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N secondary pollution to the environment [1]. Presence of
Introduction the extracellular polymeric substances (EPS), which has a

) o high affinity for water, makes dewatering and subsequent
The generation of sewage sludge, a by-product of municipal treatment and disposal of sewage sludge extremely difficult
wastewater treatment, has been rapidly increasing in China, [2]. Effective reduction of its water content before final

fiue to fast urbaniz.ation. Over 80% of sewage sludge in China  yeatment and/or disposal is of pivotal importance for the
is not properly disposed of and has become a source of
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Abbreviation list

DS Dry Solid

EPS Extracellular Polymeric Substances

Fenton Dewatered cake conditioned by Fenton's

reagent alone
Fenton-RD Dewatered cake conditioned by Fenton's
reagent with red mud

Fenton-RD1 Dewatered cake conditioned by Fenton's
reagent with red mud produced from the
bauxite of Australia

Fenton-RD2 Dewatered cake conditioned by Fenton's
reagent with red mud produced from the
bauxite of Indonesia

Fenton-RD3 Dewatered cake conditioned by Fenton's
reagent with red mud produced from the
bauxite of China

FTIR Fourier Transform Infrared Spectroscopy

GC Gas Chromatography

GC-MS Gas Chromatography-Mass Spectrometer

MS Mass Spectrometer

NIST National Institute of Standards and Technology

PAHs  Polyaromatic Hydrocarbons

RD1 Red mud produced from the bauxite of
Australia

RD2 Red mud produced from the bauxite of
Indonesia

RD3 Red mud produced from the bauxite of China

RS Raw Sludge

TCD Thermal Conductivity Detector

TG-FTIR Thermogravimetry Fourier Transform Infrared
TIC Total Ion Chromatogram

XRD X-Ray Diffraction

sewage sludge management. The traditional dewatering
technology commonly using polymer as a conditioner fol-
lowed by centrifugal filter or belt filter can only reduce the
water content of sludge to approximately 80 wt% [3], which
fails to meet the maximum water content limit for landfilling
in China [4]. Moreover, higher water content of dewatered
cake causes higher energy consumption and higher run cost
in the thermal conversion technologies for the sequent
treatment of sludge [5]. Our previous work has demonstrated
that sewage sludge conditioned with Fenton's reagent and
red mud could produce deep-dewatered sludge cakes with
water content of less than 60 wt% [6].

Landfilled or land utilization is an alternative for the
sequence treatment and disposal of the deep-dewatered
sludge cakes. However, apart from the occupation of valu-
able landfill capacity, the presence of heavy metals, organic
contaminants and pathogens in sewage sludge will pose po-
tential adverse impacts on agricultural applications and
jeopardize soil and groundwater. Pyrolysis of sewage sludge,
which could transfer organic matters to clean fuel gases such
as H,, CH, and other useful products, provides an alternative
to sewage sludge management [7]. Characteristics and ki-
netics of sewage sludge pyrolysis has been investigated by
thermogravimetry Fourier Transform Infrared (TG-FTIR)
analysis, it was found that pyrolysis occurred mainly at about

150—-550 °C and the pyrolysis gases comprised mainly CO, CO,,
CH, and light hydrocarbons [8]. Some researchers also studied
the mechanism of pyrolysis of the wet sewage sludge in a
tubular furnace and used Diels—Alder reaction model to
interpret its pyrolytic performances [9]. But the low yield of
gas especially H, yield from the pyrolysis of sewage sludge is
still a common problem that needs to be solved urgently.
Thus, some researchers investigated the improvement of
hydrogen production using catalyst, such as calcium oxide
based catalyst or steam during sewage sludge pyrolysis as
seen in Table 1 [5,9-12].

Red mud is an alkaline industrial waste produced in the
process of alumina extraction from bauxite leaching with
sodium solution, and approximately 120 million tons of red
mud are produced annually worldwide [13]. As the largest
producer of red mud in the world, China confronts severe
challenges in red mud disposal [14]. Typical chemical com-
positions of red mud are Fe,03, Al,03, SiO,, TiO,, Na,0O and
CaO, depending on both the bauxite source and the alumina
production process; and the mineralogical compositions of
red mud from the Bayer process are mainly hematite (Fe,03),
gibbsite (Al(OH)3), quartz(SiO,) and other Si—Al chemical
compounds [15]. Due to the abundance of metallic oxide in red
mud, red mud has been used as a catalyst in various reactions,
such as hydrodechlorination of chlorine-containing organics
[16], hydrogenation of coals and some waste residues [17], and
pyrolysis of biomass and plastic for the production of oil [18].
Furthermore, it has been reported that red mud could promote
the decomposition of biomass or hydrocarbon to produce
more fuel gas, especially H, [18—21]. However, researches on
using red mud as a catalyst for pyrolysis of sludge cakes were
not reported in literatures.

The aim of the present study was to investigate the pyro-
lytic performance and potential catalytic effect of red mud on
deep-dewatered sludge cakes which were previously condi-
tioned with Fenton's reagent and red mud. The objectives of
this study were: (1) to demonstrate the role of red mud in the
enhanced efficiency of gas yield, especially H, yield, during
the pyrolysis, and (2) to compare the catalytic ability of red
mud with different chemical and mineralogical compositions.

Materials and methods
Materials and sample preparation

A mixture of primary sludge and secondary sludge from
Tangxunhu wastewater treatment plant in Wuhan, China was
used as the raw sludge in this study. The water content of the
raw sludge (abbreviated as RS) after sludge thickening was
above 97 wt%. Results of the proximate and ultimate analysis
of RS are summarized in Table 2. The proximate analyses of RS
and other samples were examined according to Chinese na-
tional standards of proximate analysis of coal(GB/T 212-2008),
and the ash content was measured under the condition that
the sample was burned in a muffle furnace with the temper-
ature increased from room temperature to 500 °C in more than
30 min and then continued to heat up to 815 °C and kept at
815 °C for 1 h, and the ultimate analyses of all the samples
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Table 1 — Related research on hydrogen-rich gas produced from pyrolysis of sewage sludge.

Materials Accelerant Conditions Results Reference
Hydrochar derived from Steam 700 to 1000 °C The maximum volume of H, accounts for 35% [5]
sewage sludge
Dewatered sewage sludge Steam 600 to 1000 °C The maximum volume of H, accounts for 31.6% [9]
Dewatered sewage sludge CaO 380 °C H, yield could grow nearly 6-fold [10]
Dried sewage sludge Ni-impregnated 750 °C The maximum volume of H, accounts for 31.3% [11]
activated carbon
Dewatered sewage sludge Steam 600 to 800 °C The volume ratio of H, of dewatered sewage is much [12]

higher than dried sludge

Table 2 — Proximate and ultimate analysis of different sewage sludge samples.

Materials Proximate analysis (wt%) Ultimate analysis (wt%)°
Moisture Volatiles® Ash?® Fixed carbon® @ H N S (o

RS 97.18 52.91 42.86 4.22 27.01 4.44 4.79 1.40 19.50
Fenton 64.03 59.04 38.36 2.60 27.99 4.60 5.23 1.70 22.12
Fenton-RD1 57.81 46.58 52.47 1.01 21.75 3.83 4.09 1.07 16.79
Fenton-RD2 58.84 48.11 50.96 0.93 21.71 3.90 4.09 1.14 18.20
Fenton-RD3 57.44 49.51 48.87 1.62 22.69 4.04 4.27 1.23 18.90
& Dry basis.

® Dry and ash free basis.
¢ Calculated by difference.

were measured using an elemental analyzer(Vario Micro cube,
Elementar, Germany).

H,SO, (Analytical grade, Xinyang Chemical Company,
China) was used to adjust the initial pH of RS to 5.0 before
conditioning. To form the Fenton's reagent, industrial-grade
Fe®* (prepared from a solution of FeSO4) and H,0, were ob-
tained from Sinopharm Chemical Reagent Company, China.
Three types of red mud was taken from three alumina plants
using the Bayer process in China, and their chemical com-
positions were measured by X-ray Fluorescence Spectrom-
eter (Axios™”*, PANalytical, Netherlands) are tabulated in
Table 3. The chemical compositions of red mud used depend
on the source of bauxite ores (i.e., Australia, Indonesia and
China) as shown in Table 3. Three types of red mud produced
from the bauxite of Australia, Indonesia and China are noted
as RD1, RD2, and RD3, respectively. These red mud samples
were used as the skeleton builder during sludge conditioning
after red mud samples were milled and sieved to particles
less than 1 mm. The mineral phases of these types of red mud
were analyzed by powder X-ray diffractometry (XRD), using
an X'Pert ProXRD (Philips, PANalytical B.V., Netherlands)
operated at 300 mA, 40 kV with a scanning rate of 0.2785°/s for
260 in the range from 5° to 75°. The XRD patterns of these three
kinds of red mud samples are shown in Fig. 1. As identified in

the XRD patterns, the main mineral phases of red mud are
hematite (Fe,Os3), gibbsite (Al(OH)s) and quartz, which is
consistent with the previous literatures [15].

The dewatering process was followed procedures in our
previous study [6]. Raw sludge was conditioned with Fenton's
reagent (32 mg Fe®*'/g dry solid (DS) combined with 34 mg
H,0,/g DS) and red mud (275 mg/g DS), and followed by me-
chanically dewatering using a diagram press filter under a
pressure of 0.8 MPa. The details of the dewatering procedures
can be found in our previous study [6]. The deep-dewatered
cakes, previously conditioned with Fenton's reagent and
RD1, RD2 and RD3 were referred to Fenton-RD1, Fenton-RD2
and Fenton-RD3, respectively. The dewatered cake condi-
tioned with Fenton's reagent alone was referred to Fenton as
the control. The results of proximate and ultimate analysis on
Fenton, Fenton-RD1, Fenton-RD2 and Fenton-RD3 are also
shown in Table 2. As shown in Table 2, the contents of vola-
tiles and fixed carbon of cakes conditioned with Fenton's re-
agent and red mud are smaller, when compared to the RS and
the Fenton, due to the addition of inorganic red mud. All cake
samples and the RS were dried at 105 °C to a constant weight,
and then milled and sieved to 75 pm in particle size. 10.0 g of
sample, on a dry basis of raw sludge, was subjected to the
treatment in each of the subsequent experiment to ensure

Table 3 — Chemical compositions of red mud from three different bauxite ore sources (Wt%).

Red mud Fe,05 A1203 T102 MgO Na,O K>O 5102 CaO LOI*
RD1 (Australian) 40.85 13.20 7.12 0.12 8.23 0.04 11.07 6.03 10.08
RD2 (Indonesian) 33.88 17.89 0.72 0.10 12.18 0.37 19.43 2.66 12.84
RD3 (Chinese) 9.48 24.50 2.92 1.00 11.46 0.88 20.38 12.86 15.40

@ Loss of ignition at 1200 °C.
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Fig. 1 — The XRD patterns of red mud samples from three
different sources.

consistency and comparability. Three parallel samples for
each group were studied.

Experimental apparatus and procedure

Experiments were carried out in a horizontal quartz reactor
(1200 mm length x 70 mm LD.), heated by an electrical tube
furnace as shown in Fig. 2. The whole pyrolysis system con-
sists of a quartz tube, a cooling system for condensation of
water and condensable organic vapors, a gas cleaning/drying
system, a wet gas meter and a gas sampling bag.

Pyrolysis of the deep-dewatered sludge cake was per-
formed as follows: temperature of the furnace was firstly
elevated to a pre-set temperature (three temperature levels:
700, 800 and 900 °C); sludge sample was then introduced to
one side of the reactor with a nitrogen flow (99.99%, 100 mL/
min) throughout the pyrolysis process. The sample was
injected into the reaction zone, when an inert atmosphere
was formed and an isothermal environment kept for 20 min.

Volatiles evaporated from the sample first passed through two
consecutive condensers in an ice water bath to collect the
condensable fraction, and then passed a filter packed with
absorbent cottons and allochroic silica gel to remove dust and
water. Finally, the non-condensable gas was collected in a
sample bag.

The gas collected in the sample bag was analyzed by a gas
chromatograph (Agilent 7820A, Agilent, USA) equipped with a
TCD detector. Tar in the condensers and the connecting tube
was collected as described below: the condensers and the
connecting tube were washed by dichloromethane and
filtered to remove the particles; The extracted liquid was
poured into a separating funnel to separate water and the
organic phase that consisted of tar and dichloromethane;
Finally, the organic phase was heated in a water bath at 60 °C
to remove dichloromethane, and the tar was left and char-
acterized by GC-MS (Agilent 7890A/5975C, Agilent, USA). The
gas chromatography (GC) was fitted with a 30 m x 0.25 mm
capillary column, and coated with a 0.25-pm thick film con-
taining of 5% phenyl methyl silox (HP-5 MS). Helium was the
carrier gas with a flow rate of 1 mL/min and the split flow was
50 mL/min with a split ratio of 50:1. The initial temperature of
the oven was 50 °C and kept isothermal for 2 min, and then it
was heated to 300 °C with an increase rate of 10 °C/min and
kept isothermal for 10 min. The injector temperature was
250 °C, and the temperature of Mass Spectrometer (MS) source
and quad were set at 230 °C and 150 °C, respectively. The test
was conducted at a full-scan mode with mass to charge (m/z)
ratios from 30 to 550, and the delay time of the solvent was
4 min. The NIST (National Institute of Standards and Tech-
nology) mass spectral data library was used to identify chro-
matographic peaks, and the relative percentage content was
calculated by the peak area of Total Ion Chromatogram (TIC).

When the furnace was cooled down to room temperature,
the solid char was taken out from the reactor and then ground
to fine particles. The char powder was mixed with KBr powder
at a mass ratio of 1:100, and the mixture was pressed to a
pellet for Fourier Transform Infrared Spectroscopy (FTIR)
(VERTEX70, Bruker, German) with a spectral resolution at
4 cm™*. For comparison, raw sludge sample was also analyzed
by FTIR under the same conditions. Pyrolytic performances of
five samples were studied by thermosgravimetric analysis
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Fig. 2 — Schematic diagram of the tubular furnace pyrolysis system.
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using a thermogravimetric analyzer (SDT-Q600, TA Instru-
ment, USA). During each experiment, the sample was heated
to 1000 °C from room temperature with an increase of 20 °C/
min under the protection of nitrogen with a flow rate of
100 mL/min.

Experimental data processing method

In order to compare the gas production ability of different
sludge cakes, the gas yield per organic matter (m?/g dry
organic matter) was applied as an evaluation criterion to
ensure the reliability and veracity of the results. Tar from
sludge cake pyrolysis is a complex mixture which contains
numerous organic compounds. Lacking of appropriate stan-
dard mixture leads to difficulties in setting calibration for a MS
detector [22]. In this study, all tests were carried out under the
same conditions, and a semi-quantitative method, by means
of integrating area of the chromatographic peaks, was used to
determine the amount of a specific compound and compare
its changing trend with respect to conditions [23].

Results and discussion
Thermal analysis

The Thermal Gravity Analysis (TGA) and Differential Thermal
Gravity (DTG) curves of deep-dewatered cakes and the RS
sample are shown in Fig. 3. As shown in Fig. 3 (a), the final lost
weight was as follows: 55.60% (RS), 53.46% (Fenton), 51.31%

100 (a)

904
Fenton-RD2
80+

704 Fenton-RD1

60

Weight (%)

50

Fenton
40

o (b)
A Fenton-RD3

Fenton

Deriv.Weight(%/ °C)

0 200 400 600 800 1000

Temperature (°C)

Fig. 3 — TG and DTG curves of five samples: (a) TG curves,
and (b) DTG curves.

(Fenton-RD1), 52.17% (Fenton-RD2) and 51.12% (Fenton-RD3).
Cakes conditioned with Fenton's reagent and red mud lost less
weight than the RS and that conditioned with Fenton's reagent
alone because of the addition of red mud. The weight loss of
the RS has only one stage with a weight loss of 49.15 wt%
(Fig. 3(b)). In addition, the weight losses of all the cakes with
conditioners can be divided into three stages, and the details
of weight losses of the RS and other four cakes can be seen in
Table S1. From all the above information, it can be found that
the organic decomposition of all the cakes was mainly
occurred at the temperature of 200 °C—600 °C. During the main
weight loss stage, the conditioner of three Fenton-RD would
also influence the activation energy of thermal decomposition
reactions, as it can be seen from the weight loss peaks in
Fig. 3(b). But the addition of conditioners would change the
decomposed performances. The conditioned cakes have an
extra stage below 100 °C, which can be attributed to the
evaporation of water existed in the sludge surface. Because
Fenton's reagent has a strong oxidizing ability which could
change the organic compositions and structures of condi-
tioned cakes, making it more ‘fluffy’ and easier to absorb
water in the air before put into the TGA instrument than the
RS, and Fenton's reagent could also change the combinatorial
forms of water [6], which makes water more easier to release,
compared to the RS during the heating process. Furthermore,
the conditioned cakes have an additional weight loss stage
among 700—900 °C, compared with the RS, which was the
result of decomposition of nonbiodegradable organics and
inorganics in Fenton's reagent and red mud. So, the temper-
atures of 700, 800 and 900 °C were chosen as the test tem-
peratures in this paper.

Gas production

Fig. 4 shows the gas yield (m®/ g of dry organic matter) of the RS
and four dewatered sludge cakes at 700, 800 and 900 °C. As
shown, the gas yields of five samples increased as the tem-
perature increased, and the gas yields of three samples
conditioned with Fenton-RD were higher than the RS and the

025 I 700°C
800 °C
020 B 900 °C

0.15

3

3

Gas yield (x 107 m’/g dry organic matter)

0.10

0.05 1

0.00-

Fenton-RD1 Fenton-RD2 Fenton-RD3

RS Fenton

Fig. 4 — Gas yields of the RS and the other four sludge cakes
conditioned with Fenton alone, Fenton-RD1, Fenton-RD2,
and Fenton-RD3.
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Fenton alone, especially at 900 °C. This probably was due to
the influence of inorganic metal oxides such as TiO, and Fe,03
in red mud, which can enhance the pyrolytic process [24,25].
Compared to RS and Fenton samples, the gas yield of Fenton-
RD1 was 54.5% and 63.3% higher at 700 °C, respectively; and
19.9% and 29.1% higher at 800 °C, respectively. While the gas
yields of Fenton-RD2 and Fenton-RD3 were slightly lower,
compared to RS and Fenton samples at 700 °C and 800 °C.
However, under 900 °C, all the gas yields of Fenton-RD1,
Fenton-RD2 and Fenton-RD3 samples were higher than
those of both the RS and the Fenton samples. Fenton-RD1
sample exerted a better performance in promoting gasifica-
tion during the sludge pyrolysis under all three temperatures
tested, while Fenton-RD2 and Fenton-RD3 only performed
well at 900 °C. It might be attributed to the difference in the
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highest content Fe,03 and TiO, contentin RD1, as presented in
Table 3.

The gas compositions from pyrolysis are shown in Fig. 5. As
shown, the pyrolysis gas from all the sewage sludge samples
mainly consisted of H,, CHy, CO, CO,, and some C,_3 hydro-
carbons. Overall, the H,, CHy, and CO yields of Fenton-RD
conditioned sludge samples were almost higher than those
of the RS and the Fenton's reagent conditioned sample, while
the C,_3 hydrocarbons yield was lower. H, is often considered
as the cleanest fuel gas because its combustion product is only
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Fig. 6 — Gas yield: (a) H,, (b) CH, and (c) CO in the pyrolysis
of the RS and the other four sludge cakes conditioned with
Fenton alone, Fenton-RD1, Fenton-RD2, and Fenton-RD3 at
various temperatures.
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water. H, yields are in the following order: Fenton-
RD1 > Fenton-RD2 > Fenton-RD3 > Fenton > RS, as described
in Fig. 6(a), thus it can be concluded that the existence of red
mud in three Fenton-RD samples enhanced the hydrogen
production. Regrettably, there have been few literatures
explaining the mechanism that red mud could enhance H,
production during sewage sludge pyrolysis. However, some
researchers found that iron oxide had a better catalytic ability
in coal gasification through the promotion of tar re-formation
and char conversion, which could absolutely enhance H,
production [26—28]. Therefore, it can be deduced that the iron
oxide in red mud could enhance the hydrogen production
during the sludge pyrolysis, and the higher the iron oxide
content in red mud was, the more enhanced efficiency of the
hydrogen production was. Furthermore, it can be found that
Fenton-RD1 generally produced the higher CH, and CO yields,
as shown in Fig. 6(b) and (c). So it implies that red mud
accelerated the crack of C—C and C—H bonds between inter-
mediate products among the complicated interactions during
the pyrolysis process, which was consistent with the faster
decrease of hydrocarbons from three Fenton-RD samples,
compared to the RS and the Fenton samples. Some typical
reactions are presented in Equations (1)—(4) below [29]. It can
also be attributed to the catalytic actions of iron oxide in red
mud as above explanations.

Oil(tar) — heavy hydrocarbons + light
hydrocarbons + CO + CO, + H, (1)

Heavy hydrocarbons — light hydrocarbons + CHs + Hy  (2)

Light hydrocarbons — CH4 + H, (3)

CH, — 2H, + C )

Tar analysis

As shown in Fig. 7, tars mainly consist of aromatic hydrocar-
bons, including monocyclic aromatics, polyaromatic hydro-
carbon, and other benzene substituents, and a few aliphatics.
The qualitative compositions of tars were essentially the same
among five sludge samples at different temperatures. To
further analyze the changes in tars, the identified main
components were divided into six groups by summing up the
peak areas in each group, and they were: (1) aliphatic hydro-
carbons including cyclohexane, (2) monocyclic aromatics
such as indene, benzene and their respective alkyl derivatives,
(3) polyaromatic hydrocarbons (PAHs) including naphthalene,
phenanthrene, pyrene, fluoranthene, triphenylene, anthra-
cene, benzanthrene, indeno [1,2,3-cd] pyrene and their
respective derivatives, (4) oxy-compounds such as fluorene-9-
methanol, (5) substituted aromatics such as quinoline, indole,
pyridines, isoquinoline and their respective derivatives, and
(6) aromatic nitriles including aniline, benzonitrile and
acridine.

As shown in Table 4, a substantial amount of substituted
aromatics, aromatic nitriles and oxy-compounds were detec-
ted in the tars, indicating that proteins in the raw sludge had
completely participated in the pyrolysis process. The content
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Fig. 7 — TIC of tars obtained from the pyrolysis of the RS
and the other four sludge cakes conditioned with Fenton
alone, Fenton-RD1, Fenton-RD2, and Fenton-RD3 at
different temperatures: (a) 700 °C, (b) 800 °C and (c) 900 °C.
(1-Benzonitrile, 2-Naphthalene, 3-Quinoline, 4-Indole, 5-
Biphenylene, 6-Naphthalenecarbonitrile, 7-
Naphthalenecarbonitrile, 8-Phenanthrene, 9-
Fluoranthene, 10-Pyrene, 11-3-Bromo-7-methylbenzo(b)
thiophene, 12-Triphenylene, 13-Benzo[e]pyrene, 14-Benzo
[a]pyrene, 15-Indeno [1,2,3-cd]pyrene, 16-Benzo[ghi]
perylene).
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Table 4 — The relative content of six component groups of tars at three different temperatures (wt%).

Specimens Temperature Aliphatic Monocyclic PAHs Oxy-compounds Substituted Aromatic
hydrocarbons aromatics aromatics nitriles
RS 700 °C 0.00 4.96 53.96 0.70 30.25 10.13
800 °C 0.00 0.46 57.24 0.00 26.37 13.91
900 °C 0.13 0.24 73.97 2.77 15.13 7.75
Fenton 700 °C 0.00 5.07 53.94 0.91 28.20 11.87
800 °C 0.00 1.50 54.18 1.12 22.63 20.57
900 °C 0.00 0.18 73.92 0.27 16.34 9.29
Fenton-RD1 700 °C 0.00 3.03 56.12 0.46 29.69 10.70
800 °C 0.17 2.20 63.56 1.79 20.42 11.86
900 °C 0.00 0.00 88.54 0.00 7.07 4.39
Fenton-RD2 700 °C 0.85 4.74 52.84 0.00 29.55 12.02
800 °C 0.17 2.88 54.38 1.06 26.34 15.17
900 °C 0.00 0.00 86.28 0.00 7.38 6.35
Fenton-RD3 700 °C 0.00 2.61 54.04 0.00 14.18 29.18
800 °C 0.00 2.18 55.69 1.09 23.92 17.13
900 °C 0.00 0.13 82.50 0.29 11.46 5.62

of aliphatic hydrocarbons is negligible, because of its insta-
bility at high temperatures. Obviously, PAHs, considered as
the feature products of tar re-formation, are the dominant
components in the tars. With increasing temperature, the
content of PAHs for all sludge samples increased dramatically,
as shown in Fig. S1. Among different sludge samples, the
relative contents of PAHs were almost the same under 700 °C.
In contrast, under 800 °C, the relative content of PAHs of
Fenton-RD1 increased the mostly among all five sludge sam-
ples. The relative contents of PAHs of Fenton-RD1, Fenton-
RD2 and Fenton-RD3 samples were obviously higher than
those of the RS and the Fenton samples at 900 °C. It indicated
that red mud especially RD1 with the highest iron oxide con-
tent, promoted the formation of PAHs at higher temperatures.
As formation of PAHs with increasing temperature, the Diel-
s—Alder reaction mechanism followed by dehydrogenation as
illustrated in Fig. S2, was favored by many researchers [9].
First, the heavy components of tar were transformed into al-
kenes and dienes, which were considered as the precursor of
aromatic compounds formation via depolymerization or
dehydrogenation. Subsequently, the generated alkenes and
dienes were transformed into mononuclear aromatics via
cyclization reactions at higher temperatures. Finally, conju-
gated diene and mononuclear aromatics were transformed
into macromolecular polycyclic aromatic hydrocarbons via
aromatization reactions. So, it could be found that red mud
had accelerated the above three reactions with increasing
temperature, which resulted in higher content of PAHs in tars
for three Fenton-RD samples than the RS and the Fenton
samples as illustrated in Fig. S1. The higher Fe,0O3 content in
red mud was, the higher content of PAHs in tar was, which
was in accordance with the cracking of C—C bonds and C—H
bonds that led to more H, yield.

Red mud samples used in this study were rich in iron-
aluminum oxides, mainly in the forms of hematite («-Fe,03),
and bayerite (Al(OH);) (Fig. 1). RD1, especially, contains
40.85 wt% of iron oxide. Remarkable advances were achieved
in the development of iron-based catalysts that had proven a
wealth of ability in tar re-formation [18,30—32]. As for the
function of red mud on the PAHs formation during the sludge
pyrolysis, the increase in relative content of PAHs in tar from
three Fenton-RD samples should have an intimate connection

of catalytic effect of iron oxides in red mud, which could
accelerate reactions of dehydrogenation, cyclization to pro-
duce more precursors for PAHs formation. Furthermore, the
distribution of electron cloud of = in substituted aromatics
was more unstable than polyaromatic hydrocarbons, so that
the substitution of a nitrogen atom into a benzene molecule
created a dipole in the molecule, reducing its polarizability
and the spatial extent of the electron density [33]. Some
substituted aromatics would be transformed into aromatics
with increasing temperature, which is in accordance with an
increase in the relative content of PAHs. Fig. S3 presents some
possible transformations between substituted aromatics and
aromatics. The iron oxide in red mud could activate w-bond to
promote the transformation process, and thus enhance H,
production. As RD1 had a higher content of iron oxide
(40.85 wt%) than RD2 (33.88 wt%) and RD3 (9.48 wt%), it per-
formed the best in accelerating the PAHs formation and acti-
vation of electron cloud of w-bond in the substituted
aromatics, thus enhancing more H, production.

Solid char analysis

Fig. 8 displays the FTIR spectra of solid chars from five sludge
samples pyrolyzed at 700, 800 and 900 °C. As shown in Fig. 8,
the absorption peaks of O—H and N—H stretching vibrations of
five sludge samples between 3699 and 3296 cm™* almost dis-
appeared when temperature reached 700 °C, indicating that
water and amines in the sludge samples were readily
decomposed. The stretching vibration of C—H between 2925
and 2853 cm ™! also disappeared when temperature reached
700 °C, because the decomposition of aliphatic chain resulted
in the release of some hydrocarbon gases, such as CH, and
CoH,. In addition, a significant reduction of C=0 absorbance
at 1637 cm™! with increasing temperature revealed the
cracking of acids and aldehydes in the sludge samples, giving
rise to the release of CO and CO,. However, unlike other
organic groups, the stretching vibrations of C—O and C—Hj,.
with absorbance at 1035 cm ! and from 800 to 400 cm™?,
respectively, had no evident changes at 700 °C, which might
be attributed to the formation of aromatic hydrocarbons [23].
Afterwards, as the increase of temperature, the IR absorbance
of C—0O and C—H,, decreased dramatically, which might be
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Fig. 8 — FTIR spectra of solid char of the RS and the other

four sludge cakes pyrolyzed at different temperatures: (a)
700 °C, (b) 800 °C, and (c) 900 °C.

Conclusions

Pyrolytic performances of deep-dewatered sludge cakes, pre-
viously conditioned with Fenton's reagent and red mud,
were investigated in this study. The results showed that red
mud promoted the decomposition of organics in char and
accelerated the secondary cracking of tar during pyrolysis
process via cyclization and aromatization reactions, leading to
more hydrogen production. Moreover, the enhanced effi-
ciency of red mud in promoting hydrogen yield had an inti-
mate relationship with its iron oxide content. Red mud with
the highest iron oxide content provided the strongest
enhanced efficiency and resulted in the highest H, yield.
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