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A B S T R AC T

Polyaniline adsorbent prepared by chemical oxidation was developed to remove the humic 
acid (HA) in aqueous solution. The adsorbents showed the high adsorption capacity for aque-
ous HA with the maximum adsorption amount 126.58 mg g−1, and the adsorption isotherm 
obeyed the Langmuir model. The adsorption kinetics followed an initial diffusion-controlled 
and then an attachment-controlled adsorption process. The HA adsorption was not much 
impacted in the presence of Na+, K+, while Ca2+ ion in aqueous solution can evidently enhance 
the HA adsorption. The HA adsorption on polyaniline decreased with increasing solution 
pH owing to the electrostatic interaction between imine and amine of polyaniline and disas-
sociated HA. The HA molecules adsorbed on the polyaniline can be effectively desorbed in 
0.1 M NaOH solution, and regenerated adsorbent can be repeatedly used in the subsequently 
adsorption–regeneration cycles.
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1. Introduction

Humic acid (HA) is one of major constituents of dis-
solved organic matter in natural water which is derived 
from soil humus and plants [1]. The presence of HA may 
pose several severe problems in drinking water produc-
tion. For example, HA has been found to react with chlo-
rine to form carcinogenic disinfection byproducts (e.g., 
trichloromethanes, haloaceticacids) [2]. Recent research 
showed that HA can cause membrane fouling during 
the fi ltration processes in drinking water treatment 
[3,4]. Therefore, it is desirable to remove HA in drinking 
water resources.

Due to its simplicity and high effi ciency, adsorp-
tion is considered as the most practical approach for 
the removal of HA in natural water. Various adsorbents 

such as activated carbon [5–8], metal oxides [9–10], 
resins [11–12] and amino adsorbents have been devel-
oped to remove the aqueous HA [13–15]. Among them, 
amino-adsorbents have been found to have a strong 
affi nity for aqueous HA owing to the strong interaction 
between the carboxyl and phenolic groups of HA mol-
ecules and the protonated amino groups of adsorbent 
[13–15]. For example, the aminopropyl functionalized 
mesoporous silica showed the high adsorption capac-
ity for aqueous HA due to the electrostatic and hydro-
gen bonding interaction between surface aminopropyl 
groups and HA molecule [13]. Aminated polyacryloni-
trile fi bers prepared by surface modifi cation were found 
to be very effective in removing aqueous HA [15]. The 
polypyrrole adsorbents with a high zero point of zeta 
potential were reported to be effi cient for the removal 
of aqueous HA [16]. Chitosan hydrogel beads [17], chi-
tosan coated polyethyleneterephthalate granules [18], 
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the composite of chitosan and activated clay [19], and 
crosslinked chitosan epichlorohydrin beads [20] dem-
onstrated high effi ciencies to remove HA in aqueous 
solutions by the formation of organic complex between 
the protonated amino groups and HA. Amine-modifi ed 
polyacrylamide–bentonite composite was found to be 
signifi cantly effective for the removal of HA in aqueous 
solutions [21].

As a conducting polymer, polyaniline with control-
lable conductivity, excellent environmental stability, low 
cost and easy synthesis, has received great attention in 
many fi elds such as anticorrosion coating, charge stor-
age systems and controlled drug delivery [22,23]. In 
recent years, polyaniline and its composites were devel-
oped to eliminate the inorganic and organic pollutants 
in wastewater because of its large amount of amine and 
imine nitrogens which can interact with heavy met-
als and organic pollutants [24]. For example, polyani-
line and its composites have been found to effi ciently 
remove heavy metals such as mercury [25], chromium 
[26], and arsenate [27] in aqueous solution. Fluoride in 
aqueous solution can also be eliminated by polyaniline 
adsorbent via doping [28]. Polyaniline modifi ed meso-
porous carbon (CMK-1) showed the signifi cant adsorp-
tion effi ciency for phenolic compounds such as phenol, 
resorcinol and p-cresol [29]. Polyaniline emeraldine salt 
synthesized by chemical oxidation was explored to be 
effective in removing the aqueous sulfonated dyes [30]. 
To our best knowledge, however, no studies have been 
found to remove the HA from aqueous solution by poly-
aniline and its composites.

In this study, polyaniline was synthesized by chemi-
cal oxidation and characterized by IR spectra. Adsorp-
tion and desorption behavior of HA over polyaniline 
was evaluated by batch experiments, and the effect of 
solution chemistry properties such as solution pH and 
ionic strength were also discussed.

2. Materials and methods

2.1. Materials

HA of ACS reagent grade was purchased from Aldrich 
Chemical Co. All other reagents of analytical grade were 
purchased from Sinopharm Chemical Reagent Co., Ltd., 
Shanghai, China.

2.2. Preparation of adsorbent

Polyaniline was prepared by the chemical oxidation 
according to the procedure described by Shimano et al. 
[31]. Typically, 0.11 mmol of aniline was dissolved in 300 
ml of 1 M HCl and cooled to 273–277 K. Then, 0.11 mmol 
of ammonium peroxodisulphate dissolved in 200 ml of 

1.0 M HCl pre-cooled to 273–277 K was added to the 
above mixture under continuous stirring in an ice bath. 
After reaction for 2 h under N2 protection, the dark-
green precipitate was fi ltered and washed with copious 
deionized water until the fi ltrate became colorless. The 
resulting material was dried in a desiccator and referred 
to as PANI.

2.3. Characterization of material

Fourier transform-infrared (FT-IR) spectra was 
recorded in a Nicolet 5700 FT-IR spectrometer at 2 cm−1

resolution. The BET surface area was calculated from 
N2 adsorption–desorption isotherms collected on a 
Micromeritics ASAP 2200 instrument. TEM observation 
was performed on a Hitachi H-800 transmission elec-
tron. The surface zeta potential of PANI was measured 
using a Zeta Potential Analyzer (Zeta PALS, Brookhaven 
Instruments Co., USA). Briefl y, 0.04 g of nanoparticles 
were dispersed in 400 ml of 1 mmol l−1 NaCl solution 
and sonicated for 10 min. The desired pH values of the 
dispersion were adjusted with 0.1 mol l−1 HCl or NaOH. 
The dispersion was then settled for 24 h and the super-
natant was used for zeta potential measurement.

2.4. Adsorption studies

The preliminary tests showed that the adsorption of 
HA on PANI adsorbent could reach equilibrium within 
24 h under our tested experimental conditions. There-
fore, the adsorption equilibrium time was 24 h for all 
adsorption experiments. Specifi cally, 25 mg of PANI was 
added to 60 ml fl ask containing 50 ml of HA solution 
with initial concentrations from 10 to 100 mg l−1 with 
pH 5.3 ± 0.3. The fl asks were shaken on a shaker with 
100 rpm and kept at 15, 25, and 35°C for 24 h, respec-
tively. After achieving to adsorption equilibrium, the 
adsorbent particles were fi ltered with Whatman mem-
brane fi lter (0.45 μm) and the residual concentrations 
of HA in every fl asks were determined by a UV-Visual 
spectrometer at 254 nm. The equilibrium adsorption 
amounts of HA on PANI was calculated using Eq. (1):

q
V

Me =
×( )C C0 eCCeC

 (1)

where qe (mg g−1) is the equilibrium adsorption amount 
of HA; C0 (mg l−1) is the initial HA concentration; Ce 
(mg l−1) is the equilibrium concentration of HA; V (l) is 
the volume of HA solution; and M (g) is the adsorbent 
mass added to the fl ask.

For adsorption kinetic experiments, 250 mg of PANI 
was fast introduced into a 500 ml fl ask receiving 500 ml 
HA solution with the initial concentration of 25, 50, and 



J. Wang et al. / Desalination and Water Treatment 40 (2012) 92–9994

 100 mg l−1, respectively, and under strong continuous 
stirring at pH 5.4. The 4 ml of sample was withdrawn 
at different time intervals and fi ltered for spectrophoto-
metrical determination of residual HA concentration.

In the pH effect experiments, a series of fl asks receiv-
ing 25 mg of PANI and 50 ml of 50 mg l−1 HA solution 
were stirred at 25°C for 24 h. The solution pH was 
ranged from 3 to 10 pre-adjusted with 0.1 mol l−1 HCl or 
NaOH solution. After reaching adsorption equilibrium, 
the residual HA concentrations were determined spec-
trophotometrically and the adsorption amounts of HA 
were calculated using Eq. (1).

Effect of cations such as Na+, K+, Ca2+ on HA adsorp-
tion was studied by dispensing 25 mg of PANI to 50 ml 
of 100 mg l−1 HA solution with ionic concentrations 
ranging from 2.5 to 25 mmol l−1 at pH 5.8.

2.5. Desorption and regeneration tests

Prior to regeneration of adsorbent, desorption kinetic 
was studied. Briefl y, 100 mg of PANI was added to a 
250 ml fl ask receiving 200 ml of 50 mg l−1 HA. After 24 h 
adsorption, the saturated adsorbent was separated cen-
trifugally and washed for several times. The HA loaded 
adsorbent was dispensed in 200 ml of 0.1 mol l−1 NaOH 
under strong stirring. The 4 ml of the mixture was with-
drawn at different time intervals and separated for deter-
mination of desorbed HA concentration.

Adsorption of HA and regeneration of HA loaded 
PANI was conducted with four consecutive cycles. In 
each cycle, 25 mg of PANI adsorbent was dispensed in 
50 ml of 50 mg l−1 HA solution at pH 6.0 for 24 h, and 
HA saturated PANI was separated by centrifuge and 
regenerated in 50 ml of 0.1 mol l−1 NaOH for 2 h. Then 
regenerated adsorbent was separated centrifugally and 
washed thoroughly with deionized water till pH 6.0 for 
next adsorption–regeneration cycle.

3. Results and discussion

3.1. Material characterization

FT-IR spectra of PANI was illustrated in Fig. 1. From 
the results, the peaks at 1575 and 1496 cm−1 are attrib-
uted to the C=C stretching vibrations of quinine ring and 
benzene ring vibrations, which suggests that as-synthe-
sized PANI is in its oxidation state. The peaks at 1301, 
1245, 1105 and 804 cm−1 are assigned to C–N stretching 
vibration connected with benzene ring, C–N+ stretching 
vibration, C=N stretching vibration connected with 
quinine ring, and C–H out of plane bending vibration, 
respectively. The results showed that the material was in 
its emeraldine salt state. The BET surface area of PANI 
is 29.97 m2 g−1.

3.2. Adsorption isotherms

Adsorption isotherms of aqueous HA adsorption 
on PANI at different temperature (15, 25, and 35°C) 
were illustrated in Fig. 2. It is evident that HA adsorp-
tion amounts increased with increasing adsorption tem-
perature and the maximum adsorption amounts of HA 
on PANI at 15, 25, and 35°C are 85.47, 91.74, 126.58 mg 
g−1, respectively, suggesting that HA adsorption process 
on PANI is endothermic reaction. The high adsorption 
capacity of HA on PANI was comparable with other 
adsorbents reported in literatures such as activated car-
bon 2.51 mg g−1 [8], aminopropyl functionalized SBA-15 
117.6 mg g−1 [13], aminated polyacrylonitrile fi bers 

Fig. 1. Fourier transform infrared (FTIR) spectra of PANI.
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Fig. 2. Adsorption isotherms of HA on PANI at 15, 25 and 
35°C.
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16.22 mg g−1 [14], polypyrrole coated glass beads 0.396 
mg g−1 [16], chitosan coated PET granules 0.407 mg g−1 
[18], irradiation-crosslinked carboxymethylchitosan 
57.14 mg g−1 [32].

To further describe the adsorption isotherms, the 
experimental datas were fi tted by Langmuir and Freun-
dlich model which are expressed as follows:

Langmuir Equation [33]:

q
q bC

bCe
ebC

e
=

+1
 (2)

where qe (mg g−1) is the equilibrium adsorption amount; 
Ce (mg l−1) is the equilibrium concentration of HA; qm 
(mg g−1) is the theoretical maximum adsorption capacity 
of adsorbent for HA; and b (l mg−1) is the affi nity coef-
fi cient.

Freundlich Equation [34]:

q K C nfK e

1

 (3)

where Kf (mg1 − 1/n l1/n g−1) is the Freundlich constant; and 
1/n is the heterogeneity factor.

The simulated parameters for HA adsorption iso-
therms at 15, 25, and 35°C by Langmuir and Freundlich 
equations are listed in Table 1. From the results, The R2 
of Langmuir model (0.99) was higher than that of Freun-
dlich model (0.94), indicating that HA adsorption over 
PANI can be better fi tted using Langmuir model than 
Freundlich model and the adsorption of HA on adsor-
bent is a monolayer adsorption.

Separation factor constant RL is the characteristic 
parameter of Langmuir isotherm, which was frequently 
used to describe the affi nity between adsorbate and 
adsorbent [35]. RL is defi ned as:

R
bCL

0
=

+
1

1
 (4)

where C0 (mg l−1) is the initial HA concentration in aque-
ous solution and b is the Langmuir constant. Adsorp-
tion process with 0 < RL < 1 is favorable, and that with 

RL > 1 is unfavorable. The calculated values of RL at dif-
ferent initial concentration and adsorption temperature 
are shown in Fig. 3. As illustrated, within the tested ini-
tial concentration ranging from 10 to 100 mg l−1, the RL 
are between 0.018 and 0.21, indicating that HA adsorp-
tion on PANI is favorable. Additionally, the RL values 
decrease with increasing initial concentration of HA, 
suggesting higher adsorption amount at higher HA ini-
tial concentration.

3.3. Adsorption kinetics

Adsorption kinetics of HA adsorption on PANI at 
the initial concentrations of 25, 50 and 100 mg l−1 are 
shown in Fig. 4a. From the plot, adsorption amounts of 
HA over adsorbent increase sharply within 60 min and 
then become slowly with the progress of adsorption. 
Moreover, adsorption equilibrium is almost achieving 
within 240 min, which is advantageous for practical 
application.

Generally, adsorption of organic macromolecules on 
various adsorbents usually follows two-stage process 
[36]. In the early stage, the adsorbent surface is vacant 
and HA molecules reaching the adsorbent surface will 
be attached immediately. Therefore, HA adsorption on 

0

0.05

0.1

0.15

0.2

0.25

0 20 40 60 80 100 120
Initial concentration (mg/L)

R
L

■ 35°C 25°C 15°C◆ ▲■ ◆ ▲

Fig. 3. Separation factor (RL) values for the adsorption of HA 
on PANI.

Table 1
Langmuir and Freundlich model parameters for HA adsorption on PANI at 15, 25 and 35°C

Temperature (°C) Langmuir model parameters Freundlich model parameters

 qm (mg g−1) b (l mg−1) R2 n Kf R2

15 85.47 0.478 0.992 3.21 55.82 0.936

25 91.74 0.551 0.996 3.19 29.02 0.909

35 126.58 0.385 0.991 2.75 37.05 0.872
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adsorbent is controlled by diffusion of HA molecules 
from the solution to adsorption sites of adsorbent surface 
[14]. The diffusion controlled kinetics can be described 
by the Fickian diffusion equation defi ned as [18]:

q C S DS Dt ktC S Dt
2 1

2
π 0  (5)

where qt (mg g−1) is the adsorption amount of HA on 
PANI at equilibrium concentration (mg g−1); C0 (mg l−1) 
is the initial concentration of HA in the solution; S (m2 
g−1) is the specifi c surface area of adsorbent; D (m2 s−1) is 
the diffusion coeffi cient of HA in the solution; and k = a 
constant.

The plot of qt versus t0.5 in initial 60 min was shown in 
Fig. 4b. The linear dependence of qt on t0.5 for the experi-
mental data is clearly observed, which indicates that 
HA adsorption in initial 60 min is diffusion-controlled. 

After fast adsorption process, some HA molecules are 
attached on the adsorbent surface and occupy the most 
of active sites on the adsorbent. Hence, other HA mole-
cules have to fi nd the available active sites and overcome 
the electrostatic repulsive force from the HA molecules 
adsorbed on the adsorbent. The increasing adsorption 
amount with adsorption time will become much slower, 
and HA adsorption on the adsorbent has been shifted 
from the initial diffusion controlled to attachment-
controlled [15]. The adsorption will last for another 
several hours until adsorption equilibrium is achieved, 
which suggests that the attachment-controlled process 
dominates the adsorption process.

3.4. Effect of ionic strength and solution pH

The cations such as Na+, K+, Ca2+ are present in natu-
ral water, which may be interacted with HA molecules 
and effect the HA adsorption on PANI. Fig. 5 shows the 
effect of Na+, K+, Ca2+ on HA adsorption. From the results, 
no apparent effect on HA adsorption was observed in 
the presence of Na+, K+, however, Ca2+ can effi ciently 
improve the HA adsorption amount on PANI. The HA 
adsorption amounts increase from 82.14 to 95.30 mg g−1

with Ca2+ concentration from 0 to 5 mmol l−1, and gradu-
ally become constant at Ca2+ concentration higher than 
5 mmol l−1. The augment of HA adsorption in the pres-
ence of Ca2+ may be attributed to the weakening of the 
repulsive interaction between HA molecules adsorbed 
on the surface of the adsorbent and HA molecules in 
solution. Additionally, Ca2+ may be directly interacted 
with the HA molecules bounded to the adsorbent, and 
Ca2+ adsorbed on the adsorbent may again adsorb the 
HA molecules in solution, leading to the enhanced HA 
adsorption [11]. Moreover, the increasing solubility of 

Fig. 5. Effect of ionic strength on HA adsorption over PANI 
at 25°C.
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aqueous HA in high Ca2+ concentration may favor the 
mass transfer of HA from the solution to adsorbent sur-
face, which may be another reason for the increased 
adsorption of HA [1].

The effect of solution pH on HA adsorption over 
PANI is illustrated in Fig. 6. It is shown that the HA 
adsorption over PANI decreases monotonously with 
increasing pH within the tested pH range. In addition, 
HA adsorption amount increases slightly with decreased 
pH at pH below 6.0, but decreases sharply with increas-
ing pH when pH is more than 6.0. The distinct impact 
of solution pH on HA adsorption on PANI can be 
described by the physicochemical properties of PANI 
and HA molecules. According to the result of Tao et al. 
[13], the isoelectric point (IEP) of HA is about 1.9, and 
HA have the negative charges owing to deprotonation of 
carboxyl groups or phenolic groups in tested pH range. 
Whereas, the IEP of PANI illustrated in Fig. 7. is about 
5.8, which is identical to the result of Wang et al. [24]. At 
pH below 5.8, PANI adsorbent carries positive charges 
due to the protonation of the imine and amine groups, 
and with the increasing pH, the adsorbents become less 
positively charged owing to the deprotonation of imine 
and amine groups until pH 5.8 [24]. Hence, the electro-
static interaction between positive charged PANI and 
negative charged HA leads to the enhanced HA adsorp-
tion on PANI. At pH above 5.8, increasing pH results 
in the adsorbent negatively charged due to the com-
petitive adsorption of OH− on imine and amine groups 
of adsorbent [37], therefore, the electrostatic repulsive 
force between negative charged PANI and disassociated 
HA may cause the decreased HA adsorption over PANI. 
Additionally, increasing of HA molecular size from a 
spherical structure at lower pH to a linear or stretched 
structure at higher pH may suppress the HA adsorption 

on PANI [38], which may be another reason for decreas-
ing of HA adsorption with increasing of solution pH. In 
conclusion, the observations from the effect of solution 
pH and ionic strength on HA adsorption suggest that 
electrostatic interaction may play a crucial role in HA 
adsorption on PANI.

3.5. Zeta potential of PANI before and after HA adsorption

Zeta potentials of the adsorbents before and after HA 
adsorption are compiled in Fig. 7. It is evident that in all 
pH tested, zeta potential of PANI after HA adsorption 
are lower than PANI before HA adsorption, and the IEP 
of PANI after HA is about 2.4, which is higher than the 
IEP of HA but lower than that of PANI before adsorp-
tion, which indicates that HA molecules are conjugated 
the adsorbent surface. The signifi cant zeta potential dif-
ference of PANI before and after HA adsorption at pH 
below 6.0 may account for the enhanced HA adsorption 
on PANI at low pH.

3.6. Desorption and regeneration

The suppressed HA adsorption on PANI observed at 
high pH implies that desorption of HA loaded adsorbent 
in alkali solution is a feasible approach. The 0.1 mol l−1

NaOH solution was used to regenerate the HA satu-
rated PANI, and the desorption kinetics was compiled 
in Fig. 8. From the results, the desorption process was 
fairly fast in initial 20 min and the desorption percent-
age was 92.4% at 20 min. After a few hours, desorption 
reach a plateau and the maximum desorption percent-
age was 97.6%. The fast desorption of HA adsorbed on 
the adsorbent in alkali solution may be attributed to the 
superior adsorption of OH− anions on the imine and 

Fig. 6. Effect of solution pH on HA adsorption over PANI at 
25°C.
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 4. Conclusions

Polyaniline prepared by chemical oxidation exists in 
emeraldine salt state. As synthesized material shows the 
strong affi nity for the HA in aqueous solution, and HA 
adsorption process on PANI is endothermic. Increased 
Ca2+ concentration markedly increased the HA adsorp-
tion on PANI, while no apparent effect is observed in 
the presence of Na+ and K+. HA adsorption over PANI 
is highly dependent on solution pH and the adsorption 
amount of HA decreases with increasing of solution pH 
owing to the electrostatic interaction between imine and 
amine of PANI and disassociated HA. The HA saturated 
PANI is desorbed rapidly in alkali solution and regener-
ated adsorbent can be repeatedly used. The results high-
light that PANI adsorbent is an available alternative in 
water treatment for the removal of HA.
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