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The removal of phenolic compounds from aqueous solutions using novel adsorption techniques becomes a key research item. Of
those, nanoparticles in particular, the low-cost and the high-strength aluminum oxide nanoparticles showed promising results in
pollutant uptake and increase in the adsorption efficiency. This study examined various physicochemical process parameters such
as temperature, pH, initial phenol concentration, and adsorbent doses, in addition to the impact of those parameters on the
adsorption removal mechanism of phenol. The results highlighted that aluminum oxide nanoparticles successfully exhibited
superior phenol removal from an aqueous solution in addition to a high potential regeneration of the consumed nanoparticles
by HCL For the adsorbent mass of 0.5g, phenol adsorption uptake reached 92%. Kinetic studies performed using several
models demonstrated the data best fitting with a pseudo-second-order kinetic model. Examining equilibrium studies of various
isotherms, the adsorption data of phenol into aluminum oxide nanoparticles was confirmed to be controlled by film diffusion
and best represented by the Langmuir isotherm. The maximum capacity of adsorption was 16.97 mg/g. For thermodynamics
studies, the results indicated that the adsorption process can vary between endothermic and exothermic reactions. Such relative
differences in heat generation and spontaneity in adsorption processes were demonstrated and confirmed by principal
component analysis (PCA). This evidence is key for future investigations for the efficiency of adsorption conditions concerning
the contaminant type and adsorbate compounds.

1. Introduction

Phenol is a common aromatic hydrocarbon, which is toxic
and very soluble in water [1]. It exists in high concentrations
in various types of wastewater, such as pesticide, chemical
manufacturing, pulp, plastic, textile, coke manufacturing,
dyes, and resin-manufacturing effluents [2]. Its concentra-
tion in effluents can range from 1 mg/L to several hundred
milligrams per liter [3]. Due to its deployment as raw mate-

rial or intermediate compounds or being generated as a final
product, large quantities of phenolic compound effluent pos-
sess issues [4]. Phenol can cause severe health problems to
the skin, eyes, lungs, liver, kidneys, and central nervous sys-
tem [2]. Phenol is also toxic to plants and aquatic life [3].
The phenol concentration in wastewater should not surpass
1 mg/L according to the Environmental Protection Agency
[2]. As a result, wastewater containing phenol should be
treated before discharging it into the environment. Several
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technologies can be used to reduce the concentration of phe-
nol in wastewater, such as chemical oxidation, electrochem-
ical techniques, membranes, and biological treatment
methods. However, chemical techniques are expensive and
can produce harmful byproducts [5, 6]. Nonetheless, the
biodegradation of phenol using biological processes is still
a challenge because it can inhibit microorganisms at high
concentrations [7, 8]. Alternatively, the removal of phenol
using membrane technologies is associated with a very high
cost.

Adsorption is one of the technologies that can remove
phenol from wastewater by transferring it from the liquid
phase to a solid surface [9-11]. The development of various
adsorption technologies in comparison to other chemical
technologies can be attributed to their low cost and their
simplicity. It is also insensitive of toxic substances [12].
Additionally, adsorption proved to be successful in the
removal of both inorganic and organic pollutants from
wastewater [13-16] and highly efficient at low concentra-
tions of contaminants [4] with a minimal byproducts. Vari-
ous types of adsorbents have been examined in the removal
of different pollutants [17, 18]. Moreover, coupling nano-
technology with adsorption has been found to be very effi-
cient. Nanoparticles have a large surface area and can be
supported on various materials [19]. Several types of nano-
particles have been examined in the uptake of pollutants
from aqueous solutions [20]. For instance, carbon nanotubes
have been employed in the removal of heavy metals [21].
Iron oxide nanoparticles and copper oxide nanoparticles
have been used in the removal of arsenic from wastewater
[22, 23]. Similarly, the removal of various contaminants
from aqueous solution such as arsenate, chromium, and
mercury was attained using zirconium-based nanoparticles
[24], carbon nano-onions [25], and nano-titanium dioxide
[26], respectively.

Aluminum oxide nanoparticles are among the first inor-
ganic nanoparticles to be examined as an adsorbent material.
This is due to their high efficiency in pollutant uptake and
their high strength and low cost [27]. The main disadvantage
is the separation process when applied on a full scale. A pre-
vious study has shown that aluminum oxide nanoparticles
were able to remove orange G and their adsorption capacity
was 93.3mg/g [27]. Another study used aluminum oxide
nanoparticles in the removal of cadmium and lead, and the
adsorption capacities were 78 and 217 mg/g, respectively
[28]. A third study showed that thiophenes can be adsorbed
using aluminum oxide nanoparticles [29]. Another study
examined the ability of aluminum oxide nanoparticles to
remove methylene blue, and the maximum capacity of
adsorption was 2.5 % 10*° mol/g [30]. Fluoride was also
removed using aluminum oxide nanoparticles, and the
adsorption capacity reached about 65 mg/g [31]. In the same
matter, other studies have examined the removal of phenolic
compounds using various nanoparticles. For example, Liu
et al. examined the ability of hierarchical micronanoporous
carbon material in the removal of phenol [32]. In another
study by Kim et al. , nanostructured silicas functionalized
with phenyl groups were able to uptake bisphenol from an
aqueous solution [33].

Adsorption Science & Technology

While aluminum oxide powder was previously examined
to remove phenol from aqueous solution and showed good
results in the adsorption process [34], it can be hypothesized
that applying aluminum oxide material in a nanoscale can
improve the adsorptive removal efficiency of the pollutants.
Given these facts and the apparent research gaps, examining
the ability of aluminum oxide in the form of nanoparticles as
an adsorbent [35, 36] is crucial. Moreover, phenol can cause
severe environmental and health problems if it is not
removed from wastewater. To the best of the authors’
knowledge, the phenol removal from an aqueous solution
using aluminum oxide nanoparticles has not yet been stud-
ied. The overall objective is to study the capacity of alumi-
num oxide nanoparticles to remove phenol from an
aqueous solution in different experimental conditions. The
manuscript also presents detailed information and investiga-
tions regarding the adsorption kinetics, adsorption capacity,
equilibrium, thermodynamics, and isotherm interpretation
in addition to the regeneration and desorption potential of
the adsorbent.

2. Materials and Methods

2.1. Preparation of Aluminum Oxide Nanoparticles. The
preparation of aluminum oxide nanoparticles was performed
using the c-precipitation technique with aluminum sulfate
and sodium hydroxide precursors as described elsewhere [37].
0.1 M of aluminum sulfate was dissolved in a distilled water,
and the solution was then preserved under constant stirring
for one hour. After the complete dissolution of the aluminum
sulfate, 0.2 M of sodium hydroxide solution was added. The
white creamy solution was left to settle overnight, and then,
the supernatant was carefully discarded. The precipitate was
washed several times using distilled water and then was dried
overnight at 80°C. Complete conversion of aluminum hydrox-
ide into alumina during drying was attained. The Brunauer-
Emmett-Teller (BET) surface area was determined by N,
adsorption/desorption. The X-ray diffraction (XRD) pattern
was obtained for aluminum oxide nanoparticles using X'Pert
Pro with a monochromator with Cu radiation. Measurements
were performed at 45kV and 35 mA. The reflection peaks were
obtained using a 0.03%/s scanning velocity at 20 from 10° to 70".

2.2. Adsorption Experiments. Batch experiments of adsorp-
tion were conducted at 30°C + 2°C. Several initial concentra-
tions of phenol ranging from 10mg/L to 1000 mg/L and
various doses (0.1 g-0.5g) of aluminum oxide nanoparticles
ranging were examined. The experiments were performed
using flasks that contained the phenol aqueous solution.
These were shaken at various speeds ranging from 50 rpm
to 300 rpm. The initial pH was adjusted using either 0.1 N
of sodium hydroxide or 0.1N of dilute hydrochloric acid.
After the adsorption process, the samples were filtered using
filter papers. The phenol concentrations were determined
using the digital photometer NANOCOLOR® 500 D using
the procedures described in the standard methods for the
examination of water and wastewater [38]. To verify the sta-
bility of phenol during experiments, control experiments
were conducted.
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2.3. Kinetics, Equilibrium, and Thermodynamics. Several
modeling techniques can be used to predict the efficiency
of the adsorption process [39]. Adsorption experiments were
conducted at different contact times (5-120 min) to perform
kinetic studies. The thermodynamic experiments were per-
formed at four different temperatures ranging from 30°C to
60°C while the equilibrium models were studied at the equi-
librium contact time (2h). To perform the kinetic calcula-
tions, the following linear equations were used for the PFO
and PSO kinetic models, the Elovich model, intraparticle dif-
fusion model, and Boyd model [40]:

%4
qt=(C0—Ct)W,
y
=(C,-C,)—,
qe ( 0 E)W
In (q,-9,)=In (q,) - Kkt
t 1 1 (1)

Bt =-0.4977 - In (1 - @>, )
9e

where the initial concentration of phenol is C,, the concen-
tration of phenol at time ¢ is C,, and the concentration of
phenol at equilibrium is C,. The volume of the aqueous solu-
tion is denoted by V, and the mass of the aluminum oxide
nanoparticles is W, and the amount of phenol adsorbed
per mass of aluminum oxide nanoparticles at equilibrium
is denoted by g,. In addition, ¢ indicates the time, k, is the
PFO rate constant, and k, is the PSO rate constant. Further-
more, « represents the initial rate constant, 3 indicates the
desorption constant, and k, denotes the intraparticle diffu-
sion model rate constant. Finally, C is the constant associ-
ated with the boundary layer thickness and Bt represents a
mathematical function of g,/q,.

The amount of adsorbed phenol onto aluminum oxide
nanoparticles at equilibrium can be expressed using several
adsorption isotherms. The following four isotherms (Lang-
muir, Freundlich, Dubinin-Radushkevich, and Temkin)
have been used in equilibrium studies. The linear forms of
these isotherms are stated as follows:

1 ( 1 ) 1,0
q. QmaxKL Ce Qmax,
Logg,=nlog C, +log K,
1
In g, = —KprR*T? In’ <1 + E) +1n qpp,
e

q,=B;In K; +B;1In C,,

where the maximum adsorption capacity is Q,,,. In addi-

tion, K; denotes a constant linked to the affinity between
phenol and nanoparticles, n is the Freundlich intensity
parameter, and K is the Freundlich constant. Moreover,
K, represents a constant linked to the sorption energy
and g, denotes the adsorption capacity. Furthermore, R
represents the gas constant, T is the temperature, and B,
indicates the Temkin isotherm constant. Finally, K denotes
the Temkin isotherm equilibrium binding constant. To cal-
culate the parameters obtained from thermodynamic stud-
ies, the following equations were used:

ko=
AG =-RTInK,, (4)
InK.= as ﬂ,
R RT

where Kc is the constant of equilibrium and C,, denotes the
amount of adsorbed phenol onto the nanoparticles per liter
of solution at equilibrium. In addition, AG" is the Gibbs-
free energy, AH" is the enthalpy, and AS” is the entropy.
Statistical analyses such as one-way analysis of vari-
ance (ANOVA) and Tukey pairwise comparisons in Mini-
tab were performed to compare and determine the
significant similarity and differences between different
conditions and the characteristics of their samples. For
any statistical differences, various key parameters and nor-
mality of the data were considered (i.e., analysis of data
distribution was pre-examined for normality to decide
the applicable test). To compare the significant differences
in the values of the mean of the datasets, the p values were
calculated with a significant level of 0.05 and considered
significant at p values < 0.05. To evaluate the relationships
and variations between the treatment conditions and ver-
ify their clustering and distinctions, multivariate analysis
of variance such as principal component analysis (PCA)
and cluster analysis were performed using Minitab [41].
Statistical tests on the significance of the similarities/differ-
ences of data might not be likely represented while using
the same dataset in the same group; therefore, any differ-
ences in the replication of measurements in the same
group between conditions were examined. All data were
mean values of few replicates unless otherwise stated.

3. Results and Discussion

3.1. Characterization of Aluminum Oxide Nanoparticles.
Figure 1(a) shows the aluminum oxide XRD spectra. The
adsorbent is crystalline in nature due to the presence of
peaks. The Brunauer-Emmett-Teller (BET) surface area
was found to be 6.26 m>/g, and this is consistent with Prab-
hakar and Samadder [42]. Fourier-transform infrared
(FTIR) spectroscopy was performed for the aluminum oxide
nanoparticles, as shown in Figure 1(b). The peaks observed
at 615 and 636 are assigned to the aluminum oxide stretch-
ing. The peak at 1127 indicates the triply degenerate vibra-
tional mode of the sulfate ion. The peaks at 1646 and 3526
are related to the bending and stretching vibration mode of
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F1GURE 1: The characterization of the aluminum oxide nanoparticle adsorbent material using (a) the X-ray diffraction pattern, (b) Fourier-
transform infrared spectroscopy, and (c) transmission electron microscopy image.
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FiGURre 2: Plot of the pH drift method.

a water molecule [4]. The examination of the surface of the
aluminum oxide nanoparticles was performed using a trans-
mission electron microscope. Figure 1(c) reveals that all par-

ticles are well crystallized, and the size of the particles is in
the nanorange.

As illustrated in Figure 2, the zero charge point (pH,,.)
was obtained using the pH drift method, as described else-
where [43]. The pH of a solution is a critical parameter that
impacts the adsorption of contaminants such as dyes and
phenols. The solution pH can be a determinant level of the
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FiGureg 3: The removal efficiency of phenol at (a) various pH levels at an applied adsorbent dose =0.5g, initial phenol concentration =
100 mg/L, contact time = 2 h, and stirring speed =200 rpm; (b) various adsorbent doses at an initial phenol concentration = 400 mg/L, pH
=6, contact time =2 h, and stirring speed = 200 rpm; and (c) various stirring speeds at an initial phenol concentration =400 mg/L, pH =

6, contact time = 2 h, and applied adsorbent dose =0.5g.

electrostatic and molecular’ interaction between the adsor-
bent surface and the adsorbate owing to charge distribution
on the material [44, 45]. Accordingly, the pH,. of alumi-
num oxide nanoparticles was determined at 8. This value is

similar to what was reported in previous studies [30].

3.2. Influence of the Initial pH, Initial Adsorbent Dose, and
Stirring Speed. Various effects of the experimental operating
conditions were investigated as depicted in Figures 3(a)-
3(c). The effect of the initial pH was investigated to demon-
strate its impact on the adsorption process (Figure 3(a)) and
the removal efficiency of phenol at various initial pH values
(2,4,6,8,10, and 12). The results demonstrated that the best
removal efficiency was obtained at a pH of 6 with 85%
removal. At higher pH values, the removal efficiencies were
lower than those obtained at lower pH values. This phenom-
enon could be related to the pH,,,. of aluminum oxide nano-
particles. At a pH of less than pHj,, the adsorbent surface is
positively charged. Phenol acts as a weak acid, as shown in
equation (5) where pK, =10 [46]. The nanoparticle surface

in an acidic solution is positively charged, while the equilib-
rium shifts to the left. Thus, phenol uptake happens due to
the dipole-dipole interaction. The positively charged func-
tional group of the nanoparticles interacts with the nega-
tively charged hydroxyl group. At much lower pH (less
than 6), additional protons exist, which compete for the
adsorbent sites [47]. Furthermore, at high pH values, the
equation shifts to the left. Due to the negative charges of
the nanoparticle surface at high pH values, a repulsion force
occurs, leading to a decrease in the removal efficiency.

CH,OH + H,05C,H,0™ + H,0". (5)

With regard to the initial adsorbent dose (Figure 3(b)),
the effects of different adsorbent doses of aluminum oxide
nanoparticles ranging from 0.1g to 0.5g were examined.
The adsorption stages usually encompass an initial stage
followed by a second stage. A high mass transfer driving
force is expected by the high phenol concentration at the ini-
tial stages of the adsorption process. For adsorbent mass of
0.5g, the phenol adsorption uptake reached to 92%. The



Adsorption Science & Technology

Removal (%)

0 20 40
e 10mg/l
—~e- 40mg/l
70 mg/1
100 mg/1

T T T
60 80 100 120

Time (min)

400 mg/1
—m— 700 mg/l
—m— 1000 mg/1

FIGURE 4: Removal efficiency of phenol at various initial concentrations at dose =0.5g, pH = 6, contact time =2 h, and stirring speed =

200 rpm.

increase of the initial aluminum oxide concentration from
0.1g to 0.3g led to 30% increase in the removal efficiency.
However, the maximum uptake reached a plateau above
0.5 g of adsorbent mass. It is worth noting that the available
adsorption sites could increase with the increase of adsor-
bent doses that leads to a greater ability to adsorb phenol.
This reflects the high dependence of the adsorption process
on the initial concentration, and the increase in initial con-
centration could have a significant effect on the final equilib-
rium time [48, 49].

The effect of the stirring speed on the removal effi-
ciency of phenol was determined (Figure 3(c)). The overall
trend is the increase of the removal efficiency of phenol
with the increase of stirring speed. However, when we
applied various stirring speed range (50rpm to 300 rpm),
a plateau was observed with a slight decline above a stir-
ring speed of 200 rpm. This phenomenon where the effi-
ciency of the phenol removal had a cut off stirring speed
at 200rpm can be attributed to the available adsorption
sites. The high stirring and mixing speeds are able to force
the phenol to penetrate the micropores and reach more
available adsorption sites. However, at a stirring speed of
more than 200rpm, the high speed caused shear forces
that led to the desorption of phenol from the surface of
the adsorbent and resulted in a decrease of the adsorption
capacity (i.e., removal efficiency) [50]. It is worth remark-
ing that the adsorbed molecules could also create repulsive
forces during the later stage of adsorption which can be
boosted at high stirring speed. The former fact indicates
the major effect of stirring speed as a major factor in the
determination of the mechanism of adsorption and
adsorption rates [49].

3.3. Influence of the Initial Phenol Concentration and
Contact Time. The adsorption kinetics is important for the
selection of the optimum operating conditions for the full-
scale adsorption processes [49]. Thus, the effects of the ini-
tial concentration of phenol and the contact time were inves-
tigated, as shown in Figure 4. The results showed that the
removal efficiencies increased rapidly in the first 20 min
and more than 50% of the removal was achieved for all con-
centrations. Subsequently, the removal efficiencies increased
slowly until reaching equilibrium after 2h. The maximum
removal efficiency during the entire experiment duration
was obtained at 400 mg/L at a removal efficiency level of
92.5%. The results revealed that the initial concentrations
have a significant effect on the removal efficiencies of phe-
nol. To grab a better understanding, at the low phenol con-
centrations (<400 mg/L), their removal efficiencies increased
due to the high adsorption sites present in the aluminum
oxide nanoparticles, which can accommodate these ranges
of phenol concentrations. The combination of the large
number of vacant and available adsorption sites with the
high concentration of the adsorbate at the initial stage could
provide a high driving force for adsorption at these moder-
ate and small concentrations. On the other hand, at higher
concentrations, the available sites of adsorbent are not ade-
quate to accommodate higher concentrations, so the
removal efficiencies decreased. Using this hypothesis, the
number of available sites could also decrease with time while
the adsorbate molecules start to compete for the remaining
sites and the adsorbed molecules start to create repulsive
forces during further adsorption. The kinetics section illus-
trated later can highlight these findings with respect to the
adsorption rate and the potential of the fast adsorption
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F1GURE 5: Kinetic studies: (a) pseudo-first-order (PFO), (b) pseudo-second-order (PSO), (¢) intraparticle diffusion, (d) Elovich, and (e) Boyd

kinetic models.

process on the exterior surface of the adsorbent at the initial
stage while at the later stages, dominating most of the exte-
rior sites, the adsorbate molecules could start penetrating
the pores to reach the interior adsorption sites at a slow
process.

3.4. Kinetic Studies. The linearized forms of the pseudo-first-
order (PFO), pseudo-second-order (PSO), intraparticle dif-
tusion, and Elovich and Boyd kinetic models are depicted
in Figure 5. Generally, a good fit of the experimental data
to the different models was observed. The results illustrate
that the correlation coefficient (R?) corresponding to PSO

was the highest value at 0.9217. Thus, the adsorption of phe-
nol onto aluminum oxide nanoparticles demonstrated the
best fit with the PSO model. Thus, chemisorption can be
considered the rate-limiting step because the process of
adsorption involves exchanging or sharing electrons
between phenol and the aluminum oxide nanoparticles
according to the assumption of PSO [51]. The values of g,
and k, were 0.595 mg/g and 0.0588 g/mg-min.

Because the three kinetic models cannot describe the
mechanism of diffusion, additional models were tested to
determine the rate-controlling steps in the phenol adsorp-
tion. During the phenol uptake, three successive steps can
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FIGURE 6: Isotherms: (a) Langmuir, (b) Freundlich, (c) Dubinin-Radushkevich, and (d) Temkin.

TaBLE 1: Comparison of the maximum capacities of the adsorption
of phenol onto different materials.

Maximum capacity of

Adsorbent material . Reference
adsorption (mg/g)

Granular activated 755 (53]

carbon

Natural coal 18.8 [54]

Bentonite 0.52 [10]

Aluminum oxide 0.35 [34]

Red mud 4.13 [55]

Alumlnum oxide 16.97 This

nanoparticles study

occur. First, phenol transfers from the bulk solution to the
external surface of the nanoparticles in a step called film dif-
fusion. Second, phenol moves through the interior particles
of the nanoparticles in a step called particle diffusion. Third,
phenol attaches to the interior surface of the nanoparticles in
a step called adsorption. Figure 5(c) shows the linear form of

the data using the intraparticle diffusion model. Because the
data can be divided into three linear portions, the process of
adsorption is controlled through a multistep mechanism.
The value of K, was 0.0432 mg/g-min®®. The linear form
of the Boyd kinetic model is displayed in Figure 5(d) and
was used to distinguish between the film diffusion and parti-
cle diffusion. Because the fitting line for the data does not
pass through the origin, the process of adsorption of phenol
onto aluminum oxide nanoparticles is controlled by film
diffusion.

3.5. Equilibrium Studies. Four different isotherms were
examined to find the appropriate model for the design pro-
cess. Each isotherm has certain assumptions. In the Lang-
muir isotherm, all sites of adsorption have the same
energy. In the Freundlich isotherm, the adsorption occurs
on a heterogeneous surface. In the Dubinin-Radushkevich
isotherm, it interprets the porous structure of the surface
of the nanoparticles. In the Temkin isotherm, a linear
decrease in the heat of the adsorption occurs along with
the coverage of the surface. Figures 6(a)-6(d) reveal the
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TaBLE 2: Thermodynamic model parameters.

Initial Conc. (mg/ ?13/ (I/?\i;l ;o Acio (km\fon o
L) Nol) g 30C 40C 50C 60°C
1000 5515 17276 2.8 107 —0.66 —2.38
700 3392 10417 236 131 027 -0.77
100 31.81 9536 291 196 101 0.05
70 4298 12621 474 348 222 096

linear plots of the four isotherms. The results demonstrate
that the maximum coeflicient of correlation was obtained
using the Langmuir isotherm (R* = 0.9494). Thus, the equi-
librium data were best represented by the Langmuir iso-
therm and the surface of the aluminum oxide
nanoparticles was homogenous with identical sites where
the monolayer adsorption occurred [52]. The maximum
capacity of adsorption was 16.97 mg/g, while the value of
K was 0.049 mg/L. For the Freundlich isotherm, the values
of n and K were 1.004 and 0.675 mg/g (mg/L)"***, respec-
tively. For the Dubinin-Radushkevich isotherm, the value
of g was 16.39 mg/g. For the Temkin isotherm, the values
of B, and K were 15.749 and 0.359 mg/L, respectively. The
standard deviations between the best two isotherm models
(Langmuir versus Freundlich) were considered, and the sta-
tistical analysis with t-test revealed that the standard error
and standard deviation for Langmuir were the lowest value
(ie., standard deviation: 0.36 vs 0.65). In terms of the p
value, there was no significant difference in the two models
at 95% significance level (p value > 0.05). Table 1 reveals
the value of the maximum capacity of the adsorption of phe-

nol onto different types of adsorbents. It is obvious that the
performance of nanoparticles was better than that of the
normal aluminum oxide with respect to the maximum
adsorption capacity. However, other adsorbents, including
granular-activated carbon and natural coal, have higher
adsorption capacity.

The removal efficiencies of phenol, using aluminum
oxide nanoparticles, are higher than those obtained when
using adsorbents with a large particle size and are quite
similar to those obtained from some other nanoparticles.
For example, vernadite was used for the removal of phe-
nol, through the adsorption process, and the maximum
removal efliciency was approximately 85% [56]. On the
other hand, phenol removal was examined using nano-
zero-valent iron and supported nano-zero-valent iron and
the removal efficiencies were approximately 94% and
90%, respectively, which is close to the values obtained
in this study [57]. When the phenol removal efficiencies
are compared with those of other treatment technologies,
the adsorption process using nanoparticles shows excellent
results. In a study using the electrocoagulation technique
with zinc electrodes, the maximum efficiency of phenol
removal was 85% [58]. In another study, microbial fuel
cells were used to remove phenol and the maximum
removal efficiency reached was 63% [59]. Therefore, the
use of aluminum oxide nanoparticles for phenol removal
is better than the use of other treatment technologies,
not only because there is high removal efficiency but also
because other systems are more complex. Moreover, metal
oxide adsorbents can provide an additional benefit, since
adsorbents can be used, after the adsorption process, in a
photocatalytic oxidation reactor where further removal of
phenol can be achieved [60].
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FIGURE 8: (a) Score plot for PCA analysis of treated samples, PC 1 (68%) and PC 2 (31.2%). (b) Biplot and loading plot of PC1 and PC2 with
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3.6. Thermodynamics. Figure 7 reveals the linear plot of
the thermodynamic equation (In K¢ versus 1/T).
Table 2 lists the values of Gibbs-free energy, entropy,
and enthalpy at various concentrations and temperatures.
The results indicate that the process of adsorption is
endothermic due to the positive sign of AH®, indicating
that a high amount of heat is used to transfer the phenol
from the solution to the nanoparticles [61]. At low tem-
peratures, the phenol uptake is nonspontaneous due to
the positive sign of AG’, while at high concentrations
and high temperatures, the phenol uptake was spontane-
ous. Some structural changes occurred as shown by the
positive sign of AS’.

The principal component analysis (PCA) was performed
to further reveal the relative influence of aluminum oxide
nanoparticles on adsorption and various adsorption param-

eters (Figure 8). The respective contribution to the total var-
iance in PCA analysis of all treated samples was manifested
by varying percentages of 68 and 31.2 for both axes PC 1 and
PC 2, respectively. The variations in the PC1 direction con-
tributed to 68% of the total variations, and this attributes to
the broad separation of the adsorption-treated samples in
this direction. The data for high temperatures (50 and
60°C) and high concentration samples (700 and 1000 mg/
L) denoted as (T60, C1000; T60, C700; T50, C1000; and
T50, C700) were clustered together in the right quadrants.
The temperature at 60°C only (T60, C700 and T60, C1000)
was singled out in the top-right quadrant. For the low con-
centrations and low-temperature treatment (T30, C70; T30,
C100; T40, C70; and T40, C100), the samples were associ-
ated in few groups and clusters directed to the opposite
direction of PC1.
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FiGURE 9: Dendrogram of the cluster analysis for all treated samples based on adsorption conditions. At a similarity level of 51.1, 4 main

clusters were observed similar to PCA.

TaBLE 3: Desorption efficiencies at various HCI concentrations at
the initial concentration of phenol of 400 mg/L.

HCI concentration (N) Desorption efficiency (%)

0.1 43.75
0.2 45
0.4 46.25
0.6 46.75
0.8 50
1 50.25

Generally, group 1 and group 2 samples exhibited a weak
association with phenol removal and In (Kc) loading vectors
where the phenol removal and In (Kc) peaks were positively
shifted towards the left-bottom and top quadrants. The PCA
emphasize this decrease in phenol removal and rate of
removal as observed in the positive values of AG’
(Table 2). This matches the negative scores of those condi-
tions on PCI and their relative positions in the same part
with high temperatures and high concentrations. In contrast,
group 3 and 4 samples were considerably varied and mostly
grouped in the top-right quadrants. Notably, the group 3
and 4 samples were intensified in the direction vectors of
effluent, phenol removal, and rate of adsorption, demon-
strating the outperformance of T50 and T60 at high concen-
trations in adsorption.

In the same sense, a cluster analysis was performed to
examine the influence of aluminum oxide nanoparticles on
adsorption and correlate it with the PCA observations
(Figure 9). Similarly, the cluster analysis emphasized four
main clusters of data at a similar level of 53.11 in which clus-
ter 1 encompassed (T30, C100; T30, C70; and T40, C70);
cluster 2 included (T30, C1000 and T30, C700); cluster 3
included (T60, C100; T50, C100; T40, C100; and T50,
C70); and cluster 4 encompassed (T60, C1000; T60, C700;
T50, C1000; T50, C700; T40, C1000; and T40, C700). The
results indicated that metrics based on concentration and

adsorption temperatures are favorable for multivariate anal-
ysis and PCA assessment to categorize adsorption condi-
tions based on their relative performances.

3.7. Regeneration of the Nanoparticles. It is important to
study the regeneration ability of the consumed adsorbent
to reduce the cost of the process of adsorption and to
decrease the problems associated with the disposal of the
consumed material [30]. In practice, regeneration studies
have been performed using solvents, such as acids. Hydro-
chloric acid (HCI) has been used for desorption experiments,
and various concentrations have been used ranging from 0.2
to 1N HCIL. Table 3 displays the desorption efficiencies at
various HCI concentrations. The results demonstrated that
HCI could remove up to 50% of the amount of the phenol
on the nanoparticle surface and an approximately constant
value of removal was reached at 0.8 N HCI and higher.

4. Conclusion

Aluminum oxide nanoparticles successfully exhibited supe-
rior phenol removal from an aqueous solution in addition
to a high potential regeneration of the consumed nanoparti-
cles by HCIL. The nanoparticles were crystalline in nature due
to the existence of peaks. At higher pH values, the removal
efficiencies were lower than those obtained at low pH values.
The maximum removal efficiency of phenol reached 92.5%
in which an increasing trend of efficiency was observed with
the increase of the dose. The results reveal that the efficiency
of the removal of phenol increased with increased stirring
speeds. Kinetic studies showed that the data fit the PSO
kinetic model. The adsorption of phenol onto aluminum
oxide nanoparticles is controlled by film diffusion. Based
on the equilibrium experiments, the data demonstrated the
best fit with the Langmuir isotherm. The results indicated
that the process of adsorption is endothermic due to the pos-
itive sign of AH". At low temperatures, the phenol uptake is
nonspontaneous due to the positive sign of AG°, while at
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high concentrations and high temperatures, the phenol
uptake was spontaneous. The relative differences demon-
strated for adsorption processes in terms of endothermic
and spontaneity were confirmed by PCA. This evidence is
key for future investigations of the efficiency of adsorption
conditions concerning the contaminant type and adsorbate
compounds. In a real system, alumina nanoparticles can be
used in a fixed bed column and their application perfor-
mance can be enhanced through the support of the nanopar-
ticles onto another larger-scale material. Given the proof of
concept presented here and our investigations, the knowl-
edge gap highlights the need for further studies to be war-
ranted to progress the work in this area and the practical
aspects of these methods and the effects of other parameters
for real applications.
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