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ABSTRACT

In this study, the removal potential of vinyl polymer/ZnO nanocomposite (PDM/ZnO) by
activated sludge (AS) biomass was investigated. PDM/ZnO was effectively removed by AS
adsorption (90.3% of total PDM/ZnO removed). The effects of contact time, temperature,
pH of the solution, PDM/ZnO production method, initial adsorbate concentration, and
properties of the adsorbent were studied. The experimental results are fitted with
the Langmuir and Freundlich equations. The adsorption kinetics closely followed the
pseudo-second-order model. Thermodynamic parameters (ΔH˚, ΔS˚, ΔG˚) indicate that the
adsorption of PDM/ZnO onto AS was feasible, spontaneous, and endothermic. The effects
of PDM/ZnO production method and pH value both indicate that electrostatic force may
main mechanism in PDM/ZnO adsorption process. The decrease in the adsorption capacity
of inactivated sludge suggests that the increase of adsorbent surface area also plays a
significant role in the removal process.
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1. Introduction

With the rapid development of nanotechnology,
nanoparticles, and materials have attracted a great
deal of attention in recent years [1,2]. ZnO nanomate-
rials have been widely used in many fields such as
sunscreens, electrical and optical devices, catalysts,
food additives, biosensors, and industrial coatings
[3–5]. Naturally occurring ZnO nanomaterials are also
ubiquitous in the environment, resulting from both
natural processes and from anthropogenic impacts.
Despite the outstanding characteristics, many studies
showed the potential toxicity of ZnO nanomaterials to

the environment. Nano-ZnO has been found to be
toxic to micro-organisms [2,6,7], fish [8], and plants
[9,10] at various levels. Quantifying the affinity of
nanomaterials for activated sludge (AS) is an essential
step towards predicting its fate in the environment
and assessing exposure risks [11].

Dimethyl diallyl ammonium chloride is a kind of
water-soluble cationic monomer with non-conjugated
diolefine which causes homopolymerization and copo-
lymerization reactions. It has been extensively used in
oilfields, papermaking, water treatment, leather
making, textile printing and dyeing, medicine,
cosmetics, etc. [12–14]. Vinyl polymer (dimethyl diallyl
ammonium chloride/acrylic acid/2-hydroxyethyl
acrylate/acrylamide) consists of numerous functional
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groups, such as –OH, –COOH, and –CONH2. Organic-
inorganic nanocomposite materials could combine the
properties of organic and inorganic materials, so the
mechanical, thermal, and other properties of the com-
posite could be greatly improved [15]. Vinyl polymer/
ZnO nanocomposite (PDM/ZnO) could combine the
properties of the individual constituents and broaden
its application range [16]. However, the transformation
and fate of nano-ZnO may vary greatly with its chem-
ical composition and molecular structure. In consider-
ation of the potential toxicity and environmental
impact of ZnO nanoparticles, it is necessary to evalu-
ate PDM/ZnO nanocomposite entering wastewater
treatment plants, and methods are needed for the
industry to assess the potential removal of them
during wastewater treatment.

AS is used to reduce concentrations of nutrients,
suspended solids, metals, synthetic organic chemicals,
and pathogens in wastewater [17]. Pollutants in AS
processes can be removed through different
mechanisms such as biodegradation, volatilization, air
stripping, and adsorption [18]. Among these,
adsorption on AS flocs is often the most important
mechanism [19,20]. United States Environmental Pro-
tection Agency (USEPA) provided a standard method
for testing soluble pollutant sorption on AS with the
publication of the OPPTS 835.1110 [21], which calls for
the use of freeze-dried and heat-treated (FDH) AS as an
adsorbent. Unlike fresh AS, FDH AS can be stored for
several months, allowing for a convenient and uniform
supply of sorbent for batch experiments. However,
research has shown that the use of FDH AS is inappro-
priate for quantifying nanoparticle removal in
wastewater treatment plants [11]. Studies have been
published that investigated the fate of manufactured
nanoparticles (TiO2, SiO2, silver, gold, and fullerene
nanoparticles）in wastewater treatment plants through
AS [11,17], while very few related studies are available
about ZnO nanocomposite.

The overall aim of this study was to explore the
feasibility of using wastewater biomass as an effective
adsorbent for the removal of PDM/ZnO nanocompos-
ite. PDM/ZnO removal by AS and inactivated sludge
(IAS) was compared with batch experiments. The
effects of the solution pH, contact time, temperature,
PDM/ZnO production method, initial adsorbate
concentration, and properties of the adsorbent were
also investigated. The accomplishment of these objec-
tives will elucidate potential pathways for evaluating
PDM/ZnO nanocomposite removal from wastewater
and have important implications for the transformation
and fate of PDM/ZnO nanocomposite in the
environment.

2. Experimental procedures

2.1. Materials and analytical methods

PDM/ZnO nanocomposite was prepared by
following our previous study [16]. I-PDM/ZnO was
synthesized via in situ polymerization. Sodium azide
(NaN3) was purchased from Zhengzhou Paini Chemi-
cals Co., Ltd (China). Other chemicals were supplied
by Chinese chemical companies. All the chemicals
were of analytical grade and were used without fur-
ther treatment.

AS was taken from an aeration basin of a local
municipal wastewater treatment plant, Xi’an, China.
The sludge was acclimatized in the laboratory and was
continuously aerated. The AS was fed with nutrients
consisting of NH4Cl, KH2PO4, and glucose. During the
steady state, mixed liquor suspended solids (MLSS)
concentration was approximately 4,090mg/L. To
investigate the effect of physicochemical properties of
the adsorbent on the PDM/ZnO adsorption behavior,
we added 1% NaN3 as described by the previous stud-
ies [22–24] to make the AS inactivated. Sludge inactiva-
tion was controlled by monitoring the oxygen
concentration. The inactivation of the AS was successful
when no oxygen consumption took place [25].

Solid samples were observed using brightfield by
an epifluorescence microscope (OPTPro BK-FL). The
surface morphologies of AS and IAS were characterized
by a scanning electron photomicrograph (SEM, Apollo
XL) which is equipped with an EDX analyzer. Infrared
spectra were recorded on a Vector-22 FTIR spectrome-
ter with KBr pellet technology. Size distribution analy-
sis was carried out using a Malvern Zetasizer Nano
ZS90. Zeta potentials were measured using a Malvern
Zeta Potential Analyzer. The surface areas of AS and
IAS were characterized by Quantachrome NovaWin
instruments with N2 adsorption.

2.2. Batch adsorption procedure

A series of experiments included contact time, pH,
temperature, and adsorbate concentration effects were
conducted. The purpose was to investigate the
kinetics, thermodynamics, and mechanisms of
nanocomposite adsorption by AS. For the experimen-
tal determination of the required contact time, AS was
added to a 250mL conical flask at MLSS concentration
of 1,000mg/L and PDM/ZnO of approximately
400mg/L concentration at pH 7.0 was obtained; the
mixture was placed in an incubator operated at 120
rpm and 25˚C. Samples were withdrawn at regular
time intervals and the solutions were filtrated in
order to remove any adsorbent particles. The filtrate
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concentrations of PDM/ZnO were measured by a UV
spectrophotometer (UV7200). The adsorption amounts
of PDM/ZnO on adsorbent were calculated according
to Eq. (1) [26]:

qe ¼ ðC0 � CeÞV
M

(1)

where qe (mg/g) is the amount of PDM/ZnO
adsorbed at equilibrium, C0 is the initial concentration
of PDM/ZnO (mg/L), Ce is the equilibrium PDM/
ZnO concentration (mg/L), V is the volume of PDM/
ZnO solution (L), and M is the adsorbent mass (g).

Effect of solution pH on PDM/ZnO adsorption on
AS was studied and the pH values were adjusted
from 3 to 12 with 0.1 mol/L HCl or 0.1 mol/L NaOH
solutions. The procedures for the determination of the
effect of pH were similar to those for the determina-
tion of the adsorption equilibrium time.

Adsorption isotherms at 15, 25, and 35˚C were
conducted as follows: AS was added to a 100mL coni-
cal flask at MLSS 1,000mg/L, then PDM/ZnO was
added with concentrations approximately from 50 to
600mg/L. The flasks were transferred into an incuba-
tor and shaken at 120 rpm and constant temperature
for 30min. After reaching adsorption equilibrium, the
solutions were filtrated and the filtrate concentrations
of PDM/ZnO were determined using a UV spectro-
photometer. The amount of PDM/ZnO adsorbed was
calculated by subtracting the remnant PDM/ZnO
concentration in the solution from the initial
concentration. The quantities of PDM/ZnO adsorbed
per unit amount of adsorbent (qe) were calculated
from the obtained data.

For adsorption kinetics at 25˚C, the experiment was
conducted in a fashion similar to that described in the
experimental methods of contact time effects. All of the
experiments were duplicated to check the reproducibil-
ity of data and the average values were taken.

3. Results and discussion

3.1. Material characterization

The FTIR spectrum of the PDM/ZnO is shown in
Fig. 1. The bands at 1,382 and 2,924 cm−1 were
ascribed to CH3 and CH2 stretching vibration,
respectively. The band at 3,417 cm−1 was ascribed to
N–H and O–H stretching vibration. The peaks at 1,722
and 1,674 cm−1 were assigned to C=O stretching vibra-
tion which were characteristic absorption of –COOH
and –CONH2 vibrations. The peak that appeared at
432 cm−1 was attributed to the ZnO.

3.2 Effects of contact time and initial adsorbate
concentration

The uptake rates of PDM/ZnO by AS and IAS are
shown in Fig. 2. The adsorption efficiency increased
rapidly within the first 10min and then slowed,
approaching a steady state after 30min. The amount of
PDM/ZnO adsorbed on sludge remained almost con-
stant from 30 to 90min. Fig. 2 shows that maximum
percent adsorption of the PDM/ZnO was after about
30min of shaking. The rate of adsorption is higher in
the beginning because of the available larger surface
area of the adsorbent [27]. As a result, the equilibration
time was set to 30min for subsequent experiments.

Adsorption of PDM/ZnO on AS was carried out at
different initial PDM/ZnO concentrations (50, 150,
and 400mg/L) at pH 7 and 25˚C temperature. The
result in Fig. 3 shows that the uptake of the PDM/
ZnO increases with increasing initial PDM/ZnO
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Fig. 1. The FTIR spectrum of PDM/ZnO.
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concentration. The result is in agreement with litera-
ture for the adsorption of organic substances onto AS
[28,29]. The initial PDM/ZnO concentration provides
the necessary driving force to overcome the resistance
to the mass transfer of PDM/ZnO between the aque-
ous phase and the solid phase. Hence, a higher initial
concentration of PDM/ZnO will enhance the adsorp-
tion process [30]. The removal amounts of PDM/ZnO
with initial adsorbate concentrations at 50, 150, and
400mg/L were found to be 44, 138, and 361mg/g.
Results show that the initial PDM/ZnO concentration
played an important role in the adsorption of PDM/
ZnO by AS.

3.3 Comparison of PDM/ZnO removal with AS and IAS

Fig. 2 shows the removal percentages of PDM/
ZnO and I-PDM/ZnO with MLSS 1,000mg/L of AS
and IAS. The removal rates of PDM/ZnO by AS
and IAS were 90.3 and 69.8%, respectively, and the
removal rates for I-PDM/ZnO between AS and IAS
were approximately 56 and 37%. Studies showed
that the adsorption experiments were performed
with AS and IAS in order to distinguish pure
adsorption processes and biosorption [22,23]. Inter-
estingly, in this study adsorption of PDM/ZnO was
very fast suggested that the impact of biodegrada-
tion was neglectable. Thus, PDM/ZnO adsorbed
about 20% less to IAS than to AS might be due to
the different properties of the two sludges.

AS and IAS were qualitatively compared using
brightfield images (Fig. 4(a0) and (b0)). AS has visible
and clear surface morphology such as filaments and
spheres of different sizes and loose volume. On the
contrary, IAS appears as amorphous clumps of matter

and lacks distinct feature. The SEM analysis gives a
sufficient overview of the surface morphology and
fundamental physical properties of the adsorbent.
SEM images of bare AS and IAS are shown in
Fig. 4(a1) and (b1). Compare with the SEM figures, the
chemical activation done on AS resulted in the
appearance of noticeably more pores than that on IAS.
However, the entire surfaces are not seen with clear
pores. The accumulation could be vaguely seen in
Fig. 4(a2) and (b2) are believed to be caused by PDM/
ZnO adsorption onto it. EDX spectra (Fig. 5(b)) show
the appearance of additional elemental peak for Zn in
AS after adsorption, which indicated the distribution
of PDM/ZnO on AS surface. The surface area of AS
was 1.567m2/g; in contrast, the surface area of IAS
could not be detected by N2 adsorption. It could be
observed in the experiments that AS with NaN3 addi-
tion leads to a smaller floc size, which is in accordance
with the former study [31]. The Zeta potential of the
two adsorbents had no obvious differences (Fig. 6).
All these indicate that larger surface area available for
adsorption and more cavities on the AS allowed easier
penetration of the PDM/ZnO molecule into the
adsorption sites [32–34]. The results of our batch
adsorption experiments and images indicate that
PDM/ZnO associate less with IAS than with AS.
Therefore, IAS is not a suitable adsorbent for
estimating nanoparticle removal in wastewater
treatment plants.

3.4. Effect of pH

The effect of initial pH on the removal efficiency of
the AS is illustrated in Fig. 6(a). From the results,
PDM/ZnO removal rate increased from 60 to 91% in
the pH range of 3–8 and attained the highest value at
pH 8. However, the PDM/ZnO removal rate
decreased when the pH was between 9 and 12, which
indicated that the removal of PDM/ZnO from aque-
ous solution was strongly effected by the initial pH of
solution. This can be explained by the changes of
physicochemical properties of the adsorbent and
PDM/ZnO molecules.

The Zeta potentials of AS and PDM/ZnO are
plotted in Fig. 6(a), which shows that PDM/ZnO is
an amphoteric polymer. The lower adsorption at
lower pH may be attributed to the presence of
excess protons in solution competing with cations
for the adsorption [29]. With the pH increasing from
3 to 8, the number of negative charged surface sites
increases. Adsorption increases because of the
increase of electrostatic attraction between negative
charged biomass and positively charged PDM/ZnO
molecules. Electrostatic repulsion exists between the
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negatively charged surface and negative charged
PDM/ZnO molecule when the pH higher than 8.

Strong dependence of PDM/ZnO adsorption on
solution pH indicates that electrostatic force may

Fig. 4. Brightfield images of AS (a0), IAS (b0). SEM photographs of AS (a1), IAS (b1), PDM/ZnO adsorption on AS (a2),
and IAS (b2).

Fig. 5. EDX spectra of AS (a) before adsorption and (b) after adsorption.
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play an important role in PDM/ZnO adsorption
onto AS.

3.5 Effect of PDM/ZnO production method on adsorption

Study has found that different production methods
affect nanoparticles on biosorption [17]. Adsorption
experiments were carried out to investigate the effect
of the preparation methods of nanocomposites on the
removal of PDM/ZnO in wastewater biomass. The
uptake rates of I-PDM/ZnO by AS and IAS are shown
in Fig. 2. The removal rates of I-PDM/ZnO by AS and
IAS were 56 and 37%, respectively. Compared with
the result described in section 3.3, I-PDM/ZnO was
less readily removed from AS and IAS than PDM/
ZnO. Because of a different nanocomposite prepara-
tion method, the particle size of the two adsorbates
have no obvious differences, the particle size
distribution are all bimodal, mainly containing two
particle classes, primary particles (100–140 nm), and
nanoparticles (4–20 nm). PDM/ZnO has greater Zeta
potential than IS-PDM/ZnO (Fig. 6), which suggests
that the surface charge of PDM/ZnO could affect its

removal. Increasing positive charges may result in
increasing electrostatic attraction, which may increase
the PDM/ZnO adsorption on AS and IAS. This further
implied that electrostatic force was significant
mechanism in the PDM/ZnO nanocomposite removal
process. The octanol-water partition coefficients (KOW)
of the two nanocomposites were determined by shake
flask method. PDM/ZnO has a much higher KOW (28)
value than that of I-PDM/ZnO (6), revealing that the
hydrophobic interactions also effect nanocomposites
adsorption. The finding suggests that PDM/ZnO
made by free radical polymerization production
method will more likely be adsorbed to AS and IAS
than that made by in situ polymerization.

3.6. Adsorption isotherms

Adsorption isotherms of PDM/ZnO onto AS at 15,
25, and 35˚C are shown in Fig. 7. The adsorption
isotherms of the PDM/ZnO on the adsorbent indicate
that the adsorption capacity increase as the temperature
and the equilibrium concentration of the PDM/ZnO
increasing, which suggest that PDM/ZnO adsorption
onto AS is favored at high temperatures and the
adsorption process is endothermic. This may be the
result of the increase of PDM/ZnO mobility with tem-
perature increase. To further understand the adsorption
mechanism, Langmuir (2) and Freundlich equations (3)
[35] were used to fit the experimental result.

qe ¼ qm
KLCe

1þ KLCe
(2)

log qe ¼ logKF þ 1

n
logCe (3)
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where qe (mg/g) is the equilibrium adsorption
amount, qm (mg/g) is the theoretical maximum
adsorption capacity of adsorbent for PDM/ZnO
corresponding to complete monolayer coverage, and
KL (L/mg) is the equilibrium constant related to the
energy of adsorption, Kf is Freundlich constant
(mg1−1/n L1/n/g), and 1/n is the heterogeneity factor.

The fitting parameters for PDM/ZnO adsorption
isotherms based on Langmuir and Freundlich equa-
tions were calculated and the data are given in Table 1.
The fitting results showed that the relative coefficient
(R2) of Langmuir model (0.990) was higher than that
of Freundlich model, indicating that PDM/ZnO
adsorption onto AS can be better fitted to the Lang-
muir model than Freundlich model and the adsorption
of PDM/ZnO on adsorbent is a monolayer adsorption.
The maximum adsorption capacity, as quantified by
the Langmuir parameter qm for AS was calculated at
different temperatures (15, 25, and 35˚C), and the
respective values of qm were 517, 543, and 562mg/g.

It has been shown that n values between 1 and 10
represent good adsorption potential of the adsorbent
[36]. As the temperature increased, the Freundlich
constant n increased from 2.09 to 3.29, whereas K
remained nearly constant. These results imply that the
energy of the adsorption sites on the adsorbent has an
exponential distribution [37]. The fitting results for the
two equations show that the adsorption of PDM/ZnO
onto AS is favorable under the study conditions.

On the basis of further analysis of the Langmuir
equation, separation factor constant (RL) is the dimen-
sionless parameter of the equilibrium or adsorption
intensity, which is widely used to describe the adsorp-
tion intensity of a surface. RL is defined as (4):

RL ¼ 1

1þ KLC0
(4)

The value of RL indicates the shape of the isotherm to
be either unfavorable (RL > 1), linear (RL = 1), favorable
(0 <RL < 1), or irreversible (RL = 0) [38].

The initial concentration of the solution C0 ranged
from 50 to 600mg/L, and the RL values are 0.106–
0.541, 0.109–0.925, and 0.0575–0.379 for PDM/ZnO

adsorption at 15, 25, and 35˚C, respectively. These
parameters (0 < RL < 1) indicate that the AS is an effec-
tive adsorbent for the adsorption of PDM/ZnO from
an aqueous solution.

3.7. Adsorption kinetics

Given a heterogeneous adsorption process, the
pseudo-second-order model is usually adopted to
follow the mass transfer process. For pseudo-second-
order kinetics, the adsorption process can be described
by Eq. (5):

t

qt
¼ 1

k2q2e
þ t

qe
(5)

where qe (mg/g) is the adsorption amount, qt (mg/g)
is the adsorption amount at time t (min), and k2
(g/(mg·min)) is the constant of pseudo-second adsorp-
tion rate. This model is more likely to predict the
kinetic behavior of adsorption [39].

Parameters were calculated from the slopes of the
respective linear plots of t/qt vs. t are given in Table 2.
The relative coefficients (R2) are higher than 0.99. The
experiment equilibrium adsorption capacities (qe,exp)
are 361 and 279mg/g in AS and IAS, respectively,
which are consistent with the calculated capacity data
(qe,cal). PDM/ZnO adsorption onto AS and IAS can be
well described by pseudo-second-order kinetic model.
The rate constants of AS and IAS calculated are 0.0264
and 0.0168.

3.8. Thermodynamic studies

The increase in adsorption percentage with the
rise in temperature was attributed to the endother-
mic nature of the process and was further explained
by the evaluation of thermodynamic parameters.
Thermodynamic parameters such as free energy
change (ΔG˚), enthalpy change (ΔH˚), and entropy
change (ΔS˚) for the adsorption of PDM/ZnO on AS
were determined by the application of the following
Eqs. (6) and (7):

Table 1
Langmuir and Freundlich model parameters of PDM/ZnO onto AS

Temperature (˚C)

Langmuir model parameters Freundlich model parameters

qm (mg/g) KL (L/mg) R2 Kf (mg1−1/n L1/n/g) n R2

15 517 0.00841 0.997 15.48 2.09 0.954
25 543 0.014 0.993 15.50 2.13 0.927
35 562 0.0164 0.990 16.12 3.29 0.918
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�G� ¼ �RT lnK (6)

lnK ¼ ��H�

RT
þ�S�

R
(7)

where R is the universal gas constant (8.314 J/(mol
K)), T is the temperature (K), and K is the Langmuir
constant [40]. According to Eq. (7), the ΔH˚ and ΔS˚
parameters can be calculated from the slope and inter-
cept of the plot of ln K vs. 1/T yields respectively
(Table 3). From Table 3, the ΔH˚ and ΔS˚ values are
24.6 kJ/mol and 45.4 J/(mol K), respectively. The posi-
tive ΔH˚ value means that the adsorption process is
carried out as endothermic nature between 15 and
35˚C [41]. The positive ΔS˚ value suggests increased
randomness at the solid/solution interface occurs in
the internal structure of the adsorption of PDM/ZnO
onto AS. The values of ΔG˚ for adsorption of PDM/
ZnO are −11.5, −12.1, and −12.6 kJ/mol at 15, 25, and
35˚C, respectively. The ΔG˚ values decreased with an
increase in the temperature from 15 to 35˚C. This
reveals an increase in adsorption of PDM/ZnO with
increasing temperature [42]. The negative values of
ΔG˚ indicate that the interaction between adsorption
sites and the adsorbing ion is electrostatic attraction
[43]. The negative values of ΔG˚ also confirm the
feasibility and spontaneous nature of the adsorption.

4. Conclusion

The adsorption experiments showed the effective-
ness of AS in the removal of PDM/ZnO from
aqueous solutions. The AS is more effective than
IAS in the removal of PDM/ZnO. The effects of

pH, PDM/ZnO production method, and properties
of the adsorbent indicate that electrostatic force and
increment of adsorbent surface area play significant
roles in the removal process. Hydrophobic interac-
tions also have impact on PDM/ZnO removal from
water. The experimental data fitted with the
pseudo-second-order kinetic model and Langmuir
isotherm model well. AS could be used as adsorbent
in removing the PDM/ZnO nanocomposite in waste-
water treatment and definitely this would eliminate
potential toxicity of PDM/ZnO nanocomposite on
the environment.
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