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a b s t r a c t
In the present work, an eco-friendly method is used for the synthesis of Fe1–x–MnxO3 nanoparticles 
and Fe1–x–MnxO3/PVA nanocomposites, where x represents the different concentration of Zanthoxylum 
armatum extract as a stabilizer. Formation of the respective nanomaterials and their nano-composites 
were confirmed by UV-visible spectroscopy while surface functionality ere confirmed by Fourier 
transform infrared spectroscopy. Transmission electron microscopy and X-ray diffraction were 
used to reveal the surface morphology and crystallinity of the particles. The synthesized materials 
were then used as adsorbents for removal of Pb(II) and Cr(VI) from aqueous solution. The effect 
of various parameters like concentration, contact time, and pH of the medium on the adsorption 
efficiency of the adsorbent was studied. It was found that equilibrium achieved after 20 min while 
optimum pH for Pb(II) and Cr(VI) was 5 and 3, respectively. The maximum efficiency of the adsor-
bent (Qmax) for Pb(II) was 84%, while for Cr(VI) it was 92%. Results demonstrate that Pb(II) and 
Cr(VI) adsorption onto iron nanoparticles (IONPs) and IONPs/PVA nanocomposites followed the 
pseudo- second-order kinetics reaction. The adsorption isotherm for Pb was well tailored by the 
Langmuir adsorption model, while the Cr adsorption was described by the Freundlich adsorp-
tion isotherm. The sorption model parameter demonstrates that the synthesized materials can be 
utilized as an excellent economical nano-adsorbent for removal of Pb(II) and Cr(VI) from water.

Keywords:  Adsorption; Environmental remediation; Mn-doped iron oxide; PVA nano-composites; 
Heavy metals

1. Introduction

Water is considered as a sign of life on earth as well as 
human health greatly depends upon the quality of water 
i.e. purity. Unfortunately, the advent of industrialization 

and excessive urbanization has degraded the quality of 
water [1,2]. These two factors contribute much to the 
accumulation of heavy metals in waters, thus causing water 
pollution, and heavy metals contamination is a big concern 
for the whole world especially in developing countries [3,4]. 
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According to the United State of America’s Environmental 
Pollution Agency, the presence of heavy metals, even in 
lower concentrations in water resources is harmful to human 
health and can cause severe complications like hepatitis, 
anemia, nephropathy, and encephalopathy [5]. Like other 
metals, lead(II) and chromium(VI) are two potent hazardous 
metals causing complications like damage to respiratory and 
digestive systems, skin, hepatic disorders, learning difficul-
ties in children, and cancer in humans [6]. According to the 
WHO guidelines, the allowed concentration of Pb(II) and 
Cr(VI) is 0.01 and 0.05 mg/L, respectively [7,8]. These heavy 
metals enter into the water bodies via soil erosion, mining, 
sewage discharge, industrial effluent, use of pesticides, her-
bicides, antibiotics, and fertilizers [9,10] and thus disrupt 
the natural environment which seriously affects the living 
organism.

Thus, the safe disposal, management, and removal of 
these fetal heavy metals are of utmost importance. Different 
techniques such as chemical coagulants, photo-catalytic oxi-
dation, ion exchange resins, and adsorption were employed 
to remove heavy metals from water [11,12]. But drawbacks 
like the formation of slug, use of excessive chemicals, time 
consuming, high cost, and low efficiency are associated 
with these methods, while the adsorption method is free 
from these complications [13]. Keeping in view these draw-
backs of conventional methods, the adsorption process for 
the removal of heavy metals is considered as best. In this 
connection, various adsorbents like chitosan, zeolite, clay, 
fly ash geopolymers, and the most promising one activated 
carbon have been using for decades. But sometimes these 
adsorbents do not give desirable results because of low and 
insufficient efficiency and adsorption capacity [14,15]. This 
low efficiency problem is greatly solved by the advent of 
nanotechnology. This field of science concerns the fabrica-
tion of material at the nanoscale. These nanomaterials have 
special properties as compared to their bulk counterpart 
[16,17]. The application of nanomaterials for the purpose 
of water purification has got much attention as compared 
to other methods. Chitosan-piperazine composite nanofil-
tration membranes are used for the desalination of brackish 
water [18]. As compared to other metallic or nonmetallic 
nanomaterials, iron oxides based nanomaterials are more 
efficient in the removal of heavy metals from water due to 
their magnetic properties [19,20]. This magnetic property 
makes it re-usable, thus leading to a reduction in the over-
all cost of the process [21]. Interestingly, this magnetic, and 
other properties like electrical and optical behavior, can 
be enhanced to a greater extent by the addition of another 
metal like cobalt and manganese as a dopant. However, in 
this case, selection of dopant and method are of great impor-
tance [22,23]. Some composites of organic materials having 
special functional groups and ligands are also used for the 
detection and removal of heavy metal ions from wastewater 
showing good results at a very low level of the contaminants. 
However, high cost and pH sensitivity of these organic 
composites reduce the practical applicability of these mate-
rials [24]. Similarly, with all remarkable properties associ-
ated with the nanoparticles, the chance of agglomeration 
always exists. In this context, the development of compos-
ites consists of nanoparticles and suitable organic polymer 
like polyvinyl alcohol (PVA) is a better option [25]. Various 

functional groups associated with the organic polymer also 
play a crucial role in the removal of metal ions from the 
media [26] and the presence of magnetic iron oxide enables 
it to recover the composite and reuse it [27]. Recycling of 
the nanocomposites after first cycle with good stability is 
reported while the recyclability of the nanoparticles alone 
is still ambiguous [28]. Iron oxide nanoparticles and their 
composites are synthesized by different methods like ther-
mal decomposition, co- precipitation, and sono-chemical 
[29,30]. However, co-precipitation method is preferred 
mostly [31].

Iron oxide nanoparticles synthesized through chemical 
methods are highly crystalline and uniform, but the use of 
hazardous chemicals makes these methods lest suitable for 
environmental prospective.

The basic aim behind the plant mediated synthesis is to 
avoid the use of toxic chemicals, thus minimizing the chance 
of any adverse effect on the environment. At the same time, 
the green method has many other advantages over the 
chemical and physical methods, such as low energy con-
sumption and avoiding the use of toxic chemicals to save 
the environment [32,33].

Biosynthesis of nanoparticles are bottom–up approach. 
The plant extracts contain antioxidants, which have a 
strong reducing capability and are responsible for the reduc-
tion of metal salts to their respective nanoparticles [34]. 
However, quite limited work has been reported for the green 
synthesis of iron oxide nanoparticles. There are only some 
reports available for the synthesis of amorphous iron, hex-
agonal metallic iron, and α-Fe2O3 nanoparticles using an 
extract of tea [35] and Sorghum bran [36] as reducing agents.

Iron oxide nanoparticles synthesized via tea extract 
were found nontoxic when compared with the iron oxide 
nano particles synthesized using the conventional NaBH4 
reduction protocol. The concentration of tea extract in the 
reaction mixture plays an important role in controlling the 
size and crystallinity of the synthesized nanoparticles [37].

Zanthoxylum armatum (Z. armatum) is an important 
medicinal plant that belongs to the family Rutaceace. It is 
widely distributed in different areas of Pakistan, China, 
India, Nepal, and Japan at an altitude of 1,300–1,500 m [38]. 
Here we used leaf extract of Z. armatum as reducing as well 
as capping agents in the synthesis of iron oxide nanopar-
ticles. Phytochemical study of Z. armatum revealed that 
various types of alkaloids, lignins, flavonoids, sterols, and 
terpenes are present in their leave’s extract [39]. Polyvinyl 
alcohol/PVA is a polymer that has good biocompatibility, 
non-toxicity, excellent mechanical strength, thermal as well 
as pH stability, and low cost. Composites of PVA with gel-
atin have been synthesized and employed for the removal 
of Pb(II), similarly, the composites of PVA/gelatin/SPION 
have been designed and used for the removal of Cu(II) and 
Zn(II) [40]. Here in this project, we present the synthesis 
of PVA and manganese doped iron oxide nanocomposites 
via green synthesis for the first time.

2. Experimental setup

2.1. Materials and methods

Fresh plant leaves of Z. armatum were collected from dis-
trict Mansehra, KP Pakistan. Ferrous chloride tetra-hydrate 
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(FeCl2·4H2O) and ferric chloride hexa-hydrate (FeCl3·6H2O) 
salts were used as precursors; hydrazine hydrate was added 
to adjust the pH. Polyvinyl alcohol used as a matrix for the 
preparation of nanocomposites materials. All analytical 
grade chemicals were purchased from BDH UK and were 
used without further purification.

2.2. Synthesis of nanoparticles

For the synthesis of IONPs, a simple, eco-friendly, and 
inexpensive co-precipitation method was used [41]. Briefly, 
0.5 M solution of ferrous and ferric chloride were prepared 
separately. These two solutions were mixed in 1:2 ratios by 
volume up to 150 mL. To this mixture, 10 mL a fresh aque-
ous plant extract was added, followed by the drop wise 
addition of hydrazine hydrate in order to keep the pH 
between 8 and 12 [42]. The reaction mixture was stirred and 
heated on a hot plate by keeping the temperature at 70°C 
resulting in the formation of a precipitate. After 30 min, 
the precipitate was collected by centrifugation (9,000 rpm) 
and then dried in an oven at 80°C for 4 h. The resulting 
product was calcined at 500°C for 4 h. For the synthesis of 
doped iron oxide nanoparticles, Manganese sulfate solu-
tions with different concentrations were added to the ferric 
and ferrous chloride solution before the addition of plant 
extract while the remaining conditions and parameters were  
kept same.

2.3. Nanocomposites fabrication

For the synthesis of nanocomposites, 5 g PVA was 
dissolved in deionized water to make a 5 wt.% solution. 
In this prepared PVA solution, 0.5 g of undoped iron 
oxide nanoparticles were dispersed and stirred the mix-
ture on a magnetic stirrer for 1 h in order to get a uni-
form mixture. The mixture was cast in polystyrene made 
petri dishes to obtain thin films of iron oxide/PVA nano-
composites. These Petri dishes containing iron oxide/PVA 
nanocomposites were kept at 60°C in the oven for 7 h for 
drying. The procedure was repeated for the preparation 
of manganese doped iron oxide nanoparticles/PVA com-
posites thin films separately. The films were applied for 
characterization and desalination.

2.4. Characterizations

The presence of the optical properties of the nano-
materials was studied with the help of UV-visible 
spectrophotometer (UV-1800) Shimadzu, Japan, at room 
temperature in the range of 700–200 nm. The metallic bond 
that exists between Fe and O and the presence of various 
functional groups was studied with the help of an FTIR spec-
trophotometer. The IR spectrum was recorded on Shimadzu 
IR Affinity-1S Japan; in 500–4,000 cm–1 spectral range. 
The nature of the crystal and average crystal size of the pre-
pared samples were measured by XRD (PanalyticalX’Pert 
Pro) Netherland; with cobalt as a source. Surface morphol-
ogy, the elemental analyses, and agglomeration behavior 
of the samples were studied using (Philips CM12/STEM 
electron microscopy, PW6030 (120 kv) Hitachi, Japan. The 
analyses of Cr(VI) and Pb(II) ions in water before and after 

treatment with IONPs and nanocomposites were done 
with an Agilent 7700× ICP-MS instrument.

2.5. Heavy metals removal

Heavy metal analysis was carried out using inductive 
coupled plasma mass spectrometry (Agilent 7700× ICP-MS). 
The contaminated aqueous stock solution was artificially 
prepared (1 ppm) by adding metal (lead acetate) in deion-
ized water. Similarly, another stock solution was artificially 
prepared (1 ppm) by adding metal chromium nitrate into 
deionized water. In five polytetrafluoroethylene tubes, 
10 mL lead acetate solution was added, while in other 
tubes, 10 mL of chromium nitrate solution was added. To 
each polytetrafluoroethylene tube of lead acetate solu-
tion and chromium nitrate solution 0.3 g adsorbents (pure 
IONPS, 5% Mn doped IONPS, pure IONPS/PVA, and 5% 
Mn doped IONPS/PVA nanocomposites) were added, and 
one was kept as such for standard. These tubes were kept 
on orbital shaker for 1 h. The absorbents were then filtered 
and the filtrate was analyzed through inductive coupled 
plasma mass spectrometer for unabsorbed lead and chro-
mium metals. The concentrations of the heavy metals were 
determined before and after treatment with nanoparticles 
and nanocomposites and the percent removal (%) was 
calculated by the following equation:

Removal  %( ) =
−

×
C C
C

e0

0

100  (1)

where C0 is the initial concentration, while Ce is the concen-
tration at equilibrium after treatment with nanoparticles 
and nanocomposites.

2.6. Isotherm methodology

The number of heavy metals (q) adsorbed per unit mass 
of adsorbent can be calculated with the following equation.

q
C C
w

Vi f

t

=
−

×  (2)

where Ci is an initial concentration in (mg/L) of heavy 
metal, Cf is a final concentration in (mg/L) of heavy metal 
at equilibrium, V is the volume of solution (L), and wt is 
the adsorbent dosage (g). The sample was taken at regular 
time intervals and the heavy metal ions concentration was 
measured to find out kinetics of the process. The amount of 
metal ions qt (mg/g) at time t, for lead(II) and chromium(VI) 
adsorbed by Fe2O3 nanoparticles and Fe2O3/PVA nano-
composites, was calculated through Eq. (3):

q
C C
w

Vt
t

t

=
−

×0  (3)

To find the isotherm models and the kinetic rate equa-
tion that the adsorption process will follow, the values of 
Cf , Ct , q, and qt are used in the above equations.
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2.6.1. Langmiur isotherm

The Langmiur theory gives information about the 
adsorption of gases on metal surfaces and also has appli-
cations in other adsorption processes. Langmuir’s model 
says that as the distance increases, the intermolecular forces 
decrease rapidly, which shows the presence of a single layer 
of adsorbate at the exterior of the adsorbent. Further, the iso-
therm equation undertakes that adsorption occurs at defi-
nite identical sites of the adsorbent. Hence, it is concluded 
that once a Pb(II) ions or Cr(VI) occupies a site, that site 
becomes locked.

The linear form of isotherm is represented as follows:

C
q Q b Q

Ce

e
e= +

1 1
0 0  (4)

In the Eq. (4) Q0, is metal ion uptake per unit mass of 
adsorbent (mg/g) and b is a constant called Langmuir con-
stant. Therefore, Ce/qe vs. Ce provides a straight line with 
slope 1/Q0 and intercept 1/(Q0b).

2.6.2. Freundlich adsorption isotherm

The Freundlich isotherm is applicable to non-ideal 
adsorption that involves the adsorption of different phases. 
Freundlich isotherm is represented by Eq. (5) as:

q K Ce F e
n=
1

 (5)

The equation is accessibly used in the linear form by 
taking the logarithm of both sides as:

log log logq K C
ne F e= +
1  (6)

Freundlich constants KF relates to adsorption capacity 
while 1/n to the passion of adsorption. The slope and inter-
cept of the plot (logqe vs. logCe) from the above equation give 
the values of n and KF. Freundlich isotherm explains the 
affiliation among equivalent adsorption capacity, qe (mg/g), 
and the amount of metal ions in solution at equilibrium 
Ce (mg/L). The plot of log(qe) vs. log(Ce) was found to be 
linear for many initial concentrations.

2.7. Kinetic study

2.7.1. Kinetic-first-order rate equation

The pseudo-first-order equation in linear form is 
given as:

log log
.

q
k

q q te t e−( ) = − 1

2 303
 (7)

where qt and qe (mg/g) are the quantities of lead(II) or 
chromium(VI) adsorbed at equilibrium by time t (min), 
and k1 (1/min) is the rate constant. The values of log(qe – qt) 
were derived from the kinetic data and plotted against time (t).

2.7.2. Kinetic second order rate equation

Following is the pseudo-second-order rate equation:

t
q k q q

t
t e e

= × +
1 1 1

2
2  (8)

where qt and qe are the quantity of lead(II) or else chromi-
um(VI) adsorbed (mg/g) at equilibrium and time t (min), 
k2 (g/mg min) is pseudo-second-order rate constant. 
Standards of t/qt were calculated from the kinetic data and 
plotted against time (t).

2.7.3. Effect of pH

The effect of pH on the adsorption of Cr(VI) and 
Pd(II), we selected pH in between 2 and 7, the pH was 
adjusted by the controlled addition of 0.1 M HCl or 0.1 M 
NaOH solution as needed and monitored by pH meter. 
The remaining parameters were kept constant.

2.8. Reusability study

The selective adsorption of Cr(VI) removal by pre-
pared nanocomposites is high as compared to Pb(II). Thus, 
Cr(VI) was selected for further detailed reusability study. 
The reusability of the pure, Mn doped IONPs, and IONPs/
PVA composites was investigated for the removal of Cr(VI) 
for five reaction runs. Reusability of composite was stud-
ied by mixing 20 mg of Cr(VI) ions-loaded composite into 
10 mL of 0.1 M HCl solution and sonicating for 5 min. 
Then, the washed composite was separated from the solu-
tion by a Whatman filter paper 42, and washed with distilled 
water three times, and dried for reuse on the same day.

3. Results and discussion

3.1. UV-visible analysis

The iron oxide nanoparticles, both pure and doped 
with manganese prepared via the co-precipitation method, 
were examined by a UV-visible spectrophotometer. Pure 
metals and metal nanoparticles are unique from other 
nanoplatforms by their characteristic surface plasmon 
resonance (SPR). This SPR is the collective oscillation of 
the surface electrons of nanoparticles. The solution mix-
ture was monitored and analyzing using UV-visible spec-
trophotometer with a wavelength range of 200–700 nm. 
The UV-visible spectra of pure and Mn doped nanoparti-
cles are shown in Fig. 1. From the literature survey, iron 
oxide nanoparticles typically show maximum absorbance 
in the range of 300–450 nm, which is attributed to the scat-
tering and absorbance of light by magnetic nanoparticles. 
In the present work, the nanoparticles show absorbance 
between 370 and 400 nm. It has been reported in the litera-
ture that Punica granatum mediated iron oxide nanoparticles 
showed surface Plasmon resonance at 375 nm [43], which 
is closely related to our result. The maximum absorbance 
is at 380 nm and there is a slight increase in the absorp-
tion maxima with doping of nanoparticles. The increase in 
the absorbance maxima may be due to the increase in the 
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ionic radii of Mn2+ ion than Fe3+ [44]. These results show 
that prepared nanoparticles were synthesized successfully, 
adopting a green approach as compared to other chemical 
methods which are based on the use of toxic reagents. The 
surface chemistry of biosynthesized nanoparticles have a 
diverse range of biomolecule such as flavonoids, phenols, 
proteins, tannins, and amino acids that are the supporting 
units IONPs. The SPR of the biosynthesized nanoparticles 
tends to gain the capping agent biomolecules of the extract 
and attract them, by giving different surface chemistry that 
is purely being supported by reducing molecules of the 
plants.

3.2. FT-IR spectroscopy

FT-IR analysis of synthesized pure and Mn doped 
IONPs was performed for the detection of reducing as 
well as stabilizing agents of the nanoparticles. FT-IR spec-
troscopy is a very important tool in the nanotechnology 
for identification of the organic functional groups present 
in the extract of plant which are responsible for stabilizing 
of bio-synthesized nanoparticles. The FTIR spectra of pure 
iron oxide/PVA nanocomposites and the doped iron oxide/
PVA nanocomposites are shown in Fig. 2. In both spectra, 
the absorption band at 625 cm–1 is present, which is assigned 
to the stretching vibration of the metal-oxygen bond, that 
is, Fe–O bond, therefore confirming the synthesis of iron 
oxide nanoparticles [45,46]. As we used plant extracts for 
stabilization and PVA for composites preparation, other 
peaks were also observed rather than M–O starching vibra-
tion. PVA possesses functional groups like –OH, –CH2, and 
C–O–C. The peaks observed 3,640 cm–1 confirm the –N–H 
functional group present in the plant extract, the peak at 
2,940 cm–1 corresponds to the stretching vibration of C–H, 
while peak at 1,180 cm–1 is due to C–O–C stretching vibra-
tion [47]. The observed bands at 1,412 cm−1 could be assigned 
to the C–N stretching vibrations mood of aromatic amines 
[48]. The sharp peak at 1,260 cm−1 corresponds to the C–O 
stretching vibration of carboxylic acids the plant extract 
[49]. The peak at 2,359 cm–1 may be due the adsorption 

of CO2. If we inspect Fig. 2, we do not observe any peak 
in the region of 3,200–3,600 cm–1 for iron oxide and man-
ganese doped iron oxide nanoparticles because we used 
PVA only in composite preparation, hence the presence of 
–OH in the composite while the absence in nanoparticles 
samples clearly demonstrates the successful synthesis of 
iron oxide/PVA nanocomposites [40,50].

3.3. Surface morphology

In order to find out the morphology, surface, and size 
of prepared pure and Mn doped IONPs, SEM, and TEM 
analyses were carried out (Figs. 3–5). It has been reported 
in the literature that electronic and optical properties of 
nanomaterials considerably depend upon the size and 
shape nanoparticles [51]. The structure and morphology of 
the powder samples of iron oxide nanoparticles and a thin 
film of Fe2O3-PVA nanocomposites were studied using SEM. 
The SEM images show that iron oxide nanoparticles were 
aggregated, having an irregular shape with rough surfaces. 
The surface of the nanoparticles seems to be porous and 
spongy (Fig. 3). The SEM images of Fe2O3-PVA nanocompos-
ites (both the cross-section and surface) are given in Fig. 4. 
The SEM images of Fe2O3-PVA show that nanoparticles are 
embedded and uniformly distributed in the PVA matrix. 
SEM results (Fig. 3) show that pure and Mn doped nano-
composites just like similar previously reported P. granatum 
mediated iron oxide nanoparticles [43].

In order to obtain the particle size of nanoparticles, 
TEM analysis was carried out (Fig. 5). TEM images show 
that the particles are of spherical and rod shapes. The cal-
culated average size of pure and 5% Mn doped IONPs was 
25 and 19 nm, respectively. TEM images showed that the 
particles are relatively mono-dispersed and are uniformly 
distributed throughout. TEM result (Fig. 5), showed that 
pure and Mn doped nanocomposites synthesized by biolog-
ically method are different in size because of the different 
precursor added into the reaction. Furthermore, it is inter-
estingly found that the prepared iron oxide nanocomposites 
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Fig. 3. SEM images of pure IONP and 5% Mn doped IONP ((a and c) 500 µm, (b and d) 5µm).

Fig. 4. SEM images of (a) pure IONPS-PVA nanocomposites (5 µm), (b) 5% Mn doped IONPS-PVA nanocomposites 
(200 µm), and (c) the cross section of pure IONPS-PVA nanocomposites (100 µm).
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are well-organized and just like similar reported nanorods 
previously [52].

3.4. XRD pattern

The XRD patterns of all four samples, are well defined 
and intense, confirm the presence of crystallinity in samples, 
and the major peaks present in all four samples are (220), 
(104), (110), (311), (113), (400), (024), (116), and (320). All 
these Bragg peaks are the characteristics of planes of IONPs. 
A Sherrer’s equation was used for the calculation of the 
average size of the synthesized pure and Mn doped IONPs:

L knm
cos

( ) = λ
β θ1 2/

 (9)

In this Eq. (9) L represents the size of the particle, 
k is a constant equal to 0.89, λ can be used as 0.15432 nm from 
CuKα radiation source, β1/2 is the full width at half maxi-
mum and 2θ is the diffraction angle. By putting the value 
into the Scherrer formula together with λ = 1.54, k = 0.89, 
and β was calculated. The calculated average size of crys-
tals were 14.56, 13.4, and 15.26 nm for pure IONPs, 5% Mn 
doped IONPs and IONP/PVA nanocomposites, respec-
tively. The absence of any oxide peak related to the oxides 
of Mn suggests successful doping of the host material with 
Mn2+. Beside the absence of manganese related peaks, there 
is a slight deviation in 2θ and this deviation is only due 
to the replacement of Fe2+ ions by the dopent Mn2+ ions [41].

3.5. Heavy metals removal efficiency of nanoparticles 
and nanocomposites

The discharge of heavy metals into the natural envi-
ronment from different industries is of great concern all 
over the world. Heavy metals have unpleasant effects on 
aquatic life, natural environment, and human health. Due to 
non-biodegradable nature, solubility in water, long biolog-
ical half-lives, and their potential to accumulate in various 
parts of the body, heavy metals are extremely harmful.

During the investigation of heavy metals, the concen-
tration of the heavy metals was determined before and after 
treatment with nanoparticles and nanocomposites, and 
the percent removal (%) was calculated. Table 1 and Fig. 7 
show the results and other parameters for the lead(II) detec-
tion. The results and other parameters of chromium(VI) are 
shown in Table 2 and Fig. 8.

Now a day the reusability and recyclability of the 
active catalyst in catalysis is a very significant issue. As 
the most of catalysts are de-activated after single or sec-
ond cycle. Beside catalytic activity, stability, reusability, 
and the photocorrosion are very important parameters 
for evaluating the catalyst performance as it could sig-
nificantly decreased the cost of the chemical process. 
Catalysts in the literature were effectively reported in 
the form of nanoparticles to show effective photoreduc-
tion activity, but the problem is their recyclability for next 
use. That’s why, the simple separation of the catalysts for 

(a) (b)

Fig. 5. TEM images of (a) pure IONP and (b) TEM image of 5% Mn doped IONP.
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reusability purpose is quite important. Here in the currect 
study pure IONPs, Mn doped IONPs, and IONPs/PVA 
nanocomposites were study for the reusability of Cr(VI). 
The results of the reusability is presented in Table 3. 

3.5.1. Influence of contact time for Pb(II) removal

To study the equilibrium time for uptake and to find 
out the kinetics of adsorption, lead adsorption on pure 
IONPs, 5% Mn doped IONPs, pure IONPs/PVA nanocom-
posites and 5% Mn doped IONPs/PVA nanocomposites as 
adsorbents were examined as a function of contact time and 
fallouts are shown in Fig. 9. Lead(II) was quickly adsorbed 
by the adsorbents in about 20 min.

The contact was kept for almost 60 min to confirm 
that equilibrium was indeed achieved as the sample was 
withdrawn at every ten minutes. It can be observed from 

Fig. 9 that, in the beginning, the number of active sites 
is abundant and the removal efficiency is higher. After 
20 min, equilibrium is achieved, from which we can 
calculate the value of qe as the sorption became less profi-
cient in the later stages.

3.5.2. Influence of contact time for Cr(VI) elimination

Similarly to study the equilibrium time for uptake and 
to find out the kinetic of adsorption, chromium adsorption 
on pure IONPs, 5%Mn doped IONPs, pure IONPs/PVA 
nanocomposites, and 5% Mn doped IONPs/PVA nanocom-
posites as adsorbents were also examined as a function of 
contact time and the results are shown in Fig. 10. Chromium 
was quickly adsorbed by the adsorbents in about 20 min. 
The contact was kept for about 60 min to confirm that equi-
librium was indeed achieved as the sample was withdrawn 
at every ten minutes. It can be observed from Fig. 10 that 

Table 1
Parameters and results of IONPs and IONPs/PVA composites for Pb(II)

S. No Fe1–xMnx T (°C) pH Time (min) Adsorbent amount (g) %Removal

1 0% IONPs 25 4 180 0.05 68
2 5% IONPs 25 4 180 0.05 75
3 0% IONPs/PVA composites 25 4 180 0.05 78
4 5% IONPs/PVA composites 25 4 180 0.05 84
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Fig. 7. Percentage age efficiency of IONPs and IONPS/PVA 
composites in removal of lead.
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Fig. 8. Percentage age efficiency of IONPs and IONPS/PVA 
composites in removal of chromium.

Table 2
Parameters and results of IONPs and IONPs/PVA composites for Cr(VI)

S. No Fe1–xMnx T (°C) pH Time (min) Adsorbent amount (g) %Removal

1 0% IONPs 25 4 180 0.05 69
2 5% IONPs 25 4 180 0.05 72
3 0% IONPs/PVA composites 25 4 180 0.05 88
4 5% IONPs/PVA composites 25 4 180 0.05 92
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at the beginning, the number of active sites is abundant 
and the removal efficiency is high. After 20 min equilib-
rium is achieved from which we can calculate the value of 
qe as the sorption became less effective in the later stages.

3.5.3. Effect of pH

The pH of the medium greatly affects the adsorption 
of metal ions on the surface of the adsorbent, because pH 
can change the surface’s charges of the adsorbent. Similarly, 
the pH of the medium also affects the adsorbate. The point 
of zero charges is the condition when the density of elec-
tric charge on the surface of the adsorbent is equal to zero. 
When pH is less than the point of zero charges the surface of 
adsorbent becomes positively charged thus capturing more 
anions conversely, when the pH of the medium becomes 
greater than the point of zero charges, adsorbent surface 
becomes negatively charged thus attracting the cations [53]. 
In the present work, the effect of pH on the adsorption of 
Cr(VI) and Pd(II) has shown in Figs. 11 and 12, respectively. 
Keeping other factors like temperature, adsorbent amount, 
and initial concentration of Cr(VI) constant, the adsorp-
tion was maximum in the range of pH 2–3. However, max-
imum adsorption was achieved at pH 3, after that when 
pH increased slowly up to seven adsorptions decreased 
gradually. In this rang of pH Cr(VI) exists in HCrO4

– or CrO2
– 

form in the medium. At lower pH, that is, 2 and 3 HCrO4
– 

dominate over CrO2
– hence adsorption is maximized, and 

when the pH shift toward seven adsorptions gradually 
decreases because competition between CrO–

2 and OH– 
increase as result adsorption of target metal ions decrease. 

In this work the same situation exists, adsorption is higher 
at pH 2 which increased further at pH 3 however, after 
that we observe a slow and steady decrease in adsorption. 
The adsorbent surface bear –NH2 group as depicted in FTIR 
analysis, this group converts in NH3

+ which is the cause 
of high adsorption of Cr(VI) at pH 3 [25,54]. Similarly, for 
Pb(II), the same situation was observed like Cr(VI), adsorp-
tion increases slowly when the pH increases from 2 to 5 
however beyond 5 it decreases again. At a lower pH den-
sity of –NH2 groups are low, hence the adsorption of Pb(II) 
was low. On the other hand, adsorption again decreased 
when the pH increased from 5 to 7 this decrease was due 
to the formation of hydroxides which also hinder the 
adsorption. So in the present work, adsorption of Cr(VI) 
and Pb(II) was maximum at pH 3 and 5, respectively, 
hence marking values as an optimum pH value [14].

3.6. Modeling of adsorption isotherms

According to the Langmuir isotherm, the curiosity arises 
on the surface of the same phase by single layer sorption 
deprived of interaction between adsorbed ions.

The linear form of the Langmuir isotherm equation is:

C
q Q b Q

Ce

e
e= +

1 1
0 0  (10)

where Q0 is the maximum metal ion endorsement per 
unit mass of adsorbent (mg/g) and b is the Langmuir con-
stant. A plot of Ce/qe vs. Ce provides a straight line of slope 
1/Q0 and intercept 1/(Q0b) [55,56].

Fig. 9. Percentage removal of lead vs. contact time. Fig. 10. Percentage removal of chromium vs. contact time.

Table 3
Langmuir adsorption isotherm constants and parameters for Pb(II)

Adsorbent Qmax (mg/g) b RL R2

Undoped IONPs 21.54 0.63 0.19 0.992
5% Mn doped IONPs 27.89 0.65 0.21 0.994
Undoped IONPs/PVA nanocomposites 23.45 0.64 0.20 0.992
5% Mn doped IONPs /PVA nanocomposites 34.77 0.71 0.24 0.997
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The Freundlich isotherm is relevant to non-ideal adsorp-
tion involving heterogeneous adsorption. Representation 
of the Freundlich isotherm is:

q K Ce F e
n=
1

 (11)

By taking the logarithm of both sides the equation 
became:

log log logq K C
ne F e= +
1  (12)

The Freundlich constants KF relates to adsorption capac-
ity, while 1/n to the strength of adsorption. Standards of n 
and KF can find out from the slope and intercept of the plot 
logqe vs. logCe derived from the above equation.

The same set of experimental data was used to check the 
applicability of the Freundlich and Langmuir adsorption 
isotherms [57,58].

According to the Langmuir isotherm, the curiosity arises 
on the surface of the same phase by single layer sorption 
deprived of interaction between adsorbed ions.

The linear form of the Langmuir isotherm equation is:

C
q Q b Q

Ce

e
e= +

1 1
0 0  (13)

where Q0 is the maximum metal ion endorsement per unit 
mass of adsorbent (mg/g) and b is the Langmuir constant. 
A plot of Ce/qe vs. Ce provides a straight line of slope 1/Q0 and 
intercept 1/(Q0b) [55,56]. Constants like b, RL, R2, and Qmax for 

the Langmuir adsorption isotherm has displayed in Table 5. 
From the Table 5, it is clearly indicated that Qmax increases 
with the introduction of dopent. Similarly, the feasibility or 
favorability of the process can be obtained from Eq. (14).

R K CL L= + 1 1 0/  (14)

where RL is the equilibrium parameter and tells whether the 
process is favorable or not, such as when RL > 1 the process 
will be unfavorable, when RL = 1 linear and when 0 < RL < 1 the 
process will be favorable [59]. In the present work, the RL for 
all four samples is between 0 and 1 confirming the favorabil-
ity of the process. Similarly, correlation coefficient R2 is close 
to unity for Pb(II) in the case of Langmuir adsorption iso-
therm while for Cr(VI) in the case of the Freundlich adsorp-
tion isotherm. KF and n calculated from the graph plotted 
between lnqe vs. lnCe. The obtained data well fit in Langmuir 
and Freundlich modals as well as to satisfy the value of RL 
confirming the feasibility of the process. The comparison 
of Qmax of the present work with Qmax of already published 
work available in the literature confirm the suitability 
and practical utility of iron oxide/PVA nanocomposites.

3.7. Kinetic modeling

3.7.1. Pseudo-first-order equation

The adsorption kinetics were fitted into a pseudo-first-or-
der kinetics model, revealing the adsorption rate. The linear 
form of the equation is:

log log
.

q
K

q q te t e−( ) = − 1

2 303
 (15)

 

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8

%
 R

em
ov

al

pH

pure IONPs

5% Mn doped IONPs

Pure IONPs/PVA nanocomposites

5% Mn doped IONPs/PVA nanocomposites

Fig. 11. Effect of pH on removal of Cr(VI).
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Fig. 12. Effect of pH on removal of Pb(II).

Table 4
Freundlich adsorption isotherm constants and parameters for Cr(VI)

IONPs n R2 KF

Undoped IONPs 0.54 0.991 8.78
5% Mn doped IONPs 0.48 0.996 15.77
Undoped IONPs/PVA nanocomposites 0.47 0.997 19.24
5% Mn doped IONPs/PVA nanocomposites 0.36 0.998 24.56
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(a) (b)

(c) (d)

Fig. 13. Langmiur isotherm of lead for (a) pure IONPs, (b) 5% Mn doped IONPs, (c) for pure IONPs/PVA 
nanocomposites, and (d) for 5% Mn doped IONPs/PVA nanocomposites.

(a) (b)

(c) (d)

Fig. 14. Fruendlich isotherm of chromium for (a) pure IONPs, (b) 5% Mn doped IONPs, (c) for pure IONPs/PVA 
nano composites, and (d) for 5% Mn doped IONPs/PVA nanocomposites.
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To obtain rate constant, values of log(qe – qt) were linearly 
allied through t by plotting the log(qe – qt) vs. t. K1 and qe 
can be calculated as of the slope and the intercept of the plot.

3.7.2. Pseudo-second-order equation

The kinetics of adsorption can be fitted by the pseudo- 
second-order equation.

t
q K q q

t
t e e

= × +
1 1 1

2
2  (16)

If the plot of t/qt vs. t displays a linear relationship, 
then the second-order kinetics are valid. K2 and qe values 

were calculated from the intercept and the slope of the 
plot t/qt vs. t. The results for adsorption of lead (Pb) and 
chromium (Cr) onto pure IONPs, 5% Mn doped IONPs, 
pure IONPs/ PVA, and 5% Mn doped IONPs/PVA are 
shown in Figs. 15 and 16.

4. Conclusions

Nano-science and engineering provide new openings to 
develop environmentally friendly and cost-effective water 
treatment technologies. The combination of the co-precip-
itation method and plant extract of Z. armatum could be 
used for the synthesis of pure and Mn-doped IONPs, as 
well as their nanocomposites with PVA. After successful 
synthesis, these nanomaterials were applied for the removal 

Table 5
Comparison of Qmax of the present work with published work [60–63]

Adsorbent Qmax (mg/g) Reference

Undoped IONPs 21.54 Present work
5% Mn doped IONPs 27.89 Present work
Undoped IONPs/PVA nanocomposites 23.45 Present work
5% Mn doped IONPs/PVA nanocomposites 34.77 Present work
Magnetic hydrogel beads 17.66 [52]
Wool graft polyacrylamidoxime 23.56 [53]
Titanium(IV) oxide nanoparticles 12.94 [54]
Amino modified Fe3O4 nanoparticles 11.24 [55]

(a)
(b)

(c) (d)

Fig. 15. Second-order-kinetics of (a) pure IONPs, (b) 5% Mn doped IONPs, (c) pure IONPs/PVA nanocomposites, 
and (d) 5% Mn doped IONPs/PVA nanocomposites for lead.
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of lead(II) and chromium(VI) ions. The adsorption was 
very fast and equilibrium was achieved within 30 min for 
both ions. At the same time, the adsorption was highly 
dependent on pH, and the adsorption was maximum 
at pH 5 and 3. Adsorption isotherms (i.e., Langmuir and 
Freundlich) were applied to fit the data, the case of Cr(VI) 
follows the Freundlich adsorption isotherm while Pb(II) 
follows the Langmuir adsorption model, and from the 
kinetic study, it is evident that the process follows pseudo- 
second-order kinetics instead of the first order. Among the 
results, the most promising one in the current study is that 
efficiency is improved with doping. Therefore, nano adsor-
bent based on the pure, doped IONPs and their compos-
ites with PVA is recommended as a fast, inexpensive, and 
eco-friendly adsorbent for the removal of chromium(VI) 
and lead(II) ions.
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