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Abstract—In view of the importance of inert-atmosphere sludge pyrolysis for effective waste recycling and carbon
emission reduction, this study probed the effects of temperature (300-700 °C) and atmosphere (100% N,, 10 CO,/90%
N,, or 100% CO,) on the properties of biochar and gases obtained by sludge pyrolysis in a horizontal tube furnace. The
emissions of NO, SO,, H,S, and CO increased with increasing temperature, as the inhibitory effect of CO, on the for-
mation of these gases (observed at <500 °C) concomitantly weakened and was superseded by the reaction of CO, with
carbon at higher temperature to afford gaseous products. The specific surface area (Sgzr) and pore volume of the bio-
char produced in the presence of CO, increased with increasing temperature up to 500 °C, while at higher temperatures
the inhibitory effect of CO, on pore structure development resulted in a decreased Syzr and an increased macropore
content. These results show that pyrolysis is an effective treatment method for sludge; it can remove 48% N and 50% S
in sludge and mitigate the emission of polluting gases. When CO, participates in the pyrolysis reaction, the Szz; of bio-
char increases significantly. In general, sludge biochar has the potential to be applied as fuel and as an adsorbent.
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INTRODUCTION

Municipal sludge, which is unavoidably produced during sew-
age treatment, is a heterogeneous mixture of water, proteins, lipids,
carbohydrates, nudleic acids, phenols, ash, pathogens, heavy metals,
polychlorinated biphenyls, dioxins, and other harmful substances
[1]. The rapid urbanization of China has significantly increased the
amount of municipal sludge produced, which, when not promptly
dealt with, can cause severe environmental and health problems
upon discharge into the environment [2]. Currently, the increas-
ingly stringent sludge management regulations limit the applica-
tion of direct sludge discharge, and thus necessitate the further
development of alternative disposal methods, such as landfilling,
composting, and incineration [3]. Landfilling and composting are
the main methods of sludge disposal in China, accounting for 60-
65% and 10-15% of the total disposed sludge, respectively [4]. How-
ever, such common disposal techniques may cause secondary pol-
lution of the groundwater and soil, which renders the thermo-
chemical treatment of sludge (e.g., pyrolysis, gasification, or incin-
eration) a viable alternative [5]. Among these methods, sludge pyroly-
sis is advantageous in that it is low-cost and exhibits the ability to
simultaneously afford solid, liquid, and gaseous products [6,7]. In
addition, organic pollutants and pathogenic microorganisms are
removed and the volume of waste is significantly reduced. Another
advantage of sludge pyrolysis is the production of biochar. This
porous solid product can be used for agricultural soil remedia-
tion, the absorption of heavy metal contaminants [8,9], and other
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applications.

Previous studies into sludge pyrolysis have deepened our under-
standing of the processes involved, and have more recently, focused
on the effects of the pyrolysis conditions [10-12]. More specifically,
although the thermal decomposition of sludge has mostly been car-
ried out in inert gases such as N,, some studies probed the effects
of a CO, atmosphere on sludge pyrolysis, as this approach allows
one to recycle torrefaction-produced CO,, and thereby promote
the generation of carbon-negative power, while also reducing CO,
emissions [13-15]. Since the participation of CO, is known to affect
the pyrolysis behavior of coal and biomass, Tan et al. [16] studied
the nutrient characteristics of straw biochar, and found that the N,
P, and K content of biochar pyrolyzed in a CO, atmosphere was
higher than that in N, atmosphere. In addition, Zhu et al. [17] stud-
ied the pyrolysis of bio-oil distillation residues in different atmo-
spheres and found that below 600 °C the biochar yield and calorific
value were higher in a CO, atmosphere than in a N, atmosphere.
Guizani et al. [18] found that the CO content of the pyrolysis gas
increased upon the introduction of CO, due to the homogeneous
and heterogeneous reactions of the latter with gases, tars, and char.
Moreover, CO, introduction is known to affect the pH, conductivity,
and elemental composition of biochar produced by sludge pyroly-
sis [19]. Combined thermogravimetric-Fourier transform infrared
(TG-FTIR) spectroscopic analysis of coal pyrolysis showed that the
substitution of N, with CO, enhanced the volatile release efficiency
and prevented calcite decomposition [14]. Guizani et al. [18] stud-
ied rapid biomass pyrolysis, revealing that CO, influenced the
amount and composition of the gaseous products as well as the
carbon yield and performance. The reaction between CO, and
nascent char above 600 °C was shown to proceed at a considerably
high rate because of the concomitant occurrence of thermal crack-
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ing, thereby resulting in additional mass loss [19]. The pyrolysis
atmosphere was therefore concluded to affect the yield, composi-
tion, and calorific value of the solid, liquid, and gaseous pyrolysis
products.

The pyrolysis atmosphere also affects the development of the
biochar pore structure. In this context, Tan et al. [16] found that the
pore structure development during straw pyrolysis was strongly
affected by the choice of atmosphere (CO, or N,), with CO, favor-
ing the development of the desired micro-, meso-, and macropo-
rous structures, in addition to the production of biochar with a
high specific surface area. In another report, biochar obtained in a
CO, atmosphere demonstrated a higher porosity (19-47%) than
that obtained in N, [19]. Depending on the feedstock type, the use
of CO, during pyrolysis can enhance the cleavage of benzene rings
in addition to the hydroxyl, methyl, and methylene groups pres-
ent in biochar, as well as weaken the interactions between H and
the biochar matrix [16-20]. These reactions result in increased
quantities of H' radicals, which can combine with other free radi-
cals to favor the formation of volatiles [21]. The above reactions
afford biochar with a specific surface area and pore volume higher
than those of biochar produced under N,. Thus, the use of CO,
instead of N, changes the pyrolysis behavior of the biomass and
increases the environmental remediation efficacy of the produced
biochar, thereby offering additional possibilities for the manage-
ment of anthropogenic CO, [22]. Although biomass pyrolysis in
CO, has been extensively investigated, only a few studies have dealt
with the effects of CO, on the pyrolytic production of biochar and
gas from sludge; hence, these effects deserve further attention. Fur-

Table 1. Main characteristics of the sludge
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thermore, the pore structure of biochar produced under different
pyrolysis atmospheres has rarely been discussed. To close this knowl-
edge gap, the present work probes the effect of the atmosphere (100%
N,, 10% CO,/90% N,, and 100% CO,) and temperature (300-700 °C)
on the characteristics of biochar and gases (SO,, H,S, CO, and NO)
produced by municipal sludge pyrolysis in a tubular horizontal
furnace. Notably, this study mainly focuses on sludge biochar, with
no specific studies conducted on the tar produced during sludge

pyrolysis.
MATERIALS AND METHODS

1. Materials

Municipal sludge, obtained from a wastewater treatment plant
in Jilin City, Jilin Province, China, was dried in a drying chamber
at 105 °C for 24 h, ground to a 100-150 mesh size, and stored in a
sealed tube until required for pyrolysis. Table 1 lists the main prop-
erties of the sludge, indicating its high contents of ash and volatiles.
The volatile compounds were the main source of heat release during
sludge combustion and the main ash components (70 wt% in total)
were identified as SiO,, Al,O;, and Fe,O,.
2. Pyrolysis System

The pyrolysis system comprised a gas supply section, a reaction
section (with an approximately 100 mm-long thermostatic reac-
tion zone), and a collecting and testing section (Fig. 1). The dried
and ground sludge was heated at 300-700 °C in 100% N,, 10%
CO,/90% N,, or 100% CO,. In each run, the dried sludge sample
(1£0.01 g) was loaded into a crucible and placed in the furnace,

Ultimate analysis (wt%, db*)

Proximate analysis (wt%, db)

Sample Higher heating value (kJ/kg)
C H N S Volatiles Fixed carbon Ash
Sludge 19.68 3.33 2.99 0.62 32.88 5.78 61.34 8,200
S0,  ALO,  Fe,0; PO, Ca0 MgO K,0 sO, Na,0
Ash (wt%) 41.90 18.10 10.40 7.03 4.76 2.53 2.40 1.58 1.21
*db=dry basis.
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Fig. 1. Diagram of the experimental pyrolysis system used.
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Table 2. Elemental compositions, HHVs, and yields of the biochar samples produced under different conditions (BC-x-y, where x and y
denote the pyrolysis temperature (°C) and CO, content (%), respectively)

Sample Biochar yield (%) Ca% H,,% Ny% Su% HHYV (kJ/kg)
BC-300-0 77.35+0.42 15.14 1.69 2.06 0.34 5,820.32
BC-400-0 70.15+0.68 1147 1.03 1.54 0.36 4,000.87
BC-500-0 68.13+0.45 1035 0.71 127 035 3,825.43
BC-600-0 66.13+0.34 9.99 046 1.10 036 3,260.46
BC-700-0 64.59+0.40 9.33 026 0.82 037 3,152.72
BC-300-10 78.12+0.21 1532 1.74 212 0.38 5,029.91
BC-400-10 71.05+0.65 11.96 115 1.63 0.36 4,502.85
BC-500-10 69.2+0.40 10.91 0.76 133 033 3,525.47
BC-600-10 66.91+0.09 1029 0.44 112 033 3,371.07
BC-700-10 64.96+0.27 8.16 0.20 0.72 0.34 2,019.82
BC-300-100 78.45+0.16 15.65 1.74 221 0.39 6,395.69
BC-400-100 70.99+0.70 12.41 1.19 1.66 0.36 3,892.80
BC-500-100 69.35+0.58 11.08 0.71 133 0.30 3,824.00
BC-600-100 67.48+0.44 9.98 042 1.10 027 2,469.48
BC-700-100 62.57+0.29 597 0.17 0.66 0.25 1,064.19

which had been purged with N, (99.99%) at a flow rate of 1 L/min
for 15 min prior to heating to create an oxygen-free atmosphere. A
mass flow controller (MFC) was used to control the N,/CO, flow.
The furnace was heated to the desired temperature at a rate of 10 °C/
min; this temperature was maintained for 1 h. The NO, H,S, SO,,
and CO produced during pyrolysis were detected using a flue gas
analyzer (VARIO luxx, MRU GmbH, Germany). When pyrolysis
was complete, the obtained biochar was cooled to ambient tem-
perature and weighed to determine the biochar yield (Table 2)
from the biochar weight (W,) and the dry weight of the sewage
sludge subjected to pyrolysis (W,) (100%xW,/W,). All experiments
were carried out in triplicate to ensure reproducibility and consis-
tency.
3. Characterization of the Pyrolysis Products
3-1. Biochar Elemental Analysis and Calorific Value Determination

The N, H, and C content of the produced biochar was deter-
mined using an automatic elemental analyzer (EA3000, EuroVec-
tor S.PA, Italy) with combustion at 950 °C. The S content was
determined using an infrared sulfur determination instrument
(SDS350, Hunan Sundy Science and Technology Co., Ltd., China).
Bomb calorimetry (SDAC6000 calorimeter, Hunan Sundy Science
and Technology Co., Ltd., China) was used to determine the higher
heating value (HHV)) of the biochar according to ASTM E-711 [23].
3-2. Analysis of the Biochar Pore Structure

Based on the Brunauer-Emmett-Teller (BET) multilayer adsorp-
tion theory, the isothermal adsorption of N, at 77 K was studied
using an automatic adsorption device (TriStar II, USA). Prior to the
adsorption measurements, the sample was degassed under vacuum
for 1 h at 150 °C. The BET specific surface area (Sgy), average pore
size (D), and total pore volume (V) were then determined by applica-
tion of the BET equation, the Barrett-Joyner-Halenda (BJH) model,
and single-point adsorption total pore volume analysis, respec-
tively. The size distributions of the micro-, meso-, and macropo-
res were analyzed based on experimental data and using density
functional theory calculations.

RESULTS AND DISCUSSION

1. Influence of Temperature and Atmosphere on the Gaseous
Pyrolysis Products

Relatively high nitrogen and sulfur content within the sludge
(Table 1) can result in the formation of large amount of NO, and
SO, during pyrolysis. These gaseous pollutants are responsible for
acid rain, photochemical smog, enhancement of the greenhouse
effect, and the increased depletion of stratospheric ozone. In addi-
tion, CO released during pyrolysis will cause carbon loss within
the biochar. Based on this, the release behavior of the various gas-
eous pyrolysis products was examined herein.

As shown in Figs. 2 and 3, the formation of gaseous pyrolysis
products was affected by the pyrolysis temperature and the atmo-
sphere. In N,,, the emissions of NO, H,S, SO,, and CO increased with
increasing temperature (Fig. 2) due to the concomitant increase in
the degree of sludge pyrolysis and the decomposition of volatiles.
The NO and CO emissions were highest at 700 °C (Fig. 2(a) and
2(d)), while those of SO, and H,S were highest at 600 °C (Fig. 2(b)
and 2(c)). In sludge, nitrogen mainly exists in the form of ammo-
nia, protein, pyrrolidine, and pyridine. Upon increasing the tem-
perature, the ammonia and ammonium salts present in the sludge
decompose to afford nitrogen-containing gases [24]. In N,, the
CO emission only slightly increased upon increasing the tempera-
ture to 600 °C, although a drastic change was observed at higher
temperature (Fig. 2(a)). CO is obtained by the decomposition of
carbonyl and hydroxyl groups at low temperature or by the frac-
ture of oxygen-containing heterocyclic rings and ether bonds at
high temperature [25]. Furthermore, the emissions of SO, and H,S,
the main sulfur-containing gases produced by sludge pyrolysis, in-
creased with increasing temperature, prior to slightly decreasing
again at 700 °C. Thus, high temperature promoted the formation
of CO, which, in turn, favored the decomposition of sulfur-con-
taining species in the sludge, decreased the S content of the bio-
char, increased the emission of sulfur-containing gases such as H,S

Korean J. Chem. Eng.(Vol. 38, No. 1)
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Fig. 2. Release profiles of (a) CO, (b) H,S, (c) SO,, and (d) NO during sludge pyrolysis at different temperatures in 100% N,.
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Fig. 3. Release profiles of (a) CO, (b) H,S, (c) SO,, and (d) NO during sludge pyrolysis at different temperatures in 100% CO.,.

and COS, and favored the conversion of SO, to COS (R1-R2) [26].
In addition, upon increasing the temperature, the alkali/alkaline
earth metal sulfates (MSO,) present in the sludge were able to react

with CO to form SO, (R3) [27].
CO+S0,—>S+CO, (R1)

CO+S—COS (R2)

January, 2021

MSO,+CO—-MO+CO,+S0O, (R3)

Notably, the emissions of NO, SO,, and H,S obtained in CO,
(Fig. 3) were lower than those obtained in N,. At low temperature
(300-400 °C), H,S was released later than at high temperature, and
in smaller amounts than in N, (Fig. 3(b)). These findings indicate
that CO, had a mild effect on the decomposition of stable sulfur
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Fig. 4. Release profiles of CO, H,S, SO,, and NO during sludge pyrol-
ysis at 600 °C in different atmospheres.

compounds at low temperature, while promoting the formation of
H,S and SO, above 600 °C (Fig. 3(b) and 2(c)). At high tempera-
ture, CO, aided C-S bond cleavage, promoting the decomposition
of sulfur-containing compounds and the formation of sulfur-based
free radicals, which reacted with internal hydrogen/oxygen and
external CO, [28]. Moreover, above 600 °C, CO, reacted with car-
bon to form CO, and the extent of this reaction became more pro-
nounced with an increase in temperature [29]. This is consistent
with the results reported by Kim et al,, who believe that the use of
CO, promotes the pyrolysis of volatile substances formed in pyrol-
ysis and increases the production of CO at temperature above 550 °C
[30]. Therefore, the emission of CO in the CO, atmosphere exceeded
that in the N, atmosphere. As shown in Fig. 3, the gasification reac-
tion between C and CO, was not clear below 700 °C.

Furthermore, at the same pyrolysis temperature (600 °C), gas
production in the two different pyrolysis atmospheres showed vari-
ations, as presented in Fig. 4. More specifically, the release of SO,
and H,S in the CO, atmosphere was lower than in the N, atmo-
sphere, indicating that the CO, atmosphere can inhibit the release
of sulfur-containing gases and thereby reduce the emission of pol-
lutants. It was also found that the reaction atmosphere has little
impact on NO emission. However, in a CO, atmosphere, CO emis-
sion is higher than that in an N, atmosphere, which is caused by
the Boudouard reaction between carbon and CO,.

2. Effects of the Temperature and Atmosphere on the Biochar
Properties

2-1. Effects of the Pyrolysis Temperature and Atmosphere on the
Biochar Yield

Table 2 lists the biochar yield obtained at different temperatures
and in different atmospheres, showing that upon increasing the
temperature (ie., from 300 to 700 °C), the yield of biochar pro-
duced under N, decreased from 77.35 to 64.59%, with the largest
decrease being observed at 300-400 °C. This trend is similar to the
results of Wang et al. [12], who reported that the percentage of
biochar yield from sludge declined steadily from 68.65 to 58.11%
with an increase in the pyrolysis temperature from 300 to 700 °C.
This was owing to the substantial decomposition of organic sub-

stances in the sludge during pyrolysis. Therefore, this temperature
range is believed to represent the onset of volatile production from
the sludge. The reduction in yield upon increasing the tempera-
ture was triggered by the degradation of organic matter, dehydra-
tion due to hydroxyl group removal, the loss of chemically bound
moisture, and, at higher temperature, the production of aromatic
structures accompanied by the loss of large amount of CO,, CO,
H,0, and H, [32].

It was also found that in a 10% CO,/90% N, atmosphere, the
biochar yield decreased from 78.12 to 64.96%, while in 100% CO,,
it decreased from 78.45 to 62.57% at 300-700 °C. Compared with
N,, CO, positively affected biochar production between 300 and
600 °C by inhibiting the volatilization or cracking of oxygenated
functional groups in the sludge to produce oxygen-containing gases
such as CO, and CO [32]. Furthermore, the abovementioned pos-
itive influence can be ascribed to the fact that CO, has a larger
molar weight than N,, and hence, contact between the sludge par-
ticles and CO, is less efficient, according to the diffusion theory
[33,34]. Moreover, in 100% CO,, the carbon yield sharply decreased
at a temperature >600 °C, likely due to the Boudouard reaction, in
which CO, reacts with sludge carbon to produce CO [35].

Thus, the effects of the pyrolysis atmosphere on biochar produc-
tion were concluded to be temperature-dependent; below 600 °C
the production of biochar is favored in CO,, although this promo-
tional effect weakens with increasing temperature. Moreover, the
efficiency of biochar production decreased with increasing CO,
content.

2-2. Influence of the Temperature and Atmosphere on the Calo-
rific Value of Biochar

As shown in Table 1 and Table 2, under different reaction con-
ditions, the HHV range of biochar is 1,064.19-6,395.69 kJ/kg, and
its calorific value is lower than that of raw sludge. This is caused
by the increased ash content and decreased carbon content after
sludge pyrolysis. It is well known that a high HHV is related to a
lower ash content and higher carbon content [36]. As shown in
Table 2, upon increasing the temperature, the HHV of biochar de-
creased; this change is significant in the range of 300-400 °C due
to the large concomitant compositional change. In addition, the
change in carbon content, which affects the biochar HHV, was most
pronounced in the same temperature range, and the CO, content
was also found to affect the HHYV, ie., an increase in the HHV
upon increasing the CO, content between 300 and 500 °C. More-
over, the biochar produced below 600°C in CO, presented a higher
HHYV than that produced in N, at the same temperature, which
was ascribed to the different effects of these gases on sludge crack-
ing and volatilization [32]. These results are consistent with those
reported by Zhu et al, who believe that CO, will inhibit the decom-
position of carbon-containing structures at 600 °C and will retain a
higher carbon content than in a N, atmosphere [17]. However, the
reverse was observed at 700 °C, possibly because at this tempera-
ture CO, reacts with carbon to reduce the carbon content of the
biochar and thereby decrease its calorific value [31].

2-3. Effects of the Pyrolysis Temperature and Atmosphere on the
Biochar Composition

As shown in Table 2, the C, H, N, and S content of the biochar

produced in N, decreased with increasing temperature due to the

Korean J. Chem. Eng.(Vol. 38, No. 1)
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Table 3. Pore structure parameters of the biochar samples produced under different conditions (BC-x-), where x and y denote the pyrolysis

temperature (°C) and CO, content (%), respectively)

Sample Sger (M?/g) V4 (cm’/g) Vs (cm’/g) D, (nm) D, (nm)
BC-300-0 30.41 0.08 0.09 10.79 8.64
BC-300-10 29.13 0.08 0.09 11.03 8.76
BC-300-100 30.35 0.09 0.09 11.18 8.79
BC-400-0 57.70 0.11 0.12 943 7.86
BC-400-10 59.31 0.12 0.13 10.10 8.35
BC-400-100 6141 0.13 0.13 8.54 8.30
BC-500-0 58.34 0.13 0.13 10.22 9.06
BC-500-10 59.33 0.13 0.13 10.18 9.03
BC-500-100 59.99 0.12 0.12 9.50 8.47
BC-600-0 51.83 0.12 0.13 10.77 9.51
BC-600-10 51.01 0.12 0.13 10.65 941
BC-600-100 50.86 0.12 0.13 11.20 9.88
BC-700-0 43.59 0.11 0.12 11.73 10.35
BC-700-10 39.68 0.11 0.11 12.30 10.76
BC-700-100 33.47 0.10 0.10 12.94 11.28

concomitant loss of volatiles, and, hence, surface functional group
elements [37,38]. Note that since sludge has higher content of pro-
tein and some heterocyclic compounds than other biomasses, it is
richer in N and S [39,40]. A pyrolysis treatment can remove 48%
N and 50% § in sludge. In addition, the low S and N content of
biochar suggest that its combustion as a fuel would have a low
impact on the environment. Furthermore, the decomposition of
sludge protein (at 360-525 °C) decreases the N content in biochar,
while dehydration, decarboxylation, and demethanation reactions
contribute to C and H removal during pyrolysis [41].

It was also found that the carbon content of the biochar pro-
duced in N, at 300-500 °C was lower than that of the biochar pro-
duced in CO, due to the inhibitory effect of the latter gas on the
volatilization and decomposition of carbon-containing structures
[31]. At temperature >500 °C, the carbon content of the biochar
significantly decreased with increasing CO, content, while the N,
H, and S content remained relatively constant. Thus, CO, appeared
to behave as an inert gas below 500 °C, while influencing the bio-
char properties at higher temperatures through the Boudouard reac-
tion and the reaction between the sludge carbon and sludge minerals
(R4-R5) [42]. Udayanga et al. [43] showed that at 660 °C, CaCO,
decomposition occurred during pyrolysis (R6) and the Boudouard
reaction (R4) was induced in the presence of CO..

C+CO,—2CO (R4)
CaSO,+2C—CaS+2CO, (R5)
CaCO;—>Ca0+CO, (R6)

These results therefore indicated that the pyrolysis temperature
influenced the elemental composition of the biochar to a larger extent
than the pyrolysis atmosphere. More specifically, the C, H, N, and
S content of the biochar decreased with increasing temperature,
whereby the largest change was observed within the range of 300-
400 °C. At any given temperature, CO, had the greatest impact on
the carbon content, behaving as an inert gas and inhibiting the

January, 2021

decomposition of carbon-containing structures below 600 °C, while
engaging in reactions to promote carbon volatilization at higher
temperature.

3. Influence of the Temperature and Atmosphere on the Bio-
char Pore Structure

Table 3 lists the pore structure parameters of the biochar sam-
ples produced under different conditions, revealing that in N,, the
Sger increased from 30.41 to 58.34 m3/g upon an increase in tem-
perature from 300 to 500 °C, while the pore volume increased from
0.08 to 0.12 cm3/g. Above 500 °C, the Sz and pore volume de-
creased, ie., pore structure development was promoted by low-
temperature (ie., <500 °C) pyrolysis. This effect was ascribed to the
increased removal of volatile organic matter within this tempera-
ture range, which resulted in pore unblocking [44]. The decrease
in Sgr and pore volume above 500 °C was attributed to the increased
proportion of sludge ash observed at high temperature, which hin-
dered pore formation [10]. As shown in Table 1, the sludge ash
was rich in SiO,, AL,O;, Fe,0;, and P,Os, and the high content of
alkaline metals (Na, K), alkaline earth metals (Ca, Mg), and Si, Cl,
S, B and Fe in the sludge could result in the formation of low-
melting-temperature silicates, which are able to fill and block exist-
ing pores [45]. Furthermore, the Sy of the sludge biochar (30.41-
58.34 m’/g) was smaller than that of biochar produced from agri-
cultural and forestry wastes, such as straw and livestock manure
(121.2-222.5 m’/g); this was ascribed to the high cellulose content
of these wastes and the resulting facile micropore formation upon
heating [46].

Fig. 5(a) presents the N, adsorption/desorption isotherms of the
biochar produced at different temperatures in N,. According to
the TUPAC classification [47], these isotherms are of type IV and
feature type H2 hysteresis loop behavior, which indicates that (i)
the corresponding biochar mainly contains mesopores (pore width=
2-50 nm) [48], (ii) capillary condensation could occur in the pores,
and (iii) the pores exhibit narrow necks and wide bodies, i.., they
could be denoted as “ink-bottle pores” Upon increasing the rela-
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Table 4. Comparison among some characteristics of the obtained biochar samples and threshold values of the EBC, IBI and Italian fertiliza-

tion decree standards
Parameter Biochar EBC IBI Italian decree
Class 1: =60
Carb tent Not
a[z/ ‘33/5]”;?1 5.97-15.65 . u(i’re 1 Class 2: 230 & <60 Not required
° 4 Class 3: >10 & <30

H/C 0.29-1.36 <0.7 <0.7 <0.7

Surfacze area 29.13-59.99 Declaration; Declaration Declaration
[m7/g] better >150

tive pressure (P/P,), the adsorption amount of each sample signifi-
cantly increased in the medium-pressure region (0.2<P/P,<0.8),
which indicated the presence of mesopores (2 nm<D<50 nm) in
the biochar. In the high-pressure region (P/P,>0.8), the degree of
adsorption also rapidly increased with increasing P/P, up to P/
Py~1, but did not reach saturation, thereby indicating that the bio-
char contained a certain number of large pores (D>50 nm). The
corresponding pore size distribution (Fig. 6(a)) gave an average
pore size range of 2-90 nm, which further confirms the presence
of meso- and macropores within the biochar. Furthermore, the num-
ber of mesopores gradually increased with an increase in tempera-
ture from 300 to 600 °C, while a further temperature increase de-
creased the number of mesopores by inducing their collapse, result-
ing in the formation of macropores.

Interestingly, the use of CO, instead of N, significantly contrib-
uted to the increase in the Sy More specifically, the Sy and pore
volume of the biochar produced in CO, at 300-500 °C were higher
than those of the biochar produced in N, and increased with an
increase in CO, content. However, at high temperature (>500 °C),
CO, inhibited development of the biochar pore structure. In addi-
tion, the N, adsorption/desorption isotherms of biochar produced
in CO, (Figs. 5(b) and 2(c)) were identical to those of the samples
produced in N,: they were type IV isotherms and featured type H2
hysteresis. Notably, the adsorption capacity increased upon increas-
ing the temperature and the CO, content. The pore size of bio-
char produced in CO, at 300-500 °C was within 2-90 nm, thereby
mostly corresponding to mesopores. Upon increasing the tempera-
ture and the CO, content, the number of mesopores decreased,
while the number of macropores increased owing to pore expan-
sion caused by the gasification reaction between CO, and carbon
at high temperature [45,49].

Finally, the Sz of the biochar produced in CO, at 300-500 °C
exceeded that of the biochar produced in N, at the same tempera-
ture, ie., a biochar sample with a superior adsorption performance
was obtained in CO,. Between 300 and 500 °C, an increase in the
CO, content also induced an increase in the Sy while above 500 °C,
CO, inhibited pore structure development.

4. Comparison with Different Biochar Criteria

A comparison among some properties of the biochar samples
and the threshold values of three biochar standards - the European
Biochar Certificate (EBC), the International Biochar Initiative (IBI),
and the Italian decree for soil fertilizers (D.L. 29 APRILE 2010, N.
75) - was conducted to determine whether the obtained biochar
samples in this work would conform to these limitations [50].

January, 2021

As shown in Table 4, only IBI defines the carbon content range
of biochar. As the carbon content of sludge biochar is between 5.97
and 15.65%, it belongs to IBI class 3. The H/C molar ratio, which
is one of the most important features of biochar, represents the
degree of carbonization as well as the stability of biochar. Table 4
shows that part of the sludge biochar meets the H/C molar ratio
requirements. Specifically, within the range of 600-700 °C, the H/C
molar ratio of the biochar produced in this study conforms to the
standards and the ratio remains relatively constant under different
atmospheres. Therefore, the H/C molar ratio of sludge biochar is
mainly influenced by the pyrolysis temperature. Finally, the Sy of
biochar greatly affects its application as an adsorbent or fuel. The
EBC requirements state that it should preferably be higher than
150 m’/g; however, the Sy of the sludge biochar samples produced
in this study are all lower than 60 m*/g due to the high ash con-
tent within the sludge biochar. Therefore, the pore structure char-
acteristics, especially the specific surface area, should be improved
through various methods in future work.

CONCLUSIONS

Herein, an examination into the effects of temperature and atmo-
sphere on sludge pyrolysis in a horizontal tube furnace is reported.
It was found that the CO, SO,, H,S, and NO emissions increased
with increasing pyrolysis temperature, with CO as the main gas-
eous product. In the temperature range of 300-600 °C, the CO emis-
sion obtained for pyrolysis in a CO, atmosphere was lower than that
under N, atmosphere, sharply increasing at temperatures >600 °C
in the former case. In addition, the increased production of SO,
and H,S in a CO, atmosphere indicated that CO, promotes the
decomposition of sulfur-containing compounds to afford biochar
with a relatively low S content. Furthermore, upon increasing the
temperature, the C, H, N, and S content of the biochar decreased;
additionally; the CO, atmosphere had a greater impact on the car-
bon content. At low temperature (<600 °C), CO, behaved as an
inert gas, inhibiting carbon structure decomposition, whereas at
higher temperature (>600 °C), CO, behaved as a reactive gas, pro-
moting carbon volatilization. Analysis of the resulting biochar pore
structure showed that the Spz; and pore volume increased with
increasing temperature between 300 and 500 °C, with the values
obtained for CO, exceeding those obtained for N,. Above 500 °C,
the facile collapse of the biochar mesopores in CO, led to macrop-
ore formation. Overall, the obtained results indicate that the pyrol-
ysis of sludge not only reduces the quantity of harmful substances
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generated by the direct treatment of sludge, but also produces bio-
char with low nitrogen and sulfur content. Moreover, the introduc-
tion of CO, in the pyrolysis process can improve the pore structure
of biochar and provide a foundation for the use of biochar in
energy storage or as an adsorbent in the future.
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