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ABSTRACT

Oil fly ash (OFA) waste from electric power plants poses a serious management challenge.
To address this problem, we studied the conversion of OFA into activated carbon (AC) and
investigated the application of the produced AC for the removal of several aqueous phase
dyes. The latter investigation included a study of the effects of various process parameters,
such as pH, AC amount, and initial dye concentration, on the efficiency of AC adsorption.
The highest specific surface area (SSAggt) value of 63 m?/g was achieved for the produced
AC sample using a phosphoric acid strength of 40% (w/w %), an impregnation ratio R of
0.8 (mL-acid/gm-fly ash), and a furnace temperature of 500°C (for 2 h). Increased methylene
blue (MB) adsorption onto AC was observed when the pH was above 5. At higher pH, the
presence of positive amino groups on MB was indicated to favor its adsorption onto AC,
which was found to have a dominant negative surface charge at pH values above 5.6 (i.e.
PH_po). Furthermore, speciation of the AC surface functional groups, including O-H groups,
was also invoked to explain the pH-dependent adsorption of MB onto OFA-based AC. In
addition, methyl orange (MO) dye showed higher adsorption at acidic pH values, and an
increase in pH from 2 to 8 caused a decrease in its adsorption, which was also attributed to
its AC’s of 5.6. The kinetics studies showed that the adsorption rate values are higher at
lower dye concentrations. A better fit was observed for the second-order kinetics compared
to the first-order kinetics. The Freundlich isotherm model provided a better fit for the
adsorption of MB and MO, whereas the Langmuir model provided a better fit for rho-
damine B (RB) adsorption. Furthermore, the response surface methodology (RSM)-based
models also showed that the RSM approach can be used to predict the removal of RB, MB,
and MO dyes from the aqueous phase using OFA-based AC under a varying set of
operational conditions. In summary, the results from the present investigation indicate that
OFA-based AC can be successfully used for the removal of several dye contaminants from
wastewater streams by carefully optimizing the process conditions described in this work.
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1. Introduction

Electric power plants using heavy oil as an energy
source produce large amounts of oil fly ash (OFA) as
a waste material. Because it is difficult to handle and
dispose of OFA waste, a sound and professional solu-
tion to this challenge, other than a simple disposal
practice, is urgently needed. In this regard, the conver-
sion of OFA into activated carbon (AC) offers the dual
advantage of being an environmentally sound OFA
waste handling solution that eventually produces a
product that can be used for a variety of pollution
control applications. This approach will also reduce
the burden on the receiving landfills and the conse-
quent negative environmental impacts, which in turn
minimizes the community concerns related to the dis-
posal and health effects of such waste material. Fur-
thermore, several dyes and their degradation products
are toxic and carcinogenic and must thus be treated
before being discharged into the receiving water bod-
ies [1]. For example, in the early 1990s, the annual tex-
tile-based usage of dyes was approximately
7,00,000 tons [2], whereas the global dye and pigment
market is projected to grow further and reach 9 mil-
lion tons by 2015 [3,4] because of increasing use in the
textile industry. Therefore, the treatment of the
increasing amount of dye effluent is an important
issue. Several studies have reported the use of AC for
the adsorption-based removal of dyes from contami-
nated wastewater streams [5-12]. Nevertheless, reports
on the use of OFA-based AC for the removal of
methylene blue (MB) are limited [8-12], and to the
best of our knowledge, the application of OFA-based
AC produced using a phosphoric acid-based chemical
activation process for the removal of aqueous phase
dyes including rhodamine B (RB) and methyl orange
(MO) has not been reported. Hence, considering the
above-mentioned concerns related to the disposal of
OFA waste and the appropriate treatment of dye-con-
taminated wastewater streams, the present study
investigated the production of AC from OFA. We also
investigated the application of the produced AC for
the removal of several aqueous phase dyes, along with
the effect of various process parameters, such as pH,
AC added, and initial dye concentration, on the effi-
ciency of dye removal using OFA-based AC as an
adsorbent. We also investigated the process kinetics
and reported the adsorption models, including the
response surface methodology (RSM) using Box-Behn-
ken design (BBD) method-based models, to predict the
adsorption efficiency under the above-mentioned pro-
cess conditions. Although BBD employs fewer experi-
ments, it is considered comparable to central
composite designs and three-level full factorial designs
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that employ larger numbers of experiments [13].
Hopefully, the details as reported in the following sec-
tions will be of use in resolving the environmental
issues and concerns.

2. Materials and methods
2.1. Chemicals

All chemicals used were of high-purity reagent
grade quality. The major chemicals included RB
(FISHER), MO (BDH), MB (FISHER), pH calibration
standards  (FISHER), = phosphoric  acid/KH,PO,
(BAKER), HCIO, (BAKER), NaOH (FISHER), ethanol
(Hayman), nitrogen gas (99.999%), helium gas
(99.999%), and high-purity liquid nitrogen (at 77 K).

2.2. Adsorption experiments
2.2.1. Production of AC

Fig. 1 is a flow diagram of the various steps
involved in the AC production process. The OFA sam-
ple was first thoroughly washed several times and
then dried in an air oven at 120°C for 24 h. Next, in
the impregnation step, a known amount of this OFA
was mixed with predetermined volumes of phospho-
ric acid with varying concentrations of 40, 50, and
60% and kept in the oven overnight at 120°C. The
amount of acid was adjusted to obtain the desired
acid-to-OFA ratio (i.e. the impregnation ratio or ml-
acid/gm-OFA). This impregnation step was then fol-
lowed by the activation step for the preparation of
AC, during which the slurry was transferred into
stainless steel tubes with a diameter of 50 mm and
length of 300 mm (including two narrow ports with a
diameter of 8 mm to expel the gases). The tubes con-
taining the slurry were kept inside a muffle furnace
and heated at a slow rate to allow for the free evolu-
tion of volatiles at temperatures of 300-600°C. The
time to withdraw the samples from the furnace was
calculated from the time the furnace reached the final
temperature. Subsequently, the cooled mass from the
tubes was subjected to thorough washing with hot
water until the washings show pH~7.0, and the
washed sample was again dried in the oven at 120°C.
We then determined the specific surface area (SSAggr),
pore volume, and average pore size for the samples.
The SSAggr for the prepared AC sample was obtained
using classical BET theory and nitrogen adsorption
isotherm data. A physisorption setup (Micromeritics
ASAP 2020, USA) was used to obtain the nitrogen
adsorption isotherm data, which were eventually used
to determine the SSAggr, micropore volume, and
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Fig. 1. Process flow diagram for the production of AC produced using phosphoric acid-based chemical activation of

heavy OFA waste.

average pore width (4 V/A by BET) for the prepared
AC samples.

2.2.2. Effect of pH experiments

The pH-based adsorption isotherm experiments
were completed using 100-ppm dye. The test solutions
were prepared using high-purity water (CORNING
Mega Pure™ System) and appropriate volumes of
already-prepared 1,000-ppm stock solutions of the

dyes. For each dye, a batch of bottles with pH values
between 2 and 12 was arranged. The suspensions were
continuously mixed and samples were collected at
various time intervals until equilibrium (in terms of
the solution dye concentration) was reached. That dye
concentration, along with the equilibrium pH, was
used to obtain the pH-adsorption profile. The equilib-
rium pH data can be used to assess the optimum pH
for the maximum removal of dye from the aqueous
phase using the produced AC sample, which can



B.A. Labaran and M.S. Vohra | Desalination and Water Treatment 57 (2016) 16034-16052

further be used for real-life applications, as the pH of
wastewater stream will be adjusted to optimize its
adsorption-based treatment.

2.2.3. Adsorption isotherm experiments

Adsorption isotherm experiments were also com-
pleted using 100-ppm dye. For each dye solution, a
batch of bottles with AC dosages between 0 and
3,500 mg/L were arranged. The optimum pH obtained
from the previous set of experiments was used for
each dye adsorption isotherm study. The dye concen-
trations were monitored until the equilibrium concen-
tration was reached. The equilibrium concentrations
and AC dosages were noted for each dye, and the
data were fitted to Freundlich and Langmuir
adsorption isotherm models using the conventional
procedures.

2.2.4. Adsorption kinetics experiments

The adsorption kinetics experiments were con-
ducted with 1,000-ml test solutions using Pyrex glass
bottles. The test solutions were prepared using high-
purity water (CORNING Mega Pure™ System) and an
appropriate  volume of the already-prepared
1,000-ppm stock solutions of the dyes prepared using
reagent grade chemicals. Base experiments with 10,
30, 50, and 200 ppm of dye were completed using
2-g/L AC at the optimum pH for each of the three
dyes (RB, MB, and MO) obtained from the pH-based
adsorption experiments. A blank sample was taken
before the addition of the required amount of AC, fol-
lowed by the adjustment of the pH to the desired
value using HCI or NaOH solutions. The test solution
was then kept in suspension using the standard stir-
ring setup. Samples were withdrawn at different time
intervals and then analyzed.

2.3. Analytical methods
2.3.1. Techniques used to analyze the surface properties

The % (w/w) carbon content of the AC produced
from OFA was analyzed using a carbon analyzer
(AnalytikJena Multi EX 2000, Germany). Furthermore,
the SSAggr value for the prepared AC sample was
obtained via classical BET theory and nitrogen
adsorption isotherm data. A physisorption setup
(Micromeritics ASAP 2020, USA) was used to obtain
the nitrogen adsorption isotherm data that were
eventually used to determine the SSAggr, f-plot
micropore volume, and average pore width (4 V/A by
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BET) for the prepared AC. The Fourier transform
infrared (FTIR) spectra for the produced AC in the
4,000-400 cm™! region were obtained using a standard
FTIR setup (6700 Nicolet FTIR unit, Thermo Scientific,
USA) and KBr pellet technique. The thermogravimet-
ric analysis (TGA) of OFA-based AC was completed
using a standard TGA analyzer (TGA 4000, Perkin
Elmer, USA). High-purity nitrogen gas was also used
during the TGA analyses. The zero-point charge value
(pH,po) for the AC sample that was used for all
adsorption studies was determined with ZETATRAC
equipment (MICROTRAC INC., USA).

2.3.2. Techniques used to analyze the water samples

Each sample was first filtered using a filter with
0.2-um pores (Whatman, Germany) and then analyzed
in terms of the pollutant levels. For example, the MB
analyses were completed using a UV-vis spectropho-
tometer system (Shimadzu, Japan). For each individual
experiment, a separate set of calibration standards was
prepared using the blank sample that was collected
after adjusting the pH during each experiment. This
pH adjustment was performed to ensure that the stan-
dards and analytes of interest were at the same pH
value. For each analysis, the sample was transferred
into a clean cuvette, and the absorption value at a
wavelength of 663 nm was noted for further process-
ing using standard procedures. The UV-vis spec-
trophotometer system was calibrated using MB
standards. Similar procedures were adopted for RB
and MO at wavelengths of 599 and 465 nm, respec-
tively. All pieces of equipment and analyzers were
regularly calibrated before each analysis exercise using
the calibration standards. The pH analyses were con-
ducted using a standard pH electrode-meter setup
(AccuTupH" 13-620-185 electrode, Accumet XL15 pH
meter), which was also regularly calibrated using pH
calibration standards.

2.4. RSM modeling

For RSM modeling, the BBD method was
employed for the experimental design and analysis.
Three independent variables—pH, initial dye concen-
tration, and AC dosage—were used for each of the
three dyes. In addition, three equally spaced levels
were adopted for each of the variables: pH (4, 7, and
10), initial dye concentration (50, 100, and 150 ppm),
and AC dosage (1,000, 1,500, and 2,000 mg/L). With a
single center point per block, the design produced 13
experiments for each dye. The responses (percent
adsorption) obtained from the experiments were
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analyzed using the Design-Expert software with a
one-way analysis of variance.

3. Results and discussion
3.1. Selective surface properties

OFA-based AC was first produced using the
chemical activation method (details given in Section 2).
The highest SSAggr value was achieved for a phos-
phoric acid strength of 40% (w/w %), an impregna-
tion ratio R of 0.8 (mL-acid/gm-fly ash), and a furnace
temperature of 500°C (for 2 h). Fig. 2a provides the
BET adsorption isotherms and Table 1 summarizes
several physical-chemical properties of the produced
AC. The SSAggr value is equal to 63 m?/g. The t-plot
micropore volume is 0.02 cm®/g. In addition, the
average pore width of the produced AC is ca. 46.08 A
(using 4 V/A by BET). According to the IUPAC pore
size classification, this pore width indicates the meso-
porous nature of the produced AC. The % (w/w) car-
bon content of the produced AC was analyzed and
found to be equal to 68%. The initial OFA (raw) con-
tained 62% carbon and minor amounts of silica, alu-
mina, magnesium, and sulfur. Furthermore, the
chemical activation of OFA also introduces various
surface functional groups, which provide the surface
sites for adsorption. The AC surface functional groups,
including O-based surface species, such as O-H, con-
tribute to the removal of the target pollutant. To
explore such functional groups on the produced AC
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surface, an FTIR analysis was also conducted, and the
results are given in Fig. 2b. For example, the band at
3,428 cm™' indicates the presence of O-H stretching
vibration. The zero-point charge value (pH,.) for the
AC sample was also determined, and results are given
in Fig. 2c. The pH,. value is approximately 5.6; thus,
below pH 5.6, the produced AC surface will be domi-
nantly positive, whereas at pH values above 5.6, the
produced AC surface will have an overall negative
surface charge. Such changes in surface charge will
tend to affect the adsorption of target pollutants, par-
ticularly aqueous phase contaminants (e.g. dyes) that
show a pH-dependent speciation. This issue is dis-
cussed in detail in Section 3.2. Furthermore, the TGA
analysis results for both the OFA and produced AC
are presented in Fig. 2d. For the OFA, a gradual
weight loss of approximately 35% is noted until 700°C.
These trends indicate an initial water loss phase fol-
lowed by hydrocarbon losses. However, the produced
AC shows no significant change in weight, which can
be attributed to the loss of volatiles during the activa-
tion process (Fig. 2d). All adsorption experiments
reported in this study were completed using the same
AC sample without any further treatment.

3.2. Effect of pH

Speciation of both the adsorbate and adsorbent
affects the interaction between the two and thus
affects the overall adsorption efficiency. Hence, the
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Fig. 2a. BET specific surface area plot for AC produced using OFA waste employing 40% (w/w) phosphoric acid as an
activation agent at an impregnation ratio R = 0.8 (v-acid/w-OFA), 500°C furnace temperature, and duration of 2 h.
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Fig. 2b. FTIR spectra of AC produced using OFA waste employing 40% (w/w) phosphoric acid as an activation agent at

an impregnation ratio R = 0.8 (v-acid/w-OFA), 500°C furnace temperature, and duration of 2 h.
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Fig. 2c. Effect of pH on zeta potential for AC produced
using OFA waste employing 40% (w/w) phosphoric acid as
an activation agent at an impregnation ratio R = 0.8 (v-acid/
w-OFA), 500°C furnace temperature, and duration of 2 h.

effect of pH on the adsorption of 100-ppm RB, MB,
and MO onto 2 g/L of produced AC was first investi-
gated. The effects of the pH on the adsorption of RB,
MB, and MO onto the produced AC are shown in
Figs. 3a-3d. The maximum adsorption of 75.5% occurs
for RB at pH 4 (Fig. 3a). An increase in pH above 4
results in decreased adsorption, with the same trend
noted until pH 12. A similar trend was observed by
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Fig. 2d. TGA results for OFA and also for AC produced
using OFA waste employing 40% (w/w) phosphoric acid as
an activation agent at an impregnation ratio R = 0.8 (v-acid/
w-OFA), 500°C furnace temperature, and duration of 2 h.

Guo et al. for the removal of RB onto rice husk-based
porous carbon [14]. Fig. 2c shows the surface charge
results for the AC used in this research. The pH,,.
value is approximately 5.6, and hence, below pH 5.6,
the produced AC surface will be dominantly positive,
whereas at pH values above 5.6, the produced AC sur-
face will have an overall negative surface charge. Such
changes in surface charge will tend to affect the
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Table 1

Some physico-chemical properties of AC produced from
OFA from Saudi electric power plant using 40% (w/w)
phosphoric acid and an impregnation ration, R = 0.8 (v/w)

at 500°C furnace temperature for 2 h

Property Value
SSAger 63 m*/g
t-plot micropore volume 0.02 Cn;lS /g
Average pore width [(4 V/A) by BET)] 46.08 A
Carbon content (w/w) 68%
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Fig. 3a. Effect of pH on the removal of rhodamine B from
synthetic wastewater using 2-g/L AC produced using
phosphoric acid-based chemical activation of OFA waste
(rhodamine B = 100 ppm; AC dosage =2 g/L).
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Fig. 3b. Effect of pH on the removal of MB from synthetic
wastewater using 2-g/L AC produced using phosphoric
acid-based chemical activation of OFA waste (MB =100
ppm; AC dosage =2 g/L).

adsorption of target pollutants, particularly aqueous
phase contaminants (e.g. dyes) that show a pH-depen-
dent speciation. For example, RB dye exists in cationic
form below pH 4 and in zwitterionic form above pH 4
[14]. Hence, the optimum adsorption of RB onto AC
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Fig. 3d. Effect of pH on the removal of MO from synthetic
wastewater using 2-g/L AC produced using phosphoric
acid-based chemical activation of OFA waste (MO =100
ppm; AC dosage =2 g/L).

was observed at pH 4 (Fig. 3a). However, a further
increase in pH results in decreased RB adsorption
because of an increased electrostatic repulsion
between the dissociated carboxyl group on RB and the
negatively charged AC surface with pH. Fig. 3b shows
the effect of pH on the adsorption-based removal of
MB using the produced AC. The maximum adsorption
is observed at pH 10. A decrease in the adsorption of
MB is noted as the pH is increased from 2 to 5, with
the decrease being more noticeable between pH 4 and
5. However, increased MB adsorption is observed
when the pH is further increased from 5 to 10. Similar
to the RB results, electrostatic interactions between the
cationic dye and charged AC surface alone cannot
explain the noted trends (Fig. 3b). Fig. 3c shows the
molecular structure of MB. Liu et al., who studied the
dissociation of MB’s functional groups [15], reported a
dissociation constant of 8.5 for the amino group.
Hence, at higher pH, the presence of positive amino
groups favors its adsorption onto AC, which is domi-
nantly negative at pH values above 5.6. Furthermore,
the presence of AC surface functional groups, such as
O-H groups (see Section 3.1 for details) is also used to
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explain the pH-dependent adsorption of MB onto the
produced AC. Hence, the pH-dependent adsorption of
cationic MB onto the produced AC may be due
to changes in the surface charge of AC and the
speciation of MB with pH.

We also studied the adsorption of MO onto the
produced AC, and the results are shown in Fig. 3d.
The maximum MO removal is observed at pH 2. An
increase in pH from 2 to 8 causes a nearly linear
decrease in the adsorption of MO from approximately
67 to 37%. However, no significant change in MO
adsorption is observed above pH 8. Furthermore, MO
dye, which is anionic because of the presence of sul-
fonate groups, will be more efficiently removed from
the aqueous phase with a cationic surface. Therefore,
as also shown in Fig. 3d, higher MO adsorption occurs
in the acidic pH range because of an electrostatic
attraction between the anionic MO and cationic AC
surface at lower pH, however, an increased negative
charge on the AC surface at higher pH (Fig. 2c causes
electrostatic repulsion between MO and the AC sur-
face, thus resulting in decreased MO adsorption with
pH (Fig. 3d). Significant dye adsorption could be
achieved using a small amount of OFA-based AC with
an appropriate adjustment of the process pH.

3.3. Adsorption kinetics

Adsorption kinetics plays an important role,
specifically from the reactor design perspective [16]
and considering that we first investigated the details
under a varying set of conditions using a 1,000-mL
test solution for each experiment. The adsorption
kinetics of the dyes on the produced AC was studied

Table 2

16041

at four different concentrations of RB, MB, and MO.
The first- and second-order rate constants were
determined by fitting the data to first- and second-
order rate kinetic models, respectively. The findings
are summarized in Table 2 and are also given in
Figs. 4a—4c. A first-order rate constant of 0.5025 min~"
was obtained for the adsorption of 10-ppm RB onto
AC (Table 2). The rate constant decreased to
0.0280 min~' when the concentration was increased to
30 ppm (Table 2). A further decrease in the reaction
rate constant to 0.0022 min~' was observed when the
concentration was further increased to 50 ppm. The
lowest reaction rate constant of 0.0004 min~' was
noted for the adsorption of 200-ppm RB. This finding
was further verified by comparing the adsorption of
50-ppm RB onto different dosages of AC. An increase
in AC dosage from 1.5 to 2.0 g/L increases the reac-
tion rate constant from 0.0017 to 0.0022 min~'. An
increase in the AC dosage from 1.5 to 2.0 g/L reduces
the dye-to-adsorbent ratio and thus limits the satura-
tion of higher energy sites. Second-order kinetic plots
for the adsorption of different concentrations of RB
onto 2.0-g/L AC are also shown in Fig. 4a. Second-
order rate constants of 1.9794, 0.1468, 0.0005, and
6 x 10°° L/mg min were obtained for the adsorption
of 10, 30, 50, and 200-ppm RB onto 2.0-g/L AC,
respectively. Similar to the first-order rate constants,
an increase in the reaction rate constant was observed
with a decrease in dye concentration. Furthermore, an
increase in the reaction rate constant was also
observed with an increase in AC dosage from 1.5 to
2.0 g/L. In addition, the first-order reaction rate con-
stants for the adsorption of 10, 30, 50, and 200-ppm
MB onto AC are given in Table 2. The minimum and

Effect of initial dye concentration on to its adsorption rate constant for AC produced from phosphoric acid-based
chemical activation of OFA waste (dye concentration = 10-200 ppm, AC amount 2 g/L)

First-order

Second-order

Rate constant (min™!) R

Rate constant (L/mg min) R?

Dye type Dye concentration (ppm)
Methylene blue 10 0.5661
30 0.0130
50 0.0045
200 0.0001
Rhodamine B 10 0.5025
30 0.0280
50 0.0022
200 0.0004
Methyl orange 10 0.1542
30 0.0194
50 0.0016
200 0.0009

0.7558 0.9124 0.766

0.7674 0.0183 0.9809
0.8293 0.0054 0.9848
0.9324 1x107° 0.9337
0.8134 1.9794 0.8887
0.9115 0.1468 0.9974
0.8957 0.0005 0.9507
0.9953 6x107° 0.9949
0.9014 1.4801 0.9860
0.9835 0.0073 0.9996
0.9125 0.0002 0.9589
0.9976 3x107° 0.9928
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Fig. 4a. Second-order linear kinetic plot for the adsorption of rhodamine B under different conditions from synthetic
wastewater using 2-g/L AC produced using phosphoric acid-based chemical activation of OFA waste (pH 3).
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Fig. 4b. Second-order linear kinetic plot for the adsorption of different concentrations of MB from synthetic wastewater
using 2-g/L AC produced using phosphoric acid-based chemical activation of OFA waste (pH 10).

maximum first-order rate constants of 0.0001 and
0.5661 min~' were obtained for MB concentrations of
200 and 10 ppm, respectively. The second-order plots
for MB adsorption are shown in Fig. 4b. A comparison
of the second-order reaction rate constants at different
concentrations shows a trend similar to that noted for
RB. Furthermore, the second-order plots for the
adsorption of MO onto the produced AC are shown

in Fig. 4c, with the qualitative reaction rate constants
trends similar to those noted for RB and MB. Higher
reaction rate constants were observed for cationic dyes
(MB and RB) compared to the anionic dye (MO). The
difference in molecular structure of the dyes might
explain the observed difference in their adsorption
trends. Overall, the adsorption rate constant values for
all dyes decrease with an increasing dye concentration
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Fig. 4c. Second-order linear kinetic plot for the adsorption of different concentrations of MO from synthetic wastewater
using 2-g/L AC produced using phosphoric acid-based chemical activation of OFA waste (pH 3).

for all three dyes. Despite the noted efficiency of AC
for the removal of dyes, its surface sites are limited;
therefore, an increase in the dye concentration will
lead to the exhaustion of the limited number of sites,
which will subsequently reduce the adsorptive
removal of the dye. Similarly, an increase in the AC
dosage will increase the number of sites available for
adsorption, which will enhance the adsorptive
removal of the dye. In general, a better fit is observed
for the second-order kinetics compared to the first-
order kinetics (Table 2).

3.4. Adsorption isotherm

Figs. 5a-5d show RB, MB, and MO adsorption-
based removal vs. the amount of produced AC added.
Fig. 5a shows that the adsorption of RB increases with
an increase in AC dosage. The rate of the increase is
more prominent at lower amounts of AC. Similar
behavior is also observed in the MB and MO adsorp-
tion studies, as shown in Figs. 5b and 5c, respectively.
Furthermore, Fig. 5d, which summarizes all these
observations, shows that the produced AC is more
effective at adsorbing the cationic dyes, RB and MB,
than the anionic dye, MO. Significant adsorption of the
cationic dyes is achieved at an AC dosage of 3.5 g/L.
However, a higher dosage of produced AC is required
for the near-complete adsorption of MO. The results
were also fitted to Freundlich and Langmuir adsorption
isotherms. Egs. (1) and (2) represent the Freundlich iso-
therm and its linear form, respectively [17].

ge = K:Ci &)

log g. = log Kp +% log C. 2)
where g, is the amount of adsorbed dye per gram of
adsorbent, C, is the equilibrium concentration of dye,
and Kg and 1/#n are the constants. The two constants,
i.e. Kg and 1/n, can be obtained from the plot of log
(ge) vs. log(Ce). The Langmuir isotherm and its linear
form are presented in Eqgs. (3) and (4), respectively
[18]. The Langmuir constants, K; and g, can be
obtained from the plot of 1/4. against 1/Ce.
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Fig. 5a. Effect of AC amount on the removal of rhodamine
B from synthetic wastewater using AC produced using
phosphoric acid-based chemical activation of OFA waste
(rhodamine B = 100 ppm; solution pH 3).
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Fig. 5c. Effect of AC amount on the removal of MO from
synthetic wastewater using AC produced using phosphoric
acid-based chemical activation of OFA waste (MO = 100
ppm; solution pH 3).
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dyes from synthetic wastewater using AC produced using
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The Freundlich fit (Fig. 6) yields maximum and mini-
mum Kg values of 3.5148 and 0.0013 L/g for MB and
MO, respectively. This result also supports the afore-
mentioned finding that the cationic dyes (MB and RB)
adsorb better onto the produced AC compared to the
anionic dye (MO). Furthermore, Fig. 7 shows the
Langmuir model fit for the adsorption-based removal
of RB, MB, and MO. Adsorption capacities of 540 and
104 mg/g were obtained for RB and MB, respectively.
In general, the Freundlich isotherm model provides a
better fit for the adsorption of MB and MO compared
to the Langmuir adsorption isotherm model. Itodo
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Fig. 6. Freundlich adsorption isotherm for the adsorption
of different dyes from synthetic wastewater using AC
produced using phosphoric acid-based chemical activation
of OFA waste.
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Fig. 7. Langmuir adsorption isotherm for the adsorption of
different dyes from synthetic wastewater using AC
produced using phosphoric acid-based chemical activation
of OFA waste.
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et al. noted the same results for the adsorption-based
removal of MB [19]. Nevertheless, the Langmuir iso-
therm provided a better fit for RB compared to the
Freundlich isotherm. The Freundlich and Langmuir
constants for three dyes are provided in Table 3.

3.5. RSM modeling

The RSM, which is a widely used optimization
method [20], was used to determine the importance of
the pH, initial dye concentration, and amount of AC
added on the dye adsorption. Considering the BBD,
three levels were chosen for each of three independent
variables, as indicated in Table 4, using the three
levels of —1, 0, and +1 and equally spaced intervals
[21]. The model equations for the adsorption-based
removal of MB, RB, and MO in terms of the coded
factors are given in Eqs. (5)-(7), respectively. The
significance level of the models and model terms are

Table 3
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provided in Table 5. Furthermore, Table 6 provides
the salient characteristics of the models. The model
outputs or response surface three-dimensional plots
showing the effect of the above-mentioned three indi-
vidual factors (i.e. pH, initial dye concentration, and
amount of AC added) on the adsorption efficiency are
presented in Figs. 8a—-8c to 10a-10c, respectively.

Amount of MB removed = 71.8619 + 6.2325 x A
—21.0814 x B + 10.3303
x C

%)

Amount of RB removed = 53.7217 — 8.77099 x A
—18.6747 x B +13.3694 x C
+3.8417 x AB — 6.1471
x AC +12.3741 x B>

(6)

Adsorption isotherm constants for Freundlich and Langmuir isotherms for the adsorption of RB, MB, and MO onto AC
produced using phosphoric acid-based chemical activation of OFA waste (dye concentration = 100 ppm)

Parameter n Kg (L/g) R?
Freundlich isotherm Methylene blue 1.5659 3.5148 0.9338
Rhodamine B 0.8467 0.4090 0.7639
Methyl orange 0.3816 0.0013 0.8346
Parameter G (Mg/) K (L/g) R?
Langmuir isotherm Methylene blue 104.25 14.5257 0.9249
Rhodamine B 540.39 1.6616 0.8132
Methyl orange —ve —ve 0.9894

Table 4
RB, MB, and MO adsorption results for OFA-based AC, considering the Box-Behnken design
B: dye C: AC

A:  concentration concentration Rhodamine B amount Methylene blue Methyl orange
Run pH (ppm) (ppm) removed (%) amount removed (%)  amount removed (%)
1 10 100 2,000 52.8759 84.5409 45.7876
2 4 100 2,000 80.1693 68.5088 74.95
3 7 150 2,000 58.8494 64.8176 38.1218
4 10 50 1,500 71.3065 100 35.4087
5 7 100 1,500 56.3237 78.2865 43.0076
6 10 150 1,500 40.718 63.393 10.4176
7 4 150 1,500 53.1189 43.2981 44.3592
8 7 150 1,000 36.9985 45.9961 22.8537
9 7 50 1,000 68.7013 90.0211 51.2649
10 7 50 2,000 100 100 84.7905
1 4 50 1,500 99.0743 96.1349 69.812
12 4 100 1,000 40.9723 44.6697 48.3694
13 10 100 1,000 38.2675 54.538 12.7505
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Table 5

Significant levels of the models and individual model terms at 5% (p < 0.05)

Significance of model and model terms
Response Model A B C AB AC B?
Rhodamine B amount removed (%) <0.0001 0.0001 <0.0001 <0.0001 0.0315 0.0043 0.0002
Methylene blue amount removed (%) 0.0002 0.0664 <0.0001 0.0072
Methyl orange amount removed (%) <0.0001 <0.0001 <0.0001 0.0002
Table 6
Salient characteristics of RB, MB, and MO adsorption models developed using RSM methodology
Response Response transformation ~Adequate precision R* Adjusted R*> Predicted R> AAD (%)
Rhodamine B amount ~ None 31.723 0.9918 0.9836 0.9617 3.10
removed (%)
Methylene blue amount None 13.413 0.8803 0.8404 0.7438 9.58
removed (%)
Methyl orange amount  None 18.367 0.9397 0.9197 0.8675 11.54
removed (%)

Fig. 8a. 3D graph showing the effects of pH and initial dye concentration on the removal of rhodamine B from synthetic
wastewater using 1.5-g/L AC produced using phosphoric acid-based chemical activation of OFA waste.

where A denotes the pH (-1=pH 4, 0=pH 7, and
Amount of MO removed = 44.7610 —16.6408 x A +1=pH 10), B denotes the initial dye concentration
—15.6905 x B + 13.5514
x C

(-1 =50 ppm, 0 =100 ppm, and +1 = 150 ppm), and C
denotes the amount of AC added (=1 =1,000 ppm,
()

0=1500 ppm, and +1=2,000 ppm). For all three
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Fig. 8b. 3D graph showing the effects of initial AC and dye concentration on the removal of rhodamine B from synthetic
wastewater using AC produced using phosphoric acid-based chemical activation of OFA waste (solution pH 7).
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Fig. 8c. 3D graph showing the effects of pH and AC dosage on the removal of 100-ppm rhodamine B from synthetic
wastewater using AC produced using phosphoric acid-based chemical activation of OFA waste.

models, only single factors and significant interaction
effects based on a 5% level of significance are shown.
From Eq. (5), the adsorption-based removal of MB
increases with an increase in pH and OFA concentra-
tion but decreases with an increase in the initial MB
concentration. As discussed earlier, the OFA-based

AC utilized in this research has a pH,,. of 5.6
(Fig. 2¢). Therefore, below pH 5.6, the AC will be pre-
dominantly positively charged, and thus, an electro-
static repulsion will exist between the AC and the
positive dye. However, above pH 5.6, the surface of
the AC will be predominantly negatively charged,
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Fig. 9a. 3D graph showing the effects of pH and initial dye concentration on the removal of MO from synthetic

wastewater using 1.5-g/L AC produced using phosphoric acid-based chemical activation of OFA waste.

Fig. 9b. 3D graph showing the effects of initial AC amount and dye concentration on the removal of MO from synthetic

wastewater using AC produced using phosphoric acid-based chemical activation of OFA waste (solution pH 7).
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Fig. 9c. 3D graph showing the effects of pH and AC amount on the removal of 100

using AC produced using phosphoric acid

the dyes, its surface sites are limited. Therefore, an

increase in dye concentration will lead to the exhaus-
tion of the limited sites, which will subsequently

7

based chemical activation of OFA waste (OFA dosage = 1.5 g/L).

Fig. 10a. 3D graph showing the effects of pH and initial dye concentration on the removal of MB from synthetic wastewa-

which will cause an electrostatic attraction between
the positive dye and negative AC. Furthermore

despite the noted efficiency of AC for the removal of

ter using AC produced using phosphoric acid
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Fig. 10b. 3D graph showing the effects of initial dye concentration and AC amount on the removal of MB from
synthetic wastewater using AC produced using phosphoric acid-based chemical activation of OFA waste (initial dye
concentration = 100 ppm).
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Fig. 10c. 3D graph showing the effects of pH and AC amount on the removal of MB from synthetic wastewater using AC
produced using phosphoric acid-based chemical activation of OFA waste (solution pH 7).
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reduce the adsorptive removal of the dye. Similarly,
an increase in the AC dosage will increase the number
of sites available for adsorption, which will enhance
the adsorptive removal of the dye. The absolute values
of the coefficient factors are in the following order:
MB concentration > AC added > pH; in other words,
the MB concentration has a greater impact on the
model developed, whereas pH has the smallest
impact. From Table 5, only pH is not a significant fac-
tor of the model developed based on a 95% confidence
interval. This result occurs because the adsorption of
MB shows a changing trend vs. pH. As shown in Sec-
tion 3.2, the adsorption of MB decreases with an
increase in pH wuntil approximately 5, with an
increased adsorption for higher pH values. A reason-
able fit was obtained for the experimental data for
extracting an adequate precision value and an average
absolute deviation (AAD) value. The adequate preci-
sion value measures the signal-to-noise ratio, with a
value greater than 4 being desirable. An adequate
precision value of 13.4 was obtained for MB. Further-
more, the AAD, which is a measure of the prediction
capability of the model (e.g. adsorption, in the present
case) is calculated using Eq. (8) [22]. The AAD should
be as low as possible.

AAD = Z('y’”p y”a‘)/pxmo ®)

i=1 yl eXp

where Vjexp and v, are the experimental and calcu-
lated responses, respectively, and p is the number of
the experimental run. An AAD of 9.58% was obtained
for the MB model. The adjusted R* and predicted R*
are considered to be in reasonable agreement if their
difference is less than 0.2. For the MB model, the dif-
ference between the adjusted R* and predicted R is
only 0.0966, which shows that they are in reasonable
agreement. From Eq. (6), the relative impact of the
above-mentioned modeling factors on the removal of
RB is similar to that of MB. However, the relative
impact of the modeling factors on the adsorption of
MO (Eq. (7)) follows the following order: pH > AC
added > MO concentration. Overall, an excellent fit
was obtained for the RB model, with R? adequate
precision, and AAD values of 0.9918, 31.723, and
3.10%, respectively. A very good fit was obtained for
the MO model, with R?, adequate precision, and AAD
values of 0.9397, 18.367, and 11.54%, respectively. The
difference between the adjusted R* and predicted R?
for the RB and MO models are 0.0219 and 0.0522,
respectively, which shows that they are in reasonable
agreement. Overall, the RSM models and outcomes
shown in Figs. 8a—8c to 10a-10c indicate that the RSM
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approach can be used to predict the removal of RB,
MB, and MO from the aqueous phase using
OFA-based AC under a varying set of operational
conditions.

4. Conclusions

We studied the conversion of heavy OFA into AC
and its application to the adsorption-based removal of
RB, MB, and MO from the aqueous phase. The conclu-
sions of this research are as follows:

(1) An optimum form of AC was produced with a
SSAggr value of 63 m*/g for a phosphoric acid
strength of 40% (w/w %), an impregnation
ratio R of 0.8 (mL-acid/gm-fly ash), and a
furnace temperature of 500°C (for 2 h).

(2) The optimum adsorption of RB was achieved
at pH 4; the adsorption decreased with a
further increase in pH. Both, a shift in the AC
surface charge and speciation of the RB car-
boxylic group to an anionic species, caused the
reduced adsorption of RB at higher pH.

(3) Increased MB adsorption was observed at pH 5
and above due to the cationic nature of the dye
and the increased negative AC surface change.

(4) The observed decrease in MO adsorption with
an increase in pH was due to increased presence
of negative charge on the AC surface, resulting
in electrostatic repulsion with the MO sulfonate
group.

(5) Kinetics studies showed that the second-order
rate constant values are higher at lower dye
concentrations due to the comparatively higher
availability of active surface sites.

(6) The Freundlich isotherm model provided a bet-
ter fit for the adsorption of MB and MO,
whereas the Langmuir model provided a better
fit for RB adsorption.

(7) The relative impact of the adsorption variables
on the RSM-based models was found to follow
the following order: initial dye concentra-
tion > AC amount > pH for cationic dyes and
pH > AC amount > initial dye concentration for
MO.
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