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KEYWORDS Abstract Iron oxides in general and especially hematite, a-Fe,O3; have been proved promising
Adsorption; materials for efficient removal of various organic pollutants. Herein, we report a successful prepa-
Organic pollutants; ration of hematite (o-Fe,Os) by a facile precipitation method and its potential application in the
Hematite; removal of phenol from wastewater. The prepared material was subjected to extensive characteri-
DFT; zation using a variety of techniques such as scanning electron microscope coupled with energy-
Molecular dynamics dispersive X-ray spectroscopy (SEM/EDX), X-ray diffraction (XRD), and the Brunauer Emmett

Teller (BET) method. The operating conditions were optimized to improve the adsorption process
efficiently. The adsorption analysis showed an adsorption capacity of 16.17 mg g~ ! towards phenol
at 30 °C. The reaction kinetics and potential rate-limiting steps were studied by Lagergren’s pseudo-
first-order and pseudo-second-order models, and it was found that the pseudo-second-order accu-
rately described the adsorption kinetics. Freundlich and Langmuir adsorption isotherms models
were applied, and the quality of the fittings clearly shows that the Langmuir model well describes
the phenol adsorption on the hematite. The interaction mechanism between phenol and o-
Fe,03(0 0 1) surface was further addressed by Density Functional Theory (DFT) calculations
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and molecular dynamics (MD) simulations. Experimental and theoretical results indicate that there
is strong evidence for the decisive effect of m—r interactions and H-bonds on the adsorption capac-

ity.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Environmental pollution, especially organic pollutants, repre-
sents an essential threat to human health and natural ecosys-
tems globally (Ali, 2018; Chatterjee and Dasgupta, 2005;
Elsagh et al., 2017). Indeed, volatile organic compounds
(VOCQ), including phenols, aldehydes, aromatic hydrocarbons,
etc. are associated with a broad range of industrial processes
and applications as refrigerants, solvents, reactive agents,
among others. Still, their discharge into the atmosphere with-
out an appropriate control can threaten the environment and
leads to serious health problems to humans, animals, and
aquatic systems (Ahmed et al., 2016; Arumugam et al., 2018;
Banerjee and Chattopadhyaya, 2017; Pathania et al., 2017;
Sartape et al., 2017; Somasekhara Reddy et al., 2017). It is gen-
erally known that the phenol, which is a semi-volatile organic
compound (SVOC) and widely existing in medical and indus-
trial wastewaters, and oil-refining wastes, is a persistent
organic pollutant that is hard to degrade in nature
(Vosoughi et al., 2017). Contact of phenol with the surround-
ing skin and respiratory tract can lead to human poisoning. In
this case, a higher concentration of phenol can cause protein
precipitation that leads to direct damage to cells, and even at
low concentrations can still induce protein denaturation
(Shen et al., 2019). Therefore, the removal of phenol in a
cost-effective and environment-friendly manner is an effective
way to protect the environment and secure human health
(Gautam et al., 2018).

To date, a variety of methods has been proposed to remove
phenols from wastewaters. For instance, ion exchange, chemi-
cal precipitation, chemical and electrochemical oxidation, pho-
tochemical processes ozonation, and Fenton processes are
among the most commonly used methods (Villegas et al.,
2016). These methods, however, accompanied by a drawback
that they require relatively high expenses on energy and cata-
lysts. With respect to this, adsorption can be regarded as a
promising method to remove organic pollutants from water
due to its simple implementation, its high efficiency, its cost-
effectiveness and versatility under different operating condi-
tions (Hwang et al., 2017).

Oxides have repeatedly proved their high efficiency in the
removal of organic pollutants from wastewater (Essandoh
and Garcia, 2018). Among them are iron oxides, which are
one of the most abundant mineral groups on Earth and have
proven to be useful in many different applications at the
research and industrial levels. There is a widespread belief that
these environment-friendly materials have a high potential in a
wide range of applications, especially in magnetization,
biomedical science, catalysis, and environmental applications.
Interestingly, they have shown excellent potential as adsor-
bents for the removal of environmental pollutants because of
their faster adsorption rate, higher adsorption affinity and

capacity and large surface areas in comparison to many other
adsorbents (Essandoh and Garcia, 2018; Y.-L. Ge et al., 2019;
Milagres et al., 2020). The preparation method, precursors,
and precipitation agents of iron oxides have a significant effect
on their structural and textural properties and thus on their
activity.

An extensive amount of work on the adsorption of organic
compounds onto synthetic iron oxides has already been pub-
lished (Das et al., 2005). For instance, Parfitt et al. (Parfitt
et al., 1977) prepared the goethite (a-FeOOH) and studied its
potential for adsorption of oxalic acid. Hwang et al. (Hwang
et al., 2007) synthesized the hematite (a-Fe,O3), which removes
o-phthalic acid efficiently under a wide range of environmental
conditions. Das et al. have used natural hematite successfully
for the removal of benzoate and salicylate (Das et al., 2005).

Although there is now extensive research ongoing world-
wide to investigate the potential of iron oxides to function as
adsorbent materials, experimental information is not always
enough, and there remaining much to be learned to better
understand mechanisms and interactions of organic pollutants
with iron oxides. In this context, computer simulation methods
are getting increasing importance in predicting stable adsorp-
tion complexes and providing detailed insight into interaction
mechanisms (Harris, 2019). Recently, Density Functional The-
ory (DFT) has been extensively used as a tool to clarify some
questions and to provide deeper insights in various chemical
and physical fields including adsorption and catalysis
(Kuznetsov et al., 2015; Li et al., 2018; Novikov et al., 2016,
2013). In the last few years, DFT calculations have been used
to study the adsorption structures of Sb(V), Sb(I1I), Se(I1V), Cr
(VD) as well as H,S and surfactants on hematite surfaces
(Dzade et al., 2014). On the other hand, molecular dynamics
simulation is a beneficial method to get insightful knowledge
about interaction mechanisms between adsorbate and adsor-
bent in a simulated environment. Many researchers used this
method to provide some explanation about the adsorption
mechanism and offer guidance to design effective adsorbents
(Guediri et al., 2020; Hosseini et al., 2019; Kuntail et al.,
2019; Zhang et al., 2019).

In this paper, we report the facile preparation of hematite
(a-Fe»03) by the precipitation method and its potential appli-
cation in the removal of phenol from wastewater. The struc-
tural and morphological characteristics of the prepared
hematite were determined based on adsorption/desorption of
nitrogen gas, SEM/EDX, and X-ray diffraction methods. At
the same time, its potential for phenol removal from wastewa-
ter was evaluated under different operating parameters such as
pH, initial concentration, and temperature. Furthermore, the
adsorption of phenol on the a-Fe,O3 surface was investigated
and discussed by DFT calculations, and MD simulations and a
possible binding mechanism of phenol on the a-Fe,O; surface
was inferred.
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2. Materials and methods

2.1. Preparation of adsorbent

The hematite material was obtained as follows: An amount of
iron nitrate dihydrate (Fe(NO3);, 9H,0) was dissolved in dis-
tilled water, and this solution was vigorously stirred for 2 h at
room temperature to form a homogeneous solution. To this
mixture, a molar solution of aqueous ammonia (NH4,OH)
was added dropwise (7 ml/min) 20 ml, and the formation of
a colloidal solution was achieved. The resulting mixture was
heated under constant stirring at 40 °C for 1 h and then filtered
under vacuum. The resulting solid was washed thoroughly sev-
eral times with distilled water and dried overnight in an oven at
100 °C. The resultant crude solids were heat-treated in the air
at 500 °C for 3 h.

2.2. Characterization of adsorbent

The crystalline structure was determined using an X-ray
Brucker diffractometer (XRD, Brucker-AXS DS), and
1.541838 A Cu-Ko radiation was used to collect XRD pat-
terns, operating at 40 kV and a current of 40 mA. BET (Brun-
ner, Emmett, and Teller) N, adsorption—desorption method
was used to obtain the textural parameters like pore diameter,
specific surface area, as well as their distribution and volumes.
BET experiments were conducted at —196.15 °C on a
Micromeritics ASAP 2010 analyzer (USA). Prior to N,
adsorption, samples were degassed under vacuum during a
determined period at a given temperature. Scanning electron
microscope (SEM) (FEI Quanta 200 equipped with an EDX
device and operating at 18 keV) was used to determine the ele-
mental distribution and surface morphology of the prepared
material.

2.3. Phenol adsorption

Adsorption experiments were studied at different constant
temperatures (30, 40, 50, and 60 °C). Prior to the commence-
ment of the experiment, the initial pH of the simulated phenol
solution was adjusted when necessary with NaOH or HCI. For
batch experiments, hematite iron oxide in an amount of 0.1 g
was added to a 20 ml of phenol at different initial concentra-
tions with the stirring speed set at 600 rpm. At the predeter-
mined equilibration time, the residual concentration (C.) in
the solution of the phenol was determined using UV/Visible
spectrometer (Shimadzu, UV-1240) by measuring the maxi-
mum absorption at 270 nm. From residual concentration (C,
in mg/L) and initial concentration (C, in mg/L), and the
amount of phenol adsorbed at time t, (q. in mg/g) was calcu-
lated using Eq. (1):
Cy—C,

e Madsorbant x VM/ (1)
were V is the volume of the solution (L), and m is the amount
of used adsorbent (g).

Kinetic and isotherm models were determined to evaluate
the adsorption behavior of the phenol on the prepared hema-
tite, and a variety of models were used to verify the validity of

each model. Table SI (Supplementary Material) lists the
description of all used equations. All adsorption experiments
were triplicate and averaged.

2.4. Theoretical studies

To unravel the mechanism of adsorption of phenol on hema-
tite, we performed DFT calculations and MD simulations.
DFT was achieved by Gaussian 09 package program (Frisch,
2009) using the B3LYP functional (Becke, 1988). The opti-
mization calculations of phenol, a-Fe,O5 cluster, and phenol-
a-Fe,O; complex were performed employing 6-311+ + G(d,
p) basis set for C, H, and O, and LANL2DZ basis set for Fe
atoms. GaussView 5.0.8 program was used to generate molec-
ular structures and visualizations of results (Dennington et al.,
2007). The effect of solvent (water) was simulated by using the
self-consistent reaction field (SCRF) calculations employing
the polarisable continuum model (PCM) (Tapia and
Goscinski, 1975). Besides, interactions between phenol and
a-Fe,O; were investigated using natural bond orbital (NBO)
analysis. The second-order perturbation delocalization ener-
gies (E?) were estimated to determine significant donor—accep-
tor interactions in the phenol-a-Fe,O; complex.

All molecular dynamics calculations in this work were per-
formed using the Forcite module, which is implemented in
Materials Studio software (Studio, n.d.). The used iron oxide
model is hexagonal hematite (a-Fe,O3) with an R-3c¢ space
group. The following lattice constants: a = b = 0.506 nm,
c = 1.388nm, o = B = 90°, and y = 120° were obtained from
the geometrically optimized structure and are in well agree-
ment with experimental values: a = b = 0.504 A, ¢ =0.137
5A, 0= B = 90°, and y = 120° (Finger and Hazen, 1980).
Hematite with an iron terminal was cleaved to (0 0 1) plane,
which is the most stable form (Wang et al., 1998; Weiss and
Ranke, 2002). The a-Fe,O3(0 0 1) surface was simulated by
taking a nine atomic layer slab model with the bottom three
layers fixed, and a vacuum region, which is placed above the
top surface, is set as 12 A to eliminate unwanted interactions
between adjacent slabs. 50 water molecules were used as a
model for the solvent effect on the adsorption capacity of phe-
nol on the a-Fe,05(0 0 1) surface. MD simulations were car-
ried out employing the COMPASS force field (Sun, 1998). In
the Forcite module, the NVT ensemble with the velocity-
Verlet integration algorithm and a time step of 2.0 fs, at tem-
perature T = 30 °C controlled by Nosé-Hoover thermostat
were used. Electrostatic interactions were treated by utilizing
the Ewald method, and the atom-based cutoff summation
method was applied for van der Waals. After the energy min-
imization, each simulation was performed for 10000 ps in the
NVT ensemble to reach the equilibration state. The Phenol-
0-Fe>O5(0 0 1) interaction energies in vacuum and in water
were calculated by Eq. (3) and Eq. (4), respectively:

Einlemz’linn = Elatal - (EwrﬁzueJer() + EPhenol) (2)

Eimvraction = Eloml - (E\'ur/k«'e + EP/wno/) (3)

where E,,,denotes the all-system energy, Egyfucerm,o and
E,.juce designate, respectively, the a-Fe;O3(0 0 1) energy alone
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and including water molecules, Epj,,implies the energy of the
phenol molecule.

3. Results and discussion
3.1. Characterization of adsorbent

3.1.1. BET analysis and SEM|/EDX

Structural properties such as BET specific surface area and
pore volume can have significant effects on the performance
of adsorbents. These physical properties were determined by
the nitrogen gas adsorption measurements. As it is seen from
Fig. la, the shape of the Nitrogen adsorption—desorption
curve contains an H3 hysteresis loop corresponding to plate-
like particles or slit-shaped pores, and it is apparent from the
curve that it exhibits a type IV shape, according to the classi-
fication by ITUPAC; typical for mesoporous materials (Gregg
and Sing, 1982). Results showed that the BET surface area
of the prepared material is 19.4 m?/g, with an average pore
diameter of 188.7 A and a volume of 0.091 cm®/g. Horanyi
and Jo6 reported a specific surface area of 0.15 m?/g for a com-
mercial hematite powder (Horanyi and Joo, 2002). The larger
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surface area of our prepared material could enhance the
adsorption of the phenol. The surface morphology of the pre-
pared hematite is shown in SEM images (Fig. 1b), which indi-
cates that it has an agglomerate structure. While the EDX
analysis (Fig. 2) confirmed the elemental composition of the
material under investigation, showing a 68% of iron and
27.34% of oxygen, which is an evidence for the successful for-
mation of the material.

3.1.2. X-Ray diffraction

The X-ray powder diffraction was used to characterize the
phase purity and crystalline structure of the prepared hematite
sample, as shown in Fig. 3. As can be seen, the sample exhibits
eight resolved diffraction peaks at 24.1, 33.1, 35.6, 49.5, 54.1,
58.2, 62 and 64° that can be indexed as (0 1 2), (1 0 4),
(110),(024),(116),(214),(118)and (44 1) reflections.
This matched the standard hexagonal o-Fe,O3 sample entirely
and belonged to the rhomboidal space group in agreement
with the standard data (JCPDS No. 86-0550) (Wang et al.,
2018). Moreover, no characteristic peaks due to impurities,
such as that attributed to a-FeOOH, were detected, indicating
the formation of high-purity material and suggesting a

SEM HV: 20.0 kV

WD: 15.01 mm SEM MAG: 5.00 kx

Fig. 1
FeZO 3.

(a) Nitrogen adsorption and desorption isotherms as a function of relative pressure and (b) SEM micrograph obtained for o-
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Fig. 2 EDX spectra of the prepared a-Fe,Os.
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Fig. 3 X-ray diffraction patterns of the prepared o-Fe,O;.

thorough phase transformation of goethite (a-FeOOH) to
hematite (a-Fe,O3) (Yang et al., 2017). Further, peaks are
sharper and higher in intensity, which demonstrates the excel-
lent crystallization of hematite particles (Wang et al., 2018; Xia
et al., 2016; Yang et al., 2017).

3.2. Adsorption of phenol

3.2.1. Effect of pH

Solution pH affects the adsorption capacity due to its influence
on surface properties and the ionization state of the adsorbent
as well as ionic forms of phenolic compounds (Quast, 2018).
The effect of the solution pH on the ionization degree of absor-
bate and surface charge of the hematite was studied over a pH
range of 2—-12. The results described in Fig. 4a revealed that the
pH change significantly influenced the adsorption efficiency,
which shows a maximum for pH ranging from 2 to ~ 7. When
the solution pH is higher than 7, a sudden decrease in the
removal efficiency is observed, and then it remains constant
over a pH range of 9-12.

The nature of interfacial interactions of mineral/water has a
notable influence on the adsorption properties of phenol.

Therefore, the pKa of phenol and pH for point of zero charge
of the hematite (pH,p.) are decisive factors in determining the
nature of the adsorption process. It is well reported in the lit-
erature that the pHp,,. of hematite is found to be between 6.7
and 9.5 (Cornell and Schwertmann, 2003). In our recent work,
we found that the prepared hematite has a pH,,. = 7.1, which
indicates that it holds a positive charge at pH below the pH,,
value and a negative charge above it (Dehbi et al., 2020). On
the other hand, above the ionization constant (pKa), at pH
of 9.89, the phenol exists predominantly as phenolate (Zhu
et al., 2005). In this situation, the higher adsorption capacity
of phenol at pH = ~2-5 may be due to strong n-w interactions
and H-bond interactions between the prepared iron oxide and
phenol molecules. Contrariwise, because of homogeneous
charge repulsion between phenolates and negatively charged
hematite at pH > pH,,., the adsorption capacity of phenol
significantly decreased.

3.2.2. Effects of initial concentration and contact time

We investigated whether the adsorbed quantity of phenol by
the iron oxide can be affected by its initial concentration. In
Fig. 4b, the amount adsorbed at different initial concentrations
of phenol is plotted versus the contact time. Higher phenol
concentration increased the iron oxide adsorption capacity,
which can be easily seen in Fig. 4b. The increased adsorbed
quantity at a higher concentration reflects the strong phenol
adsorption on all hematite active sites, and it is attributed to
the high adsorption driving force during the adsorption pro-
cess. Moreover, results show phenol adsorption capacity stabi-
lized at about 10 mg/g at 10~> M of phenol, and, in all cases, it
takes up to about 25 min. After this time, hematite’s active
sites might become saturated, so that a higher exposure time
would not further increase the adsorption rate.

3.2.3. Adsorption kinetics

Understanding the kinetics of phenol removal using hematite
and evaluation of the rate constants was achieved using
pseudo-first-order and pseudo-second-order kinetic models.
In the case of comparison between pseudo-first-order and
pseudo-second-order models (Fig. 5), results in Table 1 show
that the pseudo-second-order model presents a higher R>
value and a g, value close to the experimental one, we, there-
fore, consider this model as the more suitable one to describe
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Fig. 4
different concentrations onto hematite.

(a) Effect of the pH on the adsorption of phenol onto hematite and (b) Effect of the contact time on the adsorption of phenol at
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Fig. 5 Pseudo-first order and Pseudo-second order kinetic plots obtained for various concentrations of phenol.
Table 1 Kinetic parameters for phenol adsorption on a-Fe,Os.
Model Parameter Concentrations
10°* sx10°* 10°?
Pseudo-First ordre q, exp (ME/2) 1.18 4.88 10.17
k; (min~) 0.02 1.76 2.54
q. (mg/g) 1.13 4.76 9.19
R? 0.92 0.95 0.76
Pseudo-Second ordre k, (g mg~'min~") 0.019 0.10 0.23
q. (mg/g) 1.30 4.87 10.66
R? 0.99 0.99 0.99

the adsorption kinetics of phenol on the prepared iron oxide.
The applicability of this kinetic model indicates that the rate-
determining step may be chemisorption (Oumani et al.,
2019). These results would strengthen the idea that n-m inter-
actions could be playing a vital role in the adsorption of
phenol.

We note that the intra-particle diffusion model is not inter-
preted in the present context as it can be applied within very
restrictive conditions such as adsorption in a semi-infinite solid
and constant liquid phase concentration in the absence of
external mass transfer resistance (Lei et al., 2020; Schwaab
et al., 2017).

3.2.4. Adsorption isotherm and thermodynamic parameters

Understanding adsorbate-adsorbent interaction is required to
understand the adsorption mechanism by which phenol mole-
cules interact with the iron oxide surface (Ba Mohammed
et al., 2019; Dehbi et al., 2020). To this end, Freundlich and
Langmuir’s models were tested with experimentally obtained
equilibrium data (at different temperatures) to identify the
best-suited model for the adsorption of phenol on iron oxide,
and coefficient of determination values along with isothermal
parameters are listed in Table 2. Fig. 6 shows that the adsorp-
tion capacity for phenol increases with temperature due to the
enhancement of the adsorptive interaction between phenol’s
active sites and hematite. The increase in adsorption with tem-

perature may be attributed to enhancement in the chemical
affinity of the phenol to the surface of the adsorbent, leading
to some kind of chemical interaction to take place during the
adsorption process, which results into increase in adsorption
capacity. Based on the coefficient of determination (R?), the
Langmuir isotherm model predicted the equilibrium data for
phenol adsorption on iron oxide very well (Fig. 6) and showed
a maximum adsorption capacity of 16.17, 17.6, 19.57 and
21.93 mg g" at 30, 40, 50 and 60 °C. It can, therefore, be
expected that homogeneous surfaces would play a more critical
role than heterogeneous surfaces during the adsorption pro-
cess, where the interaction between phenol molecules could
be assumed negligible (Ba Mohammed et al., 2019). It should
be noted that higher temperatures are not common in indus-
trial effluents and were only considered for analysis of thermo-
dynamic parameters.

Furthermore, to investigate the interaction force in more
detail, thermodynamic parameters should be computed. A cor-
rect way for calculating thermodynamic parameters is to com-

pute the suitable thermodynamic equilibrium constant (Keo;
dimensionless) at any temperature from the isothermal studies
using the following equation (Lima et al., 2019):

(1000 x K; molecular weight of adsorbate) x [Adsorbate] 0
y

K =

e

)
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Table 2 Isotherm parameters for phenol adsorption on a-Fe,Os.
Model Parameters T (°C) AH (kJ/mol) AS (kJ/mol)
30 40 50 60
Langmuir Isotherm qm (Mmg/g) 16.17 17.6 19.57 21.93
K (L/mg) 0.018 0.018 0.020 0.021
R? 0.98 0.98 0.95 0.98 3.96 75.00
AG® (kJ/mol) —18.75 —19.34 —20.24 —21.01
Freundlich Isotherm Ky (mg/g) 1.78 1.89 2.25 2.81
1/n 0.29 0.30 0.32 0.33
R’ 0.87 0.90 0.91 0.97
24
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Fig. 6 Adsorption isotherms for phenol on a-Fe,Oj3 at different temperatures.

where K; is the isotherm constant, [Adsorbate]® is the stan-
dard concentration of the adsorbate (1 mol L") (Chang and
John W Thoman, 2014) and y is the coefficient of activity of
adsorbate (dimensionless) which can be considered as unity
(Atkins and de Paula, 2009). The free energy change

(AG O), enthalpy change (AH 0), and entropy change

(AS o) were determined using the following equations
(Lima et al., 2019):

AG = -RTI(K,) (5)
. —AH 1 AS
ln(Ke ) = R X 7_,+ T (6)

where R is the universal gas constant (8.314 J K~! mol™"), and
T is the temperature (K).

Fig. 7 shows the plot of In (KL,O) vs. 1/T; a straight line
was obtained with a good regression coefficient value, and
thermodynamic parameters are listed in Table 2. We could
show that the adsorption capacity increased gradually with
increasing temperature. Results also showed negative values

of AG,y,, which expresses the feasibility and spontaneous nat-
ure of phenol adsorption onto prepared hematite (Rahman

and Sathasivam, 2015). Also, positive values of change in

° o

enthalpy AH,, and of change in entropy AS,, show that
the adsorption is endothermic and random at the hematite/-
solution interphase (Adeyemo et al., 2017; Rahman and
Sathasivam, 2015).
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Fig. 7 In Keo vs. 1/T plot for phenol adsorption on a-Fe,O;.

3.3. DFT calculations

3.3.1. Phenol-a-Fe;0;3 complex

To gain theoretical insights that could support and comple-
ment experimental results, we performed DFT calculations
of the interaction between the phenol molecule and hematite
cluster. For easy calculation and interpretation of results, a
simple a-Fe,O3; monomer was considered. Fig. 8 represents
the optimized structures of the Phenol-a-Fe,O; complex.
Results reveal the formation of two bonds Fe5-C11 and Fel-
C9 with bond lengths of 2.12601 and 2.10239, respectively
(Table 3). This indicates that m—r interactions are most likely

2.12601 |

-—d b

- -
2.10239

Fig. 8 Optimized structure of the phenol-a-Fe,O; complex in
aqueous solution calculated at the CPCM/B3LYP with
LANL2DZ basis set for Fe atoms and 6-311+ + G(d,p) basis
set for other atoms.

Table 3 Theoretical geometric parameters for
Phenol-hematite complex calculated at the
B3LYP with LANL2DZ basis set for the Fe
atoms and the 6-311 + + G(d,p) basis set for C,
H, and O atoms; (A).

Bond Bond length
Fel—03 1.80555
Fel—02 191154
Fel—04 1.56810
Fe5—03 1.75900
Fe5—02 1.90707
C10—017 1.26566
C10—C9 1.49649
C9—C8 1.43406
C8—C7 1.40753
C7—C6 1.40632
C6—Cl11 1.43492
C11—C10 1.48837
Fe5—Cl1 2.12601
Fel—C9 2.10239
O17—H138 2.29134
C9—H15 1.09167
C8—H14 1.08802
C7—H13 1.08435
C6—H12 1.08970
Cl1—Hl16 1.09439

a significant factor in regulating the adsorption capacity. Fur-
ther, the elongation of O17-H18 is mainly an indication of
hydrogen bond formation between hematite and phenol mole-
cule (Singh and Singh, 2015; Sreenath et al., 2018). Phenol-
hematite interactions will be addressed later in more detail
using NBO analysis.

The energies of the frontier molecular orbitals, i.e., highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are important electronic parame-
ters to investigate the reactivity and stability of the phenol-a-
Fe,O5 complex. The HOMO and LUMO energies and their
gaps for phenol, hematite, and phenol-a-Fe,O3 complex are
listed in Table 4. Inspection of results reveals that adsorption
of phenol molecule induced a significant change in HOMO
and LUMO energies. Such an effect could be attributed to a
chemisorption type of adsorption (Rad et al., 2017). Besides,
we noticed an increase in the energy gap from 2.723 (hematite)
to 3.209 (phenol-a-Fe,O3 complex), suggesting that the formed
phenol-a-Fe,O; complex is more stable than isolated hematite
(Lgaz et al., 2019).

Table 4 HOMO, LUMO and energy gap values (in eV) of
phenol, hematite and their resultant complex calculated at the
B3LYP with LANL2DZ basis set for the Fe atoms and the 6-
311+ + G(d,p) basis set for C, H, and O atoms.

System Enomo Erumo AE

Phenol —6.264 —0.384 5.879
Hematite —7.248 —4.525 2.723
Phenol-hematite —6.351 —3.142 3.209
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3.3.2. NBO analysis

NBO analysis is an efficient way to elucidate the charge trans-
fer interactions, donor—acceptor interactions, and charge dis-
tribution (Xavier and Gobinath, 2012). It can be used as a
convenient means to investigate the relationship between the
donor (filled orbitals) and acceptor (virtual orbitals)
(Demircioglu et al., 2015). The stabilization energy (E>), which
can be obtained from the second-order Fock-matrix analysis,
is directly proportional to the NBO interaction intensities.
Therefore, we could say that the strength of the electron trans-
fer process between an electron donor and an electron acceptor
is more pronounced when the stabilization energy is higher
(Demircioglu et al., 2015). Herein, the NBO analysis of the
phenol-a-Fe,O5; complex was calculated to investigate the elec-
tron donor and acceptor properties of the formed complex.
Donor-acceptor interactions having high stabilization energy
are listed in Table S2 (SM). Evaluation of these results reveals
that multiple types of donor—acceptor interactions play a role
in the stabilization of the formed complex. In the case of the
donating electrons from the phenol molecule to the hematite
atoms, the highest contributions were from the lone pairs of
electrons on C9 and Cl11 atoms. The significant interactions
are from LP (1) C9 to LP*(3)Fel, LP*(5)Fel, and BD*(2)
Fel - O4 with stabilization energies (E%) equal to 201.84,
65.44, and 65.06 kJ/mol, respectively. And from LP (1) Cl11
to LP*(4)Fe5, LP*(5)Fe5 and LP*(6)Fe5 with E? equal to
553.29, 80.16 and 70.66 kcal/mol, respectively. These results
match what we found previously based on geometry optimiza-
tion and indicate the crucial role of electron-density donation
in the adsorption process.

Besides its ability to donate electrons, the phenol molecule
could also accept electrons from hematite atoms through
electron-back-donation. As the results in Table S2, we could
see that the most significant interactions occur between lone
pairs of electrons on iron atoms and Rydberg non-Lewis orbi-

Side view

tals of the phenol molecule. Interesting interactions having the
highest stabilization energy are from LP*(3)Fel to RY*(2) C7,
RY*(2) C8, RY*(3) C9, RY*(2) C10, and RY*(3) C10 leading
to stabilization energies of 89.54, 162.76, 116.35, 91.58,
90.83 kJ/mol, respectively.

Furthermore, NBO analysis indicates H-bond formation
between hematite atoms and the phenol molecule. Results
revealed that the dominant donor—acceptor charge-transfer
interactions occur between the antibonding lone pair of iron
atoms (LP*(5)Fe5) and o*(1) C11 - H16 and o*(1) C9 - H15
with stabilization energy of 50.16 and 21.88 kJ/mol, respec-
tively, and between (1) C9 - H15 and LP*(3)Fel with stabi-
lization energy of 37.53 kJ/mol. These hydrogen bonds could
additionally facilitate the adsorption of the phenol on the
hematite surface.

3.4. Molecular dynamics simulations

Theoretical modelling is a powerful tool to bridge the gap
between experimental data and macroscopic theories and to
understand physical phenomena at the atomistic level
(Guediri et al., 2020; Han et al., 2019). In this section, we used
molecular dynamics (MD) simulations to, theoretically,
explore the mechanism of adsorption of the phenol molecule
on the hematite (a-Fe,O3) surface. The solution environment
plays a primordial role in enhancing or diminishing the
adsorption capacity of phenol due to its influence on
adsorbate-adsorbent interactions. Therefore, simulations were
carried out in both vacuum and the presence of solvent (water
molecules), in an attempt to mimic the effect of the solvent as
much as possible. Snapshots of the most stable configuration
of phenol molecules on hematite (0 0 1) surface in both medi-
ums are shown in Fig. 9. We note that the phenol molecules
were flexible, could lie, twist, or float on the a-Fe,O5(0 0 1) sur-
face. It is interesting to observe that phenol molecule in both

Top view

Fig. 9 Configurations of phenol molecules adsorption on a-Fe,O3(0 0 1) surface obtained by MD simulations. (a) In vacuum and (b) In

the presence of water molecules.
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Table 5 Literature results of the adsorption of phenol by
different adsorbents.

Adsorbent Adsorption Reference
capacity
(mgg™")

Borassus flabellifer fruit husk 13.97 (Priya and

activated carbon (Pyrolysis) Sureshkumar,
2020)

Borassus flabellifer fruit husk ~ 13.42 (Priya and

activated carbon (H2SO4 Sureshkumar,

activation) 2020)

Microorganism P. putida and  5.96 (Dong et al.,

acid-modified CESEP/ZIF-8 2020)

Rice Husk 7.89 (Mandal et al.,
2019)

Acid modified bentonite 6.8 (Ahmadi and
Igwegbe, 2018)

Iron impregnated A/C 2.0 (M. Ge et al.,
2019)

Tea waste biomass 9.49 (Gupta and
Balomajumder,
2015)

Zeolite 4.31 (Cheng et al.,
2016)

Solvent extraction 3.45 (Yang et al.,
2006)

magnetic iron oxide 13.51 (Mihoc et al.,

nanopowder (MNM) 2014)

Fe304@GO on silica sand 0.0731 (Mehmanravesh
et al., 2019)

Methyl acrylic acid (MAA)- 950 (Yoon et al.,

coated iron oxide nanoparticles 2016)

(NPs)

Uncoated iron oxide 550 (Yoon et al.,

nanoparticles (NPs) 2016)

a-Fe,03 16.17 This work

vacuum and solvent phases is found to lie parallel to the hema-
tite surface, with more close contact with the hematite surface
in the presence of water molecules. The phenol molecule
adsorbed on the hematite surface in the presence of solvent
exhibits binding energy of —79.83 kJ/mol, which is larger than
that in a vacuum (-55.73 kJ/mol).

Furthermore, vertical distances (a-Fe,O3(0 0 1)...C9 =
2.155 A, o-Fe,050 0 1)...CI1 = 2158 A, and
o-Fe>O5(0 0 1)...017 = 2.002 /OX) were found for phenol in
solvent compared to that in a vacuum, which has interaction
distances of (a-Fe,O3(0 0 1)...C9 = 2.452 A, a-Fe,O3(0 0 1)...
Cll = 2823 A, and 0-Fe,05(0 0 1)...017 = 2.570 A). A
close vertical distance in both cases reveals that n-m interactions
may potentially play a significant role in the interaction between
the phenol molecule and the hematite surface. Comparing with
that in the solvent, we can see that the interaction distance in a
vacuum is large, and thus m-m interactions are significantly
weakened. Interestingly, close interaction between phenol
molecule and hematite surface in the presence of water molecules
implies that water-bridged H-bonds have potentially a crucial
role in controlling the adsorption capacity along with =
interactions.

Overall, it seems that simulations results meet our expecta-
tions that ©-x interactions, along with water-bridged H-bonds,
are playing a significant role in enhancing the adsorption of

phenol molecules on the hematite surface. In the experimental
results, we showed that adsorption capacity was higher in the
pH range of 2-7, which means that the interaction occurs in a
broad pH range between neutral phenol molecule and posi-
tively charged hematite, with a minimal contribution of inter-
actions with near-neutral hematite; considering the pHy,. of
hematite. In this situation, the following reactions between
phenol and hematite surface can be suggested (Bandara
et al., 2001):

Ph+ F,OH; — FePh+ H,0 + H* (7)

Ph+ F.OH — FePh+ H,0 (8)

Herein, reaction (7) is particularly important, bearing in
mind that high adsorption capacity is obtained at an acid
pH. In alkaline solution (pH > pKa), there is expected a
strong electrostatic repulsion between deprotonated phenol
molecule and negatively charged hematite surface, and there-
fore the adsorption affinity could be significantly decreased.

3.5. Comparison with other adsorbents

Table 5 compares the adsorption capacities for phenol on dif-
ferent kinds of adsorbents reported in the literature. Pre-
sumedly, the difference in properties and operating
conditions may cause different results. These differences are
evident in the results reported in Table 5, which indicates that
adsorbent’s properties have a significant effect on its efficacy.
Taking all this into account, it seems that the hematite used
in this study is an exciting candidate to be an effective adsor-
bent for phenol removal. Results in Table 5 indicate that it
shows a high adsorption capacity compared to a wide range
of adsorbents. However, the adsorption capacity of the present
hematite would be much higher, especially if it is adequately
modified with suitable materials. For instance, as can be seen,
the adsorption capacity of Methyl acrylic acid (MAA)-coated
iron oxide nanoparticles (NPs) is remarkably higher than that
of our prepared material.

4. Conclusion

In this paper, a hematite iron oxide (a-Fe,O3) has been pre-
pared from an aqueous solution of iron nitrate by the precip-
itation method, and its adsorption capacity for phenol removal
from the aqueous system was exhaustively examined and dis-
cussed from theoretical and experimental perspectives. Benefit-
ting from its structural advantages such as large surface area,
the prepared material displays excellent adsorption perfor-
mance. Obtained results show that operating parameters influ-
ence on adsorption capacity with initial concentration playing
a significant role. The adsorption kinetics data are matched
nicely with the pseudo-second-order model, and results show
that adsorption behavior of phenol on the iron oxide is mainly
controlled by chemisorption. This adsorption follows the
Langmuir model, which suggests monolayer adsorption, and
it is spontaneous and endothermic. Theoretical investigations
by DFT and MD simulations, support the conclusions from
experimental results and confirm that n-r interactions, along
with water-bridged H-bonds, have a significant role in enhanc-
ing the adsorption of phenol molecules on the hematite
surface.
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