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Abstract. This work is dedicated to the adsorption of ferric (III) ions by maleic anhydride styrene copolymer
(MASC) modified with 2-amino-4,6-disulphoacid. The influence of pH, time required for reaching of maxi-
mum adsorption capacity, ionic strength, and primary concentration of ferric (III) ions were studied during
investigations. Results have shown that the maximum adsorption capacity of the sorbent with respect to ferric
ions is 373.31 mg/g at pH=5. Equilibrium concentrations of ferric (III) ions in solution was set by using 2,2"-
([1,1"-biphenyl]-4,4"-diilbis(diazen-2,1-diyl)bis(benzene-1,3,5-triol) CisHisOsN4 (R) as reagent. Absorbances
of solutions were measured on KFK-2 with 1=1 cm at Am.x=490 nm. Beer's law was obeyed in the range 0.056-
0.12 mcg/g. Various adsorption isotherm and kinetic models have been studied. It was found that Langmuir
model best explains the current adsorption process and pseudo-second order kinetic model best fits with results.
The structure of adsorbent was studied by IR spectroscopy on Varian 3600 Fourier spectrometer in the region
from 400 to 4000 cm!. Results of investigation were compared the literature data.
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Original article

HccnenoBanue ancopounu Fe (IIT) na moaudgumupoBanuom ajacopoeHTe:
HU30TEePMbI U KHHETHKA aJcOpPOIun

Acemupa Txamaua Jwdosa!™, Xamua Txaman Harues!, ®amuas Myca Usiparos!
'BakuHCKHH rocyapcTBEHHBIN yHUBEPCHTET, baky, Azep6Oaiimkan, esmira024@yahoo.com™

Annotanusi. Pabora nocssimena agcopOuun noHoB TpexBaieHTHoro xenesa (III) comomimepom manenHo-
Boro aarunpuna u crupona (MASC), MmoguduimpoBaHHEIM 2-aMiUHO-4,6-1uCyTEGOKHICIOTONH. B X01me nccie-
JOBaHWH M3ydaiy BIustHUE pH, BpeMEeHH OCTI)XKEHNST MAaKCHMAJIBHOH a/ICOPOIIMOHHON CLIOCOOHOCTH, NOHHOMN
CHJIBI ¥ MCXOJIHOW KOHIIEHTpAIlMK MOHOB TpexBajeHTHoro xene3a (III). PesymbraTs! mokasanm, 4To Makcu-
MalbHasi aICOPOIIMOHHAsI EMKOCTh COPOEHTA 110 MOHAM TPEXBAJICHTHOTO XKene3a coctaiseT 373.31 Mr/r npu
pH=5. PaBHOBeCHBIE KOHIICHTPALIMN HOHOB TpexBaieHTHoro xene3a (II1) B pacTBope ycTaHaBIHBaIu ¢ IOMO-
mpto 2,2°-([1,1'-0udennn]-4,4’ - muunoduc(nuases-2, 1 -nuun)ouc(oenson-1,3,5-tpuomn) CisHisO¢N4 (R) B kaue-
cTBe pearenTa. ONTHYECKYIO IUNIOTHOCTH pacTBOpoB u3Mepsuin Ha KOK-2 ¢ 1=1 cM npu Amax=490 HM. 3aKkoH
bepa Bemosnsuics B auanazone 0.056-0.12 Mkr/r. Bpuin u3y4eHsl pa3auyHble H30TEpPMBbI aICOPOLMK U KUHE-
THYECKHE MOJeNIU. BpIIo ycraHoBiIeHO, 4To Mozeinb JIeHrMiopa jtydie Bcero o0bsSICHIET TEKYIIUH Mporecc
ayicopOIMH 1 TICEeBJO-KMHETHYIECKasi MOJIENIb BTOPOT'O MOPSI/IKA JIyUIlle BCEr0 COOTBETCTBYET ITOJyYE€HHBIM pe-
synerataM. CTpykTypy aacopOeHrta ucciemoBanu MetogoMm HK-crextpockonuu Ha ®Dypbe-ciekTpoMeTpe
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Varian 3600 B o6mactu ot 400 10 4000 cv!. Pe3ymbTaTel HCCIe0BaHUs CPABHUBAJIH C JIUTEPATYPHBIMHU [IaH-

HBIMH.

KiroueBnie cinoBa: ancop6buus, Fe (II1), comonmumep MaaenHOBOTO aHTHAPUIA U CTHUPOIA, 2-aMUHO-4,6-11-

Cynb(OKHCIO0TA, KOHIEHTPUPOBAHHE.

Jas umtupoBanus: Eyyubova E.J., Nagiyev Kh.J., Chiragov F.M. Adsorption study of Fe (III) on modified
adsorbent: adsorption isotherms and kinetics // Copbyuonnvie u xpomamoepaguueckue npoyeccor. 2022. T.
22, Ne 4. C. 433-441. https://doi.org/10.17308/sorpchrom.2022.22/10597

Introduction

Iron is one of the main contaminants,
especially in cities where iron and steel are
manufactured. It's found in chemical
wastewater, metallurgical, machine-build-
ing, metalworking, petrochemical, textile,
chemical-pharmaceutical and other indus-
tries. Water with iron concentration of more
than 1 mg/dm? becomes brown. Toxicity of
iron leads to various health problems as well.
In connection with the growth of industrial
production, there is an increase in the con-
sumption of natural water and, as a result, an
increase in generated wastewater. Insuffi-
ciently treated wastewater is the main source
of pollution and clogging of natural reser-
voirs, lead to significant physicochemical
changes in the properties and composition of
water, making it unsuitable for household
and household use. The most common toxic
impurities of wastewater are heavy metals.
Sources of these impurities are waters of tex-
tile, leather, electroplating, chemical, and
machine-building enterprises, as well as ore
and mine enterprises production [4,5]. The
removal of heavy metal ions from different
objects is an important task nowadays [10-
12,13-15].

The goal of the present work is studying
the adsorption of Fe (III) ions from its aque-
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Scheme 1. Molecular structure of a copol-
ymer of styrene with maleic anhydride
Cxema 1. MonekynspHas CTpyKTypa
COIOJIMMEpa CTHPOJIa
C MaJIeMHOBBIM aHTHIDUIOM

ous solutions by a polymeric chelate-form-
ing adsorbent based on a copolymer of sty-
rene with maleic anhydride and 2-amino-
4,6-disulphoacid [2,6-8]. Different adsorp-
tion characteristics, i.e., the influence of pH,
time, ionic strength, initial concentration of
the metal ions, were studied during this
work. During investigations the desorption
process was also studied and the optimum el-
uent was established. Several adsorption iso-
therm and kinetic models were also investi-
gated [9].

Experimental part

Preparation of solutions. A 5107
mol/dm?® concentrated solution of Fe (III)
ions was prepared by using a 10" M FeCls
solution, obtained by dissolving reduced
iron in HCI and HNO3, was used for analy-
sis. The equilibrium concentrations of Fe
(I1T) ions in the solution were determined by
using 2,2°-([1,1 -biphenyl]-4,4 -diilbis(di-
azen-2,1-diyl)bis(benzene-1,3,5-triol)
CisH1sO6N4 (R) [3]. Absorbances of the so-
lutions were measured on KFK-2 and the op-
timal pH=5 and A=490 nm were established.

Based on 0.1 N solutions of CH3COOH
and NH4OH buffer solutions from 1-5 were
prepared. 2 mol/dm? KCl solution was used
for studying of ionic strength effect. For de-
sorption studies 2 mol/dm® KOH solution
was used. Adsorbent synthesis was carried
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Scheme 2. Molecular structure
of 2-amino-4,6-disulphoacid
Cxema 2. MonekynapHas CTpyKTypa
2-aMUHO-4,6-TUCyNb(HOKUCIOTa
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out on the basis of styrene maleic anhydride
copolymer and 2-amino-4,6-disulphoacid.

Adsorbent synthesis. The adsorbent was
synthesized by a known technique [1]. As
the polymer matrix for the synthesis of the
adsorbent, styrene maleic anhydride copoly-
mer and 2-amino-4,6-disulphoacid were
used. For that purpose, 3 g of copolymer was
added to the round bottom flask. Subse-
quently, the appropriate amount of 2-amino-
4,6-disulphoacid was weighed, dissolved in
water and added to the original contents of
the flask. The synthesis was carried out in
the presence of formalin, as a cross-linking
agent. The reaction was carried out at a tem-
perature of 60-70°C, for 30-40 minutes. Dur-
ing the reaction, the following transfor-
mations were observed:

CH;,—CH—
04Z S%O @

t
+ nH,0——>
o

n
CH—CH—
/% }\
O (0]
HO  OH
n

Reaction is carried out in an aqueous me-
dium. As a result the anhydride groups of the
polymer undergo hydrolysis.

Due to the mutual influence of formalde-
hyde and amine, an unstable carbonylamine
is formed. Carbonylamine interacts with the
carboxyl groups of the macromolecule and
thus the amine is introduced into the macro-
molecule.

After resulting adsorbent is passed
through a filter paper, washed, dried,
ground, and used for further research.

Hlxo + R—NH—>

E (@] HO
i —

OH R

Preconcentration. All studies were car-
ried out at room temperature. For each ex-
periment, 2 cm® of a solution of metal ions
with a known concentration (5-107
mol/dm®) was added to 50 cm® conical
flasks. 30 mg of adsorbent and correspond-
ing pH were added to each of them. An Ion-
omer-130 pH meter was used in order to con-
trol the pH of the solutions. The ready solu-
tions were kept for 24 hours. Then the con-
tents of the flasks were passed through a fil-
ter paper so that the liquid phase was sepa-
rated from the solid phase.

Afterwards, 1 ml samples were taken
from each flask, diluted with a buffer solu-
tion pH 5, and final concentrations of Fe (III)
ions were measured with the reagent (R) on
the photoelectrocolorimeter KFK-2 at A=490
nm.

The degree of metal ion extraction was
calculated by the following formulas:

R, % = ==2-100, (1)
(C _Ce)V
o =G @)

where Co is the initial concentration of the
metal ion (mol/dm®), Ce is the equilibrium
concentration of the metal ion (mol/dm?), V
is the volume of the solution (dm?), and m is
the adsorbent mass (mg).

The desorption process. For desorption
studies different inorganic acids of the same
concentration were used, mainly: 0.5
mol/dm? solutions of HNOs, HCl, H2SOs4,
and CH3COOH acids. Experiment was car-
ried out in the following way: 30 mg of ad-
sorbent were weighed into 4 flasks, 2 cm® of
a 5-10” mol/dm? Fe (III) solution and 18 cm?
of pH 5.0 were added and left for 24 hours.

HO
NH-R

-R
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~ .

Scheme 3. The mechanism of the adsorption process
Cxema 3. MexaHU3M TIporiecca aacopOIimu
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Fig. 1. IR spectra of the adsorbent
Puc. 1. UK criektpsr agcopOeHTa

Thereafter, the solid part of the solution was
separated from the liquid by filtration. To the
filtered part 20 cm? of 0.5 mol/dm? solutions
of HNOs, HCI, H2SO4, and CH3COOH ac-
ids was added.

Tightly closed and left for 24 hours. At
the end of the day, the liquid portion of the
solution was again separated from the solid.
1 cm?® was then taken from the homogeneous
solution, 1-2 cm® of a 2 mol/dm? solution of
KOH was added, diluted with a buffer solu-
tion of pH 5.0, and final concentrations of Fe
(IIT) ions were determined with reagent R on
KFK-2 [5].

Equipment. Photoelectrocalorimeter
KFK-2 in a cuvette with a layer thickness
I=1 cm was used for absorption studies. pH
values were measured on the pH meter lon-
omer [-130. The IR spectrum of the adsor-
bent was taken on a Varian 3600 Fourier
spectrometer in the region from 400 to 4000

cm™.

Results and discussions

Adsorbent structure. Results of IR spec-
troscopy are given in Figure 1.

In the IR spectrum of the sorbent 3668-
3111 cm! corresponds to valence oscilla-
tions of the -OH group in the carboxyl group,
as well as valence oscillations of the -NH
group (3361 cm™), 1733-1745 cm’! (valence
oscillations of the -C=0O group in the car-
boxyl group carboxyl group) are observed.

A . 400
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Fig. 2. Effect of pH on the adsorption
capacity: My=30 mg, Vgen=20 cm’,
Cme=5-10" mol/dm’

Puc. 2. Biusuaue pH Ha agcopOumon-
HYIO CMKOCTb

Absorption bands are observed at fre-
quencies of 1585-1565 cm™! (valence oscil-
lations of C-N and deformation vibrations of
N-H), 1605-1457 cm™ (valence oscillations
in the benzene ring), 730-695 cm™! (defor-
mation vibrations in the benzene ring).

Effect of pH on the degree of extraction
of Fe (III). pH effect is one the essential fac-
tors during adsorption. To study this effect
to 30 mg of adsorbent 2 cm? of a 5-107
mol/dm? metal ion solution and 18 cm? of an
appropriate pH of 1 to 5 were added. The
contents of the flask were kept for 24 hours.

After a day, the solid part of the solution
was separated from the liquid and the ab-
sorbances of solutions were measured on a
KFK-2 photoelectrocalorimeter at pH 5.0
and Amax 490 nm. The results have shown
that the greatest metal recovery is observed
at a pH 5.0. Further adsorption experiments
were carried out at pH 5.0. The resulting data
is illustrated in Figure 2.

The effect of contact time. The effect of
time required for reaching of maximum ad-
sorption capacity is shown in Figure 3. For
that purpose, the time was varied in the range
from 0 to 240 minutes. The equilibrium con-
centrations of metal ions in the sample were
determined at the appropriate time intervals
at KFK-2 and A=490 nm.

As can be seen from Figure 3, the degree
of adsorption changes slightly. This shows
the quick reaching of complete adsorption
equilibrium.
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Fig. 3. Effect of time on the adsorption
capacity: My=30 mg, Vgen=20 cm’,
Cme=5-10" mol/dm’
Puc. 3. Bnusnue BpemMeHu
Ha aJICOPOIMOHHYIO CITOCOOHOCTH

Effect of ionic strength. In this study, the
effect of ionic strength on the degree adsorp-
tion capacity was investigated. To achieve
this, a 2 mol/dm® KClI solution was used.

It was found that in the range of p=0.2-
1.4 mol/dm?>, the presence of K™ and Cl ions
have a small effect on the extraction of metal
ions and practically does not affect the ad-
sorption capacity of the adsorbent.

Effect of the initial concentration of Fe
(III) ions. To study the influence of primary
metal ion concentration on adsorption capac-
ity it was varied from 0.1-10"* mol/dm? to
6103 mol/dm?. The corresponding volumes
of the metal ion solution and pH 5.0 were
added to 30 mg of adsorbent. Absorbances
of the homogeneous solutions were meas-
ured on KFK-2 at pH 5.0 and Amax=490 nm.
The degree of extraction was calculated ac-
cording to formula (1). The results are
graphically depicted in Figure 4 and Table 1.

It was found that the greatest adsorption
capacity is observed at a concentration of
4:103 mol/dm? and is equal to 373.31 mg/g.

450
400
350
300
250
200
150
100

50

Adsorption capacity, mg/g

0 0,002 0,004 0,006

Concentration, mol/dm?3

0,008

Fig. 4. Effect of initial metal ion concen-
tration on the adsorption capacity:
Msorb=30 Mg, Vgen=20 cm3,
Cme=5-10" mol/dm’
Puc. 4. Biusnue HayanbHOW KOHLEHTpa-
LIMM HOHOB MeTaJula
Ha aJICOPOIIMOHHYIO0 EMKOCTb

The desorption process. Desorption stud-
ies were carried out by using different inor-
ganic acids with the same concentration, in
particular 0.5 mol/dm?® solutions of HNOs3,
HCI, H2SO4, and CH3COOH acids. The
maximum desorption ability over Fe (III)
ions was shown by a 0.5 mol/dm? solution of
HNO:s.

Langmuir isotherm. Equation below is
used in order to describe Langmuir isotherm
model [Langmuir, 1918]:

AmKLCe

e = 1+K,C, (3)

where Ce (mmol/dm?) is the concentration of

adsorbate in the aqueous phase at equilib-

rium, qe (mmol-g™!) is the equilibrium ad-

sorption capacity, gm is equal to g. for the

complete monolayer, and Kz (dm*/mmol) is
the Langmuir isotherm constant.

Curve of dependence of //g. on 1/C. is
given in Figure 5. The values of the gmaxand
Kiwere calculated from the slope and the in-
tercept of the plot, correspondingly.

Table 1. Langmuir, Freundlich, and Dubinin-Raduskhevich isotherm parameters
Tab6mmma 1. [Tapamerpsl uzotepm Jlenrmiopa, @peitnamuxa u /lyonannaa-PanymkeBuda

Langmuir Freudlich Dubinin- Raduskhevich
(max, 3, KE, (s, . kD-R,
mgg K, d_rln RL R? mg: I/n R? mg: E, k:Il mol* R?
1
1 mg gl gl mo k)2
7.608 4.28 0.988 | 0.992 | 14.18 | 1.658 | 0.958 | 291.2 2.8 6:10% | 0.933
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y =0,8508x - 2,0285
R? = 0,9927
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1/c,
Fig.5. Langmuir isotherm model
Puc.5. Mogaens nzorepmol JIeHrmMiopa

Equilibrium parameter (RL) is an im-
portant Langmuir isotherm model factor and
can be calculated using the following for-

mula:
1

Ry = 4)
0

where b is the Langmuir constant
(dm*-mmol™), Cy is the initial concentration
of adsorbate (mmol/dm?®). The value R; indi-
cates the isotherm type. A value between 0
and 1 shows favorable adsorption process.

Results show that Ri lies between 0 and 1
and is equal to 0.988, which shows that ad-
sorption is favorable under the current con-
ditions by Langmuir model. Also, the value
of the coefficient of regression R?=0.992
shows that isotherm model fits good with ex-
perimental adsorption data.

Freundlich isotherm. Equation below can
be used to describe the Freundlich model
[Freundlich, 1906]:

Inq, = InKp + %lnCe ,

)
where C. (mmol/dm?) is adsorbate concen-
tration at equilibrium, g (mmol-g™') is the
equilibrium adsorption capacity, Kr is the
Freundlich constant and //n the heterogene-
ity factor.

The curve of dependence of /nge on InC.
is shown in Figure 6. The values of Krand
1/n were calculated from the slope and inter-
cept of the plot, accordingly.

Krvalue characterizes adsorption capac-
ity (mg/g), n-adsorption intensity. The value
of 1/n is a function of adsorption strength. If
the value of 1/n is lower than 1 it means a

3 A

y=1,6583x+2,6522 ® 2

R? = 0,9584 /‘ 1 4
[ 4

Incer T T
6 4

Inq,

h A b N B o

Fig. 6. Freundlich isotherm model
Puc. 6. Mogens usorepmsl Opeitnnnmnxa

normal adsorption, if 1/n>1 it shows cooper-
ative adsorption. In our case 1/n=1.658,
which indicates a cooperative adsorption
process.

Dubinin-Raduskhevich isotherm. Adsor-
bent porosity can be described by Dubinin-
Radushkevich (D-R) model. Following
equation lies on the basis of this model [Du-
binin, 1947]:

Ing, = Inqs — kp_ge*, (6)
where ¢, is the theoretical saturation capac-
ity (mmol-g'), kp_g is the D-R isotherm
constant related to the free energy of adsorp-
tion, and ¢ is Polanyi potential that is related
to the equilibrium concentration as follows:

e=RTin(1+ Ci) (7)
where R (8.314 J-mol!-K") is the gas con-
stant and 7' (300 K) is the absolute tempera-
ture.

Adsorption energy is found using the
equation below:

E =

1
Nerorl ®)

Plot of Inge versus £ is given in Figure 7.
The values of ggand kp_g are calculated
from the intercept and slope.

The value of R?is equal to 0.933. E is
equal to 3.8 kJ mol!. IfE lies between 8 and
16 kJ mol™! then it shows chemisorptions
process, while the value of E lower than 8 kJ
mol! means physical adsorption process.
So, in our case, the value of E equal to 2.8 kJ
mol ! means that physical adsorption process
is observed between S and Fe (III).
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Fig. 7. Dubinin- Raduskhevich isotherm model
Puc. 7. Mogens nzorepmel lyoununa-Panymkesuyaa
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Fig. 8. Pseudo-first-order kinetic model
Puc. 8. Kunernueckass Moaein
TICEBI0-TIEPBOTO MOPSIKA

Pseudo-first-order model. The equation
below is used in order to describe adsorption
process by pseudo-first-order kinetic model:

In(q. — q¢) = Inq, — kqt, )
where g, and q; are adsorption capacities at
equilibrium and time t (min), respectively
(mg-g') and k, is the rate constant of
pseudo-first-order adsorption (min'). The
plot of dependence of In(q, — g;)versus t is
shown in Figure 8.

Values of k; and ge were calculated from
slope and intercept of the plot of In(q, —
q:) versus t. The large difference between
the experiment g, value q.(xp) and the cal-
culated g, value @, () shows that pseudo-
first order kinetic model was poor fit for the
adsorption process of adsorbent S for Fe(III).

Table 2. Adsorption kinetic parameters

t, min

Fig. 9. Pseudo-second-order kinetic model
Puc. 9. Kunernueckast MOI€Ib
IICEB0-BTOPOTO MOPsAKA

Pseudo-second-order model. The pseudo-
second-order model can also be used to de-
scribe the adsorption process. It is based on

the equation below:
t 1 1

LA ~t, 10
¢ k20%  4qe (10)

where k, is the rate constant of pseudo-sec-
ond-order adsorption (g'mg'-min™') and

kq? is the initial adsorption rate
(mg g'!-min™). The plot of dependence of qi
t

versus t is shown in Figure 9.
Values of k, and ge were evaluated from

the intercept and slope of the plot of qi Versus
t

t. Results show that values of @, (exp) and
. (cal are close to each other, so that adsorp-
tion process of synthesized adsorbent S for
Fe(IIT) can be well described by the pseudo-

Tabnuma 2. Kunetudeckue napaMeTphl aacopouuu

Pseudo-first-order Pseudo-second-order
o 2
Q. (eXp), |y it | e (cal) R? k2. gmg Qe (cal), R
mg-g mg-g min mg-g
373.33 -0.003 70 0.170 5.93 363.44 1
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second order kinetic model. Results of ki-
netic studies are shown in Table 2.

Conclusion

The results of the investigations are quite
high, in particular, when studying the effect
of the initial concentration of metal ions on
the adsorption capacity of the adsorbent, the
maximum adsorption capacity of the adsor-
bent is 373.33 mg/g. The aforementioned al-
lows us to assume the possibility of using the
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