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ABSTRACT

Rapidity in technological aspects encourages industrial sector to utilize and apply the latest
technology to accelerate and optimize production in its field. Thus, waste from industry polluting
various aspects of environment, such as water, gives rise to environmental impacts. Heavy metals,
including iron, are one of the most common and dangerous pollutants often found in water
environments. The adsorption method has been used for separating heavy metals because of its
simplicity, thus effectively cuts energy consumption and costs in process. However, the
characteristics of heavy metal in water can vary depending on the element, which is essential to
have deep understanding through it. This study, Fe(l11)-11Ps was applied to adsorb and separate iron
from water through repeated adsorption with parameter improvements. The pH parameter plays an
important role, with ion competition happens at pH <2 and the formation of iron hydroxide species
at pH >4.5, which results in adsorption inhibition. The system succeeds in separating 55% of iron
content, with the average adsorption capacity at 8.4 mg/g within 30-minute equilibrium state. The
modeling of the adsorption kinetic equation found that the adsorption system carries chemisorption
characteristics (PSO), with maximum adsorption capacity of 11.15 mg/g and a reaction rate constant
of 19 min%,
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INTRODUCTION

Adsorption is one of the most widely used technologies in wastewater treatment systems due
to its advantages in terms of simplicity, ease, low cost, and low energy consumption 2. High
selectivity for sensor fabrication ! and reusability for efficiency ! are other advantages based
on the characteristics of the adsorbent used. It can be dealt with on the principle of waste
removal by the method of adsorption, which is based on the surface phenomenon, in which the
adsorbent is attracted to the surface of the adsorbent due to some forces of attraction.

These forces can be electrostatic, due to differences in surface charge, or van der Waals force,
which is an intermolecular dipole-dipole interaction, which in fact is a weak interaction known
as physisorption. In addition, chemisorption interaction can also occur during the adsorption
process, which involves electron transfer such as ion bonds or even covalents formed by
chemical reactions, so the forces tend to be stronger. This is due to the presence of specific
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binding sites formed on the surface of the adsorbent MMl Despite this, physisorption is
reversible but non-selective process that allows the desorption to happen, while chemisorption
is irreversible yet selective process [,

Interactions during adsorption are reviewed on a molecular scale; therefore, external
parameters such as pH, temperature, time, solvent volume, and adsorbent occupation greatly
affect the performance of the adsorption system and its performance FMEELIOLILL Moreover,
the adsorption system needs to adjust to the target adsorbate since its characteristics can vary,
such as reactivity and electric charge. Heavy metals are one of the highly reactive positive
charge adsorbate that have been extensively studied for their toxicity and chemical
characteristics. Hence, many adsorption systems have been developed to target specific heavy
metals with different types of adsorbent 2. Iron (Fe), as one of the heavy metals, has been
found as a pollutant in many aspects of water, as it is the second most abundant metal that
makes up the Earth's crust ™31, Iron is placed in group 8 on the periodic table as part of the
metal transition along with ruthenium (Ru) and osmium (Os), based on the nomenclature
system of IUPAC 141,

In water, iron can be present in two forms of cation: soluble Fe?* and insoluble Fe3*. In addition,
some bacteria can oxidize iron into Fe*" and stick to the plumbing system, damaging and
polluting the waterways connected to each other, thus spreading very quickly [ Iron
contamination in the human body is largely caused by long-term exposure to polluted drinking
water, which accumulates in the body. Although iron plays an essential role in the metabolism
of the human body, iron is potentially toxic to the body [l Iron poisoning, called
hemochromatosis, can trigger complications of diseases such as cirrhosis and heart failure 171,

In this respect, it is important to be able to remediate iron residues from the water effectively
and efficiently using simple adsorption methods. The study uses ion-imprinted polymers (11Ps)
as adsorbents that have tested their selectivity properties against the target, thereby targeting
only the target metal, Fe®* ion 8% The adsorption system is based on a static system in
which the Fe** adsorption is determined by Flame Atomic Absorption Spectroscopy (F-AAS)
method. The study describes an assessment of the adsorption of Fe3* on Fe(l11)-1IPs, with
differences in parameters such as pH and concentration during the adsorption process,
accompanied by chemical characteristics of the Fe3* ion in water.

METHOD
Materials

Polymers based on poly(methacrylic acid) (PMAA) are synthesized with the following
ingredients: methacrylic acid (MAA/CsHeO2) as functional monomer, ethylene
glycoldimethacrylate (EGDMA/C10H1404) as crosslinker, benzoyl peroxide (BPO/C14H1004)
25% in H20 used as initiator, Fe(NO3)3-9H,0 as iron template, hydrochloric acid (HCI) 37%
in H2O used as porogenic solvent, and gradient grade ethanol (C2HsO) as a solvent. Nitric acid
(HNO3) 65% in H.0O and the powder of sodium hydroxide (NaOH), respectively, were used to
control acidity in the test solution. All materials are supplied by Merck & Co., Inc. and are used
directly without further purification. The filter paper used in the filtration process is Whatman
cellulose filter paper No. 41 (pores: 20 um) and No. 42 (pores: 2.5 pm).

Synthesize of Fe(lll)-1IPs

The pre-polymer solution was prepared by dissolving Fe(NO3)3-9H>0 into 40 mL of ethanol
solution, then 0.4 mL of MAA, 3.96 mL of EDGMA, and 0.07 grams of BPO, respectively,
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were added and homogenized at room temperature for 90 minutes. The polymerization was
conducted by cooling-heating method, where the pre-polymer solution was subjected to a
temperature of -5°C for 1 hour in order to remove the dissolved oxygen. Then the solution was
heated at variations in temperature and heating time: 75°C for 3 hours, 80°C for 2 hours, and
85°C for 1 hour. The final result of polymerization was a solid acrylic-like polymer with
transparent in color.

The solid polymer was grounded into a fine powder and washed several times using ethanol to
remove impurities from the powder. The surface imprinting method was applied to remove the
Fe3+ template from the polymer, thus creating cavities on its surface. The process was done
by soaking the polymer powder in a solution of 6 M HCI, followed by stirring for 18 hours at
60°C. The process is repeated three times until the powder becomes pale yellow, called Fe(l11)-
I1Ps, then neutralized to pH 7 with aquades. Finally, the powder was dried in the dessicator for
24 hours.

Stock Solution of Fe3*

Fe(NOs)3-9H20 was used to make 1000 ppm stock solution of Fe** in 100 mL of volumetric
flask. A total of 0.723 g of Fe(N0Oz)3.9H,0 was weighed and dissolved in a small amount of
water. After being completely dissolved, the solution was transferred into the volumetric flask,
and 30 mL of 1 M HNOs were added, then the water was added again until the solution touched
the line of the volumetric flask at 100 ml. The same stock solution was made, but without the
addition of HNOa. The stock solution was diluted to obtain the test solution with the desired
concentration.

Adsorption Experiment

Batch adsorption method, using Fe(I11)-11Ps powder as adsorbent and Fe3* ions as adsorbate.
Adsorptions were carried out in a closed system, with the dosage of Fe(l11)-11Ps and the initial
concentration of Fe** ions determined. The filtrate was sent to the Shimadzu AA7000-series
Flame-AAS spectrometer to measure the Fe®* concentration remaining after adsorption. The
adsorption experiment was performed in several stages and conditions, as follows:

Condition 1

Fe(111)-11Ps weighed 0.02 g were added to the Fe3* solution at a concentration of 20 ppm, a
volume of 20 mL, and a pH of 1.5; it was then left at room temperature with time variations of
10, 20, 30, 40, 50, and 60 minutes. The mixture was filtered using Whatman No. 42 filter paper.

Condition 2

Fe(111)-11Ps weighed 0.2 g were added to the Fe®* solution at a concentration of 200 ppm, a
volume of 20 mL, and 20 minutes of adsorption time; then left at room temperature with pH
variations of 1; 1.5; 2.3; and 2.6. The mixture was filtered using Whatman No. 42 filter paper.

Condition 3

Fe(111)-11Ps weighed 0.02 g were added to the Fe®** solution at a concentration of 20 ppm, a
volume of 20 mL, 250 rpm stirring speed, and pH of 3.4. The solution was then left at room
temperature with time variations of 10, 20, 30, and 40 minutes. The mixture was filtered using
Whatman No. 42 filter paper.
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Condition 4

Fe(111)-11Ps weighed 0.02 g were added to the Fe®*" solution at a concentration of 20 ppm, a
volume of 20 mL, 250 rpm stirring speed, and at pH 4. Then the mixture was left at room
temperature with time variations of 5, 15, 30, 45, and 60 minutes. The mixture was filtered
using Whatman No. 41 filter paper.

RESULTS AND DISCUSSION

Characteristics of Iron lon

The stock solution of Fe** was made with water as its solvent; consequently hydrolysis reaction
occurs, which breaks down Fe(NO3)s into ions based on the following reaction:

Fe(NOs)s 2 Fe3* + 3NO (1)

where this reaction release highly reactive Fe3* ion, which binding hydroxyl group, thus
forming a complex metal with water as its ligand molecule. The process consists of several
stages [?%: (1) the formation of species with low molecular weight, as expressed in the following
chemical reactions,

Fe** + 6H20 2 Fe(OH2)6>* +H20 2 [Fe(OHz)s(OH)]** + H* )

this reaction occurs spontaneously and slowly, (2) the formation of a red cationic polymer, (3)
the degradation of a polymer that ends in conversion to the iron hydroxide phase, and (4) the
deposition of the solid form of iron hydroxide, which begins at a solution with pH above 4.5
(21 It's visibly characterized by a yellowish-brown color in the solution, as shown in Figure 1,
and becomes more concentrated over time.

Figure 1. Stock solution of Fe** (left) and iron hydroxide begins to precipitate (right)

The hydrolysis of Fe(NO3)s by water ligands should be prevented as soon as possible, as some
Fe3* ions will be separated from the solution and reduce the concentration of iron in the
solution, especially when measured by analytical methods such as AAS. To prevent this, a
concentrated HNO3 can be added to shift the equilibrium of the reaction toward the side of the
reagent, which is Fe(NOs)z. This is in line with the Le Chételier principle, in which the balance
will shift in the direction of the added substance (NO*) 22, Hence, the reaction becomes,

[Fe(OH2)5(OH)]2+ + H" —/HNO3]— Fe(NO3)3.9H,0 (3)
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The change in color of this solution can be explained by the properties of iron as one of the
transition metals since its electron configuration fills only part of the d-orbital, which is shown
below,

26Fe%=[Ar] 3d° 4s?; Fe?"=[Ar] 3d°; Fe**=[Ar] 3d°

therefore, iron(0) has electron valence of 8, which fills two different shells on its atom. While
oxidized iron (Fe?* and Fe®*), will lose electrons on the subshell of 4s %2, Figure 2 shows the
solubility of Fe(NOz3)s at different pH, which shows Fe(NO3)s starting to hydrolyze into iron
hydroxide species at pH 3, which is shown with a change of color towards yellowish and
starting to form precipitation along with rise in pH, as the process tends to be slow. At the basic
pH, precipitation is rapidly formed because high concentrations of OH™ bind more iron ions.

This is the characteristic that gives metal solutions a particular color transition, including iron,
which has a yellowish-brown color. This is due to the absorption of energy at certain
wavelength in the visible spectrum of light by the complexation between iron and water as
ligands. Water, H-O, as a ligand, will react with iron due to the high reactivity of iron ions, but
this process will create valence electrons on d-orbital—which is capable of holding 5 pairs of
electrons—of the iron, which will be split, thus creating a difference in energy levels of the
same orbital. d-orbital splitting is caused by Coulomb repulsion between the electron on the
ligand and the electron in the d-orbital of iron. The Coulomb repulsion will be much higher at
electrons closer to the ligand, causing the splitting of d-orbital. The complexation of water with
iron makes the electron on the d-orbital able to excite to higher energy level by absorbing
corresponding energy from the environment. It is known as the d-d transition 2%,

Based on the UV-Vis spectra of Fe(NOs)s solution in water observed by Sutherland et al. 24,
there is an absorption peak at a wavelength of 380 nm, which refers to the purple color on the
visible light spectrum. The author stated that nitrate ions, NO*~ do not absorb light above 300
nm, but species of iron hydroxide complex absorb light around wavelengths of 300 nm. This
absorption is d-d transition on the complexation of iron ions and water, where the remaining
visible light is transmitted, producing a complementary color of purple, i.e., yellow.

Figure 2. Solubility of Fe(NOs); on different pH

Evaluation of Adsorption System

The optimization of adsorption parameters becomes essential in order to enhance the
adsorption of adsorbate on the adsorbent and diminish possible errors. This study displays
several adsorption systems that have been performed and their evaluations based on similar
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references. Figure 3 shows four different adsorption systems against Fe3* ions on the same
material, namely Fe(l11)-11Ps.

In condition 1, the adsorption was performed with the time variation of 10-60 minutes. In this
case, the Fe3* solubility is high, but this is inconsistent with the adsorption results on the surface
of Fe(111)-11Ps, with the average adsorption capacity and removal efficiency, respectively, only
at 3.6 mg/g and 18%. Low adsorption performance in this system is due to the high acidity of
the solution, i.e., at pH 1.5, which allows protonation of the active site of Fe(lll)-11Ps, plus a
competition exists between H* ions and Fe®* ions during adsorption 251261 Several articles
reported similar things concerning the adsorption of metal ions at low pH [2711281[291.130}[31].[32],
A drastic decrease in adsorption at minute 60 can be attributed to the desorption of Fe* ions
from the surface of Fe(I11)-11Ps due to the effects of acidity 311341,

Fe(1lI)-11Ps 0.02g; Fe*" 20ppm 20mL Fe(ILD)-11Ps 0.2g; Fe* 200ppm 20mL
pH 1.5; Whatman No. 42 20 minutes; Whatman No. 42
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Figure 3. Adsorption System of Fe®* lon on Fe(I11)-11Ps: (a) Condition 1, (b) Condition 2, and (c) Condition 3

Condition 2 shows the adsorption of Fe3* ijons at a different pH, i.e., at pH 1, 1.5, 2.3, and 2.6.
Apparently there is a tendency for adsorption to increase as the pH increases, with the average
adsorption capacity and removal efficiency, respectively, at 5.3 mg/g and 27%. Supporting the
analysis of Condition 1, increasing the pH can prevent or reduce protonation of the active site
of Fe(ll1)-11Ps, improving the attraction between adsorbent-adsorbate. However, it should be
noticed that the adsorption of condition 2 was performed at higher doses of adsorbent and
adsorbate concentrations, 200 mg Fe(I11)-11Ps and 200 ppm Fe®*. In total, 11Ps-Fe(I11) adsorbed
more Fe®" ions, which is +80 ppm (1.5 mg Fe**), resulting in slightly better performance than
the previous system, yet considered lavish in resource. This is possible owing to the limited
occupation of Fe(lll)-11Ps during the adsorption process, which the adsorbent tends to sink,
thus unable to reach adsorbates.
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Condition 3 tries to overcome the limited occupation of Fe(ll1)-11Ps by applying magnetic
stirring at 250 rpm during the adsorption and performed at higher pH to produce efficient
adsorption of Fe3* ions. Oumani et al. [ observed that the efficiency of Cr3* ion adsorption
tends to increase with increased stirring speed during the process. In addition, the type of
stirring can also play an important role, as demonstrated by Kusmierek and Swiatkowski B in
the adsorption system performed against 4-chlorophenol on the active carbon material.
Physically contact stirring (magnetic bar and mechanical overhead) on the adsorbent increases
the adsorption capacity, as the contact between the adsorbent and the mixer bar is likely to
break down the particles into smaller particles and increase the occupation of adsorbents
compared to shaker stirring. However, the adsorption results obtained tend to be irregular and
did not increase over time, with the average adsorption capacity and removal efficiency at 13.8
mg/g and 69%, respectively.

Figure 4. Whatman Filter Paper no. 42: (a) before and (b) after filtration

It can be suspected that the Fe* ions were being filtered during the filtration process. As
described in point 3.1, at higher pH, iron is slowly hydrolyzed to form a species of iron
hydroxide that displays a yellowish-brown color. Therefore, it is important to know the
optimum pH of the Fe3* ion adsorption, which some studies have shown to be around pH 4
(2611361 Figure 4 shows the filter papers were different in color before and after filtration, which
can be suspected as iron hydroxide has been filtered on the paper. Merck, as the manufacturer
of Whatman 42, classified it as slow filter paper with a porous size of 2.5 um composed of
cellulose polymer B71. Test on filtration time to filter 20 mL of water at room temperature,
measured for 388 seconds at flow rate of 50 pL/s.

This gives a significant error to the adsorption system, especially since cellulose contains many
hydroxyl groups (—OH) with the potential for high reactivity and the ability to bind metal ions
(381 Engin et al. % explained the adsorptive characteristics of filter paper against several heavy
metals, including Fe3* ions. This finding tends to have an impact on low metal concentrations
(<50 ppm), but it is still concluded that filter paper should not be involved during the separation
of heavy metals in the adsorption process. However, utilizing filter paper is still considered
affordable, followed by low consumption of energy; thus, the contact time of adsorbate on the
filter paper needs to be shortened, alternatively. Therefore, the increase in adsorption
performance on condition 3 was probably caused by errors during filtration.
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Table 1. Whatman filter paper performance

Pore size Flowrate Contacttime

Filter paper

PP (um)  (uLss) (9)*
Whatman 42 2,5 50 388
Whatman 41 20 360 55

* filtration of 20 mL water

Condition 4 shows as depicted in Figure 5 the adsorption of Fe** ions at pH 4 and stirring at
250 rpm for varying adsorption times at 5, 15, 30, 45, and 60 minutes. The choice of pH 4 in
the system is based on the optimum pH for adsorption of Fe3* ions by the same material in
several references 12613611401 Tq shorten the contact time of adsorbate on paper, Whatman 41
has been chosen, as it is classified as fast filter paper with pore size of 20 um ¥ and flow rate
of 360 pL/s, with a contact time under a minute, as shown in Table 1.

Fe(1LI)-11Ps 0.02g; Fe*” 20ppm 20mL
pH 4; 250rpm stirring; Whatman No. 41

20+ 100

55.75%

10+ 43.40% 50

38.75%

34.70% 37-70%

r25

Adsorption Capacity (mg/g)
(94) KouaroIyy [eAOWY

5 15 30 45 60
Time (min)

Figure 5. Condition 4 after optimization

There is an increase to a maximum of 55% removal efficiency and adsorption capacity of 11
mg/g at 30 minutes, with the average adsorption capacity and percent absorption during
adsorption at 8.4 mg/g and 42%, respectively. However, after that, there is a decline in the 45th
minute and a slight increase again in the 60th minute. This may be attributed to the desorption
of Fe3* ions after reaching equilibrium at 30 minutes, which is caused by the formation of iron
hydroxide species followed by an increase in the concentration of H* ions according to
Equation 4; thus, there is a tendency for the adsorption system to become more acidic over
time.

Based on the modeling carried out on the adsorption kinetics equation, namely pseudo first
order (PFO) and pseudo second order (PSO), shown in Figure 6, the standard error of estimate
(SEE) parameter shows a smaller number in the PSO equation modeling, which is 2.07
compared to the PFO equation of 2.83. This indicates that the Fe3* adsorption mechanism on
Fe(I111) 11Ps predominantly occurs by chemisorption rather than physisorption 42143, This is
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also supported by the statistical parameters AIC and BIC, which have smaller values in PSO
compared to PFO. More details are shown in Table 2.

Modelling of Adsorption Kinetics

= PSO
1 === PFO

—_
o0 =] (=1
f L !

Adsorption Capacity (mg/g)

[=3%
1

10 20 30 40 50 60
Time (min)

Figure 6. Kinetics Modelling of Fe** Adsorption on Fe(ll1)-11Ps

Adsorption kinetics explains the adsorbate transfer process during adsorption and the factors
that influence adsorption over time 1, and this can be modeled into two general equations often
used, namely PFO and PSO, to achieve an interpretation of the adsorption mechanism that
occurs. The chemisorption mechanism dominates adsorption by Fe(lll) I1IPs, which can be
explained by the process of forming active sites on the surface of the adsorbent. The active site
formed will selectively recognize the target metal due to its similar chemical properties. So the
ability of 11Ps to recognize targets is often referred to "lock and key" mechanism 41,

Table 2. Statistics Parameters of Adsorption Modelling

Adsorption Kinetics Parameters  Value

k (min') 0.123
ge (mg/g) 11.15
Pseudo First Order  SEEs 2.83
AIC 26.05
BIC 25.28
k (mint) 19
ge (mg/g) 11.15
Pseudo Second Order SEE 2.07
AIC 22.91
BIC 22.13

CONCLUSION

This research seeks to evaluate the Fe®* adsorption system on selective materials, Fe(I11)-1IPs.
Analysis does not only focus on the results of adsorption but also on in-depth observations
regarding the characteristics of Fe3* ions in water, which have a big impact on the development
of the adsorption system on various materials. There is a fundamental dilemma and difficulty
in the adsorption of Fe3* ions, owing to their elevated solubility in acidic conditions, but this
condition prevents ideal adsorption from occurring due to protonation of the adsorbent surface
by H* ions. Meanwhile, hydrolysis occurs immediately, followed by the precipitation of iron
hydroxide at a pH that tends to be in the acidic realm (pH 4.5), thus also inhibiting ideal Fe3*

Copyright © 2024 Universitas Sebelas Maret



Evaluation of Ferric ... page 362

adsorption. Optimization of pH during adsorption was measured at pH 4, which is very close
to the pH when hydroxide formation occurs. Findings during the evaluation of the adsorption
system showed that adsorption of Fe3* on Fe(lIl)-11Ps occurred by chemisorption, which
enabled the formation of chemical bonds between Fe®* and active sites on the surface of Fe(l11)-
I1Ps, followed by the maximum adsorption capacity observed reaching 11 mg/g.
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