. The two solutions were then mixed in a 2:1 mass
ratio. After the bubbles were eliminated with an ultrasonic
instrument, a quantitative volume of mixed solution was
added to the petri dish with a fixed surface area, which was
tiled and placed on a horizontal platform for air drying.
Then, the prepared film was soaked with 2% NaOH solu-
tion to make it fall off naturally. The CS-PVA membrane
was prepared by washing it with distilled water and then
soaking it until the pH value of the solution was neutral.

2.1.2. Preparation of CS-PVA-HA membrane

The CS-PVA membrane prepared in the above process
was soaked in humic acid solution with a concentration of
500 mg-L?, placed in a 303 K oscillation box at a constant
temperature for 12 h, then removed, washed and soaked
with distilled water until the pH value of the solution was
neutral, and then dried on a glass platform to prepare
CS-PVA-HA membrane.

2.2. Material characterization

Scanning electron microscopy (SEM) (5u8020, Tianmei
Scientific Instrument, China) was used to analyze the
surface morphology of the two films. X-ray photoelec-
tron spectroscopy (XPS) (Escalab 250Xi, Thermo Fisher,
UK) was used to determine the chemical composition of
CS-PVA membrane before and after adsorption of HA and
Cu* by CS-PVA-HA membrane. By detecting the pH dif-
ference before and after the two membranes, they were
plotted with pH, respectively, and the isoelectric point
was measured. The chemical groups of the two membrane
materials were analyzed by Fourier Transform infrared
spectrometer (FTIR, Nicolet iS50, USA).
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Fig. 1. Preparation process of CS-PVA and CS-PVA-HA.

2.3. Adsorption experiments

The adsorption experiment of HA by CS-PVA mem-
brane was carried out with 50 mL glass sample bottle.
Generally, weigh 10 mg CS-PVA and add it to 10 mL HA
solution with different concentrations, put it into a con-
stant temperature oscillation box at 300 K. It was taken out
after a period of time, and filter to obtain the supernatant.
The effects of HA concentration, pH 2-12, temperature
290, 300, 310 K and co-existing ions (0~0.2 mol-L™" NaCl
and Na,SO,) on the adsorption process were determined.
CS-PVA-HA film (8 mg) were respectively weighed into a
50 mL conical flask, and 10 mL Cu? solution of different
concentrations was added, and the adsorption experiment
was carried out in accordance with the above method. The
adsorption of HA and Cu* by CS-PVA and CS-PVA-HA
was determined by UV-Vis spectrophotometry at 275 nm
and 324.7 nm, respectively. Then, the unit adsorption
capacity is calculated using Eq. (1).

V(C,-C
q= C) 1)
m

where C, and C are HA (or Cu*) concentrations (mg-L™) in
the solution before and after adsorption, respectively. g is the
unit adsorption capacity at equilibrium or time ¢ (mg-g™),
p is the removal efficiency (%) of HA (or Cu®), m is the mass
of the prepared film (g), V is the volume of HA (or Cu*)
solution (L). All experiments were repeated two times
and average values were recorded.

3. Results and discussion
3.1. Characterization of the prepared materials

3.1.1. Isoelectric point analysis of prepared
membrane materials

The pH value of the two prepared films with no
charge or zero charge is called isoelectric point. It can be
seen from Fig. 2 that not only pH of CS-PVA film and
CS-PVA-HA film, but also ApH of the two films showed a
similar change trend. As pH increases, ApH first increases

303K constant temperature shock 12h

_

CS-PVA membrane

3 —=— CS-PVA
—e— CS-PVA-HA

3

Fig. 2. Changes in the isoelectric point of the material before
and after the modification.

and then decreased. When the charge was zero, the isoelec-
tric point of CS-PVA film was 7.1, which may be caused
by the dissociation of the basic functional group (amino
group) on the surface of chitosan. The isoelectric point
of CS-PVA-HA film is 6.5, which may be due to the dis-
sociation of hydroxyl groups on the surface of humic
acid, so that the isoelectric point moved to the acidic
direction.

3.1.2. FTIR analysis

In order to analyze the functional groups on the sur-
face of two kinds of films, FTIR spectroscopy was usually
used to characterize them. Fig. 3 shows FTIR of CS-PVA
film and CS-PVA-HA film. There were wide and strong
peaks at 3,200~3,600 cm™, indicating the presence of -OH
and -NH, groups on the surface of the film [3,17]. This was
consistent with peak values at 1,073 and 1,150 cm™, and
belonged to C-O and C-N stretching vibration [18]. The
peak located at 1,641 cm™ was characteristic of amine defor-
mation [19]. The peak at 1,380 cm™ corresponded to C-N
stretching [20]. There was no change in the wavenumber
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of the infrared spectrum loaded by HA to CS-PVA, and no
new peak appeared, indicating that there was no signif-
icant chemical reaction between the adsorbent and humic
acid. Therefore, the adsorption of HA by CS-PVA may con-
tain physical processes. The change in enthalpy during
physical adsorption was too small to be sufficient for
bond breaking. Therefore, the chemical structure did not
change before and after HA adsorption.

3.1.3. SEM analysis of materials

The surface morphologies of CS-PVA and CS-PVA-HA
films were investigated by scanning electron microscopy
(SEM) at 10000 magnifications. The results are shown
in Fig. 4. It can be seen from Fig. 4a and b that the sur-
face of CS-PVA is a smooth and flat film, while the sur-
face of CS-PVA-HA becomes rough. This also increased
the contact area of the active site to a certain extent, thus
increasing the adsorption effect of Cu®".

2914

3305
— CS-PVA
— CS-PVA-HA
1068
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/(cm™)

Fig. 3. Infrared spectra of CS-PVA and CS-PVA-HA.

3.1.4. XPS analysis

The mechanism of adsorption of HA by CS-PVA mem-
brane was studied by analyzing XPS diagram (Fig. 5)
before and after adsorption of HA by CS-PVA membrane.
Since chitosan and humic acid contained the same ele-
ments, we further analyzed the peak diagram of XPS. It
can be seen from Fig. 6a and b that CS-PVA membrane
C 1s can be divided into three peaks: 284.8 eV was C-C,
286.3 eV was C-N (or C-O or C-0O-C), 288.1 eV was C=0
(or O-C-0), with peak areas of 70.7%, 24.2% and 5.04%,
respectively. After adsorption, C 1s also had three peaks,
but the peak area ratio was 91.4%, 6.44% and 2.32%.
Because C—C adsorbed with humic acid became the main
carbon component [21], it indicated that humic acid was
adsorbed on CS-PVA film [22,23].

It can be seen from Fig. 6¢c and d that the CS-PVA film N
1s has only one peak located at 399.4 eV for neutral amino
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Fig. 5. XPS spectra of CS-PVA (CS-PVA-HA) before and after
adsorption of HA (Cu?®).

Fig. 4. SEM of both CS-PVA (a) and CS-PVA-HA (b) membranes.
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nitrogen (-NH,) in chitosan. After adsorption of humic
acid, a new peak NH! can be seen in the N 1s spectrum at
403.1 eV, which is caused by the electrostatic gravitational
interaction of the amino group in chitosan being proton-
ated with the carboxyl or phenolic group in humic acid
[24,25]. Protonation of the amino leaded to a decrease in
the relative electron density on the nitrogen atom, thus
increasing the binding energy of N 1s [26]. The area of —
NH; peak accounted for 13.5% of the total area, indicating
that at least 13.5% amino group forms complexed with
humic acid [23]. Another part of NH; was involved in the
adsorption and water formation of NH;-OH, and then
becomed -NH, again after drying, so the NH involved in
adsorption should be greater than 13.5%.

The XPS diagram (Fig. 5) of CS-PVA-HA membrane
before and after Cu®* adsorption was analyzed to study
the mechanism of CS-PVA-HA membrane for adsorp-
tion Of Cu?. It could be seen from Fig. 5 that there was an
obvious peak from 925 to 970 eV, indicating that Cu® had
been successfully adsorbed onto the CS-PVA-HA film [27].
In order to study the adsorption mechanism, the XPS peak
diagram was further analyzed (Fig. 6). It can be seen from
Fig. 6e that Cu 2p of CS-PVA-HA film could be divided
into four peaks, three peaks located at 934.9, 938.8 and
934.2 eV correspond to Cu 2p1/2 peak while one peak at
955.2 eV corresponds to Cu 2p1/2 peak. Peaks at 934.9 and
938.8 eV is from COO-Cu?* and Cu?, respectively, while
peaks at 943.2 and 955.2 eV were from CuO [28]. Therefore,
it could be inferred that the main adsorption of Cu*" on
CS-PVA-HA film was COO- complexation with HA.

3.2. Adsorption study

3.2.1. Effect of time on adsorption and comparison of CS-PVA
and CS-PVA-HA toward Cu*

The effect of time and dosage on adsorption of HA
solution was studied by using CS-PVA membrane as adsor-
bent. It can be seen from Fig. 7a that CS-PVA film rapidly
adsorbed HA in the first 200 min, and then the adsorp-
tion rate gradually decreased. This may be because there
are a large number of available adsorption sites in the first

Table 1
Adsorption models selected in this study

200 min. With the progress of the adsorption process, the
adsorption sites were gradually occupied, the removal rate
increased slowly, and the adsorption reached equilibrium
within 360 min (the optimal contact time) [29,30].

The adsorption of Cu*" by time and CS-PVA-HA mem-
brane dosage was studied. The results are shown in Fig. 7b.
It could be seen that the adsorption of Cu*" on CS-PVA mem-
brane was significantly lower than that on CS-PVA-HA
membrane. The adsorption capacity of CS-PVA-HA mem-
brane was 65.0 mg-g? and the adsorption capacity of
CS-PVA membrane was 3 h. The main reason may be that
the addition of humic acid increased the adsorption sites.
Because of the complex structure of humic acid, containing
carboxyl, phenolic and amine groups, they increased the
adsorption of metal ions through surface complexation.

3.2.2. Influence of pH and salt concentration on adsorption

It can be seen from Fig. 8a that the pH value of the
solution was an important factor in determining the HA
adsorption capacity. With the increase of pH value from 2
to 6, the adsorption capacity of CS-PVA membrane on HA
increased from 28.4 to 78.4 mg-g™, the pH value increased
from 6 to 12, and the adsorption capacity dropped to
9.67 mg-g™'. It could be seen from the structural formula of
humic acid that humic acid was a complex network struc-
ture connected by functional groups through the aromatic
ring as the center, and participates in the adsorption pro-
cess through the carboxyl group and phenolic hydroxyl
group on the humic acid [31]. The appearance of carboxyl
and phenolic hydroxyl groups was affected by the pH of
the solution, and the configuration of HA changed with the
pH of the solution. When the pH of the solution was 6, the
number of anions and cations dissociated from the humic
acid in the solution was almost the same. At this time,
the adsorption of humic acid by the membrane reached
the maximum. With the increase of acidity, the electro-
static repulsion increased and the amount of adsorption
decreases [32]. Humic acid existed in a spherical structure
when the pH was low, and existed in a linear or tensile
structure when the pH was high [33]. Therefore, as the pH

Name of the models Expressions Parameter description
. q.K,C, K, (L-mg™) is a constant related to binding energy; q
Langmuir model q.= 1+KC (mg-g™) is the theoretical saturated adsorption capacity
L>e
Freundlich model q,=K.CM" K, and 1/n are parameters of this model
AC"
Koble-Corrigan model g, = 12BC" A, B and n are all equation parameters
. kygct -

Pseudo-second-order equation g, = k, (grmg™-min™) is the rate constant

1+K,q,t
Elovich equation g,=A+BInt A and B are parameters of model

Double constant equation Ing,=InA+K,

A and K, are parameters of model
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Fig. 6. Fractional peak plots of C 1s and N 1s before and after the adsorption of HA and Cu?*" by CS-PVA (CS-PVA-HA) membrane.
(a, ¢) for CS-PVA, (b, d) for CS-PVA-HA, and (e) for Cu*'.
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value of the solution increased, the molecular size of humic
acid increased, which would also cause the adsorption
capacity to decrease when the pH value increased. And
chitosan was hydrophobic in a neutral solution, which
was conducive to the adsorption of humic acid. Therefore,
the best adsorption pH of CS-PVA to HA was 6 [32].

It can be seen from Fig. 8b that the adsorption of Cu*
by the CS-PVA-HA membrane was greatly affected by the
pH of the solution. When the pH value increased from 2 to
5.5, the adsorption capacity increased from 0.5 to 78.6 mg-g™.
When the pH was between 4 and 5.5, the adsorption capacity
remained basically unchanged. When the pH value was
low, the groups on the surface of the humic acid would
react with H" and occupy the adsorption sites, making the
surface of the CS-PVA-HA membrane positively charged.
Cu* existed in the form of [Cu(H,0),]*, and the repul-
sive force between Cu*" and the film weakens the adsorp-
tion of Cu®" [34]. Therefore, as the pH value increased, the
adsorption of H* in the solution weakened, and the adsorp-
tion of Cu* increased significantly. When the pH value
kept increasing, humic acid could be used as the carrier
of Cu* hydrolyze, and the adsorption capacity gradually
increased to a stable level. Solution pH 5.5 was the best [35].

As shown in Fig. 8c, as the salt concentration increased,
the adsorption capacity increased. When the concentration
of NaCl and Na_SO, in the solution increased to 0.2 mol-L7,
the adsorption capacity of the CS-PVA membrane on humic
acid increased from 73.5mg g™ to 84.6 mg-g™ and 88.9 mg g,
respectively. This was mainly because the salting-out effect
reduced the solubility of humic acid in water. During salt-
ing-out, the decrease of solubility in water facilitated the
diffusion of humic acid to the surface of the adsorbent
and increased the adsorption capacity. The combination
of ions and active groups on the HA molecule compressed
the electric double layer, the electron cloud density on HA
decreased, the repulsive force between the HA colloidal
particles and the molecules decreased, and the HA colloi-
dal particles polymerize, making it easier for HA to adsorb
CS-PVA film surface [36]. It can be seen from Fig. 8d that
the Cu® adsorption capacity of the CS-PVA-HA film

120
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3
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40 H
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204w 313K
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71
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decreased with the increase of the salt concentration. When
the salt concentration increased from 0.01 to 0.2 mol-L™
in the solution, the adsorption capacity decreased from
81.6 mg-g™ to 72.4 and 76.8 mg-g™, respectively. The main
reason was that the pH value was small and the membrane
surface had more negative charges. The effect of K*, Na*
and negative charges in the solution reduced the stability
and the adsorption sites were occupied, thereby reduc-
ing the adsorption capacity [37]. Therefore, the coexist-
ing ions had a positive effect on the adsorption of humic
acid on the CS-PVA membrane, and had a negative effect
on the adsorption of Cu* on the CS-PVA-HA membrane.

3.2.3. Adsorption isotherm analysis

Analysis of isotherm data can predict the adsorption
capacity and adsorption behavior of the adsorbent. It can
be seen from Fig. 9a that as the equilibrium concentra-
tion increased, the unit adsorption g, gradually increased.
It might be because as the initial concentration of humic acid
increased, the concentration gradient on the surface of the
CS-PVA membrane increased, so that the active sites on the
adsorption surface could combine with the adsorbate until
it reached a saturated state. With the increase of tempera-
ture, the unit adsorption capacity of the same concentration
of humic acid decreased, indicating that the adsorption of
humic acid by CS-PVA membrane was an exothermic process.

Adsorption isotherm models, Langmuir model,
Freundlich model and Koble—Corrigan model are used to
fit the equilibrium data using nonlinear regressive analy-
sis. The expressions of three models are listed in Table 1.
The fitting results are shown in Fig. 9a and Table 2. For HA
adsorption, the values of g, from Langmuir model were
very close to the data of experiments. The R? obtained by
Langmuir model was above 0.910, and the SSE value was
relatively small. Furthermore, it was also found that the fit-
ted curves from Langmuir model were closer to the exper-
imental points. The adsorption process of the CS-PVA film
on HA was more in line with the Langmuir model, and it
also showed that the reaction was a monolayer adsorption

(b) Cv?* "
75 -
260 —
)
&0
£
2 = 203K
* 303K
30+ A 313K
—— Langmuir model fit
---- Frendlich model fit
151 ***** Koble-Corrigan model fit
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Fig. 9. Isotherms and fitted curves of HA (a) and Cu* (b) adsorption.
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Table 2
Isotherms and fitted parameters of HA and Cu* adsorption

Langmuir
T (K) K, (L'mg™) Tefexp) (mg-g™) Tintineo) (mg-g™) R SSE
293 0.0381 +0.0111 104 108 + 15 0.919 597
HA 303 0.00995 + 0.00388 102 101 + 46 0.943 384
313 3.78E-7£0 93.7 93.1£8.1 0.965 216
293 0.04615 + 0.01806 63.7 71.6+7.4 0.797 376
Cu 303 0.0691 +0.011 71.8 78.7+3.8 0.944 156
313 0.0617 +0.0214 72.7 85.0+7.4 0.840 485
Koble—Corrigan
T (K) A B n R? SSE
293 9.80 + 8.54 0.0480 + 0.0265 0.672 +0.434 0.913 558
HA 303 6.44+2.10 0.0728 +0.1248 0.433 £0.223 0.966 202
313 1.78 +1.47 -0.0131 £ 0.324 0.733 £ 0.307 0.964 193
293 9.91 +9.68 -0.478 £ 0.572 0.0947 +0.1331 0.961 62.7
Cu 303 11.6 £3.5 0.114 £ 0.023 0.641 +0.156 0.962 92.5
313 10.6 £12.6 0.101 £ 0.072 0.688 + 0.553 0.825 464
Freundlich
T (K) K, 1/n R? SSE
293 142 +3.3 0.441 = 0.061 0.921 579
HA 303 4.20 +1.00 0.681 + 0.057 0.963 246
313 0.913 £ 0.326 0.979 + 0.082 0.965 214
293 155+1.9 0.289 + 0.029 0.951 90.7
Cu 303 17.0+2.3 0.308 + 0.032 0.942 162
313 18.7+4.9 0.300 + 0.062 0.836 498

on a uniform surface. Of course, Freundlich model and
Koble-Corrigan model were also suitable to describe the
process of equilibrium according to values of R? and SSE
listed in Table 1.

For Cu* adsorption, it can be seen from Fig. 9b that as
the equilibrium concentration increased and the tempera-
ture increased, the unit adsorption amount g, gradually
increased, and the unit adsorption amount of Cu* at the
same concentration increased. This shows that the adsorp-
tion of Cu* by CS-PVA-HA film was an endothermic
process [38].

Models were used to perform nonlinear fitting on
the experimental data of CS-PVA-HA film adsorption of
Cu?. The fitting results are shown in Fig. 9b and Table 2.
It could be seen that the theoretical adsorption data
obtained by the Langmuir model was deviated from
the experimental data, and the R?> was smaller, and the
SSE was larger compared with Freundlich model and
Koble-Corrigan model, this inferred that this model was
not suitable for describing the model. The SSE of the
Freundlich model was small, and the K, value increased
as the temperature increased, indicating that the adsorp-
tion of Cu* by the CS-PVA-HA film was an endothermic
process. The value of 1/n was between 0.2 and 0.3, indi-
cating that the adsorption process is easy to carry out.
Therefore, the adsorption of Cu* by the CS-PVA-HA film

conformed to the Freundlich model, the multi-molecular
layer adsorption process on the uneven surface.

3.2.4. Adsorption kinetic analysis

One of the important properties of adsorbents was
adsorption capacity. It can be seen from Fig. 10a and e
that as the concentration of HA increased, the amount of
adsorption gradually increased. This might be due to the
increase in the concentration of HA solution providing
a greater driving force for the adsorbate to overcome the
mass transfer resistance between the water phase and the
solid phase. When the initial concentration of the solution
increased, the number of adsorbate molecules increased,
and the probability of collision and binding with the adsor-
bent sites increased, and the adsorption capacity increased
accordingly. With the increase of temperature, the adsorp-
tion capacity of CS-PVA film on HA decreased from 104
to 93.7 mg-g™?, and the equilibrium adsorption capacity
decreased with the increase of temperature. This showed
that the adsorption of HA by CS-PVA film was an exother-
mic process. Pseudo-second-order kinetic, Elovich, double
constant models are used to fit the kinetic data of HA and
the expressions are also listed in Table 1. The fitted curves
and parameters are shown in Fig. 10a, ¢, e and Table 3a,
respectively. The R? obtained by Elovich model fitting
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Fig. 10. Kinetic nonlinear fitting curves of adsorption for HA (a, ¢, €) and Cu* (b, d, f).
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Table 3a
Results of nonlinear fitting of kinetic curves for HA adsorption

Elovich equation

T (K) C, (mg'L™) A B R? SSE
50 -2.40+2.29 9.15+0.54 0.970 22.3
293 100 5.89 +1.90 10.6 £ 0.4 0.984 15.4
150 21.6+3.0 15.1+£0.7 0.981 38.4
50 4.77 £1.81 5.41+£0.39 0.954 16.7
303 100 291+2.63 10.0£0.6 0.971 35.0
150 383+4.1 9.35+0.90 0.922 85.3
50 -3.49 +3.90 7.14 +0.68 0.924 35.5
313 100 -3.52+3.23 11.2+0.8 0.960 443
150 -5.36+5.8 182+14 0.951 145
Double constant model
T (K) C, (mg-L™) A k, R? SSE
50 11.9+1.6 0.257 +0.280 0.920 59.3
293 100 19.6 +1.0 0.221 +0.012 0.979 20.7
150 46.8+3.2 0.118 £ 0.014 0.897 115
50 11.8+1.1 0.195 +0.018 0.0937 22.7
303 100 6.63 £ 0.24 0.111 + 0.007 0.964 0.607
150 10.4+£0.2 0.0670 + 0.0036 0.978 0.271
50 8.44 +1.66 0.265 + 0.042 0.847 71.7
313 100 127+1.8 0.277 £ 0.029 0.924 85.8
150 24.8+3.5 0.251 +0.030 0.904 284
Pseudo-second-order kinetic model
T (K) C, (mg-L™) Dyoxpy (MG 9.ineo) (M) k,(g'mg™-min™) R SSE
50 45 49.1+0.7 0.00102 + 6.89E-5 0.992 6.02
293 100 63 64.7 £2.0 0.00105 + 1.895E-4 0.924 74.8
150 102 103 +2 8.90E-4 + 1.07E-4 0.959 81.5
50 36 35.8+1.2 0.00195 + 3.9316E-4 0.906 33.8
303 100 60 61.2+2.3 9.069 E-4 + 2.000E-4 0.902 119
150 92 90.5+1.4 0.0016 + 2.007E-4 0.923 63.7
50 33 36.7+0.9 0.0129 + 1.569E-4 0.977 10.8
313 100 55 58.3+1.9 7.79E-4 + 1.29E-4 0.955 50.2
150 90 98.7 +2.5 5.31E-4 + 0.68E-4 0.970 88.4

was greater than 0.920, but the SSE was too large at 313 K,
which was not suitable for describing the adsorption of
HA by CS-PVA membrane. The R? of pseudo-second-
order kinetic model was greater than 0.920 and the SSE is
smaller, and the fitted curves were closest to experimental
point. So it can be inferred that this model be most suit-
able to describe the adsorption of HA by CS-PVA mem-
brane. This was similar to the results of Liao et al. [39],
indicating that this adsorption process contained chemical
adsorption and chemical adsorption was a rate-controlling
process.

It can be seen from Fig. 10b, d, f that as the Cu*" con-
centration increased, the adsorption capacity gradually
increased. Models such as Elovich, pseudo-second-order
kinetic, double constant are used to fit the Cu?* kinetic data.

The fitted results are also shown in Fig. 10 and Table 3b. The
theoretical data of the pseudo-second-order kinetic model
was deviated from the experimental data. The R? of the
Elovich equation were greater than 0.92, and the SSE was
smaller, while the fitted curves from this model were clos-
est to experimental points. Therefore, the Elovich equation
was more suitable for the adsorption process. The adsorp-
tion process might be the complexation of the functional
groups COOH and -OH with Cu*, or the complexation of
two —COOH with Cu? [40]. Because the phenolic hydroxyl
group -OH (pK_ 8-11) did not dissociate at pH 5.5, the car-
boxyl group might be the main functional group for Cu®
adsorption on the CS-PVA-HA membrane. Increasing the
carboxyl content of the CS-PVA-HA film could increase
the adsorption capacity of the CS-PVA-HA film to Cu?.
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Table 3b
Results of nonlinear fitting of kinetic curves for Cu* adsorption

Elovich equation

T (K) C, (mgL") A B R SSE
60 -243+25 10.6 £0.6 0.972 14.4
293 120 -42.8+6.4 17517 0.931 99.1
200 -40.6+7.2 193+1.9 0.930 125
60 -28.8+4.2 11.2+11 0.930 42.3
303 120 —433+6.7 176 +1.7 0.927 108
200 -53.5+85 23.8+22 0.936 172
60 -26.0+3.2 10.2+0.8 0.948 25.0
313 120 —41.3+43 184+1.1 0.971 44.3
200 -37.5+£49 202+1.3 0.969 57.8
Double constant model
T (K) C, (mg-L™) A k, R? SSE
60 1.09 £0.48 0.680 +0.100 0.903 50.3
293 120 0.772 +0.231 0.857 +0.067 0.972 41.4
200 2.25+0.60 0.674 + 0.060 0.958 73.8
60 0.455 +0.289 0.858 + 0.142 0.891 65.4
303 120 1.12+0.71 0.769 + 0.142 0.863 203
200 3.16 £1.81 0.625 +0.131 0.821 482
60 0.313 +0.106 0.923 +0.076 0.970 14.4
313 120 2.08 +0.88 0.665 + 0.097 0.903 151
200 4.81+£1.38 0.535 + 0.066 0.921 149
Pseudo-second-order kinetic model
T (K) C, (mgL™) Tyonpy (ME'E™) Totheoy (M) k,(g-mg-min™) R SSE
60 23 51.4+10.9 1.82E-4 + 1.05E-4 0.944 28.9
293 120 43 171 £58.1 1.79E-5 + 1.38E-5 0.979 30.2
200 55 109 £17 7.79E-5 + 3.25E-5 0.968 55.8
60 24 85.4+54.2 4.46E-5 + 6.57E-4 0.911 53.8
303 120 44 99.6 +43.5 6.29 E-5 + 6.86E-5 0.895 115
200 57 100 £ 25 1.26E-4 + 92.05E-4 0.883 315
60 25 150 + 103 1.14E-5 + 1.67E-5 0.974 12.7
313 120 48 87.7+18.7 1.15E-4 + 0.67E-4 0.935 101
200 58 88.2+8.3 1.97E-4 + 5.86E-4 0.964 68.1
3.2.5. Adsorption thermodynamic parameters AG =-RTInK, 3)
Thermodynamic parameters can reflect the changes in
the internal energy associated with the adsorption process, = AG=AH —-TAS 4)

which often has the characteristics of exothermic, endo-
thermic, and system changes [36]. The mechanism of the
adsorption reaction can also be analyzed from the inter-
nal energy changes. The Gibbs free energy change (AG),
enthalpy change (AH) and entropy change (AS) are used
to explain the spontaneity of the adsorption process, the
energy change and the increase or decrease of the disor-
der. The calculation formula of thermodynamic parameters
is as follows:

ad,e (2)

where C, e 18 the concentration of HA on the CS-PVA film
in adsorption equilibrium (or Cu* concentration on the
CS-PVA-HA film), C, is the concentration of HA in equi-
librium (or Cu* concentration), R (8.314 J-mol™K™) is the
ideal gas constant, T (K) is the adsorption reaction tempera-
ture, K is the apparent adsorption constant, and AG is the
Gibbs free energy change.

For the actual system, it is estimated that the degree
of difficulty of the adsorption reaction can also be the size
of the apparent activation energy E  (kJ-mol™). It is often
believed that the smaller the value, the easier the adsorption
reaction will occur. Its expression is as follows:
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lnk:—i-klnA 5)
RT

where A is the temperature influence factor, k is the
adsorption rate constant.

The thermodynamic parameters and activation energy
data of the CS-PVA film adsorption of HA and CS-PVA-HA
film adsorption of Cu®" are calculated respectively in
Table 4. It could be seen from the data that AG <0, AH <0,
and AS < 0 indicated that the adsorption of HA by the
CS-PVA film was a process of spontaneous, exothermic, and
entropy reduction. And the low temperature conditions
were conducive to the reaction. Value of E, (48.5 k]-mol™)
indicated that the process of CS-PVA membrane adsorp-
tion of HA was chemical adsorption. Negative value of
AS (-81.7 J-mol™-K™) might be due to the reduction of the
degree of confusion on the solid-liquid interface during
the adsorption of HA on the surface of the CS-PVA film in
the aqueous solution; on the other hand, it might be due to
the HA molecules being adsorbed on the CS-PVA film,
its movement was restricted and the entropy is reduced.
The parameters in the table showed that the adsorption of
Cu* by the CS-PVA-HA film was a spontaneous process
of endothermic entropy increase, and the experimental
process included both physical adsorption and chemical
adsorption [41].

3.2.6. Comparison of the adsorption capacity of different
adsorbents

As can be seen from Table 5a and b, by comparing the
adsorption amounts of HA adsorbed by different types of
adsorbents, the CS-PVA membrane has a clear advantage.
The adsorption capacity of CS-PVA membrane for HA is
significantly higher than other adsorbents, which has some
potential application value. Different adsorbents were used
to adsorb Cu? and were found to have different adsorption
capacities, with the CS-PVA-HA membrane showing the
best adsorption effect.

3.2.7. Adsorption mechanism

Chitosan contains a large number of amino and hydroxyl
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on. The prepared CS-PVA-HA improved the interaction
force of functional groups on the chitosan surface due to
the addition of HA [50]. The process of adsorption of Cu*
is mainly complexed with COO- of humic acid [52]. The
mechanism diagram of Cu® adsorption is shown in Fig. 11b.

4. Conclusion

The CS-PVA film was obtained by mixing chitosan and
polyvinyl alcohol. The experimental results showed that
the CS-PVA film had good adsorption performance for HA.
The adsorption was best when the pH of the solution is 6,
and the coexisting ions had a positive effect on the adsorp-
tion. The Langmuir model could describe the adsorption
process well. The thermodynamic parameters indicated
that the adsorption of HA by the CS-PVA film was a spon-
taneous, exothermic, and entropy-decreasing chemical
adsorption process. Compared with other adsorbents, the
prepared CS-PVA-HA film had the strongest Cu*" adsorp-
tion capacity and could effectively remove metal ions in
water. The secondary adsorption was best when the pH of
the solution was 5.5, and the coexisting ions had a negative
effect on the adsorption. The Freundlich model was suitable

Table 5a
Comparison of the adsorption capacity of different adsorbents
for HA

Adsorbent q, (mg-g™) References
CS-PVA 111 This text
Activated carbon 89.6 [42]
Activated carbon supported 5.0 [43]
chitosan

Magnetic resin 3.71 [44]
Medical stone 1 [45]

Table 5b
Comparison of the adsorption capacity of different adsorbents
for Cu*

A gl Ref
groups. Firstly, the amino group is protonated and subse- dsorbent 9, (Mg crerences
quently combined with carboxyl or phenolic groups in humic CS-PVA-HA 85.0 This text
acid by electrostatic gravitational force and hydrogen bond- TOCN-PEI 52.3 [46]
ing [50,51]. The adsorption mechanism of HA is shown in Fe.C,@SiO, 37.7 [47]
Fig. 11a. The prepared CS-PVA-HA membrane showed Hordein 64.9 48]
good adsorption performance on Cu®, and it was evident
from XPS analysis that Cu* was successfully adsorbed Corncob 143 491
Table 4
Thermodynamic parameters of HA (Cu*) adsorption by CS-PVA (CS-PVA-HA) membranes
AG (kJ-mol™)

E, (kJ-mol™) AH (kJ'mol™) AS (J-mol™*-K™) 293 K 303 K 313K
HA 48.5 -54.1 -81.7 -3.44 -1.76 -0.369
Cu* 14.2 13.9 55.8 -2.26 -3.39 -3.38
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Fig. 11. Mechanism diagram of adsorption of HA onto CS-PVA (a) and Cu* onto CS-PVA-HA (b).

for describing the adsorption process. According to the
parameters, it was inferred that the process was a process
of multi-molecular layer adsorption on the uneven sur-
face, and the adsorption mainly depended on the force
of complexation. The adsorption was a spontaneous,
endothermic, and entropy chemical adsorption process.
Therefore, the prepared CS-PVA membrane could adsorb
humic acid in water once, and the obtained CS-PVA-HA
membrane could adsorb Cu* through second adsorption.
Therefore, it had great application prospects in wastewater
treatment.
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