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ABSTRACT: Iron oxide nanoparticle has been successfully modified by polyacrylamide and the polyacrylamide modified magnetic
nanoparticles (PMMNs) were applied to remove Cr(VI) in wastewater. The vibrating sample magnetometer (VSM) spectra indicated
the large saturation magnetization and superparamagnetic property of the PMMNSs. This made the polyacrylamide modified iron
oxide easily separate with liquid phase. Scanning electron microscope (SEM) results showed that both the synthesized iron oxide and
the PMMNs were nanoscale. Batch adsorption studies had been carried out to determine the effect of pH, contact time, Cr(VI) initial
concentration, and coexisting salts on the adsorption of Cr(VI). Maximum removal (98.30%) was observed from an initial concentra-
tion of 100 mg L™" Cr(VI) at pH 3.0, 30°C. This process followed pseudo-second-order kinetics model and the equilibrium time was
40 min. The experimental data fitted the Langmuir isotherm better than Freundlich. Maximum adsorption amount of Cr(VI) by
PMMN was 35.186 mg g~ '. The effect of coexisting salts on Cr(VI) removal was not apparent even the concentration of salt was 10
times as big as the low concentration, 0.01M. It had been proposed that the mechanism of Cr(VI) uptake onto PMMN was

adsorption-coupled reduction. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40945.
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INTRODUCTION

Cr(VI) exits widely in wastewater of electroplating, leather tan-
ning, pigment, paint, metal, printing, dyeing, and printing
industry, etc. It is very dangerous to organism with strong carci-
nogenic change, teratogenic, mutagenic effects, and strong oxi-
dizing. Besides, it is accredited as one of the 17 kinds of
chemicals which are most harmful to human health. So devel-
oping an effective, green, fast, and low cost technology for
removing Cr(VI) is very urgent.

In recent years, a large number of researchers studied the
removal of Cr(VI) from wastewater. Khezami and Capart'
reported the activated carbon could remove Cr(VI) by adsorp-
tion process. Béni et al® found that liquid-liquid extraction
could separate Cr(VI) from water with ethyl acetate as extract-
ing agent. Condensed-tannin gel,” sodium metabisulfite,* and
sulfite® were reported to be reducing agent for reducing Cr(VI)
to Cr(IIl), then Cr(III) was removed by ion exchange3 and
chemical precipitation,”” respectively. Besides, Barrera et al.°
reported that electrochemical reduction generated less sludge as
chemical process when using Fe’" as reducing agent. These
methods generally have the disadvantages of equipment
demanding, secondary pollution, and Cr(VI) recovery difficul-
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ties. When compared with these methods, adsorption is recog-
nized as an economic, effective, and promising technique to
remove Cr(VI).

Organic macromolecular materials are widely used to adsorb
metal ions because their numbers of active groups which can
adsorb various ions. Most of the Organic macromolecular mate-
rials are folcculant. It will accelerate settlement of suspended
particles by bridge and adsorption effects. Eisazadeh’ synthe-
sized polyaniline/poly(vinyl alcohol) for heavy metal uptake and
the results was very good. Lignocellulosic substrate® extracted
from wheat bran and xanthated chitosan’ were reported to have
good properties of removing Cr(VI). Li et al.'® synthesized pol-
ypyrrole/graphene oxide composite nanosheets and found that
it exhibited an enhanced properties for Cr(VI) ions removal
based on the synergy effect of polypyrrole and graphene oxide.
Zhao et al."' reported that there were strong complexation reac-
tions between metal ions and —NH, groups. Furthermore, Li
et al.'? reported the group of —NH;" played an important role
in the Cr(VI) adsorption. Unnithan et al.'*> synthesized amine-
modified polyacrylamide-grafted coconut coir pith. Raji and
Anirudhan'* synthesized polyacrylamide-grafted sawdust. They
both reported that after treated with HCI, these materials had a
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Figure 1. Effect of PAM concentration on the removal of Cr(VI). Cr(VI)
concentration, 100 mg LY pH 5; contact time, 40 min at 30°C.

—NH;*Cl™ group. The —NH;"CI™ group could act as anion
exchanger:

—NH;"Cl~+HCrO4~ — —NH; " ---HCrO4 +Cl~ (1)

Moreover, Deng and Ting'® presented that the —NH, group
could be protonated at a certain pH. Then, —NH; " could adsorb
anionic hexavalent chromium via electrostatic attraction through:

—NH; " +HCrO,~ — —NH; " -+ - HCrO, (2)

Above them, it is concluded that —NH, group is of vital impor-
tance to Cr(VI) removal.

Magnetic separation has been gradually regarded as a rapid and
effective separating technique. It has the advantage that the
harmful ingredients can be eliminated from the polluted system
together with the magnetic particles by external magnetic field.
Furthermore, some magnetic oxide had the ability to adsorb
Cr(VI). As Chowdhury et al.'® reported, there were Fe*™ and
FeOH™ on the iron oxide surfaces. They would attract negative
Cr(VI) species when the solution pH is acidic:

—FeOH" +HCrO,  — —FeOH" ---HCrO,~ (3)

So it will be a quick and efficient adsorption and rapid solid—
liquid separation process if we combine the characteristic of
organic macromolecular materials and magnetic compound.
But unfortunately, relevant report is really rare by far. Anirud-
han et al'” synthesized iron(IlI) complex of an amino-
functionalized polyacrylamide-grafted lignocellulosics and Zhao
et al.'"® found ethylenediamine-functionalized Fe;O, magnetic
polymers for removing Cr(VI). They both showed very high
adsorption efficiency and easily separating property.

In this study, we report a method of synthetic polyacrylamide
modified magnetic nanoparticles (PMMNs) and apply it to remove
hexavalent chromium. The effectiveness of PMMN for the removal
of hexavalent chromium was demonstrated from lab batch tests
and the optimum adsorption conditions were obtained.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

40945 (2 of 11)

Iron Oxide Nanoparticles Preparation

The iron oxide nanoparticle was prepared in aqueous solution
using chemical co-precipitation method" with FeCls-6H,0 and
FeSO,-7H,0 as materials, ammonia as precipitant. At room tem-
perature, 5.4 g FeCl;-6H,0 and 2.8 g FeSO,-7H,0 were dissolved
in distilled water. Then, 3% ammonia was added in the solution
to adjust pH to 10. The solution was continuously stirred (250
rpm) about 30 min. Then, Fe;O, was obtained according to the
following equation:

Fe*™ +2Fe** +8NH; - H,O — Fe;04+8NH, " +4H,0  (4)

Throughout this process, N, was constantly sparged into the
solution to prevent oxidation of Fe?*. The black product was
separated by external magnetic field (a magnet about 10 cm in
diameter) and washed with distilled water and anhydrous etha-
nol for several times. The final product was dried at 30°C for 1
day.
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Figure 2. FTIR spectrum of iron oxide (a) and PMMN (b). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 3. XRD patterns of synthesized iron oxide (a) and PMMN (b).

[Color figure can be viewed in the online issue, which is available at

0 10 20

wileyonlinelibrary.com.]

Synthesis of PMMN

The synthesis of PMMN was carried out with a stirring process.
A total of 1.0 g iron oxide was poured into the three-necked
flask, 5 mL distilled water was then added. Then, the solution
was stirred until iron oxide nanoparticles well-diversified. After
that, 50 mL polyacrylamide was added into the solution drop
wise in about 20 min and the mixture was vigorously stirred
(800 rpm) for 10 min. The solid and liquid were separated by
external magnetic field and the PMMN was obtained then.

In order to find a suitable polyacrylamide concentration at
which iron oxide was effectively modified, iron oxide was stirred
with different concentration (0-600 mg L™') of polyacrylamide

80
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Figure 4. VSM measurement for synthesized iron oxide (a) and PMMN

(b). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 5. TG/DTG curves of synthesized iron oxide (a) and PMMN (b).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

solution. The Cr(VI) removal percentage was taken as evalua-
tion parameter.

Adsorption Studies

Adsorption studies were conducted with a batch method. The
experiment was performed by adding the 1.0 g prepared
PMMN to 50 mL (100 mg L™ Cr(VID) solution (K,Cr,O,) in
100 mL conical flasks. The conical flasks were set on a shaker.
They were shaken for 40 min at 250 rpm in a temperature of
30°C. The pH of the solution was adjusted by 0.1M NaOH and
0.1M H,SO,. The supernatant solution and adsorbent were
magnetic separated. Then, the supernatant was analyzed by
UV-Vis spectrophotometer (V-1800, Mapada) using 1,5-diphe-
nylcarbazide method.”

The effect of pH on adsorption of Cr(VI) studies were per-
formed by adjusting the pH of the solution to 1-8. For adsorp-
tion kinetics studies, the prepared PMMN was added into
Cr(VI) solution with contact time ranging from 0 to 120 min.
The supernatant solution was taken for Cr(VI) concentration
measurement at specific time intervals. Isotherm studies were
conducted by varying the Cr(VI) initial concentration (50-1000
mg L™') at 30°C. The effect of coexisting ions on adsorption of
Cr(VI) studies were performed by adding different concentra-
tions of salts into the solution under the optimal condition. All
the experiments were carried out in triplicate. The percentage
removal of Cr(VI) was calculated as follows:

Co—C.
Rex(viy %= {07} X100 (5)

0

and adsorption capacity values of the adsorbent were calculated
using the following equation:

Qe= — (6)

where ¢, is the adsorption amount (mg g~ ") when equilibrium
is reached, Cy and C, are the initial and equilibrium Cr(VI)
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Figure 6. SEM images of the synthesized iron oxide (a), PMMN before (b), and after (c) adsorption.

concentrations (mg L), respectively. V is the volume of solu-
tion (L) and w is the dose of the adsorbent (g).

Desorption Studies

Desorption studies were carried out by mixing 1 g Cr(VI)-
loaded adsorbent and 25 mL 0.1M NaOH and shaking for 5 h
at 250 rpm. After equilibrium was attained, the sorbent was
magnetically separated and washed with distilled water. The
regenerated sorbent was reused for adsorption. Loading-
regeneration cycle was repeated three times. The percentage
removal of Cr(VI) was calculated as eq. (5). And desorption
efficiency was calculated according to:

desorption effeciency%= % X100 (7)
qew
where C.4 (mg LY is the equilibrium concentration after
desorption, V, (L) is the volume of the eluant, g, is the adsorp-
tion amount (mg g~ ') when adsorption equilibrium is reached,
and w is the dose of the adsorbent (g).

Characterization Methods

All the samples were characterized after drying. Fourier trans-
formed infrared (FTIR) spectra were recorded on a WOF-520
spectrometer using KBr pellets. X-ray diffraction (XRD) (PANa-
lytical X Pert PRO) was used for the analysis of elemental
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information and structure at ambient temperature. The instru-
ment was equipped with a copper anode generating Cu Ko radi-
ation (1=1.5406 A). Magnetic behavior was determined by
VSM (HH-10). The thermal gravity analysis/differential thermal
gravity (TG/DTG) analyses were conducted under air atmos-
phere on a TG (NETZSCH STA 449F3) instrument. Morphol-
ogy and grain size of the samples were examined by SEM (JSM-
7500F) at 5.0 kV. Energy dispersive spectroscopy (EDS) coupled
to the SEM was used to identify the element composition. X-
ray photoelectron spectroscopy (XPS) (AXIS Ultra DLD) was
used for the analysis of elemental composition and chemical
oxidation state of surface and near-surface species. The XPS
measurement was made with an Al Ko X-ray source at a con-
stant retard ratio of 40.

RESULTS AND DISCUSSION

Effect of PAM Concentration on Cr(VI) Removal

As Lee and Sonasundaran®' reported, the electronegative C=0
group of polyacrylamide could connected with the hydroxyl on
the surface of iron oxide by H bonding. In this work, the syn-
thesized iron oxide was modified by polyacrylamide with differ-
ent polyacrylamide concentration (0-600 mg L™'). It was clear
from Figure 1 that the Cr(VI) removal percentage reached the
maximum when the polyacrylamide concentration increased to

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40945
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Figure 7. EDS spectrum of synthesized iron oxide (a), PMMN before (b), and after (c) adsorption.

400 mg L™ ". There was no evident change in removal percent-
age as the polyacrylamide concentration continued to increase.
This may be because that along with the increase of polyacryl-
amide concentration, the amount of polyacrylamide covered on
the iron oxide increased. As a result, the removal percentage
increased. When the concentration increased to 400 mg L™,
the amount of polyacrylamide adsorbed on iron oxide reached
the maximum. So the removal percentage reached the maxi-
mum. However, increasing concentration could not make the
amount of polyacrylamide adsorbed on the iron oxide increase.
Therefore, continuing to increase concentration had no effect
on removal percentage.

In addition, we measured the completely settling time of both
synthesized iron oxide and PMMN under the same condition.
From Table I, settling time were 4 min and 16 s for synthesized
iron oxide and PMMN, respectively. These data illustrated our
advantage well.

Characterization

The FTIR spectrum of the synthetic iron oxide and PMMN was
showed in Figure 2. The strong and sharp peak at 573 cm™ ' in
Figure 2(a) was the characteristic absorption peak of iron oxide.

Obviously, the FTIR spectrum of the PMMN, Figure 2(b), had
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difference with the iron oxide. The wide adsorption band at
about 3422 cm™ ' was on account of N—H stretching vibration
of amide. And 1641 cm™' absorption peak can be assigned to
the overlapping of C=O0 stretching vibration and N—H bending
vibration in amide. The wide and strong adsorption band at
583 ¢cm~' was iron oxide characteristic absorption peak. This
revealed that the iron oxide had been successfully modified with
polyacrylamide.

Figure 3 shows the results of XRD analysis for the synthesized
iron oxide (a) and PMMN (b). The XRD patterns of synthe-
sized iron oxide showed eight characteristic peaks at 20 of
18.2°, 30.2°, 35.5°, 43.3°, 53.7°, 57.2°, 62.8°, and 74.4° corre-
sponding to their indices (111), (220), (311), (400), (422),
(511), (440), and (533). They matched well with standard
Fe;O, without other crystalline phases appearing. The XRD
image of PMMN was similar to synthesized iron oxide. This
suggested that the modification of the synthesized iron oxide
did not make significant changes of crystal structure on iron
oxide.

Figure 4 presents the magnetization loop for the synthesized
iron oxide (a) and PMMN (b), where no remanence and coer-
civity were detected. From Figure 4, we found that the

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40945
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Figure 8. Effect of pH on the removal of Cr(VI). Polyacrylamide concen-

tration, 400 mg LY Cr(VI) concentration, 100 mg LY contact time, 40
min at 30°C.

saturation moment of per gram PMMN (62.02 emu g ' at
30430e¢) was smaller than synthesized iron oxide (64.89 emu
g~ ' at 30090e). This was very easy to explain. Polyacrylamide
was not magnetic. The amount of iron oxide in PMMN was
less than 1 g. Its saturation moment was naturally less than 1 g
of iron oxide. The large saturation magnetization and superpar-
amagnetic property of the PMMN made it susceptible to mag-

netic field and easily separate with liquid phase.

The TG/DTG analyses of the synthesized iron oxide (a) and
PMMN (b) were shown in Figure 5. It can be seen that the
mass loss completing at 180°C were 3.72% and 4.90% for syn-
thesized iron oxide and PMMN, respectively. They were attrib-
uted to free water and bound water. For synthesized iron oxide,
the mass losses from 390°C to 480°C and from 480°C to 717°C
were ascribed to surface dehydroxylation. The mass losses were
0.41% and 1.17% and the ratio was close to 1 : 2. So they were
thought to be the loss of hydroxyl group bonded to Fe*" and
Fe’™, respectively. With regard to PMMN, the large loss
between 180°C and 390°C was assigned to the degradation of
polyacrylamide and the loss of hydroxyl bonded to polyacryl-

Table II. Comparison of Equilibrium Time

t(min)
Figure 9. Effect of contact time on the removal of Cr(VI). Polyacrylamide

concentration, 400 mg LY Cr(VI) concentration, 100 mg LY pH 3 at
30°C.

amide. This was because the bonding between iron oxide and
hydroxyl bonded to polyacrylamide became weaker after modifi-
cation. The mass loss (480-636°C) was attributed to the loss of
hydroxyl of iron oxide. From Figure 5, we can figure out the
polyacrylamide content of PMMN was about 1.57%.

The SEM spectra of synthesized iron oxide (a), PMMN before
(b) and after (c) adsorption Cr(VI) were given in Figure 6.
From Figure 6, we can see that both synthesized iron oxide and
the PMMN were nanoscale. As shown in Figure 6(a), the diam-
eter of the synthesized iron oxide was about 20 nm and the
shape was approximately spherical. Making a comparison of
Figure 6(a,b), we found that the particles were more aggregated
in Figure 6(b). This may be because multiple iron oxide was
wrapped in the long chain of polyacrylamide. In other words,
polyacrylamide pull together the dispersed iron oxide. In Figure
6(c), the particles were tighter than Figure 6(a), but less aggre-
gated than Figure 6(b). This was because a large number of
HCrO, (e.g.) ions entered into the aggregated group and
adsorbed by it. The aggregated group was divided by these ions
via electrostatic repulsion. Figure 7 is the EDS spectra of

Material Equilibrium time Reference
PMMN 40 min This work
Mixed maghemite-magnetite 120 min 16
Activated carbons 150 min 1
Polyethylenimine-modified fungal biomass 180 min 15
Polypyrrole/graphene oxide composite 180 min 10
Polyacrylamide-grafted sawdust 240 min 14
Amine-modified polyacrylamide-grafted coconut coir pith 240 min 13
Lignocellulosic substrate 24 h 8
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Figure 10. Pseudo-second-order kinetic for the removal of Cr(VI) on
PMMN. Polyacrylamide concentration, 400 mg L™'; Cr(VI) concentration,
100 mg L™'; pH 3 at 30°C. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

synthesized iron oxide (a), PMMN before (b), and after (c)
adsorption Cr(VI). In Figure 7(a), only O and Fe elements were
detected indicating the purity of iron oxide. Due to the limita-
tion of EDS analysis of N element, there was no N in Figure
7(b). But the C element was an indication of successful modifi-
cation of iron oxide with polyacrylamide. The appearance of Cr
element in Figure 7(c) revealed the adsorption of Cr(VI) on
PMMN.

Effect of pH on Cr(VI) Removal by PMMN

As is known, pH is an important factor affecting the Cr(VI)
adsorption in aqueous phase. In order to study the effect of pH
on its adsorption capacity by PMMN, adsorption experiments
were conducted by varying the pH from 1 to 8, and the result
was shown in Figure 8. It was clear from Figure 8 that the
Cr(VI) removal percentage was obviously better under acidic
conditions. From 1.0 to 3.0, the Cr(VI) removal percentage
increased slightly with the increase of pH and reached the maxi-
mum at pH 3.0. Then, Cr(VI) removal percentage decreased
significantly as pH increased from 3.0 to 8.0.

Reasons for this phenomenon may be various. Cr(VI) existed in
water as H,CrO,, HCrO, , CrO,*~, Cr,0,*", etc.'”, almost of
them were anion. The pH,,. of PMMN was 4.5. Under the
pH,pe, the PMMN surface was positively charged forming num-
bers of —NH;", Fe*", and FeOH' groups. So the anion
adsorption is favored as below:

PMMN—-NH;*"+HCrO,~ — PMMN—NH;" ---HCrO,~ (8)
PMMN—FeOH" +HCrO,~ — PMMN—FeOH" ---HCrO,~
9)

And the removal percentage decreased rapidly when the
pH > pH,,.. On the other hand, Chowdhury et al.'® reported
that the adsorption free energy of HCrO, is lower than
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Figure 11. Adsorption isotherm of Cr(VI) adsorption. Polyacrylamide
concentration, 400 mg L~ ; contact time, 40 min; pH 3 at 30°C.

0 50

CrO,*~. Thus, HCrO,  is more favorably adsorbed than
CrO,>” at the same concentration. At lower pH, parts of
CrO~ changed into HCrO, . This made more Cr(VI)
adsorbed. So the decrease of pH leads to the increase of Cr(VI)
removal percentage. However, when the pH <3, parts of the
excess H combined with HCrO, ™, CrO,*~, Cr,0,%~, develop-
ing H,CrO, and H,Cr,O;. They were uncharged and could not
be adsorbed. So the Cr(VI) removal percentage decreased.

Adsorption Kinetics of Cr(VI) Removal by PMMN

Because adsorption equilibrium time was an economic factor
for wastewater treatment plant, the effect of contact time on the
Cr(VI) uptake was studied. Result was presented in Figure 9. It
can be found that the rate of Cr(VI) uptake was very quick at
the beginning, and 97% Cr(VI) was removed within about 30
min. Then, equilibrium was reached after 40 min. We made a
rough comparison of equilibrium time. Result was presented in
Table II. The rapid Cr(VI) uptake may caused by external sur-
face adsorption, which was different from interior adsorption
by porous adsorbent. Once the adsorbate reached the PMMN
surface and contacted with active site, the adsorption took
place. But for porous adsorbent whose active site was inside,
the adsorbate had to get into the porous adsorbent then could
be adsorbed.

In order to investigate the adsorption kinetics, pseudo-second-
order kinetic model was used to evaluate the experimental data.
The equation was expressed as follow:

oL (10)
qr quez qe
where g, and g, were the amount of Cr(VI) adsorbed (mg g_l)
at equilibrium and at time f, respectively. k, was the rate con-
stant of adsorption (g mg ™' min~'). Result was given in Figure
10. The value of k, and g, were 0.3716 and 4.930, respectively.
The calculative g, (4.930) was very close to the experimental g,
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Figure 12. Langmuir (a) and Freundlish (b) isotherm of Cr(VI) adsorp-
tion on the PMMN. Polyacrylamide concentration, 400 mg L™'; contact
time, 40 min; pH 3 at 30°C. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

(4.8652). Moreover, the correlation coefficient for the linear fit-
ting the data with this model was 0.9999. It revealed that this
model could well describe the adsorption kinetics performance.
With this model, it was demonstrated that the adsorption
occurred by a monolayer regime on the adsorption surface.”

Adsorption Isotherm of Cr(VI) Removal by PMMN

The adsorption behavior and adsorption capacity of Cr(VI) on
the adsorbent was studied. Experiments for adsorption isotherm
were carried out by varying the Cr(VI) initial concentration (50—
1000 mg LY at 30°C, pH 3. Result showed that the Cr(VI)
removal efficiency dropped from 98.30% to 64.20% when Cr(VI)

None NaCl FeCI3 CuS0O, ZnSO,

Figure 13. Effect of coexisting salts on Cr(VI) removal by PMMN. Poly-
acrylamide concentration, 400 mg L~'; Cr(VI) concentration, 100 mg
L™'; contact time, 40 min; pH 3 at 30°C.

initial concentration was increased from 50 mg L™' to 1000 mg
L™'. Thus, Cr(VI) removal was highly concentration-dependent.
The relationship of C, and g, was depicted by Figure 11. As can be
seen from Figure 11, g, increased rapidly at the beginning. Then,
the increase tended to slow and finally reached to the maximum
(i.e., the maximum adsorption capacity).

Langmuir and Freundlich isotherm were used to fit the experi-
mental data and expressed as the following egs. (11) and (13),
respectively.

e Jmax
where the g, was the amount of Cr(VI) adsorbed by per unit
weight of sorbent (mg g~ ') at equilibrium, C, was the equilib-
rium Cr(VI) concentrations (mg L") left in the solution. gy
was the maximum amount of Cr(VI) adsorbed by per unit
weight of sorbent (mg g~ ') and the constant b related to the
binding energy. gm.x and b can be determined from the slope
and the intercept of the linear plot between C,/q, and C,.

Ce b Ce
= + (11)

Jmax

The adsorption intensity (R;) can be expressed as:
1
1+bCy

Ry (12)
where C; (mg L") was the initial concentration. The average
value of R, indicated the types of Langmuir isotherm of irre-
versible (R; =0), favorable (0<R;< 1), linear (R;=1), or
unfavorable (R, >1).%

Table III. Langmuir and Freundlish Isotherm Constants for the Adsorption of Cr(VI)

Langmuir isotherm

Freundlish isotherm

b (L mg™% R? R
29.982 0.996 0-1

Gmax (Mg g™ %)
35.186

Aq (%)
14.316

Ks(mg g™ n R?
2.582 2.064 0.919

Aq (%)
25.242
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Figure 14. The XPS spectra of samples. (1) The XPS spectra of PMMN before (a) and after (b) adsorption. (2) The XPS spectra of Cr in PMMN before
(a) and after (b) adsorption. (3) The XPS spectra of Fe in PMMN before (a) and after (b) adsorption. (4) The XPS spectra of N in PMMN before (a)
and after (b) adsorption. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Freundlish isotherm was represented as:

1
log g.=log Ky + —log C, (13)
n

where g, was the amount of Cr(VI) adsorbed by per unit weight
of sorbent (mg g~') at equilibrium, C, was the equilibrium
concentration of Cr(VI) (mg g_l). Ky (mg g_l) and n were
Freundlish constants related to the capacity of adsorption and
favorability of adsorption, respectively. A normalized standard
deviation, Aq (%), was used to compare the validity of the iso-
therm models and was calculated by:

. Z [(qeexp_qecal)/qeexp]z
Aq(%)= 100><\/ S

where ¢ and g, were the experimental and calculated g,
value, N was the number of experimental data. Langmuir and

(14)
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Freundlish isotherm of Cr(VI) adsorption by the PMMN were
shown in Figure 12. The fitted results, the value of R;, Aq were
given in Table III.

The value of R; (0-1) and the value of n (0-1) indicated that
Cr(VI) was favorably adsorbed. These two isotherms fitted well
with the experimental data according to the correlation coeffi-
cient R®. However, Langmuir isotherm fitted better than
Freundlish isotherm when taking Aq into consideration. And
this was obvious from Figure 12. This revealed that the
Cr(VI) uptake followed a monolayer adsorption on a homoge-
nous surface without any interaction between adsorbed ions.*?
From Table III, the maximum adsorption of Cr(VI) ion
by PMMN, gmex (35.186 mg g '), is higher than those of
activated carbon® (3.46 mg g '), sawdust” (3.6 mg g '),
maghemite™ (17.43 mg g~ '), and modified MnFe,0,>° (31.55

mg gfl).
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Effect of Coexisting Salts on Cr(VI) Removal by PMMN
Wastewater containing Cr(VI) always had many other metal ions
(e.g., electroplating wastewater). The effect of them on Cr(VI)
removal should be taken into consideration. In this article, 0.01M
and 0.1M NaCl, FeCls, CuSO,, and ZnSO, were added into solu-
tion, respectively. Results were shown in Figure 13. From Figure 13,
we found that there was almost no effect of these salts on Cr(VI)
removal at the low concentration. The effect was more apparent
when the concentration of salt was 10 times as big as the low con-
centration. This may be the result of competition between ions.
The chances of Cr(VI) contacting with adsorbent reduced when
salt concentration increased. This finally leads to the decrease of
Cr(VI) removal. However, even at concentration of 0.1M, the
decrease was not big.

Adsorption Mechanism of Cr(VI) Removal by PMMN

To investigate the adsorption mechanism of Cr(VI), the XPS
spectra of the PMMN before and after adsorption of Cr(VI)
were presented in Figure 14. After comparing Figure 14(3a,b),
we found that there was no evident shift of the Fe(2p) peak.
This indicated that no change in Fe on structure and valence.
On the contrary, the N(1s) peak changed in Figure 14(4). This
revealed that the environment of N element changed. Further-
more, the Cr(2p3/2) peak centered at 578.8 eV and Cr(2pl/2)
peak centered at 589.2 eV were contributed to the Cr(VI) in
Figure 14(2b). This suggested that there was no change in
valence of Cr(VI). In other words, there was no chemical redox
reaction undergoing the adsorption after analyzing XPS spectra.

On the other hand, the total chromium was determined later. It
was very close to the amount of Cr(VI) and the difference was
below 2%. This suggested that a small amount of Cr(VI) was
reduced to Cr(III) during the process. Therefore, the mecha-
nism of Cr(VI) uptake onto PMMN was proposed to be
adsorption-coupled reduction.

Adsorbent Regeneration
Considering the economy, we studied the regeneration of sor-
bent. The adsorption and desorption data were presented in
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Figure 15. It showed a gradual decrease in Cr(VI) adsorption
with increase in cycle number. Lee and Sonasundaran®' reported
that the adsorption of polyacrylamide on iron oxide decreased
with an increase in pH. So we suspected that polyacrylamide
dropped from iron oxide during the regeneration. And this
made the Cr(VI) removal efficiency reduce to 86.51% after the
first desorption. Until the third cycle, particles were smaller and
the sedimentation rate was slower. There was almost no poly-
acrylamide on the iron oxide. These phenomena indicated that
the regeneration of PMMN was not that feasible. However, the
iron oxide after desorption could be reused to prepare PMMN.

CONCLUSION

In this study, iron oxide was successfully modified by polyacryl-
amide and the efficiency of the PMMN removing Cr(VI) was
investigated. The results showed that the Cr(VI) uptake by
PMMN was highly pH, contact time, and initial Cr(VI) concen-
tration dependent. The process followed pseudo-second-order
kinetics model and the equilibrium time was 40 min. Langmuir
and Freundlich isotherm were used to fit the experimental data
and Langmuir isotherm fitted better than Freundlich. The maxi-
mum adsorption amount of Cr(VI) by PMMN was 35.186 mg/
g. The effect of coexisting salts on Cr(VI) removal was not
apparent even the concentration of salt was 10 times as big as
the low concentration, 0.01M. After analysis XPS spectra of the
PMMN before and after adsorption of Cr(VI), it was proposed
that the mechanism of Cr(VI) uptake onto PMMN was
adsorption-coupled reduction. Above all, PMMN is a promising
adsorbent to remove Cr(VI) with the characteristics of fast, eco-
nomic, and efficient.
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