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ABSTRACT

In this study, response surface methodology was employed to study and optimize sludge based
activated carbon (SBAC) production operating parameters vis-a-vis the SBAC yield and removal
of catechol, phenol and resorcinol from water. The KOH activation process yielded SBACs of BET
surface area of 32742 m?/g with a corresponding yield of 83.33%. A preliminary assessment indi-
cated that methylene blue removal efficacy of up 99.99% was achievable. The affinity of the produced
SBACs towards adsorption of the phenolic compounds follows the order of catechol > resorcinol >
phenol with maximum removal efficiency of 99.24, 62.23 and 26.56% with corresponding adsorption
capacity of 45.57 mg/g 23.25 and 9.91 mg/g, respectively. Higher temperature and KOH-sludge ratio
have greater tendency toward producing lower yield of SBAC regardless of the activation time. The
optimum removal of catechol was achieved at low temperature and low KOH-sludge ratio whereas
phenol and resorcinol removal increased with increasing temperature regardless of KOH ratio and
activation time. The operating conditions which collectively optimized the removal of the phenolic
compounds and SBAC yield were achieved at KOH-sludge ratio between 1-1.5, temperature 400°C
to 700°C and activation time of 30-36.74 min with percent yield of 81.5%. Maximum removals of
phenol and resorcinol were achieved at 700°C and 1.37 KOH: sludge ratio while high yield and better
removal of catechol were achieved when SBAC was produced at 400°C and KOH: sludge ratio of 1.16.
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1. Introduction

Phenolic compounds are toxic organic compounds
whose presence in water, even at low concentrations, is
undesirable because of their distinct impact on water taste
and odor [1]. Therefore, removal of phenolic compounds
from water is necessary priority to discharge into the envi-
ronment. Wastewaters of different industries such as pes-
ticide, coal conversion, paint, petrochemicals and polymer
are the major sources of phenolic compounds. Various
treatment techniques such as aerobic and anaerobic bio-
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degradation, oxidation, adsorption and ion exchange have
been used to remove phenolic compounds. Adsorption by
activated carbon has been reported as most promising and
effective to remove phenolic compounds [2-4]. Activated
sludge system is one of the key treatment processes for a
wide variety of wastewaters with more than 90% of the
municipal wastewater treatment plants uses it as the core
part of their treatment scheme [5]. Activated sludge system
is a process that concentrate various pollutants in sewage
into solid mass called sludge. As results of continual rise
in global population growth and industrialization, the vol-
ume of wastewater and subsequent sludge production has
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intensely been increasing around the world [6-8]. Addition-
ally, it is estimated that the dewatering and other manage-
ment practices require 25-65% of the total operating cost of
sewage treatment plant operating cost [5, 7]. Although there
are number of sewage sludge disposed alternatives such as
composting for farmland utilization, incineration and land
filling [9]. However, due to environmental concerns [10,11]
the decline or loss of attractiveness of these options has led
to increase in demand for more environmentally viable solu-
tions to sludge management. One promising option which
exhibits a potential to valorize the sludge, is the conversion
of the sludge into adsorbents, especially activated carbon
[12]. Granular activated carbon (GAC) has been widely
accepted as an excellent adsorbent employed for effective
decontamination of air containing harmful substances and
wastewater [2]. Its effectiveness compared to other adsor-
bents for removing pollutants from water has been found to
be superior due to the high quality of the effluent achieved
[5]. Despite the abundant use of GAC as an adsorbent in
pollution control, the cost of it in the market is still high
for employing in water treatment process, especially at
industrial scale. Therefore, many efforts have been made to
produce GAC from a range of solid wastes. Giving sludge
high carbonaceous nature, , sludge based GAC has been an
interesting option in recent years [12]. This owes to the fact
that, production of activated carbon from sludge residues
can be a catalyst to ensuring environmental sustainability
via ensuring that treatment plants operators reduce their
sludge disposal cost while producing a valuable product
with potential applications in water pollution control in
other industries [13]. This sludge based activated carbons
was efficiently applied for the removal of phenolic deriv-
atives and receiving greater attention due to its low cost,
abundance and better contaminants uptake efficiency. Mon-
salvo et al. [11] produced well developed porous activated
carbon from sewage sludge using KOH chemical activation
method and reported an efficient adsorbent for removal of
chloro- phenol. Zou et al. [14] investigated the adsorption
performance of NaOH activated carbon produced from
wastewater treatment sludge. The author reported excellent
phenol sorption ability with adsorption capacity of 96.15
mg/g. Paper mill sludge based activated carbon using ZnCl,
was produced by Masomia [15]. The produced activated
carbon exhibits high surface area of 907 m?/g with adsorp-
tion capacity of 370.4 mg/g for phenol. Other studies have
also revealed diverging removal efficiencies for removal of
different phenolic compounds on sludge based activated
carbon from water [15-25]. Recent review indicated that
studies on adsorption of phenolic compounds on SBACs
were mainly reported for individual compounds with very
scanty studies reported on multi-phenolic compounds [26].
Moreover, there was no single study that correlates between
optimal conditions for SBAC production process based on
efficacy of decontamination of water containing phenolic
compounds using optimization approach such as response
surface methodology (RSM) [26]. Hence, the aim of this
research was to employ RSM to study and optimize the
combined effect of the SBAC production process operating
parameters in relation to SBAC yield as well as efficacy for
the removal of catechol, phenol and resorcinol from water.
The effect of parameters: KOH:sludge, temperature and
activation time were considered. Furthermore, the mecha-

nism of effects of interaction is supported by structural and
surface characterization of activated carbon.

2. Materials and methods
2.1. Sludge sampling, storage and characterization

Dried fresh sludge sample, used in the study, was
obtained from Saudi Aramco treatment plant in Dhahran,
Saudi Arabia. The plant uses sludge decanter centrifuges
dewatering technique with an average sludge flow rate
of 49.09 m*/h from which the resulting sludge is mainly
landfilled after dewatering. The sample was further treated
by air-dry and oven-dry methods overnight (105°C, a tem-
perature that will prevent the fresh sample from further
biodegradation while not altering the sludge composition).
Afterwards, the sample was ground into sizes below 100
pm and sieved. Some fractions of sludge were taken from
the consignment before oven-drying and were fully charac-
terized for physico-chemical parameters such as moisture
content, organic carbon content, ash content, volatile organ-
ics, heavy metals etc.

2.2. Chemical reagents

Stock solutions containing catechol (C,HO,), phenol
(C,H,O) and resorcinol (C.;H,O,) were prepared from high
purity grade reagents from AnalaR using deionized water
from a Millipore Ultrapure system. All other chemical used
during the SBAC production process as well as during all
the involving analytical procedures were also of high grade
chemicals.

2.3. Experimental design and SBAC production

SBAC production process using activation KOH reagent
was designed and conducted according to Box-Behken
Design (BDD), a second order factorial design technique.
The variables considered during the process were KOH-
sludge ratio (1:1-1:3), temperature (400-700°C) and activa-
tion time (30-90 min) designated as A, B and C respectively,
with three (3) levels of each as given in Table 1. Hence,
with three (3) replicated runs, the total required number of
experiments was 15. The production process included dry-
ing, activation and carbonization. Specific amount of the
pre-dried sludge sample was soaked overnight in the KOH
activating reagent in order to arrive at the KOH:sludge ratio
as per the experimental design (Table 1). The soaked sample
was dried at 105°C for 24 h after draining the remaining

Table 1
Actual and coded values of independent variables

Variable Component Unit Coded and actual
level values
-1 0 +1
A KOH:Sludge ratio % 1:1 12 1:3
B Temperature °C 400 550 700
C Activation time min 30 60 90
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supernatant KOH solution. The pre-treated sludge sample
was pyrolyzed at different temperatures and activation time
(Table 1). The resulting powdered of activated carbon was
washed with acid and centrifuged at 3500 rpm for 30 min
to separate the supernatant and the activated carbon paste.
This was subsequently followed by series of water-wash-
ing, centrifuging and decanting processes until the pH
of the washing water reached 6-8. After a very rigorous
water-washing procedure, the solutions were neutralized
with 0.5 M HCl and 0.5 M KOH. The produced SBACs were
separated (3500 rpm at 15 min) from the washing water and
then dried at 105°C for 24 h.

2.4. Produced activated carbon characterization

Some samples of the produced SBACs were character-
ized using various analytical techniques and instruments.
Fourier transform infrared (FI-IR) spectra were recorded
using Nicolet iS10 Spectrometer (Thermo Scientific, USA)
within the region of 700-4000 ¢cm™. Thermo-gravimetric
analysis (TGA) was performed using TGA-50 (Shimadzu,
Japan) by heating 10 mg of the GAC sample at rate of 10°C
min™! between 20-600°C. The BET surface area and other
relevant characteristics of the GAC were measured by nitro-
gen adsorption in a sorptometer (ASAP 2020, Micromerit-
ics, USA), while standard scanning electron microscope
(SEM, Jeol, Japan) was used for characterization of surface
morphology of the GAC.

2.5. Methylene blue and phenolic compounds batch equilibrium
studies

Preliminary assessment of potential use of the SBACs
as adsorbents for removal of organic pollutants from aque-
ous phase was undertaken initially. Adsorption isotherms
experiments were performed in a set of 50 mL adsorption
tubes where 40 ml of 100 mg/L MB containing solution was
equilibrated with 0.2 g of SBACs. Each tube was kept in an
isothermal shaker (25 + 5°C) for 2 h at a constant mixing
speed of 250 rpm. Similar adsorption isotherms experi-
ments were also performed for catechol, phenol and resor-
cinol in aqueous solution using the produced SBACs. Each
sample was run in triplets under similar conditions. Three
additional tubes containing the same adsorbates without
the SBACs served as blank samples.

2.6. Samples analysis and removal efficiency and adsorption
capacity calculations

After each experiment, each sample was immediately,
filtered through 0.25 um filters (Whatman filter paper) and
the residual concentrations of the adsorbates were quanti-
fied using ultimate 3000 high performance liquid chroma-
tography (HPLC, Shidmazu) equipped with photodiode
array detector (PDA, Shidmazu). The mobile phase used
was mixture of analytical grade methanol and deionized
water (1/4, volume/volume) at a flow rate of 1 mL/min,
injection volume of 10 ul. A reproducible linear calibra-
tion curves with a higher coefficient of determination (R?
>0.9998) within the concentration range used in the work
were obtained. The removal efficiency (R) and the corre-

sponding SBACs uptake capacities (q,) for each sample
were determined using Egs. (1) and (2), respectively.

R, % = (C,~C,)/C,x 100 1)

(CO _CE)V
M

()

where C_and C, represent the initial and final concentration
concentration in mg L, respectively, V is the solution vol-
ume in ml and M is the mass of sorbent used.

3. Results and discussions

Table 2 presents the yield of SBAC as well as its abil-
ity for the removal of MB and the phenolic compounds
based on the measured removal efficiencies (R, %) and
adsorption capacity (7, mg/g) under the different experi-
mental. The yield of SBAC ranged between 45.89-83.33%
with corresponding MB removal efficiency between 31.12—
99.99% during the preliminary assessment. Meanwhile,
the SBACs exhibited diverging performances regarding
decontamination of the phenolic compounds from water
with the removal for catechol, phenol and resorcinol rang-
ing between 76.3-99.24, 0.77-26.56 and 4.06-62.23, and with
corresponding adsorption capacity of 35.04-45.57, 0.29-9.91
and 1.52-23.25 mg/¢g.

3.1. Characterization of the produced SBACs

Fig. 1 shows the micrograph of SBAC samples R10 and
R6. The micrograph of R10, exhibits a porous rough surface.
The surface consists of small cracks with irregular particles
in mesoporous range [27]. The SEM image of R6 showed
a smoother and fluffy surface morphology. Non-uniform
shape and size of particles could be observed. The TGA
curves of sample R4, R6 and R10 are shown in Fig. 2. The
weight loss occured between 25°C and 100°C with approxi-
mately 8%, 14% and 18% for R6, R10 and R4 samples respec-
tively. This is attributed to release of physio-sorbed and
intercalated water molecules on surface of adsorbents [28].
The weight losses of 12%, 17% and 22% in R6, R10 and R4
respectively, between 200°C and 450°C, were due to release
of CO,and CO from decomposition of oxygen functional-
ities. The results clearly confirmed that R4 and R10 showed
higher weight loss indicating abundant functional groups
on its surface and thus adsorption of phenolic compounds
is expected to be enhanced. Table 3 provides the measured
surface area and pore volume of most of the produced
SBACs. The values of surface area, and pore volume SBAC
samples confirm well developed mesoporous surface char-
acteristic of activated carbon. The highest surface area of
157.6,220.1, 236.84, 327.24 and 198.27 m?/g were attributed
to samples R1, R3, R4, R10 and R12, respectively indicated
that the produced SBAC possessed high potentials for
effective uptake of phenolic compounds. Conversely, the
reduced surface area of 35.16, 11.28 and 35.65 m?/g exhib-
ited by samples R5, R6 and R13 indicated that they might
result in lower adsorption capacity for the tested pheno-
lic compounds. Moreover, Fig. 3 shows sample R10 corre-
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Table 2
23 Box-Behken design experimental design and results

Run order BDD-design SBAC performance results
Catechol Phenol Resorcinol
A B C MB removal, SBAC R, % q,mg/g R, % g, mg/g R, % q,
% yield % mg/g
11 30 550 3112 83.33 99.24 45.57 6.29 2.35 17.02 6.36
1:3 30 550 63.34 59.71 99.24 45.57 0.77 0.29 4.06 1.52
11 90 550 79.51 68.45 99.24 45.57 11.17 4.17 35.68 13.34
1:3 90 550 99.74 45.89 96.58 44.35 23.54 8.78 51.18 19.12
1:1 60 400 97.12 67.33 88.43 40.61 10.68 3.98 15.05 5.62
1:3 60 400 96.73 52.26 76.30 35.04 11.82 441 16.25 6.07
11 60 700 91.03 65.70 86.34 39.65 11.75 4.38 15.76 5.89
1:3 60 700 95.54 49.76 83.77 38.47 10.55 393 5.39 2.02
1:2 30 400 50.14 71.84 99.24 45.57 8.64 3.22 29.83 11.15
1:2 90 400 99.99 53.17 96.24 44.19 26.56 991 62.23 23.25
1:2 30 700 48.1 64.22 98.73 45.34 13.08 4.88 19.02 711
1:2 90 700 99.55 55.19 99.24 45.57 797 297 43.96 16.43
1:2 60 550 82.12 53.17 96.14 44.15 8.23 3.07 17.64 6.59
1:2 60 550 82.76 52.78 96.28 44.22 743 2.77 19.13 715
1:2 60 550 82.98 53.63 95.34 43.78 8.46 3.16 17.11 6.39
100 -
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Fig. 1. SEM images of sample R10 (A) and R6 (B).

sponding N, adsorption—desorption isotherms (at —196°C).
Based on N, adsorption-desorption isotherms (Fig. 3), R10
SBAC exhibits entirely mesoporous structure with no devel-
opment of micro porosity. The shape of the isotherm is type
IT according to the classification by the International Union

Fig. 2. TGA plots of SBAC.

of Pure and Applied Chemistry (IUPAC) [29]. Moreover, the
presence of a hysteresis loop between relative pressures 1.0
to 0.5, typically due to mesoporosity attributed with cap-
illary condensation during the adsorption—-desorption pro-
cess [30]. Fig. 4 shows the FTIR spectra of activated carbon
R6, R4 and R10. The peaks at 1036 and 1154 cm™ correspond
to carboxylic (C-O) groups on the surface of SBAC. The
strong and sharp band between 1550 cm™ to 1700 cm™ in
the spectra of all activated carbons is attributed to the car-
bonyl (C=C) groups [21]. The broad band of OH stretching
vibration is at 3200 to 3500 cm™ [31]. It is clear from Fig. 4
that the intensity of hydroxyl groups and carbonyl groups
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Table 3
Surface characteristics of GACs

Sample SBET (m?/g) Micropore
volume (cm®/g)
R1 157.6 0.081
R3 220.1 0.1123
R4 236.84 0.091
R5 35.16 0.017
R6 11.28 0.041
R8 72.28 0.025
R9 70.65 0.0355
R10 327.24 0.088
R11 100.66 0.035
R12 198.27 0.079
R13 35.65 0.182
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Fig. 3. N, adsorption—desorption isotherms of sample R10 SBAC.
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Fig. 4. FTIR spectra of samples R10, R6 and R4 SBACs.

were higher in sample R10 and R4 than R6, while the car-
boxylic groups showed greater intensity in R6 than others.
The results indicated that both R10 and R4 exhibited greater
number of oxygen functionalities which is attributed to the
high process temperature and KOH to sludge ratio during
production of activated carbon. These functionalities on the
surface of activated carbon can act as an active adsorption
sites and expected to produce significant improvement in
removal of phenolic compounds

3.2. RSM models development and validations

Response Surface Methodology via BDD experimen-
tal design was employed for developing response models,
which allowed determining the optimal conditions for the
SBAC production processes. Using the generalized second
order model, given in Eq. (3), the models that best fitted the
experimental data for studied responses i.e., SBAC yield,
percent removal of MB, catechol, phenol and resorcinol are
given in Egs. (4)—(8)

k k k-1 k
y= ﬁO + ZBixi + Zﬁ,‘ix,‘z + ZZBU-X,.X/- + € (3)
i1 i-1

i=1 j=2

where y is the predicted response, f; B, , Bii' B, are con-
stant, linear, interaction and quadratic coefficients and x,,
x. are experimental values of the independent variables
(coded). The regression analyses to fit the target responses
experimental data into Egs. (4)-(8) as well as the statisti-
cal information interpretations were done with the aid
Design-Expert® version 10 software.

MB Removal = 82.62+13.14A+25.325B-1.22C-3.03AB
+1.225AC +3.22A?-17.44B2+9.27C?

—4.10A’B -12.11AC> ()
SBAC Yield = 53.910 -9.648A —7.050B —1.218C +2.412BC
+4.315A2 +6.658B (5)

Catechol Removal = 95.92 -3.67A —-0.64B +0.98C -0.66AB
+2.39AC +0.88BC —6A?+8.65B?
-6.21C*+3.01AB? (6)

Phenol Removal = 7.898 -0.014A +6.913B -0.052C +4.473AB
-5.759BC +2.650B? + 3.408C?>+1.729 AB?
—-3.488B*C -3.710BC? ?)

Resorcinol Removal = 17.961 -0.829A +15.389B -7.268C
+7.111AB -2.892AC -8.311A2+17.336B>
+3.465C%+4.732A%C 8)

The quality of the developed RSM models were assessed
based on regression coefficients as well as statistical analy-
sis of variance (ANOVA) as given in Tables 4 and 5, respec-
tively. The high values and the closeness of the values of the
models” R? to both R*adjusted and R>-predicted for all the
models in Egs. (4)—(8), as given in Table 4, confirm that they
are in agreement with one another as desired [32]. Achiev-
ing this is very important in numerical modeling consider-
ing that relying on traditional regression coefficient R? as the
only parameter indicating regression quality lead to bias-
ness and inaccurate model’s quality assessments [32,33].
Moreover, the ANOVA for the developed models single,
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Table 4

Regression summary for the developed response surface models

Response Standard R? R*Adjusted R*Predicted Adequate
deviation Precision
MB removal 5.689 0.999 0.998 0.984 16.536
SBAC Yield 2.092 0.976 0.957 0917 23.953
Catechol Removal 0.625 0.998 0.992 0.937 42.745
Phenol Removal 0.735 0.9962 0.9868 0.9237 40.645
Resorcinol Removal 2903 0.989 0.970 0.771 24.370
Table 5
ANOVA summary of the developed RSM models
Source of MB SBAC Yield Resorcinol Phenol Catechol
variation F-value p-value  F-value p-value  F-value  p-value  F-value p-value  F-value p-value
Model 685.11 0.0001 53.23 0.0000 175.722 0.000 105.813 0.000 50.865 0.000
A 705.15 0.0001 170.24 0.0000 137.742 0.000 0.001 0971 0.652 0.456
B 2618.31  0.0001 90.90 0.0000 8.468 0.044 353.885 0.000 224.837 0.000
C 12.15 0.0252 2.71 0.1382 19.792 0.011 0.020 0.895 25.074 0.004
AB 3742 0.0036 - - 4514 0.101 148.185 0.000 24.003 0.004
AC 6.13 0.0686 - - 58.267 0.002 - - 3.969 0.103
BC - - 5.32 0.0500 7.876 0.048 245.627 0.000 - -
A? 39.04 0.0033 15.81 0.0041 338.772 0.000 48.290 0.002 30.263 0.003
B? 1146.35  0.0001 37.64 0.0003 705.277 0.000 79.851 0.001 131.677 0.000
C? 323.57 0.0001 - - 363.315 0.000 11.066 0.029 5.259 0.070
AB 34.27 0.0042 - - - - - -
AC - - - - - - - - 5.315 0.069
AB? - - - - 46.193 0.002 - - - -
AC? - - - - - - - - - -
B*C - - - - - - 45.062 0.003 - -
BC? - - - - - - 50.977 0.002 - -
LOF 8.82 0.1019 31.89 0.0307 2.025 0.331 2.690 0.271 12.075 0.077

interactive and higher order parameters show that p-values
were < 0.05, implying that they significantly influence the
respective models predictions with all the models passing
the lack of fit (LOF) test [32]. Additionally, Fig. 5, shows that
for all the modeled responses, the predicted values were in
good agreement with the experiments values. In order to
further visualize and assess the influences of the indepen-
dent variables on the studied responses, 3D response sur-
face plots and their corresponding 2D contour maps for the
modeled responses were constructed, presented in Figs. 6-9
and discussed in details under the sub-sections below.

3.3. Effect of operating condition on MB adsorption

The preliminary assessment of potential of the produced
SBAC towards adsorption of MB from water is presented
in Table 2 and Fig. 6a. Fig. 6a clearly shows that the main
factor that significantly influence the quality of the SBAC
was temperature. Meanwhile, both sludge: KOH ratio and
activation time were somewhat influenced the MB adsorp-

tion but at much lower degree noticeable trends compared
to temperature of activation. Similarly, the signs and values
for the coefficients as well as the corresponding F-values for
main effects in Eq. (4) corroborates this observation. Under
different operating conditions for the SBAC production,
MB removal efficiency of up to 99.99% from contaminated
water was achieved. This suggests that sludge employed in
the study has great potentials to serve as good raw materi-
als for producing activated carbon, which can be used for
water pollution control.

3.3.1. Effect of operating condition on SBAC yield

Fig. 6b depicts the dependency of SBAC yield on the
operation conditions during the production process.
Apparently, these plots show that the SBAC yield decreased
when chemical agent ratio (sludge:KOH) and/or tempera-
ture were increased, while activation time slightly affected
the yield, especially, at lower temperatures. Moreover, the
negative signs of the coefficients of main as well as higher
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Fig. 5. Predicted verses experimental for SBAC yield and phenolic compounds removal RSM models.

terms and values for the coefficients and the corresponding
F-values (Table 5) for main effects in Eq. (5) support these
observations.

3.3.2. Effect of operating condition on phenolic compounds
removal efficiency

The potential of the produced SBAC towards removal
of the phenolic compounds was measured in terms adsorp-
tion of the three adsorbates as presented in Figs. 7-9. The
results indicated significant change in removal efficiency of
the phenolic compounds by changing operating conditions.

3.3.3. Effect of temperature and sludge ratio

The combined effects of the sludge:KOH and tempera-
ture on percent removal of catechol, phenol and resorcinol
are shown in Figs. 7a—c respectively. In Fig. 7a, the increase
in activation temperature at KOH: sludge (1-3) showed

minor increase in catechol removal i.e. about 5% increase
when temperature increased from 400°C to 700°C. On the
other hand, increasing KOH:sludge from 1 to 2 showed
improvement in percent removal of catechol from 90 to
nearly 100%, respectively (Fig. 7a). Conversely, further
increase in KOH:sludge to 3 resulted in decrease in removal
to 80%. The increase in removal efficiency of catechol at
increasing KOH:sludge may be attributed to the improve-
ment in surface area and oxygen functional groups on sur-
face of activated carbon as confirmed from BET and FTIR
analysis respectively. It was reported that the adsorption of
catecholis contributed by the mesoporosity of AC [34] there-
fore, high KOH to sludge ratio at higher temperature might
cause overoxidizing of AC via breaking the wall between
pores and leads to decrease in surface area as confirmed by
BET result of sample R8 (Table 3) [11] which decreased the
sorption of catechol. Similarly for phenol, in Fig. 7b, the
activation temperature showed almost direct relationship
with phenol removal. Increase in temperature (from 400°C
to 700°C) significantly enhanced the percent removal of
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Fig. 6. 3D plots of combined effects of temperature, activation time and KOH:sludge on percent yield of activated carbon.
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phenol from 10 to almost 30% (Fig. 7b). Obviously, when ture level i.e. 700°C, the increase in KOH:sludge ratio from
the activation temperature was increased, there was higher 1 to 3, significantly improved the % removal from 20 to
possibility of increase in surface area of activated carbon.  30%, respectively. This might be attributed to the effective
At lower activation temperature, the percent removal was  formation of surface characteristics of activated carbon at
independent on KOH:sludge. However, at higher tempera-  higher temperature and KOH:sludge ratio. Similar behav-
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ior was also reported by Monsalvo et al [11]. In case of
resorcinol, percentage removal was linearly increased with
increase in activation temperature (Fig. 7c). For example,
the % removal increased from 30 to 50% when the tem-
perature increased from 550°C to 700°C. However, Fig.
7c clearly indicates that the effect of KOH:sludge on the
percent removal of resorcinol, found to be less significant
than temperature. The maximum removal of catechol, phe-
nol and resorcinol was found to be 99.23, 26.56 and 62.22%,
respectively. The higher removal efficiency of catechol
compared to other phenolic compounds might be associ-
ated to following two reasons (i) the mesoporous surface
area of activated carbon which facilitates better sorption of
catechol on surface of activated carbon than resorcinol and
phenolic compounds (ii) presence of extra hydroxyl groups
in catechol and resorcinol leads to higher sorption on acti-
vated carbon than phenol [35].

3.3.4. Effect of activation time and sludge ratio

Fig. 8 shows 3D plots and corresponding contours of
collective effects of the KOH:sludge and activation time
on the percent removal of catechol, phenol and resor-
cinol, respectively. Fig. 8a shows, that at lower level of
KOH:sludge there was no enhancement in percent removal
of catechol with increase in activation time 30-90 min. This
is due to the fact the, at low level of KOH:sludge, complete
reaction between reagent and sludge is expected because
KOH was limiting reactant and thereby produced less
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influence when activation time was increased. However, as
the KOH:sludge ratio was increased from 1 to 3, there was
substantial improvement in removal of catechol towards
increasing in activation time. Moreover, at fixed activa-
tion time, increasing the KOH:sludge from 1 to 3, leads
to decrease in percent removal of catechol. These results
clearly confirm that at higher KOH:sludge level, more time
was required to complete the reaction between sludge and
KOH, and thereby yielding better surface characteristics as
supported by surface area results of AC (Table 3). For phenol
(Fig. 8b), increasing the activation time depicts the indirect
relation with removal of phenol and indicated highest per-
cent removal at lowest activation time. In case of resorcinol
removal, it is shown from Fig. 8c, that the percent removal
of resorcinol seems to be constant with increase in activa-
tion time but it increased when KOH:sludge was increased
i.e. from 40 to 60% at KOH:sludge 1 to 3 respectively.

3.3.5. Effect of activation time and temperature on phenolic
compounds percent removal

Fig. 9 presents the effect of activation time and tem-
perature and their interaction on removal efficiency of cat-
echol, phenol and resorcinol. Fig. 9a shows that an increase
in activation time from 30 min to 60 min at all activation
temperature, resulted in improvement in percent removal
of catechol. However, further increase in activation time
from 60 min to 90 min showed reduction in removal effi-
ciency of catechol. Similarly, higher percent removal was

SRS
SRR
SRS
RS

X
=

AN

810
o
e

50
a0
540

/
< 480 P,
zi\/ 120 C: Activation Time

30

3007300

\\ \
) \
AN

A: KOH:Sludge

50
;?” C: Activation Time
200300

Phenol Removal Resorcinol Removal

C: Aclivation Time

200 250 300

A: KOH:Sludge

A: KCH:Sludge

Fig. 8. 3D and contour plots of combined effects of activation time and KOH:sludge on percent removal of catechol, phenol and

resorcinol.
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found at low temperature which starts to decrease when
temperature was increased. The high removal efficiency of
catechol at low activation time (30-60 min) and tempera-
ture (400-550°C) was due to mesoporous surface character-
istics and larger surface area of obtained activated carbon
as indicated in SEM and BET results (Table 3), which might
destroyed by over activation at higher temperature and
time level and leads to reduction in removal efficiency of
catechol. For phenol, as shown in Fig. 9b, an increase in
activation time at low temperature ranges (400°C-550°C)
led to high percent removal of phenol but at temperature
greater than 500°C there was no further change in removal
of phenol towards increasing activation time. Furthermore,
at activation time between 30 min to 60 min, increasing
temperature (400-700°C) showed substantial enhance-
ment in removal of phenol. However, at higher activation
time (>60 min) the percent removal remained unchanged
with increase in temperature. The results indicate that
lower level of activation time at higher temperature facil-
itate the removal efficiency of phenol. This confirms that
the lower activation time was viable to achieve complete
reaction of KOH with sludge and produced mesoporous
higher surface area activated carbon at high temperature
levels. In Fig. 9¢c, regardless of temperature, the percent
removal of resorcinol showed constant behavior towards
activation time. On contrary, as the activation temperature
increased, the percent removal also increased significantly.
This showed that the removal efficiency of resorcinol was
highly dependent on temperature and KOH:slugde while
independent on activation time.

3.4. Leacheability of produced SBACs at different pH of solution

As explained earlier, the produced SBACs underwent
rigorous sequencing washing, first with acids, then followed
by washing with deionized water to ensure all leachable
impurities were removed prior to the removal of the pheno-
lic compounds from water. To further estimate the leaching
behaviour of the produced SBACs prior to commencement
of the phenolic water treatment, around 0.1 g of the washed
SBAC samples were agitated for 2 h containing deionized
water at pH (2-12). The samples were filtered and different
quality parameters analysis was performed before and after
agitation. While no significant heavy metals were detected,
the results of TOC analysis are listed in Table 6. It is clearly
seen from the TOC results, that al all pH range (2-12), there
was also no significant increase or decrease in the TOC of
SBACs solution before and after agitation.

3.5. Optimization of SBAC production condition based on
removal of phenolic compounds

Phenolic compounds removal by activated carbon
greatly depends on its surface characteristics. These charac-
teristics of activated carbon can be controlled and optimized
by altering the operating parameters of its production.
Therefore, in order to identify the actual optimal condi-
tions for the three parameters and their collective responses.
Numerical optimization that simultaneously takes variables
(both responses and independent variables) into cognizance
was performed considering different optimization target
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scenarios as given in Table 7. This was achieved by taking
the first derivatives of the developed RSM models [Egs. (4)-
(8)] and equating it to zero [Eq. (9)], the coordinates of the
optimal points were determined in conjunction with set of
convergent criteria (set of target goals and constraints for

Table 6
TOC results of GAC sample solution after agitation of 2 h at
different pH

Sample ID pH TOC (mg/L)
Blank 2 0.684
R3 2 0.648
R10 2 1.131
R12 2 0.751
R14 2 1.986
Blank 4 0.167
R3 4 1.279
R10 4 0.564
R12 4 2.135
R14 4 0.644
Blank 7 0.086
R3 7 1.175
R10 7 0.731
R12 7 1.268
R14 7 0.764
Blank 12 0.086
R3 12 1.164
R10 12 2.710
R12 12 6.099
R14 12 3.290
Table 7

each variable) using Design-Expert® 10 desirability function
capabilities [36,37]. Additionally, individual variables were
also weighted as per their respective relative significance.

Y _g o ; _
E-gﬁ Bﬁxi+;[s,.jxj ....... =0 )

The target was to maximize Y,, Y,and Y, and minimize
KOH to sludge ratio, temperature and activation time (i.e.,
factors A, B and C). As presented in Table 7, in the opti-
mization results for scenarios where the responses were
optimized collectively (having desirability > 0.68) indicates
that the maximum percentage removal of phenolic com-
pounds achieved at KOH-sludge ratio between 1 to 1.5,
temperature 400-700°C and activation time 30-36.74 min
with percent yield of 81.5%. Moreover, the results indicate
that, to obtain maximum removal of phenol and resorcinol
the temperature and KOH: sludge should be 700°C and 1.37
respectively while 400°C and 1.16 respectively resulted in
better removal of catechol and the yield. However, when the
responses were individually optimized, high desirability of
value of 1 was obtained and a maximum catechol removal
of 99.57% was achieved at KOH:sludge ratio, temperature
and activation time of 1.73, 460°C and 60 min, respectively.
On the other hand, phenol and resorcinol maximum per-
cent removal of 27.79 and 62.87 respectively could only be
achieved at higher KOH to sludge ratio 2.54-2.41, and tem-
perature 689-698°C with activation time 31.05-32.47 min
respectively.

3.6. Comparison of phenolic compounds adsorption capacity
with other activating agent SBACs

Table 8 shows the maximum adsorption capacity of
phenolic compounds onto sewage sludge activated carbon

Phenols removal on SBACs optimization goals, results and desirability for the different target scenarios

Target goals for scenario 1-5

Factor/response unit 1 2 3 4 5

A KOH:Sludge ratio minimize In range minimize minimize minimize

B Temperature minimize Inrange minimize minimize minimize

C Activation time minimize In range minimize minimize minimize

SBAC yield %o maximize maximize

Catechol removal % maximize maximize maximize - -

Phenol removal % maximize maximize - maximize -

Resorcinol removal % maximize maximize - - maximize
Optimization results for scenario 1-5

A KOH:Sludge ratio 116 1.37 173 2.54 241

B Temperature 400 700 460 689 698

C Activation time 30 36.74 60.00 31.05 3247

SBAC yield % 81.50 59.93

Catechol removal % 96.64 98.38 99.57

Phenol removal % 10.86 20.60 27.796

Resorcinol removal % 23.74 49.78 62.87

Desirability % 0.723 0.68 1 1 1
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Table 8
Maximum adsorption capacity obtained for uptake of phenolic
compounds on SBAC produced using different activation agents

Activation agent Pollutant g, (mg/g) References

H,SO, Phenol 24.8 [4]

ZnCl, Phenol 15.8 [23]

ZnCl, Phenol 7.0 [24]

ZnCl, 2-chloro phenol 325 [15]

K,CO, O-cresol - [25]

NaOH Phenol 96.15 [14]

KOH Phenol 991 Present study
Cathecol 4419
Resorcinol 23.25

produced by different activating agents. In this regard, a
recent work comprehensively reviewed the uptake capacity
for removal of different phenolic compounds from water
[26]. Thus, the maximum adsorption capacity of produced
SBACs in the present study showed excellent sorption
behaviour compared to other activated agent carbons.

4. Conclusion

As a result of an increased sludge production from
sewage treatment plants, the need to seek sustainable
management to sewage sludge couldn’t be overempha-
sized. Meanwhile, due to their detrimental environmen-
tal impact, removal of phenolic compounds from water
to meet regulatory standards becomes mandatory. In
this study, sludge based activated carbon (SBAC) was
produced using KOH (as an activating agent) and tested
for its ability for utilization in water pollution control.
Response surface methodology was employed to study
and optimize the SBAC production process based on the
activated carbon yield as well as efficiencies for removal
of catechol, phenol and resorcinol from water. The
mechanism of effects of interaction was supported by
structural and surface characterization of the produced
SBAC measured using SEM and FTIR instruments. FTIR
results revealed abundant presence of oxygen function-
alities (carbonyl and hydroxyl groups) on the surface of
SBAC. SEM and BET results showed that the obtained
SBAC exhibited mesoporous surface morphology. It
was obtained that high levels of temperature and KOH
to sludge ratio have greater tendency toward produc-
ing lower yield active carbon regardless of the activa-
tion time. The main factors that significantly influence
the characteristics of the SBAC towards adsorption of
phenol were temperature and KOH to sludge ratio. The
optimum removal of catechol achieved at lower tempera-
ture and sludge to KOH ratio level whereas phenol and
resorcinol removal increased with increasing tempera-
ture regardless of sludge to KOH ratio and activation
time. The operating conditions which collectively opti-
mized the removal of the phenolic compounds and SBAC
yield were achieved at KOH-sludge ratio between 1-1.5,
temperature 400-700°C and activation time 30-36.74 min

with a yield of 81.5%. Moreover, the results indicate that,
to obtain maximum removal of phenol and resorcinol the
temperature and KOH: sludge should be 700°C and 1.37
respectively while 400°C and 1.16 respectively resulted in
higher yield and better removal of catechol .

This study demonstrated the suitability of establishing
optimal conditions for the production of SBAC vis-a-vis
removal efficacies for phenolic compounds removal from
water. It shows that the huge volume of sludge generated
from vast number of wastewater treatment plants in KSA
can serve as good raw materials for activated carbon for
sustainable development.

Acknowledgements

The authors acknowledge the support provided by
King Abdul-Aziz City for Science and Technology (KACST)
through the Deanship of Scientific Research (DSR) of Uni-
versity of Dammam (UoD) for funding this work through
Project No. 12-Env2229-46 as part of the National Science,
Technology and Innovation Plan (NSTIP).

References

[1] N.D. Mu‘azu, N. Jarrah, M.H. Essa, Binary adsorption of phe-
nol and O-cresol from aqueous solution on date palm pits
based activated carbon: a fixed-bed column study, Desal.
Water Treat., 58 (2017) 192-201.

[2] A. Dabrowski, P. Podkoscielny, Z. Hubicki, M. Barczak,
Adsorption of phenolic compounds by activated carbon—a
critical review, Chemosphere, 58 (2005) 1049-1070.

[3] N.D.Mu‘azu, N. Jarrah, M. Zubair, O. Alagha, Removal of phe-
nolic compounds from water using sewage sludge-based acti-
vated carbon adsorption: a review, Int. J. Environ. Res. Public
Health, 14 (2017) 1094.

[4] F. Rozada, M. Otero, J.B. Parra, A. Moran, A.l. Garcia, Produc-
ing adsorbents from sewage sludge and discarded tyres: Char-
acterization and utilization for the removal of pollutants from
water, Chem. Eng. ., 114 (2005) 161-169.

[5] X.Wang, N. Zhu, B. Yin, Preparation of sludge-based activated
carbon and its application in dye wastewater treatment, ]. Haz-
ard. Mater., 153 (2008) 22-27.

[6] ]. Hong, J. Hong, M. Otaki, O. Jolliet, Environmental and eco-
nomic life cycle assessment for sewage sludge treatment pro-
cesses in Japan, Waste Manage., 29 (2009) 696-703.

[7] E. Uggetti, I. Ferrer, ]J. Molist, ]J. Garcia, Technical, economic
and environmental assessment of sludge treatment wetlands,
Water Res., 45 (2011) 573-582.

[8] F. Ping, C. Chaoping, C. Dingsheng, T. Zhixiong, Carbona-
ceous adsorbents prepared from sewage sludge and its appli-
cation for Hg 0 adsorption in simulated flue gas, Chinese J.
Chem. Eng,, 18 (2010) 231-238.

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

[10] A. Hospido, T. Moreira, M. Martin, M. Rigola, G. Feijoo, Envi-
ronmental evaluation of different treatment processes for
sludge from urban wastewater treatments: Anaerobic diges-
tion versus thermal processes, Int. J. Life Cycle Assess., 10
(2005) 336-345.

[11] V.M. Monsalvo, A.F. Mohedano, ]J. Rodriguez, Activated car-
bons from sewage sludge: application to aqueous-phase adsorp-
tion of 4-chlorophenol, Desalination, 277 (2011) 377-382.

[12] K. Smith, G. Fowler, S. Pullket, N.J.D. Graham, Sewage sludge-
based adsorbents: a review of their production, properties
and use in water treatment applications, Water Res., 43 (2009)
2569-2594.



332

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

N. Jarrah et al. / Desalination and Water Treatment 100 (2017) 320-332

J. Xie, Q. Yue, H. Yu, W. Yue, R. Li, S. Zhang, X. Wang, Adsorp-
tion of reactive brilliant red K-2BP on activated carbon devel-
oped from sewage sludge, Front. Chem. China, 3 (2008) 33-40.
J. Zou, Y. Dai, X. Wang, Z. Ren, C. Tian, K. Pan, S. Li, M.
Abuobeidah, H. Fu, Structure and adsorption properties of
sewage sludge-derived carbon with removal of inorganic
impurities and high porosity, Bioresour. Technol., 142 (2013)
209-217.

M. Masomi, A. Ghoreyshi, G. Najafpour, A. Mohamed,
Adsorption of phenolic compounds onto the activated carbon
synthesized from pulp and paper mill sludge: Equilibrium
isotherm, kinetics, thermodynamics and mechanism studies,
Int. J. Eng.-Trans. A: Basics, 27 (2014) 1485-1494.

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) 6505-6518.

AH. Sulaymon, DW. Abbood, A.-H. Ali, A comparative
adsorption/biosorption for the removal of phenol and lead
onto granular activated carbon and dried anaerobic sludge,
Desal. Water Treat., 51 (2013) 2055-2067.

P. Devi, A K. Saroha, Utilization of sludge based adsorbents for
the removal of various pollutants: A review, Sci. Total Envi-
ron., 578 (2017) 16-33.

G.S. Dos Reis, M.A. Adebayo, C.H. Sampaio, E.C. Lima, P.S.
Thue, LA.S. de Brum, S.L.P. Dias, F.A. Pavan, Removal of phe-
nolic compounds from aqueous solutions using sludge-based
activated carbons prepared by conventional heating and
microwave-assisted pyrolysis, Water Air Soil Pollut., 228 (2016)
33.

M. Otero, F. Rozada, L.F. Calvo, AL Garcla, A. Moran, Elimi-
nation of organic water pollutants using adsorbents obtained
from sewage sludge, Dyes Pigm., 57 (2003) 55-65.

M. Zubair, N. Jarrah, M.S. Manzar, M. Al-Harthi, M. Daud,
N.D. Muazu, S.A. Haladu, Adsorption of eriochrome black T
from aqueous phase on MgAl-, CoAl- and NiFe- calcined lay-
ered double hydroxides: Kinetic, equilibrium and thermody-
namic studies, J. Mol. Liq., 230 (2017) 344-352.

S. Bousbaa, A.H. Meniai, Removal of phenol from water by
adsorption onto sewage sludge based adsorbent, Chem. Eng,,
40 (2014).

D. Mohan, A. Sarswat, V.K. Singh, M. Alexandre-Franco, C.U.
Pittman Jr, Development of magnetic activated carbon from
almond shells for trinitrophenol removal from water, Chem.
Eng. ], 172 (2011) 1111-1125.

J.H. Tay, X.G. Chen, S. Jeyaseelan, N. Graham, Optimising the
preparation of activated carbon from digested sewage sludge
and coconut husk, Chemosphere, 44 (2001) 45-51.

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

R.R.N. Marques, F. Stiiber, KM. Smith, A. Fabregat, C. Ben-
goa, J. Font, A. Fortuny, S. Pullket, G.D. Fowler, N.J.D. Graham,
Sewage sludge based catalysts for catalytic wet air oxidation
of phenol: Preparation, characterisation and catalytic perfor-
mance, Appl. Catal. B: Environmental, 101 (2011) 306-316.

N. Muazu, N. Jarrah, M. Zubair, O. Alagha, Removal of phe-
nolic compounds from water using sewage sludge-based acti-
vated carbon adsorption: a review, Int. J. Environ. Res. Public
Health, 14 (2017) 1094.

N.A. Jarrah, Studying the influence of process parameters
on the catalytic carbon nanofibers formation using factorial
design, Chem. Eng. J., 151 (2009) 367-371.

N.JM. Zubair, M.A. Al-Harthi, M.S. Manzar, N.D. Muazu,
Highly efficient removal of Pb (II) ion from aqueous phase
using surface modified graphene. Equilibrium and kinetic
study, Desal. Water Treat., 80 (2017) 174-183.

H. Marsh, F.R. Reinoso, Activated Carbon, Elsevier, 2006.
Y.-M. Chang, W.-T. Tsai, M.-H. Li, Characterization of activated
carbon prepared from chlorella-based algal residue, Bioresour.
Technol., 184 (2015) 344-348.

M. Zubair, M. Daud, G. McKay, F. Shehzad, M.A. Al-Harthi,
Recent progress in layered double hydroxides (LDH)-contain-
ing hybrids as adsorbents for water remediation, Appl. Clay
Sci., 143 (2017) 279-292.

N.D. Muazu, A. Usman, N. Jarrah, O. Alagha, Pulsed Elec-
trokinetic removal of chromium, mercury and cadmium from
contaminated mixed clay soils, Soil Sedim. Contam. Int. ], 25
(2016) 757-775.

M.H. Essa, N.D. Mu'azu, S. Lukman, A. Bukhari, Application
of Box-Behnken design to hybrid electrokinetic-adsorption
removal of mercury from contaminated saline-sodic clay soil,
Soil Sedim. Contam. Int. J., 24 (2015) 30—48.

G.N. Kasozi, A.R. Zimmerman, P. Nkedi-Kizza, B. Gao, Cate-
chol and humic acid sorption onto a range of laboratory-pro-
duced black carbons (biochars), Environ. Sci. Technol., 44
(2010) 6189-6195.

Y. Liu, M. Gao, Z. Gu, Z. Luo, Y. Ye, L. Lu, Comparison between
the removal of phenol and catechol by modified montmoril-
lonite with two novel hydroxyl-containing Gemini surfac-
tants, J. Hazard. Mater., 267 (2014) 71-80.

M.A. Bezerra, R.E. Santell, E.P. Oliveira, L.S. Villar, L.A. Esca-
leira, Response surface methodology (RSM) as a tool for opti-
mization in analytical chemistry, Talanta, 76 (2008) 965-977.
M. Amayreh, B. Chanbasha, K. Alhooshani, N.D. Mu‘azu, H.K.
Lee, Determination of N-nitrosamines by automated dispersive
liquid-liquid microextraction integrated with gas chromatogra-
phy and mass spectrometry, J. Separ. Sci., 38 (2015) 1741-1748.



