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ABSTRACT

Low concentrations of ammonium are difficult to remove from surface water through
traditional adsorption, air stripping, and biological techniques. Hence, we flocculate
attapulgite-graft-polyacrylamide (ATP-g-PAM) and immobilize cells in this study to purify
low-ammonia surface water. ATP-g-PAM was synthesized by grafting the polymerization
reaction of ATP and acrylamide (AM). In this process, FeSO4 and NaHSO3 acted as
initiators. The optimum reaction conditions were as follows: 15% AM monomer, 2% ATP,
10.5 × 10−4 mol/mol AM initiator concentration with a 1:5 molar ratio of FeSO4 to NaHSO3,
and 5 h reaction time. The ATP-g-PAM structure was characterized further by Fourier
transform infrared spectra, thermogravimetric analysis, scanning electron microscopy, and
transmission electron microscopy. Results indicated that AM monomers were successfully
grafted onto the ATP surface. Pellets of ATP-g-PAM-bound nitrifying bacteria were
manufactured for surface water treatment. The ammonia-nitrogen removal rate ranged from
14.9 to 33.9% for adsorption and flocculation and from 69.4 to 82.6% under cell immobiliza-
tion. Post-treatment, ammonia-nitrogen was less than 0.8mg/L. Therefore, ATP-g-PAM can
be an ideal carrier material of microbial fixations in water and wastewater treatment
because the double-action of adsorption and flocculation induced by ATP-g-PAM can
supplement the removal of pollutants.
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1. Introduction

In China, high nitrogen levels are a major aspect of
urban water pollution and have frequently been

detected in some old cities with dense population.
These extremely high concentrations of nitrogen com-
pounds are attributed to domestic waste discharge
[1,2]. Nitrogen is generated by compounds in both
organic and inorganic forms. Among these forms,
ammonia nitrogen is a critical inorganic pollutant.*Corresponding author.
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However, ammonium is particularly difficult to
remove from surface waters with low ammonium con-
centration, such as urban rivers. In practice, nitrogen
removal methods usually involve physical, chemical,
and biological processes. Typical physical and chemi-
cal methods include air stripping [3], chemical precipi-
tation [4,5], and ion exchange [6]. Nonetheless, these
methods are operationally costly and complex. Biolog-
ical methods [7,8] utilize the benign process of micro-
bial metabolism to eliminate nitrogen at relatively low
cost while matching the removal rates of physical and
chemical processes. Moreover, it does not produce
secondary pollutants. Given the abovementioned
traits, the biological removal of nitrogen is efficient
and economic.

Microbial immobilization [9] confines functional
enzymes or microorganisms in carrier materials, espe-
cially polymers [10–12]. During immobilization, cell
unit concentration is increased and metabolic activity
level is preserved [13,14]. The immobilized microor-
ganisms metabolize and multiply rapidly. Hence, they
can remove ammonia nitrogen efficiently [15], particu-
larly when they are used to treat water with low
amounts of contaminants. Hence, the required materi-
als are low-cost, display low levels of bio-toxicity,
widely available, and environment friendly [16–18].
Furthermore, a combination of physical and chemical
techniques, such as flocculation and microbial immo-
bilization, is an effective method to effectively remove
ammonium nitrogen from water.

Flocculation is an important water treatment
method in which dispersed particles form enlarged
clusters through contact and adhesion. Flocculation is
synonymous with agglomeration, aggregation, and
coagulation/coalescence. As a flocculation agent, poly-
acrylamide (PAM) is a linear, water-soluble polymer
used in water treatment to produce large floccules fast
[19–21]. The lateral group of PAM polymer chains is
composed of acrylamide (AM), which is highly polar
and can form hydrogen bonds. To enhance the stabil-
ity and effectiveness of the flocculant, other substrates
[22–24] can be grafted to PAM. For instance, attapulg-
ite (ATP) can serve as the core of a micro-crosslinking
polymer system.

ATP clay [25] is a highly adsorbent earth material
that is often applied in water pollution treatment.
ATP clay contains micro pores and possesses a unique
chain-and-layer crystalline structure. Moreover, it has
large internal and external specific surface areas mea-
suring approximately 300 and 23m2/g, respectively,
given its specific crystal morphology, inherent pore
and channel structures, and depositional pathways. In
addition, ATP activation induces surface charge
imbalance as a result of unusual atom sorting. This

imbalance causes active sorption sites to form. Aside
from the aforementioned characteristics, ATP is non-
toxic, odor-free, non-stimulating, and chemically sta-
ble. Furthermore, it dries quickly and displays low
hardness. Therefore, ATP is commonly used to
address water pollution [26–28]. On the surfaces of
ATP particles, silicone hydroxyls have a strong affin-
ity for organic substrates [29]. Thus, ATP-PAM is a
viable composite flocculant theoretically.

Based on the unique crystalline morphology and
activation characteristics of ATP, grafting is initiated
by mixing transition metal salt and sodium bisulfite
at room temperature under air atmosphere. The
resultant hybrid flocculant with organic/inorganic
components is known as attapulgite-graft-polyacryl-
amide (ATP-g-PAM). This flocculant is then synthe-
sized via an in situ reaction of intercalation
polymerization [30–32].

In this study, we aim to immobilize the nitrogen-
removing microbes through flocculation. In the process,
we produce a pellet form of immobilized bacteria.
Moreover, we combine flocculation and immobilization
to treat polluted urban rivers. In the first stage of
adsorption and flocculation, we used has acid-modified
ATP to partially remove ammonium. In the second
stage, we removed nitrogen biologically through the
metabolism of ATP-g-PAM-bound bacteria.

2. Materials and methods

2.1. Preparation of the ATP-g-PAM flocculant

We first acid-modified ATP (Jiuchuan Nanomaterial
Technologies Company Limited, Xuyi, Jiangsu, China)
as follows: Blocks of ATP ore were ground into powder
and then sieved (200mesh). The powder was then
washed with 4M HCl, rinsed multiple times with dis-
tilled water, dried in a vacuum at 110˚C for 48 h, cooled
in a cooling vessel, and finally stored in an airtight jar.

To determine the synthesis condition of the ATP-g-
PAM flocculant, we optimized the effects of AM
monomer mass (10–20%), initiator concentration (1:5
of FeSO4 and NaHSO3 with a final concentration rang-
ing from 7 × 10−4 to 21 × 10−4 mol/mol AM), amount of
ATP mass loading (0.5–3% of AM), and reaction time
(2–6 h). The ATP powder was added to distilled water,
sonicated for 30min, mixed with AM, and then stirred
vigorously. The initiator was then incorporated, and
the mixture was incubated in a thermostatic water
bath at 35˚C for 2–6 h. The resultant ATP-g-PAM floc-
culant was then twice-washed with absolute ethanol
to remove residual AM and vacuum-dried at 50–60˚C
to stabilize the weight. The experiment was conducted
in triplicate.
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2.2. Characterization of ATP-g-PAM

Viscose flocculants are generally adsorbent. Thus,
we obtained viscosity readings at the end of graft
reaction using a Brookfield Viscometer (Brookfield
Laboratory Engineering, Inc., USA) to determine the
viscosity of the ATP-g-PAM and to optimize and
assess its performance.

We evaluated the grafting of ATP to PAM through
characterization with Fourier transform infrared
(FTIR) spectra. We ground ATP, PAM, and ATP-g-
PAM and then added deionized water to obtain a 2%
solution (w/w). The samples were milled with potas-
sium bromide to form very fine powder, which was
then compressed into a thin pellet for analysis. Fur-
thermore, we used the Nicolet PROTÉGÉ 460 FTIR
(Thermo Scientific) to analyze the characteristic
absorption profiles of the samples at a scanning range
of 1–4,000 cm−1. The absorption profile was the pri-
mary indicator of the substances in the sample. More-
over, we conducted thermogravimetric analysis (TGA)
using a TG 209 F3 instrument (Netzsch-Gerätebau
GmbH, Germany). We placed the ground samples in a
nitrogen gas flow at 20mL/min and increased the
temperature from 50 to 850˚C at a rate of 10˚C/min.
Based on the analysis, we obtained thermal-gravimet-
ric curves and determined the thermal stability of the
compound. Finally, we observed the distribution and
general morphology of ATP in the structure of the
ATP-g-PAM using a SUPRA55 scanning electron
microscope (SEM) (Carl Zeiss AG, Germany) and a
JEM-2100 high-resolution transmission electron micro-
scope (TEM) (JEOL, Ltd., Japan).

2.3. Microbial enrichment

We obtained liquid from the enriched nitrifying bac-
teria as follows: First, we collected an activated sludge
sample from the biochemical reaction tank of a
wastewater treatment plant. The sludge sample was
then added to 2 L nitrifier enrichment culture
[(NH4)2SO4—5 g, NaCl—2 g, FeSO4—0.04 g,
NaH2PO4—1g, MgSO4·H2O—0.5 g, distilled water—1L,
pH 7.2, sterilized at 121˚C for 20min]. The incubation
area was aerated, and the temperature was maintained
at 28–30˚C. The culture was replaced every other day
by settling and decanting the upper half of the superna-
tant. pH level remained between 7.2 and 8. After 28 d of
incubation, the culture was enriched.

2.4. Batch test of ammonium removal

Several water samples were gathered from various
urban rivers in Changzhou City (Jiangsu, China). These

rivers ranged from lightly polluted to heavily polluted
(Fig. 1). In these samples, chemical oxygen demand
ranged from 60.65 to 85.47mg/L; total nitrogen ranged
between 5.47 and 16.91mg/L; total phosphorus ranged
from 0.45 to 1.25 mg/L; and ammonia-nitrogen
ranged between 3.12 and 12.53mg/L as per the mea-
sure presented by [33] (Table 1). The samples were floc-
culated and immobilized as follows: We added 1%
nitrifying bacteria culture (2.5 × 107 cell/mL) and 1 g
acid-modified ATP to a 500mL water sample. The mix-
ture was slowly agitated to promote adsorption. 1%
(w/v) ATP/PAM hybrid flocculant was then incorpo-
rated. The flask was agitated rapidly (250–300 r/min)
for 30 s and then slowly (60 r/min) for 5min. After-
ward, it was precipitated for 30min. The fine floccules,
along with the immobilized nitrifying bacteria,
remained in the flask for 9 d. To measure the ammo-
nium content, samples (1mL) were taken every 2 d
(500mL in total). Equal amounts of microbes were
obtained to compare the novel immobilization method
involving ATP-g-PAM and suspended bacteria with the
traditional method of immobilization [polyvinyl alcohol
(PVA)–boric acid)] [34].

3. Results and discussion

3.1. Optimal synthesis condition of the ATP/PAM hybrid
flocculant

The synthesis, stability, and characteristics of the
ATP/PAM flocculant are significantly affected by

Fig. 1. Map of the sampling river.
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reaction time and the amounts of AM used as mono-
mers, initiators (mass ratio FeSO4:NaHSO3 = 1:5), and
ATP. Thus, we optimized the synthesis condition
given different reaction times and amounts of AM, ini-
tiators, and ATP.

3.1.1. Effect of the amount of monomer mass loading

We prepared samples of the ATP/PAM hybrid
flocculant by loading AM monomer mass ranging
from 10 to 20%. The other synthesis conditions were
fixed (10.5 × 10−4 mol/mol AM initiator concentration,
mass ratio FeSO4:NaHSO3 = 1:5, and 2% ATP mass
loading relative to the amount of AM). As shown in
Fig. 2(a), the increase in monomer mass loading ini-
tially enhanced viscosity, which reached its peak at
15% monomer loading. However, viscosity decreased
afterward. As monomer mass increased, the polymeri-
zation reaction accelerated, and additional monomers
were incorporated into the polymer matrices. More-
over, viscosity increased with the percentage of mono-
mer conversion, thus reflecting live polymerization.
As monomer loading increased further, the resultant
increase in part of the reacting medium caused a local
cage effect [35]. This cage effect prevented primary
radicals, which were released by initiator molecules,
from making contact with the monomers. Polymeriza-
tion decelerated when initiator concentration
decreased. In various parts of the reaction system,
excessive polymerization heat may have reduced
product viscosity, along with local differentiation [36].

3.1.2. Effect of initiator concentration

The ATP/PAM hybrid flocculant was produced
using an initiator (mass ratio FeSO4:NaHSO3 = 1:5)
with concentrations varying from 7 × 10−4 to 21 × 10−4

mol/mol AM. Other synthesis conditions were fixed
(15% monomer mass loading, 5 h reaction time, 2%
ATP mass loading relative to the amount of AM). As
shown in Fig. 2(b), viscosity was high given a low ini-
tiator concentration. Moreover, the viscosity of the

hybrid flocculant first increased then decreased with
the increase in initiator concentration. Polymerization
was initiated and sustained by free radicals [37].
When monomer amount is fixed, the availability of
radicals was the dominant factor in the polymerization
reaction [38]. Hence, a high initiator concentration
enhanced the efficiency of monomer conversion. As a
result, the reaction rate increases along with product
viscosity. However, the reaction occurred too quickly;
thus, the reaction heat did not dissipate. Conse-
quently, temperature increased and the viscosity
decreased significantly.

3.1.3. Effect of reaction time

Fig. 2(c) shows the change in product viscosity rel-
ative to varied reaction times. Reaction time ranged
from 2 to 6 h when the conditions were fixed at 15%
monomer mass loading, 10.5 × 10−4 mol/mol AM initi-
ator concentration, mass ratio of FeSO4:NaHSO3 = 1:5,
and 2% ATP. The specific viscosity of the product
increased slightly with reaction time. The autoacceler-
ation effect prolonged the lifespan of side chain radi-
cals, thereby encouraging the generation of AM
monomers in chain growth. As a result, molecular
weight was enhanced. Nonetheless, radical diffusion
limits heterogeneous polymerization through its slow
kinetics and controls the molecular weight of the
product [36].

3.1.4. Effect of ATP mass loading amount

Specific viscosity was also affected by the amount
of ATP, as depicted in Fig. 2(d). ATPs are composed
of AM monomer mass ranging from 0.5 to 3% with a
monomer concentration of 15%, initiator concentration
10.5 × 10−4 mol/mol AM, mass ratio FeSO4:NaHSO3 =
1:5, and a reaction time of 5 h. With the increase in
ATP amount, specific product viscosity first increased
and then decreased. This peak viscosity corresponded
to 2% ATP dosage. During grafting, the ATP particles
may act as the core of the micro-crosslinking polymer

Table 1
Contaminant concentrations in water samples

Samples Rivers Ammonium/mg L−1 COD/mg L−1 TN/mg L−1 TP/mg L−1

Sample 1 21m beheaded river 16.27 ± 1.2 85.47 ± 2.5 16.91 ± 0.8 1.25 ± 0.08
Sample 2 21m beheaded river 12.28 ± 0.8 80.25 ± 0.8 15.25 ± 0.5 0.88 ± 0.06
Sample 3 Guan River 7.04 ± 0.3 69.32 ± 3.1 10.63 ± 1.2 0.65 ± 0.03
Sample 4 Beishi River 7.40 ± 1.6 75.15 ± 2.2 8.21 ± 0.8 0.48 ± 0.05
Sample 5 Beishi River 3.67 ± 0.5 60.65 ± 2.5 5.47 ± 0.5 0.45 ± 0.09
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system [39]. This core had a high affinity for polar
functional groups, such as –NH2 and –OH and poly-
mer chains. The polymers were enlarged as a result of
polymer chain sorption on the surface, and their
hydrodynamic volume increased. Thus, viscosity was
enhanced. However, the intrinsic viscosity of the poly-
merization unit dropped given a certain dosage of
ATP. As the crosslink extends and physical adsorption
strengthens, the chains in the polymer matrices con-
gregate, thereby reducing hydrodynamic volume [40].

3.2. Characterization and comparison of ATP-g-PAM

3.2.1. Structural characterization of ATP/PAM using
FTIR spectra

Under the optimal condition of 15% AM monomer,
10.5 × 10−4 mol/mol AM initiator, 2% ATP, and 5 h

reaction time, the ATP-g-PAM was synthesized and
characterized using FTIR spectra. Fig. 3 shows the
FTIR spectra before and after the formation of the
ATP-g-PAM hybrid flocculant. According to the infra-
red PAM spectrum, the stretching and vibration
absorption peaks of VN-H were observed at 3,432 cm−1,
the characteristic absorption peak of amide carbonyl at
1,666 cm−1, the characteristic absorption peaks of meth-
ylene at 2,925 and 2,854 cm−1, and the vibration
absorption of δCH2 at 1,455 cm−1. These observations
confirmed that the polymer was composed of PAM.
On the spectrum of the synthesized hybrid flocculant,
the asymmetric stretching vibration peaks of C–H were
observed at 2,855 and 2,926 cm−1 and its deformation
vibration at 1,455 cm−1. The spike close to 1,656 cm−1

reflected the hydroxide groups (–OH) from the
absorbed ATP water, whereas the neighboring spike
close to 1,625 cm−1 indicated –OH generated by the
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Fig. 2. Optimal synthesis condition of the ATP/PAM hybrid flocculant: (a) amount of monomer mass loading; (b) initiator
concentration; (c) reaction time; and (d) ATP mass loading amount.
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coordinated water. The absorption peak at 1,452 cm−1

was induced by Lewis acids. Furthermore, the two
new absorption peaks at 1,049 and 993 cm−1 were
attributed to the asymmetric and symmetric stretching
vibrations of Si-O, respectively, and denoted the graft-
ing and polymerization of the AM monomers.

3.2.2. TGA of ATP/PAM

The slight weight loss at 200˚C was attributed to
the escape of free water. Moreover, both PAM
(Fig. 4(a)) and the hybrid flocculant (Fig. 4(b)) were
moderately stable thermally. For both materials,
weight loss was most prominent above 300˚C, at
which the PAM and ATP-g-PAM peaks decreased at
382.5 and 386.9˚C, respectively. This reduction was
correlated with the different temperatures required for
the initial decomposition of the materials. At above
600˚C, the residual weight percentage of PAM
(18.22%) was lower than that of the hybrid flocculant
(31.99%). The improved stability was a result of ATP
incorporation during polymerization. In the polymer
matrix, these inorganic clay particles formed a heat
barrier and significantly decelerated internal heat con-
ductance and thermal decomposition. This “barrier
effect” was key to improving the heat stability of the
hybrid flocculant.

3.2.3. Electron microscope scan of ATP/PAM

The TEM image of the ATP-g-PAM hybrid floccu-
lant (Fig. 5(a)) shows that the surface of the hybrid
flocculant was flat. The dark areas on the image
(Fig. 5(b)) represent the crystalline bars and bundles

of ATP, which contain the distributed nano-acicular
fibers in the PAM matrix. This image confirms that
the hybrid flocculant was well synthesized.

3.2.4. Initial synthesizing mechanism of ATP/PAM

Numerous studies have mainly considered clay
modification in the generation of synthetic polymer
from clay and AM monomers [41–43]. Functional
groups are grafted to clay particles through ionic
exchange. These functional groups are activity centers
of polymerization reactions once they are activated
by initiators. During polymerization, AM monomers
intercalate in situ at these centers to form ionic-
bonded structures. However, other researchers have
developed methods that do not require clay modifica-
tion. They report that abundant and hydrophilic sili-
con hydroxyl groups on the clay surface can facilitate
the grafting of alkene monomers. After initiator acti-
vation, the clay releases free radicals that precipitate
the polymerization of AM monomers [24,44]. At the
structural hydroxyl groups, Bronst acid sites can
form in the layered ATP crystal structure. Mg2+ and
Al3+ ions can exchange easily with exogenous metal
ions, and the exposed Al3+ ions are potential sites of
Lewis acid. Most Lewis acids are produced through
the Al3+ ions on the edge of crystal layers; some of
these acids are uncoordinated, whereas the others
exposed by dehydration. Moreover, the possible
sources of Bronst acids are as follows: (1) weakly
acidic Si–OH and Al–OH that are exposed at the
edges of crystal layers or end-face imperfections; (2)
negatively charged centers in the layers (particularly
the localities of Si–O–Al, where tetrahedral Si atoms
are replaced by Al atoms) that contain counteracting
H+ but have not been bound to columns/layers; (3)
polarized water molecules on the mineral surface;
and (4) H+ from the acid modification of ATP. Fol-
lowing this modification, the surface acid centers
serve as a potential functional core to catalyze multi-
phase catalytic reactions [45–47]. In this study, there-
fore, modified ATP not only provides the required
substrate for AM grafting, but also the activation
zones for polymerization the given the acid sites of
Bronst and Lewis. Furthermore, the released Al3+,
Mg2+, and possible Fe2+ from reductants may form
complexes with peptide amine groups. These com-
plexes can integrate further with the chain growth
radicals from PAM by altering the activity of the rad-
icals and initiating the polymerization reaction. This
process improves reaction rate and product viscosity
as well [48]. In conclusion, the addition of ATP facili-
tates AM polymerization.

Wave numbers (cm-1)
01000200030004000

Tr
an

sm
itt

an
ce

, %

0

10

20

30

40

50

60

70

80

90

100

ATP
PAM
ATP-g-PAM

Fig. 3. FTIR spectra of PAM and ATP-g-PAM.
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3.3. Removal of ammonia from surface water

To investigate the use of ATP/PAM in the floccula-
tion and immobilization of nitrifying microbes for
ammonium removal, surface water samples were
obtained from urban rivers that ranged from lightly
contaminated to heavily contaminated. Fig. 6 displays
the decreasing ammonia concentration during floccula-
tion and immobilization. During the first 35min of floc-
culation and precipitation, the ammonium removal rate
ranged from 14.9 to 33.9%, potentially as a result of both
flocculation and adsorption. The adsorption capacity of
ATP was 0.69mg/g in this study. As per TGA (Fig. 4)
and scanning (Fig. 5), the structure of ATP-g-PAM syn-
thesized stably. This stable synthesis facilitates the
effective and rapid removal of ammonium through floc-
culation and adsorption. In addition, the micro-ducts of
ATP formed into honeycomb-shaped cross-sections that

basically combined countless parallel tubular ducts
with equal cross-sections. This unique structure, which
is similar to a molecular sieve, enhances the adsorption
capacity of ATP.

Fig. 6 also depicts the batch test performance of the
hybrid flocculant with immobilized microbes. In the
first 2 d, we observed minor changes. Following this
period, ammonia removal was accelerated, and the per-
centage of removal ranged from 69.4 to 82.6%. As per
the scanning result (Fig. 5), the ATP-g-PAM carrier gen-
erated numerous sorption sites. Moreover, its large spe-
cific surface area accommodated the attachment of even
ammonia and substrates, thereby enhancing the meta-
bolic environment of the microorganisms. As observed
in this study, the nitrifying bacteria in the ATP-g-PAM
carrier reached 108 cell/mL, playing an important role
in ammonia removal through nitrification process.
Furthermore, ATP increased flocculant permeability,
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which improved the mass transfer of oxygen and other
substrates from the surface to the core. This improve-
ment was conducive to bacterial growth and nitrogen
removal. After the 2 d adaptive period, the efficiency of
ammonia removal efficiency increased. We also com-
pared this novel immobilization method involving
ATP-g-PAM and suspended bacteria with the tradi-
tional method of immobilization (PVA–boric acid)
(Fig. 7). Ammonium also decreased slightly in the con-
trol sample (CK). Although the amount of suspended
bacteria initially decreased significantly and more
quickly in the proposed method than in the others,
ammonium concentration increased again at a later per-
iod. This finding may be attributed to the instability
and death of the suspended bacteria. Therefore, the pro-
posed method removed ammonium more effectively
than the traditional immobilization method because of
its high specific surface area and the dense pores of the
immobilized pellets it generates. These pellets act as
sustainable carriers for bacteria with high metabolic
activities.

The immobilization process that integrates adsorp-
tion and flocculation [49–51] is technologically advanta-
geous. In our study, the modified ATP is the main body
for the initial adsorption of ammonia and other organic
pollutants. This non-toxic material does not induce sec-
ondary pollution. Furthermore, the specific surface area
of ATP was expanded through acid modification to pro-
duce additional sorption sites that facilitated microbial
growth and reproduction. Through the “bridging”
mechanism [52], active functional groups caused the
adsorption of the laboratory-constructed hybrid floccu-
lant onto the suspended ATP micro-particles. This

process also integrated the ATP particles with other
organic matters to form enlarged particles. Under floc-
culation and precipitation, both free and adsorbed
active microorganisms settled in the three-dimensional
matrices. Given its stable bacteriological growth condi-
tions, efficient ammonia removal, and enhanced
mechanical strength, this immobilization method effec-
tively removes ammonium from surface water. For
environment safety, however, the microbial flocculant
may be incorporated further with nitrifying bacteria
during flocculation with immobilized cells for nitrogen
removal.
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