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NEW RAY ON REMEDIATION OF HIGH RINGS POLYCYCLIC AROMATIC HYDROCARBONS:
REMEDIATION OF RAW PETROLEUM SLUDGE USING SOLIDIFICATION
AND STABILIZATION METHOD

Solidification/Stabilization (S/S) method with cement as a binder to remediate metals in petroleum sludge has been suc-
cessfully proven. However, this technique has not yet been explored to remediate organic contaminants since a high concentra-
tion of Total Petroleum Hydrocarbon (TPH) was also detected in the sludge. This study focuses on remediating 16 Polycyclic
Aromatic Hydrocarbons (PAHs) compounds in raw petroleum sludge with Portland cement as a binder using the S/S method.
The initial concentration of 16 PAHs in the raw sludge was first measured before the performance of the S/S method to remedi-
ate the PAHs were evaluated. The S/S matrices were tested for leaching behavior and strength after 7 and 28 days by air cur-
ing. The leaching test was measured using the Toxicity Characteristics Leaching Procedure (TCLP), and the remaining PAHs
concentration in the matrices was analyzed using a Gas Chromatography-Mass Spectrometer (GC-MS). In the raw sludge, all
16 PAHs compounds were below the standard limit except for Benzo(a)anthracene, Benzo(a)pyrene, Dibenzo(ah)anthracene, and
Indeno(1,2,3- cd_pyrene), which are considered as high rings PAHs. The high rings PAHs show lower concentration in leachate
than low rings PAHs, which indicates the potential of the S/S method in remediating high rings PAHs. The high sludge ratio in
S/S matrices has shown that the percentage strength is increasing, similar to Portland cement. Therefore, this study contributed
to the possibility of the S/S method in the remediation of PAHs in petroleum sludge by using only Portland cement as a binder.

Keywords: Remediation; Solidification/stabilization; organic contaminant; hazardous waste

1. Introduction

Nowadays, in Malaysia, the growth of petroleum industries
leads to an enormous amount of hazardous waste that mostly
comes from petroleum refineries [1]. The production of petro-
leum has generated a huge amount of waste, including petroleum
sludge from the bottom tank, petroleum wastewater, and drilling
fluid. The amount of the sludge produced reaches the capacity
of 105,000 barrels per day with 50 tons of oily sludge per year
[2]. Petroleum industries have contributed 32% of the world’s
energy sources, and it is expected to remain the main source
for the next two decades [3]. Commonly, sludge is made up of
hydrocarbon, asphaltenes, paraffin, water, and inorganic solids,
which contain sand, iron sulphides, and iron oxides [4]. Besides,
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the conditioned sludge is changed when crude oil properties are
changed. In addition, petroleum sludge is recorded as hazard-
ous waste based on Resources Conservation and Recovery Act
(RCRA) [5].

In environmental pollution, organic and inorganic con-
taminants become issues worldwide that need to be a concern.
Inorganic contaminants such as heavy metals and organic con-
taminants such as pesticides, polycyclic aromatic hydrocarbons,
herbicides, endocrine disrupting compounds, pharmaceuticals,
and other compounds usually can be found in ground/surface
water, wastewater, soil, sludge, and other media [6,7]. For pe-
troleum sludge, it contains various toxic in a hydrocarbon such
as aliphatic hydrocarbons and polycyclic aromatic hydrocarbons
(PAHSs). It was reported that about 40-52% alkanes, 28-31%
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aromatics, 8-10% asphaltenes and 7-22.4% resins compound
contain in petroleum sludge [8,9]. Organic contaminants in pe-
troleum sludge have mutagenic and carcinogenic properties [ 10].
Based on the United States Environmental Protection Agency
(USEPA) list, 43 organic contaminants are considered potential
environmental health [11]. Organic contaminants in petroleum
sludge were measured as total petroleum hydrocarbon (TPH)
are in the range of 510,000 to 640,000 mg/kg [12]. Therefore,
in ecological agriculture, untreated petroleum sludge is prohib-
ited from disposing of in landfills due to the high content of
contaminants [ 13]. Thus, the remediation of petroleum sludge is
needed to ensure heavy metal and organic contaminants within
tolerated limits are disposed.

PAHs are compounds that consist of carbon and hydrogen
atoms. It is a combination of two or more benzene rings bonded
and a pair of carbon with a fused aromatic ring that shares in
some molecules [14]. PAHs have become one of the environmen-
tal concerns as a primary pollutant because they can affect the
aquatic food chains [14,15]. The higher spread PAHs are always
from the production of all types of combustion of organic materi-
als and anthropogenic sources [16]. In addition, the increasing
industrial development contributes to the increase of PAHs in the
natural environmental [17,18]. According to Jaturapitakkul et al.,
the high toxicity of PAHs might be affected by the metabolism
and photo-oxidation, where toxic produced more in the presence
of ultraviolet light. From a health effect perspective, it leads to
chronic and acute sickness[19].

Recently, tremendous researchers have tried to innovate
a treatment involving sludge to decrease harm to the environ-
ment. The several methods that have been used to treat and
dispose of petroleum sludge are thermal, mechanical, biological,
and chemical method [20,21]. The most common method in the
remediation of organic contaminants is based on biological pro-
cesses. The effectiveness of the biological process depends on
the species of microorganisms known as degrading agents used
to remediate the organic contaminants [22]. The main disadvan-
tage associated with this process is the long remediation time
required to achieve the target level. Organic contaminants from
anthropogenic activities constitute a new additional compound
to the natural environment, and a smaller number of microorgan-
isms is able to use the contaminants as carbon or energy source.
This problem contributes to the low survival of microorganisms
in contaminated soil [22].

PAHs can be divided into two large groups, i.e., low rings
and high rings. For low rings, high numbers of studies were suc-
cessfully done on removing or degrading by using the biological
process. However, high rings PAHs with high hydrophobicity
and low aqueous solubility required strenuous efforts to be
completely degraded [23,24]. These characteristics also may
lead to more interaction of PAHs with non-aqueous phases such
as sludge. Thus stabilization/solidification (S/S) method which
is aimed to immobilizing contaminants by converting them into
a less soluble form (stabilization); and encapsulating them by
the creation of a durable matrix (solidification), and it may be
potential in PAHs remediation, especially for high rings PAHs

[25]. The S/S method used Portland cement, lime and ash as
a binder to treat waste treatment has mostly been studied because
it is quicker and more inexpensive.

S/S method is mostly conducted to treat inorganic contami-
nants such as heavy metals. The compound measured in heavy
metals usually is barium (Ba), lead (Pb), zinc (Zn), mercury,
chromium (Cr), arsenic (As), and nickel (Ni) [26-29]. Com-
monly, heavy metal is volatile at high temperature and condense
at a lower temperature, known as a semi-volatile compound, e.g.,
Pb, Cd, Cu, and Zn [30]. Portland cement is a common binder
used in the S/S method to treat inorganic contaminants due to
pozzolanic matter [31]. Besides, Du et al. studied the leaching
behavior of Pb using Portland cement as a binder in S/S and pro-
jected Pb was leached after adding 12-18% of Portland cement
in S/S matrices. Other studies showed that the soil contaminated
by Pb, Zn, Copper (Cu), Ferum (Fe), and Manganese (Mn) could
be treated by using Portland cement as a binder. This treatment
proved the condition of Portland cement at pH > 12 could reduce
the concentration of heavy metals as well as in alkaline condi-
tions [31,32]. The effect of lead on cement strength has shown
that the increase of lead content in S/S matrices decreases the
strength of cement strength [31,33]. Studies of the S/S method
by using geopolymers as a binder were successful in the remedia-
tion of heavy metals in hazardous waste [34]. A study conducted
by Ahmari and Zhang has successfully solidified Zn and Cu in
mine tailing [34]. Galiano et al. have solidified the Municipal
Solid Waste Incineration fly ash containing Pb, Cd, Cr, and Zn in
geopolymer. The leachability of heavy metals was reduced due
to low permeability, acid resistance, and geopolymer matrices
durability [35]. Many studies have shown the success of immo-
bilization of inorganic contaminants, especially heavy metals, by
using the S/S method. However, fewer studies were conducted to
measure the efficiency of S/S method for organic contaminants.

Immobilization of organic contaminants depends mainly
on physical entrapment in the binder matrix and sorption onto
the surface of binder hydration products. S/S method is better in
reducing organic contaminants with the characteristics of high
surface area and good pore size distribution of media [36]. Few
studies were conducted using the S/S method on organic con-
taminants, such as Coffi et al., who used organophilic bentonite
in cement paste as a binder to remediate chlorophenol loaded in
bentonite [37]. The study has mentioned that the organic con-
taminants, including n-alkane, polycyclic aromatic hydrocarbons
(PAHs), sence of 1-chloronaphthalene in cement paste, increased
the porosity and lowered the mechanical strength. Other than that,
the hydration and structure of cement using 2-monochloroani-
line (2-MCA) are not significant without using any adsorbent,
which result has recorded about 75% of 2-MCA being released
in leachate solution [38]. In another study, immobilizing oily
sludge using the S/S method is reliable due to the decrease in
leaching behavior. This was proved by Karamalidis and Voudrias
using [42.5 cement addition to reduce the leachability of most
alkanes and PAHs compounds. The cement usage has formed
excess cavities, which where can be broken and projected the
higher hydrocarbon leaching together with cement addition [39].



S/S method is commonly applied in immobilizing inorganic
contaminants, which are mostly heavy metals. However, very
limited studies have shown the potential of this method on or-
ganic contaminants, especially hydrocarbons in raw petroleum
sludge. This study is attempted to remediate raw petroleum
sludge, which focuses on the remediation of PAHs. Presently
in Malaysia, this sludge is burnt at a high temperature in the
incinerator then the ash is remediated using the S/S method.
Thus, findings from this study will contribute to the potential
of PAHs remediation without going through the incineration
process. In addition, the behavior of each PAHs compounds
during S/S method is an engrossing part to be evaluated, and the
contribution is very significant in the future study. Therefore,
this study aimed to remediate 16 priority PAHs compounds by
using S/S method in raw petroleum sludge with Portland cement
as a binder. The specific objectives of this study are to measure
the concentration of 16 PAHs in raw petroleum sludge and to
evaluate the performance of the S/S method based on the leach-
ing test and compressive strength test.

2. Materials and methods
2.1. Material

In this research, there are two materials used to accomplish
the aim of this study. Petroleum sludge was taken from Petronas
Lubricant Refinery in Melaka. The sample was stored at 4°C
before use. Portland cement (TASEK) was obtained from the
Advance Material Laboratory at Universiti Tun Hussein Onn
Malaysia (UTHM).

2.2. Extraction of PAHs from raw samples

PAHs extraction was performed by using a Soxhlet ex-
traction method [40]. The 10 g sample was mixed equally with
Na2S04, and tissue papers were wrapped and put into an extrac-
tion thimble. The 180 mL of mixture acetone: n-Hexane (1:1)
were added to a 250 mL receiving flask for PAHs extraction.
The extraction was carried out below solvent boiling temperature
for 24 hours. Then, the extract was concentrated using rotary
evaporation at 40°C and a pressure of 350 mbar. The cartridge
used by filtration 0.45 um PTFE (polyetrafluoroethylene) syringe
filter prior to analysis.

Analysis of PAHs was carried out using a Gas Chroma-
tography-Mass Spectrometer (GC-MS), equipped with BPX-5
(5% phenyl polysilphenylene-siloxane) capillary column (30 m
length, 0.25 mm dia., 0.25 pm film thickness) with the operat-
ing conditions: GC inlet pulsed 75 kpa, 1,2 mL/min, carrier gas
helium (He) flow 93 mL/min; injection volume 5 pL, splitless
injection at 300°C, a detector at 280°C and initial oven tem-
perature 70°C held for 2 min then increase at 8°C/min to final
temperature 290°C. Lastly, the retention time and mass spectra
of selected PAH were recorded for GC-MS analysis.
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2.3. Preparation S/S matrices

The preparation of S/S matrices involved three steps, i.e.,
mixing, casting, and curing. The control sample was 100% Port-
land cement, and other samples containing a different ratio of
Portland cement and petroleum sludge, as shown in TABLE 1,
were mixed for approximately about 5 minutes to ensure no
lump was left. Then, the water ratio used for this sample was
0.485, which was added to the mixture [12]. For the casting
procedure, a mold cube size of 100 mm® was used to place the
samples. The samples were casted in three layers, which were
compacted manually and shook about 50 hits to yield a good
packing mixture. Lastly, samples were left for 7 and 28 days for
air drying of the solidified samples at controlled conditions, i.e.,
temperature 25+2°C and humidity more than 90%.

TABLE 1
Different ratios of Portland cement and petroleum sludge
Portland cement % | Petroleum sludge % | Water cement ratio
100 0 0.485
90 10 0.485
80 20 0.485
70 30 0.485
60 40 0.485
50 50 0.485

2.4. Leaching Procedure

Toxicity Characteristics Leaching Procedure (TCLP) is
commonly adopted in many studies and was referred for leach-
ability test [12,19,41]. The leaching fluid, namely ultra-pure
water, was selected for TCLP due to its applicability for semi
volatiles contaminants, i.e., PAHs. For mixture samples, leach-
ing fluids were prepared in screw-capped polyethylene bottles,
which were filled with crushed brick samples (40 g) and leachant
(400 mL) at the ratio of 1:10 was used to simulate the earlier
leaching period, and this agrees with the European leaching pro-
tocol for hazardous waste and other researchers [5]. In the TCLP
test, the sample was crushed with a size less than 9.5 mm due to
TCLP test requires particle sizes to comply with the standard [5].
The bottles were agitated at 30 rpm for 18 hours. The leachate
collected then was filtered and extracted by using the Soxhlet
method and was measured by using a Gas Chromatography-Mass
Spectrometer (GC-MS) for analyses concentration of PAHs.

2.5. Unconfined Compressive Strength Test (UCS)

The UCS test was conducted in order to evaluate the
strength of the mixture at higher stress, as well as to imitate
the disposal standardization of the solidified samples according
to BS 1881 — 116: 1983 [42]. UCS of samples for 7 and 28 days
hydrations were measured by using a compressive test machine
3000kN. All tests were followed ASTM C-109, which is below
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the compressive strength of hydraulic cement mortar. For this
study, the cube was tested at age 7 days and 28 days of hydration
period and dried in an air cabinet under controlled conditions
(temperature 25+2°C, humidity more than 80%). The total maxi-
mum load was measured by using the formula in equation 3.1:

()

Where, fim indicates compressive strength in MPa, P is total

maximum load in (N) and, 4 is the area of loaded surface in mm?.

3. Results and discussion

This section is divided into three subsections. In the first
subsection, the concentration of 16 PAHs in raw materials was dis-
cussed. For the second and third subsections, the S/S method was
elaborated in detail on the measurement of the performance of S/S
matrices through the leaching test and compressive strength test.

3.1. PAHs Concentrations in Raw Materials

TABLE 2 shows the concentrations of 16 PAHs that were
extracted from raw materials, which are Portland cement and
petroleum sludge. The 16 PAHs were compared with the Con-
taminated Land Management and Control Guidelines standard
[40] for comparison of safe disposal into landfill soil. For cement,
all 16 PAHs were below the standard limit in the range from
0.10 mg/kg to 0.50 mg/kg. Whereas, for sludge, the 16 PAHs
were below the standard limit except for four compounds,
namely, Benzo (a) anthracene (32.02 mg/kg), Benzo (a) pyrene
(31.02 mg/kg), Dibenzo (ah) anthracene (30.12 mg/kg) and
Indeno(1,2,3-cd) pyrene) (30.11 mg/kg). These PAHs compounds

were detected at 15 times higher than the concentration in the
standard limit. Whereas Indeno(1,2,3-cd)pyrene) was detected
1.5 times higher than t concentration in the standard limit.

According to Lawal, there are seven PAHs compounds
were listed as hazardous to humans and the environment, such
as Benzo(a)anthracene, Chrysene, Benzo(a)pyrene, Benzo(b)
fluoranthene, Benzo(k)fluoranthene, Dibenzo(a,h)anthracene
and Indeno(1,2,3-cd)pyrene [43]. These high rings compounds
are identified as carcinogenic, mutagenic, and toxic, which are
needed to remediate before disposal to landfill soil [14]. From
the result, four out of these seven PAHs compounds were de-
tected above the standard limit. Thus, the sludge requires to be
remediated before disposing into landfill soil.

Moreover, the result from this study was compared to
a study conducted by Bojes, which measured 16 PAHs of aged
crude oil in the bottom of a storage tank. The study showed that
three compounds, i.e., Benzo(a)anthracene, Benzo(a)pyrene, and
Dibenzo(ah)anthracene were above the standard limit, which
is similar to this study. However, the difference between PAHs
concentrations and the standard limit was in the range of 2 to
10 times higher than the standard limit, which is lower when
compared to this study [44]. In contrast, the study detected
a high concentration of two rings PAHs, naphthalene that was
above the standard limit. This is supported by Castaldi, which
found a higher concentration of low ring PAHs in petroleum
sludge than high rings PAHs [45]. Therefore, this is suggested
that the concentration of PAHs in sludge might be modified
and degraded by the weathering process. The characteristics of
the low ring PAHs are degradable, volatile, less hydrophobic,
and more soluble compared to high rings PAHs, which easily
been volatile and leached when exposed to the weather. When
less exposed, the low ring PAHs can be detected even in aged
petroleum sludge. Unlike in this study, below the standard limit
of low ring PAHs is detected, which indicates the petroleum

TABLE 2
PAHs concentration in raw material
PAHs compounds Concentration of PAHs (ppm) Bojes and Pope [42] *SSL (industrial)
OPC PS
Napthalene 0.53+0.11 30.12+0.15 254.5 200
Acenaphthylene 0.51+0.09 29.02+0.26 24.2 2300
Acenaphthene 0.52+0.21 30.09+0.42 34.8 37164
Fluorene 0.51+0.23 28.22+0.21 80.6 22000
Phenanthrene 0.51+0.24 31.00+0.04 19.9 18582
Anthracene 0.52+0.13 32.07+0.06 24.8 170000
Fluoronthene 0.53+0.42 29.12+0.14 15.5 22000
Pyrene 0.53+0.08 31.02+0.17 19.9 17000
Benzo (a)anthracene 0.51+0.31 32.02+0.34 9.4 2.1
Chrysene 0.53+0.16 28.02+0.08 24.5 2100
Benzo (b) fluoranthene 0.11+0.12 61.12+0.13 8.2 210
Benzo (k) fluoranthene 0.10+0.31 59.09+0.23 7.3 210
Benzo (a)pyrene 0.50+0.14 31.02+0.34 8.4 2.1
Dibenzo(ah) anthracene 0.51+0.21 30.12+0.41 4.1 2.1
Benzo (ghi) perylene 0.50+0.25 29.23+0.07 5.9 18582
Indeno(1,2,3-cd) pyrene 0.52+0.46 30.11+0.06 5.8 21

*SSL — Contaminated Land Management and Control Guidelines No 1



sludge underwent a significant weathering process and most
probably influenced by the native microorganism that degrades
the PAHs [46].

Besides petroleum sludge, a concentration of 16 PAHs
was also detected at 20.67+4.14 mg/kg in sewage sludge. The
study has also detected a higher concentration of high molecular
weight (81%) compared to low molecular weight (19%). Most
of the carcinogenic PAHs come from high molecular weight
[47]. The result from Khillare et al. was different compared
to Chen et al., in which very low 16 PAHs were detected, i.c.,
0.5342-1.0666 mg/kg [47,48]. The study has also found that
4-ring PAHs, fluoranthene, pyrene, and chrysene were pre-
dominants (47.6%) in sewage sludge. Clearly that these sludges
contain a high concentration of high rings PAHs, which tend
to adsorb in the hydrophobic surface (sludge) due to its hy-
drophobic behavior. However, these PAHs can be desorbed by
biogeochemical process and leach into groundwater and surface
water. Eventually accumulate in aquatic life and threaten human
life who take fish in their diet. The existence of the high rings
PAHs in petroleum and municipal sludge indicates the need for
cost-efficient and environmentally friendly treatment to avoid the
mobilization of these pollutants in the environment in a fast way.

3.2. Leaching Test

Based on the result in Section 3.1, there are four PAHSs com-
pounds concerned in this study regarding high concentrations
of PAHs, which are above the permissible limit. The leaching
of these compounds was measured as shown in Figs 1 and 2 for
7 days and 28 days, respectively.

Based on TCLP testing, samples with a ratio of 50% cement
and 50% sludge show the highest leaching concentration. The
highest concentrations were recorded at 14.336 ppm, 22.428 ppm,
25.436 ppm, and 14.836 ppm for Benzo(a)anthracene, Benzo(a)
pyrene, and Dibenzo(ah)anthracene and Indeno(1,2,3-cd)pyrene,
respectively, on 7 days of curing. Then, the concentrations for
these compounds were gradually decreased with the reduction
of the sludge ratio in the sample. A similar trend was observed
for 28 days of curing, in which the concentrations of these
compounds were much lower compared to 7 days of curing.

30
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The permissible limit for these compounds is 2.1 ppm except
for Indeno(1,2,3-cd)pyrene, in which the limit is 21 ppm. Thus,
only Indeno(1,2,3-cd)pyrene was below the permissible for all
ratios of PS usage in S/S matrices. Whereas other compounds
were above the permissible limit.

Based on the result in TABLE 2, the concentration of these
four PAHs compounds was 0.5+0.01 ppm in OPC. Meanwhile,
in petroleum sludge, the concentration of these four PAHs com-
pounds was 30+0.2 ppm, which is approximately six-fold than
OPC. Thus, this result has affected on different of ratios used in
this study. Means the higher ratio of sludge used in S/S matrices,
the higher concentration of PAHs in leachate.

By comparing these four compounds, Benzo(a)anthracene
(four rings PAHs) shows the lowest concentration in leachate
after the TCLP testing. Then, followed by Benzo(a)pyrene and
Dibenzo(ah)anthracene which are five rings PAHs. Based on
these trends, it was expected that Indeno(1,2,3-cd)pyrene (six
rings PAHs) would show the highest leaching. However, the
finding from this study has not supported these trends may be
due to the chemical structure of Indeno(1,2,3-cd)pyrene being
different from other compounds. This PAHs compound has
aring that bounds indirectly with carbon and hydrogen [24]. This
chemical structure could be beneficial for minimizing the mobi-
lization of this compound in leachate. This study has also found
that five rings PAHs, namely Benzo(a)pyrene and Dibenzo(ah)
anthracene, were less immobilized using the S/S method with
cement as a binder. Benzo[a]pyrene is the most widely studied
compound, and most information on the occurrence and toxicity
of PAHs is related to it [46]. As far as the author’s knowledge,
there is a very limited study reported in detail on the behavior
of PAHs leaching in the S/S method.

By referring to the guideline in TABLE 2, these compounds
are still above the allowable limit except for Indeno(1,2,3-cd)
pyrene. The usage of the Portland cement as the only binder
system in the S/S method is not effective for the immobiliza-
tion of organic contaminants [49]. The result of this study was
consistent with this statement. These PAHs compounds may
inhibit binder hydration and are generally not chemically bound
in binder hydration products [50]. However, by referring to all
PAHs compounds, the concentrations were reduced after 7 and
28 days of curing, as shown in Fig. 2. The figure shows the
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Fig. 1. Benzo (a)anthracene, Benzo (a)pyrene and Dibenzo (ah) anthracene and Indeno(1,2,3-cd)pyrene concentration from leaching test for 7

days (a) and 28 days (b)
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Fig. 2. Concentration of low rings and high ring of 16 PAHs in the raw sample (filled triangle), leachate after 7 days of curing (filled square)
and leachate after 28 days of curing (filled diamond). Numbers 1 to 16 indicate the type of PAHs which the low rings are 1: Napthalene;
2: Acenaphthylene, 3: Acenaphthene; 4: Fluorene; 5: Phenanthrene; 6: Anthracene; 7: Fluoronthene; 8: Pyrene. Meanwhile high rings started
at number 9: Benzo (a)anthracene; 10: Chrysene; 11: Benzo (b) fluoranthene; 12: Benzo(k)fluoranthene; 13: Benzo(a)pyrene; 14: Dibenzo(ah)

anthracene; 15: Benzo(ghi)perylene; and 16: Indeno(1,2,3-cd)pyrene

16-PAHs concentration from the raw sample, leachate for 7 days
and 28 days of curing.

Based on the low rings PAHs, only naphthalene shows the
best performance, which is the concentration was reduced from the
raw sample to 21.76 ppm and 2.43 ppm in leachate for 7 and 28
days of curing, respectively. Whereas other low rings compounds
show, the concentration was reduced by more than 20 ppm, even
though concentration in raw samples were almost the same, i.e.,
30+0.2 ppm, as shown in Section 3.1. For high rings, the concen-
tration of two compounds (no11 & no12) was doubled than other
compounds. Despite these compounds being very high concentra-
tions in the raw sample, the concentration in 28-days leachate was
much reduced, which is less than 0.5 ppm. Other high rings have
also shown better performance in which the concentration was
10+0.8 ppm in 28-days leachate. Only three compounds (nol3,
nol4 & nol5) of the concentration were detected at 20+2 ppm.

TABLE 3 shows the analysis of variance for comparing
rings number (low or high rings PAHs) and ratio, which is
more significant. Both ring’s number and ratio are less than the
significance level (0.005); thus, these factors are statistically
significant. By comparing F-value and F critical, F-value is
higher than F critical, thus strengthening the previous statement.
Both factors are significant, which means high rings tend to have
a lower concentration in leachate across the ratio. Addition-
ally, a high ratio of sludge tends to have a high concentration.
The ratio shows a lower p-value compared to the number of the

TABLE 3

Analysis of variance between two factors, ring numbers

and ration
Source of 7 days 28 days

Variation F P-value |Fecrit| F P-value |F crit
Rings Number [ 11.795| 0.001 |3.978[13.059| 0.001 |[3.978
Ratio 8.490 | 1.209E-05|2.503| 9.232 (4.755E-06{2.503
Interaction | 0.239 | 0.915 |2.503| 0.365 | 0.833 |2.503

rings, which shows that the ratio is more significant. Interaction
between these two factors’ effects are not significant because
their p-value is greater than the significance level.

Based on performance for all PAHs compounds, the S/S
method is more suitable for immobilization for high rings
PAHs. The higher number of rings in the PAHs compound, the
higher hydrophobicity and lower the aqueous solubility [51].
These physio-chemical characteristics of PAHs have an effect
on PAHs immobilization in solid media such as sludge, soil,
and other media [43]. In addition, the characteristics of high
hydrophobicity may lead to more interaction of PAHs with
non-aqueous phases. The mechanism of PAHs removal in the
S/S method is based on the physical adsorption of contaminants
on the surface of binding products. These PAHs are absorbed by
organic particles and situated in small pores or blocks in solid
components [36]. Thus, the S/S method brings an advantage to
remediating high rings PAHs.

3.3. Compressive strength of S/S matrices

High organic contaminants in cement paste increased the
porosity and lowered the mechanical strength [50]. According
to USEPA [5], 0.35 MPa is the minimum compressive strength
required for the safe disposal of stabilized waste. When the sta-
bilized waste has a strength of less than 0.35 MPa, it can easily
be degradable and disposed. In addition, compressive strength
is an important factor to measure due to the potential of the ma-
trices or stabilize waste for application in construction material.
Thus, this method may reduce the quantity of waste that will be
disposed into landfills. The strength of the mixture depends on
the hydration day [52]. Thus, the compressive strength of all S/S
matrices samples for 7 and 28 days of hydration was measured
as shown in Fig. 3.

Based on the hydration day, a longer duration. i.e., 28 days
shows higher strength compared to 7 days for all samples. The
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Fig. 3. Compressive strength of all S/S matrices samples

highest compressive strength was recorded for sample 0% sludge
and the lowest strength for sample 50%, which was detected at
32.3 MPa and 6.3 MPa on 7 days, respectively. Based on the
figure, with the increase of sludge, the strength of S/S matrices
decreased gradually. Even though the strength of the mixture
was decreased after being replaced with sludge, all samples
were above the permissible limit of USEPA for safe disposal
(0.35 MPa).

By referring to the percentage of strength increase from 7
days to 28 days (dotted line in Fig. 3), more than 40% of sludge
shows this percentage was high, which was most similar to 0%
of sludge. Even though the strength was low on day 7 for a high
ratio of sludge, on day 28, the strength was increased, similar
to Portland cement. This result shows that the matrices with a
high ratio of sludge have the potential to achieve high strength
in a longer duration. Thus, it is highly recommended to increase
the duration of the curing day to measure the potential in the
long term.

4. Conclusions

16 PAHs compounds were measured in Portland cement
and sludge. All PAHs compounds were below the allowable
limit for Portland cement. However, four PAHs compounds,
namely, Benzo (a) anthracene (32.02 mg/kg), Benzo (a) pyrene
(31.02 mg/kg), Dibenzo (ah) anthracene (30.12 mg/kg) and
Indeno(1,2,3-cd)pyrene) (30.11 mg/kg) were above the allowable
limit. These compounds were further analyzed in a leaching test
to measure the potential of Portland cement in the encapsulation
of these compounds.

In the leaching test, only Indeno(1,2,3-cd)pyrene) was
successfully remediated, and the concentration is below the
allowable limit. However, it is recommended to include other
binders such as organic binders for the other three PAHs com-
pounds to improve the remediation. Based on the leaching test
for all compounds, most of the high rings PAHs showed a higher
potential of the S/S method in PAHs remediation in sludge. Due
to higher hydrophobicity for high rings PAHs compared to low
rings PAHs, this method is suitable for remediation of high rings
PAHSs. Even though the compressive strength was reduced with
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increasing sludge, all samples have surpassed the allowable limit
for safe disposal. The result of this study has also found that
a high ratio of sludge with more than 40% has an increase of
strength from 7 days to 28 days was similar with increasing in ce-
ment strength. Thus, in the long term, the strength may increase.
It is highly recommended to measure the strength and leaching
of PAHs in the long term. It is also recommended to replace or
add an organic binder to increase the encapsulation of PAHs.
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