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ABSTRACT

Refinery treatment plants produce large quantities of oily sludge during the petroleum refining processes. The
hazardousness associated with the disposal of these wastes, make necessary the development of innovative
technologies to handle it adequately, linked to the concepts of circular economy and environmental sustain-
ability. This work provides for the first time a methodology for the deep characterization of this kind of wastes
and consequently new insights regarding its valorization. A review of works dealing with the characterization of
this type of wastes has been addressed evidencing the complexity and variability of these effluents. The oily
sludge under study contains a high concentration of Chemical Oxygen Demand of 196 g COD/L, a Total Kjeldahl
Nitrogen of 2.8 g TKN/kg, a phosphorous content as PO}~ of 7 g/kg, as well as a great presence of heavy metals
in a different range of concentrations. This sludge is composed of three different phases: oily, aqueous and solid.
The oily and the solid phases present high percentages of carbon content (84 and 26%, respectively), related to
the presence of alkanes ranged from n-Cy to n-Cs4. Therefore, it could be possible their valorization by the
synthesis of catalyst and/or adsorbents. A dark fermentation process could be also proposed for the oily phase to
obtain Hy as an alternative energy source. Finally, the aqueous phase contains low carbon and nutrients con-
centration. A previous thermal pre-treatment applied to the oily sludge might increase nutrient and organic
loading in the aqueous phase due to solid destruction, making this aqueous effluent suitable for a further con-
ventional biological treatment.

1. Introduction

Meshcheryakov, 1999). As being recognized as hazardous waste,
improper disposal or insufficient treatment of oily sludge can produce

The petroleum industry generates huge amounts of oily sludge waste
during different steps of oil treatment such as mining, transportation,
storage and refine treatments (Hu et al., 2015; Zhao et al., 2020).
Focusing on the refinery, the oily sludge waste generated depends on the
processing scheme, oil storage system, and crude properties, but it is
assumed that 1 ton of oily sludge is produced for every 500 tons of crude
processed in the refinery (Hu et al., 2013).

The oily wastewater generated during the refining of the oil crude is
directly related to the plant operations such as oil emulsion, solids
washing or heat exchange cleaning. As can be seen in Fig. 1S, a variety of
oily sludge residues can be found during the treatment of that oily
wastewater: oil/water separators, flocculation—flotation, and excess
activated sludge from on-site wastewater treatment plants (Hu et al.,
2013). The oily sludge generated during these operations is a recalci-
trant residue characterized by being a stable water-oil emulsion of
water, solids, petroleum hydrocarbons and metals (Mazlova and
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serious threats to the environment and human health (Liu et al., 2009;
Zhao et al., 2020). Likewise, oil refineries have already a strong
commitment to the reduction and valorization of wastes linked with the
EU Circular Economy Action Plan.

The chemical composition of the oily sludge varies in a wide range,
depending on crude oil source, processing scheme, as well as equipment
and reagents used in the refining process. For example, the total petro-
leum hydrocarbon (TPH) contents in oily sludge frequently range from
15% to 50% w/w, whereas the contents of water and solids are in the
range of 30-85% and 5-46%, respectively (Liu et al., 2012; Mohan and
Chandrasekhar, 2011; Tahhan et al., 2011). Due to the heterogeneity of
the chemical compositions in oily sludge, its physical properties such as
density, viscosity, and heating value can vary significantly. Moreover,
the properties obtained from one oily sludge source cannot be extended
to that from a different source or to those from the same source collected
on a different day or different location (Hu et al., 2013). Thus, deep
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characterization of the sludge is compulsory as a preliminary step before
proposing a treatment and/or valorization approach.

Strategies described in the literature to treat oily sludge from the
petroleum industry are the recovery of the valuable oily phase to back to
the refining scheme and disposal methods of the remaining fraction
without any valorization. To recover the oily phase, solvent extraction
(Qin et al., 2016) and centrifugation (Hu et al., 2013) have been used.
Before the final disposal, other methods are usually employed such as
incineration or stabilization/solidification (Hu et al., 2013). Neverthe-
less, novel approaches to introduce more commercially achievable op-
tions and/or products to reduce socio-economic and environmental
problems associated with its current treatment must be studied. Oily
sludge may be processed to produce useful products or as a feedstock for
energy generation. Different valorization technologies, such as recov-
ering the oily phase (Taiwo and Otolorin, 2009) or the production of a
char or activated carbon (Lin et al., 2019), can be found in the literature.
However, all these treatments are only focused on one of the phases of
the sludge (solid or oily), which means that only 15-50% of the oily
sludge is valorized, the remnant (50-85%) is disposed without taking
advantage of the potential resources contained in it.

The complex composition and variability of oily sludge make it
necessary to develop a methodology for its comprehensive character-
ization and to achieve an efficient valorization. A step forward has been
carried out in this work with the fractional characterization of the
different phases involved in the oily sludge (oily, aqueous, and solid
phases) coming from an API separator (Fig. 1S). The characterization of
the sludge (and the different phases) is discussed in terms of physical
and chemical composition and, consequently, different strategies have
been proposed for the potential valorization of the oily sludge under
study in this work.

2. Materials and methods
2.1. Source of oily sludge

The oily sludge used in this study was collected from an API sepa-
rator placed in a petroleum refinery wastewater treatment plant, located
in Spain. Samples were collected and immediately stored at 4 °C to keep
in unchanged conditions.

2.2. Analytical methods

2.2.1. Extraction and isolation of different phases

Oily sludge is mainly composed of three different phases: oily, solid
and aqueous phases. For the separation of each phase, physical tech-
niques were used. Firstly, the aqueous phase was separated by centri-
fugation with a speed of 30,000 rpm for 15 min, extracted with a
syringe, and filtered using a nylon filter of 0.45 pm, to remove sus-
pended solids. The remaining sludge containing oil and solids was
treated with diethyl ether (2:1 mass ratio) to extract the oily phase. After
stirring during 120 min the solution was filtered to collect the solid and
the oily-rich organic phase was subjected to an evaporation step to
separate the solvent and recovery the oily phase. Resultant solid was
washed twice with 15 mL of diethyl ether to remove some oily phase
remained in the solid phase after extraction step.

2.2.2. Oily sludge and fractional characterization of the different phases
pH was measured using a GLP-22 digital pH meter (HACH LANGE
SPAIN, S.L.U). Higher Heating Value (HHV) was evaluated using a Plain
Jacket Bomb Calorimeter (model PARR 1341). Total Chemical Oxygen
Demand (TCOD) was measured following an optimized method for
samples with a high content of solids published elsewhere (Raposo et al.,
2008). Soluble Chemical Oxygen Demand (SCOD), Total Solids (TS), and
Volatile Total Solids (VTS) were measured following APHA-AWWA
Standard Methods 5220.D, 2540.B and 2540.E, respectively. Total
Kjeldahl Nitrogen (TKN) was measured using a Vapodest 450 (Gerhardt,
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Analytical Systems) for the digestion of the samples, following
APHA-AWWA Standard Method 4500-Norg C. The content of metal el-
ements was measured with an Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES) using a Varian Vista AX spectrom-
eter. Thermogravimetric Analysis (TGA) was performed on a simulta-
neous TGA-DSC thermobalance (TGA-DCS1, Mettler-Toledo, S.A.E.)
using a flow rate of 100 mL/min of nitrogen and a heating rate of
10 °C/min. For Total Petroleum Hydrocarbon (TPH) determination, 1g
of oily sludge sample was dissolved into 20 mL of cyclohexane and was
added into the glass column to remove solid particles and undesired
polar organic compounds. The glass column was previously packed with
silica gel and anhydrous sodium sulphate and wash out with cyclo-
hexane and dichloromethane in proportion 1:1. TPHs were eluted with
100 mL of cyclohexane and dichloromethane (1:1 vol:vol). The elution
volume were collected and the solvents were allowed to volatilize in a
rotary evaporator (Zhang et al., 2012).

Ammonia (NHZ) and phosphate (PO%‘) concentration dissolved in
the aqueous phase were determined using Smartchem 140 (AMS Alli-
ance), following APHA-AWWA Standard Method 4500-NO2 B and 4500-
P E, respectively (APHA-AWWA-WEF, 2005). Total Organic Carbon
(TOC) in the aqueous phase was measured using a combus-
tion/nondispersive infrared gas analyzer model TOC-V CSH (Shimadzu).

The elemental composition in the solid and oily phases was deter-
mined using a CHNS analyzer Flash 2000 (Thermo Fisher Scientific,
Massachusetts, USA), equipped with a thermal conductivity detector
(TCD). The contents of carbon (C), hydrogen (H), sulfur (S), and nitro-
gen (N) were determined by an oxidation/reduction reactor kept at a
temperature of 900 °C. The oxygen (O) determination was achieved
through an Oxygen-specific pyrolysis reactor heated at 1060 °C.

The solid phase was also analyzed by XRF (X-Ray Fluorescence), XRD
(X-Ray Diffraction) and FTIR (Fourier-Transform Infrared) spectros-
copy. XRF spectrometer Philips MagiX was used to determine the pres-
ence of metals. XRD pattern of the solid phase was obtained with a
Philips X-Pert diffractometer using Cu Ka radiation. The data were
recorded in the 26 range from 5 to 90°. The FTIR spectra were recorded
in the region 4000-400 cm™! in a Varian 3100 FTIR Excalibur Series
registering 64 scans.

The oily phase was analyzed by GC-MS (Gas Chromatography
coupled to Mass Spectrometry), NMR (Nuclear Magnetic Resonance)
and HPLC (High-Performance Liquid Chromatography). The main
organic compounds contained in the oily phase were analyzed by direct
aqueous-injection gas-chromatography coupled to a mass detector (320
GC-MS) using a Bruker column Stalbiwax-MS (30 m x 0.25 mm, 0.25
pm). This specific column for aqueous samples was initially maintained
at 50 °C for 3 min, then heated to 180 °C at 12 °C/min, and finally
maintained for 5 min at 250 °C (7 °C/min). The injector was held at
320 °C, and He (1 mL/min) was used as the carrier gas. 13¢ and 'H-NMR
were performed on a VARIAN INFINITY 400 spectrometer operating at
79.4 MHz under the following conditions: MAS at 6 kHz; ©/2 pulse, 4.5
ps; repetition delay, 15 s; 3000 scans. The total aromatics content was
analyzed following UNE: EN 12916:2019, using an Agilent HP 1100
HPLC equipped with a refractive index detector (RI) Varian star with
internal temperature of 35 °C. Zorbax-NH2 packed column (25 cm
length and 4.6 mm x 5 pm internal diameter) maintained at 40 °C was
used with a mobile phase of 100% HPLC grade heptane at a flow rate of
1 mL/min. The result was analyzed by means of external calibration
curves generated for all of the suitable products, or model compounds,
separately using standard solutions with known concentrations.

3. Results and discussion
3.1. Physical and chemical characterization of oily sludge
Oily sludge shows a dark colour (as seen in the graphical abstract)

with a density slightly higher than water, and similar in aspect and
texture to that of crude oil. The oily sludge under study in this work
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Fig. 1. TGA-DTG profile of the oily sludge.

consists of three different phases: oily phase, aqueous phase and solid
phase, which were analyzed separately.

Oily sludge was preliminary characterized by different physical and
chemical analytical techniques, in order to reach a basic knowledge of
its composition. Table 1 shows all the measured parameters and their
comparison with those found in the literature. Although some of them
are in the same range, others are far from those measured in this work,
which confirms the variable composition of this kind of wastes as above
mentioned. It should be highlighted, that some of these parameters, such
as TKN or P—PO?{ concentration, are still not reported, being this work
the first reference of these parameters.

Oily sludge pH was in the neutral range with practically no variation.
The higher heating value of the dry-oily sludge was 3765 kcal/kg,
similar to that found for a refinery oily sludge reported by Nazem and
Tavakoli (2017), and closed to that of peat or brown coal (Regulation UE
n°431/2014). The oily sludge has a high concentration of organic matter
in the form of TCOD, TPHs, and TKN, which is mainly driven for the
solid and/or oily phase. In contrast, SCOD, TOC, and N-NHJ concen-
tration measured in the aqueous phase was very low. The percentage of
volatile total solids corresponds with approximately 50% of the total
solids, confirming the high inorganic content of the sludge (ca. 50% of
the solids in the sludge have inorganic nature).

Metal content was determined by ICP-AES analyses and classified by
their concentration into low (<0.1 g/kg), intermediate (<1 g/kg) and
high (>1 g/kg) concentration (Figure S2). As can be seen, Fe is the
predominant metal with a concentration of 77 g/kg. Ca and Al were also
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found with high concentrations (27 and 26 g/kg respectively). Other
metals that exceed 1 g/kg were Mg, Na, P, Zn, Ba, K, and Sn with values
below 10 g/kg. At intermediate concentration, some metals appeared
principally Mn (0.7 g/kg) or V (0.5 g/kg) among many others below 0.3
g/kg.

Specifically, the concentration of metals had been widely studied in
the literature, and an extensive review of these concentrations is shown
in Supporting Material, Table S1. The reported concentrations matching
with this work are highlighted in colour green. The information shown
in Table S1 demonstrates a tendency towards the concentration of some
of these metals. Metal concentration is quite variable, showing the
already mentioned heterogeneity of this kind of waste. According to a
report from the American Petroleum Institute (Hu et al., 2015), metal
concentration in oily sludge is generally lower than those reported in
this study. However, this type of sludge, coming from oil-water sepa-
rators, is characterized by having higher concentrations of some of the
metals compared with other types of slurries such as oil drilling or waste
engine oil sludge (Ramirez et al., 2019). In this oily sludge, there are
metals typically presented in high concentrations (>1 g/kg), such as Ca,
Fe or Zn, while others such as Cr, Mn, or Ni are commonly reported at
intermediate range (<1 g/kg). As, Cd or Co are usually found at low
range (<0.1 g/kg) (Admon et al., 2001; da Rocha et al., 2010; Marin
et al., 2006; Roldan-Carrillo et al., 2012; Zhang et al., 2014).

The pyrolysis characteristic of the oily sludge was studied by ther-
mogravimetric analysis in the range of temperatures from 30 to 1000 °C.
Fig. 1 shows the weight loss profile as well as the differential ther-
mogravimetric data (DTG) of the residue with the temperature. Fig. 1
clearly shows three main weight losses during pyrolysis, marked as stage
1, 2 and 3. The first weight loss, (25.2%; T * 260 °C) was attributed to the
removal of the light component of the mixture, including water and low
boiling hydrocarbons. The second stage (20.8%; 280 °C < T “ 460 °C)
was ascribed to the organic compounds and hydrocarbons of the oily
fraction (Lin et al., 2019). The composition will be correlated in the
proper section of this article using GC-MS analysis of the oily fraction.
Finally, the third weight loss (12.8%; 460 °C < T <620 °C) was attributed
to the decomposition of heavy components with higher boiling points,
but also, it might be due to the reduction of metals in the presence of
char at high temperatures (Wang et al., 2017a). Finally, there is a
remaining inorganic solid, which accounts for 39.4% of the total oily
sludge. The composition of this solid fraction will be further analyzed
and discussed in the next sections of this work. Compared with other
refinery wastes (Jasmine and Mukherji, 2015; Singh and Kumar, 2020)
it is worth to highlight the large amount of inorganic residue present in
the oily sludge under study.

Table 1
Characterization of the oily sludge of this study compared with literature.
Parameter This work Studies with similar results Range found in the References
literature
pH 7.4+£0.1 (Jasmine and Mukherji, 2015; Kriipsalu et al., 2008; Yan 6-8 (Kriipsalu et al., 2007; Mounteer and Bioremed
et al., 2012; Zhao et al., 2018) Biodegrad, 2011)
Density (kg/L) 1.2+0.1 Nezhdbahadori et al. (2018) 0.92-1.28 (Mounteer and Bioremed Biodegrad, 2011;
Nezhdbahadori et al., 2018)
TCOD (g/kg) 196 + 18 Haak et al. (2016) 228-406 Mrayyan and Battikhi (2005)
TPHs (%) 26.2 Ke et al. (2021) 5-86 (Da Silva et al., 2012; Hu et al., 2013)
TS (g/kg) 213 +£ 16 Zhen et al. (2019) 100-200 Haak et al. (2016)
VTS (g/kg) 102 + 8 Jasmine and Mukherji (2015) 120-850 Haak et al. (2016)
TKN (gN/kg) 2.8+0.3 NR - NR
SCOD (g/L)* 1.0 +£ 0.7 Yan et al. (2012) 0.36-3.7 Haak et al. (2016)
N- NHZ (mg/L)* 41 + 4 NR 1829 Zhen et al. (2019)
P-PO3 (mg/L)* 1.0 £ 0.1 NR - NR
TOC (g/L)* 0.2 +0.1 NR 180-830 (Mrayyan and Battikhi, 2005; Zhang et al., 2017)

* = determined for aqueous phase; NR = not reported.
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3.2. Fractional characterization of the oily sludge

To carry out a more efficient valorization of the oily-sludge, this
work, for the first time, proposes a fractional characterization of the
different phases. Hence, the chemical composition of each phase will be
discussed in this section.

3.2.1. Analysis of the oily phase

The chemical composition of the oily phase has been preliminarily
addressed by GC-MS and 'H, 13C-NMR to obtain more information about
the nature of the organic compounds present in this phase. GC-MS was
employed for the identification of specific components in different
fractions of oil. Fig. 2 shows the chromatogram corresponding to this
oily phase comparing the peaks with the NIST library.

As can be seen, the oily sludge is predominantly formed by alkanes
ranging from n-Cg to n-C44. Other aliphatic compounds are resolved and
listed in Table S2 of Supporting Material. Some of the detected organic
compounds of the oily sludge were corroborated in other works such as
decane, tetratetracontane or pentadecane (Nazem and Tavakoli, 2017).

The mass loss observed in the TG-DTG analysis showing in Fig. 1
could be associated with the mass percentage of the group of compounds
found in the analysis of the GC-MS (Table S2), by their boiling tem-
perature range. Table 2 summarizes the results of this analysis. As can be
seen, the major compounds presented in this oily sludge are light or-
ganics, that taking into account the hydrocarbons detected in the GC-MS
could correspond mainly to Co—Cy3. The minor fraction is the heavier
organics (probably asphaltenes > Cgp) that could be associated with the
solid fraction. The knowledge of the chemical composition of the
mixture is essential to propose a wise valorization strategy, choosing
between a biological or chemical treatment, although a combination of
both technologies could be a possible option.

Biomarkers, such as pristane and phytane, frequently found in pe-
troleum sludge (Gallego et al., 2007; Jasmine and Mukherji, 2015) were
also present. The peak height ratio of pristane/n-C;7, phytane/n-C;g and
pristane/phytane were determined as 1.48, 0.22, and 1.32, respectively.
The isoprenoids, pristane, and phytane degrade at a significantly slower
rate than n-C;7 and n-C;g (straight-chain n-alkanes). Hence, the height
ratios, pristane/n- C;7, and phytane/n- C;g are commonly used as
biodegradation indicators during the formation of crude oil (Lee et al.,
2006; Mcintyre et al., 2007). Pristane/n-C;7 ratio 0.63, 0.97, 1.29, 3.89,
4.97, and infinity (n-C;7 not present) were used to classify the oil as
non-biodegraded, very slightly biodegraded, slightly biodegraded,
slight-moderately biodegraded, moderately biodegraded, and heavily
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Fig. 2. GC-MS profile of oily sludge phase.
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Table 2
Analysis of the oily phase composition associated with the TGA analysis.

Stage T range (°C) % weight loss Group of compounds
1 120-244 19.0 Co—Ci3; Ca6Hs40; CoH1004
2 300-346 4.8 Cy17 - Coo
368-446 8.2 C24—C3p
3 486-633 11.0 > Cz

biodegraded, respectively. The pristane ratio found in this study shows
that the oil extracted from the oily sludge has undergone from slightly to
slight-moderately bio-degraded (Peters et al., 2005). This biodegrada-
tion indicator will be useful to study a potential bio-treatment of this
fraction.

Generally, the oil from a refinery sludge has higher aliphatic hy-
drocarbon percentages (40-60%) than the aromatic ones (25-40%)
(Speight, 2006). However, our analysis of GC-MS showed the absence of
aromatics in this phase, an uncommon fact considering the origin of this
residue (Jasmine and Mukherji, 2015). To confirm the absence of aro-
matics, 1H, and 3CNMR analyses were performed (Ramirez et al.,
2019). If aromatics were presented in this mixture some peaks would be
observed in the proper region of the spectrum (Castro, 2006). Fig. 3a and
b shows the 'H-NMR and '3C-NMR spectra, respectively. The peaks
observed in the 'H spectra (Fig. 3a) correspond to the aliphatic carbon
fraction from 0.5 to 4 ppm and the aromatic carbon fraction from the
6-9 ppm region. In the case of the 13C spectra (Fig. 3b), the 10-60 ppm
region corresponds to the aliphatic, whereas signals at 110-160 ppm
regions regard the aromatic carbon fraction (Ramirez et al., 2019). As
can be inferred from Fig. 3, signals associated with aromatics com-
pounds are hardly detected and the low quantity makes it impossible to
settle which kind of aromatics compounds are in the sample. Both 'H
and 13C are in fair agreement with those extracted from the GC-MS and
those published with some other authors (Ramirez et al., 2019) who also
observed the low presence of aromatic fraction in a similar oily sludge.

HPLC-RI analysis has been demonstrated to be a robust and precise
technique for the determination of mono-, di- and polyaromatics within
a complex mixture (Pasadakis et al., 2001). Hence, HPLC-RI analysis of
the oily phase was carried out to precisely measure the percentage and
type of aromatics present in the mixture. A low content of aromatic
compounds was detected by HPLC-RI (ca. 4.7 wt %) corroborating the
analysis by 1C and 'H NMR and GC-MS. In the mixture, monoaromatics
represented the major content (ca. 3.0 wt%), following by di- and pol-
yaromatics (ca.0.9 and 0.8 wt%, respectively).

Elemental analysis of the oily phase showed 84.4 wt% carbon, 12.2
wt% hydrogen, 1.7 wt% sulfur, 1.6 wt% nitrogen and 1% oxygen. As was
expected, these results correspond to a fraction composed mostly of al-
kanes (C/H mass ratio of 0.57) with some impurities of S, N and O. These
results are consistent with the above chemical analysis for the oily
phase.

Due to the nature of this residue, it is usual to find heavy metals
dissolved into the different phases. Metal content is a key factor to take
into account for the valorization strategy of this oil-phase. Figure S3
shows the metals detected divided by their concentration. A wide vari-
ety of metals were detected in the oily phase, but most of them in a low
concentration (less than 1 mg/kg) which will not affect the alternatives
proposed later for its valorization. However, Si was detected with a
significant concentration of 110 mg/kg, a fact that will have to be
carefully considered in its valorization. Other authors have reported a
high concentration of iron, nickel, and vanadium, indicating that further
treatment for these metals was required to use the oil as fuel (Zubaidy
and Abouelnasr, 2010).

3.2.2. Analysis of the solid phase

In the previous analysis by TGA-DTG (section 3.1; Fig. 1) was found
that the weight loss associated with the solid fraction accounts for a 39.4
wt%. This corresponds to the matter that did not decompose at the
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Fig. 3. (a) 'HNMR; (b) >CNMR of oily phase. CD,Cl, was used as a deuterated solvent. Aromatics regions are magnified in both spectrums.

working temperature of the TG analysis and will be fully characterized
in this section. As it was mentioned in other sections of this article, this
fraction represents a significant contribution to the whole residue, and it
has to be carefully taken into account when planning the integral
valorization of this sludge. Thus, solid sludge isolated by oil extraction
with diethyl ether and drying at 100 °C for 24 h was thoroughly char-
acterized by different techniques.

Fig. 4 shows the XRD analysis of the solid phase to investigate the
presence of some crystalline solids. Despite the heterogeneity of the
sample, some peaks corresponding to silica and calcium carbonate are
identified, which agrees with other authors (Hu et al., 2017), who
concluded that sludge mainly contains species of Si, Al, and Ca. Some
broad peaks associated with CaO could be also detected. These results
contrast with our results of ICP and XRF, which confirms the presence of
not only Si and Ca but also other metals such as Fe (see next section).
However, their identification by XRD was not possible because of their
low crystallinity. Moreover, Fig. 4 shows a peak around 26.74° that
could correspond to standard graphite material, while that observed at
42.38° is associated with the diffraction of the graphite layer.

Metal content in the solid phase (Figure S4) was estimated from the
metal content of the whole residue for each metal studied (Figure S2),
and subtracting the sum from oil (Figure S3) and aqueous metal content

(1) Sio,

(2) CaCO,
(3) Graphite
(4) CaO

Counts (A.U.)

T o T :' T .' : T ™ T ‘ T d T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)

Fig. 4. XRD pattern of the solid phase.

(Figure S5). To verify these results, a semi-quantitative analysis by XRF
was also performed. The results were not far from those estimated by
metal balance and thus confirming the validity of the employed method.
Fe by far is the major component of this mixture achieving 17% of the
total solid, following by Ca, Al, S, Zn, Si, Cr and P. All these metals were
probably part of amorphous phases since no peaks were observed in the
XRD pattern, except Si in form of quartz and Ca in form of CaCOs. A high
concentration of Ca in the sludge solids indicates the presence of calcite
mineral (CaCOs) as reported by other authors (Jasmine and Mukherji,
2015). The high concentration of Fe could be related to the tank and
pipes walls, as also suggested by other researchers (Duan et al., 2018;
Jasmine and Mukherji, 2015). Other metals such as Al or S were also
detected in <0.5%.

The metal content represents a 39 wt% of the solid fraction.
Elemental analysis of the extracted solid allows us to find out the com-
ponents of the remnant 61 wt%. C and O are the major components in
the mixture (25.6 and 19.5 wt%, respectively), giving a ratio C/O of
1.31. There was also a low proportion of H (2 wt%), S (5.5 wt%), and N
(0.8 wt%), and a 7.6 wt% of non-detected compounds. Summarizing, the
solid phase contains an inorganic fraction and a carbonaceous phase,
which represent a 15.2 wt% and 23.8 wt%, respectively, of the whole
waste.

These results also led us to think that all of the inorganic compounds
are in the form of single or mixed oxides because of the high percentage
of oxygen. On the other hand, the high amount of C shows that there
must be some kind of amorphous or crystalline C in the mixture, as
previously commented in the XRD pattern from Fig. 4.

To go deeper about the phases presented in the solid mixture, FTIR of
the dried solid was carried out. The peaks in the solid fraction were
identified in the wavenumber range of 3600-3100, 2900-2700,
1750-1600, 1500-1300, and 1150-800 cm ! (Fig. 5). The waveband at
3300 cm ™! was attributed to hydroxyl groups, which refer to water
molecules entrapped in the solid fraction of the sludge. The ~CHy- and
—CH3 stretching vibrations of the alkyl chain are very well established at
2923 cm™!, 2853 cm™! and 1450 cm™'. The band at 1641 cm™ is
usually associated with the C—=C bonds of aromatic rings (Duan et al.,
2018). Waveband observed in the regions of 1000-650 em™! could be
attributed to = C-H bond. These findings led us to underscore the
conclusions extracted from the XRD and ICP/XRF analysis, a complex
mixture of inorganic solids, mixed oxides, and amorphous carbonaceous
species are present in this solid residue with some heavy components of
the crude oil adsorbed on the solid surface, such as long-chain alkanes or
asphaltenes (Duan et al., 2018).

Duan et al. showed the characterization of the solid phase of an oily
sludge coming from an oilfield. In that case, this oily sludge was char-
acterized by a high concentration of inorganic material, principally
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Fig. 5. FTIR spectrum of the solid fraction of the oily sludge.

clinoptilolite, and a low concentration of C. As the sludge studied in this
work comes from the refinery process, the concentration of carbon is
much higher, although the presence of inorganic compounds is still
maintained (Duan et al., 2018).

3.2.3. Analysis of the aqueous phase

As it was shown in section 3.1, this fraction is characterized by a low
organic content and the almost absence of nutrients. Nevertheless, to
design a wise strategy to valorize this aqueous phase, analysis of metals,
even in a trace concentration, must be performed. Figure S5 shows the
distribution of the metals analyzed by ICP. They are divided into three
main fractions according to their concentration: higher than 1 mg/L
(Figure S5 a), between 1 and 0.1 mg/L (Figure S5 b), and less than 0.1
mg/L (Figure S5 c). Ca is the major element detected in the residue
following by Mg and K, although a huge variety of metals were detected
with a low concentration.
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3.3. Insight into the valorization process

Management strategy of this kind of waste is normally focused on
recovering and reclaiming valuable fuel or disposing of the unrecover-
able residues (Hu et al., 2013). Because of increasingly stringent envi-
ronmental regulations, disposal is becoming less accepted and more
expensive, making problematic this management method. Hu et al. have
recently investigated a comparative life cycle assessment of traditional
and emerging treatment approaches for hazardous refinery oily sludge
handling (incineration, landfilling, solvent extraction and pyrolysis) (Hu
et al., 2020). The results showed that traditional oily sludge treatment
approaches are generally associated with relatively high global warming
potential, ecotoxicity, and adverse human health effects. Solvent
extraction has the lowest total effect on the environment, but the main
adverse effects related to ecotoxicity and fossil fuel depletion. Thus, new
technologies must be proposed to handle this sludge, decreasing adverse
impacts. The fractional characterization of the oily sludge presented
above offers insights into innovative and alternative approaches for its
valorization. Fig. 6 shows a possible road map for the valorization of the
oil sludge under study and taking into consideration the characterization
results.

Strategy 1: As can be seen in Table 1 and Figure S2, the concentra-
tion of COD (196 g/kg), N (TKN = 2800 mg/kg) and P (7000 mg/kg) in
the sludge is very high. However, the main amount of these compounds
are in the solid/oily phase, being only the SCOD, N-NH{, and the P-PO3’
available in the aqueous phase of 1 g/L, 41 mg/L and 0.8 mg/L,
respectively. Sludge thermal hydrolysis or Wet Air Oxidation (WAO)
result in the reduction of the solids contained in the oily sludge (Tyagi
and Lo, 2013) producing at the same time the accumulation of a high
concentration of dissolved organic compounds in the aqueous phase.
Thermal hydrolysis has been widely applied for waste-activated sludge
(Wang et al., 2016), and never for an oily sludge, because of its het-
erogeneity and complexity, therefore this strategy will be a new
approach that would be implemented to reduce the high solid concen-
tration of the initial residue. Moreover, the WAO process is useful to
break down biologically refractory compounds into simpler ones,
increasing the biodegradability of the sludge (Zhao et al., 2018). Thus, a
strategy to reduce the content of solids of the initial sludge, to enhance
its biodegradability and to promote the solubilization of organic matter
within the aqueous phase is proposed using thermal hydrolysis and
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Fig. 6. Proposed road map for the valorization of the oily sludge characterized in this work.
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WAO processes. These thermal treatments would yield a sludge with
enhanced biodegradability and/or a high concentrated organic aqueous
effluent, which could be further treated in a biological process in the
refinery.

Strategy 2: The use and valorization of the solid and oily fraction are
proposed in this strategy. After pre-treatment described in strategy 1, a
potential biodegradable aqueous effluent would be obtained, but two
streams remain without further treatment or even valorization: the oily
phase, which could be recycled to the refinery after its purification, and
the solid fraction. A possible way to valorize this mixture could be its
transformation into an activated carbon due to its high concentration of
carbon (Wang et al., 2017b). Adsorbent materials from sludge were
normally produced by chemical activation using different reagents such
as KOH, H2S04, or ZnCl; followed by pyrolysis. These adsorbent solids
possess high porosity and surface area (Tyagi and Lo, 2013) suitable for
different applications. Due to the high metal content detected in the
solid phase, the same treatment for this solid phase (thermal or chemi-
cal) can be proposed, but with a different objective, the preparation of
catalysts with active metals such as iron. Lin et al. used an oily sludge to
produce a Fe-char taking advantage of the iron content in the sludge (Lin
etal., 2019). Moreover, due to the high hydrocarbon content of the oily
phase achieved in the present work, this oily fraction could be suitable to
convert into a high-quality activated carbon by using chemical or
thermal treatments (Wang et al., 2017b). Thus, the two streams that
have not been valorized in the abovementioned strategy 1, can be used
in the form of activated carbon or catalysts with different suitable ap-
plications in the refining scheme.

Strategies 3 and 4 are focused on energy valorization, an important
key due to the constant and continuous depletion of fossil fuel reserves
and exponential rise in energy demand.

Strategy 3: It is well known that thermal treatments such as hydro-
lysis and WAO (Strategy 1) can produce several volatile acids (acetic,
formic and propionic), which can be recovered using anaerobic bio-
digestion (Tyagi and Lo, 2013). Digestion of organic material is a use-
ful and widely used strategy to valorize biosolids, livestock manure, or
wet organic materials (Angelidaki et al., 2019). Anaerobic treatments
have been explored within the petrochemical industry, however, ap-
plications have been limited to clean up operations for contaminated
land/water (Coates et al., 1996; Haritash and Kaushik, 2009). In section
3.2 the potential biodegradation of the oily phase by the use of the
biomarkers pristane and phytane was discussed, giving a classification
of biodegradability of the oily phase. It was classified from slightly to
slight-moderately bio-degraded, consequently, a bio-valorization of this
pre-treated oily sludge could be proposed. The main product of this
valorization will be methane, together with a remained solid which
could be used as biochar (Adhikari et al., 2018). This strategy would
allow fulfilling part of the energetic requirements of the refinery.

Strategy 4: Co-production of bio-hydrogen and bio-methane, via
fermentation. Anaerobic digestion stages connected in series, is a po-
tential high-value solution for the valorization of different types of
wastes (Khan et al., 2018). This approach would start with a dark
fermentation treatment to break the medium and large-chain molecules
found in the oily phase dropping the concentration of solids and toxic
materials following by an anaerobic digestion, as a promising way for
renewable hydrogen and methane production. Some works applied this
strategy to a sewage refinery sludge (Yang and Wang, 2017) combined
with other residues such as forestry wastes. The main problem to
perform a dark fermentation with refinery waste is the low C/N ratio
normally found in this type of wastes, usually lower to 9, whereas it
should be higher than 20 to achieve, at least, moderates Hy volumes. In
our study, a very high C/N ratio is observed ~70 for the whole residue
and ~52.7 for the oily fraction, therefore it could be a very promising
way for renewable hydrogen production. After fermentation, the resul-
tant sludge can be anaerobically treated following strategy 3 to produce
methane.

Finally, it is important to point out that there is currently a seeming
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disconnect between the academic literature and commercial adoption of
technologies for oily sludge waste valorization. Thus, it is essential to
performed LCA studies to determine and compare the potential re-
sources, as well as the environmental impacts of each technology to
consider opportunities and limitations to their implementation. More-
over, information regarding the cost of these technologies is scarce,
hence cost assessment methods should also take into account in future
studies of oily waste valorization technology alternatives (Hu et al.,
2020).

4. Conclusions

This contribution reports the use of a wide range of different and
complementary analytical techniques for the fractional characterization
of an oily sludge coming from an API separator and comparison with
other works described in the literature. The oily phase is formed by
aliphatic hydrocarbons between Cg and C44. The solid phase is a complex
mixture of inorganic solids, mixed oxides, and amorphous carbonaceous
species. The aqueous phase is low concentrated in organic matter and
nutrients and with the presence of some dissolved metals. According to
the characterization results, four different potential strategies have been
proposed for the integral valorization of oily sludge to produce valuable
by-products such as biodegradable wastewater, activated carbons,
methane and/or hydrogen. This work evidences that the characteriza-
tion of such complex samples is a key factor as their valorization strongly
depends on their composition. Characterization methodology before
treatment must be standardized for refinery sludge coming from
different sources. The success of these valorization strategies might
allow a positive economic impact in the refining scheme and in line with
the principles of the circular economy.
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