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Abstract
The aim of this study is to investigate the suitability of polyaniline coated–sawdust (SD/PAni) as an adsorbent for removal 
of Fe(II) and/or Fe(III) ions from aqueous solutions. The study includes batch and column tests. With column experi-
ments, the influence of different experimental parameters on the adsorption behavior of Fe(II), Fe(III), and a mixture 
of both ions were studied and it was found that the optimum adsorption conditions for individual iron species and a 
mixture of them were similar. The optimal values for pH, flow rate, temperature, and adsorbent mesh size were found to 
be 4.0, 5.0 mL min−1, 25 °C, and 100 BSS mesh, respectively. Batch experiments were carried out to study the adsorption 
isotherms at ambient temperature. The results demonstrated that the adsorption isotherms for both iron species were 
best represented by the multilayer adsorption isotherm model. The adsorption–desorption stability performance of the 
adsorbent was evaluated and confirmed over 5 cycles.

Keywords: Langmuir; Freundlich; Temkin; Multilayer isotherm; Decoration with polyaniline; Solid phase extraction; 
Continuous adsorption.

1. Introduction
Water pollution by heavy metals remains a serious 

environmental problem. Their accumulation in numerous 
plant and animal organisms occurs easily. Hence, one of 
the most widely researched topics in environmental sci-
ence which requires extensive study is the removal of 
heavy metals from aqueous solutions.1 Iron is a nutrient 
element required by living cells.2,3 Estimates of the mini-
mum daily requirement for iron depend on sex, age, phys-
iological status, and iron bioavailability, and is approxi-
mately 10 to 50 mg/day.4 Presence of high levels of iron in 
drinking water is associated with some problems such as 
bad taste, discoloration, and high turbidity. World Health 
Organization (WHO) recommends that the iron concen-
tration in drinking water should be less than 0.3 mg L−1.5,6 
In anaerobic groundwaters, concentration of iron(II) is 
usually in the range of 0.5–10 mg L−1, but concentrations 
up to 50 mg L−1 are also reported. The median iron con-
centration in rivers has been found to be 0.7 mg L−1.7 In 
countries where water is distributed through galvanized 
iron pipes concentration of iron may be higher than the 
normal level.5 Thus, removal of iron species from aqueous 

media to allowable global limits is essential and has led to 
an increasing interest in developing efficient methods for 
this purpose.8–11 

In recent investigations, adsorption is being exten-
sively employed for separation of metal ions12 and elabo-
rate efforts have been continued to find an effective and 
economic adsorbent. Agricultural wastes like corn stalk, 
rice waste, peanut, straw, sawdust, and sugarcane bagasse 
have been proved to be low–cost and most efficient adsor-
bents in this respect.13–15 Sawdust was used as an adsorbent 
in this study. The cell walls of sawdust principally contain 
cellulose, lignin, and many hydroxyl groups which all are 
confirmed to have ion exchange capacities.16 This feature, 
together with its abundant availability almost free of charge, 
makes sawdust most suitable for uptake of heavy metal ions 
or cationic dyes from aqueous solutions.17–21 Modification 
of sawdust using other materials is also considered by some 
researchers to improve its sorption performance.22 On the 
other hand, polymers have gained great importance in en-
vironmental applications owing to their easy handling, effi-
ciency, and selectivity.23 Among them is polyaniline which 
has been used as metal ions adsorbent.24–26 Moreover, pol-
yaniline is a suitable candidate polymer for coating of natu-
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ral fibers regarding to its flexibility, low cost, and environ-
mentally safe characteristics.27,28 The present research was 
conducted to study the ability of polyaniline–coated saw-
dust (SD/PAni) for the removal of Fe(II) and/or Fe(III) ions 
from aqueous solutions. To the best of our knowledge, no 
reports are available on the application of SD/PAni as ad-
sorbent for iron species. The removal experiments were 
carried out in a fixed–bed column to study and optimize 
the operational conditions including pH, temperature, flow 
rate, and particle size of adsorbent. The possible mecha-
nism of adsorption was also examined in a batch mode 
through different isotherm models. 

2. Experimental
2. 1. Chemical Reagents

Aniline was purchased from Merck and distilled 
twice before use. Ammonium persulfate was ACS grade (≥ 
98%) and used as received. The stock solutions (1000 mg 
L−1) of Fe(II) and Fe(III) were prepared from Merck Titra-
sol standard solutions in 15% HCl. Working standard 
solutions were then prepared daily by stepwise dilution of 
the stock solutions. Other chemicals used in this work 
were all of analytical reagent grade and prepared in dis-
tilled water. pH adjustment was performed using NaOH 
and HCl solutions. Ammonium acetate buffer solution 
was prepared by dissolving 38.54 g ammonium acetate in 
150 mL distilled water, adding 28.6 mL acetic acid and di-
luting to 1.0 L with distilled water. Sawdust was obtained 
from a local carpentry workshop. All vessels used for anal-
ysis were kept in dilute nitric acid at least overnight and 
subsequently washed three times with distilled water.

2. 2. Apparatus
Absorbance measurements at 510 nm were per-

formed by spectrophotometer (Perkin Elmer Lambda 25) 
with a 1.0 cm glass cell. A Metrohm pH meter (model 691) 
with a combined double junction glass electrode, calibrat-
ed against two standard buffer solutions at pH 4.0 and 7.0, 
was used for pH measurements. Oxford instrument was 
used to record scanning electron microscopy (SEM) meas-
urements. Perkin Elmer equipment was employed for 
FTIR recording. TGA curves were recorded on a STA 1500 
(Model Rheometric scientific) at the maximum 800 °C. 
The specific surface areas of the sawdust and SD/PAni 
were quantified with the Brunauer, Emmitt and Teller 
(BET) method from the N2 adsorption/desorption iso-
therms with a Quantachrome BET instrument (Quan-
tachrome Corporation, USA). 

2. 3. Preparation of Sawdust
The raw sawdust obtained from a carpentry work-

shop was soaked in distilled water for 8 h, followed by rins-

ing with 0.1 mol L−1 hydrochloric acid and then with 0.1 
mol L−1 sodium hydroxide. After that it was thoroughly 
rinsed with distilled water until the washings showed neu-
tral on litmus paper. To exclude unbound organic materi-
als, the sawdust was washed with 300 mL of acetone and 
then with 300 mL of methanol. It was then dried at 105 °C, 
ground, and sieved to various mesh sizes (100, 60, 40, and 
25 BSS mesh).

2. 4. Synthesis of Polyaniline Polymer 
Polyaniline was prepared by the following proce-

dure.29 5.0 g freshly distilled aniline was dissolved in 250 
mL of 1.0 mol L−1 HCl. The solution was placed in an ice 
bath to cool for 20 min. 250 mL of precooled 0.3 mol L−1 
ammonium persulfate solution in HCl 1.0 mol L−1 was 
slowly added to the above solution under vigorous stir-
ring. The reaction was then allowed to continue overnight 
at room temperature without stirring. The dark blue poly-
mer formed was filtered and washed with distilled water 
and dilute HCl solution until the filtrate became colorless, 
followed by thorough rinsing with methanol and distilled 
water. The product was dried (50–60 °C), powdered, and 
stored for processing. 

2. 5. �Preparation of Polyaniline Coated 
Sawdust (SD/PAni)
To make PAni soluble in formic acid for coating, it 

was converted to emeraldine base (EB) form by treating 
with 0.5 mol L−1 NaOH solution for 2 h.30 Following the 
washing with distilled water, it was dried at 60 °C. 0.50 g of 
the as-prepared EB powder was dissolved in 50 mL of for-
mic acid. Undissolved solids were separated by filtration. 
To prepare polyaniline-coated sawdust (SD/PAni), 5.0 g 
sawdust with specified mesh size was mixed with 50 mL 
EB solution (1% w/v) and stirred for 2 h at room tempera-
ture. It was then kept at room temperature for another 2 h 
without stirring. After filtration, it was dried at ~60 °C to 
remove residual solvent.31

2. 6. �Fixed–Bed Column Adsorption 
Experiments
For fixed–bed experiments, 10.0 mg of SD/PAni was 

packed in a burette column (15 cm length) by keeping 
glass wool at top and bottom. In order to eliminate dissolv-
able colored materials in SD/PAni column, it was washed 
with 100 mL of 5% acetone and then with 0.2 mol L−1 so-
dium hydroxide until the exiting liquid became colorless. 
The column was then rinsed with distilled water. 50.0 mL 
of a solution containing Fe(II) and/or Fe(III) with concen-
tration of 20 mg L−1 was applied to the column using peri-
staltic pump at specified flow rate under the optimized 
conditions. The effluent exiting the column was collected 
and analyzed for the residual analyte(s) by colorimetric 
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Fig. 1. SEM images of sawdust (a & c) and SD/PAni (b & d).

o-phenanthroline method (3500–Fe iron).32 In the case of 
Fe(II), 2.5 mL of 1,10-ortho-phenanthroline 0.1% (w/v) to-
gether with 10.0 mL buffer was added to the effluent sam-
ple and the absorbance was measured at 510 nm after 10 
min.

To evaluate total iron content via the above proce-
dure, reduction of ferric form to the ferrous state is re-
quired before the addition of o-phenanthroline. Therefore, 
when ferric ions were present in the effluent sample, re-
duction to the lower oxidation form was performed by the 
addition of 2.0 mL hydroxylamine 10% (w/v) and 1.0 mL 
concentrated hydrochloric acid, followed by heating to 
boiling to ensure a complete conversion. After cooling, it 
was treated with 2.5 mL of 1,10-ortho-phenanthroline 
0.1% (w/v) and 10.0 mL buffer solution and then the ab-
sorbance was measured at 510 nm. Fe(III) could be deter-
mined as the difference between total iron and Fe(II). All 
the absorbance measurements were performed in tripli-
cate. Removal percent and capacity of adsorbent (q) were 
calculated using the following equations:

(1)

	 (2)

where C0 and Ce are the initial and equilibrium concen-
trations of analyte ion in mg L−1, m and V are mass of 
adsorbent (g) and volume of the influent (L), respec-
tively.

3. Results and Discussion
In this paper, the potential of polyaniline-coated 

sawdust as an adsorbent for removal of individual iron 
species from aqueous solution was investigated through 
batch and column studies. Simultaneous uptake of fer-
rous and ferric ions was also examined. Polyaniline was 
synthesized via an oxidative polymerization approach 
and then coated on sawdust. The sorbent was character-
ized by SEM, TGA, and FTIR analysis. The appropriate 
extraction conditions were estimated by investigating the 
effect of different parameters by the one-factor-at-a-time 
approach. 
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3. 1. Adsorbent Characterization 
SEM measurements of the raw sawdust and SD/PAni 

are given in Fig. 1. Comparing Figures 1a and 1c with Fig-
ures 1b and 1d showed that PAni particles were successful-
ly decorated on the surface of sawdust. Moreover Figures 
1b and 1d confirmed that PAni nanoparticles exhibited 
more or less homogenous shape. 

FTIR analysis was carried out to study the surface 
properties of the raw sawdust and SD/PAni. Fig. 2 shows a 
broad band at 3287 cm–1 for the raw sawdust. This band is 
related to –OH stretching vibration. The peak at 2358 
cm–1 in the same material is stretching vibrations of N−H 
or C=O groups probably due to amines and ketones.33 In 
the spectrum of SD/PAni, some additional peaks appear, 
confirming decoration of sawdust with polyaniline. The 
N−H symmetric stretching of polyaniline appears at 3394 
cm–1.34 The FTIR spectra of SD/PAni also shows the char-
acteristic peak of nitrogen quinine at 1509 cm–1,35 and 
bands appear at 1431, 1378, and 1058 cm–1, which corre-
spond to a benzene ring, C−N and C=N stretching vibra-
tions.36 The peak at 794 cm–1 belongs to C−H of the poly-
aniline ring.37 

Fig. 2. FTIR spectra of raw sawdust (dot plot) and modified sawdust 
with polyaniline (solid plot).

The TGA results for the sawdust and SD/PAni pre-
sented in Fig. 3 reveal two main steps of weight loss for 
both adsorbents. The first stage of weight loss for both ad-
sorbents was observed from the beginning of the experi-
ment until the temperature reached about 90 °C. This 
weight loss of around 10% (w/w) was attributed to the loss 
of physically adsorbed water. The second step occurred be-
tween 220 and 400 °C, again for both of the adsorbents. 
This step in the case of raw sawdust was assigned to the 
transformation of lignin, cellulose, and hemicellulose to 
gaseous materials and tars.38 For the sawdust decorated 
with polyaniline, these processes were accompanied with 

the production of the facile thermal decomposition of the 
loaded polyaniline from the surface and, therefore, the 
weight loss was exacerbated.39 It was also found from TGA 
results that the surface of sawdust was decorated by PAni 
with about 5% coating. The specific surface areas for saw-
dust and SD/PAni were measured using BET surface area 
analyzer. The values for the specific surface areas and pore 
diameters for both adsorbents were the same and found to 
be 0.88 m2 g–1 and 18.00 nm, respectively. 

a)

b)

Fig. 3. TGA (a) and DTA (b) curves of sawdust and SD/PAni.

3. 2. Effect of Adsorbent Mesh Size and pH
It is well known that some of the adsorbent proper-

ties like its structure, size, and surface chemistry have ef-
fect on the adsorption efficiency.40 So, the studies were 
conducted to determine which mesh size of sawdust was 
suitable to use in the adsorbent preparation step. Fig. 4a 
depicts the effects of pH and adsorbent mesh size on the 
removal efficiency. As it is evident, the larger the mesh 
size of sawdust used for the adsorbent preparation, the 
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better the adsorption efficiency. This can be contributed 
to the availability of a larger surface area, providing more 
adsorption sites which facilitate the adsorption of iron 
ions. 

Another important factor affecting the adsorption 
process is pH of the sample solution.41 The effect of pH in 
the range of 1–4 is depicted in Fig. 4a as well. Higher pH 
values were not considered due to hydroxide formation of 
iron ions. In the case of ferrous state, it should be pointed 
out that iron in the ferrous state can only remain in solu-
tion in the absence of oxygen, and generally in acidic me-
dia.42 Several papers considered only acidic media to pre-
vent the hydroxide formation.43,44 

In the present study, optimum pH value was 
found to be 4.0 for both iron species. At lower pH val-
ue, the hydrogen ions compete with the metal ions for 
the binding sites of the adsorbent. Moreover the proto-
nation of the nitrogen atoms in polyaniline occurred in 

acidic solutions.45 Consequently, the surface of adsor-
bent was positive in the highly acidic media and ad-
sorption of the iron ions was suppressed due to the 
electrostatic repulsion. However, deprotonation of the 
nitrogen atoms occurs as the pH increases (3−4), lead-
ing to the formation of active sites in the adsorbent. 
Therefore, our further studies were done at pH 4.0. It is 
worthy to note that the extent of competition of Fe(III) 
with Fe(II) for the adsorption sites on SD/PAni was 
also explored. To do this, a solution of mixture of ferric 
and ferrous ions with initial concentration of 10 mg L−1 

for each one was passed through the column. Fig. 4b 
shows that at lower pH values, the extent of competi-
tion between iron species was high. However, at opti-
mum pH value, no significant competition might take 
place. This is mainly due to high adsorption capacity of 
SD/PAni towards ferrous and ferric ions at pH = 4.0, 
providing more active sites for the adsorption of the 
analytes. 

3. 3. Effect of Flow Rate
As the adsorption is a time dependent process, the 

effect of flow rate on the adsorption of iron species was 
examined at pH 4.0 by passing the influent through packed 
column at various flow rates. Fig. 5 shows that as flow rate 
is increased, the adsorption of iron species on SD/PAni de-
creases. At lower flow rates, there is sufficient contact time 
between the analyte(s) and the adsorbent and, conse-
quently, the adsorption is brought to completion. In other 
words, by increasing flow rate the adsorbent has not suffi-
cient time to totally adsorb the analyte(s) well and, as a 
result, the unretained metal ions leave the column before 
equilibrium is achieved. Hence, flow rate of 5.0 mL min−1 

was selected as the best and used in the next experiments. 
It also can be seen from Fig. 5 that the competition of Fe(I-
II) with Fe(II) for the adsorbent is promoted at higher flow 
rates. Adsorption of Fe(III) becomes most preferable by 
increasing flow rate.

Fig. 4. a) Effect of pH and mesh size on the adsorption of Fe(III) 
and/or Fe(II); b) pH effect for adsorbent with mesh size of 100. 
Conditions: T = 25 °C; flow rate = 5.0 mL min−1.

Fig. 5. Effect of flow rate on the adsorption of Fe(III) and/or Fe(II). 
Conditions: pH = 4.0; T = 25 °C; mesh particle size = 100 BSS mesh.

a)

b)
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3. 4. Effect of Temperature
The dependence of analytes adsorption on tempera-

ture was investigated in the range of 10–75 °C. In accord-
ance to the data shown in Fig. 6, the adsorption increases 
slightly by increasing in temperature up to 25 °C and then 
stays at a constant value in the range of 30–55 °C. After 
that the amounts of removal for both analytes start to de-
crease, mostly pertaining to the fact that at higher temper-
ature the analyte ions gain more kinetic energy which ena-
bles the analytes to overcome the adsorption potential.46 
Hence, all experiments were performed at ambient tem-
perature. The results in Fig. 6 indicate that ferric ions are 
favorably adsorbed by SD/PAni at higher temperatures 
where the experimental conditions are far from optimum. 

3. 5. Adsorption Isotherms 
Isotherm models are useful to explain the adsorption 

mechanism and estimate the adsorption capacity of the 
adsorbent. In other words, the adsorption isotherms ex-
plain the relation between the amount of solute adsorbed 
per unit mass of adsorbent and the amount of the unad-
sorbed adsorbate at the equilibrium time.47

Isotherm experiments were carried out in batch op-
eration by the following procedure: to aliquots of 100 mL 
solutions of Fe(II)/Fe(III) with initial concentrations 
ranging from 1 to 7 mg L−1 (pH = 4.0), 10.0 mg SD/PAni 
was added and the mixture was stirred for 10 min. It 
should be noted that the adsorption reaches the equilibri-
um within 10 min. After that, the solution was filtered and 
residual iron ions was determined. The results are depict-
ed in Fig. 7.

Langmuir adsorption model assumes that adsorp-
tion occurs at homogenous monolayer active site of the 
adsorbent. It also describes that all the adsorption sites 
have uniform energy and the adsorption takes place at 
structurally similar sites.48 The linearized form of Lang-
muir adsorption isotherm is given in Eq. 3.

						      (3)

where Ce and qe are the concentration (mg L−1) and 
adsorption capacity (mg g−1) at equilibrium, respec-
tively. Langmuir constant (KL) indicates the affinity of 
binding sites with the adsorbate. The performance of 
different adsorbents can be compared using the maxi-
mum adsorption capacity (qm). Langmuir isotherm 
constants for iron(II) and iron(III) ions were calculat-
ed from the intercept and slope of the corresponding 

Table 1. Langmuir, Freundlich, Temkin, and multilayer isotherm model constants for the adsorption of Fe(II) and 
Fe(III) ions

Metal ion			   Langmuir isotherm model

	 KL	 qm	 RL range	 R2	 Equation
Fe(II)	 0.82	 35.29	 0.15–0.55	 0.9982	
Fe(III)	 0.99	 40.65	 0.12–0.50	 0.9889	

			               Freundlich isotherm model
	 KF	 n	 	 R2	 Equation
Fe(II)	 14.48	 1.93		  0.9725	
Fe(III)	 18.33	 1.77		  0.9917	

			               Temkin isotherm model
	 at	 bt		  R2	 Equation
Fe(II)	 16.24	 8.07		  0.9887	
Fe(III)	 20.82	 10.33		  0.9722	

			               Multilayer isotherm model
	 K1	 K2	 qm	 R2	 Equation
Fe(II)	 0.94	 0.02	 31.56	 0.9905	
Fe(III)	 0.88	 0.04	 39.39	 0.9926	

Fig. 6. Effect of temperature on the adsorption Fe(III) and/or Fe(II). 
Conditions: flow rate = 5.0 mL min–1; pH = 4.0; particle size = 100 
BSS mesh.



42 Acta Chim. Slov. 2020, 67, 36–46

Mansoor and Abbasitabar:  Adsorption Behavior of Fe(II) and Fe(III) Ions on    ...

linear plot of 1/qe versus 1/Ce (Fig. 7a–b). The corre-
sponding parameters are given in Table 1. Both iso-
therm data sets were well fitted to Langmuir model but 

adsorption data of Fe(II) fitted better compared to that 
of Fe(III). The separation factor which describes the 
feasibility of the adsorption was calculated by the fol-

Fig. 7. (a–b) Langmuir; (c–d) Freundlich; (e–f) Temkin and (g–h) multilayer adsorption isotherms for adsorption of Fe(II) and Fe(III) onto SD/
PAni; a, c, e, and g represent adsorption data for Fe(III).
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tively. Eq. (7) is reduced to Langmuir equation if K2 is neg-
ligible. Compared the correlation coefficients given in Ta-
ble 1 for different isotherm models revealed that both the 
adsorption data for both iron species are well fitted to the 
multilayer adsorption isotherm. The constant parameters 
of the multilayer isotherm calculated for both iron ions are 
given in Table 1. The corresponding curves are depicted in 
Fig. 7g–h. The data yielded provide convincing evidence 
that (i) maximum adsorption capacity for Fe(III) is higher 
than Fe(II); (ii) the tendency of Fe(III) to be bound in mul-
tilayer form is higher than that of Fe(II). 

3. 6. Adsorption Mechanism
Study of adsorption efficiency at different pH re-

vealed that the uptake of Fe(III) and Fe(II) onto SD/PAni 
was lower in highly acidic solutions (pH < 2). The maxi-
mum removal of analytes was observed at pH = 4 and min-
imum removal was seen at pH = 1. The lower adsorption 
behavior of SD/PAni under the highly acidic condition can 
be explained by taking into account the protonation of the 
nitrogen atoms present in polyaniline.45 As a result, the 
surface of adsorbent is positive in the highly acidic media 
and is not able to uptake the iron ions due to the electro-
static repulsion. However, deprotonation of the nitrogen 
atoms occur as the pH increases (3−4), leading to the for-
mation of active sites in the adsorbent. 

Typically, the adsorption of metal ions onto the sur-
face of adsorbent may follow several approaches including 
ion exchange, chemisorption, and complexation. Ion ex-
change is the most dominant mechanism by the reaction 
of metal ions with surface functional groups. The 
chemisorptive reaction may be formed by participation of 
a lone pair of electrons of a donor atom with metal ions. 
Another mechanism is surface adsorption by which metal 
ions may be bound to the surface of adsorbent. In this 
mechanism the surface of adsorbent should have a nega-
tive charge. That the adsorption isotherms of iron ions 
onto SD/PAni are well fitted to the Langmuir equation im-
plies the preferential binding of metal ions on all sites of 
SD/PAni as homogeneous surfaces. This consideration 
along with the fact that maximum deprotonation of nitro-
gen atoms occurs at pH = 4, supports the claim that the 
adsorption mechanism is chemisorption. This is in ac-
cordance with the previous literature.39

3. 7. Desorption and Reusability
The elution process greatly depends on the type and 

concentration of the eluent. So, some eluent solutions with 
different concentrations were employed for desorption of 
iron(II) and iron(III) ions retained on SD/PAni and the 
results are given in Table 2. Optimum desorption of both 
iron ions was observed with 50.0 mL 1.0 mol L–1 HCl. 
Hence, this solution was considered for regeneration of the 
used columns. 

lowing equation:49

(4)

RL > 1 denotes the unfavorable adsorption; RL = 0, the irre-
versible adsorption, while 0 < RL < 1 indicates the energet-
ically favorable adsorption. RL-value for iron(II) and 
iron(III) adsorption is less than 1, indicating SD/PAni as a 
suitable adsorbent for both analytes.

Freundlich isotherm refers to multilayer and hetero-
geneous adsorption on the adsorbent surface. This model 
assumes that the highly energetic sites are firstly occupied 
by the adsorbate ions and adsorption energy decreases ex-
ponentially during the adsorption process.50 The line-
arized form of Freundlich isotherm is displayed below. 

(5)

where n and KF are called Freundlich isotherm constants. 
KF represents the relative adsorption capacity or the 
amount of adsorbate adsorbed from a solution with unit 
concentration. 1/n denotes heterogeneity of the adsorbent 
surface. The value of 1/n close to or equal to 1 stands for 
the homogenous binding sites of the adsorbent.50 Freun-
dlich isotherm plots of iron(III) and iron(II) ions are de-
picted in Fig. 7c–d, respectively. KF and n values were cal-
culated from the corresponding plots and are given in Ta-
ble 1. The values of n were found to be 1.93 and 1.77 for 
iron(II) and iron(III) ions, respectively. These values re-
vealed the favorability of iron(II) and iron(III) ions ad-
sorption onto the SD/PAni, since the n values in the range 
of 1 to 10 represent favorable adsorption. Comparison be-
tween calculated correlation coefficients for Langmuir and 
Freundlich isotherms (given in Table 1) indicated that the 
adsorption data of Fe(II) was better fitted to Langmuir 
whilst the experimental adsorption data for Fe(III) was 
well modeled by Freundlich isotherm.

The adsorbent–adsorbate interaction and heat of the 
adsorption were assessed by Temkin isotherm model with 
the following equation (Fig. 7e–f):

(6)

where bt stands to the heat of the adsorption (J mol−1) and at 
is related to the equilibrium binding constant. The values of 
at and bt were calculated as 16.24 and 8.07 for Fe(II) and 
20.82 and 10.33 for Fe(III), respectively (Table 1). Regarding 
to the values of at obtained for Fe(II) and Fe(III), it was found 
that ferric ions were preferably adsorbed on the SD/PAni. 

Multilayer adsorption isotherm model was also ap-
plied to fit the adsorption data:51

(7)

where K1 and K2 refers to the adsorption affinity constants 
for the first layer and for subsequent multilayer, respec-
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Table 2. Effect of concentration and type of eluent on the recovery 
of Fe(II) and Fe(III) ions. 

                    Eluent	                             Recovery (%)
Volume (mL)	 Content	 Fe(II)	 Fe(III)

20 	 0.3 mol L–1 HCl	 87.2	 69.0
20 	 0.3 mol L–1 HNO3 	 75.7	 72.0
20 	 0.3 mol L–1 H2SO4 	 63.0	 70.3
25 	 0.5 mol L–1 HCl	 91.2	 88.6
30 	 0.5 mol L–1 HCl	 95.0	 94.6
50 	 1.0 mol L–1 HCl	 98.89	 98.3

To check the reusability of SD/PAni for iron ions ad-
sorption, five successive cycles of adsorption and desorp-
tion studies were carried out in a batch system. The results 
are depicted in Fig. 8. The percentage of adsorption of the 
recycled adsorbent was 98.0% and 96.9% at the first cycle 

for Fe(III) and Fe(II), respectively. After five adsorption–
desorption cycles, the adsorption of Fe(III) and Fe(II) de-
creased by 5.9% and 6.8%, respectively. The results con-
firm that SD/PAni is an effective and recyclable adsorbent 
for the removal of iron ions. 

3. 8. Comparison with Other Methods
SD/PAni has satisfactory characteristics in compari-

son to the previously reported methods for removal of 
iron(II) and iron (III) ions (Table 3). Adsorption capacity 
is one of the most important characteristics of an adsor-
bent. The calculated adsorption capacities (qm) for the SD/
PAni were satisfactory and found to be 31.56 and 39.39 mg 
g−1 for iron(II) and iron(III) ions, respectively. Operation 
in continuous mode is another major advantage of the pre-
sented method. Additionally, the proposed method can 
handle reasonable sample volume, and has less normalized 
extraction time than other methods.9,52–59 Normalized ex-
traction time is defined as the time required to extract 1.0 
mg of the adsorbate by 1.0 g of the adsorbent. It is worth 
noting that the efficiency of raw sawdust was checked to-
ward the removal of iron ions. It was found that the effi-
ciency of the sawdust decorated with polyaniline was more 
than 1.5 times greater than the raw sawdust for the remov-
al ion ions.

4. Conclusions
SD/PAni was synthesized and employed as an effec-

tive adsorbent for removal of Fe(II) and/or Fe(III) ions 
from aqueous solutions in a fixed–bed column system. To 
our knowledge, this is the first time that SD/PAni has been 
used for the removal of iron ions. The data gathered in the 
study suggest that SD/PAni has a good potential for ad-
sorption of iron(II) and iron(III) ions. The greatest ad-
sorption efficiency was observed at pH 4.0, flow rate of 5.0 

Table 3. Comparison of the characteristics of the proposed method with the previously published methods.

Adsorbent	 Analyte	 Adsorption	 Extraction	 Normalized	 Sample	 Reference
		  capacity	 time (min)	 extraction time	 volume
		  (mg g–1)		  (min mg–1)	 (mL)

Fe(III)–IIP	 Fe(III)	 40.41	 15	 600	 25	 9
Fe(III)-imprinted amino–	 Fe(III)	 25.21	 150	 150000	 150	 52
functionalized silica gel
Triton X–100–coated PVC	 Fe(III)	 2.7	 80	 8000	 450	 53
Modified silica gel	 Fe(III)	 25.76	 150	 150000	 150	 55
Functionalized activated carbon	 Fe(III)	 77.8	 100	 20000	 200	 56
SDS–coated alumina	 Fe(III)	 6.3	 437.5	 8750	 1750	 57
Pyridinium IL– modified silica	 Fe(III)	 11.8	 100	 20000	 200	 58
Fe(II)– IIPa	 Fe(II)	 1.57a	 30	 6000	 10	 59
Polyaniline coated-saw	 Fe(II)–Fe(III) 	 31.56–39.39	 10	 10	 50	 This
dust						      work

a IIP: ion imprinted polymer

Figure 8. Effect of cycle times on the removal efficiencies of iron 
ions.
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mL min−1, and temperature of 25 °C with adsorbent mesh 
size of 100 BSS. A closer look at the results indicated that 
ferric ions are more adsorbed compared to ferrous ions 
under conditions far from the optimized conditions. How-
ever, under optimal conditions where the adsorption effi-
ciency of SD/PAni is as high as possible, no significant 
competition of adsorption between Fe(II) and Fe(III) ions 
takes place. Isotherm data of Fe(II) and Fe(III) adsorption 
were well fitted to multilayer adsorption isotherm model. 
Adsorption process of both iron species were tempera-
ture–independent in the range of 30–55 °C. 50.0 mL 1.0 
mol L–1 HCl was efficiently used as an eluent for regenera-
tion of adsorbent. 
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Povzetek
Cilj te raziskave je bil preučiti primernost žagovine s prevleko iz polianilina (SD/PAni) kot adsorbenta za odstranjevanje 
Fe(II) in/ali Fe(III) ionov iz vodnih raztopin. Raziskava je obsegala šaržne in kolonske poskuse. Pri kolonskih poskusih 
smo preučevali vpliv različnih eksperimentalnih parametrov na adsorpcijsko obnašanje Fe(II), Fe(III) in zmesi obeh ion-
ov. Ugotovili smo, da so optimalni adsorpcijski pogoji za posamezno zvrst železa in za njuno zmes podobni. Optimalne 
vrednosti so bile: pH 4,0; pretok 5,0 mL min−1; temperatura 25 °C in velikost delcev adsorbenta 100 BSS mesh. Za študijo 
adsorpcijskih izoterm pri sobni temperaturi smo izvedli šaržne eksperimente. Rezultati so pokazali, da se adsorpcijski 
izotermi za obe zvrsti železa najbolje prilegajo večplastnemu adsorpcijskemu izotermnemu modelu. Preverili smo tudi 
stabilnost adsorbenta pri ponovitvah adsorpcije–desorpcije ter ugotovili, da je stabilen 5 ciklov.
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