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Abstract

The proper treatment and utilization of oily sludge (OS) and incineration fly ash (IFA) remains a
significant challenge due to their hazardous nature. To attain effective recovery of petroleum
hydrocarbons and synergistic disposal, this study investigated the co-pyrolysis of OS and IFA, resulting
in successful energy recovery, CO, mitigation, and heavy metal immobilization. Results revealed that the
peak ratio of light oil to heavy oil fractions reached 179.42% with 20 wt% IFA addition, accompanied
by the highest aromatic hydrocarbons selectivity of 30.72% and the lowest coke yield of 106.13 mg/g
OS under the optimal temperature of 600°C. In-depth analysis indicated that IFA inhibited the poly-
condensation of macromolecular PAHs and promoted their cracking into light aromatic hydrocarbons.
The addition of 50 wt% IFA significantly increased H» yield (21.02 L/kg OS to 60.95 L/kg OS) and
facilitated CO, sequestration due to its higher content of Ca-bearing minerals. Moreover, high IFA ratios
promoted the reduction of Fe species in OS to a low-valence state. Heavy metals in co-pyrolysis char
were well immobilized into stable fractions with lower environmental risks. This work highlights the
potential of co-pyrolysis as a viable approach for simultaneous disposal of multiple hazardous wastes
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and offers new insights for their utilization.
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1. Introduction

The exploitation, transportation, and refinement of crude oil generate a large amount of oily sludge (OS),
which is a complex mixture of petroleum, water, and minerals [12, 47]. Due to its high content of toxic
petroleum hydrocarbons, N, S, Cl, and heavy metals (HMs), OS has been classified as a hazardous waste
in many countries [12, 19, 51]. Inappropriate disposal can lead to severe environmental pollution. Despite
its toxic and carcinogenic properties, the abundant petroleum hydrocarbons in OS makes it a valuable
resource for energy recovery [40, 63]. Over the years, various treatment methods such as landfilling [18],
incineration [77], solidification/stabilization [23] have been employed to reduce or eliminate hazardous
components in OS and mitigate its environmental impact. To recover the oil content, advanced methods
have been also developed, including solvent extraction [81], centrifugation [20], freezing [38], surfactant
[43], froth flotation [53], ultrasonic irradiation [74], and pyrolysis [13, 22]. Among them, pyrolysis is
gaining popularity due to its less chemical consumption, higher energy recovery rate, and lower
secondary environmental pollution.

The impacts of pyrolysis parameters (e.g., final temperature, heating rate, retention time) on the
distribution and quality of pyrolysis products have been extensively studied [22]. Effective catalyst is
critical for improving pyrolysis products [37], and different metal materials have been evaluated for their
catalytic impact on OS pyrolysis [15]. Compounds containing calcium can destabilize chemical bonds
and accelerate the devolatilization of organics [17, 34, 40]. Fe,O3 is an effective oxidizing agent that can
break the C-H and C-C bonds of aliphatic hydrocarbons due to its active 2p orbitals [15]. Al,O3 could
improve the conversion and reaction rate of organic substances in OS [30]. Despite these benefits, the
accumulation of coke on catalyst surface can lead to inactivation and a waste of resources [76], which
highlights the need for more affordable alternatives. The replacement of metal oxides by solid wastes can
reduce resource consumption. However, only few studies have been devoted to investigating the catalytic
effect of solid wastes such as red mud, sewage sludge fly ash, OS ash etc., on OS pyrolysis [8, 12, 40].
Various types of catalysts, including traditional alkali and transition metal catalysts, as well as waste-
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based catalysts, have been found to be effective in facilitating the simultaneous generation of H, and CO»
during the pyrolysis process [12, 31]. However, it is necessary to reduce CO, emissions to produce H»-
rich syngas with high flammability. Despite attempts to optimize operational parameters, minimizing
CO; emissions and improving the quality of syngas for higher flammability remains a significant
challenge [29, 31, 32].

Incineration fly ash (IFA) of municipal solid waste is considered a hazardous waste worldwide due to its
toxic composition which includes chlorides, HMs, and polychlorinated dibenzo-p-dioxins and
polychlorinated dibenzofurans (PCDD/Fs) [45]. It is primarily composed of Ca-bearing minerals and
chlorides, with CaO, Ca(OH),, CaCOs3, and CaCIOH [45, 75]. The rich Ca-bearing components and alkali
chlorides in IFA could provide binding sites for chain scission of organic compounds in OS to yield light
hydrocarbons [17, 22] and simultaneously capture CO, and HoS [26, 45]. However, despite its high alkali
earth metal content, IFA has rarely been studied as a catalyst for pyrolysis due to the difficulty in its
detoxification.

In addition, HM pollution is a prevalent issue in both IFA and OS treatments. The presence of high levels
of HMs such as Zn, Pb, Cu, Cd, Cr, and Ni in [FA poses a severe risk to both the environment and human
health [65]. HMs in OS would migrate and distribute in the resulting products during pyrolysis, causing
a long-term bioaccumulation and biomagnification effect [62]. However, many studies mainly focused
on recovering high-grade products during the treatment of multiple hazardous wastes but ignored the
evaluation of HM risk assessment of the received products [8, 40]. Therefore, it is essential to investigate
the ecological risk of HMs in both IFA and OS after the co-pyrolysis treatment.

Although both OS and IFA have been studied individually, the co-treatment of the two waste streams has
not been explored yet in the literature. Therefore, this study aims to develop a co-pyrolysis treatment
method for IFA and OS, which can achieve simultaneous improvement in pyrolysis oil and gas quality
with the immobilization of HMs. A comparative study of OS pyrolysis with and without IFA addition
was carried out at different pyrolysis temperatures to study the catalytic performance of IFA. The effects
of the OS/IFA mass ratio on the distribution and quality of pyrolysis products were emphatically
investigated at 600°C. Additionally, an assessment of the environmental risk associated with the pyrolysis
chars was performed by comparing leaching toxicity and investigating the speciation transformation of
HMs. The study also proposes potential underlying mechanisms responsible for the observed effects and
the synergies between OS and IFA. This research presents a feasible and environmentally friendly
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solution for the collaborative treatment of two hazardous wastes, simultaneously achieving resource
recovery through waste utilization. This approach aligns with industrial sustainability and resource

recovery objectives.

2. Materials and methods

2.1. Materials

The oily sludge was provided by Ningbo Haijing Environmental Protection Technology Co., Ltd, which
is dark and slimy. The municipal solid waste incineration fly ash was provided by Everbright
Environmental Energy (Ningbo) Co., Ltd., and it is in the form of fine white powdery particles and
exhibits no agglomeration. Both IFA and OS were heated at 105°C for 12h in an oven before being
individually blended to ensure homogeneity. They were then stored in a rapid glass dryer until further
use. Proximate and ultimate analysis were performed for both OS and IFA, and the results are listed in
Table 1. The proximate analysis was determined by a muffle according to the Chinese standard GB/T
212-2008 (Proximate analysis of coal), and the ultimate analysis was determined by element analyzer
(Vario MAX, Germany). The minerals detected in IFA and OS solid fraction according to X-ray
Diffraction (X‘Pert Pro, Netherlands) are present in Fig. S1, and the element compositions of both IFA
and solid fraction of OS were detected by X-ray Fluorescence (Axios-MAX, Netherlands) as shown in
Table 2. The higher heating value (HHV) of the oily sludge was measured using the oxygen bomb
calorimeter (XRY-1A+, China), and its value is 18.02 MJ/kg, which is close to that of coal (17.4-23.9
MJ/kg). The oil content (30.43wt%) and solid content (52.26wt%) are defined based on ASTM D95-13
[21]. Additionally, the average pore diameter of IFA was determined by Brunauer—Emmett—Teller (BET)
analysis. To ensure reproducibility, all tests were repeated at least three times under the same operation
conditions.

The addition ratios of IFA were set at 0, 10, 20, 30, and 50wt% to study its effect on the co-pyrolysis of
IFA and OS. The IFA and OS were mixed in different proportions and were stirred for 10 min to ensure
uniformity. The feedstocks were labeled as OS and IFA respectively, and the pyrolysis products produced
under different pyrolysis conditions were labeled as Mixture-T, where Mixture stands for the IFA addition
weight ratio and T represents the final pyrolysis temperature. For example, S0IFA-600 represents the
pyrolysis products obtained from the pyrolysis of OS with 50wt% IFA addition at 600°C, and OS-400
represents the pyrolysis products obtained from the pyrolysis of OS at 400°C.
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Table 1 Primary components of OS and IFA (M: moisture, A: ash; V: volatile; FC: fixed carbon; a: as

received; b: dry basis; O was calculated through 0%=100-C%-H%-N%-ash%).

Proximate analysis

Ultimate analysis

il Solid
Material (Wt.%) (Wt.%) content  content
o 0
M A VWV FC® C H o0 N s W (W%
oS 17.31 48.28 38.89 12.83 3828 452 2003 038 924 3043 52.26
IFA 259 8250 17.26 024 280 1.78 1250 043 2.79 / /
Table 2 Elemental composition of IFA and OS solid fraction detected by XRF (on dry basis).
Mineral contents (wt%)
CaO Fe203 A1203 Na20 K2O SiOz MgO ZnO Cl SO3
oS 14.83 24.41 11.80 0.55 0.15 12.52° 0.63 0.35 0.15 22.27
IFA 52.73 0.45 0.38 10.55 3.86 1.62 0.69 0.57 20.96 747
PbO TiO, CuO SrO Sh,0; BaO Cr,0s
OS 0.02 0.29 0.21 0.03 0.03 0.31 /
IFA 0.16 0.11 0.07 0.03 0.03 0.03 0.03
2.2. Experimental apparatus and methods
) R
Oily sludge . ‘——d"a— ~ Y| 1. simulated distillation
e~ -" 2. GC-MS
b =
TG analysis
1.GC
[—————3
1. XRD
2. Ultimate analysis
3. FTIR
4. SEM
5. Leaching test
Mixing at 6. BCR extraction
Raw material different ratios Co-pyrolysis in a Pyrolysis product‘s co.llection and
L / characterizations

\_ vertical tube /

Fig. 1 Schematic diagram of co-pyrolysis of OS with IFA.

o

2.2.1 TG and DTG analysis
The thermogravimetric and derivative thermogravimetric (TG-DTG) analyses were conducted on a

thermogravimetric analyzer (Netzsch TG 209 F3, Germany). To reduce experimental error before



thermogravimetric experiments, a thermogravimetry baseline was established. 40-50 mg of the sample
was loaded into the TG reactor and then was heated from 40°C to 800°C purging with 99.999% pure
nitrogen at a heating rate of 10 °C min!. A flow rate of 60 mL min™' was adopted to blow away non-

condensable gas products.

2.2.2 Pyrolysis

The pyrolysis experiments were carried out in a vertical pyrolysis apparatus as shown in Fig. S2. The
raw materials, including OS, IFA, and their mixtures, with a total mass of 50 g were placed in a stainless-
steel tube over the sieve plate. High purity N> was continuously supplied from the top of the reactor at a
flow rate of 200 ml min™' to drive away the air in the reactor and create an inert atmosphere for 30 minutes,
and then it would be lowered to 150 ml min™'. The samples were heated to the targeted temperatures (e.g.,
400, 500, and 600°C) with a heating rate of 10 °C min™' for 60 min for heat preservation. The condenser
was set to be -10 °C for the condensation of pyrolysis oil, and 3 bottles of acetone washing cylinders in
ice bath condition were placed as second oil absorbers. After pyrolysis, the condenser and the oil
container would be washed with acetone to make sure the complete collection of pyrolysis oil. Adequate
magnesium sulfate (MgSO4) was added to the liquid mixture to eliminate the water in the product. Finally,
rotary evaporation at 27°C was conducted to extract the pyrolysis oil from the acetone solution, which
was then weighed and analyzed to obtain its yield and composition. Afterwards, the non-condensable gas
went through a saturated sodium bicarbonate washing bottle and a silica gel washing bottle to eliminate
H,S and water, respectively. The pyrolysis gas was finally collected in a gas bag, and the solid residue in
the sample container would be collected to obtain its yield for further analysis.

The investigation of OS pyrolysis product distribution under various IFA additions involved obtaining
oil and pyrolysis residue yields through weighing, while gas component mass was deduced through
subtraction. It is important to highlight that the mass of added IFA was subtracted from the pyrolysis
residue mass to ascertain the char yield of OS, and this adjustment was necessary due to the in-situ
blending of OS with IFA. The oil yield Yg;;(qqr) (Wt%), char yield Yeparcaar) (Wt%), and gas yield Yy(gqr)

(wt%) were calculated through the Egs. (1) to (3).

_ Moiy 0
Yoir(aar) = %X 100% €))
Mos
Mol idue — Mypa X (1 — LoSS g%
Ychar(daf) _ ’solid residue ;:LA ( IFA 0) % 100% (2)
0S



Ygas(daf) =100wt% — yoil(daf) - Ychar(daf) 3)

where ms, m;g, are the masses of OS and IFA (kg) in the feedstock, m,;; and M4 resiaue refer to the
masses of pyrolysis oil and solid residue (kg), respectively; As IFA is not totally inert during the pyrolysis
with temperature over 400°C, the weight loss percentage of IFA Loss;r,% after pyrolyzed at certain
temperature (4.35wt%-400°C, 7.24wt%-500°C, 8.66wt%-600°C), as shown in Fig. S3, is considered,
which is normally ignored in previous studies [12, 40].

The volume yield of each gas component in pyrolysis gas Ygyqq5) Was calculated by Eq. (4).

Vgas(aar) X V;%

Y, —gastdal) © J T 4
gv(daf) Mos ( )

where Vygsqar) Tefers to the pyrolysis gas volume (L) recorded by wet gas meter, V;% is the volume
ratio of each gas component obtained from GC results.

Simulated distillation GC (SCION 456-GC) was utilized to obtain the boiling point distribution of
pyrolysis oil according to ASTM D2887 which classify the pyrolysis oil into four different commercial
oil products, including Gasoline (<180°C), Diesel (180°C~350°C), Distillates (350°C~500°C), and

Heavy oil (>500°C) [14]. The yield of each oil fraction Yp(qqf) (Wt%) can be defined as Eq. (5).

Yo(aar) = Yourcaar) X mi% (%)

where m; % is the weight ratio of gasoline, diesel, distillates, and heavy oil in the total oil.

GC/MS (Agilent 7890A/5975C) was applied to obtain oil compositions according to the standard
spectrum in NIST 05 standard mass spectrogram library.

To obtain the accurate carbon coke yield, hydrochloric acid (2 mol/L) was utilized to wash and remove
the carbonates in pyrolysis char [4, 48, 56]. Afterwards, Croc(qar) (Mg/g washed residue) referred to the
carbon content in residue after acid washing was measured by element analyzer. The carbon coke content
Ceoke(aar) (mg/g solid residue) can be calculated by Eq. (6) and then could be converted into Yeoe(aar)
(mg/g OS) by Eq. (7). The total carbon content in chars Cr¢(qqr) (mg/g solid residue) was measured by
element analyzer. The eliminated inorganic carbon content (IC) Cj¢(qq5) (mg/g solid residue) during acid
washing could be calculated by Eq. (8) [48], and it was mostly in the form of carbonates. The proximate
amount of CO, adsorbed in char A¢g,(qqr) (Mg/g solid residue) can be then calculated by Eq. (9), and
the disturbance of inherent CaCOs in IFA A¢o,(jra) (mg/g solid residue) can be quantified by Eq. (10).
The inherent CaCOs concentration in the raw IFA CaC03;% was determined by TG results of CaCO; and

IFA [55, 58], as shown in Fig. S4, according to Eq. (11), and the result is 17.17 %.



CTOC(daf) X Myyashed residue
Ccoke(daf) = (6)

Msolid residue

Msolid residue

Ycoke(daf) = Ycoke(daf) * m—os (7)
CIC(daf) = CTC(daf) - Ccoke(daf) (8

A _ Greap) g 9
cox(dap) =y~ co, — Aco,ra) )

CaCO03% X myp, y Mco,

Msolid residue MCaC03

(10)

Acoz (IF4a) =

Mass losS gy

CaC03% = 100% x (11)

where My, qsned resiaue 18 the mass of residue after HCI washing; Mcqrpon, Mco,, and Mcqco, refer to the
molar mass of carbon, carbon dioxide, and calcium carbonate, which are 12 g/mol, 44 g/mol, and 100
g/mol, respectively; Mass loss g, and Mass l0SScaco, tefer to the mass loss of IFA and CaCO; within
600-810°C by TG, respectively [57].

Fourier Transform Infrared Spectroscopy (FTIR) and scanning electron microscopy (SEM) were
employed to analyze the functional groups present in the chars and examine the microstructure of the

raw materials as well as the pyrolysis chars.

2.3 Methods for HMs analysis

The total concentrations of HMs were measured after digestion in an acid mixture (HNO3: HF: HCIO4:
=3:1:1, v/v/v) [7] and passing through a 0.45 pum membrane filters before being diluted to a constant
volume with 2% HNOj and detected by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, 7700)
and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, ULTIMA 2).

The toxicity characteristic leaching procedure (TCLP) and modified European Community Bureau of
Reference (BCR) sequential extraction method were applied to evaluate the leaching risks and chemical
speciation of HMs in OS, IFA, and their pyrolysis chars. The TCLP leachate was extracted using a
solution of glacial acetic acid (pH 2.88) at a liquid-to-solid ratio of 20:1. The extraction process was
performed in a shaking incubator at 200 r-min"! for 18 hours. Afterwards, the liquid phase was separated
by centrifugation at 4000 r-min', and the resulting supernatant was filtered through a 0.45 pm membrane.
The filtered solution was then analyzed using ICP-MS and ICP-OES [7]. The extraction of acid
soluble/exchangeable fraction (F1), reducible fraction (F2), and oxidizable fraction (F3) was referred to
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Baig et al. [2]. The residual fraction (F4) was obtained by the difference between the total HM content
and the other three fractions. Three parallel samples are set for ensuring the validity of the experimental
data.

The potential ecological risk index (RI) was calculated to evaluate the environmental risk of HMs

according to Egs. (12) and (13) [7, 67]:
ErZTTXCf:Trx(Cl+C2+C3)/C4 (12)

RI = ZEr (13)

where RI represents the potential ecological risk index of the samples by adding up each HM’s potential
ecological index; E,. is the potential ecological risk factor for each HM element; T, is the toxic factor of
the individual HMs, including Cd (30), Cr (2), Cu (5), Ni (6), Pb (5), and Zn (1) [7, 33]; Cf is the
contamination factor of an individual HM; C;, C,, C5, and C, corresponds to the concentrations of F1,
F2, F3, and F4 fractions of the HMs, respectively. The ecological risk assessment, including the indices
Ct, E- and RI [10], is presented in Table S1.

Theoretical values for total heavy metal content (mg/kg solid residue), heavy metal leaching
concentration (mg/L), and concentrations of F1, F2, F3, and F4 fractions (mg/kg solid residue) in co-
pyrolysis chars (50IFA-T), denoted as Cr_;ne,, are calculated using data obtained from individual
pyrolysis of OS and IFA at different temperatures, as shown in Eq. (14). Additionally, the yield of solid
fraction (wt%) after individual pyrolysis of OS and IFA, represented as Y(uqs), is also considered
according to Eq. (15). By comparing these theoretical values with the experimental results, the impact of
co-pyrolysis on the migration and stabilization characteristics of HMs in OS and IFA could be identified.

_ Cr_ira X Ysqra-1) + Cr—os X Ys0s-1)
CT—theo—co -

14
Ysara-1) + Yscos-1) (14

m . .
Ys(daf) — solid residue % 100% (15)
mfeedstock

where Cr_;p4 and Cr_ps are the experimental total/leaching/F1-F4 concentrations of IFA and OS at

specific temperature, respectively; Myeeqstock refers to the mass of OS or IFA (kg) during their individual

pyrolysis.

3. Results and Discussion
3.1 Effect of pyrolysis temperature on OS pyrolysis with and without IFA addition

Fig. 2(a) presents the thermal characteristics of OS and IFA based on TG analysis. The three peaks at



temperatures of 149°C, 401°C, and 748°C in the DTG curves demonstrate that OS decomposition could
be divided into 3 phases. The initial phase (PH1) is attributed to the devolatilization of water and some
light hydrocarbons, ranging from 90-182°C. The second phase (PH2) ranging from 182-513°C involves
the thermal decomposition and devolatilization of petroleum hydrocarbons, including those with higher
boiling points. The last phase (PH3) ranging from 600°C-770°C is mostly due to the decomposition of
inorganic minerals [41]. The residual mass at 800°C is approximately 56.93%, which is consistent with
the high solid content in OS as shown in Table 1. IFA exhibits a negligible mass loss below 350°C.
However, significant weight losses occur in two distinct temperature ranges, including 350°C-500°C and
600°C-810°C, which are derived from the decomposition of Ca(OH), and CaCOj3 [25], as indicated in

Fig. S4.

100

2
2

100 2L — 08 (b) [ Char yield 0] Oil yield [0 Gas yield
1 i

0 DEdceizJciz-19 Jc20-35[ ] Ca6+
te= = = '
H |

e

\ =

sof | " R -
L

=
£

60 F

DTG/(%/min)
ES

Mass (%)
Distribution of pyrolysis products (wi%)

40 F

=
H

b
20 F -
\f\ 20

R = Y ges = Y

Carbon number distribution of hydrocarbens (%)

100 200 300 400 500 600 700 800 0
Temperature (°C)

05-400 20IFA-400 OS-500 201FA-500 OS-600 201FA-600 05-400 20IFA-400 OS-500 201FA-500 OS-600 201FA-600

Fig. 2 (a) TG and DTG curves of individual pyrolysis of OS and IFA from 50-800°C; (b) weight
distribution of pyrolysis products, and (c) carbon number distributions of hydrocarbons in pyrolysis oil
during the pyrolysis of OS with and without 20wt% IFA addition under different final pyrolysis

temperatures (400, 500, and 600°C).

Pyrolysis temperature has a significant effect on pyrolysis oil yield and quality. As depicted in Fig. 2(a),
the conversion of organics in OS is nearly complete around 513°C. Notably, CaCOj; degradation, causing
CO; release and potential gas quality deterioration, predominantly transpires beyond 600°C (Fig. S4).
These elevated temperatures also entail substantial energy consumption. Therefore, pyrolysis
temperatures of 400, 500, and 600°C were adopted in this study. The IFA ratio was fixed as 20% by mass,
as it is situated in the middle range and sufficiently high to elicit a catalytic effect. The impacts of final
temperatures on the product distribution and oil compositions of OS pyrolysis with and without IFA
addition are illustrated in Figs. 2(b) and 2(c), respectively. The simultaneous decrease in char yield and
increase in oil yield with increased temperature demonstrate that the elevating temperature promoted

thermal conversion of organic matter from solid to oil fractions. Moreover, a significant increase in oil
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yield was observed at 400 and 500°C with the addition of IFA, indicating the strong catalytic effects of
IFA on accelerating the thermal decomposition of OS at a lower temperature. Interestingly, the addition
of IFA also increased char yield, but decreased the gas yield. This tendency was rarely reported in the
literature of catalytic pyrolysis, as the increase in oil and gas yield is normally contributed by enhanced
volatilization and decomposition of heavy components attached in solid fractions [12, 22, 40]. This
phenomenon could be attributed to CO; and H»S adsorption by Ca-bearing minerals in IFA, which will
be further discussed in section 3.4.2. At 600°C, the highest oil yield (i.e., 13.30wt%) was observed with

20wt% IFA addition.

The obtained carbon number distribution of hydrocarbons in pyrolysis oil from GC-MS results suggest
that increasing the temperature from 400°C to 500°C decreased the content of C13-19 but increased the
content of C20-C35, which can be attributed to the enhanced devolatilization of heavy oil components at
500°C. However, the content of C6-C12 increased dramatically when the temperature was raised to
600°C, which suggests that heavy components underwent further cracking at 600°C. On the other hand,
the addition of IFA increased the content of C6-C19 at each pyrolysis temperature, indicating its capacity
of promoting the decomposition of heavy oil components and improving oil quality. At 600°C, the
proportion of C6-12 fractions increased by 7.34% with 20wt% IFA addition. Therefore, 600°C was
selected as the optimal temperature for the subsequent experiments to achieve the highest oil recovery

rate with better oil quality.

3.2 OS pyrolysis with different 1FA addition ratios

The effects of IFA addition ratios on the yields of pyrolysis oil, gas, and char at 600°C are presented in
Fig. 3(a). The char yield increased from 67.34wt% to 68.70wt% when the IFA addition ratio increased
from 0 to 20wt%. However, it changed marginally when the IFA addition ratio further increased. The
sample 30IFA-600 achieved the maximum oil yield of 14.41wt%, while adding IFA at other ratios also
increased the oil yield to a lesser extent. The decreased gas yield with the addition of IFA could be

attributed to the CO; adsorption by Ca-based minerals in IFA.
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Fig. 3 Effect of IFA addition ratios on (a) pyrolysis products distributions, (b) pyrolysis gas compositions,
(c) gasoline and H, yields, and (d) the distributions of different oil fractions in pyrolysis oil obtained

from the co-pyrolysis at 600°C.

3.2.1 Effect of IFA addition on the compositions of pyrolysis gas from co-pyrolysis with OS

The addition of IFA altered the compositions of OS pyrolysis gas significantly, and the details are
presented in Fig. 3(b). H; yield increased from 21.02 to 60.95 L/kg OS as the IFA addition ratio increased
from Owt% to 50wt%, which also exhibited a well-fitted linear relationship (R?=0.9952) as shown in Fig.
3(c). The water-gas shift reaction and dehydrogenation reactions, including cracking of long-chain
hydrocarbons, cyclization, polymerization, and aromatization, are dominant reactions for H, generation
during OS pyrolysis [12, 78]. It is evident that the minerals in IFA promoted some of these reactions.
Additionally, the significant increase in H, yield with elevated IFA addition ratio (30 wt% to 50 wt%)
corresponds to a slight rise in total gas yield shown in Fig. 3(b).

The CO; adsorption by Ca-bearing minerals in IFA significantly reduced CO> yield from 14.47 to 0.59
L/kg OS with 50wt% IFA addition, achieving the elimination of the non-combustible gas in the content.
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On the other hand, the addition of 10wt% IFA increased the CO yield from 1.66 to 2.97 L/kg OS. However,
it was decreased as the IFA addition ratio further increased, which may be derived from its consumption
through the water-gas shift reaction, as illustrated by Eq. (16) [49]. A sharp increase in CH4 yield, from
8.84 t0 20.20 L/kg OS, was observed with the addition of 10wt% IFA, but it remained constant as the
IFA addition ratio further increased. Meanwhile, the content of hydrocarbons with 2-3 carbons presented
a similar increased tendency with CHs content, which could be attributed to enhanced side chain
decomposition of aliphatic compounds [68]. Collectively, the gas products generated during the pyrolysis
process contain high levels of energy-rich gases like H, and hydrocarbons, while having low levels of

CO,, which makes it a potential fuel in a gas-fired engine to generate energy for the pyrolysis process.

CO + H,0 & CO, + H, (16)

3.2.2 Effect of IFA addition on the compositions of pyrolysis oil from co-pyrolysis with OS

The quality of the oil is determined by its boiling point distribution, and it varied significantly with
different IFA addition ratios, as shown in Fig. 3(d). Fig. 3(c) presents a linear correlation between the
gasoline yield and the IFA addition ratio (R?=0.9125). This correlation implies the possibility of enhanced
cracking or reforming reactions facilitated by the presence of IFA, potentially leading to a higher
selectivity for gasoline within the pyrolysis oil. Diesel was the most abundant component in the pyrolysis
oil, which is consistent with Gong et al.’s findings [15], and it increased from 7.67wt% to 8.18wt% when
30wt% IFA was added. Gasoline and diesel are commonly classified as light oil fraction, while distillates
and heavy oil are defined as heavy oil fraction. The elevated IFA addition ratios firstly increased light oil
fraction from 8.03wt% (OS-600) to 8.76wt% (30IFA-600), and then slightly decreased to 8.27wt%
(50IFA-600). Moreover, the adequate addition ratio of IFA (10wt%-30wt%) led to an increase of around
20% in light oil fraction to heavy oil fraction ratio (L/H), and the highest L/H was achieved in 20IFA-
600 (179.42%). This demonstrates that a moderate IFA addition ratio could effectively promote light oil
formation and improve oil quality. The relatively lower L/H (167.59%) and higher heavy oil yield
(4.93wt%) obtained from 50IFA-600 could be attributed to the promotion effect of excessive catalyst on
polymerization and condensation [40].

Fig. 4(a) depicts significant changes in pyrolysis oil composition corresponding to varying IFA addition
ratios. The cracking and aromatization of middle and long-chain alkanes could be the primary reactions

during the co-pyrolysis of IFA and OS, as evidenced by the decrease in straight-chain alkanes of C13-35
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and the increase in aromatic hydrocarbons with the addition of IFA. The variation tendency of
hydrocarbons in C6-19 aligns with the aromatic hydrocarbons (Fig. 4(b)) when IFA ratio increased, which
indicates that the increase in light oil fractions is primarily contributed by the augmented levels of light
aromatic hydrocarbons, rather than alkanes (Fig. 4(c)). Moreover, the selectivity of total aromatic
hydrocarbons and mono-cyclic aromatic hydrocarbons (MAHs) content in 20IFA-600 increased from
24.63% to 30.72% and from 3.44% to 6.61%, respectively. The corresponding intensity of MAHs, such
as phenylethylene and trimethyl-Benzene, are presented in GC-MS result (Fig. S5). Additionally, the
destruction of asphaltenes also contributed to the simultaneous increase in polycyclic aromatic
hydrocarbons (PAHs) [37], and it is discussed further in subsequent sections. The decrease in the
proportion of long and middle-chain alkanes signifies their conversion through cracking into various
short-chain aliphatic hydrocarbons and short-chain radicals [71]. This process results in the formation of
non-condensable gases, as shown in Fig. 3(b), and subsequently initiates cyclization and aromatization
reactions [13]. The long-chain alkanes (C20-35) content slightly increased from 21.83% to 26.95% when
the IFA ratio further increased from 20wt% to 50wt%, partially resulting from the polymerization or

addition reactions of olefins, as explicated by the corresponding decrease in the proportion of olefins.
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Fig. 4 Effect of IFA addition ratios on (a) the compositions, including relative concentration contents of
straight-chain alkanes, cycloalkanes, olefins, aromatic hydrocarbons, oxygenated compounds, and the
carbon number distribution of hydrocarbons, (b) carbon number and ring number distributions of
aromatic hydrocarbons, and (c) carbon number distribution of straight-chain alkanes of pyrolysis oil

obtained at 600°C, detected by GC-MS.

3.2.3 Effect of IFA addition on pyrolysis char from co-pyrolysis with OS

The effects of IFA addition ratio on pyrolysis char composition were investigated, with a focus on carbon
coke yield and CO, sequestration. Coke content derived from the polymerization and condensation of
organic substances [28] is critical for evaluating the carbon migration among the products during co-
pyrolysis. The quantification of carbon coke contents in chars with low carbonates content was
commonly achieved by elemental analysis [8, 26], TG-DSC [61], and separating CO, yield under an
oxidizing atmosphere by TG-MS [34]. Here the adsorbed CO, in char becomes a disturbance for its
quantification and was eliminated by dilute hydrochloric acid washing. As shown in Fig. 5(a), the carbon
coke yield first decreased from 129.5 to 106.1 mg/g OS when the IFA addition ratio increased from 0 to
20wt%. However, further elevating IFA addition ratio resulted in a contradictory outcome, and the carbon
coke yield reached 128.0 mg/g OS at 50wt% IFA addition. This phenomenon indicates that moderate [FA
addition could significantly inhibit the polymerization and condensation reactions of large-molecular
compounds and promote their decomposition, which explains the increased light aromatic hydrocarbons
in pyrolysis oil.

Fig. 5(b) exhibits the total carbon content, carbon coke content, and the derived amount of CO,
sequestration in the char. The amount of CO; retained in the char increased from 93.59 to 131.89 mg/g
char as the IFA addition ratio increased from 10wt% to 30wt%. This observation is consistent with the
continuous decrease of CO; proportion in pyrolysis gas, and it can be explained by the increased CO>
adsorption substrate. The slight decrease in CO, adsorption amount in S0IFA-600 char was attributed to

the reduced OS mixing ratio in the feedstock.
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Fig. 5 Effect of IFA addition ratios on the (a) carbon coke yield (mg /g OS), and (b) carbon coke content
(mg/g solid residue), total carbon concentration (mg/g solid residue) and the amount of CO; sequestration

(mg/g solid residue) in solid residues obtained at 600°C.

Microstructural analysis of the feedstock and the derived chars was conducted to analyze the catalytic
effect of IFA on co-pyrolysis from a physical catalysis perspective. Fig. S6 reveals that solid particles
in the original oily sludge were enveloped by crude oil and clustered into dense formations. After
pyrolysis, the OS char's surface adopts a sleek and clustered structure, whereas IFA addition leads to a
relatively voluminous and more widely dispersed configuration. The N, adsorption-desorption curve (Fig.
S7a) of IFA exhibits a hysteresis loop and a type IV isotherm, signifying the presence of mesopores
within IFA. Furthermore, Barrett-Joyner-Halenda (BJH) pore size distribution curves (Fig. S7b) indicate
mesopores primarily spanning from 2 to 30 nm, centered around 3.8 nm, with an average pore diameter
of 11.98 nm. This suggests the presence of potential accessible pathways for transporting medium and

large molecular compounds, facilitating catalytic cracking [79].

3.3 Speciation and environmental risk of HMs

To evaluate the effect of pyrolysis temperatures and co-pyrolysis process on the stabilization of HMs in

OS and IFA, the individual pyrolysis of IFA at 400, 500, and 600°C was further conducted for comparison.

3.3.1 Total HMs concentrations and leaching toxicity of HMs in OS, IFA, and chars
The total concentrations of Cr, Cu, Ni, Zn, Cd, Pb in OS, IFA, and their pyrolysis chars at different

temperatures are presented in Table S2. The highest HM content in OS was Zn (1648.81 mg/kg), followed

by Cu (901.81 mg/kg) and Ni (694.87 mg/kg), while only minor concentrations of Cr (102.12 mg/kg)

16



and Pb (68.19 mg/kg) were detected. These HMs mainly originated from crude oil, drilling fluid, and soil
[11]. IFA served as an efficient solid heat transfer medium and catalyst for OS pyrolysis. However, the
inclusion of IFA also resulted in increased concerns regarding HM concentration in the resulting chars
after co-pyrolysis [42, 72]. Minor concentrations of Cd, Cr, and Ni (82.33, 56.67, and 27.83 mg/kg) were
detected in IFA, while the dominant HM elements were Zn, Pb, and Cu with concentrations of 4646.14
mg/kg, 1330.42 mg/kg, and 514.29 mg/kg, respectively. These HMs were enriched in IFA during the
process of waste incineration when they were adhered on the surface of IFA due to their considerable
high volatility [16]. It is noted that the total HM concentrations in OS pyrolysis chars were higher than
those in raw material, which is due to the decomposition of organic matter and the weight loss of volatile
fraction.

Considering both IFA and OS contain high levels of HMs, we compared the HM content in chars obtained
from individual pyrolysis and co-pyrolysis at a 1:1 mixing ratio to evaluate the potential of co-pyrolysis
for HM stabilization. The experimental total Cr, Ni, and Zn concentrations in co-pyrolysis chars are
slightly lower than the theoretical value, implying that a small amount of Cr, Ni, and Zn might have
migrated to the pyrolysis gas and oil during co-pyrolysis. However, the opposite trend observed for Cu

and Pb suggests that the co-pyrolysis process suppressed their volatilization.

Table 3 Leaching concentrations of HMs in OS, IFA, and chars after pyrolysis at different temperatures.

Element (mg/L)

Sample Cd Cr Cu Ni Pb Zn
0s 0.06£0.00 ND ND 0.02£0.00  0.33+0.00 0.11+0.01
0S-400 0.01+0.00 0.01+0.00 0.01+0.00 0.04+0.00 ND 1.19+0.03
0S-500 0.01£0.00 ND ND 0.87+£0.08  0.02+0.00 0.61+0.07
0S-600 0.01+0.00 ND ND 0.35+0.01  0.03+0.00 1.47+0.10
IFA ND 0.03+0.00 0.09+0.01 0.01+0.00 8.59+0.39 0.78+0.04
IFA-400 ND 0.18£0.00 0.01£0.00 ND 9.19+0.20 2.89+0.08
IFA-500 ND ND ND ND 16.87+0.11  7.86+0.20
IFA-600 ND ND 0.01+0.00 ND 5.00+0.04 4.37+0.11
501FA-400 ND ND ND 0.01£0.00 ND 0.21+0.00
501FA-500 ND 0.01+0.00 ND ND ND 0.01+0.00
501FA-600 ND ND ND ND 0.44+0.00 0.65+0.04

Threshold of
GB5085.3-2007 1.00 15.00 100.00 5.00 5.00 100.00

Theoretical leaching concentrations of pyrolysis chars after co-pyrolysis

501FA-400-theo  0.01 0.10 0.01 0.02 5.16 2.14
50IFA-500-theo  0.00 0.00 0.00 0.37 9.70 4.77
501FA-600-theo  0.00 0.00 0.01 0.15 2.86 3.13
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ND: Not detected.

Table 3 shows that the leaching concentrations of HMs in IFA, OS, and pyrolysis chars. The leaching
concentrations of Pb in IFA exceeded the thresholds of the Chinese national standard (GB 5085.3-2007).
After individual pyrolysis of IFA, there was no improvement in leaching concentrations of Pb and Zn,
and the leaching concentration of Zn increased significantly. These findings suggest that thermal
treatment in a reductive atmosphere may increase the leaching rates of Pb and Zn to varying degrees,
leading to higher leaching toxicity of the derived pyrolysis chars. A remarkable reduction in the
experimental leaching concentrations of Ni, Pb, and Zn in co-pyrolysis chars was observed compared to
the theoretical values. This observation highlights that the co-pyrolysis process substantially mitigated
the leaching toxicities of OS and IFA, particularly notable for Ni, Pb, and Zn, with all metal
concentrations now falling below the USEPA thresholds. These results indicate that the interactions
between IFA and OS during co-pyrolysis may alter the metal speciation, leading to the immobilization

of HMs.

3.3.2 Speciation of HMs in OS, IFA, and chars

Chemical speciation analysis of HMs is essential for evaluating the ecological toxicity and bioavailability
of HMs [7, 51]. The F1 and F2 fractions are named as active fractions, and the F3 and F4 fractions are
named as stable fractions. As depicted in Fig. 6, most HMs were in the stable form in OS, except for Cd
having 60.53% in the active fraction. After pyrolysis, there was a significant decrease in the F1 fraction
of Cd, while Ni, Pb, and Zn showed substantial increases in their active fractions. Furthermore, the active
fractions of Cd, Ni, and Zn increased as the temperature elevated from 400°C to 600°C [60]. IFA, on the
other hand, exhibited a different distribution of HMs, with Cd, Cu, Ni, Pb, and Zn exhibiting high
proportions of 92.37%, 73.87%, 46.96%, 45.49%, and 77.35%, respectively, in active fractions, which is
in line with previous study [7]. Pyrolysis of IFA decreased the active fractions of most HMs, except for
Ni, which exhibited a slight increase.

Comparing to the theoretical HM speciation values (Fig. S8), co-pyrolysis process significantly shifted
Cd, Cu, and Ni into more stable forms, while the stabilization effect was less obvious for Cr, Pb, and Zn.
The transformation of HMs between different fractions was influenced by the pyrolysis temperature and
specific HM properties. Overall, as the temperature increased, the active fractions of Cr, Cd and Zn

underwent a transformation into more stable fractions [7]. However, the active fractions of Cd still
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accounted for significant proportions of 55.89%, 60.04%, and 39.53% in chars obtained at 400, 500, and
600°C, respectively, due to the high F2 fraction in IFA. Cu exhibited a decrease in the F4 fraction with a
simultaneous increase in the F3 fraction. Similarly, Ni exhibited a transition from the F4 fraction to the
F2 and F1 fractions as the temperatures increased, which is consistent with the observed trends in the OS
pyrolysis chars. Moreover, the increased F1 fraction at 600°C aligns with the high Pb leaching
concentration. These findings suggest that higher pyrolysis temperature may not benefit the
immobilization of all types of HMs [33, 51]. Additionally, significant increases of F3 fractions were

observed in Cd, Cr, Cu, Pb, and Zn as the pyrolysis temperature increased.
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Fig. 6 Speciation distributions of Cd, Cr, Cu, Ni, Pb, and Zn in OS, IFA, and chars after pyrolysis at
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different temperatures.

3.3.3 Environmental risk assessment of HMs

The potential ecological risk index (RI) was employed to evaluate the ecological risk of HMs in the
pyrolysis chars as shown in Table S3 and Table 4. Notably, the Cr value of Cd in IFA was 13.65,
manifesting high HM contamination. Moreover, the C; values of Cu and Zn were 5.30 and 5.55,
respectively, suggesting moderate contamination. Since the E,. value of IFA was 409.63, the RI value for
IFA was 455.69, indicating a high level of comprehensive ecological risk. After IFA pyrolysis, the RI
values of pyrolysis chars decreased but still exhibited high contamination levels. In contrast, the C¢ value
of Cd in OS (1.88) exhibited a low contamination, and the other HMs were within the clean risk level.
The E,. value for Cd in OS was 56.38, suggesting moderate contamination. Overall, The RI value for OS
was 56.25, suggesting a moderate comprehensive ecological risk. After OS pyrolysis, the E, values of
all HM elements were reduced to below 10, and the derived RI values of chars all indicate low risk levels.
These results imply that individual pyrolysis is effective at stabilizing HMs in OS, while the effect is
relatively weaker when applied to IFA.

After co-pyrolysis, the E,. values for Cd in the resulting chars significantly decreased, reaching a
considerate level at 500°C (120.57) and a moderate level at 400°C and 600°C (91.81 and 51.66,
respectively). Moreover, although the RI values for HMs in co-pyrolysis chars were higher than those in
OS pyrolysis chars, a substantial reduction was observed when compared to the theoretical values, which
still indicated high risks. This outcome demonstrates that the co-pyrolysis process effectively decreased
the risk index of pyrolysis chars, especially for Cd. However, a potential environmental risk still exists

due to the high HMs contamination in IFA.

Table 4 E, and RI of the HMs in OS, IFA, and pyrolysis chars for the evaluation of ecological risk.

Item E, E, RI

Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn

563 0. 00 0. 0. 0. Modera Lo Lo Lo Lo 56.2 Modera
OS 8 03 2 22 17 06 te w Low W w w 5 te
OS- 0. 1.4 1. 1. 0. Low Lo Low Lo Lo Lo 143
400 974 11 9 19 03 80 w w w w 6 Low
OS- 0. 21 1. 1. 0. Low Lo Low Lo Lo Lo 14.7
500 857 14 5 89 36 67 w w w w7 Low
OS- 0. 1.6 2. 0. 0. Low Lo Low Lo Lo Lo 145
600 9.02 11 6 24 89 60 w w w w3 Low
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409. 1. 26. 8. 4. 5 Very Lo Lo Lo Lo 455. High
IFA 63 04 51 44 54 55  high w  Low w w w69
IFA- 344, 1. 67. 5. 6. 2. Very Lo Mode Lo Lo Lo 428 High
400 99 23 18 94 69 26 high w  rate w w w29
IFA- 293. 1. 56 7. 3. 1. Lo Low Lo Lo Lo 312. High
500 31 39 5 10 04 59 High w w w w08
IFA- 289. 1. 69 6. 2. 1. Lo Low Lo Lo Lo 308. High
600 72 56 2 18 41 33 High w w w w13
50IF Modera
A- 87.1 0. 0.1 2. 1. 0. Conside Lo Lo Lo Lo 0918 te
400 4 16 2 01 43 94 rate w Low w w w 1
50IF Conside
A- 120. 0. 1.5 2. 1. . Conside Lo Lo Lo Lo 127. rate
500 57 29 01 77 11 rate w  Low w w w33
50IF Modera
A- 51.6 0. 1.8 3. 0. 0. Modera Lo Lo Lo Lo 59.1 te
600 6 25 2 90 74 76 te w  Low w O w w2
Theoretical E, and RI values of pyrolysis chars after co-pyrolysis
50IF High
A-
400- 266. 0. 47 1. 3. 1. Lo Lo Lo Lo 277.
theo 82 30 3 22 10 39 High w  Low w w w 56
50IF High
A-
500- 217. 0. 32 1. 2. 1. Lo Lo Lo Lo 225.
theo 03 33 3 91 19 05 High w  Low w w w 74
50IF High
A-
600- 214. 0. 28 2. 1. O. Lo Lo Lo Lo 222
theo 24 31 2 27 63 92 High w_ Low w w w19

3.4 The mechanism of co-pyrolysis

To conclude the catalytic effect of IFA on OS pyrolysis and further investigate the synergistic effects of

the co-pyrolysis process, FTIR and XRD were conducted to the chars.
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Fig. 7 (a) FTIR spectrum, and (b) XRD spectra of OS-600, 10IFA-600, 20IFA-600, 30IFA-600, SOIFA-
600 chars.

3.4.1 Catalytic effect of IFA on OS pyrolysis
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The functional groups presented in chars were analyzed using FTIR as depicted in Fig. 7(a). The
variations in aromatic C=C (1640 cm™) [3] and C-H (874 cm™") [22, 24] bending vibrations exhibited a
parallel trend with coke yield, affirming the accuracy of coke yield quantification. Moreover, the inverse
relationship between the content of large PAHs in the pyrolysis oil (Fig. 4b) and the coke yield (Fig. 5a)
further confirms that the addition of a moderate amount of IFA inhibited the poly-condensation of PAHs
into coke precursor and promoted their cracking into light aromatic hydrocarbons [6, 9]. However, a
higher addition ratio could weaken the chemical bond and enhance the chemical activity of hydrocarbon
compounds in OS, leading to a higher accumulation of free radicals in chars [70] and then promoting
coke formation with an increased aromatization degree in the char. The peak at 1034 cm’!, which depicted
C-O [47], was weakened in the chars with IFA addition, whereas the C-O-C peaks at 1158 cm™ [5] were
strengthened in 20IFA-600. This elucidates cations in IFA, such as Ca, may combine with oxygen-
containing groups, leading to the formation of C-O-Ca or COO-Ca at a moderate addition ratio [17, 80].
Therefore, it can be inferred that Ca functioned as a cross-linking agent that immobilized macromolecular
groups and prevented excessive condensation [17]. The strengthened calcite bending vibrations at 1428
cm! [54] confirmed the sequestration of emitted CO, in the pyrolysis char.

The plausible reaction pathways of co-pyrolysis are depicted in Fig. 8. Long-chain alkanes undergo
cracking into light hydrocarbons, facilitated by the catalysis of CaO and chlorides presented in IFA [39,
46]. The resulting light hydrocarbons are further converted into MAHs and PAHs through aromatization
reactions, potentially aided by active potassium species and Ca(OH), [37]. The minerals in IFA may
assist the side chain decomposition of aliphatic [68] and the hydrogenation of methylene in aromatic
structure, leading to the formation of gaseous hydrocarbons. Furthermore, the strong basic nature of CaO
and Ca(OH); facilitates the catalytic deoxygenation of oxygenates, converting them into hydrocarbons,
thereby promoting the formation of CO and CO; [27]. The observed decrease in CO content when IFA
addition ratio exceeded 20 wt% confirms the enhanced water-gas shift reaction, and the adsorption of
CO; by calcium-containing species further promoted it [12]. Particularly, heavy fractions in OS tend to
undergo polycondensation and form coke at high temperatures, depositing on the char surfaces [44].
However, the minerals in IFA promotes their cracking [59] and then inhibits the formation of graphite
structures in the aromatic carbon skeleton in char [6], ultimately resulting in the reduced coke yield and

increased light aromatic hydrocarbons in pyrolysis oil.
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Fig. 8 Proposed mechanism of co-pyrolysis of OS with IFA.

3.4.2 Synergistic effects of co-pyrolysis

IFA addition induced the reduction reaction of inherent Fe species in OS. According to Fig. 7(b), metallic

Fe peak was observed at 44.94°, 65.43°, and 82.90° in both 30IFA-600 and 50IFA-600 chars, while only

ferrous iron was detected in OS char. The exclusive presence of Fe,O; in the solid fraction of OS, as
indicated in Fig. S1 (b), implies that the incorporation of IFA facilitated the reduction of Fe species
derived from OS. This reduction reaction could be facilitated by the enhanced formation of H, and CO
during co-pyrolysis and the involvement of Fe species in organic decomposition reactions. Therefore,
the addition of IFA induced the in-situ catalysis of inherent reducible Fe species, and the lattice oxygen
generated from its reduction can reduce the stability of heavy oil, leading to the formation of light oil

fractions [15, 17, 40].
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IFA addition reduces the concentration of CO, in derived pyrolysis gas, resulting in a higher flammability
and making it a potential carbon capture and storage substrate. Fig. 7(b) illustrates the mineral
compositions of pyrolysis chars. The increased peaks of CaCOs, along with the occurrence of CaS,
elucidate the adsorption of CO, and H»S by IFA during the co-pyrolysis. The introduction of CaO and
Ca(OH); by IFA is crucial in adsorbing CO» generated during organic decomposition due to their high
reactivity towards acidic gases [1, 50]. The increase of IFA addition leads to an enhanced CO; adsorption
due to the higher content of Ca-bearing minerals, resulting in a significant low residual CO» content
(0.60%) in the pyrolysis gas of S0IFA-600. Moreover, the heat generated during this reaction can be used
to drive endothermic pyrolysis processes.

The results of leaching test and speciation distribution reveal the remarkable immobilization effect of co-
pyrolysis on heavy metals in both IFA and OS, with a strong relationship to the pyrolysis temperature. In
the case of IFA-600, the notable increase in the F1 fraction of Cd, Cu, Ni, and Zn can be attributed to the
metal chlorides generated by the direct reactions between the chlorides and heavy metals [51, 73].
Subsequently, during co-pyrolysis, these metals were shifted from the active fractions to the F3 fraction
with a notable rise comparing to theoretical values, which can be ascribed to the complexation of these
metals originated from IFA with oxygen-containing functional groups on the char surface during co-
pyrolysis [35, 36]. However, these functional groups were gradually decomposed at higher temperatures
during OS individual pyrolysis, which lead to a slight decrease in F3 fractions of Cd and Zn. Wang et al.
[64] also reported that higher pyrolysis temperature would result in increased aromatization degree of
pyrolysis chars. Therefore, the abundant aromatic structures produced at higher temperatures may better
immobilize HMs in the C matrix [35, 52], explaining the raised F3 fractions of Cd, Ni, Cu, and Zn in co-
pyrolysis chars with elevated temperatures. Additionally, char densification during the pyrolysis, driven
by organic compound decomposition, could concentrate Ni and Cu in the F3 fraction [69]. The shift from
F4 to F2 and F1 for Ni in both OS pyrolysis chars and co-pyrolysis chars, observed with rising
temperature, could be attributed to its catalytic role during pyrolysis. At higher temperatures, NiO might
engage in Ni-catalyzed reactions [13], leading to changes in the metal speciation transformation. The
presence of CaO and chlorides in IFA could potentially assist in HM fixation through facilitating the
formation of stable metal oxides or crystal compounds during co-pyrolysis [66, 73]. This could explain

the increased proportion of F4 fraction for Cd, Pb, and Zn after co-pyrolysis.
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4. Conclusion

This study sheds light on the impact of IFA addition on product yields and compositions during the OS
pyrolysis and reveals their interactions. The pyrolysis temperatures and mixing proportions were selected
as parameters in the study. The results demonstrated that the highest oil yield, accompanied by the largest
proportion of light oil, was obtained at a pyrolysis temperature of 600°C. The addition of IFA enhanced
the water-gas shift and dehydrogenation reactions, resulting in a significant increase of H; yield from
21.02 L/kg OS to 60.95 L/kg OS when the IFA addition ratio increased from 0 to 50 wt%. The increased
H, also converted the inherent Fe species in OS from a high-valence state to a low-valence state.
Additionally, negligible CO, emission (0.59 L/kg OS) was observed in pyrolysis gas of S0IFA-600, with
the generated CO, being efficiently sequestered within the pyrolysis char. Notably, adding a moderate
content of IFA (e.g., 20wt%) presented the most significant impact on altering the composition of
pyrolysis oil, resulting in the highest ratio of L/H. This effect was attributed to the aromatization of
alkanes and the decomposition of large molecular PAHs, leading to a higher proportion of MAHs in the
pyrolysis oil and reduced coke in the char. The gasoline yield also increased proportionally with the
increased IFA addition ratio. Furthermore, the co-pyrolysis process effectively immobilized HMs in the
char through complexation and embedding. The RI values were lowered from “very high” to “moderate”
levels, indicating a reduced environmental risk.

Overall, the observed findings suggest that co-pyrolysis of OS with IFA is an effective approach for both
value-added products recovery, CO, emission mitigation, and HM immobilization in the pyrolysis char.
Experiments targeting the major catalytic components in IFA, encompassing both prominent minerals
and trace elements, are essential to determine the mechanism of its comprehensive catalytic effect. Future

research should also explore the potential application of the obtained pyrolysis oil and char.
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Environmental Implication

Oily sludge (OS) and incineration fly ash (IFA) are hazardous solid wastes that contain hydrocarbons,
heavy metals, harmful microbes in OS, and heavy metals, dioxins, and furans in IFA. Improper disposal
or treatment of these wastes can lead to soil and water contamination, posing a threat to the ecological
environment. To address this issue, a co-pyrolysis approach was proposed to simultaneously treat these
wastes, recover value-added products, and immobilize heavy metals in the char. This work provides a
reference for synergistic treatment of OS and IFA and offers insights into the catalytic mechanism of a

complex system.

Highlights
® A co-pyrolysis process of oily sludge and incineration fly ash is proposed.
e The addition of IFA can boost H, formation and CO, mitigation.
e il quality is significantly improved with moderate IFA addition.
o [FA curbs coke formation and encourages its decomposition into light aromatics.

o Co-pyrolysis significantly reduced the ecological risk of heavy metals in IFA.
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