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Abstract: This research investigates commercial activated carbon (AC) potential to remove methyl
orange (MO) dye removal from aqueous solution using a batch process. The AC material was
characterized using FTIR spectroscopy and SEM analysis. The effect of the main operating parameters,
such as the pH, adsorbent dosage, contact time, and initial dye concentration, was studied. MO
removal could be accomplished within 30 min at a pH value of 3. The calculated maximum MO
adsorption capacity onto activated carbon was 129.3 mg/g, while the removal efficiency was 97.8%.
Adsorption results were analyzed by studying the Langmuir and Freundlich isotherm models. The
MO adsorption data on activated carbon were better explained by the Langmuir isotherm than by
the Freundlich isotherm. The pseudo-second-order kinetic model may have had an effect on the MO
dye adsorption on AC material. This research showed that the commercial activated carbon can be
used as an effective sorbent for MO removal from wastewater sample. Moreover, the AC material
has good reusability and practical utilization capacities.

Keywords: activated carbon; methyl orange; adsorption isotherm; kinetics models; wastewater

1. Introduction

The discharge of vast quantities of organic contaminants into the environment is a
major concern globally [1]. Synthetic dyes are a class of contaminants that must be removed
from wastewater before being discharged into aquatic ecosystems due to their toxicity and
negative repercussions on photosynthetic activity [2,3]. Once in natural bodies of water,
dyes lead to an increase in color saturation, thus preventing the penetration of sunlight into
the water, and thereby endangering the life of aquatic organisms [4].

Different industries, mainly paper, printings, textiles and leather, but also food pro-
cessing, cosmetics, and pharmaceuticals, release high amounts of wastewater-containing
dyes into water bodies, which receive the discharged effluents [5]. It is estimated that every
year, more the 700,000 tons of dyes are disposed of worldwide [6].

One of the most common synthetic dyes is methyl orange (MO). MO is an anionic
acid dye most commonly used both as a coloring pigment in the textile industry and as an
indicator in laboratory experiments. Wastewater with a MO content has a low capacity for
biological and/or chemical treatment. MO poses a risk to both human health and aquatic
organisms as it has carcinogenic and genotoxic potential [7]. Thus, the need to develop
cost-effective methods for the removal of MO and other synthetic dyes from wastewater
has become a pressing concern of the scientific community in recent years.

Researchers have used different approaches over time, such as physical, chemical, or
biological processes, in order to mitigate environmental metals, dyes, and other organic
pollutants [8-12]. Micellar solubilization is also a widely used method for organic pollutant
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removal from aqueous solution, incorporating them into or onto micelles [13-15]. Adsorp-
tion is the most common process for removing dyes from aqueous solutions [16-20]. Unlike
adsorption, precipitation coagulation and electrolysis have a number of disadvantages,
such as the use of chemicals, the production of toxic sludge beds, high operating costs, and
corrosion [21-23]. Compared with other treatment methods, adsorption has some advan-
tages, such as low cost, low sludge volume, easy operation, efficiency, and flexibility [24,25].
However, among the disadvantages of the adsorption process are the toxicity of the spent
adsorbents and the application of chemical substances for desorption, not to mention the
relocation of the contamination load more than its removal [7].

Various adsorbent materials were used to remove dye molecules from aqueous sam-
ples, such as zeolite [26], resins [16], clays [17], composite materials [14], biomass [27], and
activated carbon [28,29]. Of all the adsorbents that are referred to above, activated carbon
(ACQ) is one of the most popular materials used to remove dyes from aqueous solutions.
Due to the large specific surface area as well as the well-defined porous structure, activated
carbon has an excellent removal capacity for dyes, and it has the advantage of being an
environmentally friendly, economic, and technically favorable method to apply to wastew-
ater [30,31]. Recent studies have focused on obtaining low-cost adsorbents, producing
activated carbon using cheap and readily available materials, such as date stones [32], lon-
gan seed-activated carbon [33], Prosopis juliflora bark [34], orange/citrus peels-activated
carbon [35], populous leaf charcoal [36], etc.

The same material was tested in order to remove some pharmaceutical compounds
from wastewater [37], and the results showed that the maximum adsorption capacities of
the AC material ranged from 0.64 to 0.85 mg/g. Considering that pharmaceutical residues
are not the only organic contaminants of wastewater, we followed the testing of the same
adsorbent material for the removal of synthetic dyes from aqueous solutions, choosing
methyl orange dye as a representative of this class of pollutants.

In this context, the aim of this research had six objectives: (1) to optimize the MO
adsorption conditions (pH, MO concentration, adsorbent dosage, and contact time); (2) to fit
the equilibrium experimental results using Langmuir and Freundlich adsorption isotherm
models; (3) to study the kinetic process of the MO adsorption (pseudo-first-order, pseudo-
second-order, and intra-particle diffusion); (4) to determine thermodynamic parameters of
the adsorption process; (5) to apply optimized adsorption conditions in order to remove
MO from real wastewater samples; and (6) to determine desorption characteristics and
reusability of the commercial AC. Compared to other studies, this work reports a simple,
fast, eco-friendly, and efficient method for MO removal from aqueous solutions using
commercial activated carbon, with good results in wastewater treatment and reusability (up
to five cycles). The results of this study can contribute to the development of competency
and sustainable methods for the treatment of wastewater containing MO, thereby reducing
its environmental impact.

2. Materials and Methods
2.1. Chemicals and Reagents

Methyl Orange dye (purity > 95%) was purchased from Sigma-Aldrich (Darmstadt,
Germany). The activated carbon was acquired from Trace Elemental Instruments (Delft,
The Netherlands) with the following characteristics: 10-50 pm particle size, 256 m?2/ g
specific surface area, 14.7 A pore size, and 870 m2 /g total pore area. Acetonitrile (HPLC
grade), methanol (HPLC grade), ammonium acetate (=>98%), sodium hydroxide (>99%),
and hydrochloric acid (37%) were purchased from Merck (Darmstadt, Germany). The basic
standard solution, with a concentration of 1000 mg/L, was prepared in methanol. The stock
solution was diluted using ultra purified water to the precise concentrations reacquired.

2.2. Characterization of Commercial AC

FTIR spectra of the commercial activated carbon was acquired between the 4400 and
400 cm ! using a FTIR Spectrum BX II Perkin Elmer spectrophotometer (Waltham, MA,
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USA). An SEM study of the adsorbent material was obtained using a piece of Quanta
250 FEG equipment, which was acquired from Thermo Fisher Scientific (Waltham, MA,
USA).

2.3. Adsorption Studies

The MO adsorption mechanism on AC was studied using the batch method. All of the
experiments were effectuated under stirring (150 rpm) and at a constant temperature of
25 + 1 °C in 250 mL Erlenmeyer stoppered flasks. The initial MO solution involved had a
concentration of 10 mg/L. Thus, volumes of MO solution of 50 mL were contacted with
amounts of 0.005 g of activated carbon. Samples were collected at well-established time
intervals. The supernatant was centrifuged at 5000 rpm for 5 min, and the MO concentration
was analyzed using the HPLC technique. To establish the optimum conditions and to
obtain the highest adsorption capacity, the effects of the operational parameters were
evaluated: dosage effect (0.001-0.010 g AC), interaction time (1-120 min), MO concentration
(5-100 mg/L MO), and pH (3-11, using HCI and KOH solutions of different concentrations).

The MO removal rate (% R) at time t, the adsorption capacity, Q: (mg/g) at time t and
the adsorption capacity at equilibrium, Q. (mg/g), and the distribution coefficient, kd, are
described by Equations (1)—(4):

%R = (Co — Cy)/Co x 100 )
Qt=(Co — Cy x V)/m 2)

Qe =(Cp — Ce) X V)/m 3)

Kd = [(Cp — Qe) x m]/(Ce x V) 4

where Cj is the initial concentration of MO in the solution (mg/L); C; is the MO concen-
tration at time t (mg/L); Ce is the MO concentration at equilibrium; Q; is the adsorption
capacity at time t (mg MO/g); Qe is the adsorption capacity at equilibrium (mg/g); V is the
volume of the solution (L); and m is the amount of adsorbent material used (g).

2.4. pHyc

The point of zero charge (pHyp,c) was evaluated from acid-base titration. Different
flasks containing 50 mL of 0.01 M NaCl solution were prepared. The pH was adjusted from
2 to 12 using 0.01 M NaOH or HCI. In each flask, 0.10 g of AC was added, and was then
sealed and shacked for 24 h. Blank tests without AC sample were also prepared.

2.5. Adsorption Isotherms

The adsorption isotherm represents the non-kinetic correlation between the adsorption
capacity at equilibrium (Q.) and the MO concentration at equilibrium (Ce). The adsorption
isotherms were determined for 5 mg of AC by varying the MO concentration between
5and 100 mg/L (5, 10, 25, 50, 75 and 100 mg/L). The flasks containing 50 mL solution were
stirred for 30 min (at 150 rpm) at pH = 3. Two models were modeled using linear regression
by the Excel 2019 software. Equations (5) and (7) present the Langmuir and Freundlich
equations, respectively, while Equation (6) describes the separation factor of the adsorption
process [38,39]:

Qe = (Qm x Kp x Ce)/(1 + Ky x Ce) ®)
Rp=1/(1+Cp x Kr) (6)
Qe =Kp Cc/" @)

where C, (mg/L) is the MO equilibrium concentration; Qn, (mg/g) is the maximum
monolayer adsorption capacity; K, (L/mg) is the Langmuir equilibrium constant; and Ry, is
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the separation factor. The Ry, shows that the isotherm is favorable (0 < Ry, < 1), unfavorable
(Rp > 1), linear (R = 1), or irreversible (Rp, = 0). Kg and n are Freundlich constants, and
1/n is the heterogeneity factor (n > 1 represent favorable adsorption).

2.6. Adsorption Kinetics

Kinetic studies provide details on the characteristics of the adsorption process. The
MO adsorption on AC was studied using 5 mg of AC and 50 mL of the 10 mg/L MO. The
mixture was shaken at 150 rpm and at room temperature between 5 and 30 min at a pH of
3. The MO concentration at the different contact times was determined using the HPLC
technique. The pseudo-first and pseudo-second-order kinetic as well as the intra-particle
diffusion models were used to evaluate the adsorption process of MO on AC [40] based on
Equations (8)—(10), respectively:

Ln (Qe — Q) =LnQe — K 8)
t/Qr=1/(ky x Qe?) +1/Qe ©9)
Qi=kig x V2 +Cyy (10)

where k; (min~!) is the pseudo-first-order kinetic rate constant, k, (g/(mg x min)) is the
rate constant of pseudo-second-order kinetic model, kiq is the intra-particle diffusion rate
constant (mg/g mint/2), and Cyq is the intra-particle diffusion constant.

2.7. Thermodynamic Study

Thermodynamic parameters, namely, Gibbs free energy (AG®), enthalpy (AH®), and
entropy (AS°), are typically used to describe the adsorption process. The thermodynamic
parameters were calculated using the following equations:

AG® = —RTLnK° (11)

LnKL° = (AS°/R) — (AH° /RT) (12)

K1 ° = Kp(L/mg) x 1000 (mg/g) x M (g/mol) x C° (mol/L) (13)
AG® = AH® — TAS® (14)

where R = 8.314 J/mol K is the universal gas constant, T is the absolute temperature (K), Ky,
is the Langmuir constant, 1000 is the factor that converts g to mg, M is the molar mass of
MO (327.33 g/mol), and C° =1 mol/L.

AH? and AS° parameters were estimated from the slope and the intercept of the plot Ln
Ky ° vs. 1/T. AG® (k] /mol) values were recalculated after the AH® and AS° were estimated.

2.8. Instrumental Analysis

Analytical experiments were performed using an Agilent 1200 HPLC (Agilent Tech-
nologies, Santa Clara, CA, USA) system with DAD detection. An Acclaim Surfactant Plus
chromatographic column (15 cm x 3 mm x 3 um) kept at 30 °C was used to determine the
MO concentration. The mobile phase composition consisted of 100 mM ammonium acetate
at a pH of 5.0 (A) and acetonitrile (B) in an isocratic mode (50/50). The flow rate of the
mobile phase was 0.5 mL/min, the injection volume was 10 puL, and the chromatographic
run time was 10 min. MO detection was performed at 425 nm.

2.9. Quality Assurance and Quality Control

All experiments were performed in triplicate. For each set of samples, a blank sample
and an analytical standard solution were injected for control. The DAD response proved to
be linear over the entire concentration range (0.1-100 mg/L), with a correlation coefficient
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of 0.9999. The RSD values obtained from the experiments showing the intra-day and
inter-day precision were 3.27 and 7.82%, respectively, while the limit of quantitation (LOQ)
was 0.1 mg/L.

3. Results and Discussion
3.1. Chemical and Physical Characterization of the Adsorbent Material

Figure 1 shows the FTIR spectra of the commercial activated carbon. The broad bands
that are situated in the region 3720.53-3739.49 cm ! are attributed to the hydroxyl (-OH)
groups, while the peaks that are situated in the range of 2850.43-2918.89 cm ! are related to
the C-H stretching vibrations of the methyl groups. The peak situated at 1534.63 cm ! can
be associated to C=C stretching vibration. The bands at 2258.10, 2334.60, and 2352.63 cem !
are characteristic of the C=C stretching vibration.
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Figure 1. FTIR spectra of the commercial AC.

The SEM image shows that the surface morphology of the commercial activated carbon
is composed of small-sized carbon pieces that are uniformly distributed (Figure 2). This
structure involves both a large number of pores and a high probability that the MO will be
adsorbed in these pores. The macropores are easily observable, making the diffusion of a
great number of MO molecules into the pores and the adsorption of the MO molecules on
the AC surface easy.

Figure 2. SEM image of the commercial AC recorded at scale 10 um.
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3.2. Adsorption Study

In order to avoid the excessive use of the adsorbent material, the evaluation of the
adsorbent dosage is an important parameter in the study of the adsorption process [41].
The absorbent dose could influence the performance and the adsorption capacity of the
adsorbent material. The data obtained after using different amounts of adsorbent material
are presented in Figure 3a. The removal percentage of MO increased from 35% to 93%
when the amount of AC increased from 0.001 g to 0.01 g. Increasing the dose of AC implies
a larger number of active sites for the interaction between MO and AC. Thus, with the
increase in the specific surface area, the percentage of MO that was removed also increased.
The MO removal process worked satisfactorily using low doses of AC, which means that
this adsorbent material has enough active sites on the surface for MO to adsorb efficiently.
For the range 0.007-0.01 g AC, a flattening of the graph was observed, which indicates that
the specific surface area of AC in the aqueous solution was greater than the number of MO
molecules, and many active sites thereby remain unused, which decreases the adsorption

capacity [42].
100 110
90 100 T 1 s l
T 1 1 1 L
_ 90
= 80 = 1
- < 80
= =
2 £ n
g 60 g T
& é 60 L
50 50
40 40 ¥
30 SN
1 25 5 7 10 1 2 5 10 20 30 60 120
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(a) (b)
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(©) (d)

Figure 3. Effect of (a) adsorbent dosage, (b) interaction time, (c) MO concentration, and (d) pH on the
MO adsorption by the AC.

The experimental results show that MO removal by adsorption on AC was a fast
process (Figure 3b), and this is supported by the reduced value of the time required to
reach the equilibrium, which was approximately 30 min of contact between the MO and
the AC. The equilibrium was achieved in two stages. The first stage was a fast stage (from
0 to 20 min), observing a sudden increase in the MO removal by adsorption on AC. This
sudden variation was due to the large number of free active sites on the activated carbon
surface that are available for MO molecules. The second stage was a slower stage. This slow
growth was determined by the reduced number of free active sites on the carbon surface, as
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some of them have already been occupied by MO molecules. Thus, the adsorbent reaches
the saturation point after 30 min.

The initial MO concentration is an important parameter that has an effect on adsorption
performance and capacity. Establishing the optimal concentration of MO ensures the
driving force required for mass transfer between the MO aqueous phase and the solid
phase (adsorbent). The highest interaction between MO molecules and the active sites of
the AC material provides great removal efficiency at low MO concentrations (Figure 3c). In
addition, lower removal efficiency at high MO concentrations could be explained based on
the saturation of adsorbent active sites. High MO concentrations cause limited adsorption
of the active sites or else increased repulsive electrostatic force between the MO molecules
and the adsorbent surface [43,44].

The absorption capacity increased when the initial concentration increased, but the
removal efficiencies and the distribution coefficient decrease with the increase in the initial
concentration of the MO (Figure 4). The obtained data demonstrate that AC has a limited
number of active sites on the specific surface, and with the increase in MO concentration,
they are occupied up to maximum capacity. The lack of free active sites on the surface of
the AC prevents the removal of MO at high concentrations from aqueous solutions.

400 20
350 R Y 18
- : e 16
20300 & e
3 ;' 14
%50 | =
%D ‘ Pt 2
£ 200 10
& o 8
100 e °
A 4
50 6 2
0 L LI re N e, T -~ 0
0 20 40 60 80 100 120
C, (mg/1) ® Q (mg MO/g) mKd

Figure 4. Graphical representation of AC adsorption capacity and distribution coefficient versus the
MO initial concentration (adsorbent dose = 0.005 g, MO volume =50 mL, pH =3, T =25 °C).

pH is a key parameter for MO adsorption, and it influences the interactions between
the adsorbent material and the organic pollutant. The pH of the solution affects both
the surface charge of AC and the ionization of MO molecules. Moreover, n-7t and n-7t
interaction, hydrogen bonds, and hydrophobic interaction could also affect the adsorption
process in aqueous solutions [41,45,46]. The removal efficiencies of the MO dye on the
AC with pHs ranging between 3 and 11 are shown in Figure 3d. The highest removal
efficiency of MO was achieved at pH 3 (namely, 97.8%), and this drastically decreased with
the increase in the pH to 42% at pH = 11. This may be due to the change of protons from the
available functional groups (transfer or removal) of the adsorbent at different pH values of
the aqueous solution, and may also be due to the anionic nature of the MO dye [47].

The pH drift method was used to establish the pHy,c. The determined value of pHyp,c
was 8.1 (the point where the curve pHgn, vs. pHinitial cross the line pHinitial = PHfina1)- The
zeta potential (pHp,c) of AC is dependent on the pH of the aqueous solution (Figure 5).
Thus, pH < pHp,c suggests that the AC surface has a net positive charge, while pH > pHyp,c
suggests that the AC surface has a net negative charge [48,49].

The interaction between the negatively charged MO molecules and the positively
charged functional groups of the adsorbent material is due to the electrostatic force of
interaction and hydrogen bonds, which is why the predominant interaction between the
adsorbate and the adsorbent was observed at low pH values. The good interaction between
MO molecules and the surface of AC was transposed in high MO removal efficiency



Sustainability 2023, 15, 12939 8of 17

Ce/Qe (g/L)

at lower pH values. The sorption mechanism in acidic medium could be expressed as
AC+H*' - ACH*/ACH* + MO~ — ACH" ... MO~, where MO~ in the acidic medium,
and which has the following chemical formula:

CH,

o /

®
Na O3S NH CH;3

The removal efficiency of MO by adsorption on AC was 97.8% at pH = 3. So, the
optimal pH value was 3, and this was used in further experimental studies.

Evaluating the effect of all four of the operational parameters that were tested (adsor-
bent dosage, interaction time, MO concentration, and pH), the pH proved to be the most
important factor affecting the adsorption effect of MO on the activated carbon.

12

10

pH final

0 2 4 6 8 10 12
pll

initial

Figure 5. pHpzc of the AC, determined by the pH drift method.

3.3. Isothermal Models

An equilibrium study was performed to examine the adsorption mechanisms oc-
curring between the MO and the adsorbent material interaction using the isothermal
adsorption model (Figure 6). Adsorption isotherms provide important information about
the adsorption capacity of the adsorbent [35,50]. In this paper, Freundlich and Langmuir
isotherm models were used to evaluate the equilibrium data for MO adsorption on AC.

0.20 6.50
0.16 6.00
0.12 e
.
< 5.00
0.08 E
o 450
o4 —— -+ || | _
400
0.00
0 10 20 0 40 50 60 70 bl
el 350 -1.50 0.50 250 450
ellmigf Ln Ce
(a) (b)

Figure 6. Adsorption isotherm of MO on AC: (a) Langmuir, and (b) Freundlich (adsorbent
dose = 0.005 g, MO volume =50 mL, pH =3, T =25 °C).
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According to the Langmuir isotherm model, adsorption takes place in a monolayer,
the adsorbent molecules being uniformly distributed on the AC surface [51]. In addition,
the model assumes that once an adsorbent molecule occupies a free active site, it will no
longer be able to adsorb another molecule. The adsorbate occupies all free active sites of
the adsorbent material using an equal quantity of energy [52]. The Freundlich adsorption
isotherm model is used to describe multilayer adsorption on an adsorbent material with a
heterogeneous surface. In this model, the enthalpies and affinities between adsorbent and
adsorbate show an unstable distribution [53].

The results obtained were evaluated by the coefficient R? derived from the linear
regressions of the two isothermal models:

The results summarized in Table 1 demonstrate that the Langmuir isotherm best
describes the equilibrium data, the correlation coefficient being 0.9981. This indicates that
the adsorption of MO on the AC surface is uniform, and that the monolayer occupation of
the free active sites on the surface of the adsorbent material is dominant [52,54]. In addition,
the value of the separation factor (RL) was 0.71. This value is situated between 0 < RL < 1,
which demonstrates that MO adsorption on AC can be considered favorable [55,56]. The
maximum adsorption capacity determined according to the Langmuir isotherm model was
129.3 mg/g. Similar results were also reported in studies that involved the adsorption of
dyes on activated carbon obtained from different materials [33-36,56].

Table 1. Adsorption isotherms parameters.

Langmuir Freundlich
Adsorbent
Qmax (mg/g) K (L/mg) R? SD Kr (mg/g) n R? SD
AC 129.3 +4.13 0.0833 + 0.003 0.9981 0.322 140 + 3.22 4.05 0.9554 0.262

3.4. Kinetic Studies

The first-order and pseudo-second order models were used to examine the adsorption
mechanisms of MO dye on AC adsorbent. The kinetic parameters for both kinetic mod-
els are summarized in Table 2. According to Figure 7, the correlation coefficient (R?) for
the pseudo-second kinetic order graphical representation was 0.9992, which was higher
than that obtained for the pseudo-first order kinetic model. Moreover, experimental data
obtained for the pseudo-second order kinetic sustained a good accordance with the ex-
perimental values of the adsorption capacity at equilibrium (Qe) with the calculated one.
Consequently, the results demonstrated that the adsorption of MO on AC followed the
pseudo-second order kinetic model. Thus, the pseudo-second order model assumes that the
border surface resistance was not the rate-limiting stage, meaning that the adsorption pro-
cess consists of two steps: a fast initial one followed by a lent second stage that is restricted
by the diffusion of organic dye molecules into the smaller pores, which indicates that the
rate of adsorption is proportional to the square of the remaining number of unoccupied
adsorption sites [57].

The disadvantages of pseudo-first-order and pseudo-second-order models is that they
do not give information about the diffusion mechanism. It is known that film diffusion
and intra-particle diffusion are the two mechanisms that control the adsorption process.
Thus, one of them is the rate restrictive step [58,59]. For the current case, the adsorption
process involved three steps (Figure 8). The intra-particle diffusion model should be a linear
regression between qt and t'/2, with slope = kid and intercept = Ci4. If the straight line
crosses the origin, the intra-particle diffusion represents the only rate-controlling step. The
multi-linear curves exhibited in the current study signify that the adsorption process was
described by two or more stages. The first stage (1) was a sharp one, and constituted the
bulk transfer of MO dye from the aqueous solution. The slow diffusion of MO molecules
into the left-out active sites of the AC adsorbent was described by the second stage (2),
while the third stage (3) represented the equilibrium step.
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Table 2. Kinetics parameters for pseudo-first order, pseudo-second order, and intra-particle diffusion.

ki (min~—1) —0.006 £ 0.03
Pseudo-first-order kinetics R? 0.9564
Qe (exp) (mg/g) 4495 + 1.61
SD 0.353
k; (g/mg x min) 46 + 1.62
Pseudo-second-order kinetics R? 0.9992
Qe (exp) (mg/g) 100 + 2.83
SD 0.294
Kiq (g/mg x min) 14.73 + 0.58
Intra-particle diffusion Ciq 343 +1.26
R? 0.6855
SD 0.378

[7(0]3
=
5]

Ln(Qe-Qt)

35
y=0.01x+0.0046

R?=0.9992

30 v =-0.1906x +3.8055 0 5 10 15 20 25 30 35
Time (min) R2=0.9564 Time (min)

() (b)

Figure 7. Kinetic plots obtained for MO adsorption on AC: (a) pseudo-first order, and (b) pseudo-
second order kinetics.

120

| (3)
100 2)

80

Ot (mg/g)
3

(n

20

0.00 100 224 3.16 4.47 5.48

tIfZ (minlﬂ}

Figure 8. Intra-particle diffusion plot for adsorption of MO dye on AC adsorbent, where (1), (2) and
(3) represent the three stages of the adsorption process.

3.5. Thermodynamic Study

Thermodynamic parameters provide insights into the energetics and the feasibility
of the adsorption as well as the nature of the interaction between the adsorbent and the
adsorbate. The Van't Hoff equation was used to determine the thermodynamic parameters
at temperatures that ranged between 25 and 50 °C. The results are provided in Table 3.
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Table 3. Thermodynamic parameters for the MO adsorption process.

KLO X 105 o o o o
T (K) SD Ky (L/mg) (Dimensionless) Ln K AG® (KJ/mol) AH? (KJ/mol) AS° (J/mol)
208 0197  0.08+0.003 0.27 + 0.01 1021 + 043  —32.87 + 137
303 0225 0.13+0.005 0.41 + 0.02 1062 4045  —33.17 + 140
308 0266 034+ 002 113 + 0.05 1163 £ 051  —3347 + 146
313 0301 0.72+0.03 2.35 + 0.09 1237 £ 051  —3377 + 1.40 —1494+245  60.16 +1.55
318 0358  1.62+0.06 531 + 021 13184052 —3407 + 1.35
323 0432  355+0.13 11.61 + 0.4 1397 £ 053  —3438 + 130

The results revealed negative values for AG®, which indicate that the adsorption
process of MO dye onto AC material occurred spontaneously, without the need for an
external energy source. The negative value determined for AH® suggests an exothermic
adsorption process [60]. The magnitude of the AHo value between —2.1 and —20.9 k] /mol
indicates physical adsorption of MO on the AC material [61]. For AS°, positive value
was obtained, and this data indicates structural changes on the adsorbent surface as
well as random modifications at the solid /liquid interface throughout the adsorption
process, which are due to the replacement of the adsorbed water molecules by the MO
molecules [26].

In conclusion, the adsorption process of MO dye on to the commercially activated car-
bon is a spontaneous and exothermic one. The low heat necessary for MO adsorption on the
AC material indicates that physical adsorption rather than chemisorption is predominant
in this case.

3.6. Application for Real Wastewater Samples

Five wastewater samples collected from different sources were used to evaluate the
applicability of the optimized method. AC adsorbent material was used to remove MO
from real wastewater samples. Since the samples did not have a quantifiable dye content,
they were enriched so that after the controlled contamination, the wastewater samples had
an MO dye content of 20 mg/L. Prior to controlled contamination, all of the samples were
filtrated on 0.45 um filters to remove any suspended particles. The results summarized
in Table 4 show that the commercial AC was able to remove up to 96.7% of the MO
concentration of the wastewater samples.

Table 4. Application of AC on the MO removal from wastewater samples.

Wastewater Samples Final Conc (mg/L) Removal (%)
S1 1.22 + 0.066 93.9
S2 0.87 & 0.054 95.7
S3 1.47 £ 0.061 92.7
S4 2.03 & 0.095 89.9
S5 0.66 & 0.040 96.7

3.7. Desorption and Reusability

Regeneration of the adsorbent material is an important step when the practical and
economic viability of the process are under discussion. For experiments with MO-loaded
AC for desorption study, the used AC was isolated and washed with ethanol and ultra-
purified water a couple of times and then dried for 24 h at 100 °C. The dried AC was
reused for batch experiments of MO removal at optimized conditions. The obtained data
revealed a decrease of the AC adsorption capacity during the five cycles to 70.3% from
97.8% (Figure 9). In addition, the desorption percentage decreased with the number of
regeneration cycles increasing: it was 91.7% after the first cycle, and dropped to 70.3%
after the fifth cycle. Thus, we can conclude that the commercial AC that we used can be
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successfully used for up to five cycles. Ethanol and water were used in similar studies to
recover MO dye from longan seed-derived activated carbon [33].

100
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40
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Reusability (cycles)

Removal (%)

Figure 9. Regeneration capabilities of AC material.

3.8. Adsorption Capabilities of the Commercial AC Material for Other Organic
Compounds Removal

The same commercial activated carbon was used as the adsorbent material for treat-
ment wastewater containing nonsteroidal anti-inflammatory drugs, namely, ibuprofen,
ac-etaminophen, diclofenac, and ketoprofen [37]. The adsorption studies were conducted
using volumes of 50 mL of pharmaceutical compounds at different concentrations (1, 5,
and 10 mg/L), and they tested different adsorbent dosages of 0.1, 0.5, and 1 g at two pH
values (4 and 6). The organic compounds were quantified using the HPLC technique. The
results regarding the optimal adsorption conditions are presented in Table 5.

Table 5. Optimal adsorption condition for anti-inflammatory drugs removal from wastewater using
the commercial AC material.

Pharmaceutical Adsorbent Solution pH Removal
Compounds Dosage (g) Conc (mg/L) (pH Units) Efficiencies (%) Qumax (mg/g)
Ibuprofen 96 0.70
Acetaminophen 1 1 6 98 0.64
Diclofenac 92 0.85
Ketoprofen 88 0.66

The highest removal efficiencies were obtained for the lowest concentration tested,
and they decreased when the concentration increased (1 to 10 mg/L). The adsorption
process of the anti-inflammatory drugs on the activated carbon material at equilibrium
were better described by the Langmuir isothermal model, although the date revealed
high removal efficiencies, and a high amount of adsorbent material was used (1 g). The
maximum adsorption capacities were much lower than the those obtained for the MO dye
(in this study). The desorption studies were performed using different concentrations of
HC], and this proved that the desorption process depends on the dissociation constant
and the solubility of the anti-inflammatory drugs, with desorption yields of 87.8% for
ketoprofen, 80.2% for diclofenac, 73.5% for acetaminophen, and 69.7% for ibuprofen. The
data have shown that the AC that was tested in this study could be a feasible adsorbent
material for removing the target pharmaceutical compounds from wastewater.

3.9. Comparison with Other Adsorbents

Table 6 summarizes MO removal by different types of commercial activated carbon and
different precursors used for activated carbon synthesis. The data reported in the literature



Sustainability 2023, 15, 12939

13 of 17

show that both commercial and agricultural precursor-based activated carbons have a high
removal capacity (between 48.5% and 100%) of MO from aqueous solutions. Table 6 also
provides the reported values for the maximum adsorption capacities in the literature, which
range from 10.29 up to 3000 mg/g. Therefore, the commercial AC adsorbent material can
be comparable to the specialized literature, reaching a maximum removal of up to 97.8%
under the optimal conditions established.

Table 6. Summary of the adsorption of dyes by activated carbon sorbents.

Source of

Adsorption

Activated Carbon Capacity (mg/g) Removal Efficiency (%Re) References
Dates pits 434 - [62]
Commercial activated carbon 113.6 90 [63]
Prosopis juliflora bark 10.29 >90 [34]
orange/ citrus peels-activated carbon 33 98.0 [35]
Populous leaves charcoal 90.4 - [36]
Longan seed- activated carbon 464.6 95.8 [33]
Popcorn—activated carbon 969 48.5 [64]
waste tire rubber—activated carbon 588 80.0 [65]
Coconut shell—activated carbon 3000 100 [66]
Activated carbon 78.7 67 [67]
SBA-15 294.1 - [68]
Coffee grounds 558 - [69]
Commercial activated carbon 129.3 97.8 This work

B Biochar
2.5%

B (lays and minerals
12.6%

22.3%

The attendance of various adsorbents used by scientists in recent last years for the
removal of MO from aqueous solutions are composite, biosorbents, nanoparticles, clays and
minerals, biochar, polymers and resins, and activated carbon (Figure 10) [7]. The most oft-
used type of adsorbents were the composite ones (42.9%), probably due to their recognized
adsorption capacity, and this is a product of the individual materials that are used to create
the composite (Figure 10a). Other types of adsorbent materials used are nanoparticles, and
the main reason for this is their popularity due to their very small size with a large surface
area, which generates a high adsorption capacity. Clays and minerals represent the third
group of adsorbent materials used to remove MO dye from aqueous solutions, and this
group of materials possesses the ability to adsorb water in their intermediate sites and their
large surface area. However, it has been scientifically proven that activated carbon has the
highest absorption capacities, with values > 1000 mg/g (Figure 10b) [7].

B Activated carbon B Composite, 292
3.4%

Biosorbents, 249

 Composite = Activated carbon,

N ticl
42.8% 1327 anoparticles,

552

® Clays and minerals,
427
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(a) (b)

Figure 10. (a) Frequency of the different types of adsorbents used for MO removal between 2016 and

L.
Biochar, 268

2021. (b) Maximum adsorption capacities for different types of adsorbent materials.
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4. Conclusions and Future Work

In this study, the removal of methyl orange dye from aqueous solutions was performed
and studied using activated carbon as an adsorbent material. The optimal conditions of
the studied remediation process were determined through experiments in which four
operational parameters were varied: dosage effect (0.001-0.010 g AC), interaction time
(1-120 min), MO concentration (5-100 mg/L MO), and pH (3-11). pH and adsorbent
dosage proved to be the most influential parameters for the adsorption of MO. The results
revealed an optimal pH value of 3 and an optimal contact time of 30 min for the removal of
methyl orange from aqueous solutions by adsorption on activated carbon.

The maximum amount of methyl orange adsorbed on activated carbon was found
to be 129.8 mg/g activated carbon, with a maximum removal of 97.8%. The study of the
adsorption isotherms shows that the Langmuir isotherm describes the MO adsorption
equilibrium behavior, with adsorption of the MO on the AC surface being uniform, and
the monolayer occupation of the free active sites on the surface of the adsorbent material
is dominant. The kinetic study showed that the adsorption of MO on AC followed the
pseudo-second-order kinetic model, which assumes that the adsorption process is based
on chemical interaction, providing that the kinetic experiment is initially carried out
under conditions of an excess of MO or AC. The negative values determined for the AG°
parameter demonstrated that the adsorption process involved physical interaction between
MO molecules and AC surface sites, while the negative MO adsorption enthalpy (AH®)
values indicated that the adsorption process was exothermic. The results obtained in this
study show that AC could be a possible adsorbent for the MO adsorption process, and that
it could be used to successfully remove this dye from wastewater samples.

In future work, we propose to study the adsorption process of other anionic and
cationic synthetic dyes using commercial activated carbon, as well as to study the competi-
tion between organic molecules to occupy the free active sites of the adsorbent material. In
addition, we propose the application of these experimental studies both in the treatment
of wastewater through laboratory studies and their extension to obtain basic engineering
results for field operation. These studies involve the study of continuous adsorption using
fixed-bed columns based on commercial activated carbon. Data on the use of this tech-
nology have been previously reported, and have been used to remove various organic
molecules, including dyes, using nanocomposite material [70,71]. These studies have
demonstrated that the fix-bed column provides a high absorption capacity, resulting in
high-quality wastewater.
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