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ABSTRACT

This study investigated the potentiality of residual oil fly ash as a precursor of activated car-
bon (AC). Fly ash samples were activated by physical activation method, i.e. with CO, flow
at 950°C for 2 h. Samples were characterized by BET, SEM, FTIR, and XRD techniques. The
produced AC developed a high surface area (269.013 m*/g). The synthesized AC was then
examined as an adsorbent for Cu(Il) and Pb(II) removal from aqueous solutions. The effect
of solution pH, initial solution concentration, and contact time were studied. Results of
batch experiments for precipitation (in absence of AC) showed that removal of both Cu(Il)
and Pb(Il) ions by precipitation was occurred at pH 6 and increased at pH 7 with removal
values of 52.5 and 88.1%, respectively. On another hand, higher removal efficiency of metal
ions by adsorption (in presence of AC) was achieved with increased solution pH levels.
Adsorption values of 72.7 and 78.5% were achieved at pH 5 for Cu(Il) and Pb(Il), respec-
tively. Complete removal (99 and 99.3% for copper and lead, respectively) of both metals
was achieved at pH 7 (adsorption and precipitation). The maximum equilibrium time of
adsorption was found to be 30 min for the two metal ions. Kinetics studies revealed that the
adsorption of Cu(Il) and Pb(II) onto AC followed the pseudo-second-order kinetics and the
adsorption equilibrium data were well fitted to Langmuir isotherm model.

Keywords: ROFA; Oil fly ash; Activated carbon; CO, activation; Heavy metals adsorption;
Cu(II) and Pb(II) removal

1. Introduction

Residual oil fly ash (ROFA) is the solid residue
that is produced when residual fuel oil is burnt
extensively. This fuel oil is obtained from the crude
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petroleum after several stages of refining. In Saudi
Arabia, residual fuel oil is abundantly used in power
generation and desalination industries which results
in the generation of a huge amount of ROFA annually.
It is rich in carbonaceous matter (amount varies from
64 to 97 wt.%) which has been determined through
loss of ignition technique in previous studies [1,2]. It
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has been found that ROFA particles are composed of
organic sulfur (S) molecules along with several inor-
ganic chemical elements such as vanadium (V), nickel
(Ni), iron (Fe), and zinc (Zn) in any of the forms of
sulfates, oxides, vanadates, and phosphates [1]. Since
it cannot be used in cement industries like coal burned
fly ash due to its higher carbon concentrations, the
end use of ROFA is to be dumped in the landfills
which is hazardous to the environment in many ways
[3/4]. Therefore, finding a proper usage of ROFA is a
pressing matter in this country. Many studies have
been done so far regarding the preparation of acti-
vated carbon (AC) from different types of fly ash such
as heavy oil fly ash [5,6], coal burned fly ash [7-10],
and bagasse fly ash [11,12].

Basically, there are two methods of preparing AC,
namely physical and chemical activation. Physical acti-
vation starts with the carbonization of the sample
(under 700°C) followed by the controlled flow of oxidiz-
ing agents such as steam, carbon dioxide, or both
together at higher temperature (upto 1,100°C). These
oxidizing agents initiate a heterogeneous reaction on
the carbon surface of the sample which includes the
transportation of gaseous molecules and their diffusion
and thus, helping to develop better surface area and
microporosity [13]. On the other hand, chemical activa-
tion incorporates the uses of chemical agents such as
KOH, ZnCl,, H3POy, etc. which deter the formation of
tar during the reaction as well as restrict the develop-
ment of volatile matters and thus suppress the shrink-
ing of the precursor molecules. And when the
chemicals are removed through the heating of the sam-
ple, internal porosity is developed greatly [13,14].

Physical activation via either steam [7-10] or CO,
[5,6,13,15] was found emphatic in the mentioned stud-
ies. However, recently it has been proven that chemi-
cal activation alone or a combined activation method
using any of the chemical agents stated earlier and
CO, together which is also known as physicochemical
activation could produce AC with better surface area
and adsorption capacity [11,12].

Throughout the past few decades, AC has been
the most desired adsorbent of heavy metals from
aqueous solution. Among the studied metals in pre-
vious research works Ni, Cr, Pb, As, Cu, Cd, and
Hg were considered mostly for AC adsorption exper-
iments where the precursors of AC came from a
wide variety of sources except ROFA such as bam-
boo [16,17], cow bone [18], cashew nuts [19], coconut
shell [17,20], hazelnut husks [21], tamarind seeds
[22], grape seeds [23], apricot seeds [24], tobacco
waste [25], pine and eucalyptus wood [17], mineral

bituminous and lignite charcoal [17], plum kernel,
and jacaranda biomass [26].

Considering the waste management scenario in
Saudi Arabia, this study is quite significant since
ROFA volume is increasing gradually and it has no
potential use. Besides, there are no such previous
studies regarding the conversion of ROFA into AC.
Therefore, the aim of this study is to prepare AC uti-
lizing ROFA and characterize it for understanding the
extent and effect of the activation method applied,
and finally using this AC for Cu(Il) and Pb(II) removal
from aqueous solution.

2. Material and methods
2.1. Preparation of AC from ROFA

ROFA sample has been collected from Rabeigh
power plant in Rabeigh, Saudi Arabia. Initially, acid
leaching with 1 M HCI solution was conducted to the
selected samples in room temperature where the
solid-liquid ratio (g/ml) was 1:20 and the mixing
duration was 17 h. Then, the solution was filtered and
washed several times with deionized water. This was
done to remove the metal contents from the samples
(detailed study was done separately), and to get con-
centrated carbon for the experiment. After that, the
samples were dried in oven at 105°C for 24 h and kept
in the desiccator prior to activation.

Samples were activated using CO, gas as an acti-
vating agent in a horizontal tube furnace (GSL-
1800S60, MTI Inc.). The activation temperature was set
at 950°C and kept for 2 h. Around 5 g of sample was
put in a crucible and then placed inside the tube. A
raw (unactivated) ash sample was also considered for
this study to compare the changes occurred due to
this physical activation method. The furnace heating
rate and CO, pressure were maintained at 5°C min~"
and 6 y (pounds per square inch), respectively.

2.2. Characterization of the AC samples

Multipoint BET surface area measurements were
performed to get an overview of the porous character-
istics of the activated sample such as surface area,
pore volume, and pore size distribution. N, adsorp-
tion isotherm was produced at 77 K for this purpose
using Quantachrome Surface Area Analyzer equip-
ment, NOVA 2200e.

FTIR spectroscopy was employed to the samples
before and after activation. This technique was used
to reveal the presence or absence of certain chemical
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functional groups in the samples. Transmission mode
was chosen for the FTIR spectra with a frequency
range between 4,000-500 cm™' with the aid of Bruker
Alpha-E spectrometer.

Scanning electron microscope (SEM) technique was
used to observe the qualitative features and the sur-
face topography of studied samples at various magni-
fications using JEOL scanning electron microscope
(JSM-6360 LV).

XRD spectroscopy method was applied to deter-
mine the crystalline phases or textures of the studied
samples. Rigaku (Ultima IV) multipurpose X-ray dif-
fractometer was used for this purpose. XRD profile of
the activated sample was achieved using Bragg's
Eq. (9) at 26 range from 20° to 80°.

2.3. Adsorption of heavy metals on the AC samples

Batch adsorption experiments were conducted on
synthetic solutions of Cu®** and Pb** using standard
salts of CuCl,-2H,O and Pb(NOs),. Effect of time (till
1h), pH (3-7), and concentration (10, 25, 50, 75,
100 ppm) were examined throughout the entire study
while the adsorbent dose was invariant (0.5 g/1) at all
times. It needs to be mentioned that the batch adsorp-
tion experiment was designed and conducted up to
4 h, but after first 60 min there was no change in
adsorption behavior. Hence, all the adsorption experi-
ments were performed up to 1 h.

Erlenmeyer flasks of 250 ml were used for all the
experiments and put on a magnetic stirrer. Samples
were taken in different time intervals up to 60 min. At
each time interval, 5 ml of samples were taken using
standard calibrated pipette, filtered immediately, and
then the filtrate was diluted up to 50 ml. Then, the
remaining Cu”* and Pb*" ions in the solutions were
analyzed by UV-visible spectrophotometer (HACH,
Lange DR6000). Chemical complex agents were used
for each analysis such as LCK-(306) for lead at
520 nm, and powder pillows with bicinchoninate
method for copper at 560 nm.

The removal efficiency was calculated using the
following Eq. (1) [21]:

Co—C,

c x 100 ¢))

% Removal =

where Cy and C, denote the initial and equilibrium
concentrations of the adsorbates, individually.

For all dilutions, deionized water was used
(Millipore, Elix) and the pH was adjusted using 0.1 M
solutions of HCl and NaOH.

3. Results and discussion
3.1. Characterization of AC sample
3.1.1. BET surface area analysis

BET analysis was performed and the specific sur-
face area values for both raw ash and CO, activated
ash samples were 110.88 and 269.01 m?/g, respec-
tively. The increase in surface area was approximately
2.5 times more due to CO, activation. In addition, the
micropore volume (0.07 cc/g, after activation) was
broadened during the treatment (Table 1). The pre-
pared AC sample has got both micropores (<2 nm)
and mesopores (2-50 nm) that are classified by Inter-
national Union of Pure and Applied Chemistry (IU-
PAC) [27]. But, the micropore volume was found
greater than the mesopore volume which resembles
the findings of a recent study [28].

3.1.2. SEM analysis

The studied ROFA samples were investigated with
scanning electron microscopy to find out the morpho-
logical features of the raw ash and changes done dur-
ing the CO, activation. Both the raw ash and AC
samples were black and powdery that corresponds
with earlier studies [29]. SEM micrographs of studied
samples are shown in Fig. 1(a)-(d) where the samples
appeared as cenospheres (Fig. 1(a) and (c)) [6,29] or
porous globular particles [30,31] (Fig. 1(b) and (d)).
The particle size ranged from very minute to as high
as 100 um that is relevant to another study [30]. The
presence of various broken particles is also noticeable.
Fig. 1(a)—(b) depicts the raw sample (before activation)
with two different magnifications. It is seen that the
raw sample possessed a jagged surface structure
(Fig. 1(b)).

CO; activation enhanced the porous characteristics
of the particles to a moderate extent (from 110.9 to
269.013 m?/g) and particles with quite smooth outer
surface have been produced (Fig. 1(d)). Such kind of
appearance was mentioned in a previous study [29].
The development of porosity is better understood in
(Fig. 1(d)), i.e. the broadening of pores as discussed in
Section 3.1. From the morphological presentations of
the samples, it can be inferred that the gasification
was implemented involving the total mass of the
cenospheres [4].

3.1.3. FTIR analysis

FTIR spectra of both raw and CO, activated ash
samples are shown in Fig. 2. In the raw ash sample,
the only noticeable peak was found at 1,746 cm™'
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Table 1

BET surface area and pore volume obtained for Rabeigh ROFA samples

Experimental conditions Weight loss (%)

Surface area (m?/g)

Pore volume (cc/g)

Micropore (<2 nm)  Mesopore (2-50 nm)

None
16.67

Raw ash
CO, activated ash (950°C/2 h)

110.887
269.013

0.043
0.07

None
0.02

Fig. 1. SEM micrographs of Rabeigh ROFA samples: (a-b) raw ash; (c-d) CO, activated ash (950°C/2 h).
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Fig. 2. FTIR spectra of Rabeigh ROFA samples.

which was due to diketones (C=0) and was reported
in several studies at different ranges such as at 1,720,
1,760, and 1,623 cm™! [30-32]. Besides this, there
were several minor peaks observed in the region of
513-596 cm'. The peaks closer to 560 cm ' indicate
the existence of Al in aluminosilicates like mullite
which was reported elsewhere [33], whereas the peaks
near 516 cm™' show the presence of C-C group in
alkane [34].

On the other hand, CO, activated sample shows
extremely minor undulations at several regions such as
516-562, 1,470-1,568, 1,651-1,694, 1,714-1,731, and
3,607-3,687 cm *. The peak at 1,504 cm ! actually
depicts the functional group of aromatic C=C which
was found at 1,467 cm™' by Shawabkeh et al. [30]. The
peak at 3,687 cm™' is possible because of stretched
-O-H bond and was mentioned in previous studies
where the authors observed this peak at 3,650 cm™'
[30,35]. The presence of C=O which is in the ester group

5
s CO, Activated Ash
2
7] Ao o PP
< w i
2
c
- Raw Ash
r T T 'I? T T 1
20 30 40 50 60 70 80
2 theta (deg)

Fig. 3. XRD patterns of Rabeigh ROFA samples.
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was found in the region of 1,650-1,731 cm! that was
cited in a study in the range of 1,720-1,760 cm™" [30].

3.1.4. XRD analysis

XRD patterns of the raw ash and CO, activated
ash samples are illustrated in Fig. 3. In both samples,
similar type of broad peaks evolved, which were
reflected from the planes. These broad peaks reveal
the highly disordered and amorphous nature of ACs
that were dealt with in this experiment. This behavior
might be due to the acid treatment that was discussed
before which completely removed the peaks associ-
ated with the ash [9].

In general, the alike broad diffractions at (002)
plane in every sample match with graphitic reflections
near 26°=20 and it suggests a particular graphitic
array in the molecular planes along with the presence
of mullite which was mentioned in previous studies
[31,36]. In addition, minor broad peaks were also seen
closer to 43°=260 which indicates the existence of mull-
ite or sodalite [30].

However, the interlayer space (d) varied from
3.489 to 3.507 A in studied samples which were larger
than the graphite (3.354 A). It implies all the prepared
samples had carbonaceous structure [37]. Besides, the
negligibility of crystalline phases in the samples fits in
with carbonaceous and porous particles which were
again supported by SEM study and this phenomenon
was described elsewhere [38].

3.2. Adsorption of heavy metals on the AC samples

3.2.1. Effect of initial pH

Batch adsorption experiments were conducted for
adsorption of Cu® and Pb*" on the synthesized AC

—o— Cu (ll) Precipitation
Cu (Il) Adsorption

—#— Pb (Il) Precipitation
== Pb (Il) Adsorption
100
80 |
60 -|

40 1

% Removal

20 |

pH

Fig. 4. Effect of initial pH on Cu(ll) and Pb(II) adsorption
and precipitation (adsorbent dose 0.5 g/1, contact time 60
min, and initial metals concentration 25 ppm).

samples. The effect of initial pH of the solution on
adsorption is very dynamic as it is directly involved
in altering the surface charge of the adsorbent [21,39],
which could be influential determining the adsorption
efficiency. Therefore, five different pH ranges (3-7)
were studied to select the optimum one that could
adsorb the two heavy metals of interest at the highest
level. Fig. 4 depicts the rate of adsorption with
increasing pH levels.

For both metals, the adsorption efficiency
increased with the increase in the initial pH.
Reduced adsorption phenomena were observed at
lower pH levels such as 3 and 4 for both Cu(ll) and
Pb(Il) which was 45.1-65.6 and 38.9-57.3%, respec-
tively. This is due to the protonation that occurs at
the active sites of the adsorbent which restricts the
spontaneous uptake of the metal ions present in the
solution [34,39]. At pH 5, the adsorption efficiency
for Cu(l) and Pb(ll) was found to be 72.7 and
78.5% respectively. The maximum removal of Cu(ll)
and Pb(Il) was achieved at pH 6 and 7 which was
98.6-99 and 92.1-99.3%, respectively. But precipita-
tion of both metals took place at those levels of pH
as insoluble metal hydroxides, thus the metal
removal at such pH is a combination between pre-
cipitation and adsorption [21]. For this, a separate
experiment was conducted to find out the precipita-
tion behavior of the studied metals under the cur-
rent experimental conditions. That experiment
revealed that both the Cu(l) and Pb(Il) ions did not
precipitate until pH 5. But at pH 6 and 7, the rate of
precipitation was 39-52.5% for Cu(Il) and 60.7-88.1%
for Pb(II) (Fig. 4). Hence, pH 5 was considered
as the optimum pH for adsorption of the studied

metals in this experiment and wused for later
experiments.
100 -
80 -
S 60 -
o
£
Q
& 40
B === Cu (Il)
20 - ~=Pb (II)
0 T T T T 1
0 20 40 60 80 100

Initial concentration (ppm)

Fig. 5. Effect of initial metals concentrations on Cu(ll) and
Pb(I) adsorption (adsorbent dose 0.5g/l, pH 5, and
contact time 60 min).



S. Salehin et al. | Desalination and Water Treatment 57 (2016) 278-287 283

3.2.2. Effect of initial metals concentration

The effect of initial metal concentrations on the
adsorption efficiency of Cu(Il) and Pb(II) is presented
in Fig. 5. It is clear that the percentage of adsorption
increased as the initial metals’ concentrations were
decreased. The adsorption efficiency values were 78.6,
72.7, 59.3, 23.3, and 16% for Cu(Il), while the values
were 86.5, 78.5, 56.2, 24, and 14.5% for Pb(Il) with ini-
tial metals concentration of 10, 25, 50, 75, and
100 ppm, respectively. A previous study mentioned
about enough vacant adsorption sites at lower metals
concentrations, whereas at higher concentrations, the
number of metal ions become abundant than the
adsorption sites and hence, the reduced adsorption
efficiency [21]. Therefore, it could be inferred that the
adsorption of both Cu(ll) and Pb(Il) was extremely
concentration reliant and with lower initial concentra-
tions, Pb(Il) could be removed more efficiently than
CudD.

3.2.3. Effect of contact time

Fig. 6 illustrates the effect of contact time on
adsorption of both Cu(ll) and Pb(I) up to 1h. It is
seen that the adsorption took place within short time
for both metals. The equilibrium of adsorption has
been established in 30 min. The reason behind high
initial adsorption with celerity is due to the active
adsorption sites which outnumber the metal ions pres-
ent in the solution. It again relates the adsorption
mechanism with the concentration of metal ions. This
behavior follows the findings of previous studies
[21,34]. At equilibrium phase, the adsorption of Cu(Il)
and Pb(I) was found as 72.7 and 78.5%, respectively,
which demonstrates higher Pb(Il) removal rate than
Cu(ID).

100 -
A
v
I
>
]
£
[
(2 4= Cu (II)
B
= Pb (Il)
0 T T T T T 1
0 10 20 30 40 50 60

Contact time (minutes)

Fig. 6. The effect of contact time on adsorption of Cu(I)
and Pb(I) (adsorbent dose 0.5 g/1, pH 5, and initial con-
centration 25 ppm).

3.3. Adsorption isotherm models

In any adsorption system, adsorption isotherms
are of immense importance to find out the correlations
between adsorbate and adsorbent at equilibrium con-
ditions. There are several models with distinguished
parameters which facilitate to understand the adsorp-
tion mechanism, behavior of the adsorbent surface
during adsorption, and its capacity to adsorb in cer-
tain experimental circumstances upon the fitness to
each of these models [37].

This study investigated two adsorption isotherm
models that are widely used, Langmuir [Eq. (2)] and
Freundlich [Eq. (3)] models [18]:

C¢__1 G

)

e B Ky, x Am  Gm

1
lnqe:anF+;xlnCe 3)

For Langmuir model, K; is the Langmuir
constant for adsorption (L/mg) and g,, indicates theo-
retical maximum adsorption capacity (mg/g). In the
other model, Kr represents the Freundlich constant
of adsorption capacity (mg/g (L/mg)'/™ and n
denotes the favorability of adsorption process or
adsorption intensity, in other words. The interpreta-
tion with the n value is done as: n<1 (poor), 1<n<2
(medium/with difficulties), and 2 <n <10 (favorable/
spontaneous) [37]. The calculated parameters of both
Langmuir and Freundlich models are presented in
Table 2.

It is clearly seen that the studied adsorption pro-
cess fitted well with the Langmuir model (Fig. 7) (*>
0.988 (Cu®*) and 7*>0.980 (Pb*")). It implies that the
adsorption was homogenous and occurred in a mono-
layer [37,40]. Cechinel et al. [18] also added a feature
to this model that a chemical reaction occurs primarily
that binds the adsorbates onto the surface of the
adsorbent and all the sites have same attraction to the
adsorbates.

On the other hand, though the experimental adsorp-
tion did not fit with the Freundlich model (Fig. 8), the n
value (5.21 for Cu®*, 7.56 for Pb**) suggests that the
adsorption underwent quite spontaneously and the
intensity was higher for Pb** than Cu®*.

3.4. Adsorption kinetics models

Usually in liquid-solid adsorption systems, the
mass transfer of a solute takes place from the aqueous
phase to the external surface of the adsorbent [41].
Thus, the study of adsorption kinetics is very useful to
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Table 2

Values of Langmuir and Freundlich constants for Cu(Il) and Pb(II) adsorption isotherms

Langmuir constants

Freundlich constants

Adsorbates K., (L/mg) qm (mg/g) 7 (corr. coeff.) Kr (mg/g (L/mg)"/") n 7* (corr. coeff.)
Cu(D —0.703 32.47 0.9885 18.06 5.21 0.3919
Pb(II) —-0.377 29.85 0.9806 21.87 7.56 0.3182

3.5

10 20 30 40 50 60 70 80 90 100
C.

Fig. 7. Langmuir model for Pb** and Cu®" adsorption
isotherm.

41 *
[ |
35 .0
&
£ 31
|
L 2
2.5 ¢ Cu
mPb
2 ;
0 1 2 3 4 5
InC.

Fig. 8. Freundlich model for Pb** and Cu?** adsorption
isotherm.

understand the adsorption mechanism which
describes the efficiency of the adsorption system [41],
and determining sorption rates with characteristics of
possible reaction mechanism [42]. Therefore, the
pseudo-first-order kinetics model, pseudo-second-
order kinetics model and intraparticle diffusion model
were used in this study to test the obtained experi-
mental data.

3.4.1. Pseudo-first-order kinetics model

The most widely known Lagergren adsorption rate
expression was used to describe pseudo-first-order
kinetics model [41] and is shown below in Eq. (4):

kpf X t
2.303

log (9. — q¢) = log q. — 4)

where g, represents the amount adsorbed (mg/g) at
equilibrium phase, g; denotes the amount adsorbed
(mg/g) at time t, and k¢ refers to the adsorption rate
constant (min~!). The values of these parameters are
shown in Table 3. The derived plot of log (g, — g¢) vs. t
using Eq. (1) is presented in Fig. 9. The k¢ values for
Cu(I) and Pb(I) were 0.06 and 0.1 min?, respectively.
The correlation-coefficient (+*) values are higher in Pb
(II) (0.94) than found in Cu(Il) (0.88). Besides, the equi-
librium adsorption (g,) for Cu(Il) and Pb(II) were sev-
erally 9.84 and 12.30 mg/g which is far beyond the
experimental equilibrium adsorption (g,exp) that was
33.6 and 38 mg/g for Cu(ll) and Pb(I), respectively.
In this respect, it can be said that the studied adsorp-
tion system did not follow pseudo-first-order kinetics
model.

3.4.2. Pseudo-second-order kinetics model

On the other hand, it has been reported that
most adsorption system fits well with the pseudo-
second-order kinetics model [41]. This model
assumes chemisorption as the rate-limiting factor
that is the adsorption process takes place due to
physicochemical interactions between solid and
liquid phases [42].

This model can be expressed with the Eq. (5) [41]:

t 1 t
aikpsxquri ©

where k,, refers to the adsorption rate constant
(g/(mg.min)). The ks values were calculated using
the plots of t/g; vs. time (Fig. 10), and the linear corre-
lation coefficient (*) values were obtained from the
slopes of the plots. It was found (Table 3) that the
correlation coefficient (%) values were close to 1 (Cu**:
0.995; Pb**: 0.997), proposing the best fit of this
kinetics equation and the characteristic pseudo-sec-
ond-order mechanism for removing Cu(Il) and Pb(II)
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Table 3

Adsorption kinetics parameters of Cu(Il) and Pb(Il) on activated carbon

Pseudo-first-order kinetic

model Pseudo-second-order kinetic model Intraparticle diffusion model
EAC/ qe(exp) qe qe kid
HMI  (mg/g) kpe (min™") (mg/g) 1’  kps (g/(mgmin) (mg/g) .’ (mg/gmin'’?) G 72
Cu** 336 0.06 9.84 0.88 0.022 32.89 0.995 1.28 24.79  0.839
Pb** 38 0.10 12.30 094 0.0177 38.91 0.997 1.20 30.03 0.776

Notes: HMI: heavy metal ions; EAC: experimental adsorption capacity.

0.9
0.8 A
0.7 -
& 0.6 -
o 0.5 4
0.4
0.3

0.2 1 eCu(l) mPb(ll
0.1 [

T
0 5 10 15 20
Time, t (minutes)

Fig. 9. Pseudo-first-order kinetics model for Cu(Il) and Pb
(IT) ions adsorption on activated carbon from ROFA.

0.7 4
0.6 -

0.5

eCu(ll) MPb(I

- 0.4
0.3
0.2 4

0.1

0 T T T
0 5 10 15 20 25

Time, t (minutes)

Fig. 10. Pseudo-second-order kinetics model for Cu(Il) and
Pb(I) ions adsorption on activated carbon from ROFA.

ions onto ROFA AC. In addition, the equilibrium
adsorption (g.) values were well described with the
experimental equilibrium adsorption (g,exp) such as
32.89 (g.) vs. 33.6 (qeexp) mg/g, for Cu(ll) ions and
38.91 (g.) vs. 38 (qeexp) Mg/ g, for Pb(Il) ions. Hence, it
can be deduced that the examined adsorption system

followed the pseudo-second-order kinetics model.
Similar findings were reported in previous studies [41]
with different kind of adsorbent.

3.4.3. Intraparticle diffusion model

The intraparticle diffusion model specifies the
transportation mechanism of the adsorbates into the
adsorbents in a solution which often might be a rate-
limiting step in any adsorption system [41]. The rate
constant of intraparticular diffusion model can be cal-
culated from the following Eq. (6) that was developed
by Weber Morris [41]:

gt = kig x t°° + C; (6)

where kig denotes the diffusion coefficient
(mg/g.min'/?) and ¢, indicates the amount adsorbed
(mg/g) at time t (min). The values of these parameters
were presented in Table 3. Plots of g; vs. t'/? are pre-
sented in Fig. 11 for the studied heavy metal ions. The
intercept (C;) values were calculated from the slope
equations. It was found that both the plots followed a
similar 3-phased pattern that is a curved portion at

40 -
35 -
& 30 -
25 -
eCu(ll) mPb(ll)
20 . . ‘ ‘ .
0 2 4 6 8 10

t'2 (minutes)

Fig. 11. Intraparticular diffusion model for Cu(ll) and
Pb(II) adsorption onto ROFA activated carbon.
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the beginning, a linear portion at the middle, and a
flat plateau at the end. The initial curved portion
refers to the bulk or film diffusion of the studied
metal ions. At the second phase, the metals adsorption
rate increased sharply as the internal or pore diffusion
is assumed to be taken place there where the adsor-
bates transported to the internal active sites through
the pores. Finally, the plateau describes the equilib-
rium stage of adsorption when the diffusion rates for
both the metals started to slow down because of the
exhaustion of the pore volumes. Almost similar results
were found elsewhere [41]. Besides, the deflection in
the curves confirms that the intraparticular diffusion
is not the only rate-limiting step in the overall
adsorption mechanism [41].

The rate constant (k;q) values for Cu(Il) and Pb(II)
ions were found as 128 and 1.20 (mg/g.min'/?),
respectively. From the linear equation, the intercept
(C) values were also obtained which is proportion-
ally related to the boundary layer thickness [41].
From this relation, it can be said that the boundary
layer effect was higher in Pb(I) ions (30.03) than
Cu(l) ions (24.79). And the linear correlation coeffi-
cient values were 0.839 and 0.776 for Cu(ll) and
Pb(I), respectively.

4. Conclusion

This study has explored the suitability of ROFA
to prepare AC as low-cost adsorbent to remove
heavy metals from wastewater. The fly ash samples
were successfully activated with CO, flow at 950°C
for 2h. The produced AC was characterized by a
high surface area (269.013 m*/g). The metal adsorp-
tion efficiency on the AC was found to be 72.7 and
78.51% for Cu(ll) and Pb(I), respectively, at optimum
pH 5 after 30 min. Kinetics studies revealed that the
adsorption of Cu(ll) and Pb(Il) onto AC followed the
pseudo-second-order kinetics and the adsorption
equilibrium data were well fitted to Langmuir
isotherm model.
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Nomenclature

Co — initial concentration of the adsorbates

C. — equilibrium concentration of the adsorbates
Ci — the intercept value for intraparticle diffusion

n — the favorability of adsorption process

7 — correlation coefficient

Gm — theoretical maximum adsorption capacity

e — the amount adsorbed at equilibrium phase

de expy ~ — experimental adsorption capacity at
equilibrium phase

qr — the amount adsorbed at time ¢

Ky — Langmuir constant for adsorption

Kp — Freundlich constant of adsorption capacity

ko — adsorption rate constant for pseudo-first-

order kinetics
kos — adsorption rate constant for pseudo-second-
order kinetics

kia — intraparticle diffusion coefficient
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