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ABSTRACT: This study provides a comprehensive analysis of the adsorption behaviors
and mechanisms of phenol and catechol on magnetic graphene oxide (MGO)
nanocomposites based on adsorption experiments, mathematical models, and molecular
simulations. Through systematic experiments, the influence of various parameters,
including contact time, pH conditions, and ionic strength, on the adsorption efficacy
was comprehensively evaluated. The optimal contact time for adsorption was identified as
60 min, with the observation that an increase in inorganic salt concentration adversely
affected the MGOs’ adsorption capacity for both phenol and catechol. Specifically, MGOs
exhibited a superior adsorption performance under mildly acidic conditions. The
adsorption isotherm was well represented by the Langmuir model, suggesting monolayer
coverage and finite adsorption sites for both pollutants. In terms of adsorption kinetics, a
pseudo-first-order kinetic model was the most suitable for describing phenol adsorption,
while catechol adsorption conformed more closely to a pseudo-second-order model,
indicating distinct adsorption processes for these two similar compounds. Furthermore, this research utilized quantum chemical
calculations to decipher the interaction mechanisms at the molecular level. Such calculations provided both a visual representation
and a quantitative analysis of the interactions, elucidating the underlying physical and chemical forces governing the adsorption
phenomena. The findings could not only offer crucial insights for the treatment of coal industrial wastewater containing phenolic
compounds with bridging macroscopic observations with microscopic theoretical explanations but also advance the understanding of
material−pollutant interactions in aqueous environments.

1. INTRODUCTION
The phenolic compounds are important organic pollutants
produced in many chemical processes, such as petroleum
refining, coal coking, gas refining, papermaking, and many fine
chemical synthesis.1,2 Phenol and its derivatives have the
potential toxicity of carcinogenesis, teratogenesis and mutation
and can be accumulated in the environment, which will cause
great harm to human health, water environment ecology, and
agriculture.3−5 As a result, a large amount of phenol-containing
wastewater from different chemical processes has been listed as
toxic hazardous environmental pollutants. Therefore, the
treatment of phenol-containing wastewater has become an
important research topic widely concerned by both academia
and industries.6

Because of the wide range of sources of wastewater
containing phenols, the types and initial concentrations of
phenols in water vary greatly. According to the difference of
phenol concentration, it can be generally divided into high-
concentration wastewater containing phenol (more than 1000
mg/L), medium-concentration wastewater containing phenol

(5−500 mg/L), and low-concentration wastewater containing
phenol for targeted treatment. For the middle- and high-
concentration wastewater containing phenol, extraction,
stripping, chemical precipitation, and other methods are
usually used for the recovery and utilization of phenolic
compounds.7,8 However, due to the low phenol concentration,
poor recovery economy, and large relative amount, the low-
phenol wastewater is generally treated by catalytic degradation,
biodegradation, adsorption, and other methods.9−12 Because
the chemical structure of phenolic compounds is difficult to
degrade, the catalytic degradation and biodegradation methods
generally need to go through multilevel treatment to complete,
and the economic cost increases significantly with the
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extension of the treatment process.13,14 As one of the most
commonly used wastewater treatment methods, the adsorption
method is also used in the treatment of phenol-containing
wastewater.15,16 At present, activated carbon, macroporous
resin, and new carbon materials are also investigated for the
adsorption and removal of phenolic compounds in waste-
water.17−19

For the removal of toxic and harmful components in sewage
by adsorption, the selection of adsorption materials is the key
issue. In recent years, graphene (GR) and graphene oxides
(GOs) have shown many advantages in the field of wastewater
treatment due to the unique two-dimensional nanostructure,
high surface area, high surface activity, and high oxygen-
containing functional groups,20−22 which have a potential
application prospect. It should be pointed out that it is difficult
to recover the adsorbed GOs in water and it is easy to cause
secondary pollution. On the other hand, magnetic nano-
particles have the characteristics of large-scale controllable
preparation and have intrinsic magnetism to make it easy to
recover and reuse.23 In addition, compared with other carbon-
based materials, MGO has good adsorption properties. In
2020, Fang et al. conducted research on the adsorption of
phenolic substances on carbon-based materials, including
graphene, carbon nanotubes, graphite, and biochar. Graphene
is rich in π-electrons, has a large specific surface area and
electronic conductivity, and can easily achieve chemical
functionalization. Therefore, graphene-based adsorbents have
been shown to be effective in removing phenolic substances.24

Cui et al. prepared a three-dimensional (3D) N-doped
graphene oxide aerogel in 2023, and the adsorption capacity
of phenol was roughly 24.28 mg/g.25 In 2018, Vunain E26 used
low-cost activated carbon prepared by sunflower shell residue
to remove catechol and resorcinol from aqueous solution in
the adsorption experiment. The adsorption capacity of
biological carbon for catechol was measured at about 100
mg/g. Therefore, magnetic graphene oxides (MGOs) can be
prepared by combining magnetic nanoparticles with graphene
oxides. The nanocomposites can retain the advantages of the
two materials; at the same time, it is easy to recycle and reuse
and effectively reduce the use cost.

In the current work, a new type of MGO material was
synthesized by composite treatment based on the preparation
of graphene oxide and nanometer Fe3O4 particles. The
adsorption and removal of phenol and catechol in water
were studied by using the MGO nanomaterials as adsorbents.
The effects of the contact time, pH value, and ionic strength on
the adsorption of phenol and catechol by magnetic graphene
oxides were studied, and the isotherms and kinetic mechanism
of the adsorption process were analyzed. Moreover, the
molecular insights into the adsorptions of phenol and catechol
over the surfaces of GOs are understood from quantum
chemical viewpoints. We hope that the current work would be
beneficial to the removal of phenol and catechol in wastewater.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. Sample and Preparation. 2.1.1. Materials. Graphite

powder, 98% sulfuric acid, phosphorus pentoxide, potassium
persulfate, potassium permanganate, 30% hydrogen peroxide,
hydrochloric acid, FeCl2·4H2O, FeCl3·6H2O, sodium hydrox-
ide, anhydrous ethanol, phenol, and catechol all are analytical
pure. The water used in the experiment is deionized water.

2.1.2. Preparation. The details for the preparation of
magnetic graphene oxides (MGOs) are shown in Figure 1.
Graphene oxide adopts the improved Hummers method.27 4 g
of graphite powder was added into the mixture of 15 mL of
98% concentrated H2SO4, 2.5 g of K2S2O8, and 2.5 g of P2O5
for preoxidation, and the precipitate was obtained after
standing, and the preoxidation product was dried at 50 °C. 1
g of the preoxidized product was weighed and oxidized in 36
mL of 98% concentrated H2SO4 and 5 g of potassium
permanganate; then, the reactant was poured into deionized
water and stirred, and 30% H2O2 was added drop by drop until
the reactant appears bright yellow. After standing and layering,
the golden liquid in the lower layer was taken out; 200 mL of
hydrochloric acid solution with a mass fraction of 10% was
added to wash many times and centrifugated at 10 000 R/min
high speed until 1 mol/L BaCl2 solution is added into the
centrifuged supernatant without a white precipitate. After
washing with deionized water many times, the pH of the

Figure 1. Details for the Preparation of MGOs.
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supernatant is about 7. The supernatant was removed and the
black viscous solid obtained by high-speed centrifugation was
put into an oven at 50 °C and then dried to get graphene
oxide.
Fe3O4 nanoparticles were prepared by mixed coprecipita-

tion. 0.5836 g of FeCl2·4H2O and 1 g of FeCl3·6H2O were
weighed, 250 mL of water was added, and 0.5 mol/L NaOH
solution was slowly added until the solution turned black and
left for stratification. The black solution in the lower layer was
washed with deionized water and anhydrous ethanol three
times, and the black viscous product was dried in a 40 OC
vacuum drying oven to obtain Fe3O4 nanoparticles.
Magnetic graphene oxide was prepared by the blending

method.28,29 0.2 g of prepared Fe3O4 nanoparticles was
weighed and 100 mL of deionized water was added; 0.5 g of
prepared graphene oxide was weighed and 500 mL of
deionized water was added. The above solutions were
dissolved by ultrasonication at 40 kHz and stirred. The
samples were centrifuged for 10 min in a high-speed centrifuge
and dried at 30 °C.
2.2. Material Characterization. 2.2.1. FT-IR. The Fourier

transform infrared (FT-IR) spectra of MGOs were measured
using a Fourier transform infrared spectrometer (Spectrum
Two). The attenuated total reflection method was used with a
scanning range of 4000−400 cm−1, a resolution of 4 cm−1, and
32 scans.
2.2.2. TEM. The transmission electron microscopy (TEM)

pictures of MGOs were tested to analyze the morphological
changes of the samples using a Tecnai G220 transmission
electron microscope (FEI Corporation, USA). The sample was
dispersed in ethanol and subjected to ultrasound. Then, the
ethanol suspension containing the sample was dropped onto a
copper mesh and placed in a sample chamber. The sample
morphology was observed under a high-pressure vacuum
environment of 120 V.
2.3. Adsorption Experiment. 2 mL of 0.256 mg/mL

magnetic graphene oxide solution, 2 mL of 40 mg/L phenol or
catechol solution were taken and mixed in a 5 mL closed
centrifuge tube and placed in a constant-temperature water
bath oscillator at 15 °C for absorption without light oscillation.
In practical applications, such as wastewater treatment, phenol
is toxic and may be more stable at lower temperatures,
reducing experimental risks. Lower temperatures are more
energy-efficient, and assessing adsorption performance at 15
°C allows the effectiveness of the adsorbent to be tested under
more challenging conditions, giving insights into its range of
performance and potential limitations. After appropriate time,
the supernatant was filtered by a 0.45 um water filtration
membrane. The absorbance of the obtained solution was
measured at the maximum wavelength (phenol 270 nm,
pyrocatechol 275 nm) by a UV spectrophotometer. The
concentration of phenol and pyrocatechol in the solution was
calculated according to the standard curve. The follow-up
experiments were carried out according to similar methods.
The adsorption capacity (q, mg/g) of phenol and catechol on
magnetic graphene oxide is calculated according to the
following equation

q
C C

C(MOGs)
0 1=

(1)

where C0 is the initial mass concentration of phenols in the
solution (mg/mL), C1 is the mass concentration of phenols

after adsorption in the solution (mg/mL), and C(MGOs) is
the mass concentration of magnetic graphene oxide (g/mL).
Considering that the volatilization of phenolic substances

may affect the adsorption results in the laboratory, the
volatilization of phenol and catechol at 25, 35, and 45 °C
was tested, and relevant data are presented in the Adsorption
Isotherm. The results showed that the volatility of phenol and
catechol had no significant effect on the adsorption experi-
ments.
2.4. Molecular Modeling Calculations Based on

Quantum Mechanics. In this work, molecular simulation
calculations based on quantum mechanics were carried out by
using the self-consistent field molecular orbital (SCF-MO)
method within the density functional theory (DFT) frame-
work. The functional of DFT here was treated with BLYP with
third-generation dispersion correction (BLYP-D3).30−32 The
main reason for this choice was that the adsorption of phenol
and catechol on graphene in this study mainly involved
noncovalent interactions.33−35 The DFT BLYP-D3 method
was previously reported to be able to obtain accurate molecular
structure information for noncovalent assembly, and its
accuracy value was even comparable to the high-precision ab
initio method such as CCSD(T).36,37 All geometric config-
uration optimizations and energy calculations were conducted
with the Gaussian program at the 6-31G** basis set theory
levels. In order to obtain a quantitative description of the
different physical contributions of phenol and catechol
adsorption on graphene, we also conducted energy decom-
position analysis (EDA) calculations based on ADF at the DZP
basis set level. In addition, in order to visually describe the
adsorption area, strength, type, etc. of phenol and catechol on
graphene, we also used the RDG method38 and MUTILWFN
program39 to analyze the adsorption effect.

3. RESULTS AND DISCUSSION
3.1. Structure and Property of Magnetic Graphene

Oxide Samples. The magnetic graphene oxide samples were
characterized by TEM and FTIR. The layered structure and
surface fold of graphene oxide can be clearly observed by TEM
in Figure 2. In addition, the dark dot-like agglomerated

particles in the figure are Fe3O4 nanoparticles, and their
distribution shows obvious dispersion. TEM images show that
magnetic nanoparticles are successfully loaded onto the surface
of graphene oxide.
The FT-IR spectra before and after synthesis were

compared, as shown in Figure 3. It can be seen from the

Figure 2. TEM images of MGOs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09346
ACS Omega 2024, 9, 15101−15113

15103

https://pubs.acs.org/doi/10.1021/acsomega.3c09346?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09346?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09346?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09346?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spectrum that the broad peaks at 3426 and 3131 cm−1 have
obvious vibration, which can be attributed to the −OH
stretching vibration, the strong peaks at 1627 cm−1 come from
the C�O carbonyl stretching vibration and the vibration is
strengthened, and the peaks at 1400 and 1384 cm−1 come from
C−OH and C−O−C stretching vibration, respectively, and
have obvious displacement and change. There is an obvious
peak at 581 cm−1, which is contributed by the expansion
vibration of Fe−O bonds. These characteristic peaks of FT-IR
further prove that Fe3O4 nanoparticles and GOs are
successfully compounded and the skeleton structure of GOs
is not significantly affected before and after compounding.
3.2. Influence of Exposure Time. The effect of

adsorption contact time on the adsorption of phenol and
catechol on MGOs is shown in Figure 4. It can be seen that the
adsorption contact time has a significant effect on the
adsorption of phenol and acetone by MGOs. In the initial
stage of adsorption, the adsorption rate was faster, and then,
the adsorption rate decreased. The adsorption capacity of
phenols increased with time, and the maximum adsorption
capacity of phenol and catechol was reached at 60 min. After
60 min, the adsorption capacity decreased slightly, which may
be caused by violent oscillation and prolonged time that the
adsorbed phenols separated from the magnetic graphene oxide
and returned to the solution. Therefore, 60 min was used as
the adsorption equilibrium time to study the adsorption
behavior and mechanism of magnetic graphene oxides for
phenol and catechol. With the progress of the experiment, the
optimal adsorption condition was reached at 60 min, after

which the experiment continued and the adsorption trend
decreased, so we believe that the peak was reached at 60 min in
the experiment. This result was roughly consistent with the
phenol adsorption capacity of the 3D N-doped graphene oxide
aerogel prepared by Cui et al. in 2023, which gradually reached
the maximum adsorption capacity in about 75 min.25 This is
the same as the adsorption equilibrium time used by Yang et
al.40 However, it takes 6 h for Yu41 and Lee42 to achieve
adsorption equilibrium of phenol with reduced graphene oxide
and aryl-functionalized reduced graphene oxide, respectively.
Therefore, the adsorption equilibrium of magnetic graphene
oxide is faster than that of graphene oxide.
It should be noted that the adsorption capacity of catechol

by magnetic graphene oxide is up to 104.5 mg/g at 15 °C,
while the adsorption capacity of phenol is only 18.4 mg/g
under the same conditions, that is, the adsorption capacity of
catechol is about 6 times that of phenol. The reason may be
that there is one more hydroxyl in catechol than in phenol,
which can enhance the interaction between phenols and
MGOs.
3.3. Influence of Solution pH. The pH value of the

solution changes the ionic state of the functional groups on the
surface of the adsorption material and also affects the
solubility, hydrophilicity, and degree of ionization of the
adsorbate.18 In this study, 0.2 mol/L NaOH or 0.2 mol/L
hydrochloric acid was used to adjust the pH value of the
solution to 2−9 to investigate the effect of the solution pH on
the adsorption of phenols by magnetic graphene oxide. It can
be seen from Figure 5 that when the solution pH rises from 2
to 6, the equilibrium adsorption capacity of phenol adsorbed
by magnetic graphene oxide rises from 3.1 to 21.5 mg/g. When
the pH of the solution exceeds 6, the equilibrium adsorption
capacity decreases gradually. When the pH is 8 and 9, the
equilibrium adsorption capacity is only about 9 mg/g. This
shows that magnetic graphene oxide is suitable for phenol
adsorption under weak acid conditions. The basic solution
environment is not suitable for increasing the equilibrium
adsorption capacity of phenol. Figure 5 shows the adsorption
of catechol by graphene oxide on the right side with the pH
value. When the pH value changes from 2 to 9, the adsorption
trend of graphene oxide on catechol generally shows a
downward trend, slowly decreasing at 2−4, and the pH value
tends to be about 5−7, which basically remains stable. Finally,
under alkaline conditions, that is, when the pH value reaches

Figure 3. FT-IR spectra of MGOs.

Figure 4. Adsorption of phenol (left) and catechol (right) by MGO with various contact times.
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8−9, the adsorption trend of graphene oxide on catechol
generally remains stable. The adsorption capacity decreases
rapidly. The whole range of adsorption capacity decreased
from 123.3 to 100.3 mg/g, indicating that with increasing pH
value, graphene oxide adsorption of catechol is unfavorable, it
is not easy to improve the equilibrium adsorption capacity of
catechol, and acidic conditions are the advantages of graphene
oxide adsorption of catechol. This may be due to its rich
oxygen-containing functional groups. Graphene oxide is
negatively charged when dispersed in water. When the solution
is alkaline, the amount of oxygen anion and negative charge
density of graphene oxide and phenol or catechol increase; at
this time, the electrostatic repulsion between the adsorbent
and the adsorbent will reduce the effective adsorption between
molecules, resulting in a reduction in adsorption capacity.43

The change of pH value makes graphene oxide have an
important effect on the adsorption capacity of phenol and
catechol. GO is prone to protonation under acidic conditions,
making GO’s polycyclic aromatic network more hydrophobic,
which contributes to the self-assembly of GO−water−GO.
With the deepening of the protonation process, the more
hydrophobic surface of GO nanoparticles is easy to be
approached by adsorbents through hydrophobic interactions,
thus promoting the development of π−π interactions between
the GO aromatic structure and adsorbents. However, when the

pH value tends to be alkaline, due to the increase of
electrostatic repulsion between phenol and catechol and the
negatively charged GO surface and the electrostatic repulsion
and hydrophobic interaction between phenol and catechol and
the negatively charged adsorbent,44 the removal efficiency of
phenolic substances decreases under this alkaline condition.
When Zhang et al. studied the removal of phenols from water
by graphene oxide/manganese oxide composites in 2019, they
believed that the oxidation potential under acidic conditions
was stronger than that under alkaline conditions, resulting in
stronger removal ability.45 Zhao et al. studied the effect of the
pH value on the removal of phenol from water medium by
nitrogen-doped reduced graphene oxide. Similar results were
found when the pH levels increased. When the pH value
continues to increase from 8 to 10, the electrostatic interaction
may not be the decisive factor in the adsorption process,46 and
the main adsorption mechanism may be the hydrogen bonding
between the OH groups and the GO functional groups of
phenol and catechol. Therefore, the removal efficiency
decreases with the increase of the pH value.47

3.4. Influence of Ionic Strength. Inorganic salt ions often
existing in wastewater will affect the dispersion of magnetic
graphene oxide in aqueous solution and change the interaction
between the adsorbent and adsorbate.20 In this study, the effect
of ionic strength on the adsorption of phenol and catechol by

Figure 5. Adsorption of phenol (left) and catechol (right) by MGO at various pH values.

Figure 6. Adsorption of phenol and catechol by MGO with various ionic strengths.
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magnetic graphene oxide was studied by adding different
concentrations of NaCl solution. As shown in Figure 6, when
the NaCl concentration increases from 10 to 40 mg/mL, the
equilibrium adsorption capacity increases. When the salt
concentration continues to increase, the equilibrium adsorp-
tion capacity shows a downward trend. When the concen-
tration of NaCl is 30−40 mg/mL, magnetic graphene oxide
has the best adsorption performance for phenol and catechol.
The reason may be that phenol and catechol adhere together
magnetically to the surface of graphene oxide in low salinity.
With the increase of salinity, the double electric layer will be
compressed and diffused, resulting in the reduction of the
repulsion force and the increase of the adsorption capacity. A
higher initial concentration means that there are more ions in
the system to overcome the mass transfer resistance between
the solution and the adsorbent,48 thus absorbing more
phenolic substances and promoting the adsorption process. If

the salinity continues to increase, the electrostatic effect will
have a significant effect on adsorption, which will weaken the
attraction between phenol and magnetic GO. The adsorption
site of the system adsorbent, that is, graphene oxide, reaches
saturation, and the adsorption amount will no longer increase.
The adsorption capacity of phenol and catechol decreased
gradually when the ion concentration continued to rise, and
the adsorption capacity became saturated with the increase in
the initial concentration. The subsequent decline may be due
to the excessive ion concentration in the system, which
competed with phenol and catechol for adsorption,49 thus
inhibiting the increase of adsorption capacity and reducing the
adsorption process.
3.5. Adsorption Isotherm. The adsorption isotherm is an

important tool to describe the relationship between the
equilibrium concentration of the solute in solution and the
adsorption capacity of the adsorbent to the solute. The

Figure 7. Adsorption isotherms of phenol (a) and catechol (b) adsorbed by MGO at various temperature.
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adsorption behaviors of phenol and catechol at different
temperatures (298, 308, and 318 K) and initial concentrations
were investigated. Here, the Langmuir-type isotherm equation
used for fitting data is

C
q

C
q K q

1
( )

e

e

e

m L m

= +
× (2)

R I
K C(1 )L

L o
=

+ (3)

where qm is the maximum theoretical adsorption capacity of
the adsorbent (mg/g), KL (L/mg) is the Langmuir isotherm
adsorption constant, and RL is the dimensionless equilibrium
parameter used to represent the nature of the adsorption
process. When the RL value is 0−1, it is favorable for
adsorption. If the RL value is greater than 1, it is unfavorable
for adsorption. When the RL value is equal to 1, the adsorption
isotherm is linear or equal to zero, and the adsorption is
irreversible.50,51

The adsorption isotherms of phenol and catechol on
magnetic graphene oxide obtained by Langmuir-type isotherm
equation fitting are shown in Figure 7, and the fitted data are
shown in Table 1. It can be seen that temperature has a
significant effect on the maximum equilibrium adsorption
capacity: the maximum equilibrium adsorption capacity of
MgO for phenol is 27.60 mg/g (318 K) < 113.44 mg/g (298
K) < 125.71 mg/g (308 K); the maximum equilibrium
adsorption capacity of MgO for catechol is 117.90 mg/g (318
K) < 177.69 mg/g (298 K) < 186.89 mg/g (308 K). It can be
seen that the maximum adsorption capacity of MgO for phenol
and catechol increases from 298 to 308 K. However, the
equilibrium adsorption decreased significantly when the
temperature increased to 318 K. The possible reason is that
initially, with the increase of temperature, the activity ability of
the adsorbate increases and it is easier to reach the surface of
MGOs. When the temperature is too high, the adsorption
process may be exothermic, so the maximum equilibrium
adsorption capacity decreases significantly.
The linear correlation coefficient R2 of the adsorption of

phenol and catechol by MGOs is above 0.98. Therefore, the
Langmuir-type isothermal equation can well describe the
adsorption behavior of phenol and catechol on magnetic
graphene oxide. This shows that the adsorption of phenol and
catechol on magnetic graphene oxide is mainly monolayer
adsorption, that is, all adsorption sites are the same and the
adsorbed phenols are independent of each other. The
maximum RL values of phenol and catechol are less than
0.56 and 0.01, respectively, which are obviously less than 1, so
the adsorption is easy.
3.6. Adsorption Kinetics. In order to study the adsorption

mechanism and possible speed control steps, it is very
important to study the adsorption kinetics. In this study, the
adsorption of phenol and catechol on magnetic graphene oxide
was analyzed by mathematical models of the quasi-first-order

kinetic model (eq 4), the quasi-second-order kinetics model
(eq 5), the Weber−Morris model (eq 6), and the Elovich
model (eq 7)
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Among them, K1 (h−1) and K2 (g mg−1 min−1) are the
diffusion rate constants of quasi-first-order and quasi-second-
order kinetics, respectively; qe and qt are the adsorption
amount of phenols on magnetic graphene oxide (mg/g) at
adsorption equilibrium or time t, respectively; Kid and C are
the intraparticle diffusion rate constant (mg·g−1·min−0.5) and
boundary layer constant, respectively; and α and β are the
initial adsorption rate constant (g mg−1 min−1) and desorption
rate constant (g·mg−1), respectively. The adsorption kinetic
fitting results of phenol and catechol are shown in Figure 8,
and the calculated kinetic parameters are shown in Table 2.
It can be seen from Figure 8 that the quasi-first-order kinetic

model of phenol adsorption has a good correlation, the
correlation coefficient R2 is 0.922, and the fitting effect is
consistent with the actual situation. Moreover, the theoretical
equilibrium adsorption (17.2 mg/g; see Table 2) predicted by
the model is close to the actual equilibrium adsorption (18.4
mg/g). Therefore, the quasi-first-order kinetic model can well
describe the adsorption kinetics of phenol on magnetic
graphene oxide. This indicates that the adsorption rate of
phenol is probably controlled by the diffusion step. For
catechol, the fitting effect of the quasi-first-order kinetic model
is not ideal, the correlation coefficient R2 is only 0.751, and the
predicted theoretical equilibrium adsorption capacity is also far
from the actual equilibrium adsorption capacity. On the
contrary, the quasi-second-order kinetic model of catechol
adsorption has a good correlation, the correlation coefficient R2
reaches 0.999, and the predicted theoretical equilibrium
adsorption capacity (104.2 mg/g, see Table 2) is basically
consistent with the actual equilibrium adsorption capacity
(104.5 mg/g). Therefore, the quasi-second-order kinetic
model can well describe the adsorption kinetics of catechol
on magnetic graphene oxide. This indicates that the adsorption
rate of catechol is likely to be controlled by the chemical
adsorption mechanism, which involves electron sharing or
electron transfer between the adsorbent and adsorbate.52 The
in-particle diffusion equation is used to reveal the rate-limiting
steps. The result shows the linear part of the Weber-Morris
diagram; the correlation coefficient R2 is 0.6776. All the values
of C representing the intercepts of Weber-Morris plots are
nonzero.53−55 According to the diffusion theory, it can be seen

Table 1. Correlative Parameters of the Langmuir Model of Phenol and Catechol on MGOs

phenol catechol

T/K qm kL RL R2 qm kL RL R2

298 123 0.196 0.34 0.996 161 77.5 <0.01 0.997
308 122 1.188 0.08 0.994 179 280 <0.01 0.999
318 34 0.077 0.56 0.983 118 1.06 0.01 0.999
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that intraparticle diffusion is not the only factor affecting the
adsorption, and the adsorption process roughly fits in one

stage. This result is consistent with the experimental results;
phenol and catechol adsorb faster during the 90 min study

Figure 8. Four models of phenol (a) and catechol (b) adsorbed by MGOs.
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period. The fitting results of the Elovich model show that the
correlation coefficient R2 is 0.777 and the diffusion rate
determination step is less obvious.56

3.7. Quantum Chemical Insights into the Adsorp-
tions. In order to understand and discuss the adsorption
mechanism of phenol and catechol on the surface of graphene
oxide at the microscale, we used quantum chemical methods
based on DFT calculations to study the adsorption behavior of
phenol and catechol on the surface of graphene oxide. We
chose the C114H32O20 nanosheet with a size of approximately
2.3 × 2.3 nm as the graphene oxide model for DFT
calculations; the molecular structure model also includes
typical oxygen-containing functional groups such as −OH,
−COOH, and R−O−R, which are widely present in the
structure of graphene oxide and play an important role in
adsorption as reported in previous studies. The microstructure
of oxidized graphene is characterized by defective graphene
containing numerous oxygen-containing functional groups.
The carbon atoms in the graphene oxide model we constructed
maintain the highly conjugated structure of graphene, but there
are structural defects at the edges and center. This structure
also contains typical oxygen-containing functional groups such
as −COOH, C−O−C, −OH, etc. These structural features are
consistent with the microstructure model of graphene oxide
reported in previous studies.57,58 In addition, we also calculated
the FT-IR spectra of the GO molecular structure model using
the DFT method (Figure S1 in the Supporting Information).
From Figure S1 in ESI, it can be seen that the infrared spectra
obtained from DFT calculations are in good agreement with
the peaks of the experiments, with only a slight difference in
the intensity and peak position of the individual peaks. The
difference of peak positions mainly reflects the displacements
in the vibrational frequency of the calculated functional groups.
This is because the FT-IR obtained by DFT is upon a single
molecule structure of GO with excluding intramolecular
interactions, which are indeed important for bulk materials
of GO in experiments. The above results indicate that there is
good correspondence between the calculated FT-IR spectra
and the experimentally tested infrared spectra in Figure 3. This
further confirms the rationality of the GO molecular structure.
In the DFT calculations, we attempted various different

adsorption conformations as the initial structures. However,
after molecular dynamics annealing calculations, it is found
that the final stable adsorption conformation is mainly phenol
and catechol adsorbed on graphene oxide in a manner in which
the benzene ring is almost parallel to the graphene oxide
nanosheets. The detailed structure is shown in Figure 9.
Among them, the interaction distance between the benzene
ring in phenol and catechol and graphene oxide nanosheets is
approximately 3.2−3.5 Å, which is a noncovalent interaction
distance. Moreover, the benzene ring overlaps above the six-
membered ring in graphene. Therefore, phenol and catechol
molecules exhibit typical π−π interactions with graphene oxide
in a stable adsorption configuration. In order to visually depict
the interaction between phenol and catechol adsorbed on the
surface of GO nanosheets, we used the RDG method to

analyze the interaction region, strength, and type.59−61 As
shown in Figure 9, there is a significant electron density
gradient change in the space between phenol or catechol on
the surface of graphene oxide nanosheets, which is visual and
direct evidence of the adsorption interaction in electronic
structure theory. For phenol and catechol, the interaction
regions given by RDG analysis are relatively close, mainly
located in the spatial region of the adsorption site. However,
due to the presence of more functional groups in catechol, the
area of action is shown to be larger than that for phenol, which
means that the intensity of interaction is stronger than that for
phenol. It is also noticed that these interactions are mainly
displayed in green color, which is an intuitive manifestation of
the π−π interaction. In addition, there is also an interaction
display between the oxygen-containing functional groups on
the surface of graphene oxide and the regions between phenol
or catechol, with the color mainly marked as blue-green, which
is a typical hydrogen bonding display. From the obtained
structural analysis in Figure 9, the interaction distances
between the hydrogen atom of the hydroxyl group in phenol
and catechol and the oxygen atom in graphene oxide are 1.962
and 1.912 Å, respectively. These structural features and
distances belong to typical hydrogen bonding interactions.
Therefore, the adsorption of phenol and catechol on the
surface of graphene oxide is not only π−π stacking but also
typical hydrogen bonding interactions.
In order to further quantitatively describe the physical

essence of the adsorption of phenol and catechol on the
surface of graphene oxide, we further used the energy
decomposition analysis (EDA) method to calculate the
adsorption effect. The results are shown in Table 3. The
EDA results show that the interaction energy between phenol
and graphene oxide is −0.938 eV, which is slightly larger than
the −1.062 eV of catechol. This is consistent with the result
mentioned in the RDG analysis that catechol exhibits a larger
interaction area due to its more functional groups. Among the
four energies decomposed by EDA, Epauli is a positive value,
which means that Pauli’s contribution is not conducive to
adsorption. The other three terms, namely, orbital interaction,
electrostatic interaction, and dispersion interaction, are
negative, which facilitate the surface adsorption of phenol
and catechol on graphene oxide. Among these values in Table
3, one can find that the contribution of dispersion is the
greatest among three negative components of EDA. Therefore,
the adsorption of phenol and catechol on the surface of
graphene oxide is mainly dominated by dispersion force. This
is consistent with the significant electron density gradient
changes during the adsorption of phenol and hydroquinone on
the surface of graphene oxide nanosheets in the spatial region
with π−π stacking, as shown by RDG analysis. It should be
pointed out that in addition to the dispersion effect, the
numerical value of the electrostatic effect is also very important
for stable adsorption, with the values of −0.835 and −1.028 eV
for phenol and catechol, respectively. These values are less
negative than that of the dispersion force by −1.326 and
−1.455 eV for phenol and catechol, respectively. It is well

Table 2. Correlative Parameters of Adsorption Kinetics of Phenol and Catechol on MGOs

pseudo-first-order pseudo-second-order Weber-Morris Elovich

kinetic model qe k1(2) R2 qe k1(2) R2 Kid C R2 A β R2

phenol 17.2 0.031 0.922 5.5 0.0246 0.751 1.6426 1.7068 0.678 1.976 0.226 0.778
catechol 27.6 0.001 0.863 104.2 0.0192 0.999 0.6332 98.190 0.658 1.48 × 1024 0.574 0.789
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known that the hydrogen bonding is considered to be
dominated by electrostatic interactions in physical essence.
This is also consistent with the fact that the hydrogen bonding
interaction between phenol and catechol and the oxygen-
containing functional groups on the surface of graphene oxide
is observed in the stable adsorption structure as shown in RDG

analysis. Besides, charge transfer is also studied for adsorption
of phenol and catechol on the surface of graphene oxide. It is
found that 0.0214 and 0.0202 e are transferred from phenol
and catechol, respectively, to the graphene oxides. Thus,
charge redistribution has occurred in adsorption of phenol and
catechol on the surface of graphene oxide. This also could

Figure 9. Structure and RDG interaction of phenol and catechol adsorbed on the surface of GOs nanosheets. (a) Phenol and (b) catechol.
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enhance the interaction between phenol/catechol and
graphene oxide, which agrees with the results of adsorption
kinetics that the adsorption involves electron sharing or
electron transfer, as mentioned above.

4. CONCLUSIONS
In summary, this work has prepared MGO composites by
blending graphene oxide and Fe3O4 magnetic nanoparticles to
remove phenol and catechol in wastewater. Various adsorption
factors and adsorption mechanisms are discussed based on the
experiments and DFT calculations. The main conclusions are
as follows:
(1) The optimal process conditions for the adsorption of

phenol and catechol on the surface of MGOs have been
determined. The adsorption capacity of phenol and
catechol increases with time but reached the maximum
at 60 min. The ionic strength of inorganic salts will affect
the adsorption of phenol and catechol by MGOs. MGOs
are suitable for adsorption of phenol and catechol in
weak acid conditions, and the alkaline solution environ-
ment is not conducive to increase the equilibrium
adsorption capacity.

(2) The modes of adsorption isotherm for the adsorption of
phenol and catechol on the surface of MGOs have been
obtained. The results of the adsorption isotherm show
that the Langmuir-type isotherm equation can well
describe the adsorption behavior of phenol and catechol
on MGOs. The adsorption is mainly on a single surface,
and the adsorption is favorable.

(3) The modes of adsorption kinetics for the adsorption of
phenol and catechol on the surface of MGOs have been
explored. The adsorption of phenol on MGOs conforms
to the quasi-first-order kinetic model, and the adsorption
rate is likely to be controlled by the diffusion step. The
adsorption of catechol on magnetic graphene oxide
conforms to the quasi-second-order kinetic model, and
the adsorption rate is likely to be controlled by the
chemical adsorption mechanism.

(4) The mechanism and essence of the interaction of phenol
and catechol on the surface of MGOs at the microscale
have been revealed. Based on DFT calculations, it is
found that phenol and catechol on the surfaces of
graphene oxide nanosheets are in a noncovalent
interaction distance. The interaction region, strength,
and type between phenol/catechol and graphene oxide
nanosheets could be directly pictured by the RDG
analysis. Moreover, EDA results clearly demonstrated
that the adsorption of phenol and catechol on the
surface of graphene oxide is mainly dominated by
dispersion force.
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