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a b s t r a c t

This paper concerns the removal of ammonium ions (NH4
+) from aqueous solution using a hydrogel

composite chitosan grafted poly (acrylic acid)/rectorite prepared from in situ copolymerization. The effects
of rectorite content, contact time, pH, NH4

+ concentration and temperature on the adsorption capacity
were discussed. Langmuir, Freundlich, Tempkin and Redlich–Peterson isotherms were used to describe the
vailable online 18 June 2009
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ast-responsive

experimental data. The results indicate that the adsorption equilibrium can be achieved within 3–5 min
and, the hydrogel composite has a higher adsorption capacity for NH4

+ in a wide pH levels ranged from
4.0 to 9.0. No significant changes in the adsorption capacity are found over the temperature range studied.
The adsorption mechanism of NH4

+ onto hydrogel composite was proposed, and the reusable ability of
this hydrogel adsorbent was evaluated.
igh-capacity
egeneration

. Introduction

Eutrophication of water body is a major, global environmental
roblem. Its main cause is disposal of nutrients (N and P) directly

rom wastewater plants or indirectly from agriculture runoff and
eaching from sludge deposited in landfill fields [1]. Nitrogen com-
ounds are very essential elements for living organisms. However,
hen they are more than needed, they can contribute to acceler-

ted eutrophication of lakes and rivers, dissolved oxygen depletion
nd fish toxicity in receiving water, leading thus a number of health
roblems involving living species such as humans and animals [2].
herefore, it is desirable that these nutrients should be removed
efore they are returned to the environment.

Ammonium nitrogen (NH4
+) is the most commonly encoun-

ered nitrogenous compounds in wastewaters. In order to remove
H4

+, several technologies have been tested, namely biological
reatment [3], chemical precipitation [4], supercritical water oxida-
ion [5], steam-stripping [6], microwave radiation [7], ion exchange
8] and adsorption [9]. Among these recipes, adsorption technol-
gy has received much attention and is considered to be a robust
nd effective technique used in water and wastewater treatments

ue to its economical advantages, low energy input and easy oper-
tion. The success of an adsorption technology depends on the
hoice of an appropriate adsorbent [10]. Due to the comparable
ow cost of application, most clays, which are hydrated aluminum-

∗ Corresponding author. Tel.: +86 931 4968118; fax: +86 931 8277088.
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silicate minerals, have been used in removing NH4
+ contaminant,

such as sepiolite [11,12]. Natural zeolites are important inorganic
cation exchangers that exhibit higher affinity for NH4

+ and then
are investigated widely for NH4

+ removal [8,13]. Thanks to highly
developed porous structure and large specific area, activated car-
bons show also considerable adsorption capacity towards NH4

+

[9]. These adsorbents have been developed and studied for NH4
+

removal, but the adsorption kinetics are slow and the adsorption
capacity is also limited only via ion exchange or porous adsorp-
tion. In addition, only under optimum pH condition, the higher
adsorption capacity for NH4

+ would be obtained. The regenera-
tion of developing adsorbents is also a limiting factor governing
the adsorption cost.

Hydrogels are slightly crosslinked polymeric networks that
enable the adsorption of many pollutants and recently, this type
of adsorbents has attracted more attention due to its high-capacity
and fast-responsive within a few minutes [14–16]. Considering the
limitations of pure polymeric hydrogels, such as poor gel strength
and stability, some inorganic clay minerals including attapulgite,
montmorillonite, vermiculite and sepiolite have been incorporated
into hydrogel matrix [17–20]. Clays are natural, abundant, and inex-
pensive materials that have high mechanical strength and chemical
resistance. So, the preparation of organic–inorganic hydrogel com-
posite has attracted increasing attention.
Chitosan (CTS) is produced commercially by deacetylation of
chitin. Due to the presence of chemical reactive groups (primary,
secondary hydroxyl groups and highly reactive amino groups),
CTS can be easily modified by chemical reactions, in particular
crosslinking and grafting, by which some novel functions can be

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:aqwang@lzb.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.06.053
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ntroduced into this biopolymer [21] and the resulting product can
hen be useful in many other applications. Recently, Wang and
o-workers used chitosan as the backbone to graft poly (acrylic
cid), obtaining a hydrogel composite, and found that this hydrogel
ad a potential application for the fast removal of Cu(II) from the
queous solution [22]. In addition, chitosan-grafted-poly (acrylic
cid)/montmorillonite had also been used as the adsorbent to
emove methylene blue and the maximum adsorption capacity was
ound to be 1859 mg/g even when 30 wt% montmorillonite was
ntroduced [23]. These studies were aimed at removal of cationic
ollutants, such as heavy metals or toxic dyes. However, no infor-
ation was involved for removing NH4

+ from the aqueous solution.
Rectorite (REC) is a regularly interstratified clay mineral with

lternate pairs of dioctahedral mica-like layers (nonexpansible) and
ioctahedral montmorillonite-like layers (expansible) in a 1:1 ratio
24]. The introduction of REC into the polymer matrix can not only
mprove the thermal stability of corresponding polymer [25], but
lso reduce the product cost. Moreover, previous study by our group
roved that poly (acrylic acid) chain can graft onto the backbone
f CTS, forming a hydrogel composite with REC being embedded
ithin the polymeric networks [26]. Consequently, the aim of this

tudy is: (i) to prepare a series of hydrogel composite containing
EC; (ii) to evaluate the potential of as-prepared hydrogels for NH4

+

emoval; (iii) to investigate the regeneration and reusable ability of
his hydrogel composite for the treatment of water body containing
H4

+.

. Methods

.1. Materials

Acrylic acid (AA, chemically pure, Shanghai Shanpu Chem-
cal Factory, Shanghai, China) was distilled under reduced
ressure before use. Ammonium persulfate (APS, analytical
rade, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China),
,N′-methylene-bisacrylamide (MBA, chemically pure, Shanghai
uanfan additives plant, Shanghai, China), and chitosan (CTS,
egree of deacetylation is 0.90, average molecular weight is 3 × 105,
hejiang Yuhuan Ocean Biology Co., Zhejiang, China) were used as
eceived. Rectorite (REC, Mingliu Rectorite Co. Ltd., Hubei, China)
as milled through a 320-mesh screen prior to use.

A 1000 mg/L stock standard solution of NH4
+ was prepared by

issolving an appropriate amount of ammonium chloride (dried
o constant mass at 100–105 ◦C) in 1000 mL of distilled water.
he working solutions containing different concentrations of NH4

+

ere prepared by stepwise dilution of the stock solutions. The ini-
ial pH value was adjusted by addition of 0.1 and 1.0 mol/L NaOH
r HCl solution to designed value (Mettler Toledo FE20 pH-meter).
ther reagents used were all analytical grade and all solutions were
repared with distilled water.

.2. Preparation of hydrogel composite

0.5 g CTS was dissolved in 30 mL 1% (v/v) acetic acid in a 250 mL
our-neck flask equipped with a stirrer, a condenser, a thermometer
nd a nitrogen line. After removal of oxygen, 0.1 g APS was intro-
uced to initiate CTS to generate radicals. Ten minutes later, the
ixture consisted of 3.6 g AA, 0.1 g MBA and certain amount of

EC was added. The oil bath was kept at 65 ◦C for 3 h to complete
he polymerization reaction. When the reaction was finished, the

esulting granular product was cooled to room temperature and
eutralized with 6.0 mol/L NaOH solution to pH 7.0. The swollen
roduct was dehydrated with methanol and then dried at 60 ◦C
o a constant weight. The obtaining product is denoted as CTS-g-
AA (without REC) and CTS-g-PAA/REC (with REC), respectively. The
s Materials 171 (2009) 671–677

hydrogels were milled and all samples used for adsorption test were
passed through 200-mesh stainless screen with a particle size of
75 �m.

2.3. Adsorption experiment

NH4
+ adsorption experiments were performed under 120 rpm

with an orbital shaking THZ-98A. The experiments were carried
out in a series of 50 mL conical flasks containing 0.05 g hydro-
gel adsorbent and 25 mL NH4

+ solutions. On reaching equilibrium
the adsorbents were separated by centrifugation at 4500 rpm for
10 min. The NH4

+ concentration in the solution was measured
according to Nessler’s reagent colorimetric method. The adsorption
capacity of hydrogels for NH4

+ was calculated from the following
equation:

qe = C0V1 − CeV2

m
(1)

where qe is the adsorption capacity of NH4
+ onto adsorbent

(mg N/g), C0 is the initial NH4
+ concentration (mg N/L), Ce is the

equilibrium NH4
+ concentration (mg N/L), m is the mass of adsor-

bent used (mg), V1 and V2 are the volumes of NH4
+ solution before

and after the adsorption (mL). All assays were carried out in tripli-
cate. The limit of experimental error was ±5%.

For the adsorption kinetic studies, a series of solutions contain-
ing 100 mg N/L NH4

+ were allowed to contact with 0.05 g hydrogels
with different amount of REC. At different intervals (3, 5, 10,
30, 60 min), the adsorbents were separated by centrifugation and
the solutions were analyzed for residual NH4

+ concentration. The
effects of pH on NH4

+ adsorption onto as-prepared hydrogels were
studied at pH range from 2.0 to 10.0 for an initial NH4

+ concen-
tration of 100 mg N/L and contact time of 30 min. To investigate
the adsorption isotherms, a series of NH4

+ solutions with different
concentration (10–1000 mg N/L) were kept in contact with 0.05 g
hydrogels for 30 min at natural pH (6.0–7.0). Temperature effect on
adsorption for determination of temperature-dependence was also
studied for five temperatures: 23, 30, 37, 44, 51 ◦C.

2.4. Desorption, regeneration and reusable ability

The desorption of NH4
+ loaded on as-prepared hydrogels was

done using sodium hydroxide as the desorbing agent. A fixed
amount (0.05 g) of each adsorbent was contacted separately with
25 mL 0.1 mol/L sodium hydroxide solution and kept stirring with
a magnetic bar at room temperature. Then, the desorbed amount
of NH4

+ was obtained. Preliminary experiments proved that NH4
+

adsorbed onto hydrogel composite could be completely desorbed
within 10 min using 0.1 mol/L NaOH solution as the desorbing agent.
After that, the achieved hydrogel was washed with distilled water
for several times for another adsorption. A similar procedure was
repeated and the adsorption capacity after several times was then
achieved. Here, the regeneration ratio is defined as the ratio of
re-adsorbed NH4

+ amount to initial adsorbed one by which the
regeneration ability of this hydrogel composite can then be eval-
uated.

3. Results and discussion

3.1. Effect of REC content on adsorption capacity

With the rapid development of organic–inorganic materials,

polymer–clay composites have received considerable interest. Clay
minerals are low cost materials and the introduction of inorganic
clay component can reduce the cost of material, meanwhile, the
interactions between them have effects on the properties of both
clay and polymer systems [27]. In this section, the effects of REC



Y. Zheng, A. Wang / Journal of Hazardous Materials 171 (2009) 671–677 673

F
A
n

c
i
4
(
C
f
v
a
l
i
t
c
a
n
i
F
t
o

3

r
a
c
t
r
o
t
t
i
b
w
f
o
N
b
o
m
t
A
a
t

the active amino groups of CTS have participated in the copoly-
merization, –COOH groups within the polymeric networks play the
vital role controlling the nature of this hydrogel. pKa of poly (acrylic
acid) is about 4.7 [29], then the carboxylic acid groups can be easily
ig. 1. Adsorption capacity as a function of REC content in the hydrogel composite.
dsorption conditions: contact time, 30 min; initial NH4

+ concentration, 100 mg N/L;
atural pH (6.0–7.0); 120 rpm; 30 ◦C.

ontent on the adsorption capacity were investigated, as shown
n Fig. 1. It is observed that the adsorption capacity is 40.90,
0.61, 37.46, 32.43 and 17.3 mg N/g for CTS-g-PAA, CTS-g-PAA/REC
10 wt%), CTS-g-PAA/REC (20 wt%), CTS-g-PAA/REC (30 wt%), and
TS-g-PAA/REC (50 wt%), respectively. During the experiment, it is

ound that REC has a poor adsorption capacity for NH4
+ and only a

alue of 1.54 mg N/g is observed. In this case, if REC and CTS-g-PAA
re physically mixed, the adsorption capacity for NH4

+ is calcu-
ated to be 36.96, 33.03, 29.09 and 21.22 mg N/g when REC percent
s 10, 20, 30 and 50 wt%, respectively. The difference in the adsorp-
ion capacity between chemically reacted and physically mixed is
lear with increasing the REC content in the hydrogels. Generally,
n appropriate addition of clay particles can improve the polymeric
etworks and contribute to the higher swelling ratio of a hydrogel

n aqueous solution [17,28], which is beneficial for the adsorption.
urthermore, the addition of REC can reduce the production cost of
he adsorbents, and accordingly, the superiority of CTS-g-PAA/REC
ver CTS-g-PAA is clearly observed.

.2. Effect of contact time on the adsorption capacity

Contact time is an important parameter because this factor can
eflect the adsorption kinetics of an adsorbent for a given initial
dsorbate concentration. Activated carbon is undoubtedly the most
ommonly used adsorbent for the treatment of pollutants, however,
he adsorption equilibrium requires the contact time of 2 h for NH4

+

emoval [9]. Clinoptilolite has a high affinity for NH4
+, and is one

f the most important natural zeolites, however, the equilibrium
ime would be obtained as 40 min [8]. But for hydrogel adsorbents,
he adsorption equilibrium can be achieved within 3–5 min, mean-
ng their fast adsorption kinetics (Fig. 2). As-prepared adsorbent
elongs to hydrogels whose main feature is the ability to absorb
ater quickly due to the hydrophilic networks. After the initial

aster hydration of the polymer networks, concentration gradient
f NH4

+ is formed at gel–water interface, thereby the diffusion of
H4

+ from the aqueous solution into the hydrogel is started and
ound immediately to the swollen polymeric networks as a result
f electrostatic attraction. During this process, the swollen poly-
eric networks can diminish the diffusion limitation, leading thus
he adsorption system to reach equilibrium within a few minutes.
lso, it is clear that apart from comparable adsorption capacity, the
dsorption rate is not influenced by introducing 10 wt% REC into
he hydrogel.
Fig. 2. Adsorption kinetics of CTS-g-PAA and CTS-g-PAA/REC. Adsorption conditions:
initial NH4

+ concentration, 100 mg N/L; natural pH (6.0–7.0); 120 rpm; 30 ◦C.

3.3. Effect of pH values on the adsorption capacity

Generally, pH value is one of the most important parameters
controlling the adsorption process. In order to determine the effects
of pH values on NH4

+ removal, experiments were carried out using
various pH levels in the range of 2.0–10.0, as shown in Fig. 3. It
appears that the adsorption capacity of hydrogel adsorbent remains
a constant within the pH range of 4.0–9.0 for CTS-g-PAA and CTS-g-
PAA/REC (10 wt%). When pH is lower than 4.0 or above than 9.0, the
adsorption capacity shows a slight decrease. But for CTS-g-PAA/REC
(30 wt%), the adsorption capacity seems to be constant within pH
of 4.0–6.0. When pH value is lower than 4.0, a slight decrease in
adsorption capacity is observed. While for pH lying between 8.0 and
10.0, a slight increase is visible. For all the hydrogels, the adsorption
capacity for NH4

+ exhibits a sudden decrease in the stronger acid
condition (pH 2.0). These phenomena may be correlated with the
dissociation constant (pKa) of poly (acrylic acid). Owing to a small
amount of CTS used in the preparation of adsorbent and most of
Fig. 3. Effects of pH on adsorption capacity of CTS-g-PAA and CTS-g-PAA/REC.
Adsorption conditions: contact time, 30 min; initial NH4

+ concentration, 100 mg N/L;
120 rpm; 30 ◦C.



674 Y. Zheng, A. Wang / Journal of Hazardous Materials 171 (2009) 671–677

F
t

i
o
t
g
o
v
t
–
t
a
s
a
n
w
c
a
c
a
m
d
t
a
i
h

3

m
t

T
E

A

C
C
C

A

C
C
C

ig. 4. Relationship between equilibrium pH and initial pH values for NH4
+ adsorp-

ion.

onized above pH value of 4.7. Due to the rapid adsorption of NH4
+

nto hydrogels, the equilibrium pH value is thus considered to be
he governed factor influencing the ionization degree of –COOH
roups. Owing to the buffer action of –COOH and –COO− groups,
ne can speculate that after the adsorption, the equilibrium pH
alues would remain a constant in a certain extent, which can be
estified from Fig. 4. However, in the stronger acidic region, some
COO− groups are transformed to –COOH groups, leading the elec-
rostatic attraction between adsorbent and adsorbate to diminish,
nd accordingly, the adsorption capacity decreases. Nevertheless,
ome –COOH groups have been ionized and therefore considerable
dsorption capacity is also observed. At higher pH values, NH4

+ are
eutralized by hydroxyl ion rendering it uncharged [8], together
ith increased ion strength, resulting in a decreasing adsorption

apacity for NH4
+. But for other adsorbents, pH is expected to have

n impressive effect on NH4
+ removal as it can influence both the

haracter of adsorbate and adsorbent itself, and then, there is often
n optimum pH value for NH4

+ adsorption at that point, a maxi-
um adsorption capacity is found [13,30]. From the experimental

ata, it is observed that by introducing inorganic REC particles into
he polymeric networks, the adsorption capacity seems not to be
ffected significantly, especially in basic pH values. This behavior
s not clear at this time. Nevertheless, one can conclude that this
ydrogel composite can be used in a wide pH range.
.4. Effect of NH4
+ concentration on the adsorption capacity

In this section, the efficiency of the hydrogels was evaluated by
easuring the adsorption isotherms by batch technique using ini-

ial NH4
+ concentrations between 10 and 1000 mg N/L. As shown

able 1
stimated isotherm parameters for NH4

+ adsorption.

dsorbents Langmuir

qm (mg N/g) b (L/mg)

TS-g-PAA 109.2 0.01607
TS-g-PAA/REC (10 wt%) 123.8 0.0072
TS-g-PAA/REC (30 wt%) 61.95 0.02411

dsorbents Tempkin

a b (L/g) R2

TS-g-PAA 0.5995 16.25 0.9553
TS-g-PAA/REC (10 wt%) 0.1242 23.06 0.9763
TS-g-PAA/REC (30 wt%) 1.591 8.100 0.9210
Fig. 5. Adsorption isotherms of CTS-g-PAA and CTS-g-PAA/REC. Adsorption condi-
tions: contact time, 30 min; natural pH (6.0–7.0); 120 rpm; 30 ◦C.

in Fig. 5, one can observe a convexly upward curvature of the
isotherms due to the very high preference of hydrogel adsorbent
for NH4

+.
Fitting of adsorption isotherm equations to experimental data is

often an important aspect of data analysis. In this study, four typical
isotherms were used for fitting the experimental data:

Langmuir equation : qe = qmbCe

1 + bCe
(2)

Freundlich equation : qe = KC1/n
e (3)

Tempkin equation : qe = b ln(aCe) (4)

Redlich–Peterson equation : qe = KrCe

1 + aCb
e

(5)

where qe is the equilibrium adsorption capacity of NH4
+ onto adsor-

bent (mg N/g), Ce is the equilibrium NH4
+ concentration (mg N/L),

the other parameters are different isotherm constants, which can
be determined by non-linear regression of the experimental data.
The estimated model parameters with correlation coefficient (R2)
were summarized in Table 1. It is evident that the suitability of
isotherms for fitting the experimental data is in the following
order: Redlich–Peterson > Freundlich > Langmuir > Tempkin. This is
because that Redlich–Peterson model is a combination of Langmuir
equation as a limit for high concentration and Freundlich’s for low

concentration, and then this model can be used extensively in a
wide concentration range and be believed to be applicable to a large
class of adsorption [31]. Here, K value is related to the adsorption
capacity of an adsorbent and qm denotes the monolayer adsorption
capacity of an adsorbent. The higher values for K indicate higher

Freundlich

R2 K (L/g) n R2

0.9582 12.67 3.100 0.9810
0.9516 12.67 3.100 1
0.9579 10.24 3.686 0.9309

Redlich–Peterson

a (L/mg) b Kr (L/g) R2

0.3485 0.7494 7.161 0.9864
0.8681 0.6693 10.53 0.9958
0.06408 0.9088 2.174 0.9621
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Table 2
NH4

+ removal with different adsorbents studied and reported.

Adsorbents Adsorption conditions Monolayer adsorption capacity (mg/g) Reference

NH4
+ concentration (mg/L) Contact time

CTS-g-PAA/REC (10 wt%) 10–1000 30 min 123.8 This work
Activated carbon 35–280 2 h 11.57 [9]
Sepiolite 150–7000 6 h 25.49 [12]
Volcanic tuff 20–300 3 h 13.64 [30]
Z 30 mi
M 3 days
N 3 days
N 40 mi
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uated and compared with that in distilled water, as shown in inset
eolite 13 X 5–400
ordenite 10–200
ew Zealand clinoptilolite 10–200
atural Turkish clinoptilolite 25–150

ffinity of hydrogel for NH4
+. Values of the empirical parameter 1/n

n the range 0.1 < 1/n < 1 indicate a favorable adsorption. In addi-
ion, the monolayer adsorption capacity for NH4

+ is 109.2, 123.8
nd 61.95 mg N/g for CTS-g-PAA, CTS-g-PAA/REC (10 wt%) and CTS-
-PAA/REC (30 wt%), respectively. Clearly, by introducing 10 wt%
EC into the hydrogel, the adsorption capacity is comparable with
hat of pure CTS-g-PAA. In addition, the adsorption capacity of
ydrogel adsorbent was compared with other adsorbents reported,
s listed in Table 2. Obviously, this hydrogel composite possessed
uch higher adsorption capacity for NH4

+, enabling it a potential
ast-responsive and high-capacity adsorbent for NH4

+ removal.

.5. Effect of temperature on the adsorption capacity

Temperature is a highly significant parameter in the adsorption
rocess. A series of experiments at 23, 30, 37, 44, 51 ◦C were under-
aken to study the effect of temperature on the adsorption capacity
or NH4

+, as shown in Fig. 6. The results suggest that the adsorp-
ion capacity is not affected by rising the adsorption temperature
or CTS-g-PAA, while for CTS-g-PAA/REC, low temperature appears
o benefit for the adsorption. However, the differences in adsorp-
ion capacity are not significant, and then we can conclude that the
emperature has little effects on the adsorption capacity of NH4

+

nto these hydrogel composites. Here, it should be mentioned that
ompared to CTS-g-PAA, CTS-g-PAA/REC (10 wt%) shows a compa-

+
able adsorption capacity when the temperature of NH4 solution
s below 30 ◦C, and at this point, the product cost would be reduced

ith the addition of inorganic REC particles while the adsorption
bility is maintained.

ig. 6. Effect of temperature on adsorption capacity of CTS-g-PAA and CTS-g-
AA/REC. Adsorption conditions: contact time, 30 min; initial NH4

+ concentration,
00 mg N/L; natural pH (6.0–7.0); 120 rpm. 1, CTS-g-PAA; 2, CTS-g-PAA/REC (10 wt%);
, CTS-g-PAA/REC (30 wt%).
n 8.61 [32]
9.479 [33]
6.588 [33]

n 8.121 [34]

3.6. Effect of ion strength on the adsorption capacity

From the viewpoint of practical application, it is more impor-
tant to know the adsorption capacity of an adsorbent when it
contacts with various saline solutions. Hence in this section, the
adsorption capacity of CTS-g-PAA/REC (10 wt%) for NH4

+ was inves-
tigated respectively in three cationic saline solutions (NaCl, CaCl2
and AlCl3), as shown in Fig. 7. It is clear that when the metal cation
concentration is below 0.05 mmol/L, the adsorption capacity of
CTS-g-PAA/REC shows a platform, and is observed to decrease a
little compared with that in distilled water (40.61 mg N/g). Further
increasing the cation concentration would result in an appreciable
decrease in the adsorption capacity and the effects of multivalent
cation are more impressive. This is attributed to that the counterion
ions, especially multivalent cations would neutralize the negatively
fixed-charged groups, thereby disabling CTS-g-PAA/REC to interact
with the positive charged adsorbate. In spite of the increased ionic
strength of solution leads to NH4

+ absorption decreasing, CTS-g-
PAA/REC has good adsorption capacity for NH4

+ from saline water,
and more than 30 mg N/g can be achieved even at higher concen-
tration saline solutions (0.5 mmol/L), enabling it as a potentially
feasible absorbent for NH4

+ removal from saline environments.
In order to assess the efficacy of as-prepared hydrogel adsorbent

in real water body, the adsorption efficacies for NH4
+ in tap water

and in natural water collected from Taihu Lake in Jiangsu were eval-
in Fig. 7. The results indicate that the adsorption capacity shows
a decreasing tendency in the order of distilled water, tap water
and Taihu water. Nevertheless, the adsorption capacity is as high
as 37.97 and 34.26 mg N/g, a little decrease compared with that in

Fig. 7. Effect of ion strength on the adsorption capacity of CTS-g-PAA/REC (10 wt%).
Adsorption conditions: contact time, 30 min; initial NH4

+ concentration, 100 mg N/L;
natural pH (6.0–7.0); 120 rpm; 30 ◦C. Inset is a comparison of adsorption capacity in
different water body: 1, distilled water; 2, tap water; 3, Taihu Lake water.
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ig. 8. FTIR spectra of CTS-g-PAA/REC (10 wt%) after adsorption at different pH val-
es.

istilled water (40.61 mg N/g). The results suggest the suitability of
eveloping adsorbent for NH4

+ removal in real circumstance.

.7. Adsorption mechanism

For NH4
+, the predominant adsorption mechanism may be

elated to the number of –COO− groups present within polymeric
etworks. The adsorption of NH4

+ onto hydrogel is mainly due to
he ionic interaction between positively charged NH4

+ and nega-
ive adsorption sites of the adsorbent (–COO−). The electrostatic
ttraction can be further testified by performing the adsorption
xperiment in a mixed solution containing positively charged
H4

+ and negatively charged orthophosphate PO4
3−. Preliminary

xperiments verified that after the adsorption, the residual PO4
3−

oncentration equaled to the initial PO4
3− concentration, that is,

n the mixed solution containing NH4
+ and PO4

3−, CTS-g-PAA/REC
ould exclusively absorb NH4

+ while PO4
3− was remained. This

s a strong evidence that the electrostatic attraction is responsi-
le for the adsorption of NH4

+ onto CTS-g-PAA/REC. Paulino et al.
tilized a hydrogel consisted of gum arabic, polyacrylate and poly-
crylamide as the adsorbent to investigate its adsorption capacity
or some dyes and concluded that in an aqueous mixture of orange
I and methylene blue, this hydrogel adsorbed the methylene blue
xclusively while orange II was remained [35]. Similar experiments
trength the argument that the electrostatic attraction between the
dsorbent and adsorbate would control the adsorption process.
Fig. 8 shows the FTIR spectra of CTS-g-PAA/REC adsorbed at dif-
erent pH values. Clearly, in the stronger acid condition (pH 2.0),
here are characteristic stretching bands of –COOH and –COO−

roups lying respectively at 1715, 1562 and 1405 cm−1. With
ncreasing pH values from 2.0 to 4.0, the stretching vibration of
s Materials 171 (2009) 671–677

–COOH groups gets weakened and the intensities of asymmet-
ric/symmetric vibration absorption bands of –COO− groups show
a gradual increase. Afterwards, it appears that the latter absorp-
tion bands remain unchangeable until pH 10.0 at this point, the
stretching vibration of –COOH groups has disappeared. FTIR anal-
ysis results are consistent with that obtained from pH effects,
confirming further that the electrostatic attraction between –COO−

groups and NH4
+ can describe the main adsorption process.

3.8. Evaluation of regeneration and reusable ability

A good adsorbent, in addition to its high adsorption capacity,
must also exhibit a good regeneration ability for multiple uses.
In this work, desorption of adsorbed NH4

+ onto hydrogel com-
posite was studied using distilled water, 0.1 mol/L HCl, 0.1 mol/L
NaCl or 0.1 mol/L NaOH solution as the eluents. The results sug-
gest that 0.1 mol/L NaOH solution can give the highest recovery for
NH4

+ (approximate 100%). When NH4
+ was removed, this recov-

ered hydrogel composite was used again to adsorb NH4
+ and the

results showed that 0.1 mol/L NaOH can act as not only desorbing
agent, but also regenerating agent. That is, the desorption of NH4

+

and regeneration of hydrogels can be performed simultaneously
using NaOH solution as both of desorbing and regenerating agents
by which the craft can be simplified and the charge would be cut
down. In addition, the simultaneous desorption and regeneration
can be complete at room temperature within 10 min, a rather mild
condition.

By consecutive adsorption–desorption cycles, it is found that
the regeneration ratio is 112 (first), 101 (second), 115 (third) and
112 (fourth), respectively. Then, one can speculate that during the
desorption and regeneration process, the adsorption sites would
increase, i.e. additional adsorption sites are created by desorption
and regeneration process. This is ascribed that some unionized
–COOH groups within the hydrogel composite get ionized during
the regeneration, resulting in more adsorption sites.

4. Conclusion

This hydrogel composite has proved its potential in NH4
+

removal on a laboratory scale. The following conclusions can then
be drawn from the experiment results: (i) The adsorption equi-
librium can be obtained within 3–5 min, meaning fast adsorption
kinetics for NH4

+ removal; (ii) The monolayer adsorption is 109.2,
123.8 and 61.95 mg N/g for CTS-g-PAA, CTS-g-PAA/REC (10 wt%) and
CTS-g-PAA/REC (30 wt%), respectively, meaning high adsorption
capacity for NH4

+ removal; (iii) This hydrogel can be extensively
used in a wide pH range from 4.0 to 9.0 and external tem-
perature has little effects on the adsorption capacity, suggesting
that as-prepared adsorbent could be applicable to a large class
of adsorption systems; (iv) Cations especially multivalent cations
coexisted with NH4

+ in the solution can produce some negative
effects on the adsorption capacity of CTS-g-PAA/REC, it has how-
ever higher adsorption capacity for NH4

+ and more than 30 mg N/g
can be achieved even at higher concentration saline solutions
(0.5 mmol/L), enabling it as a potentially feasible absorbent for
NH4

+ removal from saline environments and real circumstance; (v)
During the desorption process for NH4

+, the regeneration of this
adsorbent can be realized. The regeneration condition is mild and
the recovered adsorbent can be used again for NH4

+ removal. In
addition, more adsorption sites would be created during the regen-

eration; (vi) The electrostatic attraction between –COO− and NH4

+

is considered to be the main adsorption mechanism; and (vii) CTS-
g-PAA/REC (10 wt%) shows a comparable adsorption kinetic and
adsorption capacity to that of pure organic hydrogel CTS-g-PAA.
Then, the charge would be cut down. Additionally, it is expected
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