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Abstract

Objectives. To study the influence of compositional variability (different ash and organic matter contents) of sewage sludge on the
characteristics of synthesis gas (syngas) and to determine the yield of products in the entire chain of conversion of sewage sludge
to methanol through the stage of syngas production by two-stage pyrolysis.

Methods. Syngas was produced by a two-stage pyrolysis method. After heating sewage sludge from 20 to 1000°C in an oxygen-free
medium, heterogeneous thermal cracking of the volatile products was carried out in a biochar medium at 1000°C. The syngas was
converted to methanol on a CuZnAl catalyst in an isothermal flow heat-pipe reactor at a feedstock feed rate of 600 h™!, an internal reactor
pressure of 5 MPa, and temperatures in the catalyst bed of 205, 215, and 225°C. The resultant syngas having a CO, content of less than
0.5 vol % and a H,/CO ratio of 1.8 was used as feedstock for methanol production.

Results. The experimental studies of syngas production from sewage sludge demonstrated the active formation of syngas during two-
stage pyrolysis in the temperature range of 140-600°C regardless of the ash content of the sludge. The H,/CO ratio in the syngas
produced by two-stage pyrolysis of sewage sludge was shown to depend on the H/O atomic ratio in the sludge composition. Crude
methanol was obtained at maximum yield and purity at a temperature of 225°C in the catalyst bed. The overall conversion of carbon
monoxide was 43.6%.

Conclusions. Variability in the composition of sewage sludge significantly influences quantitative parameters to a large extent in terms
of the specific volume yield of syngas and insignificantly terms of its composition. No qualitative influence was exerted by the difference
in the types of sewage sludge on syngas production. The experimental studies showed that 1 kg of sewage sludge with a relative moisture
content up to 5 wt % can produce 1.1 nm? of syngas and a further 220 g of pure methanol.
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AHHOTaUuus

HCJII(I. I/ICCJ'ICZ[OBaTI) BJIMSAHHUE HCIIOCTOAHCTBA COCTaBa (pa3J’[I/I‘{HOC COCPIKAHUE 30JIbHOCTU U OpFaHquCKOﬁ ‘{aCTI/I) ocajJika CTOYHbIX
BOJI (OCB) Ha XapaKTEPUCTUKU CUHTE3-ra3a, OIPECACIINTh BIXOA ITPOAYKTOB BO BCeit LCIIOYKE HpeBpaH_[eHI/Iﬁ ocCaJika CTOYHBIX BOJ B M€-
TaHOJI 4EPE3 CTAAUIO [IPOU3BOACTBA CUHTE3-Ira3a METOAOM Z[ByXCTaZ[PIfIHOFO UpoJImr3a.

MeTtoabl. CuHTe3-Ta3 OBLT MOMYyYSH METOIOM JIBYXCTaIUIHOTO MTUPOJIH3a, 3akimtodarommmMcs B Harpeee OCB ot 20 mo 1000°C B Gec-
KHCIIOPOIHOHN CpeJie ¢ MOCIeLYIOUM TePMUIECKIM TeTePOreHHBIM KPEKNHIOM JIETY4HX MPOIYKTOB B Cpejie OMOyTIIs IPH TeMIIepaType
1000°C. KonBepcust cuHTe3-ra3a B MeTaHol npoxoamna Ha CuZnAl-karanus3aTope B IPOTOYHOM H30T€PMHIECKOM PEAKTOPE Ha TETlIo-
BBIX Tpy6ax ¢ 0ObeMHON CKOPOCTBIO Mosiady chipbs 600 u™!, mpu japneHuy BHYTpH peaktopa 5 MIla, Temneparypax B clloe KaTaju-
3atopa 205, 215 n 225°C. B kadecTBe ChIpbs ISl NPOU3BOJICTBA METaHoa ObLT UCTIONB30BaH CUHTE3-ra3 ¢ copepxkannem CO, Menee
0.5 06. % n ornomenuem H,/CO, papnbv 1.8.

Pesynbrarhbl. Pesyinbrarhl SKCIICPUMEHTAIBHBIX MCCIIEIOBAHUI Hpoliecca nonydeHus cuuTes-raza u3 OCB ycTaHOBHIIM, YTO HE3aBH-
CHMO OT BEJIMYHMHBI 30JIbHOCTH 0CaJIKa, aKTHBHOE 00pa30BaHUE CUHTE3-Ta3a MPU JBYXCTAIHHHOM ITHPOIHU3E MPOUCXOIUIO B HHTEPBAJIC
temneparyp 140-600°C. Ornomenne H,/CO B cunTe3-rase, NpOM3BENEHHBIM METOIOM AByXCTaauiHoro nupommsa OCB, 3aBuceno
ot aromHoro otHoueHust H/O B cocTaBe ocaaka. MakcUMaIbHBII BBIXO/ M YHCTOTA METaHOIA-ChIPLa ObUTH MOJIYYEHBI IPH TEMIIEparype
B cII0€ Karanu3aropa pasHoi 225°C. Ob6mias KoHBepcus OKcuaa yriaepoaa cocrauiaa 43.6%.

BeiBoasl. HenocrostHeTBO cocraBa OCB BIMsUI0 HAa KOIMYECTBEHHBIE TIOKA3aTeIN B 3HAYUTEIBHON CTEIICHH 110 Y/IeIbHOMY 00bEMHO-
MY BBIXOJy CUHTE3-Ta3a U HE3HAUMTEIBHO 110 €ro cocTaBy. KaueCTBEHHO Ha NMPOTEKaHUE Mpollecca MOMyUeHHs CHHTEe3-ra3a pa3indue
B Buax OCB BiauaHuS He OKa3bIBajo. Pe3ynbTarsl SKCIIepUMEHTANBHBIX HCCIeJOBaHUHN MoKa3anu, 4yTo U3 1 kr OCB ¢ oTHOCHTENbHOH

KniouyeBblie cnoea

Anga uuTnpoBaHua

0CaJIOK CTOYHBIX BOJ, CHHTE3-Ta3, METaHOJM, ABYXCTaANIHbIA THPOIN3,
TEPMHUYECKUI KPEKHHT, KaTaTuTHYeCKast KOHBEPCHS, )KUAKHE MOTOPHBIE TOILINBA

BIQKHOCTBIO 110 5 Mac. % MoxkeT ObITh mpousseneHo 1.1 aM> cuuTes-rasa u nanee 220 T YMCTOTO METAHONA.

MocTtynuna: 23.01.2025
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INTRODUCTION

The 2015 Paris Climate Agreement aims to limit
global temperature rise to 1.5-2°C above pre-industrial
levels [1]. This is to be achieved primarily by reducing
greenhouse gas emissions (CH, and CO,), of which
Russia, along with China and the USA, is a leading
producer [2, 3]. CO, emissions can be reduced by
partially replacing fossil fuels with carbon-neutral ones,
e.g., biomass [4, 5].

In recent years, Russia has been actively
developing a Gas-To-Liquid (GTL) technology for
producing synthetic liquid hydrocarbon products. The
main stages of this technology are the production of
synthesis gas (syngas) and its catalytic conversion
to motor fuel components [6]. In the classical

process, syngas is formed by steam reforming of
natural gas [7]. However, for catalytic conversion to
synthetic hydrocarbons, it is of no importance how
syngas is produced so long as it meets requirements
for composition, impurity levels, etc. In the carbon
footprint reduction paradigm, biomass can be used to
produce syngas using a two-stage pyrolytic conversion
method [8, 9]. An alternative to the conventional
Fischer—Tropsch process can be a two-stage catalytic
synthesis of liquid hydrocarbons in the first stage of
which syngas is catalytically converted to methanol,
which is then catalytically converted to components of
liquid motor fuels [10].

In this paper, sewage sludge is considered as
a feedstock for the production of syngas for the subsequent
synthesis of liquid hydrocarbons. Over 100 min m3
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of sewage sludge with an average moisture content of
96% is generated annually in Russia. After dewatering,
sewage sludge is transported from wastewater treatment
facilities (WWTFs) to sludge piles. This stage can often
mark the end of its useful life since its use as a fertilizer
in agriculture is limited by the presence of heavy metal
ions in its composition [11, 12]. In European countries,
more than 20 sewage sludge processing approaches are
used, including landfill, use as fertilizer, incineration,
pyrolysis, and others [13]. Despite limitations, the
primary use of sewage sludge is in agriculture; of the
thermal processing methods, incineration is the most
widely used [14]. Incineration can significantly reduce
sewage sludge volume while generating thermal energy,
but this is accompanied by such significant problems as
the formation of sulfur oxides [15]. In addition, thermal
energy cannot be transferred over long distances.
However, if sewage sludge can be converted to some
final or intermediate product that can be used, e.g., in the
chemical industry, then it is transformed from a liability
into an asset.

The aim of the present study is to investigate the
effect of variability in the sewage sludge composition on
the yield and properties of syngas, as well as to trace the
entire chain of conversion of sewage sludge to methanol,
an intermediate product of a two-stage catalytic synthesis
of liquid hydrocarbons.

MATERIALS AND METHODS

This study examined sewage sludge samples from three
different WWTFs in Russia: (1) Lyubertsy WWTF
(Moscow oblast); (2) Togliattikauchuk WWTF (Samara
oblast); (3) Almetyevsk WWTF (Republic of Tatarstan).
The samples consisted of a gray-brown, loose material
containing organic fiber impurities (Fig. 1).

Preliminary preparation of feedstock included
drying at a temperature of 105°C to reduce the relative
humidity to values not exceeding 3—5 wt %. Technical

@

analysis (determination of ash content 4, volatile
matter VM, and fixed carbon FC) was performed using
a NETZSCH STA 2500 Regulus thermogravimetric
analyzer (NETZSCH Group, Germany). The heating rate
of feedstock was 20°C/min. The elemental composition
(C, H, N, S) of the samples was determined using
a vario MACRO cube elemental analyzer (Elementar
Analysensysteme GmbH, Germany). The oxygen
content (O) was calculated as a residual. The higher
calorific value HCV was calculated from the elemental
composition data. Table 1 presents the results of the
technical analysis and elemental analysis of feedstock
samples on a dry basis.

Table 1. Characteristics of sewage sludge samples (dry basis)

Sample
Parameter | Unit of measure
1 2 3

C 27.33 14.88 3591
H 3.60 3.31 5.15
N 3.59 1.76 6.33
S o 1.26 0.78 0.86
0 wt% 1834 | 2821 | 24.03
A 45.88 51.06 27.72
FC 9.74 5.70 13.23
VM 4438 43.24 59.05
HCV MlJ/kg 11.11 6.21 16.12

Conversion of sewage sludge samples into syngas
by two-stage pyrolysis was performed in a laboratory
setup described previously [16]. The method involved
heating the feedstock (sewage sludge) from room
temperature 20°C to 1000°C at a rate of 10 deg/min
in an oxygen-free medium (pyrolysis). The formed
volatile products passed through a thermal cracking
zone filled with biochar, a solid residue from the
pyrolysis of the same type of sewage sludge that

(©)

Fig. 1. Sewage sludge samples: (1) Lyubertsy WWTE, (2) Togliattikauchuk WWTF, and (3) Almetyevsk WWTF
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was present in the pyrolysis zone. The temperature
in the cracking zone was maintained at 1000°C
throughout the experiment. The volatile components
were decomposed by various chemical reactions to
form syngas. Biochar was previously obtained by
pyrolysis of sewage sludge to 1000°C. The biochar
layer height in the cracking zone was identical for all
sewage sludge samples and was 10 cm. The relative
moisture content of the feedstock samples did not
exceed 1%. The syngas composition was determined
using a Vario Plus Industrial flow gas analyzer
(MRU, Germany) after sampling from a gas holder
(NPF Politekhnika, Russia) in which the syngas
was collected during the experiment. The volume
was measured using a Shinagawa WS-1A gas meter
(Shinagawa Corporation, Japan); the specific volume
yield was determined as the ratio of the volume of
all syngas released from the sewage sludge to the
mass of the sample used in the experimental study.
The lower calorific value LCV of the syngas was
calculated using the volume fractions and the calorific
value of the combustible gas components under
standard conditions (20°C, 101.325 kPa) using the
formula

LCV=102-(11.78 - [CO] + |
+10.05 - [H,] +33.367 - [CH,]), M
where [CO], [H,], and [CH,] are the contents of the
respective gases in the mixture, vol %.

Crude methanol was synthesized from syngas in
an isothermal catalytic heat-pipe reactor (R-1) [17].
Syngas was fed into the flow-through methanol
synthesis reactor at a flow rate of 60 L/h from a cylinder
in which a mixture of the desired composition had been
previously prepared (Table 2). The volumetric syngas
feed rate was 600 h™!. The content of CH,OHandH,Oin
the raw methanol was determined chromatographically
using the NetChrom hardware and software system
(NPF META-KHROM, Russia); the content of dimethyl
ether (DME) was measured using a Model 3700
chromatograph (KHROMATOGRAF, Russia); the
content of trace impurities in methanol was determined
chromatographically using a Khromos GKh-1000
chromatograph (at the laboratory of Khromos,
Dzerzhinsk, Nizhny Novgorod oblast, Russia). The
volumetric composition of the syngas at the outlet of

the R-1 reactor was measured using an MRU Vario Plus
Industrial gas analyzer.

To evaluate the methanol synthesis efficiency, the
following metrics were calculated.
1. Overall CO conversion K, %:

CcO -100
K, = [COlreact >3 -100%, 2)
G-[CO]. -——
(€O 24.04
where [CO],,, . is the mass flow rate of reacted

CO, gh; [CO],, is the CO content of the
feedstock, vol %; 28 is the molar mass of CO, g/mol;
24.04 is the molar volume of CO at a temperature
of 20°C, L/mol; and G is the volume flow rate of
syngas, L/h.

2. Carbon efficiency of CO conversion to methanol,
K, %:

12
[CH3OH] >
K, = -100%, ©)

12
[Co]in,m ) ?8

where [CH;OH]J; .~ is the mass of methanol
formed, g; [CO]injm is the mass of the initial
carbon monoxide, g; 12 is the molar mass
of carbon, g/mol; and 32 is the molar mass of
methanol, g/mol.

3. Carbon efficiency of CO conversion to DME, K, %:

12
H6O]f0rrn ’ R
K3 = B -100%, 4)
[Co]in,m ) ?8

where [C,H O]y, is the mass of DME formed, g.
4. Carbon efficiency of CO conversion to CO,,
K, %:

12

[COZ ]foml a
K4=—12‘100%, &)

[Co]in,m %

where [CO,]¢ - is the mass of carbon dioxide
formed, g.

Table 2. Composition of syngas fed to methanol production reactor, vol %

co H, co,

N, CH, Total

34.30 61.95 0.40

2.70 0.65 100
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Table 3. Conditions of experimental studies of the synthesis of components of liquid motor fuels from syngas

Parameter Unit of measure Reactor R-1
Temperature inside reactor °C 205, 215, 225
Pressure inside reactor MPa 5
Volumetric feedstock feed rate h! 600
Feedstock - Syngas
Catalyst - Cu0O-ZnO/Al, O metal oxide catalyst (GL-7, Siid-Chemie, Germany)
Catalyst properties - Loading 100 cm?, fraction 1.5-2 mL
Catalyst bed height mm 221

Table 3 presents conditions of experimental studies
of the synthesis of methanol from syngas.

RESULTS AND DISCUSSION

Feedstock properties

Asasecondary biomass, sewage sludge has characteristics
related to its origin. For all types of sewage sludge, the
ash content varies from 28 to 57 wt %, the volatile matter
content is 38—60 wt %, and the fixed carbon content is
3—11 wt % [15]. The total carbon content of sewage
sludge, recalculated on an ash-free basis, is on average
approximately 50%, which is comparable to the carbon
content of sawdust (53 wt % [18]), and slightly lower than
that of lignite (65-70 wt % [18, 19]). This fact allows for
a higher calorific value of sewage sludge (on a dry basis)
of22 MJ/kg. In comparison, the corresponding parameter
for wood sawdust is in the range of 18—-20 MJ/kg; that of
rice husks, 15-16 MJ/kg; lignite, 11.8-21.9 MJ/kg [15].

The samples taken for analysis in this study were
typical representatives of sewage sludge. Sample 3
stood out from the previously presented ranges in terms
of its ash, volatile matter, and fixed carbon contents. In
particular, its fixed carbon content FC was 2.2% higher
than the typical range (Table 1). Among the samples,
were included a high-ash sample (51.06 wt %, sample 2)
and a sample with an ash content close to the lower limit
of the typical range (27.72 wt %, sample 3), indicating
different organic matter contents in the samples.

Based on the composition of the syngas, the main
elements determining its H, and CO contents were
carbon, oxygen, and hydrogen. Sample 3 had the
highest volatile carbon content (the difference between
total C and FC) at 22.68 wt %, as well as the highest
contents of volatile components and hydrogen, the

lowest ash content, and a slightly lower oxygen content
as compared with sample 2 (Table 1). Therefore, under
identical experimental conditions, this sample was
expected to produce the maximum syngas volume.
In comparison with sample 1, sample 2 contained less
volatile carbon (9.18 vs 17.59 wt %), but more oxygen
(28.21 vs 18.34 wt %). Since the contents of volatile
components and hydrogen for these two samples were
very close (Table 1), at that stage, it was impossible to
predict which of samples 1 and 2 would give a higher
syngas yield.

Syngas production

Figure 2 shows the dependence of the specific volume
yield of syngas and its formation rate (the temperature
derivative of the specific volume yield of syngas) on the
temperature in the pyrolysis zone for three sewage sludge
samples. Syngas production began at a temperature of
140-160°C, which was due to the release of physical
moisture from the samples and the subsequent formation
of syngas in the cracking zone filled with biochar
according to the reaction

H,0 + C = H, + CO. (6)

The intense release of syngas from sample 1 was
in the temperature range of 160-600°C; from sample 2
at 150-600°C; from sample 3 at 140-600°C. Since
sample 3 had the maximum content of organic matter
among the considered sewage sludge, the earlier (lower-
temperature) release of syngas from this sample may be
associated with the presence of lighter compounds—for
example, methanol—in the volatile products [20]. For
sample 1, the peak rate of syngas formation was observed
at a temperature of 375°C; for sample 2 at 345°C; for
sample 3 at 347°C. Thus, regardless of the mineral

544 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6):540-554



Synthesis of methanol from gaseous products
of pyrolysis of sewage sludge

Olga M. Larina,
etal.

matter content of the sewage sludge, the maximum
rate of syngas release was in the temperature range of
340-380°C; by the time a temperature of 600°C was
reached, the intense release of syngas had ended. It was
shown in [21] that, in the composition of the volatile
products of pyrolysis of sewage sludge, the mass of
pyrolysis liquid consisting of water and organic matter
in the temperature range of 200-600°C is four times
larger than the mass of the formed incondensable gases.
For this reason, the main feedstocks for syngas from
the composition of the volatile products of pyrolysis
are tars and water. The maximum rates of formation of
tars and water are in the temperature ranges of 300-350
and 290-380°C, respectively [21]. Pyrolysis tars contain
oxygen-containing compounds (the main ones are acids,
ketones, phenols, alcohols, saccharides), aromatic
and aliphatic hydrocarbons, and nitrogen-containing
compounds (nitriles, pyridines, pyrroles, amines,
amides) [22]. All of these are converted to syngas during
thermal cracking. The higher the organic matter content
of sewage sludge, the higher the mass yields of water and
tars, and the higher the specific volume yield of syngas.
Sample 3 had the maximum organic matter content,
which favored the maximum specific volume yield of
syngas among the samples studied. Sample 2 had the
maximum ash content, which affected the quantitative
characteristics of the syngas (Fig. 2).

Figure 3 shows the results of thermogravimetric
analysis (TGA) of sewage sludge samples 1-3 in an inert
medium in the temperature range of 150-900°C. The
intense release of volatile products from these samples
began at 200°C. The end of the range of active mass
loss of the samples was at 550 + 5°C. The two peaks in
the rate of mass loss occurring at 290 and 340°C within
this temperature range for sample 3 were associated
with the decomposition of hemicellulose and cellulose
components in the sewage sludge [23]. For sample 1,

1.2 - - 0.0050
L1 __-toooas
210 - - %
3 00 L 0.0040
< 0.8 ] L 0.0035 i
£ 0.7 ] £ 0.0030 2
2 0.6 £ 0.0025 &
= =
S 05 00020 E
5 04 ]
2 L 0.0015 <
g 0.3 2
0.1 L 0.0005 &
00 l=— 0.0000
100 200 300 400 500 600 700 800 900 1000

T,°C

Fig. 2. Specific volume yield and formation rate of syngas
from sewage sludge samples 1-3 vs temperature
in the pyrolysis zone

in the temperature range of hemicellulose decomposition,
a shoulder was observed in the range of 294-314°C. This
was a combination of several peaks responsible for the
decomposition of complex organic compounds with
different temperatures of the onset of destruction. The
second peak was observed at 344°C, which is within
the temperature range of cellulose decomposition [23].
For sample 2, the first peak was observed at 299°C with
a shoulder in the range of 329-340°C instead of the
second peak. For samples 1 and 2, in the temperature
ranges of 394-464°C and 399-419°C, respectively,
a shoulder-like structure was also observed on the mass
loss rate curve. Due to the overlapping peaks of several
reactions, the peak for sample 3 had a shoulder structure
over a wide temperature range. Lignin, which is also
present in the sludge, is known to actively decompose in
this temperature range [24, 25]. Sewage sludge samples
were studied by thermogravimetric analysis at different
heating rates [26]. According to the presented data, the
presence of shoulders on the mass loss rate curve of
sewage sludge samples is a typical pattern.

The presence of peaks in the temperature range of
715-750°C for samples 1-3 (Fig. 3) may be due to the
decomposition of inorganic carbonates, which are actively
formed at temperatures up to 700°C by the interaction
of CO, from volatile pyrolysis products with CaO from
the sewage sludge ash [27, 28]. At temperatures above
700°C, the reverse reaction of CaCO; decomposition
to form CO, occurs [29]. Sample 2, which had the
maximum ash content, had the highest peak of the mass
loss rate in this temperature range.

The TGA results for the sewage sludge samples
under study (Fig. 3) correlated well with the results of
measurements of specific volume yields and calculations
of syngas formation rates for these samples (Fig. 2). The
highest syngas formation rate among the studied samples
was obtained for sample 3, which exhibited the highest

£
£
X
2 ]
—94 v
2 2
< 7]
= B
1 =
35 1 (l\_ tl —1 -5
30 4 R I
25 4 -3
20 6

200 300 400 500 600 700 800 900
T,°C

Fig. 3. Results of thermogravimetric analysis of sewage sludge
samples 1-3: mass loss (left) and mass loss rate (right)
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mass loss rate during thermogravimetric analysis. The
data for samples 1 and 2 similarly agreed. The temperature
range of intense syngas production for all three samples
was 140-600°C, while the range of intense mass loss
during thermogravimetric analysis was determined to be
200-550°C. The difference in the earlier onset and later
end of the syngas release in comparison with the TGA
data was explained by the difference in the masses of the
samples used for the two types of analysis (10-20 mg
for TGA vs 10-15 g for experimental studies), as well as
by a small time delay in the determination of the volume
yield of syngas in the gas meter in comparison with the
measurement of the temperature inside the pyrolysis
zone during the experimental study. It is worth noting the
increase in the syngas formation rate for samples 2 and 3
at temperatures of 789 and 761°C, respectively (Fig. 2).
A fourth peak of the mass loss rate observed in the
temperature range of 670-800°C was associated with
the formation of CO, by the decomposition of inorganic
carbonates. During thermal cracking in the presence of
carbon, CO, was actively converted to CO. It has been
shown that H, formation actively increases at a sewage
sludge pyrolysis temperature above 550°C with the peak
occurring at 680°C [21]. Furthermore, throughout the
heating of the sewage sludge sample in an oxygen-free
medium, the volatile products contained water with one
of the peaks of its formation rate at a temperature of
710°C. According to reaction (6), water is converted to
syngas by thermal cracking in a charcoal medium. All
these circumstances led to the increase in the syngas
formation rate for samples 2 and 3 in the temperature
range of 760-790°C.

Production of syngas from sewage sludge with
an ash content of 22.7% by two-stage pyrolysis was
studied [30]. The results were identical to those obtained
in the present study: the intense release of syngas
continued up to 570°C. The two-stage pyrolysis method
was applied to plant biomass [31]. The results showed
that the temperature range of intense release of syngas
from plant biomass was 200—480°C.

Table 4 presents the main characteristics of the syngas
obtained from three types of sewage sludge. The key
parameters of the syngas that must be taken into account
for its further conversion to liquid products are the
H,/CO ratio and the specific volume yield. For all three
sewage sludge samples, the H, and CO contents were
in the ranges of 57-60 and 3741 vol %; this indicates
the sufficient homogeneity of the syngas composition
regardless of the different origin of the sewage sludge
and the organic matter content. In addition, the syngas
from all three sludge samples had a lower calorific value
of 12 MJ/nm3, a CO, content less than 0.5 vol %, and
a CH, content less than 1 vol %. The organic matter
content of sewage sludge determines the specific volume

yield of syngas: for sample 3, this metric was maximum,
while for sample 2, it was minimum, which correlates
with the mineral matter contents of these samples.

Table 4. Characteristics of syngas obtained by two-stage
pyrolysis of sewage sludge

Unit Sample
Parameter of measure
1 2 3

Specific volume yield m3/kg 0.8 0.7 1.1
H, 59.6 | 57.2 | 60.9
CcoO 39.2 | 41.6 | 379

vol %
Co, 0.4 0.5 0.2
CH, 0.8 0.7 1.0
H,/CO ratio - 1.5 1.4 1.6
Lcv MJ/m3 11 11 11

The H,/CO ratio was in the range of 1.4-1.6.
The maximum H,/CO ratio, as well as the maximum
H, content, was obtained for sample 3. It was assumed
and experimentally proven [32] that the H,/CO ratio in the
composition of syngas obtained by two-stage pyrolysis
depends on the H/O atomic ratio in the original biomass:
the higher the latter ratio, the higher the former. For the
sewage sludge samples used in this study, the H/O atomic
ratios were 3.1, 1.9, and 3.4, respectively (Table 1). The
data in Table 3 show that the H,/CO ratio was maximum
for sample 3 and minimum for sample 2. Based on the
obtained experimental data, it can be stated that the
assumption [32] is also valid for the sewage sludge
studied.

The total content of hydrogen and carbon monoxide
in the resulting syngas, as well as their ratio, depends on
the type of biomass processed. Two-stage pyrolysis of
various samples of primary and secondary biomass was
previously studied (Table 5) [30, 32]. Syngas produced
from wood biomass (sawdust, not bark) had an H,/CO
ratio close to 1. Syngas obtained by the thermochemical
conversion of birch and aspen bark had an H,/CO ratio
of more than 2. The behavior of secondary biomass
(chicken litter and sewage sludge) differs during two-
stage pyrolysis. Chicken litter has a specific volume
yield of syngas and an H,/CO ratio similar to those of
plant biomass (except for bark samples), whereas sewage
sludge has a lower specific yield, but a higher H,/CO
ratio (Table 4).
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Table 5. Characteristics of syngas obtained by two-stage pyrolysis of various types of biomass
Material Specific volume yield, m3/kg H,/CO Reference

Wood sawdust 1.3*% 1.1 [32]

Birch bark 1.3* 3.0 [32]

Aspen bark 1.3* 2.1 [32]

Chicken litter 1.2 1.2 [30]

*

Specific volume data are presented on a dry ash-free basis.
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Fig. 4. Mass balance of two-stage pyrolysis of sewage sludge
samples 1-3

Figure 4 illustrates the mass balance of two-stage
pyrolysis of samples 1-3. For each of the samples, the
left column represents the sum of the mass of the test
material in the pyrolysis zone and the mass of charcoal
in the cracking zone before the experiment. The right
column shows the mass distribution of the two-stage
pyrolysis products relative to the total mass of the
materials before the experiment. The discrepancy in
the mass balance is due to the error of the measuring
instruments (scales, gas meter, flow gas analyzer), as
well as the unaccounted-for mass of pyrolytic carbon
deposited on the inner surface of the reactor during
the homogeneous cracking of volatile products, which
occurs simultaneously with the heterogeneous cracking
in the biochar medium in the high-temperature region.
However, this discrepancy does not exceed 4.2%. In
addition, during the thermal cracking of the volatile
products of sewage sludge pyrolysis, nitrogen- and
sulfur-containing components are present in the
syngas [33]. While this study did not determine
nitrogen and sulfur dioxide impurities in the syngas,
these factors could also have contributed to the mass

balance discrepancy. The resulting syngas contained
no liquid fraction, indicating complete conversion of
all volatile pyrolysis products to syngas. Thus, unlike
conventional methods of syngas tar removal (using
cyclones, filters, and scrubbers), two-stage pyrolysis
technology preserves the chemical energy contained
in the tars, converting it to the calorific value of the
syngas.

Methanol synthesis

The error in the volume content of components during
the preparation of the gas mixture in the cylinder
is 15%. Syngas obtained from sample 3 was used for the
preparation of the mixture. Taking into account the error
in the component contents, the H,/CO ratio in the syngas
mixture from the cylinder used for methanol synthesis
was overestimated at 1.8.

Figure 5 presents the composition of the methanol
synthesis products. The mass yield of crude methanol
was 9.6, 10.3, and 12.3 g/h at catalyst bed temperatures
of 205, 215, and 225°C, respectively.

The syngas leaving the methanol synthesis reactor
had lower contents of carbon monoxide and hydrogen,
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‘ Fig. 5. Composition of methanol synthesis products
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which were consumed in the main reaction of methanol
synthesis:

CO+2H, — CH;OH. 7

The H,/CO ratios in the gas mixtures also decreased
to 1.71, 1.69, and 1.61, respectively, at different catalyst
bed temperatures. The carbon dioxide content increased
in comparison with that in the feed gas due to the water-
gas shift reaction

CO+H,0 - CO,+H,. ®)

Nitrogen and methane were ballast gases and
did not participate in the chemical reactions. Therefore,
their volume flow rates remained unchanged, but their
contents in the effluent increased due to some of the
syngas being converted to methanol. This led to an

Table 6. Microimpurities in methanol, wt %

overall decrease in the volume of reaction products. In
this case, DME was a byproduct formed by the methanol
dehydration reaction

2CH;0H — CH,0CHj, + H,0, ©)

which reduced the methanol yield. With increasing
temperature inside the catalyst bed, the contents of
unreacted CO and H, decreased and the DME content
increased. At the same time, the methanol yield increased.
The maximum methanol yield (38.2% of the mass of the
synthesis products) was observed at a temperature inside
the catalyst bed of 225°C (Fig. 6a). At temperatures of
215 and 225°C, the crude methanol consisted of more
than 98.9% pure methanol (Fig. 6b).

Table 6 presents the contents of impurities in the
composition of methanol.

Temperature in catalyst bed
Component
T, =205°C T,=215°C T,=225°C
Acetaldehyde 0.20997 0.00457 0.03351
Formic acid 0.04779 0.01956 0.04226
Acetone 0.00073 0.00020 0.00176
Methyl acetate 0.00387 0.00145 0.00120
Ethanol 0.15065 0.08668 0.04937
Propan-1-ol 0.03830 0.02716 0.01452
n-Butanol 0.00583 0.00415 0.00175
Butan-1-o0l 0.03662 0.01756 0.01321
Acetic acid 0.00457 0 0
Total 0.50 0.16 0.16
Crude methanol 9H,0
[T Gas 1.97 107 1.06 H.OH
100 + 100+ / / \ (¢ 30
90 - / 904
S g0l < 80
z 2
= 70 = 70 A
£ 5
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| Fig. 6. (a) Mass balance of methanol synthesis and (b) the composition of crude methanol at various temperatures in the catalyst bed
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The impurity content of methanol decreased with
increasing catalyst bed temperature. The water, acetone,
formic acid, and ethanol contents of technical methanol
were monitored. After reducing the water, formic acid,
and ethanol contents, the resulting methanol can be
classified as technical grade B methanol in accordance
with GOST 2222-95'.

Figure 7 shows the dependence of the CO conversion
on the catalyst bed temperature. With increasing
temperature inside the catalyst bed, the conversion
of CO to CO, decreased, and the conversion of CO to
DME and methanol increased. The maximum overall
carbon monoxide conversion was 43.6% at a catalyst
bed temperature of 225°C. Currently, under industrial
conditions, the conversion of syngas to methanol in
a single pass does not exceed 20% [34].

The syngas from the cylinder that was used for
experimental methanol production studies had a higher
H,/CO ratio than that obtained experimentally from
sewage sludge (Tables 2 and 4, respectively). A decrease
in the H,/CO ratio in the syngas led to a decrease in the
CO conversion and, consequently, to a decrease in the
mass yield of methanol and to an increase in the content
of organic impurities [35].

The studies showed that, at a volumetric syngas
feed rate of 600 h™!, the maximum methanol yield and
maximum CO conversion to methanol were achieved at
a catalyst bed temperature of 225°C.

Currently, research is actively being conducted
worldwide into methods for producing methanol as an
intermediate product for the further synthesis of motor
fuels. However, in the context of decarbonization
policies, the focus of research has shifted toward the

1

production of biomethanol [36]. Depending on the
equipment design, all processes are divided into three
groups: high-pressure synthesis on Zn/Cr catalysts
(370-420°C, 20-35 MPa), low-pressure synthesis
on Zn/Cu/Cr or Zn/Cu/Al catalysts (210-270°C,
5-10 MPa), and synthesis in a gas—liquid—solid three-
phase system [34]. In addition, not only experimental
studies but also process simulation using various
software packages are actively conducted. For
example [37], the Aspen Plus software was used to
simulate the catalytic conversion of syngas to methanol
in a continuous stirred-tank reactor at a temperature of
270°C and a pressure of 40 bar. The simulation results
showed that hydrogen recycle to the system provided
an increase in methanol production by 50.4% in
comparison with the results of the process without H,
recycle. The conversion of CO, CO,, and H, was 50.4,
99.8, and 100%, respectively. One of the feedstock
options for methanol production is syngas mixed from
separately produced hydrogen and CO, captured from
locally available point sources. In this regard, studies
are being conducted to assess the role of CO and CO,
in the methanol synthesis reaction catalyzed by Cu. It
has been shown [38] that the rate of methanol synthesis
from CO, is more than an order of magnitude higher
than the rate of synthesis from CO, which helps to
substantiate that CO, is a direct source of carbon for
methanol on a Cu-containing catalyst. The role of CO
is to bind water formed during methanol synthesis to
form CO, via the water-gas shift reaction. Typically,
to initiate the reaction of methanol production from
syngas, the CO, content in the gas mixture must be at
least 5 vol %. A method for increasing methanol yield

GOST 2222-95. Interstate Standard. Technical methanol. Specifications. Moscow: Izdatelstvo standartov; 2000, 19 p. (In Russ.).
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by creating a cascade of three flow-through catalytic
reactors was presented [39]. Syngas unreacted in the
first reactor is fed to the second, then to the third. At
each stage, crude methanol is collected.

In the present study, the results of which are presented
above, the syngas used for conversion to methanol had
a CO, content of 0.4 vol % (Table 2). The novelty of
the obtained results is determined by the apparent lack
of publicly available publications on methanol synthesis
from syngas at a low CO, content (less than 0.5 vol %).
The use of sewage sludge as a feedstock for methanol
production further underlines the relevance of the
research.

CONCLUSIONS

The results of the experimental studies presented in this
study confirm that sewage sludge is a suitable feedstock
for methanol synthesis. Regardless of the ash content
of the sewage sludge, intense syngas production by
two-stage pyrolysis began at 140°C and continued
until 600°C. The pattern of syngas formation from the
sewage sludge samples under study correlated well with
the results of their thermogravimetric analysis. With
increasing ash content of the samples, the specific volume
yield of syngas decreased. The H,/CO ratio in the syngas
obtained by two-stage pyrolysis from the sewage sludge,
as well as that obtained from plant biomass, depended
on the H,/O atomic ratio in the sludge. The sample with
the lowest H,/CO atomic ratio yielded syngas with the
lowest H,/CO ratio. The same analogy was observed
for the sample with the highest H,/O atomic ratio. Thus,
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