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Synthesis of iron-doped resorcinol formaldehyde-
based aerogels for the removal of Cr(VI) from

water

Abstract: Iron-doped resorcinol formaldehyde-based
aerogels (Fe-RF-AGs) were synthesized and used for the
removal of hexavalent chromium [Cr(VI)] from water
using adsorption. The synthesis steps of Fe-RF-AGs com-
prised the gelation by the polycondensation of resorcinol
and formaldehyde, followed by drying using supercriti-
cal carbon dioxide. The produced mesoporous material
was in situ doped with iron (Fe) before the incipience of
gel formation, using ferrocene as the metal precursor.
Various analytical techniques were used to characterize
the prepared materials. The batch adsorption study was
performed containing different amounts of Fe in the gel,
different initial Cr(VI) concentrations of the solution, and
at different solution pH and temperatures. The adsorp-
tion rate was found to be first order. The equilibrium data
were explained using the Freundlich isotherm. The ther-
modynamic calculations revealed that the adsorption of
Cr(VI) was spontaneous, endothermic and irreversible
over the temperature range of 20-40°C. The maximum
adsorption capacity of Fe-RF-AGs for Cr(VI) was found to
be approximately 55 mg/g at 30°C at the aqueous phase
concentration of 275 mg/1, which is larger than most of the
data discussed in the literature. The results indicated that
Fe-RF-AGs can be used as an effective adsorbent for the
removal of Cr(VI) ions from waste water.
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1 Introduction

Chromium (Cr) is one of the most abundant elements and
major pollutants in industrial effluents, responsible for
the contamination of water resources globally [1]. The con-
tamination of groundwater with Cr ions can be detrimen-
tal to plant growth and also, to the health of animals [2].
Cr ions exist in two natural forms: hexavalent chromium
[Cr(VI)] and trivalent chromium [Cr(III)]. The former ions
are present as chromate (CrO4*) and dichromate (Cr,0.%)
in water and are more hazardous to human being than the
latter [3]. The permissible limit of Cr(VI) ions in industrial
waste water effluents and drinking water are 0.1 mg/1 and
0.05 mg/1, respectively, as per the World Health Organiza-
tion (WHO) [4]. There is a necessity of treating Cr-laden
industrial effluents before discharging them to the water
bodies.

Various conventional methods have been used for the
remediation of Cr(VI)-laden water, such as electro-dialy-
sis, oxidation/reduction, chemical precipitation, evapo-
ration, reverse osmosis, filtration, ion exchange, solvent
extraction and adsorption [5-10]. A relatively larger
capital and operative costs, and problems associated with
the disposal of the residual sludge are major drawbacks
of the conventional methods such as electro-dialysis, oxi-
dation/reduction, chemical precipitation, evaporation,
reverse osmosis, filtration, ion exchange, and solvent
extraction. These methods may also produce a toxic
sludge, the handling, storage, and treatment of which can
be expensive. On the contrary, adsorption is considered
to be energy-efficient, environmentally benign, economi-
cally feasible, and a simple and effective process for the
removal of contaminants at relatively lower concentration
levels. Further, the used adsorbents can be regenerated
under controlled operating conditions to produce a sludge
which has high metal concentrations. Such sludge may be
processed to recover metals or generate useful products.

Several natural and synthetic materials such as
activated carbon, chitosan, polyaniline, polypyrrole,
silica, zeolite, clay, and metal oxides-based composites
have been used for the removal of Cr(VI) from aqueous
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solutions [5, 6, 10-14]. Recently, aerogels (AGs) are being
used for environmental remediation applications because
of their unique physico-chemical characteristics such as
large internal surface area and high porosity, which are
desirable for effective adsorption [14-18].

Resorcinol-formaldehyde-based aerogels (RF-AGs) are
porous materials. They are amenable to surface function-
alization which may enhance the adsorption capacity of
the materials. RF-AGs are produced by the polyconden-
sation of resorcinol and formaldehyde in acidic or basic
solvent, followed by drying under controlled conditions
to minimize the shrinkage and collapse of the porous
matrix [19]. The supercritical CO, drying is generally used
for drying of aerogels to produce a stable porous structure.

The previous versions of RF-AGs were synthesized in a
base-catalyzed aqueous medium. The major drawback of
base-catalyzed methods is a relatively longer gelation time
(up to 7 days at 85°C). Recently, different acids such as
perchloric acid- [20], nitric acid- [21], and acetic acid-cat-
alyzed RF-aerogels [22] have been synthesized with gela-
tion times varying between one to three days at 45-80°C.
However, the hydrogen chloride (HCl) catalyzed RF-AGs
were prepared in approximately 2 h at room temperature
(~30°C) and in 10 min at 80°C, which may be considered
to be one of the best methods reported in the literature [23,
24]. RF-AGs have also been doped with different metals
such as copper, nickel, cobalt and iron [25, 26].

In the present study, HCI catalyzed Fe-doped RF-AGs
(Fe-RF-AGs) were synthesized using the polycondensa-
tion of resorcinol and formaldehyde in acetonitrile to
produce gels, followed by drying using supercritical CO,.
The novelty lies in the synthesis of Fe-RF-AG aerogels.
The metal precursor (ferrocene) was incorporated in situ
during a synthesis step and the prepared material was
used as an adsorbent for Cr(VI). To our knowledge, the
in situ Fe-doped RF-AG aerogels have been used for the
first time as an adsorbent for Cr(VI) in this study. Fe has
an affinity for Cr(VI) ions, producing Cr-Fe complexes
[27]. The experimental results, discussed later, demon-
strated that the material was a potential adsorbent for the
removal of Cr(VI) ions from waste water.

The synthesized Fe-RF-AGs were characterized using
different analytical techniques such as the Brunauer-
Emmett-Teller (BET) area and pore-size-distribution (PSD)
measurement, scanning electron microscopy (SEM),
energy dispersive X-ray (EDX), atomic absorption spec-
troscopy (AAS) and Fourier transform infrared spectros-
copy (FTIR). The batch adsorption tests were performed
under different operating conditions such as Fe contents
in the produced adsorbents, adsorbent-dosage, adsorp-
tion (contact) time, initial concentrations of Cr(VI) in
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water, and pH. The kinetic and thermodynamic param-
eters were extracted from the experimental data.

2 Materials and methods
2.1 Materials

Resorcinol (CH,(OH),, 99%), formaldehyde (HCHO, 37%), hydrochlo-
ric acid (HCI, 35%), acetonitrile (CH,CN, 99%), 1-5-diphenylcarbazide
(C,H,,N,0) and sodium hydroxide (NaOH, 97%) were purchased from
Merck (Darmstadt, Germany). Ferrocene ((C,H,),Fe, 98%), acetone
((CH,),CO, 99%), and potassium dichromate (K,Cr,0,, 99.5%) were
purchased from Sigma Aldrich (St. Loius, MO, USA). Carbon dioxide
(CO,) was purchased from Sigma Gases (Delhi, India). All aqueous
solutions used in this study were prepared in Milli-Q (Aqua Guard,

Millipore, WA, USA) water.

2.2 Synthesis of RF-AG and Fe-RF-AG

Figure 1 shows the schematic illustration of the synthesis steps for Fe-
RF-AGs. The steps are the same as those used by Mulik et al. [24]. As
a modification of this method, ferrocene was used as the iron precur-
sor, and added in situ before the curing step (gel formation) to produce
Fe-RF-AG. Resorcinol (0.334 g), hydrochloric acid (30 ul) and formal-
dehyde (480 pl) were mixed with 13 ml ofacetonitrile solution con-
tained in a polypropylene mold to produce a homogenous solution.
Ferrocene was added in different amounts (10, 20, 30, 40 and 50 mol%

@
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Reaction at 60°C with sonication

Solvent exchange (acetonitrile-acetone)

Solvent exchange (acetone-CO,)

l CO, critical drying

Figure1 Schematicillustration of the synthesis of Fe-RF-AGs.
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with respect to resorcinol) to the homogenous solution, as a Fe-doping
agent. Next, the solution was heated to 60°C. It took about 2 min to
reach 60°C from room temperature (35°C). The solution was then ultra-
sonicated for 10 min, keeping the temperature constant at 60°C. Some
gel samples were prepared without incorporating Fe. After sonication,
RF or Fe-RF gels were produced. The acetonitrile contained in the pores
of the gel was exchanged with 50 ml of acetone at room temperature
(35°C), and replaced with fresh acetone at the regular intervals of 8 h.
This exchange process took approximately 48 h for completion. Next,
the RF/Fe-RF gel sample containing acetone in its pores was kept in a
sampler placed in the autoclave, as shown in the schematic illustration
(Figure 2) of the setup used for the supercritical drying of the gel sam-
ples. The sampler was filled with liquid CO, and kept for 24 h to replace
acetone with the liquid at 20°C. The autoclave was then heated to 32°C
at 73 bar for achieving the supercritical conditions. Next, the sampler
was depressurized by venting CO, at 40°C and the porous RF-AG or Fe-
RF-AG was produced. Figure 3 shows the photos of different gels and
aerogels with and without Fe produced in this study. Different colors of
the materials doped with and without Fe are observed.

It is important to mention that water is commonly used as a sol-
vent for gel preparation. In this study, acetonitrile was used as a sol-
vent instead of water to disperse ferrocene, as in the method of Mulik
et al. [24]. Acetonitrile acted as a polymerization medium only. It did
not participate in the reaction. However, gel formation occurred very
fast (within 10 min) in acetonitrile compared with water (in 5 days).
Moreover, the produced gel retained the shape of pores in Fe-RF-AG
prepared using acetonitrile. On the contrary, the pores shrunk when
water was used as the solvent.

2.3 Batch adsorption study

The Cr(VI) solutions of different concentrations were prepared using
a stock solution of 1000 mg/1 concentration by dissolving K,Cr,0,
salt in water. All adsorption experiments were performed in conical
flasks containing 50 ml of Cr(VI) solution and the adsorbents. The
flasks were placed in an orbital shaker incubator. The speed was
set at 150 rpm. Next, the adsorbent was separated from the solu-
tion using a filter paper (Whatman ashless filter paper; grade no. 42;
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diameter: 125 mm). The concentration of Cr(VI) in the test solution
was determined using 1,5-diphenylcarbazide (DPC) method [28].
Approximately 0.5 g-DPC was mixed in 100 ml of acetone, which was
then stored in a glass bottle at 4°C in the dark. Approximately 5 ml of
the prepared solution was mixed with a 7.5 ml of water-H,SO, 1:1v/v)
solution. Next, 0.12 ml of the prepared developer solution was mixed
with 5 ml of Cr(VI) solution. A coloured Cr(VI) metal-complex was
produced. The metal analysis of the solution was performed using
the UV-Vis double beam-spectrophotometer (Carry 100 Bio, Varian,
USA) and a characteristic peak was detected at 540 nm-wavelength.
The intensity of the peak increased with increasing Cr(VI) concen-
trations up to 3 ppm. The batch adsorption tests were performed for
different adsorbent doses, contact times, pH and Fe contents in the
adsorbents. The pH of the solutions was adjusted using 0.1 m HCl
and 0.1 M NaOH solutions. The percentage removal of Cr(VI) from the
aqueous solution was determined from the data:

C -C
%RemovaI:%XIOO, )]

0
where C, and C, are the concentrations of Cr(VI) before and after
adsorption, respectively. To estimate the uptake (g,, mg/g) of Cr(VI)
on the adsorbent, the following equation was used:

CU -Ce
w

e

XV, )

where w (g) and V (L) are the amounts of the adsorbent and the vol-
ume of Cr(VI) solution used for adsorption tests, respectively.

2.4 Adsorbent characterization

The Fe-RF-AG samples were characterized for their physico-chemical
surface characteristics using different analytical techniques. The sur-
face morphology of the synthesized materials was observed using a
field emission scanning electron microscope (FE-SEM) (Gemini Supra
40 VP, Zeiss) after the gold coating of the samples. The elemental
compositions of the samples were determined using EDX (Oxford,
Inca, Germany) and the area scanning of different locations in the
sample. The BET surface area and the PSD of the prepared samples
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Figure 2 Schematic illustration of the supercritical CO, drying setup.
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RF-Gel

Fe-RF-AG

RF-AG Fe-RF-Gel

Figure 3 Photos of the synthesized samples: RF-Gel, Fe-RF-Gel,
RF-AG and Fe-RF-AG.

were determined using N, at 77 K and the Autosorb-1C instrument
(Quantachrome, USA). The samples were degassed for 12 h to remove
moisture prior to the analysis. The BET surface area was calculated
from the linear segment (P/P_ from 0.05 to 0.35) of the N, adsorption
isotherm. The total pore volume was determined from the amount
of N, adsorbed at a relative pressure near unity (0.9994). The meso-
and micro-pore volumes were determined using the Barrett-Joyner-
Halenda (BJH) method and the density functional theory (DFT),
respectively. Prior to the analysis, the samples were degassed at
120°C under vacuum for several hours. The FTIR spectra (Bruker Ten-
sor 27, Germany) were obtained to determine the surface functional
groups of the prepared samples before and after exposure to the
Cr(VI) solution. The spectra were recorded over the wave number-
range of 1000—-4000 cm™ with 20 scans per sample, using attenuated
total reflectance (ATR) with a germanium (Ge) crystal.

3 Results and discussion

3.1 Adsorbent characterization
3.1.1 AAS analysis

Fe contents in the prepared samples were determined
using the AAS (Varian AA-240, USA) analysis. The Fe-RF-
AG samples were crushed using mortar and pestle and
digested in aqua regia to leach out the metal particles.
Table 1 summarizes the Fe loading in different Fe-RF-AG
samples. The metal loading increased approximately two
times on increasing the molar concentration of ferrocene
from 10 to 30% in situ incorporated in the polymeric matrix
during synthesis (before gel formation). The increase in
the metal loading at concentrations >30% was found to
be insignificant. At relatively higher concentrations, metal
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Table1 Fe loadings in the synthesized aerogel samples using AAS.

Fe (% molar concentration) in Fe-RF-AG Fe loading (mg/g)

10 7.15
20 10.0
30 14.10
40 15.20
50 16.41

particles were unbound to the polymeric gel matrix and
leached out during the solvent exchange process. Based
on the AAS data, all samples were prepared using 30%
molar concentration of ferrocene.

3.1.2 SEM analysis

SEM images were taken at 50 kx magnification to observe
the surface morphology of the prepared samples. Figure 4A
shows the porous structure of the RF-AG sample. Figure 4B
shows the porous texture of Fe-RF-AG, with some local-
ized agglomeration of the metals observed on the surface,
attributed to a few unbounded Fe contents in the RF-AG
matrix. Here, it may be mentioned that the in situ doping
of RF-AG before the curing step resulted in a physical dis-
persion of the Fe contents within the gel matrix during
curing. The unbound Fe contents in the gel appeared in
the form of a few patches as observed in Figure 4B. There-
fore, the dispersion of Fe contents within the gel matrix
was only physical and ferrocene did not participate in
the polycondensation reaction between resorcinol and
formaldehyde. Figure 4C shows the surface of the Fe-RF-
AG samples after the adsorption with Cr(VI). A distinct
change in the surface morphology was observed, with
the surface covered with Cr(VI). Figure 4A’, B, C’ show
the area-EDX spectra of the RF-AG, Fe-RF-AG and Cr(VI)-
adsorbed Fe-RF-AG samples, respectively. The spectra
confirmed the presence of Fe before adsorption and that
of Fe and Cr in Fe-RF-AG after adsorption with Cr(VI). In
Figure 4B’, C’, the appearance of gold-peak was attributed
to the gold coating of the samples before the EDX analysis.

3.1.3 BET analysis

Table 2 summarizes the BET surface area, macro-, meso-,
micropore volumes and total pore volume of the RF-AG,
Fe-RF-AG samples. The generation of porosity in RF-AG
was attributed to the solvent exchange and the evapora-
tion of the solvent from the material during supercritical
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Figure 4 SEM and EDX spectra of different samples: (A, A") RF-AG, (B, B") Fe-RF-AG, and (C, C’) Cr(VI)-adsorbed Fe-RF-AG.

Table 2 BET area and pore volumes of aerogels.

Adsorbents BET surface Total pore Macro pore Meso pore Micro pore

area (m?/g) volume (ml/g) volume (ml/g) volume (ml/g) volume (ml/g)
RF-AG 341.1 1.014 0.442 0.496 0.075
Fe-RF-AG (Fe 10%) 248.1 0.626 0.212 0.346 0.067
Fe-RF-AG (Fe 30%) 224.2 0.499 0.141 0.298 0.060

drying. The BET surface area of RF-AG was determined to
be 341 m?/g. The surface area and porosity decreased with
increase in the Fe contents that were incorporated in situ
during synthesis. The decrease was attributed to the pres-
ence of the unbound Fe contents present in the materials
even after the supercritical drying. Such unbound Fe con-
tents in Fe-RF-AG were observed as agglomerated species
in the SEM image shown in Figure 4B.

3.1.4 FTIR spectra

Figure 5 shows the FTIR spectra of Fe-RF-AGs. The peaks
at ~3260 and ~3645 cm® were attributed to —OH groups,
whereas that at ~1700 cm?* was attributed to the aromatic
C=C stretch of resorcinol used in the synthesis. The peak
at ~2360 cm corresponded to the presence of CO, on the
surface of the material and it appeared because of the
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Figure 5 FTIR spectra of Fe-RF-AG.

drying of the material using the supercritical CO,. The
peak at ~1510 cm? was attributed to the C=0 (aliphatic
ketone) stretch of acetone.

3.2 Batch adsorption study

3.2.1 Effect of Fe loading in adsorbents

Figure 6 shows variation in Cr(VI) uptake in the RF-AG

adsorbents containing different Fe contents (10-50%
molar concentrations of ferrocene). The uptake increased
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Figure 6 Effect of Fe loading on the adsorption of Cr(VI) (initial con-
centration=100 mg/|, weight=0.2 g, temperature=30°C, time=24 h).
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with increasing Fe contents in the RF-AG matrix. However,
the materials synthesized using 30% or more concentra-
tions exhibited a similar adsorption capacity, with <4%
increase observed in the capacity. The results are consist-
ent with the Fe loadings shown in Table 1 for the different
Fe-RF-AG samples. The increase in the adsorption capac-
ity of the material with increasing Fe loadings in the AG
matrix confirmed the affinity of the Fe toward Cr(VI).

3.2.2 Effect of adsorbent dose and time

The effect of adsorbent dose was studied using different
amounts (0.02-0.3 g) of adsorbent in 50 ml of 100 mg/1 of
Cr(VI) solution at 30°C for 24 h. Figure 7 shows that the per-
centage removal of Cr increased with increasing adsorbent
dosages and attained a maximum level. Approximately 0.2
g of the dosage was found to be effective, with 98-99% Cr-
removal and ~25 mg/g of Cr(VI) uptake. The results also
indicated that the specific uptake (mg/g) of Cr(VI) ions on
the adsorbent decreased with increasing adsorbent doses.
Hereafter, all experiments were performed using a 0.2 g
adsorbent dose.The effect of contact times on the percent-
age removal of the solute was investigated by varying
contact time and keeping the other parameters constant.
The percentage removal of Cr(VI) gradually increased with
increasing contact times. There was no significant change
observed in the percentage removal at ~24 h or after.

3.2.3 Effect of pH

The adsorption of Cr(VI) on Fe-RF-AG can be rendered
relatively larger or smaller by adjusting the initial pH
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Figure 7 Effect of adsorbent dose on the adsorption of Cr(VI) (initial

concentration=100 mg/l, temperature=30°C, time=24 h).
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of the solutions, because of the interactions of Cr(VI)
ions with the surface functional groups on Fe-RF-AG.
The effect of initial pH on the adsorption capacity was
investigated by adjusting initial pH (1-10) of a 500 mg/1
of Cr(VI) solution. Figure 8 shows that the maximum
adsorption uptake (~125 mg/g) was observed at pH=~2.
The uptake considerably decreased on increasing pH
because of the competitive adsorption of OH" ions rela-
tive to Cr(VI) ions.

3.3 Adsorption kinetics modeling

Different kinetic models were used to investigate the
adsorption kinetics of Cr(VI) on Fe-RF-AGs. The first order
equation is generally expressed as

-d_t[:klct 3
Here, C, is the solution concentration at time t and k, is
the first order adsorption rate constant (min®). Equation
(3) can be integrated to obtain a more useful form of the
equation:

In(C,)=In(C,)-kt (4)

The plot of In(C) vs. t is linear and k, can be determined
from the slope. The first order kinetic equation was found
to fit the adsorption data for Cr(VI) on Fe-RF-AGs reasona-
bly well. The correlation coefficients (R?) and the rate con-
stant were found to be 0.984 and 0.0021 min‘, respectively.
A relatively lower R? value, equal to 0.76, was obtained in
the case of the second order kinetic equation.
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Figure 8 Effect of pH on the adsorption of Cr(VI) (initial concentra-
tion=500 mg/|, weight=0.2 g, temperature=30°C, time=24 h).
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3.4 Adsorption isotherms

The equilibrium adsorption isotherm shows the relation-
ship between the amounts of a solute adsorbed per unit
mass of the adsorbent in equilibrium with the solution at
a constant temperature. The Langmuir isotherm describes
the monolayer adsorption of a solute on the homogene-
ous surface. The model assumes uniformly energetic sites
on the surface. The Freundlich isotherm allows for the
multilayer adsorption and the model is applicable for the
adsorption on a heterogeneous surface having a non-uni-
form energy distribution of the active sites. The adsorption
isotherm for Cr(VI) on Fe-RF-AG was determined from the
adsorption tests performed using the Cr(VI) solutions of
different initial concentrations and the fixed dose (0.2 g)
of the adsorbent. All tests were performed at 30°C. Figure 9
shows the equilibrium loading and the linearized form of
the Freundlich isotherm for the adsorption of Cr(VI) on
Fe-RF-AG. The adsorption capacity of the prepared mate-
rial was determined to be ~55 mg/g at the equilibrium
concentration of 270 ppm. The inset in Figure 9 shows the
fitting of the experimental data with the Freundlich equa-
tion. A reasonably good fit was observed. The correspond-
ing results for the Langmuir isotherm are not included for
brevity. Table 3 presents the linearized forms of Langmuir
and Freundlich isotherm equations, the correlation coef-
ficients (R?), and the isotherm parameters calculated from
the isotherm equations fitted to the adsorption data. In the
linearized Langmuir model, g, represents the monolayer
equilibrium uptake of Cr(VI) adsorbed per unit amount of
the adsorbent, C, represents the metal residual concentra-
tion in the solution, g denotes the maximum specific

60
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5 40
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E
[
o 30_
20
2.5 :
0 01 2 3 4 5 6
In (C,)
T T T T T T T T T T T T
0 50 100 150 200 250 300
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Figure 9 Equilibrium loading and linearized Freundlich isotherm
for the adsorption of Cr(VI) on Fe-RF-AG.
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Table 3 Isotherms and statistical parameters.

Langmuir Freundlich

11 1 Ing, Ink, = -1nc,

qe kl qmax ce qmax n

q,, (mg/g) 43.859 1/n 0.194
K, (I/mg) 0.5657 K, 18.872
R? 0.853 R? 0.978

uptake of the adsorbent, and K, is the Langmuir constant.
In the linearized Freundlich isotherm, Kf is the Freundlich
constant, n is the adsorption intensity, g, is the amount of
Cr(VI) adsorbed in multilayer at equilibrium and C, is the
equilibrium concentration of Cr(VI) in the solution. The R?
value of 0.978 for the Freundlich isotherm equation, being
closer to unity, confirmed the applicability of the Freun-
dlich isotherm for the adsorption of Cr(VI) on the prepared
adsorbents. On the contrary, the R? value of 0.853 for the
Langmuir isotherm equation, being far from unity indi-
cated a non-linear fit, and therefore, the non-applicability
of the Langmuir isotherm. The adsorption capacity of Fe-
RF-AGs was also compared with a few Fe-based adsorbents
discussed in the literature for Cr(VI) and found to be larger
in most cases [29-34]. Table 4 lists such comparative data.

3.5 Adsorption thermodynamics

The temperature dependence of adsorption may be
described using three thermodynamic parameters,
namely, change in the Gibb’s free energy (AG), entropy
of adsorption (AS) and enthalpy of adsorption (AH). The
Van’t Hoff equation relates AG to the adsorption equilib-
rium constant as follows:

AG=-RTIn(K,), (5)

where K| is the equilibrium constant; R is the universal gas
constant and T is absolute temperature. The equilibrium
constant may be calculated from solution concentrations:

Table 4 Fe-based adsorbents for Cr(VI) removal.
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K,="27x, (6)

where C_and C, are initial and equilibrium concentrations
in the solution, respectively. AG may also be written in
terms of AH and AS:

AG=AH-TAS @)

On substituting equation (7) in equation (5) and rearrang-
ing, the following equation is obtained:

In(K,) :-2—124—% (8)
Figure 10 shows a good linear fit of the adsorption data
with the Van’t Hoff equation. The numerical value of AS
equal to or more than zero indicates that the process is
irreversible. A negative value of AG denotes the sponta-
neity of the process. In our study, the values of AS and
AG were found to be positive and negative, respectively
(Table 5), indicating that the adsorption of Cr(VI) was irre-
versible and spontaneous.

4.5

4.0
3.5

3.0

In(Kp)

2.5

2.0

T T T T T T T T T T
0.00320 0.00325 0.00330 0.00335 0.00340 0.00345
1T (K

Figure 10 Van’t Hoff equation plot for the adsorption of Cr(VI) on
Fe-RF-AG.

S. No. Adsorbent C(ppm) q,., (mg/g) References
1 Fe-RF-AG 2-270 55 This study
2 Iron-doped carbon beads 10-150 45 [29]
3 Iron-doped in orange peel pith 10 5.37 [30]
4 Mesoporous magnetic y-Fe,0, 50 15.6 [31]
5 nZVi-Fe,0, nanocomposites 20-80 29, 100 [32]
6 Iron (Fe*?) oxide/hydroxide suspension 10-50 45.32 [33]
7 Iron-nickel oxide magnetic particles 10-50 33.44 [34]
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Table5 Thermodynamic parameters.

T(°C) In(K) AG=-RTIn(K) (kJ/mol) AH (kJ/mol) AS (kj/mol-K)
20 0.725 -1.767 131.818 0.455
30 2.356 -5.940
40 4.182 -10.889

4 Conclusions

Resorcinol- and formaldehyde-based porous aerogels
(~225 m?/g) were successfully synthesized using HCI
acid catalyst and supercritical CO, drying. Fe was in situ
incorporated in the gel at the incipience of gel formation,
using ferrocene as the precursor for Fe. The ability of the
produced materials to remove Cr(VI) ions by adsorption
was experimentally demonstrated. The Fe incorporated
in the gel showed strong affinity toward Cr(VI), with
the maximum adsorption capacity of Fe-RF-AG found to
be approximately 55 mg/g at 30°C at the aqueous phase
concentration of 275 mg/l. The adsorption capacity sig-
nificantly increased with decreasing pH. The numerical
values of thermodynamic parameters, namely, AG (<0),
AS (>0) and AH (>0) confirmed the spontaneous, irre-
versible and endothermic adsorption of Cr(VI) on Fe-RF-
AGs, respectively. The prepared Fe-RF-AG aerogels may be
potentially new alternative adsorbents for environmental
remediation applications.
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