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a b s t r a c t
Removal of heavy metals which are produced from industrial and agricultural processes is essential 
due to their adverse effects on the environment. In the present work, polyacrylamide–polystyrene/
bentonite nanocomposite was easily synthesized through in situ polymerization and used for the 
removal of manganese ions from aqueous solutions. The properties of the nanocomposite synthe-
sized by field emission scanning electron microscopy, transmission electron microscopy, Fourier 
transformation infrared spectroscopy, X-ray diffraction, Brunauer–Emmett–Teller and thermograv-
imetric analysis techniques. Then, at the optimum values (pH = 6, contact time = 12 h, adsorbent 
value = 5 g and manganese ion concentration = 150 ppm), the manganese ions (cations) in the solu-
tion were adsorbed by the nanocomposite adsorbent polyacrylamide–polystyrene/bentonite and the 
amount of absorption was measured by atomic absorption, which was 84.2% and 82.1% for analyze 
and real sample, respectively.
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1. Introduction

Heavy metals in waste waters produced by industries 
are regarded a global concern [1–3]. At low concentra-
tions, manganese sustains various physiological processes 
in the human body, found in a variety of dietary sources. 
Indeed, excessive manganese accumulation in the central 
nervous system (CNS) can cause a phenomenon known 
as manganese, which resembles idiopathic Parkinson’s 
disease in its clinical features and results in adverse neu-
rological effects both in laboratory animals and humans. 
Overexposure and inhalation of manganese can also bring 
about symptoms such as pneumonia, decreased libido and 
sperm damage. Manganese has a toxic effect on the CNS. 
At high exposure levels, there are two types of effects. In 

the acute phase, psychiatric symptoms dominate (“man-
ganese madness”) with hallucinations, emotional lability 
and compulsive and aberrant behavior. Later, there appear 
neurological symptoms with muscular weakness, impaired 
speech, headache, clumsiness, tremor, mild rigidity and 
hypokinetic (mask-like) facial expressions. These symptoms 
are similar to those seen in Parkinson’s disease, and they 
are typical of chronic manganese poisoning [4–7]. Hence, 
we need to thoroughly know the effects of manganese 
on crop growth and ultimate yield levels [8]. 

Different methods in previous studies were adopted 
to purify and recover manganese ions from wastewater 
[9–11]; however, adsorption is selected as the most benefi-
cial and successful technique due to its high efficiency and 
effective handling, availability of different adsorbents and 
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reasonable cost [12–14]. In this study, nanocomposite poly-
acrylamide–polystyrene/bentonite was synthesized through 
in-situ polymerization, in which the layered silicate is swol-
len within the monomer solution; therefore, the polymer is 
formed between the intercalated sheets. Polymer–bentonite 
composites have combined properties in comparison with 
individual bentonite and polymer; these compounds have 
better thermal and mechanical properties, and porosity. 
Functional groups are able to improve metal adsorption 
properties of the polymer–bentonite composites [15–17]. 
Nowadays, polymeric adsorbents are considered as poten-
tial alternatives to traditional adsorbents because of their 
vast surface area, adjustable surface chemistry, pore size 
distribution, qualified mechanical rigidity and easy regener-
ation under mild conditions [18,19]. Surprisingly, polymeric 
adsorbents were very effective in removing various pollut-
ants. Organic polymers such as polystyrene, polyaniline, 
bearing multi-functional groups such as –OH and –NH2, are 
able to remove heavy metals from water through the process 
of precipitation [20–23].

Although the ions of heavy metals were not adsorbed 
well on the surface of bentonite minerals directly and the 
adsorption takes place in an ion-exchange mechanism due 
to low cation exchange capacity of the untreated bentonite, 
bentonite minerals are potentially good adsorbents [1,24]. 
However, they are not sufficient for large-scale applica-
tions due to the aforementioned restriction in the cation 
exchange. Therefore, chemical or physical modification can 
be applied to the bentonite surface and layers bearing cer-
tain functional groups with donor atoms such as oxygen, 
nitrogen and sulfur. Yet, there is still one problem in achiev-
ing high selectivity which will be solved using “molecular 
imprinting” technique. In this technique, the template of a 
molecule in an organic polymer was created, and was used 
to recognize other molecules with the same template [25,26]. 

The development of nanotechnology improves the 
treatment efficiency of nanocomposite, as a matrix, and the 
adsorption selectivity of heavy metal ions through both ion 
exchange and chelation owing to their carboxyl and amide 
groups [27].

2. Materials and methods

2.1. Materials

The materials for chemical reactions including acryl-
amide, benzoyl peroxide, styrene, tetrahydrofuran (THF), 
acetic acid, sodium acetate, buffers 2 to 7, hydrochloric acid, 
sodium chloride, silver nitrate, manganese nitrate and eth-
anol were prepared from Sigma-Aldrich (China), Merck 
(Canada), Fluka (Germany) companies Bentonite was pre-
pared from the Mehrijan-Salafchegan mine of Iran.

2.2. Preparation of polyacrylamide–polystyrene/bentonite 
nanocomposite

After preparation of bentonite, to synthesize the nano-
composite, we performed in situ polymerization. For this 
purpose, 1  g of the processed bentonite, 1  g of acrylamide 
(0.908  mmol) and 14  mL of THF (tetrahydrofuran) were 
added to a round-bottom flask, and the resulting mixture 
was mixed under reflux conditions at 90°C for 3 h. Once the 

obtained mixture was cooled down, 0.1 g of benzoyl perox-
ide and 10  mol.% of polystyrene were added to it and the 
resulting mixture was subjected to reflux conditions while 
being mixed by magnetic stirrer. Next, the resulting creamy-
colored mixture was filtered, and the precipitate on the 
filter was washed several times by THF and finally dried 
at room temperature. 

2.3. Characterization methods

Characterization of the nanocomposite was carried out 
by field emission scanning electron microscopy (FE-SEM 
model MIRA3TESCAN-XMU), X-ray diffraction (XRD 
model Philips TW3714, Amsterdam, Netherlands), specific 
surface area (Brunauer–Emmett–Teller BET model Belsorp 
mini II), Fourier transformation infrared spectroscopy 
(FT-IR model PerkinElmer Spectrum 65, USA) and trans-
mission electron microscopy (TEM model Philips CM30, 
Amsterdam, Netherlands, electron microscope of the pow-
dered sample mixed with ethanol, deposited on a copper 
grid and coated with carbon). Thermal gravimetric analysis 
was carried out by thermogravimetric analysis (TGA model 
PerkinElmer TGA7, USA). The amount of adsorbed ions 
from aqueous solution after extraction from the sample was 
measured by flame atomic adsorption spectroscopy atomic 
absorption (AA model PerkinElmer AAnalyst 300, USA) 
with different parameters for manganese (λ (wavelength) = 
279.5 nm, slit = 0.2 nm, mA (mili Amper)	  = 30).

2.4. Adsorption experiments

Several effective factors on the adsorption process 
including pH, initial concentration, contact time and adsor-
bent dosage were studied.

All sorption experiments were conducted by the batch 
equilibration method. First, a stock solution with 1,000 mg/L 
of manganese was prepared in 1,000 mL of double distilled 
water. Next, the solution was diluted appropriately with 
a buffer to obtain the expected initial concentration in the 
adsorption study. In the initial conditions, 10 g adsorbents 
were added to a conical flask containing 1,000 mL of 10 mg/L 
of manganese as the initial concentration. The adsorption 
experiments were carried out at pH 6 under room tem-
perature and the agitation speed of 300  rpm. After 6  h of 
adsorption, the reaction mixture was filtered and the fil-
trate was analyzed for non-adsorbed manganese to opti-
mize conditions for manganese removal. Also, to measure 
the adsorption capacity of nanocomposite, the adsorption 
reactions were conducted at wide pH range (pH 2–7), con-
tact time (2–24 h), initial concentration (10–200 mg/L) and 
adsorbent dose (5–15 g). 

The manganese ion percentage removal was calculated 
by Eq. (1):

Removal efficiency =
−

×
C C
C

e0

0

100 	 (1)

The adsorption capacity may be estimated using the 
following equation:

Sorption capacity =
−( )

×
C C V
m

e0 100 	 (2)
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where qe is the adsorption capacities of adsorbents (mg Mn 
ion/g adsorbent), V is the volume of manganese ions solu-
tion (L), C0 is the initial concentration of manganese ions 
before adsorption (mg/L), m is the weight of adsorbent (g) 
and Ce is the final concentration of manganese ions after 
adsorption (mg/L) [28]. 

2.5. Adsorption kinetics

The Lagergren’s pseudo-first-order and pseudo-second-
order kinetic models were employed to present the adsorp-
tion [29,30]. Lagergren’s pseudo-first-order kinetic model 
is often calculated by the following equation:

ln( ) lnq q q kte t e− = − 	 (3)

where qe and qt signify the amount of manganese adsorbed 
(mg/g) at the equilibrium and at any time t, and k is the rate 
constant (1/min). The levels of qe and k can be determined 
from the linear plot of: 

ln q q te t−( )vs. 	 (4)

The pseudo-second-order kinetic model is defined as:

t
q k q

t
qt e e

= +
1

2
2 	 (5)

where qt and qe are the amount of ion adsorbed at time t 
and at equilibrium (mg/g) and k2 (g/mg min) is the pseudo-
second-order rate constant for the adsorption process. From 
the intercept and the slope of the linear plot of t/qt against 
t, constants can be determined based on experimental data.

2.6. Adsorption isotherms

Adsorption isotherm was carried out with five different 
initial concentrations (10–200  mg/L) of manganese. The 
most widely used isotherms, Langmuir and Freundlich 
models were applied to define the adsorption characteris-
tics of nanocomposite for the removal of manganese from 

aqueous solution. The linear form of isotherm is calculated 
by Eqs. (6) and (7). 

Langmuir isotherm [31,32]:

C
q

k
q

C
q

e

e

L

m

e

m

= + 	 (6)

Freundlich isotherm:

log log log q k
n

Ce f e= + ( )1 	 (7)

In this equation, qe is the amount of manganese adsorbed 
per unit weight of the sorbent (mg/g), Ce is the equilibrium 
concentration of manganese in the solution (mg/L), kf is the 
adsorption capacity and 1/n is considered as the adsorp-
tion intensity. qm is the amount of adsorbent at the complete 
monolayer coverage (mg/g), which gives the maximum 
sorption capacity of sorbent, and KL (mg/L) is Langmuir iso-
therm constant related to the energy of adsorption. The key 
characteristics of the Langmuir isotherm can be described 
in terms of the dimensionless constant separation factor or 
equilibrium parameter, RL by Eq. (8) [33].

R
k CL
L

=
+

1
1 0

	 (8)

where C0 (mg/L) is the initial manganese ions concentration.

3. Results and discussion

3.1. Characterization of polyacrylamide–polystyrene/bentonite 
nanocomposite

3.1.1. X-ray diffraction

The crystal lattice spacing can be measured through 
the diffraction angle (2θ). The interlayer spacing for ben-
tonite was 1  nm. After the synthesis of nanocomposites, 
the diffraction peaks shift to the lower angles determin-
ing the interlayer distance of polyacrylamide ranging 
from 1 to 2–3  nm. In the PAA.B nanocomposite, the d001 
diffraction peak on the XRD pattern disappeared (Fig. 1),  

Fig. 1. (a) X-ray diffraction pattern of bentonite alone, PAA.B nanocomposite and PAA.B nanocomposite recovered at 2θ = 0–80 and 
(b) bentonite alone, polyacrylamide-PAA.B and PAA.B nanocomposite recovered at 2θ = 30–35.
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which proves that the layered structure in the clay is com-
pletely demolished by in situ polymerization and that 
the nanocomposite is exfoliated. The XRD results showed 
clear differences in the crystalline structure of the nano-
composites. This also emphasized the importance of the 
polyacrylamide step to prepare exfoliated clay/polymer 
nanocomposite. It also highlights the role of the NH2 group 
in confining the polymerization process to the interlayer 
spacing of the clay in which polyacrylamide has happened. 
If a standard micro composite was formed, that is a polymer 
coating stacked lamellar sheets, no exfoliated clay and thus 
the loss of d001 peak would have been recorded [34,35]. In 
the XRD pattern, PAA.B nanocomposite was observed at 
(2θ  =  15–30) some amorphous phase. In addition, the dis-
placement of the PAA.B nanocomposite spectra and the 
recovered sample from about 2θ = 31.8 to about 2θ = 31.4 
indicate the placement of polymer strands between the  
bentonite layers.

3.1.2. Scanning electron microscopy

In Fig. 2, SEM images of PAA.B nanocomposite are 
shown. As shown in Fig. 2, the particle size is less than 
200  nm. This shows the confirmation of the nanostruc-
ture. As can be seen in Fig. 2, the structure of bentonite is 
altered and the surface of the bentonite is evidently porous 
in nature before the synthesis of nanocomposite. The figure 
shows a massive layered structure with some large flakes 
and some interlayer spaces. It is evident that the interlayer 
spaces of clay are expanded indicating polyacrylamide 
being assembled on nanoparticles between the clay layers 
[36,37]. The small particle size and the porous structure 
provide a good adsorption capacity for manganese.

3.1.3. Transmission electron microscopy

In Figs. 3a and b, we can detect a more compact struc-
ture than the bentonite, and that the average of interlayer 

(a) (b)

Fig. 3. TEM image of (a) bentonite and (b) PAA.B nanocomposite.

Fig. 2. Scanning electron microscope image of PAA.B nanocomposite.
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spaces of the PAA.B nanocomposite matches the distances 
determined by XRD (see previous section). Fig. 3a displays 
the TEM images related to the processed bentonite. In this 
image, the bentonite sample can be seen with a layered 
structure and interlayer distances of around 1–2 nm. 

TEM image of PAA.B nanocomposite is displayed in 
Fig. 3b, which demonstrates the placement of polymer fibers 
among the interlayer distances of bentonite in the nano-
composite. It also shows the layered structure of bentonite. 
In this image, the size of interlayer distances is around 
2–3  nm. Elevated interlayer distances suggest the place-
ment of polymer fibers among the bentonite layers [38,39].

3.1.4. Fourier transformation infrared spectroscopy

FT-IR test was performed to identify the peaks of the prod-
ucts. In Fig. 4, FT-IR spectra in the range of 400–3,950 cm−1 
are assigned for bentonite and in the range of 0–4,000 cm−1 
for PAA.B, respectively. The bentonite peaks are as follows: 
broad and wide band in the area of 3,437  cm–1 region of 
water –OH and the hydroxyl group bonded (Si–OH) and 
the peaks of the 1,222; 1,172; 1,049 and 881 cm–1 regions are 
stretching and tensile vibrations of Si–O–Si and Si–O–Al 
and peaks in 1,450–1,600  cm–1 are stretching vibrations of 
C=C of aromatic styrene loops and peaks in the 3,200 and 
3,400 cm–1 are stretching vibrations of NH2 groups of poly-
acrylamides and peaks in 1,428 cm–1 are C–N bond polymer 
and hydroxides of bentonite surface. Peak in the 1,660 cm–1 
region is the stretching vibrations of the carbonyl polyacryl-
amide group and that in the 2,942 cm–1 region is related to 
C–H, which is the aliphatic stretching of polyacrylamide and 
in the 1,030 cm–1 region is the stretching vibration of Si–O–Si 
bentonite bond [40,41].

3.1.5. Investigation of the isothermal graph 
of nitrogen adsorption/desorption

Fig. 5 shows the isothermal graph of polyacrylamide–
polystyrene/bentonite adsorption/desorption. The specific 
surface area is determined according to this graph. The 
curve changes in Fig. 5 show the nanoscale porosity 
within the nanocomposite.

The specific surface area of most nanocomposite com-
pounds is calculated using the BET method. This method is 
based on the single-layer nitrogen gas coated on the inner 
wall of the cavities and layers based on the measurement of 
the volume of nitrogen gas absorbed/desorbed by the surface 
of the material. While using this method, the points between 
P/P0 = 0.01–0.2 are used because this region corresponds to 
the single-layer adsorption (Eq. (9)).

1
1

1 1

0 0V P P
C

V C P P V Ca m m/ / −
=

−
+

( )  ( ) 	 (9)

where P is partial pressure of gas adsorbed in equilibrium, 
P0 denotes partial pressure of gas adsorbed under STP con-
ditions, Va represents the volume of gas adsorbed under STP 
conditions, Vm is the volume of adsorption gas under STP 
conditions for producing a single layer on sample surface and 

C represents the constant coefficient related to the adsorption 
enthalpy of adsorbed gas.

V
A

Im = +
1 	 (10)

C A
I

= +1 	 (11)

where I is the y-intercept of the BET diagram and A is the 
slope of BET diagram.

The SBET’s specific surface area is calculated in Eq. (12):

S
V N a
m

m=
( )

( )22 400,
	 (12)

where N is the Avogadro number, a is the effective cross-
section of the adsorbed molecule and m is the sample mass 
tested [42,43].

In Fig. 6, the BET measurement is observed for polyacryl-
amide–polystyrene/bentonite nanocomposite. In this figure, 
the specific surface area and the parameters A, I and C can 
be calculated.

The Kelvin equation in the BJH method is employed to 
determine the size, diameter, volume and regional distribu-
tion of the holes by the pore filling method in Figs. 7 and 8.

ln  p
p

V
rRT
m

0

2= γ 	 (13)

where p is actual vapor pressure, p0 is saturation vapor 
pressure, γ is surface stress, r is radius of droplet, R is 
global gas constant and T is absolute temperature (K).

The surface area covered is calculated using the area 
occupied by a nitrogen molecule. The results of the nitro-
gen adsorption/desorption isothermal graphs and BJH and 
BET related to polyacrylamide–polystyrene/bentonite nano
composite are displayed in Table 1.

According to SBET, Vp and D of bentonite, which are 
22.25 m2/g, 0.016 cm3/g and 29.6 nm, the results of the pro-
posed nanocomposite show an acceptable increase in the 
surface, volume and size of the cavities.

3.1.6. Thermogravimetric analysis

Thermal analysis, which measures the mass of a sam-
ple over time by changing the temperature, is employed 
to calculate the heat-changing properties of materials such 
as dimension, mass, state and mechanical behavior. It is an 
analytical technique that uses volatile components to moni-
tor the thermal stability of a substance as well as its body by 
monitoring the weight change.

In Fig. 9, the heat analysis diagram on processed benton-
ite and polyacrylamide–polystyrene/bentonite composite is 
provided.

Based on the analysis of the processed bentonite, the 
first weight loss step, which is estimated to be about 5% 
(at temperatures below 100°C), belongs to the water mole-
cules absorbed by bentonite.
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Fig. 4. Infrared spectra of PAA.B nanocomposite and Bentonite.
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Fig. 5. Isothermal graph of polyacrylamide–polystyrene/bentonite adsorption/desorption.

Fig. 6. BET of polyacrylamide–polystyrene/bentonite nanocomposite.

Fig. 7. BJH adsorption.
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The second stage of weight loss (from about 400°C to 
700°C) is also related to water molecules that are located 
between the layers of bentonite.

Also, in the study of polyacrylamide–polystyrene/ben-
tonite nanocomposite thermal analysis diagram, about 70% 
weight loss at temperatures between 100°C and 700°C indi-
cates the removal of water and the destruction of polymer 
chains between bentonite layers.

Therefore, polymer chains have been successfully placed 
at bentonite levels [44,45].

3.2. Adsorption

In this study, the results of the absorption of manganese 
ions from the aqueous solution by bentonite, polyacryl-
amide and nanocomposite polyacrylamide–polystyrene/
bentonite absorbers were obtained and compared under 
optimal conditions.

To specify the optimal conditions:
Clause 1: first, with 10  g of adsorbent for 6  h, we mea-

sured the amount of solution adsorption containing 10 mg/L 
of manganese ions in the pH range of 2 to 7 to determine the 
optimum pH.

Clause 2: in the pH of the optimum obtained from the 
experiment of clause 1 in a period of 6  h, the amount of 
adsorption of the solution containing 10 mg/L of manganese 
ion was measured in the range of 5 to 15 g of adsorbent.

Clause 3: in the pH of the optimum and the adsorbent 
value of the optimum, the adsorption of the solution con-
taining 10  mg/L of manganese ions in the range of 10 to 
200 mg/L was measured.

3.2.1. pH effect on the metallic adsorption capacity

Changes in pH through the ionization degree of the 
adsorbent species affect adsorption because dual capacity 
metal ions can be present in aqueous solutions in various 
forms, including hydroxide compounds M(OH)+, M(OH)2, 
M(OH)3

–. The most suitable species for adsorption on the 
desired adsorbent surface is M2 + species, which will be pre-
dominant for each cation at specific pH species. At higher 
pHs, the formation of metal hydroxides with simultaneous 

Fig. 8. BJH despondent.

Fig. 9. Thermogravimetric analysis of processed bentonite and 
polyacrylamide–polystyrene/bentonite nanocomposite.

Table 1
Nitrogen adsorption–desorption analysis of polyacrylamide–
polystyrene/bentonite nanocomposite

28SBET (m2/g)
32.5D (nm)
0.14VP (cm3/g)
26.8Slang (m2/g)
22.8Smp-plot (m2/g)
2dp (nm)
49.7ST-plot (m2/g)
1.42t (nm)
0.11Vp (cm3/g)



A.E.B. Mahdavi et al. / Desalination and Water Treatment 210 (2021) 316–329324

adsorption process is effective in removing metal species 
from the solution.

In low pHs, competition between H+ and M2+ reduces 
the adsorption capacity for the metal cation, and the distur-
bance of the H+ species for the polymer bed, which occurs 
through the protonation of the O and N groups of the poly-
mer, occupies the uptake positions of the cation-manganese 
uptake and reduces adsorption [46,47].

We performed the adsorption study by 10  g of adsor-
bent for 6 h to measure the amount of solution adsorption 
containing 10  mg/L of manganese ions in the pH range 
2.0–7.0 (Table 2). Overall, nanocomposites have various 
advantages such as the high surface area, which may be 
attributed to the small particle size and the high number 
of active sites including the –OH functional group referred 
to the activation with HCl. These groups are helpful for the 
metal adsorption and elimination via the ion exchange or 
formation of metal complex mechanisms. Hence, the reac-
tivity of the surface with –OH groups directly depends 
on the solution pH values. The metallic capacity values of 
manganese upgrade when the pH of the solution increases 
from pH 2.0 to 7.0 [48,49]. As mentioned, pH values affect 
adsorption by adsorbent manganese ion in aqueous solu-
tions and manganese ion removal is enhanced as the pH 
value rises, reaching a maximum of around 6.

3.2.2. Effect of adsorbent dosage

To study the effect of the dosage on the removal effi-
ciency of manganese ions, several studies were performed 
at pH = 6 (optimum pH), contact time of 6  h and concentra-
tion of manganese ions 10 mg/L with absorbent doses from 
5 to 15 g.

Dosage is a crucial factor in the adsorption, since it 
assesses the adsorbent capacity for a special concentration 
of the metal ion solution. The amount of adsorbent is an 
important controlling parameter for the adsorption. Fig. 10 
showed that the sorbent amount influences the removal 
processes of the divalent ionic manganese using PAA.B 
adsorbent, bentonite and polymer. In fact, when the sorbent 
dosage increased, the element capacity values of the diva-
lent ionic manganese decreased from 5.0 to 15 g. This hap-
pens since the higher nanosorbent dosage results in more 
availability of exchangeable sites for the sorbate, exposing 
more active sites for binding with the divalent ionic manga-
nese ions to the nanosorbent surface. Moreover, the metallic 
capacity enjoys high values in the presence of lower sorbent 

dosage because of an increased metal-to-sorbent ratio. Our 
objective in the low nanosorbent dosages was to examine 
the effect of the dosage on the efficiency of the manganese 
ions removal from the aqueous solutions based on different 
dosages of PAA.B nanocomposite, bentonite and polymer, 
as the removal of manganese ions grows when the PAA.B 
nanocomposite dosage rises due to the increase of the 
number of available adsorption sites for the adsorption [50].

3.2.3. Effect of contact time on the removal efficiency

The results of contact time on the removal efficiency are 
presented in Table 3.

The contact time is a significant parameter in adsorption 
capabilities. Generally, longer contact time can enhance the 
removal of pollutants, until an equilibrium state is achieved. 
The equilibrium may be achieved fast when the pollu-
tion concentration is low. The equilibrium time changes 
according to pollutant concentration in the solution. In 
fact, a longer contact time was effective to obtain greater 
removal efficiencies of manganese absorption which is a 
time-consuming process, and an increase in the contact time 
is beneficial for sufficient interactions between manganese 
and the adsorption sites of sorbents. The contact time for 
the adsorption of manganese by adsorbent was reported 
in a range of 2–24 h at the initial concentration of 10 mg/L, 
pH = 6 (optimum pH) and optimum dosage = 5 g. The max-
imum adsorption was obtained at 12 h. In the initial stage 
of the adsorption reaction, the adsorption sites on sorbents 
for manganese were sufficient. During time, more adsorp-
tion sites were occupied, and the adsorption capacity was 
eventually saturated. Hence, the optimum contact time 
was considered 12  h for manganese. Due to the availabil-
ity and abundance of active sites on the adsorbent surface, 
the removal process was initially accelerated, but later, the 
number of active sites gradually reduced [51].

3.2.4. Effect of initial concentration

The effect of initial concentration on the removal 
efficiency and sorption capacity is demonstrated in Table 4.

To investigate the effect of the initial concentration, 
the adsorption of 10–200 mg L−1 of manganese from aque-
ous solution was examined at the optimum condition 
(dosage = 5 g, time = 12 h and pH = 6). However, at higher 
concentrations of manganese, the precipitation of manga-
nese hydroxide may happen at pH 8.0 so the concentrations 

Table 2
Effect of pH on adsorption of manganese ions from aqueous solution using (a) PAA.B nanocomposite, (b) bentonite, 
(c) polyacrylamide conditions: concentration of Mn ions (10 mg/L), adsorbent dosage (10 g), contact time (6 h)

pH Polyacrylamide–polystyrene/ 
bentonite qe (mg/g)

Bentonite  
qe (mg/g)

Polyacrylamide  
qe (mg/g)

2 1.7 0.8 0.44
3 2.8 1.3 0.72
4 3.7 1.8 0.98
5 4.6 2.3 1.3
6 5.3 2.7 1.6
7 5.2 2.6 1.55
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above 200  mg  L−1 were not applied. As can be seen in 
Table 4, the removal efficiency decreased as the initial con-
centration of manganese was elevated from 10 to 150 mg L−1. 
This proves the high affinity of PAA for Mn(II). This little 
decrease in the removal efficiency can be explained by low 

initial concentration, the surface area and the relatively 
high accessibility of adsorption sites, so the manganese 
ions were easily adsorbed and removed. At higher initial 
concentrations, the total existing adsorption sites reduced 
as did the removal efficiency of manganese ions [52].

Fig. 10. Effect of adsorbent dosage on adsorption of manganese ions from aqueous solution using (a) PAA.B nanocomposite, 
and (b) bentonite, (c) polyacrylamide conditions: concentration of Mn ions (10 mg/L), pH (6), contact time (6 h).

Table 3
Effect of concentration of cation on adsorption of manganese ions from aqueous solution using (a) PAA.B nanocomposite, (b) benton-
ite, (c) polyacrylamide conditions: concentration of Mn ions (10 mg/L), adsorbent dosage (5 g), pH (6)

Contact time  
(h)

Polyacrylamide–polystyrene/ 
bentonite qe (mg/g)

Bentonite  
qe (mg/g)

Polyacrylamide  
qe (mg/g)

2 6.2 3 1.7
4 9.7 4.9 2.8
6 12.5 6.2 3.5
8 13.9 7.1 4
12 15.4 7.9 4.4
24 15.35 7.85 4.35

Table 4
Effect of concentration cation on adsorption of manganese ions from aqueous solution using (a) PAA.B nanocomposite, 
(b) bentonite, (c) polyacrylamide conditions: contact time (12 h), adsorbent dosage (5 g), pH (6)

Concentration  
(mg/L)

Polyacrylamide-polystyrene/ 
bentonite qe (mg/g)

Bentonite  
qe (mg/g)

Polyacrylamide  
qe (mg/g)

10 15.7 8.2 5.1
20 18.8 9.4 5.8
30 22.4 11.5 6.8
40 25.7 13.4 7.8
50 29.3 15.6 8.9
75 33.4 17.7 9.9
100 38.3 19.9 11
125 43.2 22.3 12
150 47.3 25 13.2
200 47.2 25.9 13.15
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3.2.5. Reproducibility and retrieval

The results in Table 5 show the reproducibility and 
recovery of polyacrylamide–polystyrene/bentonite nano-
composite adsorbent in the adsorption of manganese ions 
from aqueous solution under optimal conditions.

Results of the manganese adsorption isotherms on 
PAA.B are shown in Figs. 11 and 12.

 Adsorption isotherms are used to characterize the sorp-
tion technique and to evaluate the sorption capability. 

Adsorption isotherm can be defined as the equilibrium 
correlation between the concentration in the adsorbent 
phase on the adsorbent elements and the concentration in 
the liquid phase. Some linear forms of these isotherms were 
used, which have a different axis. In such conditions, lin-
ear analysis is not so accurate and credible while nonlinear 
statistical functions are more precise. Recently, the non-
linear optimization modeling should be taken into more 
consideration as reported in recent studies on heavy metal 
adsorption. 

In the different research on the uses of PAA.B for man-
ganese adsorption, both Langmuir and Freundlich models 
have been used to analyze the adsorption data. However, 
most studies reported the Langmuir model as the bet-
ter fit. The adsorption of manganese ion using PAA.B is 
usually a monolayer process happening on the surface, 
and in the model, the adsorption is considered to be a 
chemisorption process. In the Freundlich model, another 
significant adsorbent isotherm is appropriate for het-
erogeneous surfaces, widely applied to study the heavy 
metal adsorption. The model assumes the adsorption to 
be multilayer, indicating the heterogeneity of the sur-
face of the adsorbent. While the adsorption of metal ions 
match better to either Freundlich or Langmuir isotherms, 
some adsorption processes are controlled by multiple 
mechanisms, hence, conforming well to both isotherms. 
However, compared with the regression correlation coeffi-
cients of the Freundlich model (R2 = 0.9519), the Langmuir 
isotherm model (R2  =  0.9786) matched with equilibrium 
data. This implied that there was monolayer adsorp-
tion on the structurally homogeneous nanofiber, all the 
adsorption sites were similar in terms of energy, and the 
adsorption mainly occurred at specific homogeneous sites. 

Where qe is the adsorption capacity at equilibrium 
(mg/g), Ce is the concentration of metal ion at equilibrium 
(ppm), and kL are Langmuir constants referring to the max-
imum adsorption capacity (mg/g) and adsorption energy 
(L/mg), respectively. A dimensionless constant of RL is a 
significant element of Langmuir isotherm which is defined 
in the following forms; C0 and kL are the highest initial ions 
concentration in ppm and Langmuir constant, respectively. 
The amount of RL in the range of 0–1 reveals appropriate-
ness of the adsorption process. The Freundlich model is 
formed based on the heterogeneous surface adsorption that 
assumes multilayer adsorption [53].

R
K CL
L

=
+

1
1 0

	 (14)

The value of RL expresses the shape of the isotherm to be 
either unfavorable (RL > 1), linear (RL = 1), irreversible (RL = 0) 
or favorable (0  <  RL  <  1). Fig. 11 indicates that Langmuir 
isotherm is a better mathematical item for equilibrium data.

3.2.6. Batch adsorption kinetics

There was an accelerated adsorption of manganese on 
PAA.B and the adsorption steady state was obtained within 
12 h. To obtain the adsorption equilibrium, a contact time of 
24 h was chosen for the adsorption experiments. The kinetic 
studies of heavy metal adsorption onto PAA.B revealed 

Fig. 11. Chart of Langmuir isotherm for adsorption of Mn(II) 
cations by adsorbent PAA.B nanocomposite.

Fig. 12. Chart of Freundlich isotherm for adsorption of Mn(II) 
cations by adsorbent PAA.B nanocomposite.

Table 5
Reproducibility and retrieval

Retrieval qe (mg/g)

1 43.6
2 39
3 32.8
4 35.7
5 15.5
6 2.2
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that the adsorption was carried out through a two-stage 
process. Large active sites on the surface of the adsorbent 
led to rapid uptake of the metal ions, but when the capacity 
of the active sites was going to end, the uptake was deceler-
ated. The initial rapid stage occurs within a short time from 
the start of the process, while the second stage dominates 
the remaining part and is usually the rate-limiting step. 
To completely study the kinetics of the adsorption, kinetic 
data are fitted to various models such as pseudo-first-or-
der, pseudo-second-order, etc. [54]. The relevant parameters 
obtained by linear fitting method are displayed in Figs. 12 
and 13. As shown, pseudo-first-order (R2 = 0.991) equations 
can thoroughly describe the experimental data, but pseudo-
second-order (R2 = 0.9894) may not describe the adsorption 
process satisfactorily. The relevant parameters obtained by 
the linear fitting method were displayed in Figs. 13 and 14. 
In general, the pseudo-first-order kinetics is more suitable 
to explain the initial stage of the adsorption. As shown, 
the pseudo-first-order kinetic equation was ideal to fit 
this whole process, indicating that the adsorption process 
of manganese onto nanocomposite was a diffusion-con-
trolled process. The pseudo-second-order kinetic equation 
is based on the chemical reaction-controlled adsorption pro-
cess, where the adsorbent and the adsorbate often share or 
exchange electrons to form a chemical covalent bond. The 
adsorption results shown in Figs. 12 and 13 indicate that 
the adsorption capacity of Mn(II) ion increased rapidly 
with time, and eventually reached a plateau. This can result 
from the several active sites on the surface area of the nano-
composite sorbent and better availability of the ion near 
the adsorbent at the initial stage of the adsorption process. 
These active sites were occupied by the adsorbate molecules 
during the time. The manganese ion adsorption capacities 
grew as the bentonite content of the nanocomposite sorbent 
increased. The maximum manganese ion adsorption was 
7.85 mg g–1, attained from PAA.B nanocomposite after 12 h. 

3.2.7. Removal capability in real samples

Nano-composite polyacrylamide–polystyrene/bentonite 
adsorbent was used in the adsorption of manganese 
ions from the effluent of Mobarakeh Steel Company in 
Isfahan-Iran with a value of 8.3  mg/L. The result of using 
qe = 6.24 mg/g and %Ads = 82.1% was determined.

Comparison of the results of adsorption percentage 
of manganese ions in optimal conditions by polyacryl-
amide–polystyrene/bentonite nanocomposite adsorbent 
(%Ads = 84.2) was compared with adsorbents involving car-
bon obtained from biomass (% Ads = 73), polyaniline nano-
composite (%Ads = 88) and SDS-Gutite (%Ads = 82) which 
indicates that the adsorbent presented in this work shows 
proper activity.

4. Conclusions

The adsorption process for the elimination of manga-
nese ions was studied in detail. Adsorption is one of the 
most effective techniques for water treatment due to the 
flexibility and simplicity of design, reasonable cost, easy 
operation and insensitivity to toxic pollutants. The results 
indicated that PAA.B nanocomposite can be successfully 
used for the adsorption of manganese ions from aqueous 
solutions. It can be concluded that the process of adsorption 
of manganese ions on different adsorbents is attributed to 
the chemical nature of the adsorbents and different factors 
including solution pH, initial concentration, contact time 
and adsorbent dosage of the system. Low initial concentra-
tion resulted in lower removal efficiency; when the surface 
area and the accessibility of adsorption sites were fairly 
high, the manganese ions could easily be adsorbed and 
removed. At higher initial concentrations, the total existing 
adsorption sites reduced, causing lower removal efficiency 
of manganese ions. With higher initial concentration of 
solution, qe increases because of enhanced driving force at 
higher equilibrium concentrations. Kinetics of manganese 
on PAA.B nanocomposites adheres to the pseudo-first-or-
der model. Study of adsorption isotherm showed that 
Langmuir model was an appropriate model in adjusting the  
adsorption process.
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