& Desalination and Water Treatment 57 (2016) 15649-15659
¢  www.deswater.com July

(
Taylor & Francis
doi: 10.1080/19443994.2015.1119760 Taylor & Francis Group

Novel method for water purification using activated adsorbents developed
from sewage sludge

Yehya Elsayed®*, Mustafa Khamis®, Fatin Samara®, Maitha Alqaydi®, Ziad Sara®
Isam Al Zubaidi®, Md. Maruf Mortula®

"Department of Biology, Chemistry and Environmental Sciences, College of Arts and Sciences, American University of Sharjah,

P.O. Box 26666, Sharjah, UAE, Tel. +971 6 5152576; Fax: +971 6 515 2450; emails: yelsayed@aus.edu (Y. Elsayed), mkhamis@aus.edu
(M. Khamis), fsamara@aus.edu (F. Samara), maitha.alqaydi@alumni.aus.edu (M. Alqaydi), zsara@aus.edu (Z. Sara)

YFaculty of Engineering and Applied Science, University of Regina, Regina, Canada, email: Isam.Al. Zubaidi@uregina.ca
“Department of Civil Engineering, College of Engineering, American University of Sharjah, Sharjah, UAE,

email: mmortula@aus.edu

Received 23 August 2015; Accepted 26 October 2015

ABSTRACT

Sewage sludge from Dubai was characterized using inductively coupled plasma and CHN
elemental analysis. Selected sludge samples were washed with deionized water until con-
stant conductivity was achieved. The sludge samples (washed and unwashed) were car-
bonized at 680°C in a semi-static steam environment that was self-generated inside a
homemade reaction chamber and with the absence of any external flow. The carbonized
materials were then activated by impregnation with sodium hydroxide at 3:1 mass ratio fol-
lowed by thermal treatment at 680°C in the presence of water. The activated products were
characterized using SEM/EDS, CHN elemental analysis, and sorption of nitrogen. The
results showed that washing the sludge prior to the carbonization step significantly
enhanced the surface area of the final activated product. Activation efficiencies were lower
than the carbonization efficiencies. The surface area of the activated adsorbent developed
from the washed sludge was 1,552 m?/ g compared to 1,182 m?/ g of the unwashed sample.
Pore size distribution showed slight shift to higher average pore size in the washed sample.
The activated adsorbent with the highest surface area was then evaluated for the adsorption
of lead. The adsorption capacity of the activated product for lead removal was determined
using Toth isotherm. The maximum adsorption capacity for the activated washed sludge
was found to be 95 mg/g. The energy contents of the washed raw sludge and the tar by-
products that were produced during the carbonization process were found to be 14.8 and
38.1 kJ /g, respectively.
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1. Introduction

Sewage sludge is the residual, semi-solid to solid
material produced from wastewater treatment plants
consisting of nutrients (nitrogen and phosphorus), fats,
silica, proteins, and a wide variety of major and trace
elements [1,2]. Disposal and management of sewage
sludge is an environmental concern due to the mas-
sive amounts of sludge produced each year [3-5].
There are various sewage sludge disposal methods
currently available including: landfilling [4-7], dis-
posal into oceans [5-7], incineration [1,4], and farm-
land utilization [4,5]. Nowadays, many of these
practices are restricted due to poor public image, high
cost, and safety issues associated with the release of
toxic materials and hazardous ash residues into the
environment [1,4,6]. Furthermore, the disposal of
sludge is not always done in a controlled manner
which might introduce serious pollution issues [7].
The United Arab Emirates (UAE) and other Arabian
Gulf countries manage their sewage sludge waste by
conversion into organic soil conditioner and fertilizer
[8]. However, the use of sewage sludge as an organic
fertilizer in farmland applications is associated with
several health issues due to the presence of toxic com-
pounds, metals and trace elements such as lead, cop-
per, antimony and selenium in the sludge [4].
Therefore, it is necessary to find a simple, efficient,
inexpensive, and environment friendly disposal and
management method for sewage sludge [8]. Conver-
sion of sewage sludge to an adsorbent can be a suit-
able option. However, the production of an efficient
adsorbent for environmental remediation from sewage
sludge should provide a possible alternative away
from the limitations of the above methods [9]. The
produced adsorbents from sewage sludge have several
properties in common with activated carbons, but
with higher inorganic and lower carbon contents. Acti-
vated carbon adsorbents are usually produced from
various natural materials including wood [10], coal,
date stones [11], apricot stones [12], coconut husks
[13], and rich hulls [14]. Activated carbon is a porous
form of carbon with large surface area that makes it a
highly efficient adsorbent for water and air purifica-
tion applications in which organic pollutants and
heavy metals are removed [15-23].

Activated sludge adsorbents are generally pre-
pared using two processes. The first process involves
carbonization of the organic material [18], while the
second process involves activation of the carbonized
products [18,22]. Several studies have been reported
on the carbonization and the activation processes
[1,3,5-7,18,21-32]. However, these methods have some
drawbacks including the production of potentially
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hazardous chemical waste that might lead to air or
water pollution. Although most of the produced
adsorbent materials from sewage sludge in the litera-
ture were successful and effective for the removal of
heavy metals such as copper II [29], lead [30], and
strontium [33], all of them were done under dynamic
flow of inert gases. In addition, the sludge samples
were not modified prior to the carbonization step. The
drawbacks of such processes are high cost, elevated
ash content, and complexity of the process.

Adsorbents have wide range of pore width that
can be categorized as: micropores (<2 nm), mesopores
(2-50 nm), and macropores (450 nm) [22]. Pore size
distribution depends on the precursor material [28]
and the activation method. Two methods are usually
employed for activation: physical [1,22] and chemical
activation [22]. In physical activation, partial combus-
tion or thermal decomposition occurs, leading to the
creation of the porous structure [1,22]. In chemical
activation, the activating agents are responsible for
development of the pores by dehydration and degra-
dation [22]. The presence of pores increases the
adsorption potential of the activated carbon. The inter-
action between the adsorbent and the adsorbate is a
key criterion for an effective purification process in
which an adsorbate adheres to the surface and the rest
of the sample is eluted. The adsorption capacity of the
activated carbon depends on the nature, distribution,
size, and volume of its pores as well as its surface area
[19-21]. The presence of high ash content in the acti-
vated adsorbents produced from sewage sludge might
negatively affect its adsorption capacity by limiting
the development of pores [31]. Sewage sludge-based
activated carbon usually has 35-40% ash content com-
pared to less than 10% in commercial activated carbon
[32]. Nevertheless, the inorganic salts and metal oxides
in ash might provide -catalytic centers for some
adsorption applications.

The aim of this paper is to develop a simple and
effective process for the preparation of adsorbent
materials with unique and developed surface proper-
ties using sewage sludge waste as a precursor in order
to provide an effective solution for the sewage sludge
disposal problem worldwide. Moreover, the applica-
tion of the developed adsorbent materials for the
removal of lead from water samples is evaluated.

2. Experimental section
2.1. Sludge samples

Sewage sludge samples were obtained from a
Wastewater Treatment Plant in Dubai, UAE. Three
sludge samples were selected based on the stage of
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treatment, including: (1) sludge sample before dewa-
tering and prior to polymer addition (SD); (2) sludge
sample before dewatering and after polymer addition
(SP); and (3) sludge sample at the final stage of treat-
ment where the sample is thermally dried and pro-
cessed (S). Samples were oven dried at 105°C
overnight prior to analysis. As a result of the ICP and
ash content characterization analysis discussed below,
sample S was selected for carbonization and activa-
tion. The selected sample was then sieved to a particle
size of 1-2 mm. Since sludge samples are known to be
rich in inorganic content, 100 g of sample S was also
washed with sequential aliquots of deionized water
(mass ratio of 1:1 of sample/water) until constant con-
ductivity of the effluent was achieved. The washed
sample was labeled as SW.

2.2. Apparatus

Carbonization and activation processes were
performed using a homemade stainless steel apparatus
constructed in our facilities. The design of the appara-
tus was adopted from a previous study and is shown
in Fig. 1 [30]. The stainless steel boat used for the car-
bonization and activation processes consisted of two
sections, an inner section where the sample is placed
and an outer section filled with distilled water which
is converted to steam upon heating, creating a semi-
static steam environment that is used for the car-
bonization and activation processes. In this apparatus,
a tar trap was connected to the outlet line and
designed to collect the by-products.

2.3. Carbonization and activation

The sewage sludge samples (S and SW) were car-
bonized in the self-generated steam environment
described in Section 2.2. Thirty grams of a sieved
sludge sample was placed in the inner section of the
steel dual boat and 200 mL of deionized water were
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placed in the outer section of the dual boat. The boat
was placed inside the steel reaction chamber which
was adjusted inside a muffle furnace. The reaction
chamber was purged with nitrogen for 5 min before
carbonization to remove oxygen and other reactive
gases from the inner chamber environment. The car-
bonization process was carried out at 680°C and a
heating rate of 5°C/min. Once the desired temperature
was reached, the furnace was kept isothermal for 30
min. The carbonization was done on two replicates for
each sample. After carbonization, the samples were
labeled as S-C1, S-C2, SW-C1, and SW-C2. The tar
produced was collected for further analysis.

The carbonized sludge samples were then acti-
vated by chemical treatment with potassium hydrox-
ide (KOH). Ten grams of the carbonized samples were
mixed with KOH powder at a mass ratio of 1:3 and
then placed in the inner section of the steal dual boat.
The activation was carried out in the steam environ-
ment in the same manner as described for carboniza-
tion. However, once the desired temperature of 680°C
is reached, the furnace temperature was kept isother-
mal for one hour. The product was washed with 60—
100 mL 5 M HCI then rinsed with distilled water until
pH of 6 was obtained. The activated samples were
labeled S-A and SW-A. The “W” refers to the washed
sludge as described before.

2.4. Characterization methods
2.4.1. Trace metals analysis

Bulk trace metal analysis of the sludge samples
was done using sequential inductively coupled plasma
(AX sequential ICP-OES-Varian-Liberty). Choice of
metals was based on commonly found metals for simi-
lar samples reported in literature [4] and included
Aluminum (Al), Cadmium (Cd), Cobalt (Co), Chro-
mium (Cr), Copper (Cu), Iron (Fe), Manganese (Mn),
Nickel (Ni), Lead (Pb), and Zinc (Zn). TraceCERT
(Sigma Aldrich, Switzerland), a multi-element stock
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-

Plitmgen Cylinder

I iChamber ’

Gas Burette

Furnace

Fig. 1. A flow diagram of the experimental setup for the carbonization and activation process.
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solution was used to prepare the standards in the
range of 0.001-10 ppm. One gram of each sludge sam-
ple was ashed at 550°C for 6 h in a muffle furnace.
The ashed sludge samples were acid digested using
microwave assisted digestion (Multiwave 3000, Anton
Paar, Austria). In this process, 12 mL mixture of
HNO; (16 M) and HCI (36%) in ratio of 3:1 by volume
were added to each vessel. The digestion time was
adjusted to 15 min at 800 W.

2.4.2. CHN analysis

Carbon, hydrogen and nitrogen elemental analysis
for all raw sludge samples (SD, SP, S, and SW) was per-
formed using EA3000 elemental analyzer (EuroVector).

2.4.3. Ash content

Ash content of the raw sludge materials was deter-
mined using standard method [34]. Briefly, one gram
of each sample (SD, SP, S, and SW) was weighed in a
crucible then heated in a muffle furnace at 550°C for 6
h. The mass of the ash was then measured.

2.4.4. SEMJEDS elemental analysis

Scanning electron microscope (Oxford Instruments,
UK) was used to study the structural heterogeneity of
the carbonized and activated samples by collecting
magnified images of the surface. Elemental analyses of
the surface of the washed, carbonized, and activated
samples were measured using energy dispersive X-ray
spectroscopy INCA X-act. The SEM was operated at
an accelerating voltage of 15 and 20 keV. The scanning
electron microscopy coupled with energy-dispersive
spectroscopy analyses were done on the same batch of
samples.

2.4.5. Sorption of nitrogen

Nitrogen adsorption and desorption isotherms were
constructed at 77 K using a gas sorption analyzer (Auto-
sorb iQ, Quantachrome). Before the experiment, the acti-
vated samples were heated at 423 K and then outgassed
under a vacuum of 10-5 torr to constant pressure. Char-
acterization of pore sizes and pore structure were accom-
plished using Density Functional Theory (DFT). The
Brunauer-Emmett-Teller (BET) isotherm was used to
determine the surface area for the activated sample.

2.4.6. Energy content

Energy content of the raw material and the tar
produced during the carbonization process were
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determined using a bomb calorimeter (Parr Instrument
Co., USA). 0.5 g of sample was used in each case.

2.5. Adsorption studies

The activated adsorbent with the highest surface
area produced in the proposed process was evaluated
using the adsorption of lead. The adsorption capacity
was estimated using Toth models [31]. A set of differ-
ent concentrations of lead nitrate solution ranging
from 10 to 500 ppm were added to 0.05 g of the acti-
vated adsorbent. The solutions were mixed in the ther-
mal shaker at 200-250 rpm and 30°C for 48 h. The
suspensions were then filtered and the concentration
of lead was determined using Varian 220 FS flame
atomic absorption spectrometer (FAAS).

2.6. Adsorption models

Langmuir-Freundlich and Toth isotherms are used
to describe adsorption from aqueous solutions on
microporous heterogeneous surfaces [35]. Based on
our previous results [30], Toth adsorption isotherm
model was selected.

Toth isotherm is described by the following
equation:

_ Ktce

T wr o)

where g, is the amount adsorbed at equilibrium per
gram of adsorbent (mg/g), K; is the maximum adsorp-
tion capacity (mg/g), C. is the equilibrium concentra-
tion (mg/L), a; is the adsorption equilibrium constant,
and t is a dissociation parameter.

3. Results and discussions
3.1. Sludge samples evaluation
3.1.1. Major and trace metals analysis

ICP analysis was performed on the ashed sludge
sample before dewatering and prior to polymer addi-
tion (SD), sludge sample before dewatering and after
polymer addition (SP) and sludge sample at the final
stage of treatment where the sample is thermally dried
and processed (S) samples to determine the concentra-
tions of major and trace metals in each sample. The
results from the ICP analysis showed various amounts
of heavy metals and trace elements that are potentially
hazardous to the environment (Table 1). Table 1
reveals that the final stage sludge sample (sample S),



Table 1

Y. Elsayed et al. | Desalination and Water Treatment 57 (2016) 15649-15659

15653

Heavy metal composition of the studied sludge samples (mg/kg). S: final stage sludge (thermally dried and processed);
SD: before dewatering and prior to polymer addition; and SP: before dewatering and after polymer addition

Concentration (mg/kg)

Element S SD SP Standard limits [36]

Al 6,874 + 547 5471 £ 116 5,370 = 101 -

Cd 6.14 = 0.11 1.21 £ 0.01 1.16 + 0.02 30

Co 1.89 + 0.04 1.00 = 0.07 1.01 £ 0.28 100

Cr 163 + 3.1 54322 55.9 £2.0 1,000

Cu 845 + 10 311+ 2.6 295 + 0.88 1,000

Fe 12,569 + 954 10,049 + 165 9,868 + 359 -

Mn 129 +1.2 134 +1.9 135+ 1.8 -

Ni 3.01 = 0.04 1.40 + 0.06 1.42 + 0.05 200

Pb 46.6 £ 2.1 259 £ 0.18 28.1 £ 0.86 1,000

Zn 2,428 £ 10 1,599 + 13 1,513 + 8.5 1,000

used as a fertilizer, had the highest concentrations

of metals. The metals found at the highest concen- 2000 1

trations were iron (12,569 mg/kg) followed by

aluminum (6,874 mg/kg), zinc (2,428 mg/kg), copper @ 1500 -

(845 mg/kg), and chromium (163 mg/kg). On the £

other hand, cobalt showed the lower concentration g 1000 -

(1.89 mg/kg) followed by nickel (3.01 mg/kg), &

cadmium (6.14 mg/kg), and lead (46.6 mg/kg). It is 500 |

noteworthy to mention that the concentrations of all

analyzed metals were within the standards set by the 0 i X e+ o
0 100 200 300 400 500

environment department in Dubai municipality, which
has set maximum concentration limits to some trace
elements in sewage sludge for its use as a compost or
fertilizer in agricultural activities, except for zinc [36].
The presence of excess concentrations of zinc in
sludge and subsequently in soil might lead to serious
pollution and health issues including diarrhea, vomit-
ing, nausea, and abdominal cramps [37]. Metals might
be taken up by the plants and animals and thus enter
the food chain. Furthermore, water-soluble metals
might leach into the groundwater leading to
contamination [36].

3.1.2. Washing

Sewage sludge is known to contain a wide range
of pathogens since it is mainly composed of fecal
materials [36]. In order to decrease the inorganic con-
tent of the sewage sludge and provide a better precur-
sor for the carbonization and activation processes,
sample S was washed with de-ionized water in a ratio
1:2. The conductivity of the leachate was monitored as
a function of the washing cycle (Fig. 2). The results of
the washing experiment showed that the leachate’s
conductivity decreased after multiple washings until a
constant conductivity was achieved. Hence, suggesting

D.I Water Weight (g)

Fig. 2. The change in the conductivity of sample “S” lea-
chate with equal water aliquots.

that the majority of ions in the sludge were leached
out.

3.1.3. Ash content and CHN analysis

The ash content of SW was 26.2% by weight as
reported in Table 2. The difference in the ash content
compared to sample S is about 1% indicating that
some of the inorganic content is present within the
sewage sludge and not on the surface [35]. The car-
bon, hydrogen, and nitrogen elemental composition
and the ash content of the different types of sewage
sludge samples were determined and presented in
Table 2. The hydrogen and nitrogen content of the
four types is approximately identical and it ranges
between 4.8-5.5 wt% and 4.7-5.3 wt%, respectively.
However, there is a slight variation of the carbon and
the ash content. S and SW sample results were close
to those reported in literature [38]. SW has the highest
percentage of carbon and the lowest percentage of ash
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Table 2
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CHN and ash content of studies sludge samples. S: final stage sludge (thermally dried and processed); SD: before dewa-
tering and prior to polymer addition; SP: before dewatering and after polymer addition and SW: washed sludge

Sample C (%) H (%) N (%) Other (%) Ash content (%)
S 37.8 55 49 51.8 27.1
SW 38.1 52 47 52.0 26.2
SD 34.3 4.8 53 55.6 32.4
SP 33.9 52 4.8 56.1 34.1

content compared to the other three types of sewage
sludge. The presence of high ash content hinders the
development of pores and limits the adsorption
capacity of the adsorbent material produced. There-
fore, sample SW is the best for the development of
adsorbent materials.

3.1.4. SEM/EDS elemental analysis

To further evaluate the composition, SEM/EDS
elemental analysis was performed on the ash of sam-
ples S and SW and the results are summarized in
Table 3. A broad range of elements including alkali
and alkaline earth metals as well as other heavy met-
als were detected. Since the ash was developed by
burning the samples in air, oxygen was the predomi-
nant element on the surface of sludge ash film.
Calcium, silicon, potassium, phosphorous sulfur,

Table 3
EDS elemental analysis for final stage sludge (S) and
washed sludge (SW) ash (wt%)

Element S SW
C 5.46 4.71
O 50.28 51.62
Na 0.91 0.42
Mg 3.12 2.84
Al 3.10 3.24
Si 7.18 8.62
P 4.98 5.36
S 3.86 2.22
Cl 0.34 0.26
K 5.12 12.62
Ca 9.26 0.55
Ti 0.43 0.04
Cr 0.03 0.04
Mn 1.57 5.55
Fe 2.59 0.01
Ni 0.16 0.27
Cu 0.41 0.85
Zn 0.73 0.32
Sr 0.29 0.47
Pb 0.17 4.71

magnesium, aluminum, and iron are present in major
proportions. Other elements such as manganese,
sodium, zinc, titanium, copper, chloride, strontium,
lead, nickel, and chromium are present in lower
amounts. Since the EDS results showed the presence
of soluble inorganic salts on sample S, it was expected
that washing would leach out some of these salts
especially with the observed decrease in the conduc-
tivity upon washing. As shown in Table 3, the per-
centages of calcium, sodium, sulfur, chloride,
potassium, manganese, nickel, and copper decreased
upon washing sample S. The final product, after
carbonization and activation processes, is expected to
be highly dependent on the ash content and the
characteristics of the raw material.

3.2. Preparation of activated adsorbents
3.2.1. Carbonization

Table 4 summarizes the efficiency of the carboniza-
tion process for each sample. The efficiency is calcu-
lated as the weight percent of the carbonized material
produced from the starting sludge sample. The effi-
ciency of the carbonization process decreased slightly
when SW is used as a starting material compared to
sample S, with calculated efficiencies of 45.58 + 0.50%
and for S and 41.22 +0.50% for SW when used as
starting materials. The slight decrease in efficiency
was attributed to the presence of smaller amounts of
inorganic salts in sample SW during the preliminary
washing step.

Table 4

The efficiency of the carbonization process for different
carbonized products. S-C: carbonization of final stage
sludge and SW-C: carbonization of washed sludge

Sample Starting material Efficiency (%)
S-C1 S 45.58
S-C2 S 45.02
SW-C1 SW 41.22
SW-C2 SW 40.70
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3.2.2. Characterization of the carbonized samples

The pH and conductivity of the carbonized
samples are summarized in Table 5. The electrical
conductivity of the leachate of samples SW-C1 and
SW-C2 were lower than those of samples S-C1 and S-
C2. This is expected due to the pre-washing treatment
of the staring material. Samples SW-C1 and SW-C2
were prepared from sample SW and therefore are
expected to have lower conductivity since some ions
leached out during the washing process. It is
important to note that all four samples displayed basic
pH. This could be due to the presence of basic metal
oxides.

3.2.3. Activation

S-C1 and SW-C2 were activated and labeled as S-A
and SW-A. The efficiency of the activation processes
was 27.42 + 0.50% and 26.54 + 0.50% for S-A and SW-
A, respectively (Table 6). When compared to car-
bonization process, the activation efficiencies are much
lower, potentially due to the degradation of the sam-
ple as a result of the chemical reaction that occurs
between potassium hydroxide and the surface.

3.2.4. SEM/EDS Analysis of the activated samples

EDS analysis on the activated samples was used to
determine the elemental composition of their surfaces.
As shown in Table 7, heavy metals as well as alkali
and alkaline earth metals were found. The carboniza-
tion and activation processes eliminate a significant

Table 5

pH and EC of different carbonized samples. S-C: car-
bonization of final stage sludge and SW-C: carbonization
of washed sludge

Sample pH +0.01 EC (uS) £ 0.1
S-C1 8.65 290.0

s-C2 9.43 326.0

SW-C1 9.72 183.4

SW-C2 9.63 178.6

Table 6
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Table 7

Surface elemental composition of the activated samples
(mg/g sample). S-A and SW-A are the activated samples
produced from final stage sludge and washed sludge,
respectively

Element S-A SW-A
C 551 679
(@] 337 252
Si 85.6 48.1
Fe 7.80 1.30
Cl 7.05 0.80
S 2.65 8.10
P 2.40 3.05
Ti 2.00 4.85
Al 1.15 0.05
Cu 0.90 B.D.
Zn 0.90 B.D.
Cr 0.70 1.00
Na 0.30 0.10
K 0.25 0.55
Ca 0.25 0.60
Ni 0.20 0.10
Pb 0.15 0.35
Mg 0.10 0.10
Mn 0.10 0.20
Sr B.D. B.D.

Note: B.D.: Below detection limit.

amount of the inorganic content resulting in a notice-
able increase in the organic (carbon) content. Hence,
carbon was found at high percentages followed by
oxygen and silicon. Other elements such as phospho-
rus, sulfur, titanium, and iron are present in moderate
amounts ranging from 2.65 to 7.80 mg/g in S-A and
1.00 to 8.10 mg/g to 1.00 mg/g in SW-A.

3.2.5. Nitrogen sorption isotherms

Fig. 3 shows the nitrogen adsorption/desorption
isotherms which were determined at 77 K for both
S-A and SW-A. The minimal hysterisis between the
two curves at high P/P, in SW-A indicates that the
activated carbon is mainly microporous. On the other

The efficiency of the activation process. S-A and SW-A are the activated samples produced from final stage sludge and

washed sludge, respectively

Sample Starting material Carbonized sample Efficiency (%)
S-A S 5-C1 27.42
SW-A SW SW-C2 26.54
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Fig. 3. Adsorption/desorption isotherms of N, at 77 K for
KOH activated samples, S-A and SW-A.

hand, the slightly larger hysterisis is observed at high
P/P, in S-A indicating that the pores on the surface of
the sample are large. The results observed in Fig. 3
are supported by the pore-size distribution (PSD)
curves (Fig. 4) which prove that most of the pores pre-
sent in the two activated samples are micropores. The
presence of such pores indicate the effectiveness of
this activated carbon in applications that involve vola-
tile organic matters since the size of these compounds
require the presence of microporous adsorbent. For
S-A, several peaks are seen at 8.89 and 11.44 A indi-
cating that mostly micropores are formed during the
activation process. For SW-A, the peaks are seen at
1556 and at 20.07 A indicating that micropores and
some mesopores were formed during the activation
process with relatively higher micropore volume. This
accounts for the high surface area obtained for both
samples. However, S5-A has smaller pores than SW-A,
this is expected since washing the starting material is
expected to result in more opened pores.

9.E-05
8.E-05 -
7.E-05 - —S-A
6.E-05 ---SW-A
5.E-05
4.E-05 1
3.E-05
2.E-05 -

1.E-05 A

Incremental Pore Volume (cm?/g)

0.E+00

1000

Pore Width (A )

Fig. 4. Pore size distribution of the activated samples (S-A
and SW-A) using DFT.
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3.2.6. Surface area analysis

BET surface area (Sggr) was measured for both S-A
and SW-A and found to be 1,183 and 1,552 m2/ g,
respectively. The high surface area indicates the exis-
tence of microporous structure for the activated prod-
ucts. The surface area obtained in this study was
higher than that of commercially available activated
carbon and other adsorbents prepared from sewage
sludge [3,5,6,24-32]. In addition, the modification
introduced in the current work resulted in a more por-
ous adsorbent compared to the material presented in a
past study in spite of the fact that similar carboniza-
tion and activation methods were employed [30]. Such
comparison is presented in Table 8. In addition to the
type and composition of the starting material, the BET
surface area depends on the chemical reagent used for
activation and the environment inside the reaction
chamber. Since S-A and SW-A were carbonized and
activated under the same experimental conditions, the
lower surface area of S-A compared to SW-A is linked
to the difference in ash content of the starting material
as it was previously discussed in this paper. As a
result, SW and its carbonization and activation
products were chosen for further characterization.

3.2.7. SEM images

SEM images of SW-C2 and SW-A are shown in
Fig. 5. SEM images show some morphological changes
in the developed carbon after activation indicating the
formation of pores. Fig. 5(B) reveals the presence of
pores on the external surface of SW-A after chemical
activation. The pores were formed due to the release
of volatile matters and the reaction between potassium
hydroxide and the carboneous structure of the
precursor (SW-C2).

3.3. Adsorption studies

In order to test the efficiency of the newly devel-
oped adsorbent for environmental remediation, the
adsorption of lead, which represents a toxic heavy
metal, was studied. Different concentrations of lead
were used to generate an adsorption isotherm while
keeping the mass of the activated sludge adsorbent
constant. Toth isotherm was constructed to determine
the maximum adsorption capacity of SW-A sample
(Fig. 6). It was found that the data fits well on Toth
isotherm with correlation coefficient of 0.93. The fitting
parameters of the Toth isotherm were used to estimate
the maximum adsorption capacity of SW-A which was
calculated to be 95 mg/g. This value is much larger
than the value reported in a previous study that
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Table 8
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BET surface area (m?/g) for different activated samples. AC stands for commercial activated carbon. S-A and SW-A are
the activated samples produced from final stage sludge and washed sludge, respectively

Study S-A

SW-A

Rehman, S [30] Commercial AC [17]

Sample surface area (m*/g) 1,183

1,552

838 500-1,500

SEM HV: 2000 kV W 15.84 mm
YES_S4C_1000x-2 | Date{midyk 040014
YES_S4C_1000x.2
OA

Performance in nanospace

(A)

i VEGAD TESCAM

W 15.55 mm 20 pm

Dateimidy): 047814 Performance i nanospace

(B)

Fig. 5. SEM images taken at 1,000 for (A) the carbonized sample, SW-C and (B) the activated sample SW-A.
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Fig. 6. Fitting for Toth adsorption isotherm for SW-A.

employs a similar carbonization and activation
method where the maximum adsorption was esti-
mated to be 49.2 mg/g [30]. The parameters that cor-
respond to the fitting of the adsorption to the chosen
isotherms are summarized in Table 9. Since the BET
surface area of the developed material in a previous

study was 838 m?/g [30], there seem to be a good
correlation between the surface area and the
adsorption capacity using Toth fitting isotherm.

3.4. Energy content

Based on the unique properties and potential
applications of SW, the energy content of the starting
raw material (SW) and the tar produced throughout
the carbonization process were measured using a
bomb calorimeter. The goal was to evaluate the poten-
tial of generating energy within the process. The
energy content of the tar was found to be 38.1kJ/g,
whereas the energy content of SW was found to be
14.8 kJ/g. The energy content of the tar is comparable
to that of different forms of fuel including ethanol
(30.0 kJ/g), crude oil (46.3kJ/g), and anthracite coal
(32.5 kJ/g) [39]. Therefore, the tar can be collected and
used as an alternative source of energy. There was no
ash residue after the combustion of tar indicating a
complete and efficient burning.
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Table 9

The fitting parameters for Toth isotherms

Toth

K; (mg/g) a, t

95 0.80 0.21

4. Conclusions

This paper reports the successful production of a
new adsorbent material using sewage sludge through
a novel process. The different sludge samples con-
tained high concentration of zinc, compared to other
metals. Washing the sludge with deionized water pro-
duced an activated sludge of higher micropores size
than that produced from unwashed sludge. Based on
the ash content and CHN analysis, it can be concluded
that SW is the best sludge sample for production of
adsorbent materials. S had the higher carbonization
efficiency than SW. The carbonized samples were
basic in nature. Activation efficiencies were lower than
the carbonization efficiencies. Nitrogen sorption iso-
therms revealed that most of the pores are micropores.
The surface area of the activated sample that was pro-
duced using the washed sludge sample is 1,552 m*/g
compared to 1,182 m?/g for the activated sample that
was produced using un-washed sludge sample. More-
over, the prepared carbon material proved capable of
removing lead from water. Toth isotherm was capable
of fitting lead adsorption results. The tar produced in
the carbonization process had an energy content of
38.1kJ]/g and thus it can be used as a source of
energy. Finally, the results of this study provided an
efficient and environmentally friendly management
method for sewage sludge.
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