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Abstract In the present study, sewage sludge (SS) was
applied for the preparation of activated carbons (ACs) by
chemical activation with phosphoric acid (H;PO,) and
acid (HCl, HF) and base (NaOH) washing as post-treat-
ment steps were employed to eliminate the mineral matter
and other impurity composition of sewage-sludge based
ACs. The post-treatment methods under study for the AC
include: (1) the as-prepared AC by chemical activation with
H;PO, (aAC) was soaked with sodium hydroxide solu-
tion (NaOH), (2) the as-carbonized SS (cAC) by chemical
activation with H;PO, was soaked with sodium hydroxide
solution (NaOH), (3) the aAC refluxed with hydrochloric
acid (HCl), washed with NaOH solution and then soaked
with HCI, (4) the aAC refluxed with NaOH, washed with
HCI and then soaked with NaOH, and (5) aAC refluxed
with HCI and then autoclaved with hydrofluoric acid (HF).
The resultants ACs were characterized by scanning electron
microscopy (SEM), the standard Brunauer-Emmet-Teller
method (BET), FT-IR spectroscopy and X-ray fluorescence
(XRF). The results of FT-IR demonstrate that the proper-
ties of the post-treated final products are dependent on the
method used and that it contains similar functional groups
to those present in the untreated AC, but at a higher peak
intensity. XRF results indicated that refluxing AC with HF
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removed the impurities and decreased the percentage com-
position of silicon dioxide. BET surface area and pore vol-
ume of the post-treated AC were about sixty times higher
than that of aAC. The BET surface area rose from 5.58 to
511 m? g~! and pore volume increased around 13% when
compared with that of the untreated AC sample. The five
types of AC showed high Cr (VI) adsorption capacities,
however, haAC adsorbed more Cr (VI) than AC.

Keywords Activated carbon - Sewage sludge - Post-
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Introduction

Activated carbons are an effective adsorbent and are exten-
sively used in wastewater treatment due to the relatively
high surface area, well-developed porous structure, favora-
ble pore size distribution, specific surface properties, high
rate of adsorption and fast kinetics of the binding (a dif-
fusion control binding) [1]. AC can be prepared from dif-
ferent carbonaceous precursors with high carbon and low
inorganic content. Some examples of these materials are
groundnut husk [2], coconut husk and palm pressed fib-
ers [3], Tamarind wood [4], eucalyptus wood [5-7], acacia
mangium wood [8], china fir wood [9], date stones [10],
coconut tree sawdust [11], rice husk [12], hazelnut shell
[13], cornelian cherry, apricot stone, almond shell, [14],
rotten potatoes [15], broiler waste [16], date seed [17]
and sawdust [18]. Furthermore, recently waste feedstock
with a high amount of inorganic matter such as carbon fly
ash from pulverized coal-fired boiler and sewage sludge
from wastewater treatment are used for generating cheap
AC, which arises from its carbonaceous nature [19-23].
The usage of sewage sludge for AC production has some
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advantages: it can manage the large volume of waste, save
the cost of waste disposal resulting in the occupation of
valuable landfill space, and decrease the cost of adsorbent
[19, 24]. AC can be produced by two main processes: phys-
ical activation and chemical activation [25]. Chemical acti-
vation compared to physical activation is more interesting
because its process is conducted at a lower temperature and
the yield of the obtained AC is greater. Several chemical
agents such as potassium hydroxide, zinc chloride, phos-
phoric acid, sulfuric acid can be used for chemical activa-
tion [26-29].

Preparation of ACs from sewage sludge by H;PO, acti-
vation decreases the cost of manufacture as well as solving
environmental problems. Recently, many studies have been
carried out to find a suitable way to convert sludge of waste-
water to AC [30]. Sludge is mainly composed of micro-
organisms, proteins, fats (soap, oil, and grease), urea, cellu-
lose, silica, nitrogen, phosphoric acid, iron, calcium oxide,
alumina, magnesium oxide and potash, peptidoglycan,
teichoic acids, and complex polysaccharides, which are not
readily biodegradable and still retain in sludge. Heavy met-
als and a wide variety of minerals are also present. There-
fore, the sewage sludge as a feedstock turned into a carbon
material by techniques of carbonization and activation, the
carbonization increased the porosity by unblocking many of
the pores obscured by volatile matter [31, 32]. The surface
area of AC derived from sewage sludge can be improved by
acid washing by partially removing the inorganic fractions
of the carbonaceous framework [30]. Acid washing can be
used as a tool to lower the inorganic content of a carbona-
ceous material through realizing the partial dissolution of
the inorganic fraction and improvement in the accessibility
of the carbon fraction. It is reported that the AC derived
from sewage sludge has a high ash content that signifi-
cantly reduced after acid or alkali washing [33]. The main
crystalline phases of the ash are reported to be SiO,, Albite
(Na(AlSi;Og)) and Anorthite (Ca(Al,Si,Og)) which sili-
con part of the compound can be removed by acid or alkali
washing, because the conjugation reaction between base
reagents and Si compounds may occur [34]. Hydrochloric
acid leaching can be used as a tool to reduce the inorganic
content and ash of a carbonaceous material through real-
izing the partial dissolution of the inorganic components.
Due to the high percentage of silica in the AC-based sew-
age sludge adsorbents, NaOH washing can also be used as
a tool to lower the silica content of a carbonaceous mate-
rial and improve the carbon fraction of activated materials
according to the following reactions [35, 36]:

M, (s) + HCl(aq) — MCl,(aq) + H,(8) 1)

Si(s) + 4NaOH(aq) — SiO}™(aq) + 4Na™ (aq) + 2H,(g)
2
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Hydrofluoric acid leaching can be used for the purpose
of the removal of silica of AC-based sewage sludge accord-
ing to the following equation [35, 36]:

Si(s) + 6HF (aq) — SiFZ_(aq) +2H*(aq) + 2H,(g) 3)

The aim of this work is to prepare the purified-AC with
pure carbon, high surface area and pore volume, and abun-
dant surface functional groups, which is expected to have
the higher pollutants uptake capacity than that with impu-
rities [37]. The effects of different H;PO, activating agent
amounts and post-treatment purification methods were
studied to optimize pore size distribution and the surface
area of AC. Furthermore, the difference in physicochemi-
cal properties between ACs that washed with acids (HCI1
and HF) or alkalis (NaOH) was investigated. The effect of
impurity removal on the formation of porous structure and
surface functional groups of treated ACs was studied.

Materials and Methods
Materials

The dewatered sewage sludge was used as feedstock for the
preparation of AC and collected from an industrial waste-
water treatment plant in Amol, Iran. The filter press is used
to remove water from digested sludge that yielded sludge
filter cakes (obtained by thickening and dewatering pro-
cess) with moisture contents of about 80%. The moisture
content was measured by drying the sewage sludge for 24 h
at 103 °C. Then, the dewatered raw sewage sludge was first
sterilized in an autoclave (H+P Labortechnik Varioklav
500E, Germany) at 120°C for 20 min in order to destroy
pathogens and other microbial population and consequently
protect human health and the environment and then dried
in a freeze dryer (OPERON, FDU-7012, Korea) for 48 h.
The average moisture content of sewage sludge after freez-
ing treatment was about 70%. The dried sewage sludge was
crushed and sieved to obtain a particle size smaller than
250 um (60 meshes).

Preparation of the AC

As described below, three different strategies for prepar-
ing five types of sewage-sludge based activated carbons by
origival H;PO, activation are demonstrated in Fig. 1.

In the first strategy, the ACs production was based on
research performed by Liou [36]. Their results showed
that the AC prepared by post-treatment (base-leaching)
has a greatly mesoporous structure. The experiments were
done as follows: first, the feedstock was impregnated with
ortho-phosphoric acid (H;PO, 85%, Merck) in weight
ratios of 1:2, 1:2.5 and 1:3 g precursor/g H;PO, at room
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Fig. 1 The process flow diagram for sewage sludge-based activated carbon preparation, all samples were carbonized in a horizontal tube furnace
for 2 h at 450 °C under nitrogen atmosphere with a flow rate of 200 ml/min and heating rate of 5 °C/min

temperature for 1 h and then dried in an oven at 110°C for
48h. After the impregnation step, the sample was carbon-
ized in a horizontal tube furnace (Nabertherm, Germany) at
450°C under nitrogen atmosphere. The heating rate and the
nitrogen flow rate were 5 °C/min and 200 ml/min, respec-
tively. The samples were kept at 450°C for 2 h. The pos-
sible residues of carbonization are removed in accordance
with the protocol used by Valizadeh et al. [38]. The AC
samples were soaked in 0.1 N NaOH for 3 h, as the pH of
the washing water reached to about 5, and then with three
liters of hot de-ionized under reflux until the pH of the rins-
ing water was neutral. The samples were filtered through
Whatman filter paper (0.45 pum) to separate the supernatant
and the AC particles [39]. The yield and the particle size of
the obtained AC were 48% and >250 pm, respectively. The
samples were named ACyp,, ACyp, 5 and ACps.

In the second strategy, the preparation of AC was based
on research carried out by Diao et al. [40]. They found that
the two-stage process of carbon production (the carboniza-
tion of the feedstock followed by the activation of result-
ing char) significantly enhanced the porosity. In this study,
first, the dried sewage sludge was carbonized at 450°C
under nitrogen atmosphere. The heating rate and the nitro-
gen flow rate were 15 °C/min and 200 ml/min, respectively,
and the sample held at 450 °C for 2h. The carbonized sam-
ple was crushed and sieved to obtain a particle size smaller
than 150 um (100 meshes). The resulting particle was then
impregnated with H;PO, in weight ratio of 2.5 g/g at room

temperature for 1h and then dried in an oven at 110°C for
48 h. After the impregnation step, the obtained sample
was carbonized at 450 °C under nitrogen atmosphere. The
heating rate and the nitrogen flow rate were 10°C/min and
100 ml/min, respectively. The samples held at 450°C for
2 h. The carbonized samples were soaked in 0.1 N NaOH
and washed with de-ionized water several times until the
pH was near neutral in order to eliminate the residual
chemical agent or other possible residues of carbonization.
The samples were filtered through Whatman filter paper
(0.45 pum) to separate the supernatant and the AC particles,
as mentioned above. The obtained sample was named base
soaked AC (bsAC).

The third strategy was carried out according to the meth-
ods reported by Ribas et al. [41] and Sandi et al. [42]. The
dried sewage sludge was first impregnated with H;PO, in
weight ratios of 1:2.5 g/g at room temperature for 1h and
the solid materials undergone post-treated in three differ-
ent procedures. The obtained samples were named aAC. In
the first method, aAC samples were refluxed in 1 N hydro-
chloric acid (HC1 37%, Merck) at 90°C for 1 h, and then
washed with 0.1 N sodium hydroxide (NaOH ISO, Merck)
for 3 h followed by hot de-ionized water several times until
the pH was near neutral in order to eliminate the residual
chemical agent or other inorganic formed species. The
samples were filtered through Whatman filter paper (0.45
um) to separate the supernatant and the AC particles. The
obtained samples were named acid refluxed AC (arAC). In
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the second method, the aAC samples were refluxed with
1 N NaOH at 90°C for 1h in order to dissolve large quan-
tities of certain mineral elements, such as Al, Cr and P.
Afterwards, they were washed with 0.1 N HCI at 90 °C for
3h and de-ionized water as mentioned above. The obtained
sample was named base refluxed AC (brAC). In the third
method, the resultant aAC samples were refluxed with 1 N
HCI at 90°C for 1h followed by 1 N HF in a Teflon-lined
stainless steel autoclave in order to eliminate the mineral
matter and large quantity of silicon of the precursor, respec-
tively. The autoclave was sealed and maintained at 90 °C
for 1h. Afterwards, the solid materials were washed with
0.1 N NaOH for 3h followed by hot de-ionized water sev-
eral times until the pH was near neutral [35]. The obtained
sample was named HF autoclaved AC (haAC). Figure 1
shows an overall flow diagram for sewage sludge-base AC
preparation.

Characterization of the Feedstock and ACs

The industrial sewage sludge was analyzed for proximate
(moisture, volatile matter, fixed carbon and ash content)
and elemental analyses (carbon, nitrogen, hydrogen and
oxygen). For the proximate analysis, moisture content was
analyzed by drying the sludge samples at 103 °C according
to ASTM D2866-94. Fixed carbon content was determined
by heating samples in a muffle furnace (Nabertherm, Ger-
many) at 900 °C for 7 min based on ASTM D5832-98. Ash
and volatile matter contents were determined by burning
the samples at 600 °C based on ASTM D2867-09 [43]. The
result of the proximate and ultimate analyses of industrial
sewage sludge is given in Table 1. The inorganic fractions
of sewage sludge were characterized by X-ray fluores-
cence (1480, Philips, Netherland). XRD patterns of carbon
materials were recorded using Philips X-ray diffractometer

Table 1 Ultimate and proximate analysis of the municipal sewage
sludge

Proximate analysis, wt% Value
Moisture 7.37
Volatile material 57.94
Fixed carbon 4.20
Ash 30.48
Ultimate analysis, wt%

C 34.95
H 5.31
N 6.32
S 1.75
(0] 51.67
HHV MJ/kg 14.32
LHV Ml/kg 12.60
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(Netherland) operated at a scan range of 1° with CuK radia-
tion and a Ni filter. The diffraction profiles were obtained in
the scan range (20) of 5-80°. The porosity characterization
of the prepared ACs including surface area, pore volume,
the extent of the micro- and mesoporosity, and the average
pore diameter was determined by the Brunauer-Emmett-
Teller (BET) method using the adsorption isotherms
obtained at 77 K using ASAP2010 analyzer (Micromeritics
Instrument Corp., USA). The total pore volume (V) was
determined by the Barrett-Joyner-Halenda (BJH) method
[44]. The micropore volume and average pore width were
determined by Dubinin-Radushkevich (DR) equation.
The mesopore volume was calculated by subtracting the
micropore volume from the total pore volume. The sur-
face morphology of AC sample was observed by scanning
electron microscopy (SEM, EM3200, KYKY, China). The
surface functional groups of samples were also examined
with Fourier transforms infrared spectra (FT-IR-8300, Shi-
madzu, Japan).

Results and Discussion
Texture Properties

The surface area of a porous material is one of the most
useful micro- and meso-structural parameters for defining
its properties. The N, adsorption—desorption isotherms and
pore size distributions for the five ACs are shown in Fig. 2.
The textural characteristics of ACs prepared from chemical
activation of industrial sewage sludge with H;PO, includ-
ing the BET surface area (Sggy) and the total pore volumes
(Viota)> the mesopore volume (V..) and the average pore
diameters (D,) are summarized in Table 3. The isotherm of
aAC sample (Fig. 2a) shows a type II curve according to
the TUPAC classification, exhibiting a characteristic of non-
porous or macroporous adsorbents, where unrestricted
monolayer—multilayer adsorption can occur (inside
Fig. 2b). The huge hysteresis loop in this sample indicated
the presence of a small amount of large mesopores in the
aAC sample that can be seen in the pore size distribution
curves [37]. Improvements in the porosity of char and the
surface area are needed to enable their use as adsorbents of
contaminants. Such improvements were obtained with a
combination of chemical activation and acid and/or base
wash treatments. Furthermore, the impregnation of sewage
sludge with H;PO, followed by a thermal treatment under
nitrogen gas creates cavities on the surface of the carbons
and increase its porosity and specific surface area due to the
evaporation of activating agents during carbonization [38,
45]. The Sggy results indicated that among all the samples
studied, ACyp,, ACyp, 5 and ACyp; had the lowest specific
surface area of less than 10 ng'l, while the bsAC had the
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Fig. 2 N, adsorption—desorption isotherms (a) and pore size distri-
butions (b) for the aAC, bsAC, arAC, brAC and haAC samples

greatest one of 635 m2g~!. This was likely caused by the
high Sy associated with the based-washed activated car-
bon. For the four AC samples, namely aAC, arAC, brAC
and haAC, the Sppr were proportional to their LOI
(Table 3). The greater Sy for bsAC compared to the other
aforementioned samples could be a result of the lower LOI
in this AC because the obtained AC had greater microporo-
sity than other AC samples. The isotherm of bsAC (inside
Fig. 2a) showed the type IV curve behavior with a hystere-
sis loop, indicating the presence of microporosity and mes-
oporosity (Fig. 2b). For arAC, brAC and haAC samples
(inside Fig. 2a), the N, adsorption showed the type V curve
behavior with a hysteresis loop, indicating the presence of
mesoporosity (Fig. 2b). It should be noted that their higher
specific surface area and narrow pore volume were charac-
terized for the presence of mesoporous structures in the
synthesized samples using acid and base refluxed and HF
autoclaved of aAC as a post-treatment method. As shown
in Table 3, the total pore volume (V,,) of sewage sludge-
base AC derived by chemical activation of H;PO, was in

the following order: AC,yp>AC, syp > AC;yp. It can be
seen from Table 3 that sewage sludge based ACs obtained
by soaking with NaOH (samples ACyp,, ACyp,s and
AC;;py), exhibit Sppr ranging from 5 to 10 m*/g, while
applying a post-treatment step by refluxing with HCI and
NaOH and autoclaved with HF (arAC, brAC and haAC
samples) resulted in AC with a Sggy up to 472, 432 and
511 m?/g. The two essential steps in the preparation of AC
are carbonization and activation. In the activation step, the
sewage sludge is impregnated with H;PO, as a dehydration
agent. In the process of activated carbon production, H;PO,
was transformed by the dehydration, depolymerization and
decomposition reactions during carbonization and converts
to H,P,O; and H,,,P, 05, [46]. Phosphoric acid causes
oxygen and hydrogen atoms in the sewage sludge to con-
vert water vapors rather than oxygenated compounds or
hydrocarbons. During the carbonization step, the removal
of volatile matters as well as other complex reactions like
the formation of double bonds, polymerization and conden-
sation take place. In the after effect activation step, acti-
vated agents are mixed with the carbonized char to assist
activation. At the end of the activation step, a large pore
volume AC with a high surface area results. We found that
the treatment of carbonized sewage sludge with the H;PO,
(2.5) after carbonization increased the specific surface and
porous volume significantly compared with sewage sludge
based ACs obtained by soaking with NaOH (samples
ACyp,, ACyp, s and ACpps). Table 3 also shows that the
maximum value of Sgpr of 635 m%/g for bsAC sample
obtained from chemical activation with 2.5 g H;PO, of and
then soaked with 1 N NaOH. The reasons for this are
described as follows. From Table 1, the ash content of
industrial sewage sludge is high (above 30.48%) and the
carbon content of wood biomass [38] was higher than that
found for sewage sludge, exhibiting around 43% of dry
mass compared to 34.95% for sewage sludge. From Table 2,
the XRF measurement also shows that sewage sludge
mainly consists of silica, alumina, iron oxides, and alkaline
and alkaline earth metals. As can be seen from Table 2, in
this study, the aAC samples were refluxed with HCl and
NaOH and autoclaved with HF in order to remove the
impurity and to reduce the silica from the aAC sample as
well as to improve the surface area and texture properties of
the final samples. Hydrochloric acid removed much of the
inorganic matter and the silica reacted with the NaOH
forming sodium silicate (Na,SiO;) solution. Also carboni-
zation before impregnation leads to the development of
pore structure. It can be concluded that refluxing the aAC
sample with HCl and NaOH and autoclaving with HF are
an appropriate procedure to reduce inorganic content of the
aAC, resulting in improvement in a BET surface area [47].
A high ash content of the feedstock severely limits the
development of porosity over the pyrolysis process [48]. In
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Table 2 The loss on ignition

. > Component, wt.% Raw SS cAC bsAC aAC arAC brAC haAC

[24], chemical composition

of the raw municipal sewage LOI 73.03 47.60 48.12 62.16 65.47 57.74 66.60

zld‘;f)‘f; ZZ&;?:sur“ed activated -\ o 3.95 4.49 2.08 3.07 122 043 0.12
MgO 3.15 3.63 0.98 2.48 111 0.55 0.47
ALO, 6.57 7.71 1.14 5.27 1.29 1.11 1.03
Si0, 2271 26.42 12,51 18.08 12.97 13.81 2.80
P,05 14.16 15.96 6.00 10.92 6.76 21.14 23.07
SO, 15.11 531 3.65 3.63 4.11 2.27 1.97
K,0 1.68 1.90 0.12 1.30 0.14 - -
CaO 17.58 18.85 1.79 12.90 2.02 0.16 0.09
TiO, 0.79 0.90 0.42 0.62 0.47 0.14 0.15
Fe,0, 10.36 10.81 372 7.40 4.19 2.45 3.45

Table 3 The textural properties of prepared activated carbon from
N, adsorption—desorption isotherms

Samples V1 Vimesor D,nm V ../ SgET mz/g
em’/g cm’/g Vot %

ACyp, 0.052 0.045 37.05 87 5.58

ACypyrs  0.06 0.055 19.59 92 10.15

ACyp;  0.064 0.054 3231 84 791

bsAC 0.496 0.303 3.13 6l 635

arAC 0.573 0.446 485 78 472

brAC 0.616 0.528 5.70 86 432

haAC 0.608 0.480 476 80 511

addition, the induced thermal decomposition of the non-
carbon elements, such as the inorganic components that are
present in the forms of oxides or salts in sludge, also serves
to develop the porous structure through their release as gas-
eous volatile products [49]. In this study, the sludge pyroly-
sis was performed before impregnation in order to reduce
mineral matter. Ros et al. [S0] observed that HCI treatment
leads to a significant increase in Sy from 13 to 188 m%/g
due to the removal of much of the inorganic materials and
enhancement in the availability of the carbon fraction. Lin
et al. [51] also determined the Spgy of 118 m%g for the AC
based municipal sewage sludge. In their study, sewage
sludge was refluxed with 3 M HCI, then activated with
H;PO, and finally carbonized in a tube furnace. However,
Zhang et al. [52] and Wang et al. [53] obtained the AC with
the Sppr about 289, 290 m2/g, respectively, from activated
sewage sludge with H;PO, chemical activation using post-
treatment with NaOH for elimination of soluble ash frac-
tions. Generally, the AC is prepared from industrial sewage
sludge that has a low Sggp compared to commercial AC
(400—1000 m?/g). This can be attributed to the properties of
the feedstock, including the high ash content and low
organic materials, the greatest of which, carbonaceous frac-
tion, contributes to creating the porosity of AC [54]. The
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textural properties of the AC such as pore volumes are
dependent on the ash content of raw material. The total
pore volume of bsAC, arAC, brAC and haAC samples are
observed above 0.496, 0.573, 0.616 and 0.606 cm3/g, indi-
cating a significant increase in its porosity compared to the
other three ACsamples (the samples containing high ash).
Thetotal pore volume determined by BET was ten times
higher compared to three other ACs. It should be noted that
the post-treatment of aAC sample by HCI, NaOH and HF
corresponded mesopore AC in the range of 3—-6 nm. In
comparison to other studies, the Sggpr of the AC derived
from different types of sludge was reported to be 359 [55],
and 141 [56], 82 [43] and 103 mz/g [57]. However, Zhang
et al. [52] and Wang et al. [53] obtained AC with Sgpr of
about 289 and 290 m?/g, respectively, from sewage sludge
with H;PO, as activated agent and post-treatment with sew-
age sludge-based AC soaked with NaOH (bsAC). Further-
more, Sppr of 511 m%g was obtained from sewage sludge-
based AC autoclaved with HF to reduce Si and then
refluxing with HCl to reduce metal residues. However, the
highest mesoporosity percentage of 86% was obtained for
sewage sludge-based AC refluxed with NaOH (brAC). As
shown in Table 3, the average pore diameter (D,) of these
AC was in the following order: brAC>arAC>haAC>
bsAC.

SEM study

Figure 3 shows the surface morphology of AC samples
was observed by SEM micrographs. It can be seen from
Fig. 3a—c, as impregnation ratio increased from 1:2 to
1:3 g/g, the surface is gradually cleaned and the pore struc-
ture becomes more homogeneous. As can be seen from
Table 2, based on the XRF analysis, some inorganic spe-
cies such as Na,O, MgO, Al,0; SiO,, P,05 SO; K,0,
CaO, TiO, and Fe,0j; are present in the sewage sludge and
described as impurities. In the carbonization process, the
amount of some of these impurities such as SiO,, Fe,0;,
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P,O5 and CaO was increased. The impurities on the sur-
face of AC resulted in a very large pore structure (inside
Fig. 2b), which is due to undesirable side reactions, and
thus AC should be acid/base washed before use. In other
words, the mesopore distribution, a very low SBET
(Table 3) and different shape of ACs obtained (Fig. 3) can
likely be attributed to the metal compounds. On the other
hand, the leaching of the inorganic fractions by acid and
base soaking as well as the refluxing by the specific acid on
the surface of the pyrolyzed phase particles is required to
clean non-condensable fraction and the porosity on an AC
prepared from sewage sludge. However, SEM of Fig. 3a—c
indicated that surface morphology and large pore structure
may lead to an increase in the adsorption capacity of pol-
lutants from aqueous solution. As is clear from Fig. 3d—g,
there are some spherical shapes on the surface of the AC
samples. The new small pores are formed, indicating more
removal of mineral matters and silica in theses samples. It
can be observed that the AC samples obtained using post-
treatment with acid and base have smaller particle sizes.
According to literatures, the carbons prepared from the
smallest particle size generally possess a higher yield and
porosity due to high external surface area to contact with
the chemical reagents as well as a weaker resistance for
intraparticle diffusion of the reagents [36, 58]. However,
bsAC, arAC and brAC samples with acid and base reflux-
ing appear to contain particles in the form of spherical in
the micrometer range (Fig. 3d—f).

XRF and XRD Analyses

Sludge is the byproduct of industrial wastewater treatment
and used as feedstock for activated carbon production. The
amounts of chemical composition and loss on ignition [24]
test were determined. Major oxide analysis by XRF was
carried out on 1.0 g of samples. LOI test is generally used
for estimating the unburned carbon content and organic
matters of the feedstock and was determined using a gravi-
metric method for raw sludge and unburned carbon based
on the weight loss at 550°C for samples dried at 103°C
[59]. Table 2 shows the chemical compositions of raw sew-
age sludge (raw SS), carbonized sewage sludge (cAC) and
H;PO, impregnated with cAC and followed by soaking
in 0.1 N NaOH (bsAC), as-prepared AC (aAC), refluxed
aAC with 1 N HCI (arAC), refluxed aAC with 1 N NaOH
(brAC), and refluxed aAC with 1 N HF (hrAC). As can be
seen in Table 2, the LOI of sewage sludge and all as-pre-
pared ACs were more than 47%. The results of LOI over-
estimate the amount of organic matter not only due to the
burning of organic carbon, but also due to other possible
reactions such as calcination of inorganic carbonates, des-
orption of physically and chemically bound water, and oxi-
dation of sulfur and iron minerals [60]. Beside the results
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of XRF analysis is shown in Table 2, the raw sewage sludge
has a high content of Al,O;, Fe,O5 and CaO due to the use
of alum, ferric salts, and lime in the wastewater treatment
and SiO, which could affect the textual morphology of
produced AC [61]. High content of sulfur dioxide (SO,) in
raw sewage sludge indicates high sulfur-rich of wastewater
sample and high levels of oxides of sodium and potassium
(sodium oxide and potassium oxide) alkalis show com-
pounds of sulphates such as potassium sulfate and sodium
sulfate (Table 1). XRF results of raw sewage sludge showed
that trace amount of Mn, Ni, As, Sr, Zr, Ag, Ba, and Pb
was retained in the sewage sludge (data not shown). The
cAC char showed reduction in LOI and enhancement in
Na,0, Al,0;, SiO,, P,05, Ca0, and Fe,O; compared to the
feedstock, whereas carbonization had significant effects on
ash components in the sewage sludge feedstock. Thermal
operation resulted in the accumulation of metal oxides in
cAC char, which increases considerably compared to the
sewage sludge feedstock. Table 2 shows a high amount of
Si0O, remained in aAC sample. As shown in Table 2, chem-
ical activation with H;PO, followed by additional acid and
base refluxing (arAC and brAC samples) removed signifi-
cant amounts of mineral matter. Refluxing with NaOH was
effective in removing silica where as refluxing with HCl
was effective in the removal of alkali (Na, K), alkaline (Ca,
Mg) and metals (Fe) which are inevitable in the aACs from
industrial sewage sludge. However, aAC sample refluxed
with HCI and followed by autoclaved HF (haAC) showed
that the elemental oxides determined gives P,Os containing
the highest percentage (23.07%) followed by Fe,0; (3.45%)
and SiO, (2.80%) and about 10% of the SiO, was removed
in the final products. However, acid and base refluxing of
aAC samples facilitated the elimination of the non-carbon
species and enrichment of carbon.

The XRD patterns of carbon materials (char as well as
AC materials) are shown in Fig. 4. The use of base and acid
treatments to remove impurities was desirable because their
presence may reduce the XRD peak intensity. The sharp
diffraction peak characteristics of mineral matter become
much sharper in those samples refluxed with NaOH and
HCI (brAC and arAC samples). The effectiveness of NaOH
and HCI refluxing in the removal of mineral matter is also
confirmed from the analysis of the XRF of bsAC, brAC and
arAC samples (Table 2). XRD patterns of H;PO, impreg-
nated AC (aAC) and samples of post-treated ACs (bsAC,
arAC, brAC, haAC,) are shown in Fig. 4. Sewage sludge
contains quartz as the main phase, in addition to anhydrite,
albite, and hematite minerals. Figure 4a shows that the
broad peak of XRD spectra centered at 20 = 24.21° indi-
cates the presence of amorphous components. As can be
seen from Fig. 4b, the major inorganic crystalline phases
detected in the bsAC samples by XRD are quartz (SiO,),
mullite (AlgSi,0,3), hematite (Fe,0;) and/or magnetite
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Fig. 4 XRD patterns of aAC obtained from the chemical activation
of sewage sludge and AC obtained from post-treatment of aAC by
different strategy

(Fe;0,), anhydrite (CaS0Q,), calcite (CaCOs;), lime (CaO),
potassium feldspar (KAISi;Oyg), plagioclase ((Ca, Na)(Al-
S1),0y4), and illite ((KH;0)AlL,Si;AlO,,(OH),). The XRD
spectra of post-treated aAC refluxed with HCl (arAC)
reflect the presence of silicon oxide species (SiO, and
Si,03) characteristic peaks at 20 angle of 31.035°asso-
ciated in peaks at 20 values of 27.8, 39.72 and 49.17°,
H;PO, related to peaks at 20 values of 17.77, 27.98 and
36.18°, pyro-phosphoric acid (H,P,0,) related to peaks
at 20 values of 21.39 and 35.38°, H;PO;; assigned to
peak at 20 values of 26.94, 28.53, 30.41°, as major com-
ponents (Fig. 4c). Figure 4d shows that XRD peaks were
located at 20=32.05, 34.17 and 38.650 detected for mul-
lite, hematite and quartz crystalline phases, respectively,
and accompanied by the disappearance of related zeolite
phases due to the silicon elimination during reflux with
base and other mineral impurities during washing with acid
in brAC sample. Figure 4e shows that Zeolite X and Y was
detected at 20=30.61°, followed by faujasite observation at
20=26.93°. XRD conducted on haAC sample also showed
related phases such as sodalite, analcime and sodium sili-
cates relocated at 20=43.58, 47.97 and 49.21°. In the
treated sample of haAC, the remaining silicon oxide (SiO,)
crystals in aAC sample have removed other crystalline
components because most probably the acid concentration
used was sufficient [62]. In addition to diffraction peaks
mentioned earlier, the authors have also observed that small
diffraction peaks at 20 values of 10 and 22° was character-
istic of the presence of the amorphous nature of the lignin
in the AC samples.

FT-IR Analysis of the Surface Functional Groups

Infrared spectroscopy is an important technique and it is
an easy way to identify the presence of certain functional
groups in a sludge-based AC. The FT-IR spectra can pro-
vide valuable information about the surface chemistry
of the adsorbent. Figure 5 illustrates the FT-IR spectra of
surface functional groups on the ACs prepared with differ-
ent impregnation ratios of H;PO, and also samples treated
with acid and base. As shown in Fig. 5, the FT-IR spec-
tra show that approximately all AC samples activated with
H;PO, contained similar bands and also all post-treated
AC samples contained similar bands, indicating that there
were similar functional groups among them. By comparing
the untreated and post-treated samples, the FT-IR spectra
exhibit visible changes after purification which is related
to the surface structural changes in the solid matrix. For
instance, chemical activation by phosphoric acid, the acid
reacts with the precursor to thermally decompose and form
activated carbon products. This leads to bond weaken-
ing and formation of cross-linked structure. It reduces the
release of volatile materials, restricts tar formation and loss
of porosity. In addition, the effect of the added chemicals
leads to lower activation temperature and higher carbon
yields. FT-IR peaks showed an obvious increase in the peak
intensity of AC samples, indicating how the experimental
conditions affect the surface chemistry of the AC samples.
The absorption bands at 1087, 1103, 1126 cm™" in ACyp,,
ACyp, 5, ACyps samples corresponded to the existence of a
C-0 single bond in carboxylic acids, alcohols, phenols, and
esters, or the P=0 bond in phosphate esters, O—C bond in
P-O-C linkage, and P=0OOH bond the P-O-P or C-O
stretching vibration [63]. Figure 5(a—d) shows a transmit-
tance band around 520 cm™!. This band can be associated
with oxidized metal species (oxygen interstitial), which dis-
appears after post-treatment with acid and base Fig. 5(e-h),
which is indicative of the removal of metal oxide in AC
samples. The sharp peaks appearing at 1026 cm™' of cAC
sample can be attributed to Si—O-Si structuring vibration,
representing the existence of silicate functional groups
[49]. Although this vibration band at 972 cm™' ACyp,,
ACyp, s and ACpp; samples appeared different from the
AC sample without impregnation (cAC). With an increas-
ing impregnation ratio, the band at 1126 cm™' becomes
obvious, whereas the intensity of the other bands men-
tioned above decreased gradually. The decrease could
be due to the higher degree of carbonization for the sam-
ples with a higher impregnation ratio as it can be valued
by the lower intensity of C=0 at 1670 cm™'. The band
appeared at 2291, 2306, 2314, and 2368 cm™! of ACyp),
ACyps 5, ACyps and all post-treated samples associated to
O=C-H stretches in aldehydes. In addition, the vibration
bands located at 1042, 1080, 1088 and 1080 cm™ " in bsAC,
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Fig. 5 FTIR spectra of the activated carbon samples

arAC, brAC and haAC samples can be ascribed to stretch-
ing modes of Si—O-Si [37]. In our samples, these spectra
also show the transmittance bands associated with bending
(around 800 cm™') and rocking (around 450 cm™ ) vibra-
tion modes of the Si—-O-Si bonds in SiO,. Furthermore, the
peaks at 680-700 cm™~! are an indication of Si-Si bonds.
It should be mentioned that changes in their intensity and
position were related to structural vibration in the silicon
oxide particles when the impregnation ratio and silicon
amount in the samples were varied. In these spectra, the
band at 3734 cm™! is due to the —OH stretching mode of
the isolated silanols. The peak at 1620 cm™! in the spec-
tra of all AC samples was assigned to the C=0O stretching
vibration of carbonyl groups [64]. In addition, all of the
spectra of AC samples show the band at about 3400 cm™!,
which corresponded to the O—H stretching vibration of the
hydroxyl functional groups [65]. For post-treated samples,
the band at 3448 cm™! indicated the presence of O—H at
alcohols or phenols [65]. As illustrated in Fig. 5, peaks at
563 and 771 cm™! assigned to the asymmetric Si—O-Si
and symmetric Si—O-Si stretching, respectively, weaken in
treating sample at 1026 cm™". A stronger band was further
detected at 1050 cm™!, which is attributed to the structure
of either Si—-O—C functional group. The peak at 3400 cm™!
corresponds to stretching vibration of the hydroxyl groups.
But despite stages of washing and refluxing, groups of
silanol (Si—~OH) at peak 3600 cm™! remains.
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Comparison with other AC

The comparison of the AC prepared in this study with other
carbons reported in the literatures was shown in Table 4. As
shown in this table, the maximum of BET surface area in
this study from sample bsAC reached 635 m?%g, while the
AC exhibited a BET surface area of only 5-10 m*/g with-
out the acid or base leaching steps. The greatest improve-
ment in the BET surface area was achieved in compari-
son to AC-based fertilizer derived from municipal sludge
(41 m%/g) after HCl washing step [66], AC-based dewa-
tered aerobically digested municipal wastewater treatment
plant (188 m?/g) [50]. A study has reported that the BET
surface area can reach 289 m%/g for AC-based municipal
sludge after washing with NaOH [52]. In another study, the
sewage sludge AC had higher BET than that obtained by
Bagreev et al. [67] whilst in the three stage washing with
HCI (193 m?%g). To explain, the AC was then mixed with a
further acid-wash step which is evidently attainable in order
to improve the efficiency of removing the inorganic frac-
tion. Until now, no studies were performed on HF wash-
ing of sewage sludge-derived AC, which leads to a high
BET surface area of 511 mz/g. In this work, the raw sew-
age sludge was found to be a potential source of producing
sewage-sludge based AC as an adsorbent, haAC sample,
for Cr (VI) uptake was performed. The result achieved the
maximum uptake capacity of 94.54 mg/g for an initial Cr
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Table 4 Effect of acid and alkali-washed on Syt of obtained ACs by various carbonization conditions
Sludge type Temperature, Activation Heating rate, Acid/alkali- Sgpr> M2/ Ref.

°C time, (h) °C/min washed
Pyrolyzed terrene (fertilizer-derived SS) 400 0.5 10 HCI 41 [66]

800 1 10 HC1 193 [67]
SS-based AC 700 0.5 15 HC1 188 [50]
Pyrolyzed SS 700 0.5 15 HC1 428 [33]
Dehydrated SS-based AC 600 1 10 HC1 475 [68]
TSS 400 2.5 5 HC1 80 [69]
Organic SS-based AC 650 1 10 NaOH 289 [52]
biological sludge-based AC 700 0.5 15 HCl 253 [70]
Carbonized SS 800 1 10 HC1 193 [67]
Sewage sludge 550 1 10 HC1 186 [71]
Municipal sewage sludge 600 0.5 - HCI 432 [72]
Biochemical sludge-based AC 550 2 5 HCI 115 [73]
Surplus sludge-based AC 145
Municipal SS-based AC 450 2 15 HF 511 This study

NaOH 635

(VI) concentration of 100 g/l at 0.4 g/l adsorbent dosage,
120 min contact time and pH 3. The results of this study
showed that a thermo-chemical conversion process of sew-
age sludge to carbon, significantly reduce the sludge vol-
ume produced in the industrial wastewater treatment plant,
eliminate the need for further treatment of sludge, reduce
hauling and disposal costs and land filling and incinerat-
ing the sludge, and reduce transportation costs. Therefore,
a comparative analysis of performance and cost of the AC
adsorbents should be carried out to understand the process
efficiency and mechanism.

Conclusions

ACs were prepared from the industrial sewage sludge by
chemical activation with H;PO, followed by post-treat-
ment with acid and base. The inorganic fractions had an
additional negative effect on the porosity, surface, tex-
tural and morphological properties of producing AC. The
XRF, XRD, BET and FT-IR techniques confirmed suc-
cessful elimination of the mineral fraction on AC sam-
ples. The post-treated samples have remarkably higher
BET surface area, and total pore volume compared to the
untreated AC samples. The pore size distributions of the
untreated AC samples were mainly in the mesopore range
of 19.59-37.05 nm, however the average pore diameter of
post-treated was mainly distributed in the mesopore range
of 3.13-5.70 nm due to the elimination of the mineral mat-
ter and other impurity composition of precursor. From the
results, it could be noticed that the preparation conditions
of acid and base post-treated AC from industrial wastewater

sewage sludge by H;PO, activation affected well textual
properties, surface chemistry and metal oxide content
of sludge-based AC and its efficiencies in the adsorptive
purification of Cr (VI). Therefore, there may be a possible
alternative method to dispose sewage sludge by produc-
ing AC and experimental results showed that the textural
properties of sewage sludge-based AC can be improved by
acid and base post-treatment method and can be applied in
wastewater treatment.
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