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ABSTRACT

Activated carbon (AC) was produced from municipal sewage sludge collected from Al-Khobar waste-
water treatment plant in the Eastern Province of Saudi Arabia. The best produced AC sample that
was obtained from ZnCl, activation at an impregnation ratio of 1:1 and activation temperature and
time of 700°C and 60 min, respectively, was tested for its capability in the removal of Cd?*" and phenol
from a synthetic wastewater. Adsorption experiments were conducted in single solute systems for
both contaminants, where effects of operational parameters such as pH, initial concentration, adsor-
bent dosage, and contact time were investigated. The experimental results revealed that removal effi-
ciencies of 28 and 56%were achieved for Cd** and phenol, respectively, at optimum conditions of pH
value of 5.5, AC dosage of 0.15 g per 50 ml and contact time of 120 and 720 min for Cd** and phenol,
respectively. Isotherm modelling of the experimental data showed that Cd** adsorption can be well
described by the Freundlich isotherm, while phenol adsorption was well described by the Langmuir
isotherm. The mechanism of adsorption of both contaminants was ascribed to chemisorption, which

was based on the adsorption data that fitted well to the pseudo-second order model.
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1. Introduction

Wastewater treatment facilities across Saudi Arabia
(KSA) have been or are being expanded, which directly
translates in increased volumes of municipal sludge being
produced. The only treatment option available for the pro-
duced sludge is thickening and dewatering on solar dry-
ing beds or mechanical belt filter presses. In the Eastern
Province of Saudi Arabia, produced sludge is not being
characterized and is mainly disposed of by land spreading
technique at dumping sites outside the cities of Dammam,
Qatif and Al-Khobar. The produced municipal sludge is
also being utilized by farmers as a fertilizer source, which
evidently could result in crops that are contaminated with
viruses, toxic organics, and heavy metals [1]. Production
of municipal sewage sludge is a continuous process that
requires flexible and secure range of outlets for its disposal
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to be economic and environmentally acceptable [2]. The
published literature showed that there are several alterna-
tives for utilizing sewage sludge on land such as its use as a
forest fertilizer, a soil conditioner for the restoration of dis-
turbed soils, a soil-forming material for reclaiming derelict
land and for producing soil for use on green areas in urban
environments [3,4]. Apart from ocean dumping, which is
now illegal, all sludge disposal alternatives are land-based,
while incineration is another principal alternative of sludge
disposal [5]. In addition to disposal, utilization of municipal
sewage sludge is a more attractive option that needs to be
considered in any integrated sludge management. Munici-
pal sewage sludge was reported to be utilized as a source
for biofuel production [6,7], fertilizer for agricultural use
[8,9] and as an additive in concrete mixes [10,11]. However,
and up to the knowledge of the authors, there is no single
work that has been carried out on the utilization of munici-
pal sludge in Saudi Arabia, particularly in the production of
activated carbon (AC). Sludge production in Saudi Arabia
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estimated to be around 451,780 tons of dry matter annually
[12], which is expected to increase in coming years. As a
result, the need for finding efficient, feasible and beneficial
alternatives for safe disposal or utilization of the produced
amounts of municipal sludge in Saudi Arabia would be
highly appreciated by decision makers. Production of acti-
vated carbon (AC) from municipal sludge involves two
main steps, namely, carbonization and activation that can
be implemented simultaneously or individually.

The removal of Cd** and phenol by adsorption using acti-
vated carbon (AC) and other forms of adsorbents have been
well studied and documented by numerous researchers in
the past [13-17], which revealed that adsorption was found
to be an effective process for the removal of these contami-
nants from aqueous solutions. Some reviewed literature that
have focused on single solute adsorption of Cd**and phenol
using sludge-based AC or AC produced from other sources
are briefly summarized in the following paragraphs. Bousba
and Hassan [18] reported a significant adsorption capacity of
26.16 mg/g that was achieved for phenol at optimum exper-
imental conditions of initial phenol concentration of 40-200
mg/1, adsorbent dosage of 5 g/1, contact time of 180 min
and temperature of 20°C using AC produced from sewage
sludge that was activated using H,SO,. Moreover, the study
reported that phenol adsorption was highly depended on
its initial concentration and its speciation, which is a func-
tion of the solution pH (pH<pKa). Phenol removal from
aqueous phase investigated by Zhu et al. [19] revealed a
maximum adsorption capacity of 94.9 mg/g was achieved
for phenol at a pH value of 5.0, contact time of 120 min and
injtial concentration of 100 mg/1 using AC produced from
solidified landfill sewage sludge through ZnCl, activation.
The study concluded that phenol removal by the produced
AC was mainly influenced by adsorbent dosage and con-
tact time, while initial solution and pH had no effect on the
removal of phenol. Bian et al. [20] studied the adsorption of
Cd?* from aqueous-phase using AC modified with oxygen
functional groups. The results of the study revealed that a
maximum removal efficiency of 88% was achieved for Cd*
over a broad range of pH values of 4.5-6.5. Moreover, the
effect of pH on Cd** adsorption showed that increases in pH
values above the initial value of 4.5 resulted in an increase
in Cd* removal efficiency, however, when pH values were
increased to values above 6.5, the removal efficiency was
found to change insignificantly. The study concluded that
the introduced oxygen functional groups on the AC surface
contributed significantly to Cd* adsorption and a max-
imum adsorption capacity of 25.13 mg/g was reported at
the optimum experimental conditions. Ali [13] performed
a comparative investigation of Cd** adsorption using gran-
ular activated carbon (GAC), dead biomass and phosphate
rock. The results of the investigation indicated that optimum
conditions were achieved at pH value of 5, initial concentra-
tion of 100 mg/1, adsorbent dosage of 3 mg and contact time
of 270 min. Moreover, a maximum adsorption capacity of
17.757 mg/g was achieved for the GAC, based on Langmuir
isotherm model.

Based on the above discussion, the main objective of
the current investigation is to use activated carbon (AC)
produced from municipal sludge that was collected from
Al-Khobar wastewater treatment plant in adsorption of
cadmium (Cd?**) and phenol. The only treatment that was

given to the utilized sludge was thickening and dewatering
on sand drying beds or using mechanical belt filter presses.
Table 1 shows a comparison between physiochemical char-
acteristics of different sludge samples used for AC pro-
duction including that of the current investigation [21-30].
Activated carbon (AC) was produced using three activation
agents, namely, ZnCl,, KOH and H,PO,, however, adsorp-
tion isotherms were conducted using AC samples that pro-
duced optimum results of yield and Methylene Blue (MB)
removal efficiency. Effect of operational parameters such
as initial solution pH, time, adsorbent dose and contami-
nant concentration on the performance of the adsorption
process were investigated. The selection of Cd?* and phenol
was based on their presence as common pollutants in most
industrial wastewater effluents. It is worth to emphasize
that the current investigation is the first of its kind in Saudi
Arabia.

2. Materials and methods

Dewatered municipal sludge was collected from
belt-filter press units of Al-Khobar wastewater treatment
plant. The collected sludge was oven dried at 105°C over-
night, washed to remove visible dirt and, subsequently,
re-dried again. Dried sludge samples were comminuted,
sieved through a 2-mm mesh and stored in covered plastic
containers. The general physicochemical characteristics of
sludge being produced from Al-Khobar wastewater treat-
ment plants can be cited in Al-Malack et al. [31]. Chemi-
cal reagents used throughout the study were of analytical
grade, which included cadmium nitrate (BDH laboratories
supplies), phenol crystal (Sigma-Aldrich), methylene blue
(Fischer), potassium hydroxide pellets (Fischer), phosphoric
acid (Fischer), zinc chloride (Fischer), nitric acid (Fischer)
and sodium hydroxide (Fischer). Moreover, deionized
water used was prepared using CORNING Mega Pure™
System.

2.1. Production of AC

In the impregnation step for both ZnCl, and H,PO,
activation, 10 g of the comminuted dried sludge were
mixed and stirred with 15 ml solution of the chemical
reagents. For KOH impregnation, 10 g of the sludge were
dry mixed with varying weights of crushed KOH pellets
until a homogenous mixture was attained. The impregna-
tion process for ZnCl, and H,PO, was performed at room
temperature and continued for more than one hour to
achieve full penetration, subsequently, the obtained slurry
was oven dried at 105°C for 4 h to remove excess moisture.
Impregnated samples were packed into 30-cm stainless
steel tubes of 50-mm diameter having two narrow ports
of 8-mm diameter (for expelling gases). The packed tubes
were placed in a muffle furnace and heated to desired
temperatures of 600, 700 and 800°C, where heating was
performed at 10°C/min. Samples were taken out of the
furnace at time intervals of 60, 90, and 120 min, cooled
and subjected to repeated cycles of washing with distilled
water to remove residues of activation chemicals. The final
product was oven dried at 105°C for 24 h, crushed and
sieved to a particle size of less than 0.3 mm.
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2.2. Adsorption experiments

Adsorption capability of best produced AC samples in
removing Cd*" and phenol, in single solute systems,was
investigated by conducting adsorption isotherms at dif-
ferent conditions of operational factors, namely, initial
solution pH, contact time, concentration of contaminant
(Cd** and phenol) and adsorbent dose. A stock solution
of 1000 mg/l of Cd* was prepared from its cadmium
nitrate salts (Cd(NO,),-4H,0) and was preserve using 0.5
M nitric acid (HNO,). Similarly, 1000 mg/1 stock solution
of phenol was prepared using the phenol crystal. Other
various concentrations of Cd** and phenol were prepared
from their respective stock solutions by dilution. Batch
adsorption experiments were conducted by adding dif-
ferent amounts of the produced AC to 50 ml solutions
containing different concentrations of Cd** or phenol
in 125 ml Erlenmeyer flask. The mixtures were agitated
using a mechanical shaker at 200 rpm and room tempera-
ture. Effects of pH on adsorption of Cd** and phenol were
investigated using 100 mg/1 of Cd*" or phenol, AC dose
of 0.15 g, contact time of 2 h and different pH values (3-7).
Solution pH values were adjusted using 0.1 N NaOH and
0.1 N HNO,. Effects of contact time on adsorption perfor-
mance were studied at 100 mg/1 of Cd** or phenol, AC
dose of 0.15 g, optimum pH value and contact times of 1,
5, 10, 15, 30, 60, 120, 240, 480, 720, and 1440 min. Effects
of adsorbent dose on adsorption were investigated at 100
mg/1 of Cd** or phenol, optimum pH value, optimum
contact time and different AC doses (25-300 mg). Inves-
tigation of the effect of Cd** or phenol concentrations on
the adsorption performance was conducted at optimum
pH value, optimum contact time, optimum AC dose and
at different concentrations of Cd** or phenol, as shown
in Table 2.

2.3. Analytical techniques

All adsorption isotherms, including blank samples,
were conducted in duplicates. Measurements of pH were
conducted using the standard pH electrode-meter (Accu-
met XL15 pH meter). At the end of each isotherm investi-
gation, samples were filtered using filter papers (Whatman
Grade no 41) and analyzed for their Cd*" or phenol con-
tent. Analysis of Cd**was performed using Atomic Absorp-
tion Spectroscopy, AAS (PerkinElmer, 700) using the direct
air-acetylene flame method. Phenol analysis was conducted
using UV-vis Spectrophotometer (Shimadzu, Japan) at a
wavelength of 264 nm.

Table 2
Adsorption parameters investigated

Constituents Concentration Adsorbent pH Time
(mg/1) Dosage (minutes)
(mg per 50 ml)
car 25-300 25-300 3-7  0-1440
Phenol i B - -

3. Results and discussion
3.1. Characterization of the produced AC Samples

Porosity and surface area characteristics of the produced
AC such as its surface functional groups, surface area,
pores structures and elemental compositions are major fac-
tors that determine its adsorptive capability for pollutants.
These factors together with some preliminary adsorption
experiments conducted for Cd* and phenol removal were
employed as the main criteria for selecting the best pro-
duced AC sample. Results of some of the selected AC sam-
ples that were characterized in terms of surface functional
groups using Fourier Transform Infrared Spectroscopy
(FTIR) analysis (functional groups), elemental composition
(CHNS-O), Brunauer-Emmett-Teller (BET) surface area,
and X-Ray Diffraction (XRD) analysis for the mineralogi-
cal compositions have been presented and explained in
detailed elsewhere [32].

Based on the selection criteria it was observed that the
best AC sample was produced using ZnCl, as the activa-
tion agent, at an activation temperature of 700°C, impreg-
nation ratio of 1:1 and activation time of 60 min.

3.2. Adsorption experiments
3.2.1. Effect of initial solution pH

The influence of pH on adsorption is important as it
determines the ionization of adsorbates in aqueous phases
as well as the surface charge of adsorbents being employed.
Interaction of adsorbate with adsorbent, which ultimately
determine the efficiency of adsorption are pH dependent.
Consequently, the effects of initial solution pH on sin-
gle-solute adsorption of Cd** and phenol were investigated
at different pH values (3, 4, 5, 6, and 7). Batch adsorption
isotherms were conducted using 50 ml solution of 100 mg/1
of Cd**or phenol, AC dose of 0.15 g and contact time of 2 h.
The point of zero charge pH (pzc) of the AC used in adsorp-
tion studies was also determined according to the pH-drift
technique, and the results are provided in Fig. 1. The pHpzc
was found to be approximately 5.2; which signifies that at

Final pH

—aA— Initial pH
—&—Final pH with AC

0 2 4 53 6 8 10 12 14
Initial pH

Fig. 1. pHpzc determination for the sludge based AC using pH-
drift method.
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pH values below 5.2, the net surface charge on the AC will
be positive, while at pH values above pH(pzc), the surface
charge will be negative.

Figs. 2 and 3 show the effect of initial solution pH
on adsorption of the contaminants, together with the
effect of pH adjustment on the concentrations of contam-
inants (blank samples). The figures clearly show that the
increase in pH values for both Cd** and phenol solutions
resulted in increasing removal efficiencies. For Cd*, Fig.
2 shows an initial removal efficiency of 16 and 40% at
pH values of 3 and 7, respectively, which can be primar-
ily attributed to the existence of an electrostatic force of
attraction between the produced AC surface and Cd*
ions in the solution. Results of the FTIR analysis con-
ducted confirmed the presence of oxygen-based func-
tional groups such as O-H and C-O on the AC surface
[32]. In addition, the AC pHpzc value of 5.2 indicate that
the predominant functional groups between pH 5.5 and
7 are negatively charged. Therefore, it can be deduced
that Cd* removal from the solution by the produced
AC must have been due to its electrostatic interaction
with the above-mentioned negatively-charged func-
tional groups. Moreover, the low Cd** removal efficiency
that was noticed at lower pH values could be related to
competition of Cd** and hydrogen ion (H*) for adsorp-
tion sites on the produced AC surface [33]. The figure
clearly shows that as pH values were increased, removal
efficiencies were found to increase, which resulted from
decreases in H* ions in the solution that, in turn, resulted
in freeing more spaces for Cd** ions to bind onto the pro-
duced AC surface [34].Results on effects of pH variation
on Cd* concentration (blank samples) presented in Fig.
2 show significant Cd* removal at pH values between
6 and 7 that could be related to the combined effects of
adsorption and precipitation occurring at these pH val-
ues. Similar observations were reported by Al-Malack-
and Basaleh [35] for Cd?** adsorption onto AC produced
from municipal organic solid waste. Consequently,
an optimum pH value of 5.5 was selected and used
throughout the investigation to ensure that Cd** removal
is mainly due to adsorption rather than the combined
effect. Phenol adsorption that is depicted in Fig. 3, shows

45 { —*—Cadmium

40 {1 —&—Blank sample
35 A
30 A
25 1

20 A

Removal Efficiency (%)

15 A

10 A

(=]
w N
-
o ]
(=%
-1
(=]

pH

Fig. 2. Effect of initial pH on single solute adsorption of Cd?**
(Blank sample indicate removal due to precipitation alone).

that removal efficiencies increased slightly from 47 to
50% when pH values were increased from 3 to 5 and,
afterwards, no change was noticed for pH values of 6
and 7 (50%). Similar adsorption behavior was reported
by Pirzadeh and Ghoreyshi [36] in their research work
on phenol removal using AC produced from paper mill
sludge. It can be observed from the result of pH effect on
phenol concentration of blank samples that is shown in
Fig. 3, that selected pH values had no effect on phenol
concentration. This is possibly due to phenol high pKa
value of 9.95, which implies that it will appear in undis-
sociated form in the selected pH range, therefore, phe-
nol adsorption by the produced AC is not based on the
electrostatic force of attraction. Several research works
have attributed phenol adsorption on AC to its chemical
interaction with AC surface functional groups (O-H and
C=0) via electron-donor acceptor reaction mechanism,
where AC functional groups act as an electron donor,
while phenol being the electron acceptor [37,38]. Due to
high removal efficiencies noticed at pH values between
5and 7, a pH value of 5.5 was also selected as optimum
for phenol.

3.2.2. Effect of contact time

The effect of contact time on the removal efficiency of
Cd?* and phenol in single solute systems was investigated
using the produced AC. Batch adsorption isotherms were
conducted using 50-ml solutions of 100 mg/1 of Cd* or phe-
nol, AC dosage of 0.15 g, pH of 5.5 (optimum) and at differ-
ent contact times varying between 1 and 1440 min. Results
presented in Fig. 4 for both pollutants show that Cd*
adsorption was rapid at the initial stages of the investiga-
tion, where removal efficiency of 27%was achieved within
the first 60 min of contact time. An insignificant increase in
removal efficiency of up to 28%was noticed after 120 min.
The same removal efficiency of 28% was recorded at the
prolonged period, which clearly indicates that equilibrium
condition was established after 120 min of contact time.
However, an equilibrium time of 180 min was adopted for
all adsorption isotherms to ensure that equilibrium condi-

60

N
o
1

‘/lﬁn—g—g

o
o
1

—&— Phenol
—&— Blank Sample

Removal Efficiency (%)
[ 17
[=] o

—
o
1
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Fig. 3. Effect of initial pH on single solute adsorption of phenol
(Blank sample indicate removal without AC).
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Fig. 4. Effect of contact time on single solute adsorption of Cd*
and phenol.

tions would be established. With respect to phenol, simi-
lar fast adsorption rate was noticed at the initial stages of
the investigation, after which removal efficiency became
almost constant. Based on the results, equilibrium condition
was found to be established after 720 min of contact time
with constant removal efficiency of 56%. The fast removal
rate that was noticed for both pollutants at initial stages of
investigations can be attributed to the availability of numer-
ous active vacant sites on the produced AC surface and to
the effect of the high-concentration gradient between bulk
solutions and the produced AC surface at the beginning
of the investigation [39]. However, the gradual increase
noticed in later stages might have been due to surface sites
that were getting filled, thus resulting in less uptake of the
pollutants [40].

3.2.3. Effect of adsorbent dosage

Effect of AC dosage on the removal efficiency and
adsorption capacity of Cd** and phenol, in single sol-
ute systems, were investigated, where equilibrium batch
adsorption isotherms were performed by adding different
amounts of AC (25, 50, 100, 200, 300, 400 and 500 mg) to
50-ml volume of 100 mg/1 of Cd** or phenol solutions and
pH value of 5.5. Contact times that were implemented were
180 and 720 min for Cd** and phenol, respectively. Results
presented in Figs. 5 and 6 depict removal efficiencies and
adsorption capacities of both contaminants at different
AC dosages. Fig. 5 shows that there was an increase in
removal efficiency of both contaminants as AC dosage was
increased. Significant increase in removal efficiencies from
3 to 59% and from 7 to 78% can be observed for Cd* and
phenol, respectively, as AC dosage was increased from 25
to 300 mg. This can be attributed to the fact that with more
AC in solution, there will be an increase in total surface area
and surface functional groups available for uptake of con-
taminants. On the contrary, adsorption capacities of both
contaminants were found to decrease with the increase in
AC dosages, as shown in Fig. 5. Decreases in Cd* and phe-
nol adsorption capacities from 16.90 to 8.07 mg/g and from
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Fig. 5. Effect of AC dosage on the removal efficiency of Cd** and
phenol.
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Fig. 6. Effect of AC dosage on adsorption capacity of Cd* and
phenol.

20.04 to 12.05 mg/g, respectively, were observed, which can
be attributed to the effect of unsaturation of adsorption sites
that could occur at higher AC dosages for fixed concentra-
tions of Cd* and phenol, while complete or nearly com-
plete saturation may occur at lower dosages for the same
concentration of contaminants. This effect was explained
by Gutiérrez-Segura et al. [41] to have resulted from Cd*
dilution at the solid phase at higher AC to solution ratios.
Similar findings were also reported by Gutiérrez-Segura et
al. [41] and Zhu et al. [19] for Cd*" and phenol adsorption
on AC derived from sewage sludge and landfill sewage
sludge, respectively.

3.2.4. Effect of initial cconcentration

To investigate the effect of initial concentration on
removal efficiencies and adsorption capacities of Cd** and
phenol, in single solute systems, batch adsorption experi-
ments were carried out. The isotherms were performed at
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different concentrations of both contaminants (25-300 mg /1)
using AC dosage of 0.15 g, pH value of 5.5 and contact times
of 180 and 720 min for Cd* and phenol, respectively. Fig.
7 represents removal efficiencies and adsorption capacities
of Cd* and phenol at different initial concentrations. The
figure shows a decrease in Cd*and phenol removal effi-
ciencies from 57 to 18% and from 59 to 28%, respectively, as
initial concentrations were increased from 25 to 300 mg/1,
which can be explained based on AC surface energy sites.
As described by Ali [13], for a fixed amount of AC and at
low initial concentration of pollutants, adsorption normally
occurs at high energy sites of the AC. However, as pollut-
ant concentration was increased, pollutant-adsorbent ratios
are increased, which can result in higher energy sites being
saturated and, therefore, adsorption would shift to lower
energy sites, which will result in decreasing removal effi-
ciencies. On the other hand, the figure shows that adsorp-
tion capacities of Cd** and phenol increased with increase
in initial concentrations, where Cd* and phenol adsorption
capacities increased from 6.38 to 18.70 mg/g, and from 4.95
to 29.52 mg/g, respectively, as initial concentrations were
increased from 25 to 300 mg/l. A possible explanation of
this phenomenon might be due to the increased interactions
between pollutants at higher concentration with the pro-
duced AC surface, which may occur due to high concentra-
tion gradients between the solid phase of the produced AC
and the bulk liquid phase of Cd* and phenol. Hence, this
provided the driving force in overcoming the mass transfer
resistance, which subsequently resulted in the high adsorp-
tion capacities that were noticed [42].
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3.3. Equilibrium adsorption isotherms

The obtained data on effects of initial concentration of
Cd* and phenol were modeled using two adsorption iso-
therm models, namely, Langmuir and Freundlich as pre-
sented in Egs. (1) and (2), respectively. Model’s parameters
presented in Table 3 were calculated from slopes and y-in-
tercepts of linear plots that are shown in Fig. 7.

logg, =logK+ llogCe
n

1 1 [ 1 J 1

N — 4+ —
q(’ quads Ce qm
where C, is the equilibrium aqueous concentration of the
adsorbate (mass/volume), g, is the adsorption capacity
(mass adsorbate /mass adsorbent), K and # are the Freun-
dlich constants related to sorption capacity and sorption
affinity of the adsorbent and g, is the maximum adsorption
capacity for adsorbates. The figure clearly shows that Cd*
adsorption by the produced AC fitted well to Freundlich
isotherm with a correlation coefficient (R?) of 0.92, which
was higher than that obtained for Langmuir isotherm (0.79).
Based on that, it was deduced that Cd** adsorption occurs in
multilayer over the heterogeneous surface of the produced
AC and sites with high affinity for Cd**ions were occupied
first [43]. The high n-value (adsorption intensity) of 2.76 >1
obtained from Freundlich isotherm confirmed the hetero-
geneous nature of the produced AC surface and the favor-
able nature of the adsorption process [44]. With respect to

@
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Fig. 7. Effect of initial concentration on (a) removal efficiency and (b) adsorption capacity of Cd** and phenol.

Table 3

Freundlich and Langmuir parameters of Cd** and phenol single solute adsorption onto the AC

Components Freundlich Parameters Langmuir Parameters
n kF RZ qm KL R2
mg g (Lmg )" (mg/g) (L/mg)
Cd* 2.76 2.21 0.9231 14.20 0.051 0.7877
Phenol 172 1.38 0.9907 3311 0.017 0.9960
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phenol, both isotherms were found to well fit the obtained
adsorption data, where Langmuir isotherm showed better
fit based on its higher R* value (0.996). Therefore, it can be
concluded that phenol adsorption occurs in monolayer over
the entire active surface sites of the produced AC. Maxi-
mum adsorption capacity (g, ) of 33.11 mg/g was obtained
for Langmuir isotherm, while 7 value of 1.72 was obtained
for Freundlich isotherm that supports the favorable nature
of phenol adsorption onto the produced AC.

3.4. Adsorption kinetics

Adsorption kinetics describe the rate at which adsorp-
tion process approaches equilibrium conditions. They
provide useful insight in determining the main mecha-
nism involved in adsorption process, which could be phy-
sisorption or chemisorption. Moreover, kinetic parameters
provide valuable information that is useful for adsorption
process design and modeling [26]. Therefore, mechanisms
of Cd* and phenol adsorption onto the produced AC were
investigated by fitting experimental data to both pseu-
do-first order and pseudo-second order kinetics models as
presented in Egs. (3) and (4).
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In(q, —q,)=Ingq, -kt (3)
t_ 1 .1 1
a ka q @

where g, is the theoretical equilibrium adsorption capacity
(mg/g) derived from the model’s plot, g,is the adsorption
capacity (mg/g) at any time (t) derived from the experi-
mental data, k, is the pseudo-first order rate constant (min™)
that is calculated from the y-intercept of the plot of In(g,-g,)
versus t (time) and k, is the pseudo-second order rate con-
stant (g/mg min) that can be determined from the slope
and y-intercept of the plot of t/g,versus 1/q,.

Fig. 9 shows the pseudo-first and second order kinetic
plots for both Cd** and phenol adsorption, while Table 4 pro-
vides the kinetic parameters that were computed from both
plots. Results of Cd* adsorption fitted the pseudo-second
order model (R? = 0.999) better than the pseudo-first order
model (R* = 0.856), which implies that Cd** experimental
data can be adequately described by the second order model.
Moreover, computed Cd** adsorption capacity (theoretical )
of 9.49 mg/g from the pseudo-second order model agreed
with the experimental adsorption capacity of 9.48 mg/g.

Fig. 8. Isotherms plot for Cd** and phenol adsorption onto the AC: (a) Langmuir isotherm (b) Freundlich isotherm.
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Fig. 9. Effect of initial concentration on (a) removal efficiency and (b) adsorption capacity of Cd** and phenol. (a) Pseudo-first order
and (b) Pseudo- second order kinetic plots for Cd** and phenol adsorption onto the AC.
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Table 4
Kinetic parameters for single solute adsorption of Cd** and phenol onto the produced AC
Component Pseudo-first order model Pseudo-second order model
k, . q, R? Exp. k, . q, R? Exp.
(min™) (mg/g) q, (mg/g) (L/g min) (mg/g) q, (mg/g)
Ccd* 0.0041 2.22 0.8564 9.48 0.012 9.49 0.9996 9.48
Phenol 0.0036 5.61 0.9659 19.40 0.004 19.34 0.9987 19.40

In the case of phenol, it was observed that the exper-
imental data were well fitted to both kinetic models with
R? values of 0.9659 and 0.9987, respectively. However, the-
oretical g, of 5.61 mg/g computed from pseudo-first order
plot deviate greatly from the experimental g, 0f 19.40 mg/g,
therefore, it was concluded that pseudo-first order model
failed to describe the experimental data. On the other hand,
the pseudo-second order model produced a theoretical
g, of 19.34 mg/g, which well agreed with the experimen-
tal g, Therefore, it was concluded that adsorption of both
contaminants can be described by the pseudo-second order
model, where the adsorption mechanism can be attributed
to chemisorption that involves electron sharing or ion
exchange between Cd* or phenol with the AC surface func-
tional groups [43]. It worth mentioning that similar obser-
vations were reported by Ma et al. [45] and Bian et al. [20]
on adsorption kinetics study of phenol and Cd*, respec-
tively, using AC.

Surface properties examinations such as FTIR, XRD
and SEM-EDS analyses that were carried out for both the
original AC and the contaminants-loaded AC samples
served to provide details about the adsorption mecha-
nisms of the contaminants onto the AC surface [32]. The
results showed that the main mechanism of Cd** adsorp-
tion resulted from its interaction with negatively charged
functional groups on the AC surface as evidenced
from the FTIR spectra differences between the original
AC sample and the Cd* loaded AC. Moreover, phenol
adsorption was attributed to electron donor acceptor
complexes reaction mechanism as reported in the pub-
lished literature [37,38].

4. Conclusions

Based on the outcomes of the various adsorption exper-
iments conducted, it can be concluded that AC produced
from the municipal sewage sludge can serve as a potential
low-cost material for the removal of contaminants (organic
and inorganic) from wastewater. Municipal sewage sludge
utilization for AC production in the Kingdom of Saudi
Arabia can minimize, if not eliminate, some of the adverse
impacts of its current disposal means, which mostly serves
as landfill. In addition, the following sets of conclusions
could be drawn from this study:

e Adsorption of cadmium (Cd?*) using the produced
AC was found to be highly pH- dependent at the
employed pH range (3-7) when compared to phenol
adsorption.

e Phenol removal was highly favoured by the pro-
duced AC, where significant removal efficiencies were
observed at relatively shorter contact times.

* Phenol adsorption by the produced AC occurred in
monolayer, while Cd**adsorption occurred in multilay-
er, which was clearly depicted by the isotherm studies.

e The mechanism of adsorption of both contaminants by
the produced AC was dominated by chemisorption,
which was depicted by the kinetic modelling of the
experimental data.

Acknowledgement

The authors would like to express their gratitude to
King Fahd University of Petroleum & Minerals (Dhahran,
Saudi Arabia) for their technical and financial support.

References

[1] MH. Al-Malack, A.A Bukhari, N.S. Abuzaid, Fate of patho-
gens in sludge sanddrying beds: a case study, Int. J. Environ.
Res., 1(1) (2007) 19-27.

[2] M.H. Al-Malack, N.S. Abuzaid, A.A Bukhari, M.H. Essa, Char-
acterization, utilization, and disposal of municipal sludge: the
state of-the-art, Arab. J. Sci. Eng,, 27 (2002) 3-27.

[38] Y. Yue, L. Cui, Q. Lin, G. Li, X. Zhao, Chemosphere efficiency of
sewage sludge biochar in improving urban soil properties and
promoting grass growth, Chemosphere, 173 (2017) 551-556.

[4] ]. Ouyang, K. Chen, Municipal sewage sludge used as reclaim-
ing material for abandoned mine land, Multimedia Technol-
ogy (ICMT) International Conference 29-30 October, 2010 IEEE
Xplore, DOI:10.1109/ICMULT.2010.5629698.

[5] D. Fytili, A. Zabaniotou, Utilization of sewage sludge in EU
application of old and new methods-A review, Renew. Sustain.
Energy Rev., 12 (2008) 116-140.

[6] S.C.C.Renato, O. Arazoa, D. Angela, D. Genuinoc, M. Daniel,
G. de Lunad,Bio-oil production from dry sewage sludge by fast
pyrolysis in an electrically-heated fluidized bed reactor, Sus-
tain. Env. Res., 27 (2017) 7-14.

[7]1 C.B.M. Olkiewicza, N.V. Plechkovab, M J. Earleb, A. Fabregata,
F. Stiibera, A. Fortunyc, J. Fonta, Biodiesel production from
sewage sludge lipids catalysed by Bronsted acidic ionic lig-
uids, Appl. Catal. B Environ., 181 (2016) 738-746.

[8] H. Herzel, O. Kriiger, L. Hermann, C. Adam, Science of the
Total Environment Sewage sludge ash — A promising sec-
ondary phosphorus source for fertilizer production, Sci.
Total Environ., 542 (2016) 1136-1143. doi:10.1016/j.scito-
tenv.2015.08.059.

[9] K. Gorazda, B. Tarko, Z. Wzorek, H. Kominko, A.K. Nowak,
J. Kulczycka, A. Henclik, M. Smol, Fertilisers production
from ashes after sewage sludge combustion — A strategy
towards sustainable development, Environ. Res., 154 (2017)
171-180.



204

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M. Dauda, M.H. Al-Malack / Desalination and Water Treatment 113 (2018) 195-204

CJ. Lynn, RK. Dhir, G.S. Ghataora, R.P. West, F. Ash,Sewage
sludge ash characteristics and potential for use in concrete,
Const. Build. Mater., 98 (2015) 767-779.

R.C.Z. Pavlik, J. Foit, M. Zaleska, M. Pavlikovd, A. Trnik, L
Medved, M. Keppert, PG. Koutsoukos, Energy-efficienct ther-
mal treatment of sewage sludge for its application in blended
cements, J. Clean. Prod., 112 (2016) 409—-419.

R. Dove (Miahona), Wastewater Sludge Treatment and Dis-
posalin KSA, Water Arabia Conference (2016) 4-5 Nov, https://
www.sawea.org/pdf/waterarabia2013.

A.H. Ali, Comparative study on removal of cadmium(II) from
simulated wastewater by adsorption onto GAC, DB, and PR,
Desal. Water Treat., 51 (2013) 5547-5558.

S. Bekkouche, S. Baup, M. Bouhelassa, S. Molina-Boisseau, C.
Petrier, Competitive adsorption of phenol and heavy metal
ions onto titanium dioxide (Dugussa P25), Desal. Water Treat.,
37 (2012) 364-372.

PE. Diaz-Flores, F. Lopez-Urias, M. Terrones, ].R. Rangel-Men-
dez, Simultaneous adsorption of Cd** and phenol on modified
N-doped carbon nanotubes: Experimental and DFT studies, J.
Colloid Interface Sci., 334 (2009) 124-131.

Y. Zhai, X. Wei, G. Zeng, D. Zhang, K. Chu, Study of adsorbent
derived from sewage sludge for the removal of Cd?*, Ni** in
aqueous solutions, Sep. Purif. Technol., 38 (2004) 191-196.

K.Z. Elwakeel, A.A. El Bindary, EY. Kouta, Retention of cop-
per, cadmium and lead from water by Na-Y-Zeolite confined
in methyl methacrylate shell, J. Env. Chem. Eng., 5 (2017) 3698—
3710.

S. Bousba, A. Hassen, Removal of phenol from water by
adsorption onto sewage sludge based adsorbent, Chem. Eng.
Trans., 40 (2014) 235-240.

W. Zhu, W. Yao, Y. Zhan, Y. Gu, Phenol removal from aque-
ous solution by adsorption onto solidified landfilled sewage
sludge and its modified sludges, ]. Mater. Cycles Waste Manag,,
17 (2015) 798-807.

Y. Bian, Z. Bian, J. Zhang, A. Ding, S. Liu, L. Zheng, H. Wang,
Adsorption of cadmium ions from aqueous solutions by acti-
vated carbon with oxygen-containing functional groups, Chi-
nese J. Chem. Eng,, 23 (2015) 1705-1711.

M. Hunsom, C. Autthanit, Adsorptive purification of crude
glycerol by sewage sludge-derived activated carbon prepared
by chemical activation with H,PO,, K,CO, and KOH, Chem.
Eng. J., 229 (2013) 334-343.

X. Yang, G. Xu, H. Yu, Z. Zhang, Preparation of ferric-activated
sludge-based adsorbent from biological sludge for tetracycline
removal, Bioresour. Technol., 211 (2016) 566-573.

X. Li, W. Li, G. Wang, P. Wang, X. Gong, Preparation, char-
acterization, and application of sludge with additive scrap
iron-based activated carbons, Desal. Water Treat., 54 (2015)
1194-1203.

T. Boualem, A. Debab, A. Martinez de Yuso, M.T. Izquierdo,
Activated carbons obtained from sewage sludge by chemical
activation: Gas-phase environmental applications, J. Environ.
Manage., 140 (2014) 145-151.

G. dos Reis, M.A. Adebayo, E.C. Lima, C.H. Sampaio, L.D.T.
Prola, Activated carbon from sewage sludge for pre-concentra-
tion of copper, Anal. Lett., 49 (2016) 541-555.

S. Rio, L. Le Coq, C. Faur, D. Lecomte, P. Le Cloirec, Prepara-
tion of adsorbents from sewage sludge by steam activation for
industrial emission treatment, Trans IChemE, Part B, Process
Safe. Environ. Protect., 84 (2006) 258-264.

A. Ros, M.A. Lillo-Rodenas, E. Fuente, M.A. Montes-Moran,
M.J. Martin, A. Linares-Solano, High surface area materials
prepared from sewage sludge-based precursors, Chemo-
sphere, 65 (2006) 132-140.

(28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

(36]

[37]

(38]

[39]

[40]

(41]

[42]

[43]

(44]

[45]

M. Martin, E. Serra, A. Ros, M.D. Balaguer, M. Rigola, Carbo-
naceous adsorbents from sewage sludge and their application
in a combined activated sludge-powdered activated carbon
(AS-PAC) treatment, Carbon, 42 (2004) 1389-1394.

JM. de Andrés, L. Orjales, A. Narros, M. Fuente, M.E. Rodri-
guez, Carbon dioxide adsorption in chemically activated car-
bon from sewage sludge, J. Air Waste Manage. Assoc., 63 (2013)
557-564.

R. Wahil, A. Idris, M.A. Salleh, K. Khalid, Low-temperature
microwave pyrolysis of sewage sludge, Int. ]. Eng. Technol,, 3
(2006) 132-138.

M.H. Al-Malack, N.S. Abuzaid, A.A. Bukhari, Physico-chemi-
cal characteristics of municipal sludge produced at three major
cities of Eastern Province of Saudi Arabia, J. King Saud Univ.
Eng. Sci., 20 (2008) 15-27.

M.H. Al-Malack, M. Dauda, Competitive adsorption of cad-
mium and phenol on activated carbon produced from munici-
pal sludge, J. Env. Chem. Engr., 5 (2017) 2718-2729.

AJ. Kang, M. Baghdadi, A. Pardakhti, Removal of cadmium
and lead from aqueous solutions by magnetic acid-treated acti-
vated carbon nanocomposite, Desal. Water Treat., 57(40) (2016)
18782-18798.

M. Farasati, S. Haghighi, S. Boroun, Cd removal from aqueous
solution using agricultural wastes, Desal. Water Treat., 57(24)
(2016) 11162-11172.

M.H. Al-Malack, A.A. Basaleh, Adsorption of heavy metals
using activated carbon produced from municipal organic solid
waste, Desal. Water Treat., 3994 (2016) 1-14.

K. Pirzadeh, A.A. Ghoreyshi, Phenol removal from aqueous
phase by adsorption on activated carbon prepared from paper
mill sludge, Desal. Water Treat., 52 (2014) 37-41.

U. Beker, B. Ganbold, H. Dertli, D.D. Giilbayir, Adsorption of
phenol by activated carbon: Influence of activation methods
and solution pH, Energy Convers. Manag., 51 (2010) 235-240.
A. Gupta, A. Garg, Primary sewage sludge-derived activated
carbon: characterisation and application in wastewater treat-
ment, Clean Technol. Environ. Policy., 17 (2015) 1619-1631.

TJ. Afolabi, A.O. Alade, M.O. Jimoh, 1.O. Fashola, Heavy metal
ions adsorption from dairy industrial wastewater using acti-
vated carbon from milk bush kernel shell, Desal. Water Treat.,
57(31) (2016) 14565-14577.

N. Singh, C. Balomajumde, Simultaneous removal of phenol
and cyanide from aqueous solution by adsorption onto sur-
face modified activated carbon prepared from coconut shell, J.
Water Process Eng., 9 (2016) 233-245.

E. Gutiérrez-Segura, M. Solache-Rios, A. Colin-Cruz, C. Fall,
Adsorption of cadmium by Na and Fe modified zeolitic tuffs
and carbonaceous material from pyrolyzed sewage sludge, J.
Environ. Manage., 97 (2012) 6-13.

O. Abdelwahab, N.K. Amin, Adsorption of phenol from aque-
ous solutions by Luffa cylindrica fibers: Kinetics, isotherm
and thermodynamic studies, Egypt. ]. Aquat. Res., 39(4) (2013)
215-223.

C.Liu, P. Wu, Y. Zhu, L. Tran, Simultaneous adsorption of Cd*
and BPA on amphoteric surfactant activated montmorillonite,
Chemosphere, 144 (2016) 1026-1032.

F. Rozada, M. Otero, A. Morédn, Al Garcia, Adsorption of
heavy metals onto sewage sludge-derived materials, Biore-
sour. Technol., 99 (2008) 6332-6338.

Y. Ma, N. Gao, W. Chu, C. Li, Removal of phenol by powdered
activated carbon adsorption, Front. Environ. Sci. Eng., 7 (2013)
158-165.



