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ABSTRACT

The present research focuses on the adsorptive efficiency of nanomagnetite-loaded poly
(acrylamide-co-itaconic acid) hydrogel for manganese removal from aqueous and contami-
nated solution by batch as well as column adsorption technique. The influence of pH, con-
tact time, adsorbent dose, temperature, metal ion concentration, bed depth, feed flow rate
and inlet metal ion concentration on the sensitivity of the removal process was inspected.
The copolymer was synthesized and magnetized in situ. The sorption data was analyzed
and fitted to linearized adsorption isotherm of the Langmuir and Freundlich equations,
respectively. Equilibrium data fitted very well to the Freundlich model. The kinetics of sorp-
tion was analyzed using pseudo-first-order and pseudo-second-order kinetic models. Kinetic
parameters, rate constants, equilibrium sorption capacities, and related correlation coeffi-
cients for each kinetic model were calculated. Different thermodynamic parameters i.e. ΔG0,
ΔH0, and ΔS0 were also evaluated which proved the sorption to be feasible, spontaneous,
and exothermic in nature. This hydrogel has been found to be an efficient adsorbent for
manganese removal from water (>99% removal) and could be regenerated efficiently for
further experiments.
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1. Introduction

Manganese reaches into water bodies due to dis-
posal of untreated discharge from industries as well
as leaching process of rocks. Numerous industrial
activities, namely mining and metallurgical processes,
manufacturing of dry cell batteries, ceramics, electrical
coils, pigments, and paints, are the principle sources
of manganese pollution into surface and ground water
[1–4]. Burning of coal and oil also contributes to man-
ganese pollution [5]. Manganese is present mainly in

its divalent form (Mn2+) in ground and surface water.
Ground water containing high percentage of iron or
manganese or both, shows lack of dissolved oxygen
and high CO2 content [6]. High manganese concentra-
tions in drinking water can result in deposition of
oxide in pipeline, water and laundry discoloration,
and unpleasant metallic taste [7,8].

According to WHO, the level of contamination of
manganese in drinking water should not exceed
beyond 0.05 mg dm−3 [6,9,10]. Water containing ele-
vated concentrations of manganese is found to be
toxic to humans and other living resources as well as
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reduces the quality of drinking water [11,12]. The tox-
icity of manganese occurs in the tissues of living
organisms because of its bioaccumulation and non-
biodegradable nature [13–17]. It acts as a pollutant
due to its organoleptic properties [18]. Increased con-
centration of manganese in human beings affects the
brain by depositing in basal ganglia which results in
several neurological disorders [19].

Different techniques used for the removal of toxic
metal ions from contaminated wastewater are filtration
[20], chemical precipitation [21], chemical coagulation
[22], flocculation [23], reverse osmosis [24], solvent
extraction [25], membrane separation [26–28], ion
exchange [29], and adsorption. The efficiency of most
of these methods was found to be less due to less
removal of heavy metals at very low concentrations,
high operational cost, and contamination of recipient
environment by their secondary effluent impact
[30–33]. Presently, “Adsorption” is a widely accepted
and very effective method for the removal of toxic
metal ions from contaminated water [34]. Mondal [35],
Mohan [36], Nassar [2], Guzel et al. [37], Okoniewska
et al. [19], Rajic et al. [38] and Robinson-lora and
Brennan [39] studied the adsorption of manganese ions
using granular activated carbon (41%), lignite (25.84%),
palm fruit bunch and maize cobs (79–50%), black car-
rot, impregnated activated carbon, natural zeolite tuff
and chitin or chitin plus proteins, respectively.

In the present study, nanomagnetite-loaded poly
(acrylamide-co-itaconic acid) hydrogel was character-
ized and applied as an efficient and effective adsor-
bent to remove Mn(II) from synthetic as well as
contaminated water. The sorption of Mn(II) ions onto
nanomagnetite-loaded PAI hydrogel was studied by
applying batch as well as column equilibrium tech-
niques. The efficiency of Mn(II) ions removal by mag-
netic PAI hydrogel was studied as a function of
various factors i.e. pH, contact time, adsorbent dose,
temperature, and initial metal ion concentration in
batch system and different bed depth, feed flow rate,
and inlet Mn(II) concentration in a fixed-bed column
system.

For the purpose of comparison of adsorption
capacity of PAI hydrogel with and without nanomag-
netite impregnation, the adsorption experiments were
conducted. The PAI hydrogel loaded with nanomag-
netite showed very high removal of Mn(II) ions
(99.50%) whereas the adsorbent without nanomagne-
tite gave only 80.45% removal. Hence, impregnation of
nanomagnetite particles improved the efficiency of the
novel adsorbent in the removal of Mn(II) ions from
aqueous solution. In the copolymer of acrylamide and
Itaconic acid, nanomagnetite particles were impreg-
nated by in situ method because these nanoparticles

have a tendency to aggregate, which reduces their
high surface area to volume ratio and thus reduces
the effectiveness of the nanomagnetite particles.
Copolymer contains different functional groups
which are involved in adsorption of Mn(II) ions and
thus involve in removal of toxic Mn(II) ions from
contaminated samples.

2. Materials and methods

2.1. Materials

The monomers acrylamide and itaconic acid were
purchased from Loba Chemi, Mumbai and Himedia,
Mumbai, India, respectively. N,N´-methylene-bis-
acrylamide (cross-linker), potassium per sulfate (initia-
tor), anhydrous ferric chloride, and ferrous chloride
tetra hydrate were purchased from Molychem,
Mumbai, India. Triple distilled, water was used
throughout the experiments.

2.2. Synthesis of nanomagnetite-loaded PAI hydrogel

To a mixture of acrylamide and itaconic acid in 1:1
ratio, the cross linker (N,N´-methylene-bis-acrylamide)
and initiator (potassium per sulfate) were added and
heated at 70˚C in an electric oven for 1 h. The copoly-
meric hydrogel so formed was washed with distilled
water and cut into small pieces. For in situ magnetiza-
tion, these pieces were equilibrated in an aqueous
solution of ferrous chloride (0.1 M) and ferric chloride
(0.3 M) in 1:2 ratios for 24 h. The Fe3+/Fe2+ loaded
pieces of copolymer were then added into ammonia
solution and kept overnight. The magnetic hydrogel
was then washed thoroughly with distilled water,
dried, and crushed into a fine powder.

2.3. Swelling studies

The swelling characteristics were measured by
immersing weighed sample of dry hydrogel in triple
distilled water. The excess surface water in the swol-
len gel was removed by blotting and then the swollen
gel was weighed. The swollen gel was blotted several
times till three consecutive weights were obtained
same within limits of experimental error of 1%.

2.3.1. Determination of swelling ratio

The swelling ratio (SR) most commonly described
as degree of swelling (Ds) is expressed as increase in
weight/gm of dried hydrogel after keeping in contact
with water for selected periods of time. The values of
were calculated by Eq. (1).

N. Sharma and A. Tiwari / Desalination and Water Treatment 57 (2016) 5654–5672 5655



Swelling ratio ðSRÞ ¼ W s �Wd

Wd
(1)

where Ws is the weight of swollen gel (g) at a given
time and Wd is the weight of dry gel (g).

2.3.2. Determination of equilibrium degree of swelling

The equilibrium degree of swelling (EDS) was
determined by immersing dry gel in triple distilled
water at room temperature for a period of 72 h.

EDS ¼ Weq �Wd

Wd
(2)

where Weq is the weight of completely (equilibrium)
swollen state of gel (g) and Wd is the weight of dry
gel (g). The value of EDS is given in Table 1.

2.3.3. Determination of equilibrium water content

The equilibrium water content (EWC) is expressed
in % on the weight of swollen gel at equilibrium,
using Eq. (3).

EWC ¼ Weq �Wd

Weq
� 100 (3)

where, Weq is the weight of swollen gel at equilibrium
and Wd is the weight of the dry gel. The value of
EWC is given in Table 1.

2.4. Characterization of magnetic copolymer

The adsorbent—“Nanomagnetite-loaded PAI
Hydrogel” was characterized by XRD, AFM, SEM,
and Fourier Transform Infrared Spectroscopy (FTIR)
analysis.

2.4.1. XRD analysis

The crystalline nature of the bare nanomagnetite-
loaded PAI hydrogel was studied on a Bruker D8
advanced X-ray Diffractometer with scanning range of
20–80˚ (2θ) using Cu Kα radiation with wavelength of
1.5406Å (UGC- DAE, Indore, India).

2.4.2. AFM analysis

The morphology and diameter of nanomagnetite
particles was examined by contact mode AFM (NS-E,
Digital Instrument INC, USA) using silicon nitrate tip.
The sample was prepared for AFM analysis by placing
a few drops of the suspension of Fe3O4 in 50% HCl on
a cleaved mica sheet (UGC-DAE, Indore, India).

2.4.3. SEM Analysis

To examine the morphological characteristics of
nanomagnetite-loaded PAI hydrogel before and after
Mn(II) adsorption, samples were viewed using a scan-
ning electron microscope (SAIF, Punjab University,
Chandigarh).

2.4.4. FTIR analysis

FTIR spectra of unabsorbed (bare) and Mn(II)
loaded adsorbent was recorded using Varian Vertex
FTIR Spectrometer (UGC-DAE, Indore, India).

2.5. Preparation of stock solution

Stock solution of Mn(II) of 1,000 mg dm−3 was pre-
pared by dissolving 0.308 g MnSO4·H2O (AR) in
100 ml triple distilled water. Suitable concentrations of
Mn(II) for batch and column experiments were
prepared by diluting the stock solution with triple
distilled water.

2.6. Sampling

Sampling was performed as per the standard pro-
cedures and techniques to ensure representation of
contaminated water samples and industrial effluent.
Effluent sample was collected from drains coming out
of the industrial site. In order to avoid the surface
impurities, surface water samples were collected from
about 40–50 cm below the surface. For sampling of
contaminated water, polythene bottles were rinsed
with 0.1 N HNO3, and then washed twice with triple
distilled water. In order to analyze the metal ions, sam-
ples were filtered and acidified with conc. HNO3 to

Table 1
Swelling parameters of nanomagnetite-loaded PAI hydrogel

S.
No. Parameters Values

1. Equilibrium degree of swelling (EDS) (g g−1) 6.5
2. Equilibrium water content (EWC) (%) 86.67
3. Theoretical equilibrium swelling (Seq)max

(g g−1)
6.76

4. Initial swelling rate (r) 0.7449
5. Swelling rate constant (ks) 0.0163

5656 N. Sharma and A. Tiwari / Desalination and Water Treatment 57 (2016) 5654–5672



pH 2 and refrigerated at 4˚C. For testing other
parameters, virgin polythene cans were used for sam-
ple collection and analysis of samples was done within
48 h. Temperature, pH, and color of the samples were
measured immediately after collection of samples at
the sampling site by using thermometer, handy pH
meter and by visual observations, respectively.

2.7. Sample preparation

Digestion of contaminated water samples were car-
ried out by standard APHA methods which is neces-
sary to destroy the organic contaminants, removal of
ions that can interfere in analysis because heavy metal
ions have a tendency to form complexes with organic
contaminants present in water samples. For digestion
purpose, 50 ml of sample was heated with 10 ml conc.
HNO3 in fume cupboard. During heating, HNO3 was
added in small portions until the clear and light col-
ored solution was obtained. The heating was contin-
ued till the volume was reduced to 10 ml, then
allowed to cool and volume was made to 50 ml with
distilled water in standard flask and used for analysis.

2.8. Analytical techniques

The concentration of Mn(II) ions was determined
using atomic absorption spectrometer (Varian AA-24-
OFS model). Each experiment was carried out in tripli-
cate under identical conditions to get the mean values.

2.9. Batch adsorption experiment

The adsorption experiments were carried out by
batch method by varying pH, contact time, adsor-
bent dose, adsorbate concentration, and temperature.
For adsorption experiments, nanomagnetite-loaded
PAI hydrogel in the powdered form (0.1 g) and
20 ml MnSO4·H2O solution of 4 mg dm−3 concentra-
tion at pH 6 and room temperature (25˚C) was stir-
red for 1 h which was found to be sufficient time to
attain equilibrium sorption. The amount of manga-
nese ions present in solution (before and after

adsorption) was determined by atomic absorption
spectrometer.

The sorption degree (percentage removal) and
sorption capacity of the sorbent was calculated by the
following equations:

Sorption degree ¼ ðC0 � CeÞ
C0

� 100% (4)

Sorption capacity ¼ ðC0 � CeÞ � V
m

(5)

where C0 and Ce (mg L−1) are the initial and equilib-
rium concentrations of manganese ions, respectively,
Vsol (L) is the volume of the manganese solution
subjected to sorption, and msorb (g) is the weight of
sorbent.

2.10. Desorption experiment

Desorption studies indicate the nature of adsorp-
tion and recovery of valuable metals from wastewater
and the sorbent. After the sorption experiments, the
sorbent was collected by filtration, washed with dis-
tilled water, and was desorbed using 25 ml of HNO3

of various strengths ranging from 0.02 to 0.2 M as an
eluant. Desorption efficiency was calculated by using
the following equation:

2.11. Kinetic study

The kinetic investigations were carried out to mea-
sure the adsorption rate under various experimental
conditions such as pH, temperature, and equilibrium
time. For the kinetic study, 0.1 g of adsorbent was sha-
ken with 20 ml of manganese solution of desired con-
centrations and pH using a temperature-controlled
shaker on a constant agitation speed at different time
intervals and the adsorbed amount of manganese (II)
ions was calculated same as adsorption equilibrium
experiments.

Desorption efficiency ¼ amount of MnðIIÞ desorbed
amount of MnðIIÞ sorbed � 100 ð6Þ
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2.12. Column experiment set up

Fixed-bed adsorption experiments were performed
in a column made of polyethylene having an inner
diameter of 0.5 cm and a height of 10 cm, at a constant
temperature of 25˚C. The column was packed with
different bed heights of nanomagnetite-loaded PAI
hydrogel on a glass-wool support. The experiments
were performed at pH 6. The batch experimental
results showed that the adsorption rate was high at
pH 6. A known concentration of manganese solution
was allowed to pass through the bed at a constant
flow rate (1 ml min−1) in a down-flow manner. For
maintaining the constant flow rate of adsorbate
solution, the peristaltic pump was used. The manga-
nese solution was then collected at different time
intervals until the column reached exhaustion and the
concentration of Mn(II) ions was determined by
atomic absorption spectrometer. The important design
parameters such as column bed height, flow rate of
metal solution into column, and initial concentration
of metal solution have been investigated.

2.13. Analysis of column data

The efficiency of the column was evaluated by
determining breakthrough curves. The time for break-
through appearance and the shape of the breakthrough
curve are very important characteristics for determining
the operation and the dynamic response of an adsorp-
tion column. The breakthrough curves show the load-
ing behavior of Mn(II) to be removed from solution in a
fixed-bed and is usually expressed in terms of adsorbed
metal concentration (Cad = inlet metal concentration
(C0)—outlet metal concentration (Ct)) or normalized
concentration defined as the ratio of effluent metal con-
centration to inlet metal concentration (Ct/C0) as a func-
tion of time or volume of effluent for a given bed height
[40]. The breakthrough volumes VB and exhaustion vol-
umes VE are the effluent volume at breakthrough time
and exhaustion time, respectively. Effluent volume
(Veff) can be calculated from Eq. (7):

Veff ¼ Qttotal (7)

where ttotal and Q are the total flow time (min) and vol-
umetric flow rate (ml min−1). The area under the break-
through curve (A) obtained by integrating the adsorbed
concentration (Cad; mg dm−3) vs. t (min) plot can be
used to find the total adsorbed metal quantity (maxi-
mum column capacity). Total adsorbed metal quantity
(qtotal; mg g−1) in the column for a given feed concentra-
tion and flow rate (Q) is calculated from Eq. (8):

qtotal ¼ Q � ðC0 � CtÞ � ttotal
1; 000

(8)

Total amount of metal ion sent to column (mtotal) is
calculated from Eq. (9):

mtotal ¼ C0 �Q � ttotal
1; 000

(9)

Total removal percent of Mn(II) is the ratio of the maxi-
mum capacity of the column (qtotal) to the total amount
of Mn(II) sent to column (mtotal) from Eq. (10):

Total removal ð%Þ ¼ qtotal
mtotal

� 100 (10)

Equilibrium metal uptake (qeq) (or maximum capacity
of the column) in the column is defined by Eq. (11) as
the total amount of metal sorbed (qtotal) per g of
sorbent (X) at the end of the total flow time:

qeq ¼ qtotal
X

(11)

2.14. Column desorption study

Column desorption study was carried out after the
column adsorption studies were conducted, at
25 ± 0.2˚C, by using 0.1 M HNO3 solution at flow rate
of 1 ml min−1 and 1 cm bed depth to provide suffi-
cient exchangeable H+ ions for 330 min and then
washed with hot distilled water and could be reused
for further adsorption experiment.

3. Results and discussion

3.1. Swelling studies

Dynamic swelling of nanomagnetite-loaded PAI
hydrogel at different absorbing time in water was mea-
sured at room temperature. Results of these experi-
ments indicated that the increase in weight of the
swollen hydrogels is directly related to the duration of
swelling. The swelling behavior observed could be
associated with the absorption mechanism, which, in
turn, is determined by the diffusion process. The swell-
ing rate is slow during the first few minutes; it indicates
that the initial swelling is due primarily to the water
penetrating into the polymeric gel through capillary
and diffusion. Then the penetrated water is absorbed
by hydrophilic groups such as itaconic acid and acryl-
amide through formation of hydrogen bonds. The
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swelling is driven by repulsion of hydrophilic groups
inside the network and osmotic pressure difference
between the gels and the external solution. The swelling
rate is fast during the first 60 min and gradually slows
down until the equilibrium swelling is reached. It was
evident that the SR increases sharply upon prolonga-
tion of swelling time up to 180 min then levels off.

3.2. Kinetics of swelling

The swelling kinetics of the prepared hydrogel was
undertaken with view of clarifying the controlling mech-
anism of the swelling processes. A simple kinetic analy-
sis represented by a second-order equation was applied
in this study using the following relationship [41].

dSR

dt
¼ ksðSeq � SÞ2 (12)

where ks is the swelling rate constant and Seq is the
degree of swelling at the state of equilibrium. After
integration, when the initial conditions S = 0 at t = 0
and S = S at t = t are applicable, Eq. (12) is modified
as follows:

t

SR
¼ Aþ Bt (13)

in which

B ¼ 1

Seq
(14)

is the inverse of the maximum or equilibrium
swelling;

A ¼ 1

ksSeq2
(15)

is the reciprocal of the initial swelling rate of the
hydrogel and ks is the swelling rate constant. The ini-
tial swelling rate (r), the swelling rate constant (ks),
and the values of theoretical equilibrium swelling
(Seq)max of hydrogel were calculated from the slope
and the intersection of the lines. The results are
presented in Table 1.

3.3. Characterization of nanomagnetite-loaded PAI hydrogel

The nanomagnetite-loaded PAI hydrogel was
synthesized and characterized by the following
instrumental methods.

3.3.1. XRD analysis

The XRD pattern for the nanomagnetite-loaded
PAI hydrogel is shown in Fig. 1. Five characteristic
peaks (2θ = 30.09, 35.44, 43.07, 56.96, and 62.55),
marked by their indices [(5 1 1), (3 1 1), (4 0 0), (5 1 1),
and (4 4 0)], were observed for nanomagnetite-loaded
PAI hydrogel. The position and relative intensities of
all diffraction peaks in Fig. 1 match well with those
from the JCPDS file No. 89-5984 for magnetite (Fe3O4)
and reveal that the prominent phase formed is Fe3O4

and the resultant nanoparticles of super paramagnetic
iron oxide were pure magnetic with cubic structure.
Magnetite is obtained according to the reaction:

2FeCl3 þ FeCl2 þ 8NH4OH ! Fe3O4 þ 8NH4Clþ 4H2O

3.3.2. AFM analysis

The morphology of the nanomagnetite particles,
using contact mode AFM, was found to be spherical,
having size distribution in two different diameter
(height) ranges of 10–20 nm (mean height: 15 nm) and
40–110 nm (mean height: 50 and 80 nm) as shown in
Fig. 2. However, some larger particle size in figure
may be a result of agglomeration of smaller magnetite
nanoparticles in order to reduce the inherent large
surface energies for magnetite nanoparticles.

3.3.3. SEM analysis

The SEM image of the sorbent surface is shown in
Fig. 3 which clearly indicates the incorporation of
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Fig. 1. XRD pattern of nanomagnetite-loaded PAI
hydrogel.
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nanomagnetite within copolymeric matrix. The
surface appears quite heterogeneous and uneven. The
presence of large voids make the surface quit
heterogeneous and porous, which justify significant
adsorption capacity of sorbent.

3.3.4. FTIR analysis

FTIR of bare and manganese adsorbed
nanomagnetite-loaded PAI hydrogel are shown in
Fig. 4(a) and (b), respectively. The simultaneous
presence of band in the regions 3,616–3,372 cm−1 is
due to OH− stretching of hydroxyl groups of carbox-
ylic (–COOH) group. CH2 (methylene group) stretch-
ing is obtained at 2,214.55 cm−1. The FTIR analysis
indicated the band due to acrylamide at
3,398 cm−1, 1,659.18 cm−1, 1,604 cm−1, and 1,395.93 cm−1

attributed to N–H stretching, C=O stretching, N–H
bending, and C–N stretching, respectively, which are
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Fig. 2. AFM topographic images of magnetic nanoparticles on mica.
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Fig. 3. SEM images of bare (a) nanomagnetite-loaded PAI hydrogel, (b) nanomagnetite-loaded PAI hydrogel after Mn(II)
adsorption.
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Fig. 4. FTIR pattern of (a) nanomagnetite-loaded PAI
hydrogel before sorption of Mn(II) ions, (b) nanomagnetite-
loaded PAI hydrogel after sorption of Mn(II) ions.
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the characteristics of the amide (CONH2) group.
Absorption peaks due to itaconic acid were also
observed at 1,725.86 cm−1, 1,558.96 cm−1 for C=O and
C–O stretching of the carboxylic (–COOH) group,
respectively. The characteristic peak at 524.14 cm−1

relates to Fe–O group, which indicates the loading of
nano iron oxide particles on PAI hydrogel because the
surface of iron-oxide with negative charges has an
affinity towards PAI hydrogel, the magnetite nanopar-
ticles could be loaded into protonated copolymer by
the electrostatic interaction and chemical reaction
through N,N´-methylene -bis-acrylamide cross linking.
In Fig. 4(b), a slight change in shape and intensity of
absorbance (due to –CONH2 and –COOH groups) has
been noticed, which indicate that electron rich nitro-
gen of amide group of acrylamide moiety and –COO-

group of itaconic acid moiety involve in removal of
iron. Change in the peak position and intensity for
Fe–O group stretching from 568 to 489 cm−1 indicate
that iron coordinate with electron-rich oxygen of mag-
netite nanoparticles (Fe3O4).

3.4. Adsorption isotherms

In order to describe in which manner manganese
ion concentration will interact with nanomagnetite-
loaded PAI hydrogel surface and are useful to find
out the efficiency of adsorbent for manganese removal,
adsorption isotherms were studied. To interpret the
probable mechanism of sorption, equilibrium sorption
isotherms serve as the most important data. In this
study, Langmuir and Freundlich models were applied
to evaluate experimental result.

3.4.1. Langmuir isotherm

To depict adsorption phenomenon, Langmuir iso-
therm is employed, which is based on the assumption
that through monolayer sorption, adsorbate uptake
occurs on a homogenous surface without interact with
adsorbed molecules [42]. The isotherm follows the typi-
cal Langmuir adsorption pattern as shown in Fig. 5.

Applicability of the data to the Langmuir adsorp-
tion isotherm was tested and it was noticed that the
data were not fitted well into the linearized Langmuir
adsorption isotherm which is given by Eq. (16).

Ce

qe
¼ b

1

Q0

þ Ce

Q0

(16)

where qe is the amount of solute adsorbed per unit
weight of adsorbent (mg g−1), Ce is the equilibrium
concentration of solute in the bulk solution (mg dm−3),

Q0 is the monolayer adsorption capacity (mg g−1) and
b is a constant related to the free energy of adsorption.
The values of constant Q0 and b are given in Table 2.
From Table 2, the value of correlation coefficient
(R2 = 0.725) for Mn(II) ions is very low, indicating a
poor fit of monolayer Langmuir isotherm to the
sorption of Mn(II) by nanomagnetite-loaded PAI
hydrogel.

3.4.2. Freundlich isotherm

The Freundlich isotherm, an empirical expression,
is based on the fact of heterogeneity of adsorbent sur-
face and multilayer adsorption of adsorbate molecule
onto binding sites situated on the sorbent surface [43].
The linear form of the Freundlich model can be shown
by Eq. (17).

log qe ¼ logKf þ 1

n
logCe (17)

where the intercept, log Kf, is a measure of adsorbent
capacity and the slope 1/n is the sorption intensity.
The values of constant Kf and n are given in Table 2.
The value of correlation coefficient (R2 = 0.977) shows a
good fit of the experimental data with the Freundlich
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Fig. 5. Adsorption isotherm of nanomagnetite-loaded PAI
hydrogel for manganese.

Table 2
Constants of Langmuir and Freundlich isotherm models
for Mn(II) ions

Langmuir constant Freundlich constant

Q0 b R2 Kf n R2

−0.065 −0.036 0.725 0.601 0.257 0.977
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model. The value of n was between 0 and 10,
suggesting relatively strong sorption of manganese
ions onto the surface of nanomagnetite-loaded PAI
hydrogel. So it is reasonable to predict that sorptive
behavior of manganese on nanomagnetite-loaded PAI
hydrogel may take place in multilayer on the adsorbent
surface.

3.5. Adsorption kinetic modeling

In order to explain the sorption process, it is neces-
sary to deal with adsorption kinetics because it pro-
vides information about rate at which the process
occurs as well as factors affecting the sorption rate. The
progress of adsorption process was observed at differ-
ent time intervals (0–120 min), which clearly indicates
that the sorption of manganese ions increases with the
increase in time and then levels off after 60 min.

3.5.1. First-order reversible model

The sorption of manganese from liquid phase to
solid may be considered as a reversible reaction with
an equilibrium state being established between two
phases. A simple first-order reaction model was, there-
fore, used to correlate the rates of reaction, which can
be expressed by Eq. (18).

ln ½1�UðtÞ� ¼ �k00t (18)

where k´´ is the overall rate constant and calculated by
following equation:

K00 ¼ k1 þ 1þ 1

Kc

� �
¼ k1 þ k2 (19)

where k1, k2, and Kc are the forward rate constant,
backward rate constant, and equilibrium constant,
respectively, and can be obtained from the following
equation.

Kc ¼ k1
k2

¼ CAe

Ce
(20)

UðtÞ ¼ X

Xe
(21)

where U(t) is called the fractional attainment of equi-
librium. Therefore, a plot of –ln[1 −U(t)] vs. time
(min) will give a straight line. The overall rate con-
stant k´´ for a given concentration of manganese was
calculated by considering the slope of the straight
line and by using Equations 19 and 20, the equilib-
rium constant Kc, forward and backward rate con-
stants k1 and k2 were calculated and shown in
Table 3. From Table 3, it can be seen that the forward
rate constant for the removal of manganese is much
higher than the backward rate constant, namely the
desorption process. The uptake of manganese by
magnetic adsorbent was reversible and thus has good
potential for the removals/recovery of manganese
from aqueous solutions.

3.5.2. Second-order kinetic model

The second-order kinetic scheme was proposed as
follows.

1

C
¼ k2

t

C0
þ 1

C0
(22)

where C and C0 being the concentrations of metal
ions in solution at any time t and zero time (i.e.
initial concentration), respectively, and k2 is the rate
constant for adsorption. The value of k2 is given in
Table 4.

In order to inspect the controlling mechanism of
sorption phenomena such as mass transfer and
chemical reaction, the pseudo-first-order and pseudo-
second-order kinetic models were used to evaluate
the kinetic profile of manganese adsorption onto
nanomagnetite-loaded PAI hydrogel. These models
depend on two criteria; (1) the value of regression
coefficient should be acceptably high (R2) and (2)
the calculated qe value should be near to the
experimental qe value.

Table 3
The first order reversible reaction rate constant for the removal of Mn(II) ions by nanomagnetite-loaded PAI hydrogel

Manganese
(mg dm−3)

Overall rate
constant

Equilibrium
constant

Forward rate
constant

Backward rate
constant

Correlation
coefficient

k´´ = k1 + k2
(min−1) Kc k1 (min−1) k2 (min−1) R2

4 0.041 99 0.0406 0.0004 0.979
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3.5.3. Pseudo-first-order kinetic model

The expression of pseudo-first-order kinetic model
(Lagergren equation) is given by Eq. (23).

log ðqe � qtÞ ¼ log qe � kad
2:303

t (23)

where qt and qe are the adsorption capacity (mg g−1)
at time t and at equilibrium, respectively. kad is the
pseudo-first-order rate constant of the adsorption. The
assumption behind this model is that the sorption rate
is proportional to the number of vacant sites available
and the process taking place exclusively onto single
site per ion [44,45]. By using linear plot of log (qe− qt)
vs. t, the values of regression coefficient (R2) and kad
for manganese sorption at concentration 4 mg dm−3

were calculated and are listed in Table 5. It was
observed from the results that the kinetics of Mn(II)
ion sorption onto nanomagnetite-loaded PAI hydrogel
did not fit this model as the value of regression coeffi-
cient was relatively low and a large difference was
observed between calculated and experimental qe
value.

3.5.4. Pseudo-second-order kinetic model

The expression of pseudo-second-order kinetic
model is given by Eq. (24).

t

qt
¼ 1

ðk20q2t Þ
þ 1

qe
t (24)

where k2´qt
2 = h (mg g−1 min−1) can be regarded as the

initial adsorption rate when t→ 0 and k2´
(g mg−1 min−1) is the rate constant of the pseudo-
second-order equation. The assumption behind this
kinetic model is that the rate of sorption is controlled
by chemisorption mechanism which involves sharing
or transfer of electron between the adsorbent and
adsorbate [46]. By using linear plot of t/qt vs. t, the
values of regression coefficient (R2) and k2´ and h can
be determined from the slope and intercept of the
plot, respectively. It was noted that the kinetics of Mn
(II) ion sorption onto nanomagnetite-loaded PAI
hydrogel could be fitted to this model as extremely
high value of correlation coefficient (R2) as well as a
great agreement between the calculated and experi-
mental qe values were obtained as shown in Table 5.

3.5.5. Intra particle diffusion

Besides adsorption at the outer surface, there is
also possibility of intraparticle diffusion from the
outer surface into the pores of adsorbent material.
The adsorption mechanism of a sorbate onto the
adsorbent follows three steps viz. film diffusion, pore
diffusion, and intraparticle transport [47]. Though
there is a high possibility for pore diffusion to be the
rate-limiting step in a batch process, the adsorption
rate parameter which controls the batch process for
most of the contact time is the intraparticle diffusion.
Thus, in order to evaluate the rate controlling step, a
plot was drawn between the amounts of manganese
adsorbed on magnetic copolymer qt vs. t

1/2. The rate
constant for intraparticle diffusion is obtained using
the Eq. (25).

qt ¼ kpt
1=2 (25)

where kp is the intra particle diffusion rate constant
(mg−1 min−1/2). The value of kp determined from the
slope of the linear portion of the curve, which is given
in Table 4.

Table 4
The second-order reaction rate constant for the removal of
Mn(II) ions by nanomagnetite-loaded PAI hydrogel

Initial manganese
concentration
(mg dm−3)

Second-order
rate equation Intraparticle rate

constant
kp (mg−1 min−1/2)k2 R2

4 0.1466 0.999 0.011

Table 5
Comparison between the estimated adsorption rate constants, qe and correlation coefficients associated with the pseudo-
first-order and the pseudo-second-order rate equations

Initial manganese
concentration (mg dm−3)

Pseudo-first-order rate
equation Pseudo-second-order rate equation

kad
(min−1)

qe cal
(mg g−1) R2

k2´
(g mg−1 min−1)

qe cal
(mg g−1) R2

h
(mg g−1 min−1)

qe exp
(mg g−1)

4 2.0220 0.9616 0.979 1.3184 0.7994 1 0.8425 0.7920
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3.6. Thermodynamic study

By applying Eq. (26), different thermodynamic
parameters like free energy (ΔG0), enthalpy (ΔH0), and
entropy (ΔS0) change of sorption can be evaluated.

Kc ¼ CAe

Ce
(26)

where Kc is the equilibrium constant, Ce is the equilib-
rium concentration of metal ion in solution (mg dm−3),
and CAe is the solid-phase concentration at equilib-
rium (mg dm−3). In order to determine the ΔG0, ΔH0,
and ΔS0 values, The Kc values were used.

DG0 ¼ �RT2:303 logKc (27)

where ΔG0 is the free energy of sorption (kJ mol−1), T
is the absolute temperature (Kelvin), and R is the
universal gas constant (8.314 J mol−1 K).

The Kc may be expressed in terms of the ΔH0

(kJ mol−1) and ΔS0 (J mol−1 K) as a function of
temperature.

log Kc ¼ DS0

2:303R
� DH0

2:303RT
(28)

According to Eq. (28), from the slope and the inter-
cept of the linear plot of log Kc vs. 1/T the values of
ΔH0 and ΔS0 were determined, as shown in Table 6.
The ΔG0 values at different temperatures were com-
puted with the help of Eq. (27). It was observed that
with the increase in temperature from 298 to 328 K,
sorption of manganese onto adsorbent decreases, as
shown in Fig. 9, indicating exothermic nature of the
process. In this study, the values of ΔH0 and ΔS0

were found to be −74.616 kJ mol−1 and
−0.214 J mol−1 K, respectively, for 4 mg dm−3 manga-
nese concentration. The negative values of ΔG0 indi-
cate the feasibility and spontaneous nature of
sorption process. The negative value of ΔH0 shows
the exothermic nature of sorption and the negative

value of ΔS0 indicates an increment in the random-
ness at solid-solution interface during manganese ion
fixation on active sites of nanomagnetite-loaded PAI
hydrogel.

It has been reported that electrostatic interaction
occurs between metal ions and adsorption sites of
adsorbent (physisorption) if ΔG0 values up to −20 kJ
mol−1 and sharing or transfer of electron between the
adsorbent and adsorbate occurs (chemisorptions)
when ΔG0 values more negative than −40 kJ mol−1. In
this work, the values obtained for ΔG0 were < −12 kJ
mol−1 indicating physisorption is the predominant
mechanism during sorption of manganese [48].

3.7. Factors affecting adsorption

3.7.1. Effect of pH

In sorption process, pH plays an important role as
it affects the active sites of the adsorbent surface as
well as the chemistry of metal in water [49,50]. To
determine the effect of pH on the manganese sorption
process onto nanomagnetite-loaded PAI hydrogel the
pH of the solution varies from 2 to 8. It was observed
that with the increase in pH from 2 to 6, the percent-
age removal of manganese was also increased while
decrease in percentage removal was noticed after pH
6, as shown in Fig. 6. So pH 6 was selected as opti-
mum pH for sorption process. H+ ions compete with
manganese ions for binding sites on adsorbent surface
at low pH by hindering manganese ions to reach the
active sites of adsorbent. At pH higher than 8, OH−

ions interact with manganese ions to form manganese
hydroxide; thus, manganese ions get precipitated.

3.7.2. Effect of contact time

The effect of sorption time using 0.1 g of nanomag-
netite-loaded PAI hydrogel and 20 ml of 4 mg dm−3

solution of Mn(II) ions is shown in Fig. 7. It was
observed that the sorption of manganese increased
with increasing contact time and become almost
constant after 60 min. The percent manganese removal
is higher at the beginning; this is probably due to

Table 6
Thermodynamic parameters for the adsorption of Mn(II) ions onto nanomagnetite-loaded PAI hydrogel

Initial manganese concentration (mg dm−3) ΔH0 (kJ mol−1) ΔS0 (J mol−1 K)

ΔG0 (kJ mol−1)

25˚C 35˚C 40˚C 50˚C

4 −74.616 −0.214 −11.49 −8.02 −5.85 −5.08
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availability of larger surface area at beginning for
manganese sorption. The equilibrium was attained in
1 h; hence, sorption time of 1 h was used as optimum
time in further experiments.

3.7.3. Effect of adsorbent dosage

The effect of the adsorbent dose on the sorption of
manganese ions from the aqueous solution was
inspected by varying the sorbent amounts from 0.025
to 0.2 g using a fixed manganese concentration
(4 mg dm−3) at room temperature (25˚C). Fig. 8 shows

that with an increase in the amount of adsorbent, the
percentage removal of manganese ions increases rap-
idly as at higher adsorbent dose, large surface area is
greatly available. When the adsorbent dose was
increased from 0.025 to 0.2 g, a considerable increase
in manganese uptake was observed. Beyond this, fur-
ther addition of the sorbent did not cause any remark-
able change in the sorption. The maximum removal of
manganese was obtained at the adsorbent dose of
0.1 g.

3.7.4. Effect of temperature

In the removal process of metal ions from aqueous
solutions, temperature plays a significant role. In order
to optimize the effect of temperature on the removal
of manganese by nanomagnetite-loaded PAI hydrogel,
the temperature varied from 25 to 55˚C. The maxi-
mum uptake of manganese ions was obtained at 25˚C.
It can be seen from Fig. 9 that the percentage removal
of Mn(II) ions decreased from 99.04 to 86.55% as the
temperature increases from 25 to 55˚C. This is due to
the fact that the binding forces that hold manganese
ions with active sites on the copolymer become weak-
ened mainly because of decreased surface activity,
suggesting that exothermic process is involved in
sorption of manganese ions onto adsorbent.

3.7.5. Effect of initial concentration of Mn(II) ions

The metal uptake mechanism is particularly depen-
dent on the heavy metal concentration. The effect of
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Fig. 6. Effect of time variation on manganese removal
through nanomagnetite-loaded PAI hydrogel = 0.1 g, pH 6,
temp. = 25 ± 0.2˚C.
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Fig. 7. Effect of pH variation on manganese removal
through nanomagnetite-loaded PAI hydrogel = 0.1 g,
time = 60 min, temp. = 25 ± 0.2˚C.
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initial concentration of manganese ions onto percent
manganese removal was studied in the range of
0.25–4 mg dm−3 as shown in Fig. 10. It was noticed
that the percent of manganese removal increased with
the increase of manganese concentration. The
inspected increase is quite obvious, as a large number
of metal ions arrive at interface on increasing the
solute concentration and thus get adsorbed.

3.8. Batch desorption studies

Desorption results indicated that 78.92, 84.18,
90.54, 98.22, 99.98, and 999.95% of Mn(II) were

removed from the surface of the sorbent containing
0.7920 mg g−1 of Mn(II) using 0.02, 0.04, 0.06, 0.08, 0.1,
and 0.2 M HNO3 strength, respectively, at 25˚C tem-
perature. Complete desorption of manganese (II) ions
from the sorbent nearly took place by 0.1 M HNO3

solution. The polymer showed almost the same metal
ion adsorption capacity after repeated regeneration. It
may be stated that in the acid medium, protons com-
pete with manganese ions and displace the maximum
amount of adsorbed manganese. Hence, ion exchange
mechanism is important in connection with adsorp-
tion–desorption process for adsorbent.

3.9. Column studies of adsorption of Mn(II) ions onto
nanomagnetite-loaded PAI hydrogel

Several operational factors such as bed depth (Z),
flow rate (Q), and initial adsorbate concentration (C0)
affect the shape of a breakthrough curve and maxi-
mum capacity of the column. In this study, the effect
of these parameters on breakthrough curve and maxi-
mum capacity of the column was investigated.

3.9.1. Effect of bed depth

Accumulation of metal ions in the fixed bed col-
umn largely depends on the quantity of sorbent added
in the column. The breakthrough curve for Mn(II)
adsorption for three different bed depths (0.25, 0.5,
and 1 cm) at constant adsorbate feed flow rate
(1 ml min−1) and adsorbate inlet concentration
(4 mg dm−3) is shown in Fig. 11. It was noticed that
both the breakthrough time and exhaustion time
showed an increase with increasing bed depth. A
higher uptake was observed at higher bed height due
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Fig. 9. Effect of temperature variation on mangnese
removal through nanomagnetite-loaded PAI hydro-
gel = 0.1 g, pH 6, time = 60 min.
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Fig. 11. The effect of bed depth on breakthrough curve at
temperature = 25 ± 0.2˚C, pH 6, bed depth of nanomagne-
tite-loaded PAI hydrogel = 0.25, 0.5 and 1 cm, flow
rate = 1 ml min−1 and Mn(II) initial concentra-
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to the increase in the specific surface area of the
adsorbent, which provides more fixation of the Mn(II)
ions with more binding sites for the adsorption pro-
cess to proceed. These results are also in agreement
with those referred to the literature [51–54]. The
increase in bed depth would increase the mass trans-
fer zone. The mass transfer zone in a column moves
from entrance of the bed and proceeds towards the
exit. Hence, for the same influent concentration and
fixed flow rate, an increase in bed depth would create
a longer distance for the mass transfer zone to reach
the exit, subsequently resulting in an extended break-
through time. For higher bed depth, the increase of
adsorbent mass would provide a larger service area
leading to an increase in the volume of treated solu-
tion [55]. Also, an increase in the maximum bed
adsorption capacity (q0) was noticed at the break-
through point with the increase in bed depth. The
values are given in Table 7.

3.9.2. Effect of flow rate

The effect of feed flow rate on the adsorption of
Mn(II) ions on nanomagnetite-loaded PAI hydrogel
was investigated by varying the feed flow rate (1, 2,
and 3 ml min−1) at a constant adsorbent bed depth of
1 cm and inlet adsorbate concentration of 4 mg dm−3,
as shown by the breakthrough curve in Fig. 12. The
trend of the curves showed that at higher flow rate,
the front of the adsorption zone quickly reached the
top of the column. This implies that the column was
saturated early. Lower flow rate resulted in longer
contact time, as well as a shallow adsorption zone.

Higher flow rates are seen by the steeper curve with
relatively early breakthrough and exhaustion time;
they resulted in less adsorption uptake [56]. Also at
higher flow rate, the rate of mass transfer increased,
thus the amount of Mn(II) adsorbed onto the unit bed
height (mass transfer zone) increased as reported
elsewhere [57]. The values are given in Table 8.

3.9.3. Effect of initial manganese ion concentrations

The effect of inlet manganese concentration on the
column performance was studied by varying the inlet
concentration of manganese between 2, 3, and
4 mg dm−3, taking the same adsorbent bed depth
(1 cm) and flow rate (1 ml min−1). Fig. 13 illustrated

Table 7
The effect of bed depth on breakthrough curve at temperature = 25 ± 0.2˚C, pH 6, bed depth of nanomagnetite-loaded
PAI hydrogel = 0.25, 0.5 and 1 cm and flow rate = 1 ml min−1 and Mn(II) initial concentration = 4 mg dm−3

Bed depth
(cm)

Flow rate
(ml min−1)

Inlet manganese ion concentration
(mg dm−3)

ttotal
(min)

mtotal

(mg)
qtotal
(mg)

qeq
(mg g−1)

Removal
(%)

0.25 1 4 110 0.440 0.331 3.310 75.22
0.5 1 4 170 0.680 0.598 2.990 87.94
1 1 4 250 1.000 0.990 2.476 99
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Fig. 12. The effect of flow rate on breakthrough curve at
Temperature = 25 ± 0.2˚C, pH 6, flow rate = 1, 2 and
3 ml min−1, bed height = 1 cm and Mn(II) initial concentra-
tion = 4 mg dm−3.

Table 8
Results of breakthrough curve at different flow rates for adsorption of Mn(II) ions onto nanomagnetite-loaded PAI
hydrogel at temperature = 25 ± 0.2˚C, pH 6

Flow rate
(ml min−1)

Bed depth
(cm)

Inlet manganese ion concentration
(mg dm−3)

ttotal
(min)

mtotal

(mg)
qtotal
(mg)

qeq
(mg g−1)

Removal
(%)

1 1 4 250 1.000 0.990 2.476 99
2 1 4 180 1.440 1.233 3.083 85.62
3 1 4 140 1.680 1.250 3.125 74.40
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breakthrough curves, which show that the columns
exhausted faster at higher adsorbate inlet concentra-
tion (4 mg dm−3), hence gave a steeper curve showing
an earlier breakthrough point. Similar trends have also
been reported elsewhere [56,58]. With the increase in
adsorbate inlet concentration, the breakthrough time
(tb) was found to decrease because of quick saturation
of the column. An extended breakthrough curve was
obtained by the decrease in inlet concentration,
suggesting a higher volume of solution to be treated.
This may be explained by the fact that a lower concen-
tration gradient may cause a slower transport which
will result in diffusion coefficient or mass transfer
coefficient [59]. The values are given in Table 9.

3.10. Column desorption studies

Desorption results indicated 99.50% recovery of
Mn(II) ions from the surface of the sorbent using
0.1 M HNO3 in 330 min at 25˚C temperature. The
nanomagnetite-loaded PAI hydrogel showed almost
the same metal ion adsorption capacity after the
repeated regeneration. It may be stated that, in acidic
medium, protons compete with Mn(II) ions and dis-
place the maximum amount of adsorbed manganese.

Hence, ion exchange mechanism is important in
connection with adsorption–desorption process for
adsorbent.

3.11. Mechanism of uptake

The nanomagnetite-loaded PAI hydrogel contains
carboxyl and amide groups as confirmed by FTIR
analysis, and are responsible for binding the toxic Mn
(II) ions on the surface. The proposed mechanism of
binding the Mn(II) ions on various sites available at
adsorbent surface (Fig. 14) may be explained as
follows.

(1) Carboxylate groups (–COO−) of itaconic acid
moiety of copolymer interact with Mn(II) ions.

(2) Mn(II) ions co-ordinate with the electron-rich
nitrogen of amide group of acrylamide moiety
of copolymer.

(3) In addition, within the copolymer matrix,
these Mn(II) ions may also co-ordinate with
the electron rich oxygen of magnetite
nanoparticles.

3.12. Application

The metal polishing industrial wastewater and
contaminated surface and ground water samples were
collected and the optimized conditions as set in Batch
as well as Column techniques for maximum removal
of toxic metal ions were applied, to get the pure water
for drinking and other purposes.

3.12.1. Removal process

(1) For batch adsorption study, 20 ml sample
water was shaken with 0.1 g of nanomagne-
tite-loaded PAI hydrogel for 60 min at 6 pH
and room temperature (25˚C). The amount of
manganese present in sample (before and
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Fig. 13. The effect of inlet adsorbate concentration on
breakthrough curve at temperature = 25 ± 0.2˚C, pH 6, ini-
tial Mn(II) ion concentration = 2, 3 and 4 mg dm−3, bed
depth = 1 cm and flow rate = 1 ml min−1.

Table 9
Results of breakthrough curve at different inlet adsorbate concentration for adsorption of Mn(II) ions onto nanomagne-
tite-loaded PAI hydrogel at temperature = 25 ± 0.2˚C, pH 6

Inlet manganese ion concentration
(mg dm−3)

Bed depth
(cm)

Flow rate
(ml min−1)

ttotal
(min)

mtotal

(mg)
qtotal
(mg)

qeq
(mg g−1)

Removal
(%)

2 1 1 370 0.740 0.653 1.633 88.24
3 1 1 310 0.930 0.879 2.198 94.52
4 1 1 250 1.000 0.990 2.476 99
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after adsorption) was determined by atomic
absorption spectrometer.

(2) For column adsorption study, contaminated
water was allowed to pass through 1 cm col-
umn filled with nanomagnetite-loaded PAI
hydrogel at 1 ml min−1 feed flow rate. The
manganese solution was then collected at
different time intervals till the exhaustion of
column and the concentration of Mn(II) ions
was determined by atomic absorption
spectrometer.

Table 10 shows the results of manganese removal
from metal polishing industrial wastewater.

4. Conclusions

The nanomagnetite-loaded PAI hydrogel has been
found to be an effective, efficient, and a cheap adsor-
bent for high removal of manganese from aqueous
solution as well as contaminated water by batch and
column method. The maximum percentage removal
(99%) occurred at pH 6 and 25˚C temperature in
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Fig. 14. Scheme of mechanism of Mn(II) ions uptake by nanomagnetite-loaded PAI hydrogel through: (a) Carboxylate
groups of itaconic acid moiety, (b) electron rich nitrogen of amide group of acrylamide moiety, and (c) electron rich
oxygen of magnetite nanoparticles.

Table 10
Application of nanomagnetite-loaded PAI hydrogel in the removal of manganese from metal polishing industrial effluent

Name of adsorbents
Name of
metal ions

Concentration of manganese
in contaminated water
(mg dm−3)

% Removal in
batch adsorption
system

% Removal in
column adsorption
system

Nanomagnetite-loaded poly
(acrylamide-co-itaconic acid)
hydrogel

Manganese 3.7918 99.04 99.55
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60 min in batch method. The equilibrium sorption
data fitted the Freundlich model better than Langmuir
isotherm model. Thermodynamic parameters depicted
the exothermic nature of adsorption and a favorable
process for manganese removal. The pseudo-second-
order reaction rate model described the kinetic data
best for manganese sorption process. The effects of
bed depth, inlet feed concentration, and flow rate on
Mn(II) ion adsorption were investigated in column
method and the experimental breakthrough curves
were obtained. The experiments were performed at
1 ml min−1 flow rate, 1 cm bed depth, and 4 mg dm−3

inlet manganese ion concentration at pH 6. It was
observed that equilibrium metal uptake (q0) increased
with increase in flow rate and inlet manganese ion
concentration and decreased with increase in bed
depth. Both breakthrough point and exhaustion time
increased with increase in bed depth and inlet manga-
nese ion concentration and decreased with increase in
flow rate. The nanomagnetite-loaded PAI hydrogel
could be repeatedly used in the adsorption studies by
adsorption—desorption cycle without detectable losses
in their initial adsorption capacities. The calculated
column parameters could be scaled up for the design
of fixed-bed columns for effective and efficient
removal of toxic metal ions from water.
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