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1  Introduction

Nowadays the contamination associated with heavy met-
als is of great concern. The most hazardous heavy metals 
are arsenic, chromium, cadmium, mercury, zinc, lead, etc. 
Chromium is one of the most toxic heavy metals that can 
be introduced to environment by the variety of industrial 
effluents [1, 2]. Chromium exists in two oxidation states, 
hexavalent [Cr(VI)] and trivalent [Cr(III)]. Cr(III) is essen-
tial for microorganism in small quantities as a metal nutri-
ent while hexavalent form is highly toxic so that nonstand-
ard level of Cr(VI) in potable water can be significantly 
detrimental for human and other beings [3, 4]. Basically, 
the concentration of chromium in drinking water must be 
kept as low as possible, e.g. below 0.05 mg/L, to avoid any 
harmful effects on human body [5]. Therefore removal of 
heavy metal ions from the water resources has been the 
critical issue in both academia and industry.

In recent years, removal of chromium from aqueous 
solution has been the subject of many studies so vari-
ous techniques have been introduced and their efficiencies 
have been examined. Conventional methods have been 
based on adsorption, membrane filtration, ion exchange, 
reverse osmosis, and electrochemical treatment methods 
[6]. Among the various methods, adsorption processes have 
shown many advantages like availability, cost-effectiveness, 
profitability, ease of operation, high efficiency and environ-
mentally benign [6]. Various materials such as activated 
carbons [7], biomass [8], zeolites [9] have been examined 
as chromium sorbent. Among the organic materials, polyvi-
nylpyridine [10], Polyacrylamide hydrogels [11], chitosan 
[12, 13] polyacrylonitrile fibers [14], polyaniline [3, 5] and 
polyethylene imine [15] have been widely exploited for 
removal of heavy metal ions from waste water.
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Polymeric porous beads with a large surface area and 
good pore interconnectivity are expected to have a large 
adsorption capacity and fast removal rate. These parti-
cles can be synthesized using a variety of methods such as 
suspension [16], dispersion [17] emulsion [18, 19] solvent 
evaporation [20] and precipitation polymerization [17]. In 
these techniques tuning the porosity and interconnectivity 
between pores as well as the size distribution of particles 
are very difficult or even impossible. In our previous works 
[21, 22], a new procedure to synthesize modified silica-
polyacrylamide composite with spherical morphology was 
introduced and its capability was investigated in continuous 
removal of Cr(VI) and reactive black from the aqueous solu-
tion. In the present study, spherical porous polyacrylamide 
particles were prepared by washing out the silica constituent 
of above mentioned silica-polyacrylamide composite.

In this research, the adsorption capability of the porous 
polyacrylamide microspheres was investigated to remove 
Cr(VI) from the aqueous solution in batch mode processes. 
It is believed that polymeric porous particle, having larger 
surface area, is more efficient in adsorption processes. In 
order to enhance the adsorption capability and selectiv-
ity, the porous polymeric particles were post-treated by 
ethylenediamine.

2 � Experimental procedures

2.1 � Materials

Silica (Si1000, pore size 1000 Å, diameter 45–75 µm, pore 
volume 0.77  mL/g) was purchased from Silicycle (Can-
ada). Acrylamide (AAm), N,N′-Methylene bisacrylamide 
(MBA), ammonium persulfate (APS), ethylenediamine, 
dimethylformamide (DMF), 2,2,4-trimethylpentane and 
potassium dichromate was purchased from Merck Chemi-
cal Company (Germany). Ammonium hydrogen difluoride 
was obtained from Acros (USA).

2.2 � Synthesis and post treatment of adsorbent

To synthesize the polyacrylamide microspheres (PM), bare 
spherical silica particles were used as template. In the first 
step, silica-polyacrylamide microsphere composites were syn-
thesized according to our previous work using a glass column 
[23]. Then the product (silica particle filled with polymer) 
was removed from the column and transferred into a plas-
tic vial. Afterward the silica constituent was removed from 
the composite microsphere by dissolving in NH4HF2 solu-
tion (3  M, 15  mL) for overnight at 20 °C. After separating 
the liquid by centrifugation, the polymer microspheres were 
washed with distilled water until the pH reached 7 and then 
the particles were washed with 60 mL methanol (6 × 10 mL) 

for dewatering. Finally the polymer particles were dried under 
vacuum at 60 °C for 12 h (see Fig. 1). Treatment of the PM 
was performed with ethylene diamine (the sample was named 
MPM). Specified amount (2 g) of the PM sample was reacted 
with excess amount of ethylene diamine in round bottom flask 
equipped with a reflux condenser at 80 °C for 9 h. Then the 
reaction mixture was poured into methanol and the MPM was 
separated via centrifugation. After that, MPM was washed 
with distilled water until the liquid became free of amine as 
traced by the absence of blue color with ninhydrin reagent. 
Eventually, the microspheres were washed with methanol and 
dried under vacuum at 40 °C to get the final product.

With the same concentration of the monomers and the 
polymerization condition, bulk polymerization was also 
performed in a glass vial. The resultant bulk polymer was 
crushed and sieved to the size ranging from 45 to 75  µm 
(the sample was named BP). Modification of the BP was 
also performed with the same manner as mentioned above 
for the MPM sample. The modified BP sample was named 
MBP. The sample codes and descriptions are summarized in 
Table 1.

2.3 � Characterization

Characterization of adsorbent was investigated with scan-
ning electron microscopy (SEM, Hitachi-S4160) and Fou-
rier transform infrared spectroscopy (ABB Bomem, MB-100 
FTIR spectrophotometer). Prior to the SEM experiments, the 
particles were coated with gold and then the images were 
taken at 15.0 kV. Yield of the pore-filling process was deter-
mined by thermogravimetric analysis (TGA). TGA experi-
ments were carried out in a TA instrument (Perkin Elmer 
STA 6000) using an open platinum pan at a heating rate of 
10 °C/min. The samples were heated up to 850 °C at air 
atmosphere. The relative weight-losses (wt%) for the whole 
events were calculated by subtracting the weights between 
minima in the derivative plot and correcting this from minor 
weight loss due to dehydration of the bare silica.

2.4 � Equilibrium percent swelling of polyacrylamide 
microspheres

Equilibrium swelling percent (Ps) of PM and BP was deter-
mined by volumetric method. A specified amount of PM 
was placed in a glass tube with 5 mm internal diameter and 
100 mm height. Then the glass tube was filled with distilled 
water and the equilibrium height of PM was measured. The 
PS of PM was calculated from the following equation:

where he and h0 are the equilibrium and initial heights of 
the microspheres in the glass tube respectively.

(1)PS(%) =
he − h0

h0
× 100
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2.5 � Adsorption experiments

Chromium containing solutions were prepared by dissolv-
ing potassium dichromate in distilled water. All adsorp-
tion experiments were carried out in batch mode in 25 mL 
Erlenmeyer flask on a shaker at a shaking rate of 120 rpm 

and temperature of 30 °C. The concentration of Cr(VI) 
was measured spectrophotometrically (Light wave WPA-
S2000) at a wavelength of 540 nm using diphenyl carbazide 
method. To take into account the pH changes during the 
adsorption process, after the process, pH of the solution was 

Fig. 1   Schematic illustration of different steps used to produce porous PM

Table 1   Sample codes and 
descriptions

Sample code Description Production method

PM Polyacrylamide microspheres Produced by polymerization in packed bed
MPM Ethylenediamine modified PM Amination reaction
BP Polyacrylamide particles Produced by bulk polymerization
MBP Ethylenediamine modified BP Amination reaction
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adjusted to the initial pH value and then the UV-absorbance 
was collected using UV/Vis- spectrophotometer.

To study the effect of solution pH on adsorption and to 
find an optimum pH (if any) for maximum adsorption, 10 
mL of chromium solution with different initial concentra-
tions (50, 100 and 150 mg/L) was added to 10 mg of the 
adsorbent. Solution pH (ranging from 2 to 6) was adjusted 
by aqueous HCl or NaOH solutions at 0.1–1 mol/L. With 
the optimum pH value in hand, the effect of initial Cr(VI) 
concentration (10–250 mg/L) was studied at the optimum 
pH. Dynamic binding assay was performed at two differ-
ent initial concentrations of 50 and 100 mg Cr/L. Moreover 
the adsorbent dose was other variable that was studied at 
three different initial Cr(VI) concentrations (50, 100 and 
150 mg/L). The adsorption percentage (A) of Cr(VI) was 
calculated from the following equation:

where C0 is the initial concentration of Cr(VI) solution 
(mg/L) and Ce is the free concentration of Cr(VI) in the 
binding solution after adsorption (mg/L) at equilibrium. 
Moreover the adsorption capacity of adsorbent can be cal-
culated according to following equation:

where qe is the adsorption capacity of adsorbent (mg/g, i.e. 
mg of Cr adsorbed per g of adsorbent), V is the volume of 
chromium solution (mL) and M is the mass of adsorbent 
(g).

2.6 � Desorption study

To investigate the desorption capability of the particles, 
desorption process was carried out in batch mode. To do 
this, equilibrium adsorption was first performed at initial 
Cr(VI) concentration of 50 mg/L (10 mL) with 10 mg of 
the adsorbent for 20 min and at the optimum pH. The sat-
urated adsorbent was separated from the solution by cen-
trifugation and the solution was then analyzed for unbound 
Cr(VI) amount. The saturated adsorbent was transferred 
into 10 mL of various elution media including 0.2  M 
NaOH, 0.2 M HCl, 0.5 M NaCl and distilled water. Then 
the mixtures were agitated at 120 rpm and 30 °C for 20 min 
followed by centrifugation. The desorbed amount of Cr(VI) 
was determined by spectrophotometer. The percentage of 
desorption (D) was calculated from the following equation:

(2)A(%) =
C0 − Ce

C0

× 100

(3)qe =
(C0 − Ce)V

M

(4)D(%) =
Cd

C0 − Ce

× 100

where C0 and Ce were already defined while Cd stands for 
the concentration of Cr(VI) in elution medium after des-
orption (mg/L).

3 � Result and discussion

3.1 � Characterization of adsorbent

The SEM microphotographs of silica and the produced 
polymer particles (Fig. 2) revealed that the procedure uti-
lized for the production of polyacrylamide microspheres 
by using silica as sacrificial template was successful. The 
size distribution of polyacrylamide microspheres was also 
found to be similar with that of initial silica particles, i.e. 
45–75 µm.

Infrared spectroscopy gives the useful information 
about the functional groups of adsorbent. FT-IR spectra 
of PM and MPM along with the MPM after adsorption 
of chromium are shown in Fig.  3. The FT-IR spectrum 
of PM (Fig.  3a) shows the common characteristic peaks 
for polyacrylamide. The characteristic bands of 3347 and 
3197  cm−1 are because of the N–H stretching vibrations. 
The bands at 2934 and 1449  cm−1 are related to CH2 
stretching vibrations. The pronounced peak appeared at 
1655 cm−1 is attributed to C=O group of amide I, absorp-
tion at 1412 and 1192  cm−1 are assigned to deformation 
vibration of –NH groups and 1118 cm−1 is related to C–N 
and N–H bonds (amide III) [24]. In the spectrum of poly-
acrylamide after the transamination reaction (MPM sample 
in Fig. 3b) a new peak at 1547 cm−1 is observed which is 
related to secondary amide groups [11]. In short, the pres-
ence of this peak confirms the success of the transamina-
tion reaction. As can be seen in Fig.  3c, after adsorption 
of chromium, the peak at 1547  cm−1 is disappeared and 
two new peaks at 939 and 881  cm−1 are observed which 
are attributed to Cr–O and Cr=O bonds from the Cr(VI) 
species.

Thermogravimetric analysis was applied to determine 
the yield of the pore-filling process. Using TGA thermo-
graph of the composite adsorbent (Fig.  4) and also the 
theoretical mass of polymer loaded in the pores of silica, 
the pore-filling yield was calculated through the following 
equation:

Taking into account the pore volume of the silica 
(0.77  cc/g), the theoretical weight of the polymer in the 
pores of silica was about 308  mg/g of silica. Hence, 
according to the TGA result the sample weight loss of ca. 

(5)

Pore filling yiled =
Sample weight loss in TGA/g of silica

Theoretical weight of polymer/g of silica
× 100



1709J Porous Mater (2017) 24:1705–1715	

1 3

283 mg/g of silica (i.e. 78.85%) yields 92% pore filling effi-
ciency for the presented method. This shows the success of 
the adopted method for the intrusion of the polymerization 
solution into the pores of the silica microspheres. The yield 
less than 100% is probably due to imperfect penetration of 
the polymerization solution mainly into the nanopores (i.e. 
pore size <2 nm) [22, 23].

3.2 � Equilibrium percent swelling

Using Eq.  (1), the equilibrium swelling of PM and BP 
was found to be 300 and 200%, respectively. Actually, the 
swelling ratio of both particles, i.e. PM and BP, is relatively 
low which can be ascribed to their high degree of crosslink-
ing with 10  wt% crosslinker. However, comparatively 
higher swelling percent of PM with respect to BP can be 
associated to its porous structure with well-connected pores 

enabling the absorption of higher content of water into the 
particle.

3.3 � Batch binding experiments

3.3.1 � Effect of pH on adsorption

Solution pH has a considerable effect on the specia-
tion of Cr(VI) as well as surface charge of the adsorbent. 
Therefore, the adsorption would be strongly pH depend-
ent. Depending on solution pH, various forms of chro-
mium anion such as HCrO4

−, HCr2O7
−, CrO4

2−, and 
Cr2O7

2− could be present. Figure  5 exhibits the influence 
of solution pH on the adsorption capacity of MPM. It is 
revealed that regardless of initial concentration of Cr(VI), 
the maximum removal of Cr(VI) is achieved at pH = 3 
which was opted as optimum pH for the rest of adsorption 

Fig. 2   SEM micrograph of a 
silica particles, b surface of 
a silica particle, c, d polymer 
particles, e single polymer par-
ticle and f surface of a polymer 
particle
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experiments. It is obvious that at low pH values, amine 
groups of adsorbent become protonated and consequently 
electrostatic attraction between chromium anions and posi-
tive amine groups of the adsorbent become responsible 
for high removal of Cr(VI). In addition to adsorption pro-
cess, reduction of Cr(VI) to Cr(III), which is much prob-
able under acidic condition, can be considered as an extra 

source for excess removal of Cr(VI) [3, 23] at low pH val-
ues. However, at very acidic condition, i.e. pH values as 
low as 1, the concentration of H2CrO4 increases according 
to the following equilibrium reaction:

H2CrO4 ↔ H+ + HCrO−
4

Fig. 3   FT-IR spectra of a adsorbent before amination (PM), b adsorbent after amination (MPM), c MPM after chromium adsorption

Fig. 4   TGA thermographs of composite and hierarchically produced 
porous polymer

Fig. 5   Effect of pH on degree of adsorption of Cr(VI) (conditions: 
initial concentration of Cr(VI) 50, 100, 150 mg/L; MPM dose 1 g/L; 
agitation time 20 min and agitation speed 120 rpm)
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Accordingly, a decrease in adsorption is expected at this 
condition due to less electrostatic attraction between the 
adsorbent and chromium. At pH values above 3 the surface 
of adsorbent becomes less positive and furthermore, the 
concentration of OH− ions in the medium increases. There-
fore, the chromium spices and the hydroxyl ions compete 
for the positive sites of the adsorbent. Hence, removal of 
Cr(VI) begins to decrease with increase of pH above 3.

To compare the MPM with MBP, the adsorption experi-
ment was carried out by addition of the MBP (at concen-
tration of 1 g/L) to 50 mg/L of chromium solution at the 
optimum pH value of 3. The result showed 89.1% removal 
of Cr(VI) that is almost 10% lower than the adsorption effi-
ciency of MPM in the same condition. Such difference can 
be attributed to the higher surface area of MPM which is 
due to its higher interior surface inside the pore structure. 
It is also assumed that the interior surface of MPM is com-
pletely amine modified during modification. These make 
possible more adsorption of Cr(VI) for MPM.

3.3.2 � Effect of initial concentration of Cr(VI) and MPM 
dose on Cr(VI) adsorption

The effect of initial concentration of Cr(VI) on the 
degree of adsorption was investigated at eight dif-
ferent initial Cr(VI) concentrations ranging from 10 
to 250  mg/L. The results are presented in Table  2 and 

Fig. 6. It is observed that with increasing the initial con-
centration from 10 to 250  mg/L, the degree of adsorp-
tion increases from 9.82 to 123.99  mg/g while the per-
centage of adsorption decreases from 98.2 to 48.6%. 
The comparison between equilibrium adsorption capac-
ity and the corresponding equilibrium time for present 
adsorbent with some other Cr(VI) adsorbents reported 
in literature is given in Table  3. Comparatively, MPM 

Table 2   Effect of initial Cr(VI) concentrations on degree of adsorbent (MPM) capacity (conditions: pH = 3; MPM dose 1 g/L; agitation time 
20 min and agitation speed 120 rpm)

Initial concentration (mg/L) 10 30 50 70 100 150 200 250

qe (mg/g) 9.8 29.4 49.3 65.6 87.0 116.1 111.6 123.9

Table 3   Comparison between different adsorbents on adsorption of Cr(VI)

Adsorbent Maximum adsorp-
tion capacity (mg/g)

Optimum pH Equilibrium time (h) Refs.

Hazelnut shell activated carbon 170 1 72 [26]
Activated carbon from Heveabrasilinesis saw dust 44.1 2 5 [27]
Activated carbon 3.46 3 3 [28]
Chitosan cross-linked with epichlorohydrin 11.3 3 0.13 [29]
Polyaniline–poly ethylene glycol composite 68.97 5 0.5 [3]
Ethylenediamine-modified cross-linked magnetic chitosan resin 51.8 2 0.1–0.166 [30]
Diatomite-supported magnetite nanoparticles 69.16 2 1 [31]
Nanocrystallineakaganeite 79.66 5.5 1 [32]
Hydrous zirconium oxide 61 2 1 [33]
Polypyrrole/wood sawdust 3.4 5 0.16 [34]
Polyacrylamide-grafted sawdust 45 3 2 [4]
Modified silica-polyacrylamide microspheres composite 57.78 3 – [21]
Modified polyacrylamide microspheres 124 3 0.33 Present study

Fig. 6   Effect of initial concentration of Cr(VI) on degree of adsorp-
tion (conditions: pH 3; MPM dose 1 g/L; agitation time 20 min and 
agitation speed 120 rpm)
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presented in this study shows the greater capacity for 
removal of Cr(VI) as well as the faster adsorption pro-
cess. As can be seen in Table 3, compared with modified 
silica-polyacrylamide composite reported in our previ-
ous work [21], the present modified porous polyacryla-
mide microspheres show larger adsorption capacity, as 
large as 2.15-folds. Some types of active carbon have 
shown the large capacity for removal of Cr(VI) but their 
adsorption kinetics is very slow. Furthermore, regenera-
tion of active carbon usually affects the properties of the 
carbon and makes it less effective for reuse [25].

Figure  7 exhibits the influence of MPM dose on the 
degree of adsorption of Cr(VI) at three initial concen-
trations of Cr(VI). As can be seen, degree of adsorption 
increases with increasing the adsorbent dosage from 
0.2 to 1  g/L. Beyond 1  g/L no significant increment in 
removal of Cr(VI) is observed and degree of adsorption 
increases very marginally which is consistent with litera-
ture reports [34–37]. Reaching to equilibrium between 
metal ions and adsorbent at the operating conditions 
and overcrowding of adsorbent particles at high con-
centrations of solid phase are probably responsible for 
this behavior [36]. Interestingly, high level of Cr(VI) 
was able to be removed even at a few amount of MPM. 
For instance, at initial Cr(VI) concentration of 50 mg/L, 
85 and 94% Cr(VI) removal occurred only with 0.2 and 
0.5  g/L of adsorbent, respectively. High porosity and 
good interconnectivity between pores of the micro-
spheres, which facilitate the diffusion of Cr(VI) ions into 
interior surface of the adsorbent, were expected to be 
responsible for such behavior.

3.3.3 � Effect of agitation time on adsorption and kinetic 
models

Adsorption kinetic by MPM was studied at two differ-
ent Cr(VI) initial concentrations of 50 and 100  mg/L. 
As shown in Fig. 8, major portion of Cr(VI) removal has 
occurred in first 5 min. The adsorption of Cr(VI) increased 
with time, however, there was no significant change in the 
adsorption process after about 20 min. This suggests a very 
fast adsorption process for MPM. For instance at initial 
concentration of 50  mg/L, 70 and 93% removal occurred 
within 2 and 10 min, respectively. This can be attributed to 
high accessible exposed surface area of polymeric porous 
microspheres originated basically from good interconnec-
tivity of the pores.

In order to obtain a deep insight into the adsorption 
mechanisms of Cr(VI) in our system, the adsorption kinetic 
was investigated based on the pseudo-first and pseudo-sec-
ond order models. The linearized form of the pseudo-first-
order and pseudo-second-order models [38] is given by 
Eqs. 6 and 7, respectively, as follows:

where qe is the amount of metal ions adsorbed at equi-
librium (mg/g), qt is the amount of metal ions adsorbed 
by MPM at time t (mg/g), k and k′ (min−1) are the con-
stants. Values of qe and k can be obtained from slope and 
intercept, respectively, of the plot log(qe − qt) versus time 
for pseudo-first-order, as shown in Fig.  9a. Similarly, 

(6)log(qe − qt) = log qe −
kt

2.303

(7)
t

qr
=

1

k
�
q2
e

+
t

qe

Fig. 7   Effect of adsorbent (MPM) dose on degree of adsorption 
Cr(VI) (conditions: initial Cr(VI) concentration 50, 100, 150  mg/L; 
pH 3; agitation time 20 min and agitation speed 120 rpm)

Fig. 8   Effect of agitation time on degree of adsorption (conditions: 
initial Cr(VI) concentration 50, 100  mg/L; pH 3; MPM dose 1  g/L 
and agitation speed 120 rpm)
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values of qe and k′ for pseudo-second-order model can 
also be obtained from slope and intercept of t/qt versus 
t (see Fig.  9b). As can be inferred, experimental data 
does not show a good correlation with pseudo-first-order 
model and the model prediction exhibits a large devia-
tion from experimental data (see Table 4). However, the 
pseudo-second-order shows a very good correlation. This 
suggests that the capacity of adsorbent is proportional 
to the number of active sites on the surface illustrating 

monolayer adsorption of adsorbent on the surface [38]. 
Additionally, it can be concluded that the chemisorptions 
governs the adsorption process in this polymeric porous 
particles [39].

3.4 � Adsorption isotherms of Cr (VI)

The adsorption equilibrium data obtained at 30 °C, 
pH = 3 and initial Cr(VI) concentrations in the range 
of 10–250  mg/L were used to construct adsorption iso-
therms. Two common isotherms, i.e. Langmuir and Fre-
undlich, were used. The linearized form of the Langmuir 
(Eq. 8) and Freundlich (Eq. 9) isotherms are expressed as 
follows:

where Ce is the equilibrium Cr(VI) concentration (mg/L), 
qe is the equilibrium amount of solute adsorbed per unit 
mass of adsorbent (mg/g), qmax is the maximum quantity 
of metal ions per unit mass of adsorbent to form a com-
plete monolayer on the surface of adsorbent (mg/g), Kl is 
the Langmuir constant related to free adsorption energy (L/
mg), and Kf and n are the Freundlich constants indicating 
adsorption capacity and intensity, respectively. The plots of 
Ce/qe versus Ce and log qe versus log Ce give the Langmuir 
and Freundlich constants. It should be noted that the dif-
ference between Langmuir and Freundlich isotherms comes 
from their assumption wherein the Langmuir isotherm 
accounts for the surface as homogeneous while Freundlich 
model considers it as heterogeneous medium. The adsorp-
tion isotherms are shown in Fig. 10a, b, and the isotherms 
constants are listed in Table  5. The results show that the 
adsorption of Cr(VI) onto the adsorbent can be well fitted 
in Langmuir isotherm but Freundlich model did not show 
a good correlation. Therefore Langmuir isotherm is more 
suitable for this adsorbent justifying the monolayer adsorp-
tion process onto the surface, with finite number of iden-
tical sites, which are homogeneously distributed over the 
adsorbent surface.

(8)
Ce

qe
=

1

Klqmax

+
Ce

qmax

(9)log qe =
1

n
logCe + logKf

Fig. 9   a Pseudo-first-order model at two different initial concentra-
tions of Cr(VI), b Pseudo-second-order model for two different initial 
concentrations of Cr(VI) (conditions: pH 3; MPM dose 1 g/L; agita-
tion time 20 min and agitation speed 120 rpm)

Table 4   Kinetic parameters obtained from pseudo-first-order and pseudo-second-order models (conditions: pH 3; MPM dose 1 g/ L; agitation 
time 20 min and agitation speed 120 rpm)

C0 (mg/L) qe (exp.) (mg/g) Pseudo-first-order model Pseudo-second-order model

K (min−1) qe (cal.) (mg/g) R2 K′ (min−1) qe (cal.) (mg/g) R2

50 49.3 0.21 23.9 0.959 0.21 × 10−1 50.5 0.999
100 87 0.20 49.8 0.971 0.86 × 10−2 90.9 0.999
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3.5 � Desorption study

Desorption study was carried out in four elution media 
including 0.2 M NaOH, 0.2 M HCl, 0.5 M NaCl and dis-
tilled water. The degree of desorption with distilled water 
was <1% while the desorption rate with 0.2 M NaOH, 0.2 
HCl and 0.5  M NaCl were found to be 92.35, 78.95 and 
78.75%, respectively. This suggests that 0.2 M NaOH solu-
tion is much successful in regeneration of MPM adsorbent.

4 � Conclusions

The application of novel amino functionalized porous poly-
acrylamide microspheres as absorbent of Cr(VI) from aque-
ous solution was investigated. The adsorption study showed 
that MPM is able to remove Cr(VI) from aqueous solution 
in a great amount and in a very fast process. The adsor-
bent capacity at optimum pH, i.e. pH = 3, was found to be 
123.9 mg of Cr(VI) ions per 1 g of MPM at initial concen-
tration of 250 mg/L which was significantly high in com-
parison with many other adsorbents reported in literature. 
It was shown that the high Cr(VI) removal occurred even at 
low amount of adsorbent, so 85% Cr(VI) was removed with 
only 0.2  g/L adsorbent in initial Cr(VI) concentration of 
50  mg/L. The pseudo-second-order model could describe 
the adsorption kinetic appropriately and equilibrium data 
was also in good agreement with Langmuir isotherm. The 
main mechanism for adsorption of Cr(VI) by absorbent 
was speculated to be the electrostatic forces as well as the 
chemical interaction between chromium and adsorbent. The 

results suggested that the porous polymeric microspheres 
synthesized in this study could be an efficient adsorbent for 
removal of Cr(VI) from aqueous solution.
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