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ABSTRACT

Polyacrylic acid/sodium alginate-based titanium dioxide (PAA/SA@TiO,) composite hydrogel has
the good nitrogen removal properties in the nitrogen-containing wastewaters. Under the optimal
adsorption conditions, which include pH 7, temperature 35°C, adsorbent dosage 6 g/L, adsorption
equilibrium time 70 min, the adsorption efficiency is 85.56%, 79.46%, and 67.63% when the initial
ammonia nitrogen concentrations of 100, 200, and 300 mg/L, respectively, indicating that the hydro-
gel has good adsorption performance for ammonia nitrogen. The adsorption process conforms to
the monolayer adsorption of the Langmuir model, and the adsorption kinetic process belongs to the
pseudo-second-order kinetic model of chemical adsorption. The structure of PAA/SA@TiO2 com-
posite hydrogel is stable. The thermogravimetric analysis revealed that its main chain of the com-
posite hydrogel began to break and degrade only at 446°C with thermally decomposed hydroxyl
and carboxyl groups. At 800°C, the thermal loss rate was 48%. After 5 cycles of adsorption regen-
eration, the adsorption efficiency only drops by about 10%. The research results showed that PAA/
SA@TiO, composite hydrogel had great application prospects in the field of nitrogen-contain-
ing wastewater treatment, which provided the theoretical basis and operating parameters for the
hydrogel applying in the nitrogen-containing wastewaters treatment.

Keywords: Composite hydrogel; Ammonia nitrogen; Adsorption mechanism; Performance characteri-

zation; Recycling

1. Introduction

In many industrial production processes, nitrogen-con-
taining compounds were commonly used as raw materials,
such as leather, chemical, and pharmaceutical industries,
which discharge a large amount of high nitrogen-contain-
ing wastewaters with serious environmental pollution [1-3].
Nitrogen is an essential nutrient element for agricultural
production and the maintenance of ecosystem functions.
However, excessive nitrogen in waterbody could lead to the
death of aquatic organisms and pose a threat to the envi-
ronment. In the natural environment, nitrogen pollutants in
wastewater mainly existed in the form of ammonia nitrogen

* Corresponding author.

[4]. At present, there are approximately 20 million tons of
ammonia nitrogen in China’s nitrogen-containing waste-
waters every year, which was equivalent to 19% of ammo-
nia synthesized through Haber Bosch [5,6]. It was predicted
that by 2050, the annual emission of ammonia nitrogen in
wastewaters would increase to 35 million tons [7].

At present, the main treatment process for nitrogen-con-
taining wastewater is biological nitrification and denitri-
fication, which means that ammonia nitrogen was firstly
biologically oxidized (nitrified) to NO; or NO; under aero-
bic conditions, and then the oxidized nitrogen was reduced
(denitrification) to nitrogen (N,) under anaerobic conditions
[8]. This traditional biological denitrification technology
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had mature processes and high nitrogen removal efficiency.
However, this process required a large amount of oxygen
and carbon sources, resulting in high energy consumption;
At the same time, the denitrification process also generated
a large amount of CO, and NO, exacerbating the green-
house effect. With the implementation of the strategic goal
of “carbon peaking and carbon neutrality”, the traditional
biological denitrification technologies were not compati-
ble with environmental policies in the new environmental
protection situation, and the sustainable nitrogen removal
processes need to be researched and developed. Among
them, ammonia nitrogen recovery was the most desirable
method, which could achieve waste resource utilization
while wastewater treatment.

Hydrogel was a three-dimensional network structure
formed by cross-linking hydrophilic polymers [9]. Because
of its large free space between the cross-linking network
and the hydrophilic polymer components, the hydrogel had
a strong water absorption capacity and could absorb water
hundreds to thousands of times higher than its own mass,
while the hydrogel itself was insoluble in water [10,11]. In
addition, in the process of water absorption, hydrogels could
adsorb pollutants (mainly cationic pollutants) through com-
plexation, covalent bonds, electrostatic interactions and
even physical adhesion. Therefore, it was easy to regener-
ate and did not require a large number of chemical regen-
eration agents [12].

Acrylic was an organic synthetic raw material and syn-
thetic resin monomer composed of vinyl and carboxyl groups.
It was the simplest unsaturated carboxylic acid with a very
fast polymerization speed, and it was also one of the syn-
thetic hydrogel monomer. For example, Yi et al. [13] polyac-
rylate hydrogel was prepared by free radical polymerization
to remove uranium(VI) from wastewater, with a maximum
adsorption capacity of 445.11 mg/g. Sodium alginate (SA)
was an anionic natural, biodegradable and renewable bio-
polymer composed of poly-b-1,4-mannose acid (M unit)
and a-1,4-L-glucuronic acid (G unit) in different proportions
through 1-4 links. Alginate had been widely used in various
commercial and industrial applications, such as cosmetics,
food and heavy metal adsorbents [14]. Huang et al. [15] pre-
pared sodium alginate-g-sodium acrylate/NaAlg-PNaA/APT
composite hydrogel as an adsorbent, adsorbing Cu* and
Zn* in wastewater solutions, with a maximum adsorption
capacity of 343.64 mg/g and 307.46 mg/g, respectively. Sabaa
et al. [16] synthesized alginate and poly(2-hydroxyethyl
methacrylate) physical hydrogel showed excellent removal
ability from alkaline dyes and heavy metal ions. At the same
time, SA has the characteristic of easy aggregation, which
can easily cause uneven synthesis of materials and lead to
synthesis failure during the material synthesis process. FH
and SA both have the disadvantage of easy aggregation. Yang
et al. [17] found that adding SA to pyrite (FH) can improve
the aggregation and non-mobility of FH, thereby enhancing
the stability of FH colloidal system. Meanwhile, Liu et al.
[18] found that compared with commonly used ferric chlo-
ride, the pre-coordinated iron in heme chloride is less prone
to aggregation during high-temperature synthesis, which
leads to higher dispersion and better uniformity of Fe-SA
sites. Overall, it indicates that SA can improve its tendency
to agglomerate by adding modifiers.

However, at this stage, the adsorption performance
of physical hydrogel and chemical hydrogel was limited.
Inorganic nanoparticles had a pore-making effect, which
could increase the specific surface area and porosity of the
hydrogel and increased the adsorption capacity.

TiO, was widely used in organic wastewater treatment
because of its strong oxidation ability, low cost, low toxicity,
long-term thermodynamic stability and unique semicon-
ductor characteristics [19,20]. TiO, nanoparticles were con-
sidered to be the most promising materials for widespread
use. However, TiO, nanoparticles were easy to agglomera-
tion and difficult to recover in water, which greatly limited
its practical application [21,22]. Therefore, the fixation of
TiO, on different carriers, such as carbon, graphene, glass,
polymers and carbon nanotubes on activated carriers, had
been widely studied and great progress had been made in
this field [23-25]. Liu et al. [26] added lignin to pyrite (FH)
and induced changes in the Fe(Ill) bonding environment
through the complexation of lignin with Fe(IIl), which
affected the aggregation of nanoparticles.

However, there were still some limitations, such as
the poor binding force between TiO, and the carrier, low
compatibility, lack of flexibility, etc., and the carrier was
easily damaged. For this reason, hydrogel, as a carrier of
nano-photocatalyst, had begun to receive widespread
attention [27-29].

Nanoparticle composite hydrogel was currently mainly
used for the adsorption of heavy metal ions. By adjusting
operating conditions such as pH, salinity and tempera-
ture, the interaction strength between hydrogel and metal
ions could be enhanced [30-33]. Thakur [34] acrylic grafted
sodium alginate titanium dioxide hydrogel nanocompos-
ites were prepared as methyl purple adsorbents, with an
adsorption efficiency of 99.6%. The alginate/polyacrylamide/
titanium dioxide composite hydrogel prepared by Wu et
al. [35] had a certain adsorption effect on methyl orange
and methylene blue. Moon et al. [36] prepared poly(vinyl
alcohol)/poly(acrylic)/TiO,/graphene oxide nanocomposite
hydrogel by free radical polymerization and condensation
reaction, and the treatment effect of alkaline wastewater
was improved by photocatalytic characteristics.

At present, there were few studies on the adsorption of
ammonium in wastewater by nano-titanium dioxide compos-
ite hydrogel. This study synthesized polyacrylic acid/sodium
alginate-based titanium dioxide (PAA/SA@TiO,) hydrogel
with potassium persulfate and titanium dioxide as initia-
tors by grafting sodium alginate by acrylic acid and apply-
ing it to the recovery of ammonia nitrogen in nitrogen-con-
taining wastewater. Through the analysis of the structure,
functional groups, chemical bonds and other characteristics
of PAA/SA@TiO, hydrogel, its adsorption performance and
adsorption mechanism of ammonia nitrogen were studied.
On the basis of exploring ammonia nitrogen recovery and
resource utilization, it provided new methods and ideas
for the treatment of nitrogen-containing wastewater.

2. Materials and methods
2.1. Materials

Acrylic acid (AA, 99%), N,N’-methylene bisacrylamide
(MBA, 299%), sodium alginate (SA, = 99%), nano-titanium
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dioxide (TiO,, 20 nm) purchased from Aldrich, potassium
persulfate (KPS, GR, 299.0%), hydrochloric acid (HCl, AR,
37%), sodium hydroxide (NaOH, AR, particles, 298.5%),
ammonium chloride (NH,Cl, AR, >99%), sodium chloride
(NaCl, AR, 299%), all chemicals are analytical pure. It can be
used without further purification.

2.2. Preparation method of PAA/SA@TiO, hydrogel
2.2.1. PAA/SA@TiO, composite hydrogel

The composite hydrogel was prepared by co-polymer-
ization under ultrasonic constant temperature oscillation
at 70°C. The specific preparation process was as follows: in
the presence of hydroxyl radicals generated by potassium
persulfate, acrylic acid was added to form a long chain of
acrylic acid, and then N,N’-methylenebisacrylamide was
added to dissolve completely before adding TiO, disper-
sion. TiO, dispersion was obtained by dispersing TiO, pow-
der into a certain amount of distilled water and ultrasonic
treatment for 2 h. Heat in a 70°C constant temperature water
bath for 4 h to polymerize the mixture to form gel. Soak the
obtained hydrogel in 1 M NaOH for 2 h, and then wash the
impurities on the surface of gel with distilled water. Finally,
dry to a constant weight in a 105°C constant tempera-
ture drying oven and store for future use (Fig. 1a). At the
same time, acrylic acid/sodium alginate hydrogel PAA/SA
(Fig. 1b) was also prepared as a control. As shown in Fig. 1,
PAA/SA@TiO, the surface of PAA/SA is more porous than
that of PAA/SA, because the pore making effect increases
the pore size of the hydrogel surface.

2.3. Calculated methods of adsorption capacity and adsorption
efficiency

The adsorption performance was reflected by adsorp-
tion capacity (9, mg/g) and adsorption efficiency (R, %).
Their calculated methods are as follows:

(C,-C)V
o T )Y 1
q - 1)
R:CO_C’ x100% (2
C

where C, is the concentration of NH] before adsorption
(mg/L); C, is the concentration of remaining NH; ions in
the solution after adsorption (mg/L); V represents the vol-
ume of NH; ion solution (L) and m is the dry weight of the
hydrogel sample (g).

2.4. Experiment methods of ammonia adsorption

Took 100 mL of prepared NH; solution and adjust pH
to the desired value using dilute hydrochloric acid or dilute
sodium hydroxide solution. Weighed a amount of the
hydrogel sample into the NH; solution in a 250 mL conical
flask. Stirred the mixture at 200 r/min at room temperature
for a certain time. the adsorption capacity and adsorption
rate were calculated according to the ammonium nitrogen
concentration before and after adsorption. Initial ammo-
nium nitrogen concentrations of 100, 200, and 300 mg/L
were implemented the adsorption experiments, respectively.

3. Results and discussion
3.1. Mechanism synthesis and analysis

In the long chain of acrylic acid, -OH and -Na groups
are active sites. In the initiator KPS solution, 5,0% dissoci-
ates in H,O to produce SO;* and OH* radicals. SA is grafted
onto the polyacrylic acid chain under the synergistic action
of free radicals and active sites, resulting in a graft copoly-
mer. TiO, NPs are added as pore forming agents to PAA/
SA polymers, and further form cross-linked networks in
the presence of MBA. Forming three-dimensional poly-
mers with larger adsorption capacity and larger pores. NH;
ion in wastewater undergoes electrostatic adsorption with
a large number of -COO" groups in synthetic materials,
ultimately forming ~-COONH; compounds.

3.2. Material characterization
3.2.1. Scanning electron microscopy morphology analysis

From the scanning electron microscopy (SEM) appear-
ance (Fig. 3a and b) of PAA/SA hydrogel before adsorption,
it could be seen that the surface of the hydrogel prepared
before adsorption contained porous structure and a large
number of particles and pores after magnification, which

Fig. 1. (a) PAA/SA@TiO, and (b) PAA/SA.
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® -OH @ -Na

Fig. 2. Mechanism synthesis and analysis.

increased its contact area and had a large number of adsorp-
tion points, which could enhance the adsorption of NH;.
After the adsorption of ammonia nitrogen, Fig. 3c shows
that the surface of PAA/SA hydrogel appeared loose and
porous, presumably because the volume of PAA/SA hydro-
gel increased after water absorption and expansion, while the
enlarged Fig. 3d shows that a large number of white parti-
cles appeared inside the PAA/SA hydrogel, indicating that
ammonia nitrogen was adsorbed into the PAA/SA. Fig. 3e
and f show that after adding TiO, NPs, a large number of
flocs appeared in the hydrogel, and its internal structure was
more compact than PAA/SA. However, after the adsorption
of ammonia nitrogen, as shown in Fig. 3g and h, the flocs
disappear and a large number of white particles are pro-
duced, indicating the successful adsorption of ammonia
nitrogen.

3.2.2. Fourier-transform infrared spectrogram analysis

PAA/SA and polyacrylic acid (PAA) before and after
adsorption/SA@TiO, The Fourier-transform infrared spec-
troscopy characterization analysis results of hydrogel are
shown in Fig. 4. The wavelength 3,442 cm™ represents the
stretching of -OH group, and the peak at 2,944 cm™ rep-
resents the C-H stretching of CH, group. 1,561 cm™ belongs
to the antisymmetric expansion joint, 1,637 cm™ shows the
existence of C=0O expansion vibration, and 1,052 cm™ belongs
to the C-O expansion joint attributed to the sugar structure
of SA. 621 and 1,405 cm™ are characteristic peaks of Ti-O and
Ti-O-Ti, respectively. The vibration peak of the adsorbed
spectrogram increases at 1,452 cm™, corresponding to the
bending vibration of -NH,, indicating that NH; has been
successfully adsorbed.

3.2.3. Thermogravimetric analysis

The thermogravimetric analysis-derivative thermograv-
imetry (TG-DTG) curve was used to analyze the thermal
stability of PAA. As shown in Fig. 5a, the thermogravime-
try of PAA, PAA/SA and PAA/SA@TIO, decreased slightly

@ \_ - PAA

0 AA 5 ' SA -~__. MBA

@ TO, @ NH;

under the condition of normal temperature to 150°C, which
was attributed to the fact that the hydrogels of PAA, PAA/
SA and PAA/SA@TiO, were easy to absorb moisture and
the evaporation of residual water molecules in the sample.
The heat loss of PAA hydrogel could be divided into three
stages. In the first stage, at 150°C—410°C, the heat loss of PAA/
SA and PAA/SA@TiO, was 6.93%, which could be attributed
to the decomposition of N,N’-methylenebisacrylamide in
PAA hydrogel and the evaporation of a small amount of
potassium persulfate initiator in the hydrogel matrix. The
second stage was at 410°C-540°C. In this stage, PAA, PAA/
SA and PAA/SA@TiO, all decrease rapidly, and the heat loss
was 27.09%, 29.42% and 33.42%. The reason was that the
main chain of the three hydrogels brought and degraded
at this temperature, and the hydroxyl and carboxyl groups
were thermally decomposed, while SA and TiO, nanoparti-
cles were thermally decomposed, resulting in greater heat
loss of the composite PAA/SA@TiO,. After the third stage
of 540°C, the heat loss was still ongoing, and it was spec-
ulated that the main reason was the pyrolysis of residual
branch chains. Through DTG curve b, it could be found
that PAA, PAA/SA, and PAA/SA@TiO, undergo the fastest
thermal degradation at 440°C—450°C, confirming the conclu-
sion of the second stage mentioned above. Through thermo-
gravimetric analysis, it could be seen that the heat loss of
PAA/SA and PAA/SA@TiO, hydrogels after composite was
increased, but their weight loss rate was still within 50%,
which also had good thermal stability.

3.2.4. X-ray photoelectron spectroscopy analysis

The elemental combination state of the composite hydro-
gel before and after adsorption of NH} was studied by X-ray
photoelectron spectroscopy, and the results are shown in
Fig. 6a. PAA/SA and PAA/SA@TiO, They all exhibit five
binding energy peaks: C12p (198.08 eV), Cls (284.36 eV), N1s
(399.83 eV), Ols (531.13 V), and Nals (1,071.11 eV). PAA/
SA@TiO, The presence of Ti3s (100.08 eV) and Ti3p (62.08 eV)
in the spectrum demonstrates the successful recombina-
tion of TiO, into PAA/SA@TiO, hydrogel. When NH; ions
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Fig. 3. Scanning electron microscopy morphology of PAA/SA and PAA/SA@TiO, hydrogel before and after adsorption: (a,b) before
of PAA/SA, (c,d) after of PAA/SA, (e,f) before of PAA/SA@TIO,, and (g /h) after of PAA/SA@TIO,.

were adsorbed, the peak at Nls rises and the N content
increases, indicating that NF' was successfully adsorbed
into the composite hydrogel. The binding energy informa-
tion obtained by fitting the peaks of C, N, and O is shown
in Fig. 6b and c. In Fig. 6b, a binding energy peak appears
at 284.8 eV, attributed to C=C and C-C. The characteristic
peak at 286 eV was attributed to C-OH in PAA and SA car-
boxyl groups, while the binding energy peak at 288.85 eV
was attributed to C=O in MBA and O-C=0 in PAA carboxyl
functional groups. In Fig. 6c, C=O and C-O in the hydrogel
appear at 531.5 and 533 eV. The peak plot c of N1s showed
-NH;, secondary amino (-NH-), and imine (=N-) at 401,
399, and 398 eV, while the binding peak at 397.08 eV was
attributed to TiN. After adsorption, -NH; increased, indi-
cating that NH was adsorbed onto PAA/SA@TiO, medium.

The above data indicated that PAA/SA@TiO, successfully
prepared and had a certain adsorption effect on NH;.

3.3. Influencing factors of ammonia nitrogen adsorption on
hydrogel

3.3.1. Adsorption time

To explore the PAA/SA@TiO,, the best time to adsorb
ammonia nitrogen was to simulate the ammonia nitro-
gen concentration of the influent water as 100, 200, and
300 mg/L, adjusted the pH to 7 with dilute hydrochlo-
ric acid and sodium hydroxide, sample and detected the
residual ammonia nitrogen concentration at 0, 5, 10, 20, 30,
45, 60, 70, 80, 90 min, and calculated the efficiency of the
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hydrogel to adsorb ammonia nitrogen. As shown in Fig. 7,
the hydrogel adsorption rate was very fast in the first 30 min,
approaching the adsorption peak in 50 min, and reaching
the adsorption saturation state after 70 min. The removal
rates of ammonia nitrogen solutions with final initial con-
centrations of 100, 200, and 300 mg/L were stable at 85.56%,
79.46%, and 67.63%, and PAA was determined SA@TiO,.
The best adsorption time of composite hydrogel is 70 min.

3.3.2.pH

Fig. 8 shows the residual ammonia nitrogen concentra-
tion after 90 min of adsorption with NH; concentration of
100 mg/L, adjusted to different pH using sodium hydroxide
and hydrochloric acid solutions. The experiment found that
when pH = 7, the remaining ammonia nitrogen concentra-
tion was the lowest. When pH < 7, there was little change
in the remaining ammonia nitrogen concentration. When
pH > 7, the concentration of residual ammonia nitrogen
increases. It was speculated that the OH* radical produced
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1561 after of PAA/SA
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Fig. 4. PAA/SA and PAA/SA@TiO, hydrogel Fourier-transform
infrared spectrogram of before and after adsorption.
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Fig. 5. Thermogravimetric analysis.
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in alkaline medium reacts with the substrate radical, affect-
ing the chain reaction and destroying the internal structure of
the hydrogel. When pH = 11, the remaining ammonia nitro-
gen concentration only decreases by 40%, and the ammonia
nitrogen removal efficiency decreases to the lowest, indi-
cating that PAA/SA@TiO,. The composite hydrogel was
suitable for acid and neutral conditions.

3.3.3. Temperature

Took an appropriate amount of PAA/SA@TiO,. The
composite hydrogel was placed in 50 mL 100 mg/L NH;
solution at 25°C. The adsorption experiments were carried
out at 25°C, 30°C, 35°C and 40°C to explore the influence
of temperature on the adsorption of NH; by hydrogels.
The results are shown in Fig. 9. From the Fig. 9, it could be
seen that the better the adsorption effect is at 35°C, indi-
cating that PAA/SA@TiO,. The adsorption of composite
hydrogel acacia at room temperature was an endothermic
process. When the temperature rises to 40°C, PAA/SA@
TiO,. The decrease in adsorption efficiency might be due
to the swelling effect of the pore volume inside the adsor-
bent at high temperatures, which destroyed some hydro-
gen bonds and leaded to the desorption of some adsorbed
NH, into the solution at high temperatures.

3.3.4. Dosage

As shown in Fig. 10, in 100 mL of NHj solution, as the
adsorbent dosage increased from 1.5 to 10 g/L, the absorp-
tion of NH] increased from 53.5% to 81.8%, followed by no
significant change in removal rate. As the dosage increases,
the increase in ammonia nitrogen removal rate was due
to the increase in adsorption surface area leading to PAA/
SA@TiO,. More available adsorption sites were generated
on the hydrogel. There was no significant change in the
ammonia nitrogen removal rate when the dosage increased
from 6 to 10 g/L. Considering the environmental protec-
tion concept of resource conservation, the optimal dosage
was determined to be 6 g/L.

DTG (%/min)
W
T

— PAA
—— PAA/SA
— PAA/SA/TiIO,

0 100 200 300 400 500 600 700 800 900

Temperature (°C)
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Fig. 6. Hydrogel X-ray photoelectron spectroscopy energy spectrum analysis: (a) X-ray photoelectron spectroscopy total spectrum,

(b) C peak fitting, and (c) N peak fitting.
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hydrogel.

3.4. Adsorption kinetics and adsorption isotope
3.4.1. Adsorption kinetics

To study the adsorption rate, conducted kinetic stud-
ies and reduced experimental errors, determined the initial
concentrations of 50, 100, 200, and 300 mg/L, and conducted
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Fig. 8. Effect of pH on the adsorption efficiency of hydrogel.

kinetic experiments at pH =7 to obtain quasi first and qua-
si-second-order kinetic model curves and parameters.
Fig. 11 shows different initial NHj concentrations of PAA/
SA@TiO,. The pseudo-first-order kinetic equation and
pseudo-second-order kinetic equation of the composite
hydrogel adsorption of NH; are shown in Tables 1 and 2.
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From Tables 1, 2, and Fig. 11 it can be seen that the pseu-  of 50, 100, 200, and 300 mg/L, the linear correlation coeffi-
do-first-order and pseudo-second-order kinetic equations fit  cient (R?) of the pseudo-second-order kinetics was greater
well with the experimental data of the adsorption curve. In  than that of the pseudo-first-order kinetics equation, and
the adsorption test groups with initial NH; concentrations  the theoretical equilibrium adsorption amount fitted by
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Fig. 9. Effect of temperature on adsorption efficiency of
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Fig. 11. (a) Quasi-first-order dynamic curve, (b) quasi-second-order dynamic curve, and (c) intraparticle diffusion model.
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the pseudo-second-order kinetics equation was closer to
PAA/SA@TiO,. The actual equilibrium adsorption capac-
ity of the composite hydrogel for NH} indicated that the
adsorption process of hydrogel for NH; was more in line
with the pseudo-second-order kinetic model, that was,
the adsorption control step was a chemical process.

On the other hand, there was no linear correlation
between the adsorption rate constant K of the pseudo
kinetic equation and the initial concentration of NH;, indi-
cating that ion exchange and physical adsorption were
involved in the adsorption process. The meaning of K value

Table 1
PAA/SA@TiO2 at different initial concentrations first-order
kinetic parameters of hydrogel adsorption

Pseudo-first-order kinetic parameters
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refers to the rate at which the entire adsorption equilib-
rium reached a special percentage adsorption stage, that
was, a larger K value meaned that the adsorption equilib-
rium could be reached faster. It can be seen from Table 1
that when the initial concentration of NH; was 50 mg/L,
the adsorption rate constant K was the largest, that was,
the adsorption energy of hydrogel for NH; reached the
adsorption equilibrium fastest.

In addition, to further clarify PAA/SA@TiIO,, the adsorp-
tion mechanism of hydrogel in the process of adsorption
of NH} was simulated by the intraparticle diffusion model
of the experimental data. As shown in Fig. 11c, the adsorp-
tion reaction rate in the first stage is very fast, mainly under

Table 2
PAA/SA@TiO2 at different initial concentrations second-order
kinetic parameters of hydrogel adsorption

CO qel exp
(mg/L) (mglg) 4, (mg/y) K (min?) R C, (mg/L) G (M8/8) K, (min™) R
50 7.04 6.66 0.12 0.961 50 7.042 0.028 0.998
100 13.87 12.90 0.08 0.982 100 13.658 0.017 0.996
200 26.30 25.65 0.09 0.975 200 26.222 0.006 0.995
300 33.17 29.72 0.07 0.919 300 33.103 0.005 0.999
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Fig. 12. (a) Langmuir isotherm, (b) Freundlich isotherm, and (c) separation factor (R,) at different initial concentrations.
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Table 3
Intraparticle diffusion models under different initial concentrations
G, C, K, (mg/g-min'?) R? C, K, (mg/g-min'?) R? C, K, (mg/g-min'?) R?
50 2.016 1.067 0.544 4.741 0.383 0.955 8.011 -0.024 -0.049
100 8.653 0.775 0.746 9.998 0.419 0.946 10.829 0.357 0.569
200  8.792 2.602 0.728 11.689 1.703 0.911 23.639 0.247 0.156
Table 4 100
Adsorption isotherm model parameters
%0
Experience g, (mg/g)=112.92 8o iT
g, (mg/g) K, (Lmg) R =0 i
Langmuir S oo
112.11 0.0043 0.994 =
g 50 -
K; [(mg/g)(mg/L)""] R E wl
Freundlich MBS & @
463 4.688 0.956 30t
20
10 m
the diffusion effect of the boundary layer, NH; migrates to
0

PAA through the liquid film SA@TiO,. The outer surface of
the hydrogel is the outer surface adsorption of the adsor-
bent [37]. The second stage reflects the diffusion of adsor-
bate into the interior of particles or the inner surface of the
adsorbent. The third stage is the adsorption equilibrium
stage. As the adsorption time prolongs, the concentration of
ammonia nitrogen in the liquid phase decreases, and finally
the adsorption reaches equilibrium. The internal diffusion
maps under different concentration conditions are com-
posed of multiple straight lines, all of which have not passed
through zero points, indicating that membrane diffusion
and pore diffusion are jointly involved in the adsorption
process.

3.4.2. Adsorption isotherm lines

In order to clearly understand the relationship between
adsorption capacity and equilibrium concentration,
Langmuir and Freundlich isotherm models were used to
fit the experimental data. The adsorption isotherm model
and related parameters of hydrogel for NH} are shown in
Fig. 12 and Table 4, respectively. The correlation coefficient
of Langmuir model (R? = 0.994) was higher than Freundlich’s
(R?=0.956), and the theoretical maximum adsorption capac-
ity of NH; fitted by Langmuir model (112.11 mg/g) was
close to the experimental maximum adsorption capacity
(112.92 mg/g). The results showed that the adsorption pro-
cess of NH; by hydrogel was more in line with Langmuir
isotherm model, and the adsorption process was in line
with monolayer adsorption [38] and the surface-active sites
were uniform.

The 1/n values obtained at different concentrations were
all less than 1, indicating that the adsorption process of metal
ions by adsorbent was good and favorable. How easy it was
for the separation factor (R,) to adsorb NH;. The effect of
initial concentration (50-5,000 mg/g) on the separation fac-
tor at 25°C was investigated experimentally. From Fig. 12c
it can be seen that the range of R, was from 0.823 to 0.044

One Tw
® Three
Four

Five

PAA/SA@TIO,

Fig. 13. PAA/SA@TiO, hydrogel cycle regeneration adsorption
capacity.

(0 < R, < 1), indicating that NH; had great affinity with
PAA/SA@TiO, hydrogel.

3.5. Recycling of adsorbents

From the perspective of economy and resource, the
recoverability and reusability of adsorbents were very
important. The adsorbed hydrogel was eluted with acid
in 0.5 mol/L dilute hydrochloric acid solution for 1 h, then
put into 0.5 mol/L sodium hydroxide solution for 2 h for
regeneration, and the acid-base solution on the surface was
washed with distilled water for many times, and finally
put into an oven at 105°C for later use.

The regeneration experiment results are shown in Fig. 13.
After five cycles of reuse experiments, the adsorption effi-
ciency of PAA/SA@TiO, composite hydrogel decreased
from the initial 84.5% to about 74%, which was slightly
decreased because NH; could not be completely desorbed
in the desorbing agent, occupying a certain adsorption
site. However, the overall downward trend was not signifi-
cant, indicating that hydrogel had high stability. Adsorbent
could be recycled after desorption and drying, so it had
potential application prospect in wastewater treatment.

4. Conclusions

(1) PAA/SA@TiO, composite hydrogel has the good ammo-
nia nitrogen adsorption properties. The optimal adsorp-
tion conditions were pH 7, temperature 35°C, dosage
of adsorbent 6 g/L and adsorption equilibrium time
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70 min. At the time, the removal efficiencies of ammo-
nia nitrogen were stable at 85.56%, 79.46% and 67.63%
for the initial concentration of 100, 200 and 300 mg/L,
respectively. The maximum adsorption capacity was
112.92 mg/g.

SEM characterization showed that the surface of PAA/
SA@TiO, composite hydrogel was uniform and sta-
ble, containing porous structure and a large number
of particles and pores, which increased its contact area
and desorption sites to enhance the adsorption of NH;.
After the addition of TiO, NPs, a large number of white
filaments appeared inside the hydrogel, and its inter-
nal structure was more compact than that of PAA/SA.
Thermogravimetric analysis showed that the composite
hydrogel began pyrolysis only at 446°C, and the heat
loss increased at 800°C, but the weight loss rate was still
less than 52%, showing good thermal stability of the
composite hydrogel.

The ammonia nitrogen adsorption process of PAA/SA@
TiO, composite hydrogel was monolayer adsorption. The
adsorption kinetic process belongs to the pseudo-sec-
ond-order kinetic model of chemisorption. The intra
particle diffusion model indicates that the adsorption
is mainly membrane diffusion and pore diffusion. The
adsorption efficiency only decreased by about 10% after
five cycles of adsorption and regeneration. The compos-
ite hydrogel possesses the good adsorption properties
and operation stability.
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