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Due to high moisture and protein contents in sewage sludge (SS), conventional thermal treatment of SS is energy-
intensive and a large amount of harmful nitrogen-containing gases are emitted. In this study, a sequential hy-
drothermal carbonization (HTC) and CO5 gasification system has been proposed to effectively improve the
gasification efficiency and considerably reduce the emissions of NOy precursors (i.e., NH3 and HCN) in SS
treatment. Yield and quality of syngas were comprehensively investigated during CO, gasification in terms of
various temperatures with different dosages of CaO additive in HTC, and varied reaction temperature and COy
percentage in gasification process. On the whole, CO- gasification of SS derived hydrochar (HC) demonstrated
obvious reduction of tar formation from 10.9 to 6.8 % and enhancement of calorific value of formed syngas from
14.1 to 15.7 MJ/Nm®. Production of NOy precursors was greatly reduced due to formed non-active quaternary-N
in HC, while HTC with CaO favored the mitigated NOy precursors in syngas owing to enriched pyrrole-N and
quaternary-N therein. Catalytic tar decomposition and Boudouard reaction in CO, gasification were responsible
for the distinct reduction of tar formation, and notable increase of carbon conversion ratio and syngas yield.
Although facilitated catalytic gasification in CO, atmosphere can maximize syngas yield, lower portion of COy
(ca. 20 %) was more beneficial to drastically mitigate emissions of NOy precursors, especially the reinforced
transformation of NH3 to N». The fundamental knowledge could ultimately help to achieve significant abatement
of NOy precursors during CO, gasification for improved syngas production.

1. Introduction

Rapid urbanization has caused remarkably increasing generation of
sewage sludge (SS) from wastewater treatment plants (WWTPs). How-
ever, SS is also considered as source of fuels and resource because of
abundant organic compounds (e.g., polysaccharides, proteins and lipids)
and nutrients (e.g., nitrogen and phosphorus) [1,2]. Currently, land-
filling, composting, and thermochemical conversion (e.g., incineration,
pyrolysis and gasification) are mainly applied for SS treatment [3,4].
Among them, gasification has attracted increasing attention due to its
capability in converting biomass and wastes into more efficient fuel gas
[5,6]. Nevertheless, the relatively high nitrogen content in SS (2.4-9 wt
%) impedes the wide application of gasification [7-9] because the
produced syngas contains a large amount of nitrogen-containing gases,
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such as NH3 and HCN. These gases can be transformed into the harmful
NOy after combustion [10]. Previous studies have found that 30-55 % of
nitrogen in raw materials (i.e., bean straw and rice straw) could be
transformed into N-containing gaseous pollutants during the pyrolysis
process [11,12]. Hence, it is crucial to apply an effective pretreatment
step to reduce the nitrogen content in the feedstock, which benefits the
reduction of N-containing gaseous contaminants in the subsequent
gasification stage. To date, hydrothermal carbonization (HTC) has been
proved and widely applied as an effective pretreatment process due to
high nitrogen removal efficiency and improved fuel quality [13-15].
Because the Ca-based additive accelerated the formation of free radicals
and improved alkalinity of reaction system during HTC, calcium oxide
(CaO) can synergize with hydrothermal reactions to remove nitrogen
more efficiently [9,16,17]. Apart from the removal of N-containing
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compounds before fuel utilization, stable N-containing compounds are
vital for the operation of power plant. Quaternary-N is a more stable
nitrogen functionality, which can cut off the desirable process for the
formation of NHj in gasification/pyrolysis [8]. The remaining amine-N
is converted into pyrrole-N, pyridine-N and quaternary-N in solid
product after HTC [14]. It has been reported that CaO additive could
favor transformation of protein-N to nitrile-N and pyridine-N in the
higher HTC temperature condition (380 °C) [9], thereby improving the
stability of nitrogen in HC. However, higher HTC temperature will in-
crease the cost and weaken the function of CaO. Therefore, it is essential
to investigate the effect of CaO additive on the evolution of nitrogen
functionalities under lower hydrothermal temperatures (less than220
°C).

Actually, the use of hydrochar (HC) as feedstock in gasification
process could not only decrease the activation energy of feedstock
[16,18] and inhibit tar formation [19], but also improve the yield and
calorific value of syngas [20,21]. The majority of previous studies are
related to the gasification of biowaste using steam as the gasification
agent as it favors the production of hydrogen-rich gas [22-24]. How-
ever, the generation of high-temperature steam during gasification
would not only decrease the overall thermal utilization efficiency, but
also increase the operational cost resulting from the huge energy con-
sumption, which is not conducive to the efficient and sustainable
development of the system [25]. Recently, carbon dioxide (CO3) has
become an alternative gasification agent attributed to enhanced thermal
efficiency and reduced tar production [17,26]. Comparing with steam,
introducing CO5 generally increases CO content and enhances carbon
conversion due to the reaction of CO3 and carbon during gasification
system [27,28]. Besides, CO could greatly increase the gas production,
carbon conversion and cold gas efficiency [27], indicating that COq
plays a significant role as gasification agent in biomass gasification
process. Nonetheless, these studies mainly utilized lignocellulosic bio-
waste (e.g., rice straw or wood) as feedstocks, limited research has been
performed on CO; gasification of SS. Moreover, most CO, gasification
experiments of biowaste have been carried out under a CO; content of
10-30 %. However, the effect of CO, content on the gasification per-
formance and yield of NOy precursors during CO» gasification of SS is
not well known. Hence, it is imperative to explore the CO, gasification
characteristic of SS and the effect of CO5 content on the syngas quality,
tar production and emissions of NOy precursors.

Exploration of the conversion pathways of nitrogenous compounds
during CO, gasification is a necessity to identify the reduction mecha-
nism of NH3 and HCN. There are few studies on the transformation and
conversion of nitrogen during CO, gasification of SS, which is essential
for the reduction of NOy precursors and the quality of syngas. It has been
reported that introducing CO, as gasification agent has a vital effect on
the emissions of N-containing gas. In addition, CO could react with char
and promote the release of volatile-N to form NO during the co-
pyrolysis/gasification of SS and corn straw under CO5/Ar or Os/Ar at-
mosphere [29], indicating that different atmosphere could affect the
pathway of fuel-N transformation.

Therefore, this study aims to explore the effect of CaO on the
transformation of nitrogen functionalities in low temperature HTC
process, and the effect of CO5 on the gasification performance as well as
emission characteristics of nitrogen-containing gases. Better under-
standing will be obtained regarding the reduction mechanism of NOy
precursors during CO; gasification of SS. Specifically, this study will
reveal the nitrogen transformation pathways during CO, gasification
coupled with HTC pretreatment. In particular, gasification performance
will be comprehensively evaluated in terms of yield and quality of
syngas, release characteristics of NH3 and HCN, and the evolution of
nitrogen in char and tar. Eventually, insightful knowledge will be ac-
quired to manipulate gasification efficiency with mitigated NOy
precursors.
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2. Materials and methods
2.1. Materials

Dewatered SS was collected from a WWTP in Guangzhou, China.
Prior to analysis, the SS was subjected to drying, milling, sieving to fine
particles less than 200 pm, followed by storage in desiccator. Table 1
summarizes the physicochemical properties of SS.

2.2. Experimental

2.2.1. HTC process

HTC experiments were performed in a 250 mL autoclave (Hastelloy
C276, HT-250J0C, HTLAB, Shanghai Huo-Tong Experimental Instru-
ment Co., Itd.). Briefly, in each experiment, SS with 5% solid content
was used by mixing 4 g SS with 80 mL of deionized water in the reaction
vessel. In another set of experiments, different dosages of CaO (e.g.,
73.2, 109.1, 147.0 mg corresponding to Ca/C (C in SS) molar ratio of
0.05, 0.075, 0.1, respectively), were added during HTC process. The
vessel was then sealed and purged with N for 10 min to remove residual
air. Afterwards, the reactor was heated to a pre-set temperature (i.e.,
180, 200 and 220 °C). The reaction time and stirring speed were set at
30 min and 180 rpm, respectively. The reactor was quickly quenched to
room temperature in a water bath after the reaction was completed. The
hydrothermal slurry was filtered through 0.45 pm PTFE membrane to
obtain the filtrate and solid fraction that was designated as hydrochar
(HC). The aqueous phase was stored in a 4 °C refrigerator before mea-
surements of N-containing substances, including total dissolved nitrogen
(TDN), ammonia-N (NHZ-N) and nitrate-N (NO3-N). The HC was oven
dried at 105 °C for 24 h and labeled as HCX;-X5, where X; and X, stand
for hydrothermal temperature (i.e., 180, 200 and 220 °C) and Ca/C
molar ratio (i.e., 0.05, 0.075 and 0.1), respectively. The X5 was not
labeled when there was no CaO additive.

2.2.2. CO, gasification

CO, gasification experiments were performed in a vertical tube
furnace gasification set-up which was mainly composed of a feeding
cylindrical crucible, a fixed-bed reactor, an electric heater, and mass
flow controllers. The schematic diagram of the reaction set-up is shown
in Fig. 1. Approximately 500 mg of SS or HC was placed in the crucible in
each experiment run. The gas flow rate was set at 300 mL/min when
using 100 % N3 or CO; as gasification agent. Under mixed gasification
agent of 20 %CO; and 80 %N> (namely 20C0280CO05), the flow rate was
set to 60 and 240 mL/min for CO5 and Ng, respectively. During the ex-
periments, the heating rate of the furnace was set at 10 °C/min. When
the reactor reached the desired temperature (i.e., 700, 800 and 900 °C)
and gas flow (300 mL/min), the electric heater was moved down until
the heating zone was at the same height as the feeding quartz, and a
reaction time of 30 min was maintained. The produced syngas sequen-
tially passed through the following collection units: 1) tar condensation
unit filled with isopropanol; 2) NOy precursors absorbing unit (0.1 mol/
L H,S04 for NH3 and 0.2 mol/L NaOH for HCN); and 3) collection gas
bag. After each experimental run, tar was collected using a rotary
evaporator, and then the collected tar was weighed and re-dissolved for
further analysis using gas chromatography-mass spectrometry (GC-MS).
Solid residues were collected, weighed and stored for further analysis.
Each experiment run was carried out in duplicate under identical
condition.

2.3. Analytical methodologies

2.3.1. Characterization of solid fraction

The elemental composition of solid products (SS, HC, solid residue
(SR)) was determined by CHNS analyzer (Elemental vario EL, Germany).
The proximate analysis (ash content and volatile matter (VM)) was
measured by a muffle furnace in accordance with the China National
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Table 1
Physicochemical properties of sewage sludge.
Ultimate analysis (wt.%, db) Proximate analysis (wt.%, db) Fuel ratio
HHV (MJ/kg)
C H N S o? Ash VM FC FC/VM
25.74+0.15 3.99+0.01 4.294+0.01 0.68+0.10 18.734+0.05 46.57+0.16 46.21+0.21 7.2240.24 0.16 10.77
Ash analysis (expressed as wt.% of metal oxides)

SiO, Al,03 Fe,03 CaO MgO P05 K20

39.90 29.10 5.50 3.92 3.07 12.10 2.77
Notes:

db, dry basis; VM: volatile matter; FC: fixed carbon; HHV: higher heating value.
@ Calculated by difference.
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Fig. 1. Schematic diagram of experimental set-up for CO, gasification.

Standard (GB/T 28731-2012). The proportion of oxygen and fixed
carbon (FC) were calculated by difference (Egs. (1) and (2)). Higher
heating value (HHV) of feedstock was estimated using Eq. (3) [17]. The
composition of metal oxides in ash was determined by X-ray Fluores-
cence (XRF, XRF-1800, SHIMADZU).

FC (%) =100 % — Ash - VM (€]
0=100%-C—H—N—S - Ash 2)

HHV =0.3491 x C + 1.1783 x H+0.1005 x S — 0.1034 x O — 0.0151 x N
—0.0211 x Ash 3

where C, H, S, O, N, FC, VM and Ash represent the weight percentage
of C, H, S, O, N, FC, VM and Ash in the solid samples, respectively.

The crystal phase of SS was measured by X-ray diffraction (XRD,
Ultima IV, Japan) patterns over a 20 ranged from 5° to 80°. Surface
functional groups of solid samples were determined by Fourier trans-
form infrared (FT-IR) spectroscopy (Nicolet iS10, Thermo Fisher Sci-
entific, USA). X-ray photoelectron spectroscopy (XPS) was carried out
on a Thermo Fisher Scientific ESCALAB 250 spectrometer equipped with
Al Ko X-ray radiation source (hv =1486.6 eV). N 1 s XPS spectra of solid
powders were analyzed under identical conditions. The charge calibra-
tion was made by setting the binding energy of adventitious carbon to
284.8 eV. The gasification performance of SS and HC was conducted by a
thermogravimetric analyzer (METTLER TOLEDO TGA/DSC 3 + ) under
the presence of N3 or CO3 atmosphere. In each test, approximately 10 mg
of sample was loaded and heated from 30 to 1050 °C at a heating rate of

10 °C/min with a gas flow rate of 50 mL/min under atmospheric
pressure.

2.3.2. Characterization of aqueous phase and tar

Total dissolved nitrogen (TDN) and ammonia-N (NH4-N) in the
aqueous phase from HTC were measured using HACH DR 3900 spec-
trophotometer with HACH total nitrogen (TN) and NHZ-N test kit.
Nitrate-N (NO3-N) was determined following the standard procedures of
China National Standard (HJ/T 346-2007). The amount of organic ni-
trogen was calculated by the difference of TDN and inorganic nitrogen
(NH4-N and NO3-N). Main organic components in formed tars were
analyzed by GC-MS (Agilent Technologies, USA) equipped with a
chromatographic column (HP-5MS, 30 m x 0.25 mm x 0.25 pm).

2.3.3. Analysis of gases

Collected gases from gasification were analyzed by a gas chromato-
graph (GC, SHIMADZU, GC-2014C) equipped with a thermal conduc-
tivity detector (TCD) and flame ionization detector (FID) to quantify the
amounts of Hy, CO, and CHj in the gas mixture. The lower heating value
of gaseous products (LHV g, MJ/Nm?>) was estimated according to Eq.
(4) [20]. Gas yield was normalized based on carbon content as described
in Eq. (5), where Hy, CO and CH4 represent proportion of Hy, CO and
CH,4 in the gas mixture, respectively. Gas productionc and Gas produc-
tion are the gas production normalized by carbon content and the initial
gas production measured by GC, respectively; mgeedstock-c iS the carbon
content in the feedstock, which is calculated through the mass weight
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and nitrogen proportion derived from ultimate analysis.
LHV g5 = 10.8 x Hy 4 12.6 x CO +35.8 x CHy 4)
Gas yield = Gas production / Myeedstock-C 5)

NH3 and HCN were absorbed in the H;SO4 and NaOH solutions to
form NH and CN™ that could be quantified using the standard pro-
cedures of China National Standards HJ 535-2009 and HJ 484-2009,
respectively. Yields of NH3-N and HCN-N were calculated according to
the ion concentration and nitrogen content in the feedstock used for
gasification using Egs. (6) and (7) [8], where Myys.n and Mycn.N are the
mass production of NH3-N and HCN-N, respectively, C; and C; are the
concentration of NH4 and CN", respectively, in the absorbed solutions;
V; and V; are the volumes of the corresponding absorbed solutions;
Mfeedstock-N 1S the nitrogen content in the feedstock, which is calculated
through the mass weight and nitrogen proportion derived from ultimate
analysis.

Mnn3-N = [(Cy - Vi - 14.01) / 18.04] / Meeqstock-N (6)

Mucn = [(C - V3 - 14.01) / 26.02] / meeedstock-N @

2.4. Gasification performance evaluation

Carbon conversion ratio (CCR) which describes the amount of con-
verted carbon during the process can be calculated through Eq. (8) [17].

CCR =1 —

carbon content in the solid residue (%) x mass of solid residue (g)
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70.4 % to 65.4 % as the temperature increased from 180 to 220 °C. The
higher HTC temperature accelerated hydrolysis and dehydration of SS,
and favored decomposition of the organic matters (e.g., polysaccharides,
proteins, etc.) into the liquid phase [30]. It was reported that the
addition of CaO could catalyze the decomposition of organic matters in
SS, thus resulting in a decreased HC yield [17,31]. However, in this
study, the overall HC yield had an increasing trend with the increased
Ca/C molar ratio. This was probably attributed to the formed CaCOs or
Ca(OH); in HC with the addition of CaO [9]. Moreover, CaO could
facilitate the hydrolysis and deamination of proteins and carbohydrates
contained in SS, thus resulting in increased amino acids concentrations
and decreased sugar content in the aqueous phase. The accumulated
amino acids could be re-transferred to the solid phase though poly-
merization and Maillard reactions [32]. The elemental and proximate
analyses of HC are presented in Table 2. Lower N content in HC was
observed compared to SS (Table 1), and the N content further decreased
with the increased HTC temperature and CaO addition. This process is
favorable as the production of NOyx precursors could be reduced in the
subsequent gasification process [10].

The FT-IR spectra of SS and HC are shown in Fig. S1. There were no
significant differences between SS and HC. The spectra of SS and HC
showed obvious peaks of amide groups, including 3287 cm™' (N—H
stretching, amide II), 1640 em™! (C=0 stretching, amide I) and
1523 em™! (N—H stretching, amide II) [14,30]. The intensity of N—H
and C=O0 stretching decreased with the increased temperature and Ca/C
molar ratio. The resulted indicated that higher temperature and the
addition of Ca-based catalyst could decrease amide-N content by

(®

carbon content in the feedstock (%) x mass of feedstock (g)

3. Results and discussion
3.1. Effect of HTC on fuel characteristics of hydrochar

3.1.1. Physicochemical properties of HC

Hydrothermal treatment of SS can generate hydrochar (HC), aqueous
fraction and gases. Generally, HC yield was in the range of 65.4-74.1 %
(Fig. 2). In the absence of CaO, HC yield decreased gradually from

o
<

200 °C

——— =

180 °C — 220 °C

har yield (%)
g 2 2 32

g 304

T T T T T T T T

0 0.050.0750.1 0 0.075 0 0.075
Fig. 2. Hydrochar yield in HTC under different reaction temperatures and Ca/C
molar ratios.

breaking peptide bonds (—-CO-NH-). The peak at 1030 cm™! was prob-
ably attributed to Si-O stretching, which revealed the presence of SiOq
[33], which was also confirmed by XRD analysis (Fig. S2).

3.1.2. Gasification of HC under CO2

Effect of CaO on SS and HC during thermal decomposition under CO,
atmosphere is shown in Fig. 3. All samples had three major stages of
mass loss during the thermal process: VM decomposition (240-400 °C),
FC combustion (400-510 °C) and gasification conversion (700-1050 °C)
[9,34]. The total mass loss of SS could reach 56.24 % when the tem-
perature was increased to 975 °C (Fig. 3a). HTC pretreatment could
decompose partial VM and increase the non-active ash content in HC,
which resulted in a decrease in total mass loss. This effect was enhanced
with the increased HTC temperature. The HTC pretreatment could also
affect the decomposition temperature (Fig. 3b). It was found that HTC
could increase the T; (the initial VM decomposition temperature) from
333 °C (SS) to 363 °C (HC220), indicating that HTC could increase the
stability of VM which needed higher energy to be decomposed. Similar
result was observed in FC combustion stage, slightly increasing form 456
°C (SS) to 460 °C (HC220). In the gasification conversion stage, HTC
pretreatment decreased the onset gasification temperature. The result
revealed that HTC pretreatment could decrease the activation energy for
gasification. Similar observation was reported by Zhuang et al. that HTC
pretreatment temperature (180-240 °C) could lower the activation en-
ergy for biowaste gasification [20].

Interestingly, compared with HC produced without CaO additive, the
mass loss of HC with CaO additive was not significantly affected
(Fig. 3c). These results suggested that CaO could further promote the
decomposition of VM or FC combustion. The results of differential
thermogravimetric (DTG) analysis could further confirm this hypothesis
(Fig. 3d). In the first two stages (VM decomposition and FC combustion),
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Table 2
Physicochemical characteristic of HCs.
Ultimate analysis (wt %, db) Proximate analysis (wt%, db) Fuel ratio
Samples HHV (MJ/kg)
C H N S o? Ash VM FC FC/VM

HC180 18.67+0.47 3.20+£0.17 2.06+0.05 ND 12.88+0.04 63.19+0.64 32.30+1.05 4.51+0.41 0.14 7.59
HC200 17.09+0.08 2.95+0.11 1.67+0.01 ND 11.31+0.17 66.98+0.19 28.18+0.11 4.84+0.30 0.17 6.83
HC220 16.71+0.55 2.65+0.05 1.52+0.02 ND 10.09+0.14 69.03+0.11 26.28+0.01 4.69+0.11 0.18 6.43
HC180-0.005 18.02+0.12 3.29+0.05 1.73+0.02 ND - 62.31+1.70 - - - -
HC180-0.075 17.20+0.08 3.09+0.14 1.69+0.01 ND - 62.46+0.68 - - - -
HC180-0.1 18.354+0.15 3.39£0.12 1.81+0.02 ND - 62.45+1.18 - - - -
HC200-0.075 16.71+0.16 2.95+0.09 1.48+0.02 ND - 67.75+0.23 - - - -
HC220-0.075 15.514+0.13 2.54+0.07 1.36+0.01 ND - 68.82+0.51 - - - -

Notes:

db, dry basis; VM: volatile matter; FC: fixed carbon; HHV: higher heating value.

-: Not applicable. CaCO3 could form via carbonization after adding CaO during HTC process. In ultimate analysis, decomposition of inorganic CaCOj affected accurate
O calculation. In proximate analysis, CaCO3 could be decomposed into CaO and CO, under high temperature, which would increase the content of VM and affect the

whole proximate analysis calculation.
#Calculated by difference.
bND, Not detected.
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Fig. 3. Thermal decomposition profiles for SS and HC under CO, atmosphere: Effect of hydrothermal temperature on (a) TG and (b) DTG; Effect of different Ca/C

molar ratios in HTC on (¢) TG and (d) DTG.

addition of CaO for HC180 could improve the maximum mass loss rate,
suggesting that CaO promoted the decomposition of VM and FC. Indeed,
adding CaO could lower the T; from 353 °C (HC180) to 344 °C (HC180-
0.1) as presented in Fig. 3d, indicating that CaO could lower the required
temperature of VM decomposition owing to catalytic reactions. The
second peak around 450 °C became wider and more obvious for HC with
CaO addition. It is assumed that this phenomenon could be related to the
transformation of CaO to Ca(OH)y during HTC, and the additional
decomposition of Ca(OH), may extend the second range [9]. However,
compared with HC180 or HC180-0.05, higher Ca/C molar ratio (e.g.,

HC180-0.075 and HC180-0.1) could shift to a higher temperature for the
peak corresponding to the maximum conversion rate within gasification
stage (Fig. 3d). These changes were ascribed to the improved aroma-
ticity after adding CaO during HTC, which delayed the peak for gasifi-
cation of HC [20].

Compared with SS and HC decomposition in N3 atmosphere (Fig. S3),
the most significant difference was the gasification stage. For SS, mass
loss was not significant in the gasification stage under N,. However, it
could reach 0.07 %/°C mass loss in CO, atmosphere, which could be
attributed to the Boudouard reaction (C + 2CO5 — 2CO) [35]. The result
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Fig. 4. Products yields in CO., gasification of SS and hydrochars at 900 °C.

indicated that CO, atmosphere could achieve significant gasification
efficiency and increase the CO fraction.

3.2. Effect of HTC on CO3 gasification

3.2.1. Comparative gasification of sewage sludge and its hydrochar

The effect of feedstock (SS and HC) on the CO; gasification products
(SR, tar, syngas) is presented in Fig. 4. The decreased content of organic
compounds (C and H content) in HC (Table 2) inhibited the harmful tar
production during the CO, gasification, which could alleviate the
damage of the viscous substances to the reactor in the practical appli-
cation. The increased SR content could be attributed to the abundant ash
content in HC (Table 2). HC with CaO additive could further decrease
the tar yield by 17.7-32.4 % at 900 °C through catalytic tar cracking
reactions [36], therefore increasing the proportion of SR and syngas
products. The effect of gasification temperature (700-900 °C) on the

Oxygenous compounds

|/ //|Nitrogenous compounds

Aliphatic hydrocarbons
Mono-aromatic hydrocarbons (MAPs)
Poly-aromatic hydrocarbons (PAHs)

100 =
N \\\

= 80
=
-’
= N
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9
=
= =it 553 53.2 520

20 1 41.3

0 T T T T T
SS HC180 HC180-0.075 HC200 HC220

Fig. 5. Chemical composition of tar formed in CO. gasification of SS and
hydrochars at 900 °C.
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product yields is presented in Fig. S4. The SR yield decreased by 2.7 %
and 3.8 % for SS and HC180 respectively when the gasification tem-
perature increased from 700 to 800 °C, whereas the decrease (7.2 % for
SS and 4.4% for HC180) was enhanced with the further increased
temperature (800-900 °C). This suggested that a higher gasification
efficiency can be achieved at a lower gasification temperature when
using HC as the gasification feedstock. In addition, the decrease in the
tar yield was not obvious anymore for both SS and HC180 when the
gasification temperature was increased from 800 to 900 °C, suggesting
that the syngas was mainly produced through Boudouard reaction (Eq.
(10)) rather than tar decomposition in this stage.

Effect of HTC conditions on the chemical composition of tar from
CO4, gasification is shown in Fig. 5. Tar mainly consisted of five com-
ponents: 1) oxygenous compounds; 2) nitrogenous compounds; 3)
aliphatic hydrocarbons; 4) mono-aromatic hydrocarbons (MAPs); and 5)
poly-aromatic hydrocarbons (PAPs) [19,20]. Oxygenous compounds
accounted for the largest proportion of the tar composition for SS, then
the proportion of oxygenous substances decreased with the elevated
HTC temperature. This was related to the lower oxygen content con-
tained in HC produced at higher HTC temperature (Table 2). Besides,
gasification of HC derived from higher HTC temperature led to higher
percentage of aliphatic hydrocarbons and less nitrogenous and oxy-
genous compounds in tar (especially for HC220), which is beneficial for
tar refining and utilization [37]. Moreover, similar phenomenon was
observed when CaO was added in HTC.

The formation and transformation of syngas are summarized in Egs.
(9) to (12) [38,39]. In the initial stage of CO, gasification, syngas was
produced mainly through thermal cracking of organic matters in feed-
stock (Eq. (9)). It was found that CO was the primary component (above
60 %) in non-condensable gases (Fig. 6a), which was ascribed to the
Boudouard reaction (Eq. (10)). CO could partially react with HO and re-
produce CO» (Eq. (11)). In addition to the Boudouard reaction, the
carbon in char could also react with HyO to form CO and H; (Eq. (12)).
Under pure CO5 atmosphere, Boudouard reaction dominated. At 900 °C,
CO yield from gasification of SS was slightly higher than that of HC
(Fig. 6a), which was probably associated with reduced carbon in HC and
reduced extent of Boudouard reaction [40]. Yields of Hy and CH4 from
HC were higher than that from SS. However, HC derived from HTC with
elevated temperature exhibited slightly higher H yield but lower CHy4
yield. Increased Hj yield from HC may be related to improved carbo-
naceous structure, such as improved surface area, pore volume, and
enrichment of the alkaline-earth metals (e.g., Ca and K) of HC [41].
Meanwhile, HTC at 180 °C with the addition of CaO with Ca/C molar
ratio of 0.075 favored Hy and CO yield. In general, although the yield of
CO from SS was slightly higher than that from HC, the total syngas
production from HC was higher than that from SS as shown in Fig. 6a.
Additionally, the lower heating value (LHVg,s) of syngas from HC was
higher than that of SS, but the value slightly decreased with the
increased HTC temperature and CaO addition (Fig. 6b). These results
revealed that HTC pretreatment could not only increase syngas pro-
duction but also improve the quality of syngas, which could benefit real
industrial applications.

Carbon conversion ratio (CCR) is also used to evaluate the gasifica-
tion efficiency. The CCR of SS and HC180 increased with elevated
gasification temperature (Fig. S5). The value dramatically increased
when the gasification temperature increased from 800 to 900 °C, which
indicated that Boudouard reaction mainly occurred above 800 °C [40].
This is also supported by the significant decreased carbon content of SR
when the gasification temperature increased from 800 to 900 °C
(Table 3).

CH,0, — tar + CO + Hy + CH4 + CO, + H,O 9
Boudouard reaction: C + CO, < 2CO (10)
Water-gas shift reaction: CO + 2H,0 < CO; + H; an
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Table 3
Elemental composition of solid residues from CO, gasification of SS and HCs
under different temperatures.

Ultimate analysis (wt %, db)

Temperature Gasified Ash
C) feedstocks C H N S (%)
700 SS 12.87 0.94 1.46 ND 75.26
HC180 7.49 0.43 0.61 ND 88.40
800 SS 9.32 0.65 1.03 ND 86.69
HC180 5.43 0.48 0.45 ND 92.78
SS 0.79 0.15 0.06 ND 98.55
HC180 0.59 0.10 0.04 ND 98.99
HC200 0.57 0.12 0.05 ND 98.85
900 HC220 0.63 0.12 0.04 ND 99.00
HC180-0.075 061 010 005 ND 99.24
HC200-0.075 0.88 012 006 ND 98.79
HC220-0.075 0.56 0.08 004 ND 99.16
Solid-water shift reaction: C 4+ H,0O « CO + H; 12)
Methanation of CO: CO + 3H, « CH,4 + H,0O 13)
Methanation of CO,: CO, + 4H, <> CH4 + 2H,0 14)

3.2.2. Effect of CO2 concentration
Effect of CO, concentration on the products yield from gasification of

(a) ] Solid residue Tar Syngas

SS and HCs is shown in Fig. 7a. With the increased CO, concentration,
the overall yield of tar and SR decreased while syngas yield increased,
with one exception (HC180 as feedstock) that tar yield slightly increased
with the increased CO5 concentration to 20 %. The results suggested that
inletting CO, could generally reduce harmful tars production which is
favor of industrial operations. The presence of CO5 can enhance thermal
cracking of volatiles in biowastes [26] and then reduced tar formation.
Therefore, the gasification efficiency could be improved by using CO5 as
gasification agent.

Effect of CO2 concentration on syngas production is presented in
Fig. 8a. Increased CO, concentration resulted in an increased CCR
(Fig. 7b) and facilitated syngas production, especially CO therein
(Fig. 8a), while production of Hy and CHy4 slightly increased with higher
CO5, concentration. This could result from the enhanced Boudouard re-
action, which was further demonstrated by the decreased C and H
contents in SRs from gasification with higher CO, percentage (Table 4).
The increased Hy yield might be related to the decomposition of organic
substance and solid-water—gas shift reactions, and the increased CHy4
was attributed to methanation reactions of CO and CO5 (Egs. (13) and
(14)) [28,38]. However, increased CO, concentration in the gasification
process slightly decreased LHV g, (Fig. 8b), which may be attributed to
the lower proportion of CH4 accompanied by higher production of CO.
The proportion of CO significantly increased and the concentration of Hy
was relatively lower with the increased CO; concentration during the
gasification process, resulting in a lower LHVg,s. Interestingly, LHV g5 of
HC180 and HC180-0.075 decreased by 4.2 % and 3.6 %, respectively,

(b) [ PureN, 20CO, 80N, Pure CO,

SS ! HC180 ' HC180-0.075 1.0
100 1 _ e ; | § § §
i 2 % % %
iR = 0.8
80 ~ . —=— ——
Q ! $
S ! ! Z 0.6
T 604 i [ 5
- | | >
= ! i g
=2 [ i S 0.4
>~ 40 i i =
o7 | 668 64.0 61.1 | 6731648 [ 63.7 _§
. 49.1 | |
20- 46.4 ! i 6 0.2
I |
i i
0-H— : —H— : —— : r 0.0
pure 20CO, pure pure 20CO, pure pure 20CO, pure SS HC180 HC180-0.075

N, 8N, €O, N, goN, CO, N, goN, €O,

Fig. 7. Effect of CO, concentration on (a) yields of three products and (b) carbon conversion ratio during gasification of SS and hydrochars at 900 °C.
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Table 4
Elemental composition of solid residues from gasification of SS and hydrochars
at 900 °C under different CO, concentration.

Gasification Ultimate analysis (wt.%, db) Ash
Samples
atmosphere c H N S (%)
Pure Ny 12.05 0.45 0.58 ND 75.67
SS 20CO; 80 N, 4.85 0.18 021 ND 9312
Pure CO, 0.79 0.15 0.06 ND 98.55
Pure Ny 6.32 0.30 0.24 ND 92.45
HC180 20CO5 80 N, 2.77 017 011 ND 96.01
Pure CO, 0.59 0.10 0.04 ND 99.99
HC180- Pure Ny 6.01 0.24 0.22 ND 96.03
0.075 20CO, 80 N, 2.25 022 010 ND 97.00
Pure CO, 0.61 0.10 0.05 ND 99.24

when the gasification agent was switched from Ny to CO». This drop of
LHVg,s (12.2 %) was more notable for gasification of SS (Fig. 8b). This
suggested that changing gasification agent had less impact on the LHV g55
for hydrochars.

3.3. Nitrogen transformation in HTC-COy gasification system

3.3.1. Effect of HTC on nitrogen transformation

In Fig. 9, nitrogen removal efficiency exhibited steady increase from
66.2 % to 76.9 % with increased HTC temperature from 180 to 220 °C,
and this efficiency was further enhanced by 5.3 % for HC180-0.075 with
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CaO additive. Appropriate amount of CaO could enhance catalytic re-
action and thus resulted in dissolution of more reducing sugars and
amino acids in the aqueous phase. However, drastic reduction of 4.3 %
in nitrogen removal efficiency was found for HC180-0.1 as compared to
HC180-0.075. This may imply that formed heterocyclic-N probably
deposited onto hydrochars [42] and promoted Maillard reaction.
Nevertheless, improvement of nitrogen removal by CaO additive was
less significant under higher HTC temperature (200-220 °C) with only
slight increase of 1.7 % and 1.2 % at 200 °C and 220 °C, respectively
(Fig. 9a). This could be associated with severe decomposition of N-
containing substances induced by higher temperature instead of Ca
catalysis during HTC. Hence, it is more rationale to carry out hydro-
thermal pretreatment under lower temperature (ca. 180 °C) in terms of
comparable removal efficiency of nitrogen in HC with less energy
consumption.

In HTC, nitrogen was mainly transformed from solid fraction into
aqueous phase. Total dissolved nitrogen (TDN) in aqueous phase in-
cludes organic-N (Org-N) and inorganic-N (e.g., ammonia-N (NHj-N)
and nitrate-N (NO3-N)) [14]. In general, TDN concentration presented
an upward trend with increasing temperature as a result of enhanced
hydrolysis of protein-N and inorganic-N at higher temperature [43],
which was in good consistent with remaining N in HC in Table 2. Org-N
was predominant in aqueous phase (Fig. 9b). Protein-N was initially
decomposed into labile and stable amide-N through the cleavage of
peptide bonds which can further form NHZ-N via deamination and ring
open reactions [14]. However, the addition of CaO resulted in a
decreased TDN concentration, which may be due to increased yield of
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Fig. 9. Effect of temperature and Ca/C molar ratio in HTC on (a) nitrogen removal efficiency and residual nitrogen content in HC, and (b) distribution of nitrogen

species in aqueous phase.
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aqueous phase. Due to CaO catalysis in HTC, Org-N concentration in
aqueous fraction decreased with higher NO3-N concentration, thereby
contributing to improved N removal efficiency for HC.

Moreover, as N species in HC are crucial in subsequent CO gasifi-
cation, N 1 s XPS spectra are used to further reveal evolution of different
nitrogen functionalities therein (Fig. S6). Specifically, six peaks were
observed: (1) pyridine-N (398.8+0.2eV); (2) protein-N/amine-N/
nitrile-N  (399.8+0.2eV); (3) pyrrole-N (400.5+0.2eV); (4)
quaternary-N (401.4 +0.2eV); (5) inorganic-N (402.0 £ 0.5eV); (6)
oxide-N (402-405 eV) [8,44,45]. Relative percentages of N species in SS
and HC are depcited in Fig. 10. Nitrogen functionalities in SS mainly
consisted of protein-N (80.9 %), inorganic-N (16.1 %) and pyridine-N
(83 %). Increased temperature and/or addition of CaO promoted hydro-
lysis of protein-N and inorganic-N to form NHi-N/NO3-N in aqueous
phase with complete decomposition of inorganic-N at 220 °C. At 180 °C
and 200 °C, pyrrole-N and quaternary-N were initially formed. Pyridine-
N and pyrrole-N can be formed from cyclization of amine, and
quaternary-N is originated from polymerization or ring condensation
between pyridine-N and pyrrole-N [45,46]. In the presence of CaO,
formation of stable quaternary-N started even at 180 °C, implying the
facilitated stabilization of nitrogen in HC induced by CaO. Different
from severe decomposition of pyridine-N, pyrrole-N and quaternary-N
in near- and super- critical hydrothermal reaction [9], CaO may favor
conversion of amine-N into pyrrole-N and the polymerization of
pyridine-N into stable quaternary-N, leading to the decreased pyridine-
N but increased pyrrole-N and quaternary-N in HC180-0.075 and
HC200-0.075 during low temperature HTC in this study. Despite high
heterocyclic nitrogen species in HC upon addition of CaO, there were
more stable nitrogen functionalities which may require higher activa-
tion energy to the bond cleavage, which may be beneficial to reduced
emissions of NOy precursors in CO3 gasification.

3.3.2. Distribution of nitrogen species during CO2 gasification

Dynamic transformation of nitrogen is responsible for formation of
NOx precursors in CO» gasification. Table 5 demonstrates nitrogen dis-
tribution among products from gasification, including char-N, tar-N,
NOy precursors-N and other-N. In CO; gasification of SS, both tar-N and
char-N gradually decreased while NOy precursors-N and other-N
increased with elevated temperature, which probably resulted from se-
vere decomposition of N-containing substances into gases (e.g., NHs,
HCN and Ny) [23]. During CO, gasification, less nitrogen was retained in
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Fig. 10. Evolution of nitrogen species in hydrochars from HTC of SS under
various conditions.
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SR, while most of N was transformed into tar or gases, especially at 900
°C. However, char-N from gasification of HC was higher than that of SS
(Table 5), indicating the potential transformation of nitrogen in HC into
stable nitrogen species (e.g., quaternary-N) that were retained in SR
rather than being released as NOy precursors-N. This could be confirmed
by the increased percentage of quaternary-N in SR derived from HC180
(Fig. 11b). It is speculated that HC could be better gasification feedstock
than raw SS from the perspective of promoted stabilization of nitrogen in
SR and less emissions of NOy precursors-N. In addition, lower tar-N was
also observed in gasification of HC (Table 5). In particular, there was a
remarkable reduction of tar-N (from 28.08 % to 16.02 %) derived from
gasification of HC180-0.075 as compared to that of HC180, reflecting
the catalytic decomposition of tar as a consequence of metallic compo-
nents (especially Ca/Fe-based substances) therein [47]. Meanwhile,
lower content of NOy precursors-N but higher content of other-N (e.g.,
N2 and other deposits on the inner surface of the quartz tube) may
indicate that nitrogen tended to form N during gasification. In this re-
gard, hydrothermal pretreatment with CaO additive (even small
amount) could be an efficient strategy to realize mitigated NOyx pre-
cursors in CO4 gasification for SS management.

3.3.3. Release characteristics of NOy precursors

Formation of NOy precursors from CO3, gasification of SS and HCs can
be expressed as yields of NHs-N and HCN-N. As depicted in Fig. 11, NHs-
N was predominant under all reaction conditions as investigated.
Regardless of the feedstock being SS or HCs, yield of NOy precursors-N (i.
e., NH3-N, HCN-N) generally increased with the increased gasification
temperature, suggesting that higher gasification temperature will pro-
mote the formation of NH3-N and HCN-N because of higher activation
energies. But yields of NH3-N and HCN-N from SS were always higher
than those from HCs, which was mainly attributed to significantly
reduced protein-N and inorganic-N in HC [48,49].

3.3.3.1. Fate of HCN in NOy precursors. Pyrrole-N in both char-N and
tar-N was the main source of HCN. Although there was an increase of
pyrrole-N in HCs after HTC (Fig. 10), formation of HCN eventually
decreased because HTC also reduced the tar yield (Fig. 7a). Overall,
higher gasification temperature led to higher quaternary-N but lower
pyridine-N and pyrrole-N in SRs, which was obvious at 900°C
(Fig. 11b). It is assumed that the pyrrole-N and pyridine-N in SR could be
polymerized into quaternary-N or decomposed to form NH3 and HCN
through dehydrogenation or ring scission [50], resulting in increased
emissions of NOy precursors. When temperature was elevated from 700
to 800 °C in CO;, gasification of SS, HCN yield was increased by 47.0 %
(Fig. 11a), while the content of pyrrole-N dramatically decreased by
11.9% (Fig. 11b). But the content of pyrrole-N was only reduced by
2.6 % and there was no obvious change for HCN emissions when the
temperature was further increased to 900 °C. Thus, it could be deduced
that the decomposition of pyrrole-N in char mainly promoted the HCN
emission from SS around 800 °C. As for gasification of HC180, the most
significant reduction of pyrrole-N and HCN formation was observed
when the gasification temperature was increased from 800 to 900 °C
(Fig. 11a and b). It is probably related to more stable nitrogen in HC and
higher gasification temperature was required to promote the trans-
formation of pyrrole-N and pyridine-N in HC to quaternary-N. This could
be evidenced by the exceptionally high content of quaternary-N
(45.9 %) in SR from gasification of HC180 at 900 °C.

3.3.3.2. Fate of NH3 in NO, precursors. With the elevated temperature,
emission of NH3-N from CO- gasification of SS and HC increased steadily
(Fig. 11a) and remaining nitrogen in SRs decreased (Table 3). The
decreasing content of pyrrole-N and pyridine-N in SRs (Fig. 11b) could
be responsible for enhanced formation of NH3-N/HCN with the
increased gasification temperature. Moreover, higher quaternary-N
content in SRs (Fig. 11b) but much lower yield of NOx precursors
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Table 5

Distribution of nitrogen in products from CO, gasification.
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Sample Temperature (°C) N in feedstock (%) N in hydrochars (%) N in gasification products (%)
Char-N Tar-N NOy precursors-N Other-N

Ss 700 100 (4.29) - 19.16 49.69 0.42 30.73
Ss 800 100 (4.29) - 12.87 37.84 0.47 48.81
Ss 100 (4.29) - 0.65 28.99 0.58 69.78
HC180 - 100 (2.06) 1.22 28.08 0.29 70.42
HG180-0.075 900 - 100 (1.69) 1.41 16.02 0.22 82.35
HC200 - 100 (1.67) 1.97 26.53 0.17 71.33
HC220 - 100 (1.52) 1.79 12.31 0.14 85.76

Note: The values in the bracket of N in feedstock or hydrochars are the results from ultimate analysis.
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Table 6
Main nitrogen-containing compounds in tar after CO, gasification.

Relative content (%)

Gasified feedstocks Temperature (°C) Heterocyclic-N compounds

Total N-containing compounds Amines and amides Nitriles
Pyridine Indole Quinoline Other
SS 700 16.99 5.76 3.38 0.85 4.54 0.72 1.74
SS 800 14.39 5.08 1.39 1.39 5.78 1.50 0.69
SS 900 11.40 3.64 0.26 1.02 7.61 1.12 1.44
HC180 10.83 3.45 1.64 - 4.98 - 0.76
HC180-0.075 7.91 1.10 0.68 - 3.12 2.00 1.01
HC200 7.37 0.75 1.29 1.40 2.27 0.77 0.88
HC220 5.26 0.43 1.31 0.53 2.03 0.60 0.36

10
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(Fig. 11c) from gasification of HCs were found, revealing that the
polymerization and/or ring condensation of pyrrole-N and pyridine-N
prevailed over their decomposition into NH3 or HCN [51].

3.3.3.3. Effect of HTC and COgz concentration on NO, precursors. As
shown in Fig. 11c, increased HTC temperature favored the reduced yield
of NOy precursors from CO, gasification at 900 °C, especially the
reduction of HCN to a negligible amount for HC220, which was closely
linked to lower nitrogen content therein (Table 2). Apart from that, HC
derived from higher HTC temperature contained more ash and less VM,
which could facilitate the reduction of tar formation. Moreover, as
aforementioned, nitrogen transformation into stable nitrogen in SRs
prevailed in gasification of HC. Higher HTC temperature (>200 °C) led
to a dramatic reduction of amines and amides in tar (Table 6), thereby
having a positive effect on reducing the yield of HCN. Furthermore, in
Fig. 11c, even a low amount of CaO could further decrease the release of
NOy precursors (especially HCN) from gasification of HC180-0.075,
which was even lower than that from HC200. It can be concluded that
addition of CaO at lower HTC temperature could efficiently inhibit the
release of NOy precursors from gasification.

Regardless of the gasification atmosphere, HTC pretreatment, espe-
cially with CaO additive, could greatly hinder the emissions of NOy
precursors. On the other hand, CO; concentration in the gasification
process had a significant effect on emissions of NHz and HCN (Fig. 11d).
Interestingly, HCN emission was negligible under N gasification but the
highest release of NOx precursors (particularly HCN) was noticed in COy
gasification of SS and HCs. Nevertheless, introducing 20 % CO; could
remarkably inhibit the release of NH3 and HCN. It is assumed that small
amount of COy could beneficially consume carbon and catalyze the
transformation from NH3/HCN to N3 [23]. As compared to Ny gasifi-
cation, there was a slight increase of HCN in gasification under 20 %
CO5 4+ 80 % Ns. This further confirmed that the existence of CO5 and Ny
enhanced the thermal cracking of N-containing in chars which was
regarded as the primary source of HCN-N release [26]. However, pure
CO4 atmosphere was detrimental to the reduction of NOy precursors.
Excessive CO2 might offer sufficient catalytic thermal cracking of N-
containing compounds in tar/char to form more NH3 and HCN. Mean-
while, the Boudouard reaction between char and CO; could consume a

Hydrolysi P
N |NH4*/NO3' +<— Organic-N | Liquid phase
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large amount of carbon in chars, causing more active sites for promoted
decomposition of nitrogen functionalities and COj. Gasification of
HC180-0.075 under 20 %CO,+ 80% N5 demonstrated the lowest
release of NOy precursors-N (less than 500 P8/ gfeedstock-N)- TO conclude,
the HTC-CO,, gasification system can achieve considerately mitigated
emissions of NH3 and HCN through low temperature hydrothermal
pretreatment of SS with CaO and injecting gasification agent containing
a lower CO- concentration (ca. 20 %).

3.4. Mechanism for reduction of NOy precursors in HTC-CO; gasification
system

Investigation of nitrogen conversion pathways is essential to elabo-
rate the mechanism for reduction of NOy precursors in this proposed
system. Based on aforementioned data analysis, the plausible nitrogen
conversion pathways into NOy precursors can be clearly described in
Fig. 12. Nitrogen species originating from protein-N in SS were the main
contributor to N-containing compounds. During HTC process, partial
protein-N was decomposed into amine-N that could be transformed into
NH;3 or HCN in CO, gasification [42]. Inorganic-N can be also decom-
posed into NHj3 through thermal decomposition of ammonium-
containing substances. In addition, protein-N could be converted into
pyrrole-N or pyridine-N by cyclization or dimerization, and these ni-
trogen species could be subsequently transformed into quaternary-N
[46]. During these reactions, pyridine-N and pyrrole-N could partially
generate NH3 and HCN through hydrogenation with H radical and ring-
opening, respectively [52,53]. Besides, the amine-N derived from
protein-N, which existed in char or tar, could react with H radical to
form HCNO which could be easily decomposed into HCN [54].

Obvious decrease in NH3-N emissions from gasification of HC mainly
resulted from the lower content of inorganic-N and protein-N, which
weakened the decomposition of inorganic-N and depolymerization of
labile protein-N. Inorganic-N was completely removed from HC after
HTC. Meanwhile, protein-N (especially labile proteins) in SS was also
hydrolyzed, leading to a decrease in NH3-N by 47.7 to 64.9% from
gasification of HC180 and HC220, respectively. The addition of CaO
could greatly reduce the proportion of protein-N and inorganic-N, which
may achieve a lower emission level of NHs. In addition, increased ash
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Fig. 12. Schematic illustration of nitrogen transformation pathways in the entire HTC-CO, gasification system (Blue arrows indicate the influence of CaO additive in
HTC on nitrogen species in hydrochar and its gasification products, while green arrows indicate the influence of HTC (Temperature: 180 °C and Ca/C molar ratio of
0.075) on the formation of tar-N and NOy precursors-N as compared to direct SS gasification).
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content (especially minerals) in HC was assumed to benefit the reduced
yield of NHj3 via mineral-based catalytic thermal cracking of chars [55].
On the one hand, after HTC with CaO, stable protein-N tended to be
converted into heterocyclic-N that can be involved in dehydrogenation
to generate NH3 during gasification. At the same time, quaternary-N, a
more stable form of heterocyclic-N, was also formed, which can hinder
NH; formation [8]. Higher HTC temperature and CaO additive would
accelerate the formation of quaternary-N to prevent emissions of NOy
precursors. The decrease of active N-containing compounds (i.e.,
protein-N, inorganic-N) and the increase of stable quaternary-N in HC
could be responsible for selective N conversion into char-N instead of gas
phase, thus reducing the yield of NOy precursors. On the other hand,
Tian et al. [48] reported that the ring-opening of heterocyclic-N in tars
could contribute to the release of NH3-N accounting for about 18.3 % of
N in SS. In this study, HTC pretreatment largely reduced tar formation
(Fig. 4), leading to a decrease in NH3 emission. With the increased
gasification and HTC temperature, amines and amides in tar showed a
downward trend (Table 6), which was beneficial to reduce NH3 yield. As
a result, a significant decrease of NH;3 occurred owing to 1) HC derived
from HTC containing little labile protein-N and more non-active qua-
ternary-N; and 2) less tar yield and tar-N content as compared to CO,
gasification of raw SS.

As elaborated in Fig. 12, in gasification stage, the emission of HCN-N
was mainly linked to the secondary reactions of primary intermediates,
including amine-N and heterocyclic-N in tars, and/or pyrrole-N in chars
[49]. In HTC stage, some protein-N could be hydrolyzed and deaminated
into NHZ-N in aqueous phase, resulting in decreasing amine-N in char
and thus reduced breakdown of amine-N in tars. In gasification of HCs
(especially with CaO), tar yield together with the content of amine-N
and heterocyclic-N compounds in tars were decreased (Table 6). These
changes significantly contributed to the great reduction of HCN yield.

In addition, the presence of inorganic minerals (such as Fe and Ca
species) in ash could facilitate the transformation of NH3 and HCN into
Ny [56]. Injecting CaO or other Ca-containing materials could further
promote transformation of NH3 or HCN to to Ny or syngas in gasification
above 500 °C via Egs. (15)-(18) [57]. Hence, the increased ash, partic-
ularly Fe and Ca, in HC after HTC with CaO, would have a positive
catalytic effect on inhibited release of NOy precursors.

CaO/Ca®" + heterocyclic-N — N + CaCyH, (15)
CaO/Ca>t + Pyrrole-N/Pyridine-N — Hp/CO + CaCNy (16)
CaCyNy — N, + CaCy a7)
Ca0/Ca>* + HCN/NH; — CaC,Ny + Hy/CO (18)

To sum up, emissions of NOy precursors in SS management can be
successfully controlled in HTC-CO, gasification system. During HTC
pretreatment with Ca-based additives, labile protein-N was primarily
removed and stable protein-N was substantially stabilized, remarkably
contributing to promoted N conversion from heterocyclic-N and/or
NH3/HCN to Ns. In CO, gasification, manipulation and optimization of
CO4 percentage in the gasification agent will considerably prevent
emissions of NH3 and HCN.

4. Conclusion

The sequential low temperature hydrothermal pretreatment and CO»
gasification system has been applied for SS treatment to remarkably
improve the yield and quality of formed syngas. In particular, HTC
pretreatment and CaO additive could facilitate the transformation of
pyridine-N into pyrrole-N and quaternary-N in HC, thereby improving
the stability of nitrogen therein. Furthermore, CO, gasification of HC
demonstrated distinct advantages over direct gasification of raw SS from
perspectives of decreased formation of tar with less oxygenous and
nitrogenous compounds, and enhanced syngas yield, from 861 mL/
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Zfeedstock-C fOr SS to 959 mL/gfeedstock-c for HC, with distinctly mitigated
formation of NH3-N and HCN-N high up to 69.6 %. The HTC pretreat-
ment with CaO greatly contributed to the reduced release of NH3 and
HCN due to reduced nitrogen (from 4.29 % in SS to 1.36 % in HC) and
stable quaternary-N in HC, and calcium catalyzed cracking of nitroge-
nous tar. In addition, CO, gasification improved the carbon conversion
efficiency and tar decomposition via Boudouard reaction, leading to
obvious increase of syngas yield. However, higher CO, atmosphere (e.g.,
100 %) in gasification was detrimental to the decrease of NOy pre-
cursors. This could be associated with CO, promoted thermal cracking of
N-containing compounds in tar/char to produce more NH3 and HCN
than those transformed into Ny. Surprisingly, 20 % CO, greatly inhibited
the formation of NOy precursors from gasification. Overall, this HTC-
CO4, gasification process reveals promising strategies for sustainable SS
management towards enhanced high-quality syngas production.
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