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In  this  paper,  polyaminoimide  homopolymer  (PAIHP)  was  synthesized  and  its  dye  removal  ability  was
investigated.  Physical  characteristics  of PAIHP  were  studied  using  Fourier  transform  infrared  (FTIR)  and
scanning  electron  microscopy  (SEM).  Direct  Red  31  (DR31),  Direct  Red  23 (DR23),  Direct  Black  22  (DB22)
and Acid  Blue  25 (AB25)  were  used  as  model  compounds.  The  kinetic  and  isotherm  of dye  adsorption
were  studied.  The  effect  of operational  parameter  such  as  adsorbent  dosage,  pH  and  salt  on dye  removal
was evaluated.  Adsorption  kinetic  of  dyes  followed  pseudo-second  order  kinetics.  The  maximum  dye
ynthesis
olyaminoimide homopolymer
ye removal
inetic

sotherm
dsorbent regeneration

adsorption  capacity  (Q0) of  PAIHP  was  6667  mg/g,  5555  mg/g,  9090  mg/g  and  5882  mg/g  for  DR31,  DR23,
DB22  and  AB25,  respectively.  It was  found  that  adsorption  of  DR31,  DR23,  DB22  and  AB25  onto  PAIHP
followed  with  Langmuir  isotherm.  Dye  desorption  tests  (adsorbent  regeneration)  showed  that  the  maxi-
mum  dye  release  of  90%  for  DR31,  86%  for DR23,  87%  for  DB22  and  90%  for AB25  were  achieved  in aqueous
solution  at  pH  12. The  results  showed  that  the  PAIHP  as  a polymeric  adsorbent  with  high  dye  adsorption
capacity  might  be a  suitable  alternative  to  remove  dyes  from  colored  wastewater.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The presence of organic dyes in natural waterways is aestheti-
ally undesirable and causes annoyance to the organisms because
t reduces the sunlight penetration and depletes the dissolved
xygen. Some dyes have potential to release the toxic, muta-
enic and carcinogenic materials. Dyes, especially soluble dyes can
scape from conventional wastewater treatment because they are
enerally designed to withstand physico-chemical and biological
egradation. Industries related with dyeing such as textile consume

n their processes large amounts of water. The more stringent laws
dapted to wastewater discharges motivated industries to treat
heir wastewater using effective method [1–5].

Adsorption is the effective and simple method to remove pol-
utants from wastewater. Several materials such as agricultural
astes, natural compounds, activated carbon, etc. were used as
dsorbents [6–14]. They tend to remove pollutants indiscrimi-
ately, making it difficult to selectively recover certain pollutants

∗ Corresponding author. Tel.: +98 021 22969771; fax: +98 021 22947537.
E-mail addresses: nm mahmoodi@aut.ac.ir, nm mahmoodi@yahoo.com

N.M. Mahmoodi).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.018
for reuse. The low-cost adsorbents are produced on the basis of low-
cost materials or even from waste and seem economically attractive
for practical application. However, further improvement of their
adsorption capacities, mechanical strength, and other properties
need for wide application [14].

Polymeric adsorbents have been emerging as potential alterna-
tive to traditional adsorbents in terms of their vast surface area,
perfect mechanical rigidity, adjustable surface chemistry and pore
size distribution, and feasible regeneration under mild conditions
[14]. Generally, polymeric adsorbents can effectively remove dif-
ferent organic and inorganic pollutants. To improve adsorption
capacity of a polymeric adsorbent toward pollutants such as organ-
ics and heavy metal ions, surface modification or functionalization
has proved to be an effective method because of the specific inter-
action of functional groups bound to the polymeric matrixes with
the target pollutants [14–16].  Several polymeric adsorbents have
been proposed and studied for their ability to remove dyes [17–20]
(Table 1).

A literature review showed that polyaminoimide homopolymer

(PAIHP) was  not used to remove dyes. In this paper, PAIHP was
synthesized and characterized and its dye adsorption ability was
studied. Direct Red 31 (DR31), Direct Red 23 (DR23), Direct Black
22 (DB22) and Acid Blue 25 (AB25) were used as model compounds

dx.doi.org/10.1016/j.jhazmat.2011.10.018
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nm_mahmoodi@aut.ac.ir
mailto:nm_mahmoodi@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2011.10.018
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Table  1
Adsorption capacities of polymeric adsorbents to remove dyes.

Polymeric adsorbent Adsorbate Q0 (mg/g) Ref.

Poly(glycidylmethacrylate) grafted on a cross-linked acrylate based resin Crystal violet 77 [17]
Basic fuchsine 127 [17]

ZCH-101 Methylene blue 21 [18]
Reactive orange X-GN 233 [18]

Functionalized resin Reactive brilliant blue KN-R 28 [19]
Amberlite XAD-4 Malachite Green 899 [20]

Methyl Green 1117
Amberlite XAD-2 Malachite Green 884

Methyl Green 1122
PAIHP Direct Red 31 6667 Present study
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n this work. Physical characteristics of PAIH were investigated. The
sotherm and kinetic of dye adsorption was studied in details. The
ffect of operational parameter such as adsorbent dosage, pH and
alt on dye removal was evaluated. In addition, dye desorption tests
ere done to study the adsorbent regeneration.

. Materials and methods

.1. Materials

Direct Red 31 (DR31), Direct Red 23 (DR23), Direct Black 22
DB22) and Acid Blue 25 (AB25) were obtained from Ciba and used
ithout further purification. The chemical structure of dyes was

hown in Fig. 1. All other chemicals were of analytical grade and
btained from Merck.

.2. Synthesis of PAIHP

Polyaminoimide homopolymer was synthesized in our labo-
atory (Fig. 2). Polyaminoimide was synthesized by addition of
aleic anhydride (9.8 g, 0.1 mol) slowly to solution of ethylene

iamine (9 g, 0.15 mol) in distilled water (20 mL). Then, solution
as heated to 120 ◦C for 1 h, until water (20 mL)  was  removed and

thylene diamine connects to maleic anhydride by opening of anhy-
ride ring. The next step, unsaturated monomer of aminoimide was
repared by heating to 140 ◦C for 2 h. The final step, unsaturated
onomer aminoimide was homopolymerized in the presence of

mmonium persulfate (0.1% (w) monomer, 0.014 g) as catalyst in
0 mL  distilled water in 85 ◦C for 2 h. Polyaminoimide was  purified
y sedimentation in diethyl ether, and then powder was  filtered
nd dried in 40 ◦C for 2 h in vacuum oven.

.3. Physicochemical characterization of PAIHP

Fourier transform infrared (FTIR) spectrum (Perkin-Elmer Spec-
rophotometer Spectrum One) in the range 4000–450 cm−1 was
tudied. The morphological structure of the PAIHP was  examined
y scanning electron microscopy (SEM) using LEO 1455VP scanning
icroscope.

.4. Adsorption procedure

The dye adsorption measurements were conducted by mixing of
AIHP in jars containing 250 mL  of a dye solution (300 mg/L). The
olution pH was adjusted by adding a small amount of H2SO4 or

aOH. The change on the absorbance of all solution samples were
onitored and determined at certain time intervals during the

dsorption process. At the end of the adsorption experiments, the
olution samples were centrifuged and the dye concentration was
Direct Red 23 5555
Direct Black 22 9090
Acid Blue 25 5882

determined. The results were verified with the adsorption kinetics
and isotherms.

UV–VIS spectrophotometer CECIL 2021 was employed for
absorbance measurements of samples. The maximum wavelengths
(�max) used for determination of residual concentrations of DR31,
DR23, DB22 and AB25 at pH 2 in supernatant solution using UV–VIS
spectrophotometer were 527 nm,  503 nm,  478 nm and 605 nm,
respectively.

The effect of adsorbent dosage on dye removal was investigated
by contacting 250 mL  of dye solution with initial dye concentration
of 300 mg/L and pH 2 using jar test at room temperature (25 ◦C) for
60 min at a constant stirring speed of 200 rpm. Different amounts
of PAIHP (0.005–0.020 g) were applied to remove dyes.

The effect of pH on dye removal was investigated by contacting
250 mL  of dye solution with PAIHP (0.020 g) and initial dye concen-
tration (300 mg/L) using jar test at room temperature (25 ◦C) for
60 min at a constant stirring speed of 200 rpm. Different pH values
(2, 5, 8 and 10) were applied to remove dyes.

The effect of salt (0.02 M)  on dye removal was investigated by
contacting 250 mL  of dye solution (300 mg/L) with PAIHP (0.020 g)
and pH 2 using jar test at room temperature (25 ◦C) for 60 min  at a
constant stirring speed of 200 rpm. Different salts (NaHCO3, Na2CO3
and Na2SO4) were used.

2.5. Dye desorption and PAIHP regeneration studies

The PAIHP used for the adsorption of 300 mg/L of dye solution
was separated from the solution by centrifugation and dried. Then
the adsorbent was  agitated with 250 mL of distilled water at differ-
ent pH values (2–12) for 60 min. The desorbed dye was determined.

To regenerate the PAIHP, the dye adsorbed adsorbent was
poured into basic distilled water. Dye desorbed from the PAIHP.
Then an organic solvent was  added to solute the polymeric adsor-
bent. Organic phase containing PAIHP was  separated from the
aqueous phase containing the dye molecules. Finally, organic sol-
vent was  evaporated and the regenerated PAIHP was  obtained.

3. Results and discussion

3.1. Characterization of PAIHP

In order to investigate the surface characteristics of PAIHP,
FTIR and SEM image were studied. The FTIR spectrum of the
PAIHP displays a number of characteristic bands (Fig. 3). The bands
at 3443 cm−1, 2949 cm−1, 2838 cm−1, 1643 cm−1, 1382 cm−1 and
1152 cm−1 are assigned to stretching mode of the amino group

(N–H), asymmetric stretching mode of the –CH2– group, symmetric
stretching mode of the –CH2– group, stretching mode of the imide
group, bending mode of –CH2– group and stretching mode of the
C–N, respectively [21].
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Fig. 3. FT-IR spectrum of PAIHP.

Fig. 4. SEM images (a) PAIHP, (b) DR31 adsorbed PAIHP, (c) DR23 adsorbed PAIHP, (d) DB22 adsorbed PAIHP and (e) AB25 adsorbed PAIHP.
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Table  2
Linearized kinetic coefficients for dye adsorption onto PAIHP at different adsorbent dosages.

Dye Adsorbent dosage (qe)Exp Pseudo-first order Pseudo-second order Intraparticle diffusion

(qe)Cal. k1 R2 (qe)Cal. k2 R2 kp I R2

DR31 0.0050 6246 1033 0.0585 0.6744 6250 0.0004 1 95 5536 0.9505
0.0100  5311 1060 0.0550 0.6945 5263 0.0020 1 100 4549 0.9537
0.0150  4270 166 0.0748 0.5104 4347 0.0020 1 11 4193 0.8970
0.0200  3568 98 0.0889 0.5446 3571 0.0090 1 6 3527 0.8419

DR23 0.0050  4981 1424 0.0737 0.8650 5000 0.0002 1 163 3899 0.8943
0.0100  4417 745 0.0737 0.7697 4347 0.0004 1 71 3932 0.9292
0.0150  3715 315 0.0772 0.6603 3704 0.0015 1 24 3549 0.9669
0.0200  3413 117 0.1034 0.6494 3448 0.0045 1 7 3369 0.9190

DB22 0.0050  7998 759 0.0852 0.7180 8333 0.0003 1 68 7558 0.8531
0.0100  6216 807 0.1055 0.8393 6250 0.0008 1 71 5773 0.8600
0.0150  4471 316 0.0871 0.6731 4545 0.0010 1 27 4295 0.8201
0.0200  3622 374 0.0912 0.7595 3571 0.0013 1 32 3416 0.8972

AB25 0.0050  5150 1377 0.0822 0.8220 5263 0.0002 1 217 3830 0.7350
0.618
0.723
0.744
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0.0100  4468 186 0.0928 

0.0150  3770 346 0.0873 

0.0200  3328 270 0.0999 

SEM is an important tool to characterize the surface morphol-
gy and physical properties of the adsorbent surface. It is useful to
etermine the particle shape, porosity and appropriate size distri-
ution of the adsorbent. Scanning electron micrographs of PAIHP
nd dye adsorbed PAIHP are shown in Fig. 4.

.2. Adsorption kinetic

In order to study the mechanism of pollutant adsorption onto
n adsorbent, characteristic constants of sorption were determined
sing pseudo-first order equation [22], pseudo-second order equa-
ion [23] and intraparticle diffusion [24–26].

A linear form of pseudo-first order model (Eq. (1))  is:

og(qe − qt) = log(qe) −
(

k1

2.303

)
t (1)

here qe, qt and k1 are the amount of dye adsorbed at equilib-
ium (mg/g), the amount of dye adsorbed at time t (mg/g) and the
quilibrium rate constant of pseudo-first order kinetics (1/min),
espectively. The linear fit between the log(qe − qt) and contact time
t) at pH 2 can be approximated as pseudo-first order kinetics.

Linear form of pseudo-second order model (Eq. (2)), was  illus-
rated as:

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (2)

here k2 is the equilibrium rate constant of pseudo-second order
g/mg min).

The possibility of intraparticle diffusion resistance affecting
dsorption was explored by using the intraparticle diffusion model
s

t = kpt1/2 + I (3)

here kp and I are the intraparticle diffusion rate constant and
ntercept, respectively.

able 3
inearized isotherm coefficients for dye adsorption onto PAIHP at different adsorbent dos

Dye Langmuir Freundlich 

Q0 KL R2 KF 1

DR31 6667 0.0333 0.9917 1883 0
DR23  5555 0.0426 0.9846 1771 0
DB22 9090 0.0370 0.9828 1678 0
AB25  5882 0.0345 0.9882 1345 0
9 4545 0.0020 1 15 4376 0.7931
7 3846 0.0015 1 29 3579 0.8950
1 3333 0.0018 1 25 3175 0.7593

The plot of uptake should be linear when intraparticle diffusion
is involved in the adsorption process. In addition, intraparticle dif-
fusion is the rate controlling step when the lines of uptake pass
through the origin. When the plots do not pass through the ori-
gin, this is indicative of some degree of boundary layer control and
it shows that the intraparticle diffusion is not the only rate lim-
iting step, but also other kinetic models may  control the rate of
adsorption, all of which may  be operating simultaneously [24–26].

To understand the applicability of the pseudo first-order, pseudo
second-order and intra-particle diffusion models for the dye
adsorption onto PAIHP at different adsorbent dosage, linear plots of
log(qe − qt) versus contact time (t), t/qt versus contact time (t) and qt

against t1/2are plotted. The values of k1, k2, kp, I, R2 (correlation coef-
ficient values) and the calculated qe ((qe)Cal.) are shown in Table 2.

The linearity of the plots (R2) demonstrates that pseudo-first
order and intraparticle diffusion kinetic models do not play a signif-
icant role in the uptake of the dye (Table 2). The linear fit between
the t/qt versus contact time (t) and calculated correlation coeffi-
cients (R2) for pseudo-second order kinetics model show that the
dye removal kinetic can be approximated as pseudo-second order
kinetics (Table 2). In addition, the experimental qe ((qe)Exp.) values
agree with the calculated ones ((qe)Cal.), obtained from the linear
plots of pseudo-second order kinetics (Table 2).

3.3. Adsorption isotherm

The adsorption isotherm investigates the relation between the
mass of the dye adsorbed onto adsorbent and liquid phase of the
dye concentration [27,28].  Several isotherms such as Langmuir,
Freundlich and Tempkin models were studied in details.

In Langmuir isotherm, a basic assumption is that sorption takes

place at specific sites within the adsorbent [29–32].  The Langmuir
equation can be written as follows:

qe = Q0KLCe/(1 + KLCe) (4)

ages.

Tempkin

/n  R2 KT B1 R2

.2295 0.9822 1.541375 142 0.9627

.1885 0.9012 2.482521 773 0.8801

.3150 0.9513 0.643453 1729 0.9331

.2503 0.9710 0.644395 1035 0.9518
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Fig. 5. The effect of adsorbent dosage on dye remov

here qe, Ce, KL and Q0 are the dye concentration at equilib-
ium (mg/L), Langmuir constant (L/g) and the maximum adsorption
apacity (mg/g), respectively.

The linear form of Langmuir equation is:

Ce

qe
= 1

KLQ0
+ Ce

Q0
(5)

Also, Isotherm data were tested with Freundlich isotherm that
an be expressed by [29,33]:

e = KF C1/n
e (6)

here KF is adsorption capacity at unit concentration and 1/n  is
dsorption intensity.

Eq. (6) can be rearranged to a linear form:

og qe = log KF + 1
n

log Ce (7)

The Tempkin isotherm is given as:

e = RT

b
ln(KT Ce) (8)

hich can be linearized as:

e = B1 ln KT + B1 ln Ce (9)

here

1 = RT

b
(10)

Tempkin isotherm assumes that the heat of adsorption of all
he molecules in the layer decreases linearly with coverage due to
dsorbent–adsorbate interactions. Also, the adsorption is charac-
erized by a uniform distribution of binding energies, up to some

aximum binding energy [34,35]. A plot of qe versus ln Ce enables
he determination of the isotherm constants B1 and KT from the
lope and the intercept, respectively. KT is the equilibrium binding
onstant (L/mg) corresponding to the maximum binding energy

nd constant B1 is related to the heat of adsorption.

To study the applicability of the Langmuir, Freundlich and
empkin isotherms for the dye adsorption onto PAIHP at differ-
nt adsorbent dosage, linear plots of Ce/qe against Ce, log qe versus
Adsorption time (min)

AIHP (a) DR31 and (b) DR23 (c) DB22 and (d) AB25.

log Ce and qe versus ln Ce are plotted. The values of Q0, KL, KF, 1/n,
KT, B1 and R2 (correlation coefficient values of all isotherms models)
are shown in Table 3.

The R2 values show that the dye removal isotherm using PAIHP
does not follow the Freundlich and Tempkin isotherms (Table 3).
The linear fit between the Ce/qe versus Ce and R2 values for Lang-
muir isotherm model show that the dye removal isotherm can be
approximated as Langmuir model (Table 3). This means that the
adsorption of dyes takes place at specific homogeneous sites and a
one layer adsorption onto PAIHP surface.

3.4. Effect of operational parameter on dye removal

3.4.1. Effect of PAIHP dosage
The plot of dye removal (%) versus time (min) at different PAIHP

dosages (g) was  shown in Fig. 5.
The increasing of dye adsorption with adsorbent dosage can

be attributed to increased adsorbent surface and availability of
more adsorption sites. However, the capacity decreased with the
increasing amount of adsorbent when the adsorption capacity was
expressed in mg  adsorbed per gram of material. It can be attributed
to overlapping or aggregation of adsorption sites resulting in a
decrease in total adsorbent surface area available to the dye and
an increase in diffusion path length [36].

3.4.2. Effect of pH
The effect of pH on the adsorption of dyes onto PAIHP is shown

in Fig. 6. The adsorption capacity increases when the pH decreases.
Maximum adsorption of anionic dyes occurs at acidic pH (pH 2).
At various pH values, the electrostatic attraction as well as the
organic property and structure of dye molecules and PAIHP could
play very important roles in dye adsorption on PAIHP. At acidic pH
values, amino functional groups of polymer protonate. At pH 2, a
significantly high electrostatic attraction exists between the posi-
tively charged (–NH3

+) surface of the PAIHP and negatively charged

anionic dye [37]. As the pH of the system increases, the number of
positively charged sites decreased. It does not favor the adsorption
of anionic dyes onto PAIHP. The effective pH was 2 and it was used
in further studies.



N.M. Mahmoodi et al. / Journal of Hazardous Materials 198 (2011) 87– 94 93

0

20

40

60

80

100

0 15 30 45 60
Adsorption time (min)

D
ye

 re
m

ov
al

 (%
)

2

5

8

pH

(a)

0

20

40

60

80

100

0 15 30 45 60

D
ye

 re
m

ov
al

 (%
)

2

5

8

10

pH

(b)

0

20

40

60

80

100

0 15 30 45 60

Adsorption time (min)

2

5

8
10

pH

(c)

0

20

40

60

80

100

0 15 30 45 60

D
ye

 re
m

ov
al

 (%
)

D
ye

 re
m

ov
al

 (%
)

2

5

8
10

pH

(d)

IHP (a

3

[
t
t
t
r
a
r
d

Adsorption time (min)

Fig. 6. The effect of pH on dye removal by PA

.4.3. Effect of salt
The occurrence of salts is rather common in colored wastewater

38]. Inorganic anions of salts may  compete for the active sites on
he adsorbent surface or deactivate the adsorbent. Thus dye adsorp-
ion efficiency decreases. An important limitation resulting from
he high reactivity and non-selectivity of adsorbent is that it also

eacts with non-target compounds present in the wastewater such
s dye auxiliaries present in the exhausted reactive dye bath. It
esults higher adsorbent dosage demand to accomplish the desired
egree of dye removal efficiency.
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) DR31 and (b) DR23 (c) DB22 and (d) AB25.

To investigate inorganic salts effect on dye removal efficiency,
0.02 M of NaHCO3, Na2CO3 and Na2SO4 were used. Fig. 7 illustrates
that dye removal capacity of PAIHP decreases in the presence of
inorganic salts because these salts have small molecules and com-
pete with dyes in adsorption by PAIHP.
3.5. Desorption studies

The regeneration of the adsorbent is one of the important fac-
tors to the economical treatment process. Desorption studies help
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Fig. 8. Desorption of dyes from PAIHP at different pH values.

o recovery of the adsorbate and adsorbent. Dye desorption tests
howed that the maximum dye release of 90% for DR31, 86% for
R23, 87% for DB22 and 90% for AB25 were achieved in aqueous

olution at pH 12 (Fig. 8). At high pH value, the number of posi-
ively charged sites decreases which favors desorption of dyes and
egeneration of adsorbent [39].

. Conclusion

In this paper, PAIHP was  synthesized and its dye removal abili-
ies were investigated. Direct Red 31 (DR31), Direct Red 23 (DR23),
irect Black 22 (DB22) and Acid Blue 25 (AB25) were used as model
ompounds. Adsorption kinetic of dyes was found to conform to
seudo-second order kinetics. It was found that dye adsorption
nto PAIHP followed with Langmuir isotherm. At a fixed PAIHP
osage, the dye removal increases with decreasing pH. Dye removal
apacity of PAIHP decreases in the presence of inorganic salts.
AIHP was regenerated at pH 12. The results showed that the PAIHP,

 polymeric adsorbent with high dye adsorption capacity, might be
 suitable alternative to remove dyes from colored wastewater.
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