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ABSTRACT: Studies have shown that anaerobic digestion (AD)
has an effect on the liquid and solid product property of sequential
pyrolysis, but its influence on the gaseous products is lacking. In this
study, syngas produced by pyrolysis from three raw organic solid
wastes and the corresponding digestates, i.e., food waste, vinasse,
and cow manure were investigated. AD causes a decrease in the
contents of volatile solid, fixed carbon, C, H, and N and an increase
in the S content. The weight loss of the wastes mainly occurs at
200−550 °C during the pyrolysis and the loss of the food waste and
vinasse is higher than that of cow manure. In the carbon (C)-
containing gas, AD leads to a decrease in the CH4 content of the
syngas, implying that the heat values of the digestates are lower than
that of the raw substrates. After AD, the total amount of nitrogen
(N)-containing gas from the vinasse increases by 40.1%, while that from cow manure decreases by 14.1%. On the contrary, the total
amount of sulfur (S)-containing groups in the syngas from vinasse drop by 22.0%, while that from cow manure increases by 9.1%. In
addition, slight changes in the C-, N-, and S-containing gases are found from food waste. The results indicate that AD has a different
effect on the N- and S- containing gaseous groups from different organic solid wastes, and the mechanisms deserve further
investigation. The findings supply a theoretical foundation for environmental-friendly application of syngas from the digestates.

1. INTRODUCTION

Food waste, vinasse, and cow manure are common organic
solid wastes that come from municipal solid waste, industrial
waste, and animal manure, respectively, and huge outputs have
made them a serious environmental problem.1−3 If they are not
treated in time and effectively, they pose a challenge to the
ecological environment. Anaerobic digestion (AD) can not
only realize the reduction of organic solid wastes but also
effectively produce biomass fuels such as methane.4 However,
15−40% of the organic matter is used to produce biogas and
most of the nutrients are stored in the digestates.5,6 The
digestates may also be odorous, and contain toxic volatile fatty
acids and emit greenhouse gases in the direct land application.7

Therefore, it may be necessary to post-treat digestates to
ensure efficiency and safety.8

Pyrolysis is an effective technology to treat digestate, which
can remove odor, pathogenic bacteria, and reduce greenhouse
gas emissions.7 Moreover, pyrolysis can also reduce the weight
and volume of the digestates and make full use of the biomass
energy in the digestate.9 During the process, the organics of the
digestate are disintegrated into useful products such as biochar,
bio-oil, and syngas, which can be used as fuel, raw materials of
various chemicals, and soil additives and adsorbents,
respectively.9−11 Researchers reported that the performance

of pyrolysis products from the digestate is better than that of
raw materials. Inyang et al.12 found that the maximum lead
adsorption capacity of biochars made from anaerobically
digested sugarcane bagasse is far higher than that made from
raw sugarcane bagasse. Liang et al.13 found that the content of
phenolic compounds increases during the pyrolysis process of
anaerobically digested rice straw, indicating that anaerobic
digestion can increase the energy density of the bio-oil.
However, the syngas from the pyrolysis of the digestate has
been rarely reported. As an additional energy source, syngas
can be burnt alone or mixed with anaerobic biogas to generate
electricity/heat.14 However, there are some pollutants such as
H2S, HCl, and NH3 in the syngas,15 causing the syngas needs
to be refined before their application. Therefore, the gaseous
composition of the syngas from the digestate pyrolysis deserves
to be investigated to utilize it effectively and environmentally
friendly.
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Meanwhile, some papers have reported the differences in
pyrolysis products from different organics. Cantrell et al.16

found that the biochars are different in the specific surface area,
ash, and nutrient contents from the pyrolysis of swine-
separated solids, paved-feedlot manure, dairy manure, poultry
litter, and turkey litter. Ates ̧ et al.17 found that the yield of total
aliphatic hydrocarbons in the pyrolysis oil of municipal plastic
waste is higher than that of municipal solid waste at all
temperatures. Fernańdez and Meneńdez18 studied the syngas
produced by the pyrolysis of glycerol, sewage sludge, and
coffee hull and found that the value of H2/CO in the syngas
from sewage sludge is higher than from coffee hull, followed by
glycerol. Zong et al.19 pyrolyzed starch, cellulose, hemi-
cellulose, lignin, protein, and oil and found that their pyrolysis
behavior and gaseous product evolution are different. There-
fore, it is reasonable to speculate that the syngas produced by
the pyrolysis from the digestates of different organic solid
wastes is diverse. In addition, Li et al.20 have shown that AD
has a different effect on the pyrolysis kinetics of different
organic substances, possibly due to different proportions of
protein and carbohydrate groups in the substrates. Therefore,
it is hypothesized that AD may pose a disparate effect on the
syngas from sequential pyrolysis of the organic solid wastes
such as food waste, vinasse, and cow manure due to their
different biodegradation performances during anaerobic
digestion.
C, N, and S are important elements of raw and anaerobically

digested materials, and they produce most of the components
in the syngas. The main components are CO, H2, CO2, CH4,
and H2O as well as some organics such as light hydrocarbons,
tar, and inorganic impurities such as H2S, HCl, and NH3.

15 In
C-containing groups, CO and CH4 are combustible gases,
which can be used to generate electricity and heat.21 In N-
containing groups, NOx can be easily produced from HNCO,
HCN, and NH3 through combustion, and these are important
precursors of NOx forming photochemical smog.22 In S-
containing groups, H2S and SO2 can be converted into SOx,
which form photochemical smog and acid rain pollution during
the combustion process of syngas.23 Therefore, in this study,
the C-, N-, and S-containing gaseous groups in the syngas from
the pyrolysis of raw and anaerobically digested organic wastes
were investigated to understand their resource and pollutant
properties in depth.
Thermogravimetric analysis (TGA) is often used to

investigate the changes of sample quality with temperature
and time.24 Fourier transform infrared spectroscopy (FTIR)
detects functional groups and chemical structure of the
biomass and its thermochemical conversion product structure,
heteroatom function (mainly oxygen-containing), and mineral
composition changes.25 In this study, a combination of TGA
and FTIR was applied to explore the effect of AD on the
gaseous C-, N-, and S-containing gaseous products from the
sequential pyrolysis of organic solid wastes.
The objectives of this study are (1) to reveal the effect of AD

on chemical and pyrolysis characteristics of three organic solid
wastes, i.e., food waste, vinasse, and cow manure and (2) to
investigate the effect of AD on C-, N-, and S-containing
gaseous products from their pyrolysis. This study will help to
further understand the effect of AD on the sequential pyrolysis
of different organics in depth and supply a theoretical
basement for digestate-based syngas utilization.

2. MATERIALS AND METHODS

2.1. Substrates and Inoculums. Raw food waste (RFW)
was taken from Xiyuan Canteen at Siping Campus of Tongji
University in Shanghai city; raw vinasse (RV) was taken from
the Guizhou Moutai Distillery in Guizhou province; and raw
cow manure (RCM) was obtained from a dairy farm in the
suburb of Pudong, Shanghai city. Inoculated sludge was taken
from our previous anaerobic reactor.26 Total solids of the
RFW, RV, and RCM were 18−24, 43−47, and 18−22%,
respectively.

2.2. AD Process and Material Analysis. The working
volume of the anaerobic digestion reactor was 6 L, and it ran
semicontinuously with an operating temperature of 35 ± 1 °C.
The stirring speed was set to 60 rpm (rotations per minute),
and the interval was 2 min after every 10 min of stirring.
Feeding and discharging were performed once a day. The solid
retention time (SRT) of the reactors for food waste, vinasse,
and cow manure was all 30 days, and the solid content was set
to 7, 10, and 20%, respectively.
After three SRTs, the reactors trended to become stable. In

the stable periods, three kinds of digestates, i.e., anaerobically
digested food waste (ADFW), anaerobically digested vinasse
(ADV), and anaerobically digested cow manure (ADCM),
were collected from the corresponding reactor outlet. Then,
the raw and digestate samples were freeze-dried and sieved to
0.15 mm and then stored in a desiccator with a discolored
silica gel for further analysis.
Moisture, ash, and volatiles of the samples were analyzed

according to ASTM standards D1102, E871, and E872,
respectively. The fixed carbon was measured as a difference.
The elemental compositions of raw and anaerobically digested
materials were measured using a Vario Micro element analyzer
(Germany) with <0.1% abs analysis accuracy. X-ray photo-
electron spectroscopy (XPS) analysis was conducted using an
ESCALAB250Xi (Thermo Scientific, U.K.) spectrometer with
non-monochromatic Al and K anode targets and a scan size of
0.1 eV per step.

2.3. Pyrolysis and TGA-FTIR. Thermogravimetric (TG)
and FTIR data of the freeze-dried and sieved samples were
carried out using a TGA8000 TG analyzer combined with a
Frontier FTIR spectrometer fitted with a gas cell. Gas materials
from TG analyzer were directly gathered in the gas cell and
determined immediately through the FTIR spectrometer. The
FTIR spectra (4000−500 cm−1; resolution, 2 cm−1) of the
gases were obtained successively with the modified baseline.
The whole gas flow path was wrapped with a heating wire to
prevent the condensation of any volatile disintegration
products.
The samples were pyrolyzed in helium conditions. The

heating process was as follows: the samples were heated from
30 to 100 °C at a heating rate of 30 °C/min, then maintained
at 100 °C for 10 min, and then heated to 850 °C at 100 °C/
min. The carrier gas uses ultra-high purity helium with a purity
of 99.99% and a constant flow rate of 100 mL/min. The weight
of all samples was kept at 20 ± 2 mg.
The TG/derivate TG (DTG) data were analyzed using Pyris

software (PerkinElmer, Inc., U.K.), and the FTIR spectral data
were provided by TimeBase Version 3.1.0 software (Perki-
nElmer, Inc., U.K.).

2.4. Data Analysis. C-containing, N-containing, and S-
containing components of syngas from all organic matters were
identified based on the FTIR absorption peaks,26,27 which is
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outlined in Table S1. The area under the absorbance curve is
directly proportional to the concentration of gas released
during the pyrolysis.28 The gas emission concentration in the
pyrolysis process can be measured by integrating the
absorbance (A) with the time (t), or it can be expressed by
the accumulative absorbance. The accumulative absorbance IA,t
at a specific t can be calculated as28

∫=I A tdA t

t

,
0 (1)

where

∫ ≈
− +

A t
t t A A

d
( )( )

2t

t
t t2 1 1 2

1

2

(2)

Table 1. Chemical Characteristics of the Raw and Anaerobically Digested Substrates

proximate analysis (wt %) elemental analysis (wt %)

samplesa moisture
volatile
solid

fixed
carbon

ash
content C H N S H/C C/N

organic matter removal
rate (%)

RFW 6.5 79.5 6.8 7.1 48.6 ± 0.25 7.1 ± 0.04 3.5 ± 0.08 0.43 ± 0.10 1.8 16.4 83.2
ADFW 7.0 59.8 1.8 31.3 34.5 ± 0.36 5.7 ± 0.06 2.9 ± 0.11 0.79 ± 0.08 2.0 13.7
RV 6.5 74.1 13.7 5.7 43.8 ± 0.25 6.0 ± 0.06 4.7 ± 0.09 0.26 ± 0.06 1.6 10.9 78.3
ADV 8.2 59.7 7.3 21.8 37.2 ± 0.15 5.3 ± 0.06 5.9 ± 0.10 0.72 ± 0.15 1.7 7.4
RCM 7.1 56.4 8.5 28 33.0 ± 0.23 4.9 ± 0.05 3.0 ± 0.07 0.37 ± 0.07 1.8 12.8 51.1
ADCM 5.9 47.9 1.9 44.3 27.0 ± 0.21 4.2 ± 0.06 2.3 ± 0.06 1.2 ± 0.05 1.9 13.4

aRFW, raw food waste; ADFW, anaerobically digested food waste; RV, raw vinasse; ADV, anaerobically digested vinasse; RCM, raw cow manure;
ADCM, anaerobically digested cow manure.

Figure 1. TG/DTG curves of the raw and anaerobically digested substrates. RFW, raw food waste; ADFW, anaerobically digested food waste; RV,
raw vinasse; ADV, anaerobically digested vinasse; RCM, raw cow manure; ADCM, anaerobically digested cow manure.
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The integral absorbance value consequently does not represent
an absolute value of absorbance but the absorbance multiplied
for the time in seconds. The value remains proportional to the
total gas released.27 The emission content of C-containing
gaseous products was the sum of the accumulative absorbance
of CH4, CO, CO2, CH3OH, CH3CHO, and CH3COOH. The
emission content of N-containing gaseous products was the
sum of the accumulative absorbance of HNCO, HCN, NH3,
and NO. The emission content of S-containing gaseous
products was the sum of the accumulative absorbance of H2S,
SO2, and COS.

3. RESULTS AND DISCUSSION

3.1. Effect of AD on Chemical Characteristics of These
Substrates. Chemical characteristics of raw and anaerobically
digested substrates are shown in Table 1. Volatile solids of
RFW, RV, and RCM are 79.5, 74.1, and 56.4%, respectively,
and decrease by 83.2, 78.3, and 51.1% after AD, respectively.
The difference in the removal rates of organic matter mainly
relates to their chemical composition. Food waste and vinasse
mainly consist of various easily degradable organic substances
such as carbohydrates, lipids, and protein while cow manure is
relatively resistant to AD due to the high lignocellulosic
contents (cellulose, hemicellulose, and lignin).29−31 Fixed
carbon is a solid combustible residue after heating and an
important indicator for evaluating the quality of solid fuels.32

The contents of fixed carbon in all substrates decrease after
AD, while that of the ash increases. Lower fixed carbon means
higher volatile solids and C-containing compounds.33

Compared with raw materials, C and H content and C/N
ratio of anaerobically digested materials decrease except for C/
N of cow manure, but the H/C ratio increases to different
degrees. The increase in the H/C ratios indicates that the
degree of aromatization and carbonization has decreased, this
may be because the short digestion time leads to a moderate
decrease in aromaticity.34 In addition, the proportion of sulfur
in the anaerobically digested materials is all increased while
nitrogen in the anaerobically digested materials is all decreased
except ADV. This result indicates that AD promotes the
reduction of C- and N-containing contents and the enrichment
of S-containing groups.
3.2. Effect of AD on Pyrolysis Characteristics of These

Substrates. TG/DTG curves of the three organic solid wastes
and their digestates are shown in Figure 1, while their specific
pyrolysis parameters are shown in Table 2. TG curves of three
organic solid wastes and corresponding digestates are similar,
while some differences exist among the DTG curves.

The DTG curves are all divided into three different stages.
In the first stage, the weight loss begins at 100 °C, and the peak
weight loss occurs around 180−200 °C, and the weight loss
ranges from 1.67 to 3.76%. There is a slight difference in
weight loss at this stage among the three organics. The weight
loss at this stage is the result of the evaporation of physically
adsorbed water and light volatiles.35 The weight loss in the first
stage is not obvious, since the organic matter has been fully
dried before the experiment.34

In the second stage, as shown in Tables 1 and 2, the rates of
weight loss of the substrates during the temperature of 200−
550 °C range from 38.64 to 73.70%, approximating to their
contents of volatile solid. This result indicates that the second
stage is the main weight-loss stage and mainly attributed to the
degradation of volatile matter.34 AD has no obvious effect on
the trend of TG/DTG curves but causes a decrease in the
weight loss of digestates, corresponding to the previous
research results.36 The reason is that the organic matter
decreases and the residual groups become difficult to crack
after AD (Table 1). The weight-loss rates of RFW (73.70%)
and RV (63.66%) are greater than that of RCM (50.82%).
Accordingly, those of ADFW (48.56%) and ADV (46.20%) are
also greater than that of ADCM (38.64%), consistent with the
volatile solids shown in Table 1. Except for RFW and ADFW,
other substrates have only one peak in the DTG curves in the
second stage. The first peak of weight loss of RFW and ADFW
occurs with temperature at 300−350 °C, associated with the
degradation of protein, starch, lipid, sugar, hemicellulose, and
cellulose.20,34 The second weight-loss peaks of RFW and
ADFW occur at 422 and 500 °C, respectively, possibly related
to the decomposition of lignin.37 Notably, compared with food
waste and cow manure, the weight of vinasse declines rapidly
at a rate of 0.728%/°C at temperature of 300−400 °C in the
second stage (Figure 1). The possible reason is that the
organic matter of vinasse are mainly made of sugars,
carbohydrates, lipids, and protein, which are easy to degrade.30

In the third stage, there is a slight mass change in pyrolysis
behavior, and the weight drops by 3.75−8.73% at 550−900 °C.
A slight difference is found in weight loss for all substrates in
the third stage, and all substrates are below 10%. This may be
the result of the decomposition of the carbonaceous material
remaining in the residue.34 In this stage, the weight loss of raw
materials is higher than that of the digestate after AD,
consistent with the previous results.20 The ash content of all of
the three substrates increase after AD (Table 1). A research
reported that the main components of ash may consist of
inorganic substances such as calcium, sodium, potassium,
magnesium, and silicon.38 This also indicates that unstable

Table 2. Changes in DTG of the Raw and Anaerobically Digested Substratese

stage I stage II stage III

samples T1
a (°C) DTG1

b (%/°C) WL1
c (%) T2 (°C) DTG2 (%/°C) T3 (°C) DTG3 (%/°C) WL2 (%) T4 (°C) DTG4 (%/°C) WL3 (%)

RFW 182 0.083 3.34 332 0.352 422 0.420 73.70 ND ND 3.75
ADFW NDd ND 3.04 297 0.197 500 0.225 48.56 ND ND 5.35
RV ND ND 2.13 317 0.728 ND ND 63.66 ND ND 6.41
ADV ND ND 3.36 327 0.319 ND ND 46.20 704 0.031 8.73
RCM ND ND 1.67 350 0.408 ND ND 50.82 702 0.039 6.18
ADCM 175 0.061 3.76 315 0.237 ND ND 38.64 700 0.029 6.46

aT1, T2, T3, T4, the temperatures according to the first, second, third, and fourth peak, respectively. bDTG1, DTG2, DTG3, DTG4, the mass loss
rates according to the first, second, third, and fourth peak, respectively. cWL1, WL2, WL3, the weight losses at stage I, stage II, and stage III,
respectively. dND, no data. eRFW, raw food waste; ADFW, anaerobically digested food waste; RV, raw vinasse; ADV, anaerobically digested
vinasse; RCM, raw cow manure; ADCM, anaerobically digested cow manure.
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organic matter is degraded, while inorganic matter and some
refractory organic matter are relatively enriched during AD.20

3.3. Effect of AD on Gaseous Products of These
Substrates. The syngas produced by the pyrolysis of organic
matter can be utilized as fuel, but there are some pollutants in

the syngas. For example, C-containing groups such as CH4 in
syngas can be utilized as heat and electricity through
combustion. The presence of N-containing groups NOx may
form photochemical smog. S-containing groups may be
converted into sulfur compounds, causing photochemical

Table 3. Changes in Accumulative Absorbance of the Raw and Anaerobically Digested Substratesa

groups components RFW ADFW variation (%) RV ADV variation (%) RCM ADCM variation (%)

C-containing gases CH4 14.71 11.95 −18.8 11.03 7.38 −33.1 8.51 6.17 −27.5
CO 0.26 0.27 2.8 0.07 0.10 44.8 0.14 0.16 17.6
CO2 124.17 102.21 −17.7 262.34 145.30 −44.6 104.13 85.22 −18.2
CH3OH 4.44 5.91 33.3 3.29 5.94 80.5 4.13 4.03 −2.5
CH3CHO 17.75 24.61 38.7 15.14 13.87 −8.4 14.50 18.09 24.8
CH3COOH 15.23 27.32 79.4 13.13 12.91 −1.7 15.07 21.43 42.2
total 176.55 172.28 −2.4 304.99 185.50 −39.2 146.48 135.10 −7.8

N-containing gases HNCO 4.06 3.21 −20.9 8.44 5.03 −40.4 2.83 2.40 −15.3
HCN 8.91 9.09 2.1 12.08 12.28 1.6 9.28 7.30 −21.3
NO 0.95 0.67 −29.5 1.49 0.71 −52.2 0.55 0.56 0.8
NH3 6.49 8.07 24.5 5.43 20.42 276.2 6.86 6.52 −4.9
total 20.40 21.05 3.1 27.44 38.45 40.1 19.52 16.78 −14.1

S-containing gases SO2 11.51 11.00 −4.4 12.98 9.28 −28.5 8.77 9.59 9.3
H2S 4.32 3.90 −9.7 3.37 2.33 −30.8 3.29 3.66 11.5
COS 2.37 2.28 −3.7 2.85 3.38 18.5 1.97 2.05 4.1
total 18.19 17.18 −5.6 19.21 14.99 −22.0 14.03 15.30 9.1

aRFW, raw food waste; ADFW, anaerobically digested food waste; RV, raw vinasse; ADV, anaerobically digested vinasse; RCM, raw cow manure;
ADCM, anaerobically digested cow manure.

Figure 2. Changes in C-containing gaseous products during pyrolysis. RFW, raw food waste; ADFW, anaerobically digested food waste; RV, raw
vinasse; ADV, anaerobically digested vinasse; RCM, raw cow manure; ADCM, anaerobically digested cow manure. Acc, accumulative.
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smog and acid rain pollution. Therefore, effect of AD on C-,
N-, and S-containing pyrolysis gaseous products were
respectively investigated in the three organic wastes, and the
results are outlined in Table 3.
3.3.1. Gaseous C-Containing Groups. Instantaneous and

accumulative absorbance changes in C-containing gaseous
products of all substrates at different temperatures are shown
in Figure 2. C-containing products originate from the
decomposition of various C-containing organic matter such
as carbohydrates, lipids, proteins, polysaccharides, etc.
Compared with raw substrates, the accumulative absorbance
of C-containing gaseous products from ADFW, ADV, and
ADCM decrease by 2.4, 39.2, and 7.8%, respectively,
corresponding to the results that the carbon contents in
RFW, RV, and RCM all decrease after AD shown in Table 1.

Compared with other substrates, the C-containing gases from
ADV have a more significant decrease, possibly due to more
easily degradable C-containing compounds in the RV.30

CH4 is the main combustible component of syngas. As
shown in Figure 2, the peak temperature of CH4 from all
digestates is lower than that from the raw materials. Compared
with raw materials, the CH4 accumulative absorbance of all of
the ADFW, ADV, and ADCM have a large decline with the
values of 18.8, 33.1, and 27.5%, respectively. The formation of
CH4 is mainly related to the random cleavage of aliphatic side
chains, the decomposition of −OCH3 and CC groups, and
the secondary cleavage of volatiles at high temperatures.19 This
may be related to the fact that some macromolecular organics
are transformed into low-molecular-weight groups.20

Figure 3. Changes in N-containing gaseous products during pyrolysis. RFW, raw food waste; ADFW, anaerobically digested food waste; RV, raw
vinasse; ADV, anaerobically digested vinasse; RCM, raw cow manure; ADCM, anaerobically digested cow manure. Acc, accumulative.
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CO2 instantaneous absorbance shows a clear bimodal trend
in RCM and ADCM (Figure 2). The first peak, which is the
main production stage of CO2, occurs at temperatures between
300 and 500 °C, related to the fracture of the unstable
chemical bond CO and COOH.39 The second peak comes
mainly from the degradation of carbonate corresponding to the
third stage of pyrolysis (Figure 1).39 This is consistent with the
previous results.40 As shown in Figure 2 and Table 3, CO2
from RFW, RV, and RCM decrease by 17.7, 44.6, and 18.2%
after AD, respectively. During the AD, 15−40% of the organic
matter is used to produce biogas, and CH4 and CO2 is the
main component of biogas.5 The reason why CH4 and CO2
from the pyrolysis of digestates decrease is that some organic
matter is degraded in the AD and organic matter remaining in
the digestates is reduced.6 Compared with ADFW and ADCM,
ADV has a higher reduction. The possible reason is that ADV
contains more easily degradable C-containing organic com-
pounds.
Compared with raw materials, CO from ADFW, ADV, and

ADCM all increase with the value of 2.8, 44.8, and 17.6%,
respectively. CO comes from the fracture of the unstable
chemical bond CO and COOH and the chemical reaction of
CO2 and coke.39 The CO content in the syngas is low,
accounting for less than 0.2%, so the influence of CO on the
calorific value of the syngas is negligible.

The instantaneous and accumulative absorbance of CH3OH,
CH3CHO, and CH3COOH are shown in Figure S1. AD causes
an increase in the accumulative absorbance of CH3OH in RFW
and RV by 33.3 and 80.5%, respectively, and a decrease in the
RCM by 2.5% and an increase in the accumulative absorbance
of CH3CHO in RFW and RCM by 38.7 and 24.8%,
respectively, and a decrease in RV by 8.4% (Figure S1).
Compared with the raw substrates, the accumulative
absorbance of CH3COOH in ADFW and ADCM also
increases by 79.4 and 42.2%, respectively, and a slight change
is found in ADV. The possible reason is that some low-
molecular-weight substances such as volatile organic solids
remain in the digestates after AD.41

3.3.2. Gaseous N-Containing Groups. The instantaneous
and accumulative absorbance changes in N-containing gaseous
products from all substrates at different temperatures are
depicted in Figure 3 and Table 3. Compared with raw
materials, the accumulative absorbance of N-containing
gaseous products increases by 40.1% from ADV and decreases
by 14.1% from ADCM and do not obviously change from
ADFW. The results show that the concentration of N-
containing gas from vinasse increases but that from cow
manure decreases after AD. Proteins in the organic wastes are
the main source of N-containing gas generated by pyrolysis.42

The accumulative absorbance of N-containing gas is consistent

Figure 4. Changes in S-containing gaseous products during pyrolysis. RFW, raw food waste; ADFW, anaerobically digested food waste; RV, raw
vinasse; ADV, anaerobically digested vinasse; RCM, raw cow manure; ADCM, anaerobically digested cow manure. Acc, accumulative.
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with the variation of nitrogen content in the substrates. As
shown in Table 1, the nitrogen in vinasse increases from 4.69
to 5.90 wt %, and the nitrogen in cow manure decreases from
3.00 to 2.35 wt % after AD. The possible reason is that cow
manure contains so much crude fiber content (43.33%) while
protein content is low31 and thus less N-containing gas is
produced.
HCN and NH3 are the most important N-containing gas,

which can account for 63.8−85.1% in the pyrolysis of the three
organic compounds and their digestates. HCN from food
waste, vinasse, and cow manure undergoes different changes
after AD. The HCN concentrations of ADFW and ADV are
higher than that of the corresponding raw substrates at 300−
600 °C and lower after 600 °C, while the HCN concentration
of ADCM is close to that of RCM before 550 °C and lower
than that of RCM after 550 °C. On the whole, accumulative
absorbances of HCN from RFW and RV have a 2.1 and 1.6%
increase, respectively, while that from RCM has a 21.3%
decrease after AD. HCN originates from the cracking of
volatile cyclic amides released by proteins at low temperatures
and from the thermal decomposition of cyano aromatics in tar
at high temperatures.22 This is consistent with previous
results.19 Compared with food waste and vinasse, cow manure
is low in protein and rich in cellulose, hemicellulose, and
lignin,31 implying that HCN only came from the cleavage of
cyano aromatic compounds in tar after 550 °C. The possible
reason for the decrease in HCN from cow manure is the
degradation of protein during the AD process.44

The NH3 yield of ADV pyrolysis under 300 °C accounts for
4.25% of the total yield, mainly derived from the decom-
position of ammonium nitrogen or protein nitrogen.43 The
yield of NH3 from ADV suddenly rises very rapidly above 300
°C, which is always higher than that from RV, mainly
attributed to the thermal decomposition of tar.43 Therefore,
the NH3 production may be another reason for the decrease of
HCN from ADV above 600 °C because both the gaseous
groups derive from the decomposition of the tar. The
accumulative absorbance of NH3 from food waste and vinasse
increases by 24.5 and 276.2%, respectively, but slight change
presents from cow manure after AD, showing that AD has a
considerable effect on the NH3 production from food waste
and vinasse. N 1s spectra reveal that the peak intensity of
amine-N in ADFW and ADV become stronger than that in
RFW and RV (Figure S3), supplying additional evidence for
higher NH3 yield from ADFW and ADV. The discharge of
NH3 into the atmosphere caused a variety of pollution such as
a reduction in photosynthetic rate and biodiversity, eutrophi-
cation of lakes or coastal waters, and soil acidification.44

Therefore, special attention needs to be paid to NH3 emissions
during the energy utilization of digestate-based syngas.
As shown in Figure 3, the accumulative absorbance of

HNCO in RFW, RV, and RCM decreases by 20.9, 40.4, and
15.3%, respectively, after AD. HNCO is derived from nitrile-N
during pyrolysis.45 Therefore, the results implied that AD
causes a decrease in the nitrile-like groups of the organic
wastes. NO is one of the least-nitrogen-containing gases,
accounting for 1.8−5.4% of all of the gases. The NO
generation occurs mainly between 300 and 600 °C, possibly
a result of the reaction between the N-containing compound
and the •OH generated when the C−OH bond is broken.46

3.3.3. Gaseous S-Containing Groups. Changes in the
instantaneous and accumulative absorbance of S-containing
gaseous products of the six substrates with different temper-

atures are shown in Figure 4 and Table 3. The accumulative
absorbance of S-containing gaseous products from ADFW and
ADV decreases by 5.6 and 22.0%, respectively, and that from
ADCM increases by 9.1%, compared with raw substrates. As
shown in Table 1, the ADCM has the highest sulfur content in
all of the substrates and digestates. As shown in the S 2p XPS
spectra in Figure S4, the peak intensity of S-containing groups
of cow manure becomes stronger after AD, corresponding to
an increase in S-containing gaseous products of cow manure
after AD. Liu et al.34 reported that S-containing gases such as
H2S, SO2, and COS are mainly produced from the
decomposition of sulfates and sulfur-containing organic
compounds. Therefore, the reduction of S-containing gaseous
products from food wastes and vinasse after AD may be
attributed to the transformation of sulfates and sulfur-
containing organic compounds to H2S discharged with the
biogas during anaerobic digestion.
The SO2 accounts for large proportion of the total S-

containing gas, and its percentage reaches 61.9−67.6%. As
shown in Figure 4 and Table 3, AD causes a decrease in the
accumulative absorbance of SO2 from food waste and vinasse
by 4.4 and 28.5%, respectively, while an increase from cow
manure by 9.3%. The accumulative absorbance of H2S from
RFW and RV decreases by 9.7 and 30.8%, respectively, while
that from RCM increases by 11.5% after AD. The results show
that compared with RV and RCM, RFW has less change in the
generation of SO2 and H2S after AD. The studies have
reported that RV contains lots of K, Ca, and Mg,30,47 and
compared with RV, the intensity of Ca is higher in ADV
(Figure S2). Ca and Mg can react with S-containing acid gas,
and thus sulfur remains in the solid residue in the form of
metal sulfides, leading to the reduction of SO2 and H2S
released from ADV.15,30 In addition, Cheah et al.48 have
reported that in the pyrolysis process of some herbaceous
materials (such as corn stover), high levels of silicon in corn
stover can compete with cations such as Ca, K, Mg, and Na,
resulting in more sulfur entering the syngas. The corn stover is
a kind of cattle feed, leading to the deposition of silicon in
RCM. As a result, the SO2 and H2S released from RCM
increase after AD.
The accumulative absorbance of COS from RFW decreases

by 3.7% but increases from RV and RCM by 18.5 and 4.1%
after AD, respectively. Compared with that from the food
waste and cow manure, the COS from the vinasse has a more
obvious increase after AD, which happens in the temperature
range of 200−600 °C. COS is mainly produced through the
following two reactions (e.g., eqs 3 and 4)49

+ → +H S CO COS H2 2 (3)

+ → +H S CO COS H O2 2 2 (4)

3.4. Implication of the Study. Due to the different
contents of carbohydrate, protein, cellulose, and lipid, the
effects of AD on the sequential pyrolysis from food waste,
vinasse, and cow manure are different. Syngas is an important
volatile product with a calorific value of 10−14 MJ/kg, which is
a good fuel for power generation and cooking. The combustion
performance of syngas is mainly related to C-containing gas,
the high heating values of CH4 is 12.68 MJ/Nm3.50 In the C-
containing gas, AD reduces the CH4 content from the
sequential pyrolysis of food waste, vinasse, and cow manure,
causing the low combustion performance of syngas from
digestates. After AD, the total concentration of N-containing
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gases in vinasse increases significantly with the value of 40.1%,
so it is worth noting that N-containing gas from pyrolysis of
vinasse digestates may cause lake eutrophication and soil
acidification, especially for NH3 and HCN. They are easily
soluble in water and thus may be removed by adding a water
scrubber in the pyrolysis process of ADV.22,51 In addition, AD
causes an increase in the total quantity of S-containing
components in the syngas of cow manure. Liu et al.52 found
that the addition of CaO during the pyrolysis process promotes
the formation of thermally stable sulfides and sulfates and thus
significantly reduces the generation of S-containing gases.
Therefore, the release of S-containing gas can be reduced
through the CaO addition during the pyrolysis process of
ADCM.

4. CONCLUSIONS
AD has differential effects on the C-, N-,and S-containing
gaseous products in the pyrolysis of food waste, vinasse, and
cow manure due to their diverse chemical compositions. The
difference in the weight loss of the three organic substances
mainly exists in the second stage, and the weight-loss rate of
raw and anaerobically digested food waste and vinasse is higher
than that of RCM and ADCM. In the C-containing gas, AD
reduce the CH4 content from RFW, RV and RCM, implying a
low combustion performance of digestate-based syngas. After
AD, the total content of the N-containing gases from vinasse
increased significantly by 40.1%. The total amount of S-
containing components in the syngas from ADCM increased
by 9.1%. The findings supply new insight into the effect of AD
on the sequential pyrolysis of organic solid wastes in the term
of syngas and provide an important foundation for designing
the optimized pyrolysis process of the digestates.
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