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Abstract: The development of cost-effective technologies for the treatment of water contaminated
by petrochemicals is an environmental priority. This issue is of paramount importance for countries
like Saudi Arabia owing to its scarce water resources. Of particular concern are automobile fuels,
such as gasoline and diesel, that can contaminate water aquifers from leaking underground fuel
storage tanks. Owing to the cost-effectiveness of adsorption-based technologies, low-cost high
surface-area commercial activated carbon was used for the adsorptive removal of contaminants from
the emulsified fuel-contaminated water. Batch equilibrium experiments showed a high efficacy of the
adsorbent. Even with small amounts of the adsorbent, a removal efficiency of more than 97% was
obtained for both gasoline as well as diesel. Three different well-known batch adsorption isotherm
models, namely the Langmuir, Freundlich, and Temkin, were used for describing the experimental
data. The best results were obtained using the Freundlich isotherm followed by the Langmuir model.
The maximum capacity was found to be 8.3 g gasoline and 9.3 g diesel per gram of the adsorbent at
ambient conditions for a neutral contaminated aqueous solution.

Keywords: automobile fuel; gasoline; diesel; adsorptive removal; batch adsorption isotherm models

1. Introduction

The contamination of water bodies as a result of various human activities is a matter
of great environmental concern. Even a small amount of petrochemical contamination,
for instance, could lead to significant environmental damage. As an example, one liter of
benzene, at the maximum concentration limit (MCL) of 5 ppb (parts per billion), could
render approximately 77 million gallons of water unfit for human consumption [1] because
benzene can cause leukemia. Among different pollutants, automobile fuel is of major
concern. The United States Environmental Protection Agency estimates the existence of
over 200,000 leaking underground storage tanks (UST) in the United States. Even a small
hole with a diameter of 0.5 mm in an UST with a daily gasoline pumping capacity of
1500 L could leak as much as 460 L of fuel for 12,100 L of the automobile fuel pumped [1].
Although the leaked fraction of the fuel is less than 4%, the environmental cost of the
contamination would be substantially higher. If such a pollution scenario occurred in
Saudi Arabia, the damage could be significantly greater in view of the nation’s scarce water
resources. Therefore, developing cost-effective technologies for the treatment of water
contamination is of paramount importance.

Among various ex situ remediation techniques, adsorption is especially promising
because of its simplicity, adaptability for batch and continuous processes, potential for
regeneration and reuse, low capital cost, and ability to remove a wide range of pollutants
and impurities. It involves the removal of the contaminating molecules from the fluid
phase (gas/liquid) by adhesion onto the surface of a solid adsorbent. In fact, the use of
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the adsorption technology is not only limited to environmental remediation. It can also be
used to separate and store gases like hydrogen, methane, natural gas, and carbon capture
as solid adsorbents and can selectively adsorb certain gases while allowing others to pass
through. The adsorption technology has also been applied in catalysis, pharmaceuticals
and drug delivery, dehumidification, and air conditioning.

Of particular importance in the adsorptive removal of contaminants is the availability
of the surface area of the adsorbent [2–9]. Activated carbon (AC), owing to its large surface
area, high micropore volume, well-developed porous structure, thermal stability, and
desirable surface characteristics, has been widely used as an adsorbent for the treatment
of wastewater, industrial effluents, gas purification, and the removal of volatile organic
compounds (VOC) [8,10–13]. Another advantage of using activated carbon in the treatment
of fuel-contaminated wastewater is that it does not pose any disposal problem. When the
regeneration of the spent adsorbent becomes uneconomical, it can be used as a fuel.

A complete treatment strategy usually requires a sequential application of a number
of physical, chemical, and biological processes to the wastewater. These include reverse
osmosis, membrane separation, evaporation, electro-dialysis, ion exchange, chemical pre-
cipitation, coagulation, filtration, flocculation, photochemical reactions, activated sludge,
aerobic and anaerobic treatment, microbial reduction and adsorption, etc. As a matter
of fact, most wastewater treatment technologies are specifically designed to address a
particular water contamination or purification problem and, therefore, usually involve
rather complex procedures that often lead to high operational and maintenance costs while
generating toxic sludge. Because adsorption is fairly generic in nature owing to ease of
operation and simplicity of design [14,15], it can, therefore, be easily integrated with other
separation technologies to improve the separation efficacy of the treatment process. The
reverse osmosis membrane filtration coupled with an adsorption pretreatment unit proved
to be an effective hybrid technique for the treatment of high-concentration oily wastewater
with a removal efficacy of 99% and more than a 100% increase in the permeate flux [16].

In order to develop high-efficiency adsorbents for the removal of emulsified oil (gaso-
line) from contaminated water, the use of multi-walled carbon nanotubes (MWCNTs)
doped with ferric oxide nanoparticles (NPs) was suggested [17]. Increasing the fraction of
NPs reportedly enhanced the gasoline uptake. Measuring the oil concentration using the
total organic carbon (TOC) analyzer, the sorption capacities of doped CNTs were found to
be greater than 7 g/g for gasoline. Earlier work on the use of NPs showed good removal
capacity of the commercial hydrophobic nano-silica of automobile fuels, i.e., gasoline and
diesel, from an aqueous solution [3]. However, the isotherm fits of their batch equilibrium
data were found to be poor. Recently, low-cost activated carbon (AC) samples prepared at
different temperatures from potato peel were used for the removal of the oil [8]. Samples
with larger surface areas and higher pore volumes resulted in higher oil uptake, indicating
a direct correlation between the pore characteristics and the adsorption capacity of the
adsorbent. The adsorption capacity of the adsorbent showed a steep decrease when water
was present along with the oil. No results of batch equilibrium studies were reported by the
authors [8]. Another recent study suggested the use of magnetic chitosan-based flocculants
for the removal of emulsified oil from the steel rolling industry’s effluent wastewater [18].
In the present study, low-cost, commercially available activated carbon was used for the
removal of the two most common automobile fuels, i.e., gasoline and diesel, from aqueous
solutions with varying contaminant concentrations. In most practical situations, unlike
crude oil spills, these fuels could lead to contamination of an underground water aquifer in
small concentrations that would make the water unfit for human consumption and will,
therefore, require appropriate remediation strategies. As a result, unlike in situ remediation
techniques often suggested for crude oil spills, they are unlikely to be effective for water
contaminated with low concentrations of automobile fuels. Therefore, careful consideration
of the appropriate description of the batch equilibrium experimental data was given in this
study while keeping the concentration of the emulsified oil in an aqueous solution low. To
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ensure an accurate measurement of the contaminant concentration in the aqueous solution,
the concentration measurements were carried out using a TOC analyzer.

2. Materials and Methods
2.1. Materials

The activated carbon (AC) used in this study as an adsorbent was obtained from
Loba Chemie Pvt Ltd., Mumbai, India. The morphological characterization of the CAC
was carried out using a Scanning Electron Microscope (SEM). These images are shown
in Figure 1. A great degree of surface roughness is seen in both images as a result of the
activation process.
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Figure 1. SEM images of the activated carbon sample at two different magnifications with different
inset scales (a) 200 µm, (b) 20 µm.

Another important aspect of the activated carbon is its surface area and pore vol-
ume. The greater the surface area and the pore volume of the adsorbent, the higher
the contaminant-binding active sites available in the pore structure created by the phys-
ical/chemical activation process undertaken during the synthesis of the sample. This is
attributed to the reactions that take place during the pyrolysis and the activation processes,
leading to the evolution of volatiles, such as oxides of carbon and hydrogen gas. The
occurrence of reactions between the active intermediates and the constituents of the gas
phase, though not fully understood, also cannot be ruled out. In the case of activation using
alkalis (M = Na/K), hydroxide reduction and carbon oxidation take place. The reduction
reaction leads to the evolution of hydrogen gas in addition to Na or K metals, whereas
carbon is oxidized to metal carbonates. Typically, the various overall probable reaction
schemes taking place in the case of an alkali-driven activation process can be represented
as [19,20],

6MOH + 2C → 2M + 2M2CO3 + 3H2 ↑ (1)

2MOH + C + H2O→ M2CO3 + 2H2 ↑ (2)

2MOH + 2C → 2CO ↑ +2K + H2 ↑ (3)



Separations 2023, 10, 493 4 of 15

Note that the crystallinity of the sample, among other factors, could also play a
significant role in the degree of intercalation of the metal inside the carbonaceous porous
structure, thereby ultimately affecting their relative efficacy towards different contaminants.
For example, metallic K was shown to be more amenable to intercalation in contrast with
Na, which only intercalated with highly disorganized samples of MWCNTs [19].

The variation of the pore volume and pore area with the pore radius is shown in
Figure 2. It is obvious from the figure that the AC sample used was highly microporous. The
total pore volume was 0.522 cm3/g. More than half of the pore volume was concentrated in
pores with an average pore width of less than 20 Å. Out of a total pores area of 1132 m2/g,
the fraction of pores with a width of 20 Å was almost 220 m2/g. This means that the
remaining pore area of almost 900 m2/g was dominated by pores with a width of ≤20 Å,
which are classified as ultra-micropores and super-micropores. This is a clear indication that
the AC sample, owing to its high surface area and pore volume, is potentially a promising
adsorbent for the removal of contaminants.
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2.2. Methods

First, the stock solution was prepared with a contaminant concentration of 1000 ppm
using distilled water with a conductivity of 2.77 µS/cm. We used a nonionic surfactant
(Triton X-100: C14H22O(C2H4O)n) to prepare a homogeneous solution. The oily wastewater
emulsion was mixed at 500 rpm for 1 h. The stability of the oily wastewater emulsion
remained unchanged after 10 h [16].

The kinetics of the gasoline uptake was determined by monitoring the temporal
variation of its concentration in the emulsified solution. The kinetic fit yielded the pseudo-
first-order rate constant as 0.166 min−1 with the coefficient of determination (r-squared)
being 0.971. This means 42 min are required to reach 99.9% of the equilibrium uptake value.
The trend was similar for the diesel uptake kinetics. Therefore, 2 h of contact time was used
for batch equilibrium studies in the present investigation.

Different dosages of the AC were used with 40 mL of solution in TOC (total organic
carbon) vials. The solution with a fixed quantity of the AC was mounted on a shaker for
2 h at 25 ± 0.5 ◦C to ensure an intimate mixing of the adsorbent with the emulsified fuel
(gasoline/diesel) solution. The contact duration of the adsorbent with the contaminated
solution helped to remove the contaminant from the solution, thereby yielding an equilib-
rium concentration of the contaminant in the remaining solution. The solution was then



Separations 2023, 10, 493 5 of 15

filtered using a Büchner funnel and a Büchner flask, connected to a vacuum pump, to
remove the AC before the measurement of the oil concentration. The filtered samples are
shown in Figure 3, where the initial concentration of the oily contaminant was kept at 1000
ppm while the adsorbent dosage was varied from 0.01 to 0.25 g.
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adsorbent.

The oil concentration was measured using a Total Carbon Content (TOC) Analyzer
(Model: TOC-L, Shimadzu, Japan) with a measurement range of 4 µg/L to 30,000 mg/L.
The instrument calibration of the TOC analyzer was first verified using potassium hydrogen
phthalate (C8H5KO4). Next, the calibration of the equipment for both gasoline and diesel
was carried out. As mentioned earlier, batch isotherm experiments were carried out using
the oil-in-water emulsion, where the oil was the dispersed phase in the continuous phase
(water) at room temperature. Different dosages of the adsorbent were used, i.e., 0.01, 0.02,
0.04, 0.06, 0.08, 0.10, 0.15, 0.20, and 0.25 g.

The equilibrium adsorption capacity and the percentage removal efficiency were
computed using the following equations,

qe =
(C0 − Ce)V

W
(4)

Removal (%) =
(C0 − Ce)× 100

C0
(5)

where, qe = the amount adsorbed in mg of the solute per gram of the adsorbent at equilib-
rium, C0 = the initial fuel concentration in mg per liter of an aqueous solution, Ce = the
equilibrium fuel concentration in mg per liter of an aqueous solution, V = the solution
volume in liters, and W = the adsorbent mass in grams.

3. Batch Isotherm Models
3.1. Langmuir Isotherm Model

This isotherm model correlates the equilibrium contaminant concentration in the solid
phase (adsorbent) with that in the aqueous phase. Mathematically, the Langmuir isotherm
model is given as [21],

qe =
QmbCe

1 + bCe
(6)

where qe (mg/g) is the equilibrium contaminant concentration on the adsorbent, Ce (mg/L)
is the equilibrium contaminant concentration in the aqueous phase, Qm is the maximum
adsorption capacity (mg/g) that corresponds to monolayer coverage, and b is the Langmuir
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isotherm constant (L/mg). In linearized form, the above equation can be rewritten as [3,22],(
1
qe

)
=

1
bQm

(
1

Ce

)
+

1
Qm

(7)

A plot of
(

1
qe

)
vs.
(

1
Ce

)
will result in a straight line of slope 1

bQm
and y-intercept as 1

Qm
. The

experimental result can, therefore, be used to evaluate the maximum adsorption capacity.

3.2. Freundlich Isotherm Model

This isotherm model correlates the heterogeneous surface containing binding sites to
their energies, which can be described as [23],

qe = KFC1/n
e (8)

where the constant KF ((mg/g)(L/mg)1/n) is a measure of the ‘relative adsorption capacity’
whereas the constant (n) is a measure of the ‘adsorption intensity’. For n > 1, adsorption is
favorable. Linearizing the above equation yields [24,25],

log(qe) = log(KF) +
1
n

log(Ce) (9)

A plot of log(qe) vs. log(Ce) will result in a straight line of slope 1
n and y-intercept as

log(KF).

3.3. Temkin Isotherm Model

The Temkin isotherm model assumes linear variation of the adsorption heat with the
coverage of the adsorbent surface. This model is represented as [22],

qe =
RT
BT

ln KT +
RT
BT

ln Ce (10)

where BT is the heat of adsorption (kJ/mol) and KT is the Temkin isotherm parameter
(L/mg). A plot of qe vs. ln(Ce) will result in a straight line of slope RT

BT
and y-intercept as

RT
BT

ln KT .

3.4. Coefficient of Determination (R2)

This is the most widely used statistical tool to assess the validity of the model. It is
the proportion of the variation in the model predictions from that of the corresponding
experimental values that can be represented as follows,

R2 = 1− SSresidual
SStotal

(11)

where,
SSresidual =

N

∑
i=1

(qe,i − qmodel,i)
2 (12a)

SStotal =
N

∑
i=1

(qe,i − qe,i)
2 (12b)

qe,i =
1
N

N

∑
i=1

qe,i (12c)

3.5. Normalized Standard Deviation Test of Model Validity

For evaluating the isotherm models’ validity, the following expression for the normal-
ized standard deviation is often used,
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∆q(%) = 100×

√√√√ N

∑
i=1

[(qe,i − qmodel,i)/qe,i]
2

(N − 1)
(13)

where qe,i and qmodel,i are the experimentally obtained data and the isotherm model pre-
diction, respectively, for the ith data point whereas N is the number of experimental
data points.

4. Results and Discussion
4.1. Gasoline Removal Studies and Isotherm Model Fits

The experimental results are shown in Figure 4. As the amount of the adsorbent was
increased, the removal percentage also increased, as seen on the right-hand side ordinate of
the figure. Almost 90% removal was obtained when 80 mg of the adsorbent was used in a
40 mL solution of 1000 ppm gasoline. The removal percentage gradually increased to 93.5%
and 96.7% when 0.2 g and 0.3 g adsorbents, respectively, were used. The adsorbent also
showed high adsorption capacity, as seen on the left-hand side ordinate of the figure. With
a small amount of the adsorbent (i.e., 200 mg), the gasoline adsorbed was approximately
1300 mg/g. These results clearly highlight the high efficacy of the adsorbent for the gasoline
uptake from the contaminated water.
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Insets show adsorbent mass and corresponding removal percentage of the gasoline.

The fit of the experimental data with the Langmuir isotherm is shown in Figure 5a
where q−1

e is plotted against C−1
e according to Equation (6). The coefficient of determination,

denoted by R2, quantifies the difference between the actual value of the dependent variable
and the one predicted from the independent variable. Ideally, its value is unity for a perfect
fit. In the present case, R2 = 0.966 is an indication of a reasonably good description of the
batch equilibrium data by the Langmuir isotherm model. The y-intercept in this case is
Q−1

m , which, in fact, yields the maximum adsorption capacity of the absorbent. The smaller
the y-intercept, the higher the uptake capacity of the adsorbent. For Qm = 8265 mg/g this
means that the uptake of gasoline by the adsorbent can reach as high as eight times its own
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weight. Clearly, activated carbon employed here is an effective adsorbent for the adsorptive
removal of the gasoline from the aqueous phase.

The experimental data were also evaluated using the Freundlich isotherm model, as
shown in Figure 5b. Note that both abscissa and ordinate of the figure are logarithmic. The
plot of Ce vs. qe is, therefore, linear. Here, R2 = 0.980, which is higher than the 0.966 obtained
with the Langmuir isotherm model. Hence, the Freundlich isotherm model provides a
better description of the contaminant uptake mechanism of the gasoline by the adsorbent
employed in this study. Another feature of the fit is the slope of the straight line, which is
close to unity. This indicates that qe depends strongly upon Ce in the concentration range
considered in this study.

Figure 5c compares the predictions of the Temkin isotherm model with the experimen-
tal data. The agreement is clearly seen to be poor. This is further substantiated by the value
of the coefficient of determination (R2 = 0.83). Therefore, the underlying assumption of the
linear variation of the adsorption heat with the coverage of the adsorbent surface can be
ruled out in the present case.

A direct comparison of the experimental data with different isotherm models is shown
in Figure 5d, where the linear plot of Ce vs. qe is presented. This figure further substantiates
the conclusions in the foregoing that the Freundlich model best describes the adsorption of
the gasoline in this study.

The parameters of the linearized models are reported in Table 1 in addition to R2 and
∆q, evaluated using Equation (13). Clearly, the Freundlich isotherm model best describes the
experimental results of the present investigation. Both R2 and ∆q values for the Freundlich
isotherm model are superior to the corresponding values of the other two models.

Table 1. Parameters of the linearized isotherm models for gasoline removal.

Isotherm Model Slope Intercept R2 ∆q(%)

Langmuir 0.3209 0.00012 0.9656 13.2
Freundlich 1.0300 0.4118 0.9797 11.0

Temkin 670.5721 −2759.3407 0.8315 58.3
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4.2. Diesel Removal Studies and Isotherm Model Fits

Figure 6 shows the experimental results for the removal of another commonly used
automobile fuel of diesel. The left-hand side ordinate shows the amount of the solute
adsorbed per gram of the adsorbent, while the right-hand side ordinate indicates the
removal percentage of the diesel. Clearly, increasing the amount of the adsorbent helped in
the removal of the diesel. As shown in the figure callout, almost 97.8% removal efficiency
was obtained when 80 mg of the adsorbent was used in a 40 mL solution of 1000 ppm
diesel. In this case, the amount of the solute adsorbed was approximately 3.5 g per gram
of the adsorbent. Further, increasing the adsorbent dosage to 100 mg did not make any
significant impact on the diesel removal. The high adsorption capacity of the adsorbent
was also very high, as seen in the figure, which is plotted on the left-hand side ordinate. We
obtained more than 3000 mg/g adsorption of the diesel using adsorbent as low as 10 mg.
This gives a very good indication of the high efficacy of the adsorbent employed in this
study for diesel removal from the aqueous phase.

The prediction of the Langmuir isotherm model with the experimental data for diesel
removal is shown in Figure 7a. The figure presents the C−1

e versus q−1
e behavior for both the

experimental equilibrium data and the model predictions. The coefficient of determination
(i.e., R2) in this case is approximately 0.9475. The low value of the y-intercept, i.e., Q−1

m , is
encouraging because the maximum uptake capacity is Qm = 9328 mg/g. Therefore, the
maximum diesel uptake capacity of the adsorbent is higher than that of the gasoline, which
was found to be Qm = 8265 mg/g.

The comparison of the experimental data with the Freundlich isotherm model is
presented in Figure 7b. The agreement in this case is excellent with the R2 = 0.9787.
This value is higher than that obtained for the case of the gasoline. This means that the
underlying mechanism of the adsorption of the diesel onto the adsorbent is better described
by the Freundlich model, correlating the binding process to the surface heterogeneity and
the variation in the heat of adsorption. The plot of log Ce vs. log qe is linear with a slope
of 0.83. Although the maximum adsorption capacity is higher for diesel than gasoline,
gasoline, owing to its higher slope of 1.03, shows a stronger dependence of the equilibrium
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adsorption capacity on the equilibrium contaminant concentration compared to the present
case of diesel with a slope of 0.8255.
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The description of the batch isotherm data by the Temkin model is shown in Figure 7c.
The agreement is relatively poor as the value of R2 = 0.94 is lower than the previous
two isotherm fits of the Langmuir and the Freundlich models with R2 values of 0.95 and
0.98, respectively.

The comparison of all three isotherm models with the experimental results of the diesel
adsorption is presented together in Figure 7d. It clearly shows that the best agreement is
obtained with the Freundlich model, followed by the Langmuir and the Temkin models.

The parameters of the linearized models are reported in Table 2 in addition to R2 and
∆q, evaluated using Equation (13). Clearly, the Freundlich isotherm model best describes
the experimental results of the present investigation. It is interesting to note that despite a
significant difference in the R2 values of the two models, i.e., Langmuir and Freundlich,
their difference between their ∆q values are rather insignificant.

Table 2. Parameters of the linearized isotherm models for the adsorptive removal of diesel.

Isotherm Model Slope Intercept R2 ∆q(%)

Langmuir 0.0434 0.0001 0.9475 9.3
Freundlich 0.8255 1.5818 0.9787 9.0

Temkin 1034.3979 −2735.7057 0.9382 17.8
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5. Conclusions

The adsorptive removal of two different water-contaminating automobile fuels, namely
gasoline and diesel, was investigated in this study. For a precise measurement of the con-
taminant concentration, a total organic content (TOC) analyzer was used. In both cases
of the automobile fuels, excellent removal efficacy of the commercial activated carbon
employed in this study, owing to its high surface area and pore volume, was found.
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The removal percentage of the gasoline reached 97% by using 0.3 g adsorbent with
40-mL and 1000-ppm gasoline solution. The experimental data were fitted with the Lang-
muir, Freundlich, and Temkin isotherm models. The Freundlich model best-described
gasoline adsorption with the coefficient of determination (R2) value of 0.98. There was a
strong correlation between the uptake capacity with the gasoline concentration at equilib-
rium. The maximum adsorption capacity in this case was predicted to be 8.3 g gasoline per
gram adsorbent used.

For the case of diesel, 98% removal was obtained by using only 0.1 g adsorbent with
40-mL and 1000-ppm diesel solution. This shows that the present adsorbent is highly
effective for the removal of diesel from contaminated water. Once again, the Freundlich
isotherm model provided the best description of the experimental results. The coefficient
of determination for the diesel was 0.979 compared to 0.948 and 0.938 obtained with the
Langmuir and Temkin models. The maximum diesel adsorption capacity of the adsorbent
was predicted to be 9.33 g/g by the Langmuir model.

In view of the high efficacy of the low-cost commercial activated carbon for the
adsorptive removal of automobile fuel from water, the use of an alternative adsorbent
developed on a small scale in laboratories needs strong justification.
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