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HIGHLIGHTS

« Emission characteristics of volatile combustion from SS pyrolysis were investigated with and without activation agent impregnation.
« SO;, NO, N0 and HCI are main emissions from SS pyrolysis volatile combustion.

« SO, emission can be avoided when KOH and ZnCl, is impregnated into SS before pyrolysis.

« Char produced from KOH-impregnated SS pyrolysis shows the best De-NOx efficiency.
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In this study, KOH and ZnCl, were impregnated into sewage sludge as activation agents to produce acti-
vated sludge char in the pyrolysis step for the De-NOx process. The emission characteristics of volatile
combustion from the pyrolysis of raw sewage sludge (SS-Raw), sewage sludge spiked with KOH
(SS-KOH), and sewage sludge spiked with ZnCl, (SS-ZnCl,) were investigated. In addition, the De-NOx
effects and the characteristics of the prepared chars, including specific surface areas, pore distributions,
functional groups, were explored. The exploration results showed that the pollutants generated during

g(:v ‘zggd;u dge the volatile combustion process could be divided into primary pollutants (SO, NO, N»O, and HCl) and
Pyrolysis minor pollutants (CO, NH3, and HCN). Under the conditions of oxygen-rich combustion, SO, and NOx
Volatile combustion emissions from SS-KOH were 0% and 113.2% of those from SS-Raw respectively. SS-ZnCl, exhibited the
Emission similar SO, and NOx emissions to those of SS-KOH. However, SS-ZnCl, released considerable HCI during
Activated char the pyrolysis process, thus limiting its application. Sludge char from SS-KOH (SC-KOH) also exhibited the
De-NOx best De-NOx performance compared to the chars from SS-Raw and SS-ZnCl, and the De-NOx efficiency

was 56% higher than that of sludge char from SS-Raw (SC-Raw). Therefore, with KOH-impregnated SS,
activated sludge char can be produced via one pyrolysis step and used in the De-NOx process.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Sewage sludge (SS) is a by-product of wastewater treatment
and composed of organic compounds, macronutrients, a wide
range of micronutrients, non-essential trace metals, organic micro
pollutants, and microorganisms [1] and its final disposal is one of
the most troublesome environmental issues. Available SS disposal
technologies include incineration for energy recovery and land
application for nutrient conservation. However, when the common
lower heat value (LHV) of the SS in China is relatively low, for
example lower than 10,000 kJ/kg, the goal of recovering energy
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from SS incineration cannot be achieved. Moreover, the SS contam-
inated by heavy metals are not suitable for land application.
Recently, SS gasification has been developed to produce high qual-
ity fuel gas [2,3], but its practicability still depends on the high LHV
of SS. Alternative thermal treatment is pyrolysis, a thermal degra-
dation of material in an oxygen-deficient atmosphere or in the
absence of air [4]. In pyrolysis, SS undergoes similar volume reduc-
tion process compared to incineration or gasification, but pyrolysis
has many advantages. For example, heavy metal vaporization is
inhibited due to the decreased operation temperature and the
leaching of heavy metals from the carbonaceous residue (char) is
greatly abated [5], even they are actively impregnated [6].
Moreover, the target products from pyrolysis are miscellaneous.
For example, biochar [7], adsorbents [8-10], or catalysts [11-13]
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are the potential valuable products derived from char. The com-
bustible volatile (oil and gas) generated in the pyrolysis process
maybe burned online to supply energy to the pyrolysis reactor
[4,14,15], thus reducing or avoiding commercial fuel consumption
and achieving an energy-saving disposal. In practice, energy supply
via direct combustion of volatile is crucial for a sustainable car-
bonization process of biomass, including SS [16]. For such a sus-
tainable carbonization process, emission from the volatile
combustion is the only pollutant source in the whole disposal.

The char from SS pyrolysis can be used as fuel [17-19].
However, due to its low LHV, to recover the char as adsorbent for
gaseous emission abatement [10,20] or catalysts for De-NOx [12]
is more valuable commercially and safer environmentally.
However, the pore development of the SS chars is highly depen-
dent on various factors during the pyrolysis and activation
processes. In most cases, activation agents are inevitable for pro-
moting the adsorption or catalytic effects [10].

Chars from SS pyrolysis post-treated with activating agents
such as salt activation agent (ZnCl,), acid activation agent (H3PO4
or H,SO4), and alkali activation agent (KOH or NaOH) were
reported to promote the better adsorption or catalytic effects
[10,21]. To reach good activation, those activation agents are usu-
ally adopted as post-treatment chemicals after char production
[15,17,20]. However, the post-treatment of char is a complicated
process, which is usually associated with huge energy consump-
tion (physical activation) or water pollution (chemical activation).
Chiang et al. [21,22] added activating agents into raw sewage
sludge materials and found that proper ZnCl,-immersed biosludge
produced mesoporous adsorbents. They also indicated that the
pyrolysis of ZnCl,-immersed sewage sludge resulted in highly
chlorinated volatile organic compounds (VOC) emission.
However, VOC emitted in pyrolysis can be destroyed during the
volatile combustion process, whereas the emission characteristics
of pyrolysis volatile combustion for sewage sludge pre-spiked with
various activating agents were seldom reported. To choose the
proper activation agent, both these emissions and char quality
should be integrally considered.

In this study, to simplify the activated char production and
prevent emissions in the overall process, including the char pro-
duction process and the utilization process, raw sewage sludge,
sewage sludge impregnated with KOH, and sewage sludge impreg-
nated with ZnCl, underwent pyrolysis to obtain the activated char
for the De-NOx process. The paper focused on the emissions caused
by their pyrolysis volatile combustion. Based on the information on
the De-NOx performance and the emission characteristics, we rec-
ommended the proper activation agent to produce activated char
for De-NOx processes in one pyrolysis step.

2. Materials and methods
2.1. Materials

Sewage sludge samples were obtained from a sewage treatment
plant in Shanghai, China, where municipal wastewater is treated
according to the standard activated sludge method. All the chemi-
cals used including N,H4-H,0, ZnCl,, KOH, Fe(NOs)s3, and Mn(NOs3),
were of analytical grade (Sinopharm Chemical Reagent, China).

The raw sewage sludge had an original total solid content of
20 + 2 wt.%. Raw sewage sludge was dried before analysis. An ele-
mental analysis of the samples was performed using a Vario EL III
elemental analyzer (Elementar Analysensysteme GmbH,
Germany). The proximate analysis was carried out according to
the GB/T 28731-2012 standard [23]. Ash content was determined
at 550°C and the volatile matter was determined at 900 °C. All
analyses were performed in triplicates. The results are presented
as mean * standard deviation (SD), as shown in Table 1.

2.2. SS sample preparation

SS samples with or without activation agent impregnated were
prepared for char production via the pyrolysis step. Those sludge
samples are summarized in Table 2. KOH and ZnCl, were used as
activation agents and Fe(NOs); & Mn(NOs), were used to enhance
the catalytic effects. The activation agents adopted in Table 2 and
the dosages of SS-ZnCl, and SS-KOH were following the reports
by Peng et al. [24] and Cha et al. [12], respectively.

To prepare SS-ZnCl,, the solutions of ZnCl,, Fe(NOs);, and
Mn(NOs), were blended for 2 h with the raw SS sample using an
agitator to yield a good mixture with metal incorporation.
According to the method suggested by Peng et al. [24], the
ZnCl,-to-sludge mass ratio was 1:1 on a dry basis, and the
Zn?*-to- (Fe**+Mn2*) mole ratio was 1:0.5. In SS-KOH preparation,
the KOH-to-sludge mass ratio was 1:1 based on the dry mass for
chemical activation. Then, the raw SS sample and KOH- and
ZnCly-impregnated SS samples were dried for more than 24 h in
an oven at 105 °C to obtain SS-Raw, SS-KOH, and SS-ZnCl,.

2.3. Pyrolysis of SS samples for char production

Fig. 1 shows the schematic diagram of the pyrolysis system for
the production of activated char samples. Instead of post treatment
of the char with activation agents after pyrolysis adopted in the
previous study by Cha et al. [12], here all the activation agents
are contained in the prepared SS samples before the pyrolysis step.
The experimental apparatus consisted of a pyrolysis reactor, a
combustion chamber for the pyrolysis volatile, and an online flue
gas analysis system. The pyrolysis reactor was heated up by a ser-
ies of electrical heating elements. In the pyrolysis reactor, the SS
samples were kept in an inert atmosphere provided by N, flushing,
as shown in Fig. 2.

To produce the activated char for De-NOx process, 100 g of each
prepared SS sample, including SS-Raw, SS-KOH and SS-ZnCl, was
packed into the pyrolysis reactor, respectively. Then, the pyrolysis
reactor was heated up at a rate of 25 °C min~! under N, flow of
60 ml min~!. The pyrolysis temperature was set to be 650 °C and
the retention time was 30 min.

The obtained char samples were then washed with distilled
water to remove the soluble K*, Zn?*, Fe3*, and Mn?". The washed
sampled were then dried in an oven at 110 °C for 24 h and then
sieved through a sieve (150-200 mesh). The obtained sewage
sludge char samples were hereafter referred to as SC-Raw,
SC-KOH, and SC-ZnCl,. The samples were stored in a refrigerator
until utilization.

2.4. Volatile combustion and emission analysis

To save energy, the volatile was recommended to be burnt
online to supply the energy for the pyrolysis reaction (Fig. 1). The
volatile (including oil and gas) generated from pyrolysis reactor
was injected into a combustion chamber immediately before cool-
ing (Fig. 2).

To ensure the complete combustion, the volatile was trans-
ferred into a combustion chamber (Fig. 2). In the combustion
chamber, the volatile was mixed with pure O, flow at a flow rate
to ensure an oxygen-rich combustion environment (with excess
air coefficient greater than 2). An ignition device was adopted to
ignite the volatile-0, mixture in the chamber, and the temperature
in the chamber is maintained within 700-800 °C with the aid of
the electric heating device.

The flue gas generated from the combustion chamber was
cooled down in an ice-bath, and an acidic gas such as HCl was
absorbed in the wash bottle train with water. Then, the insoluble
0,3, CO, NO, N0, NO,, SO,, and HCN were analyzed online using
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Table 1
Characteristics of sewage sludge.

Proximate analysis (dry basis)

Ultimate analysis/% (dry basis)

Al% V/% FC/wt.% Qnet/K] kg™ [C] [H] [0] [N]

273+0.6 63.6+1.2 9.1+0.2 15.65 +0.52 37.5+08 59+0.1 19.9+0.1 54+0.1
Metal content analysis/mg g~!

Al As B Ba Cr Cu Fe K Li

7.732 £0.101 1.180 + 0.0002 6.583 + 0.087 3.819+0.067 0.030 +0.022 0.927 £ 0.002 10.229 + 0.476 10.063 + 0.239 1.587 +0.234
Mg Mn Ni P Pb Se Sr \% Zn

3.653 £0.169 0.278 +0.002 0.025 +0.0002 12.214+0.577 0.0560 + 0.0007 0.030 +0.0002 0.082 + 0.004 0.006 + 0.002 2.957 £0.104

(A: ash content; V: volatile content; FC: fixed carbon)

Table 2
Nomenclatures of prepared sludge samples.

Samples Activation agents Supported metals
SS-Raw / /

SS-KOH KOH /

SS-ZnCl, ZnCl, Fe(NOs5);, Mn(NOs),

a Gasmet DX4000 (Gasmet Technologies OY, Finland) fourier trans-
form infrared spectrometer connected to the outlet of the washing
bottle train in the ice-bath and the data were recorded using a
computer.

2.5. Activity evaluation of the sludge chars

2.5.1. Characterization

The physical characteristics of the obtained sludge chars,
including the specific surface area, the total pore volume distribu-
tion, and the pore diameter, were measured via N, adsorption
using an ASAP 2020 micropore analyser (Micromeritics Co., USA)
at —196.15 °C in liquid N,. The specific surface area was calculated
according to the Brunauer-Emmett-Teller (BET method). The Bar
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|
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'

SS-Raw,
SS-KOH, and
SS-ZnCl,

¢ Supplying energy
Pyrolysis reactor [d= — — = — — —

Char Volatile
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Drying, and Sieving
3 v
SC-Raw, ‘
SC-KOH, and Combustion /= — =
SC-ZnCl, JL
De-NOx Emission
performance tests measurement

Fig. 1. Schematic diagram of producing activated char for De-NOx process.

rett-Joyner-Halenda (BJH) method was used to determine the pore
size distribution.

In the spectroscopic characterization of the obtained sludge
chars, a fixed amount of sample was thoroughly mixed with KBr
(FTIR grade, from Merck) according to the ratio 1:100 (w/w).
Subsequently, the mixture was made into pellets before analysis.
FTIR analyses were performed using an EQUINOXSS/HYPER,
Bruker Vertex 70 spectrometer (Bruker Co., Germany) in the region
of 4000-400 cm™! at a resolution of 0.5 cm™! to identify the func-
tional groups (—COOH, —OH, and —COO, C=0) formed on the char
surface.

2.5.2. De-NOx experiments

To evaluate the effect of sludge char on the De-NOx process, we
adopted a De-NOx reactor consisting of a vertical furnace with a
sludge char layer in the middle as an absorbent or catalyst
(Fig. 3). The inlet gas consisted of NO (500 ppm), O, (5-8 vol.%),
and balanced N,. Three grams of char sample was used in each test
and the char sample weight/flow rate of flue gas (W/F ratio) was
1.67 g(Lmin~!)"!, which corresponded to a space velocity inside
the reactor of 10,727 h™'. The relatively high space velocity inside
the reactor was adopted to enhance the char saturation with NO
and shorten the reaction duration. When checking the function
of the chars as an absorbent, no reducing agent was added and
the inlet and outlet NOx concentrations were analyzed to define
the difference. When evaluating the catalytic effect of these chars,
hydrazine hydrate solution was used as the reducing agent [25].
Hydrazine hydrate solution has been reported to be more active
at lower temperatures [26]. The De-NOx temperature in the reactor
was set to be 250 °C and the high temperatures above 300 °C were
avoided to prevent char oxidation as well as CO formation. The
De-NOx effects were recorded with time and the data were
reported as integral means during 10 min together with their
upper and lower deviations. The De-NOx experiments were
repeated to ensure the difference between the parallel integral
means less than 5%.

The NOx removal efficiency # was calculated as:

[NOX]in [Nox]out

n:wao% (R1)

Xlin

where [NOy],, and [NOy],,, are the inlet and outlet NOx concentra-
tions (vol.%) of the De-NOx reactor.

3. Results and discussion
3.1. Emission behaviors from volatile combustion

To ensure the complete combustion, pure O, was supplied to
the combustion zone of the volatiles to maintain an oxygen-rich
atmosphere. Oxidation products in the exhaust were CO,, SO-,
H,0 and NOx; and unburned components such as H,, CH4 or
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Fig. 3. Schematic diagram of the char testing system for De-NOx.

CH, were not detected. The results indicate the complete combus-
tion of pyrolysis volatiles in the combustion chamber [27].

3.1.1. Average emission from volatile combustion

Fig. 4 shows the pollutant emission performances of volatile
combustion when the three SS samples undergo pyrolysis.
Although the Gasmet DX4000 analyzer can measure other pollu-
tants such as C,HsCl, HNCO, and SOs, only those species shown
in Fig. 4 are detected. It can be seen that the pollutants include
CO, SO,, NO, NO,, N,0, NH3, HCN and HCl. Among them, SO,, NO,
N,O0 and HCl were the main pollutants especially when the volatile
from SS-Raw was burned. The emissions such as CO, NHs, and HCN
also appeared due to poor blending in the combustion chamber,
but their concentrations were very low.

It should be noted that the data in Fig. 4 were calibrated to mL
per gram of activated char. For the three types of SS samples, the
emission patterns of all the pollutants except SO, and HCl are sim-
ilar (Fig. 4). Under the same production of activated char, SS-Raw
released the most SO, and SS-ZnCl, released the most HCl due to
evaporation of Cl in the sludge impregnated with ZnCl,, as reported
by Chiang et al. [21]. SO, release was largely inhibited in both
SS-KOH and SS-ZnCl,. SO, emissions in SS-KOH and SS-ZnCl, were
respectively only 0% and 0.9% of that from SS-Raw, suggesting that
both KOH and ZnCl, effectively captured sulfur.

It has been reported that the species containing carbon in the
volatile from sewage sludge pyrolysis are primarily aromatic com-
pounds containing oxygen, such as phenols, alcohols, fluorines,

Il ss-Raw
- [ ]ss-KoH
125 | 77/} ss-znCl,

10.0

50

A Y

Emissions from different samples (mL/g char)

| Iy
0.0 4 4 1 i T 122 1 T LT
CO SO2 NO HCI NO2 N20 NH3 HCN NOx

Fig. 4. Emissions from the combustion of pyrolysis volatiles (in mLg™! char,
integral values with their upper and lower deviations).

aldehydes, and ketones [28,29], which are then oxidized to form
CO, in the oxygen-rich combustion chamber, as given by R2:

CiH;Ox + 05 — CO, + CO + H,0 (R2)

Some volatiles contain sulphur compounds, such as H,S, COS,
SO,, and CS,. Among these sulphur compounds, H,S represents
the main component [30]. After oxygen-rich combustion, most of
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Table 3
Physical properties of different sludge chars.

Samples BET/m? g~! Total pore volume/cm> g~! Pore size/nm
SC-Raw 93.69 £ 0.01 0.067 £ 0.001 2.85+0.10
SC-KOH 180.41 £ 0.01 0.173 £0.001 3.84+0.10
SC-ZnCl, 278.98 £0.01 0.358 +0.001 5.13+0.10

these sulphur compounds are oxidized to form SO, as given by R3,
which explains the emission of SO, for the case of SS-Raw in Fig. 4,

H,S + 0, — SO, + H,0 (R3)

Pyrolysis gases contain large amounts of nitrogen compounds
such as NHs, HCN, and HCNO [30]. However, after combustion,
these nitrogen compounds were decomposed or oxidized and little
compounds were left in the flue gas, as shown in Fig. 4. Oxidation
of these nitrogen compounds can be expressed as:

NH; + 0, — NO, + NO + H,0 (R4)
HCN + 0, — NO, + CO, + CO + H,0 (R5)
HCNO + 0, — NOy + CO, + H,0 (R6)

Fig. 4 shows that the pollutant NOx is primarily found in
SS-Raw and SS-KOH. The phenomenon can be explained by the
higher concentrations of nitrogen compounds in their volatiles.
For the same amount of each sludge sample (SS-Raw, SS-KOH,
and SS-ZnCl,), the mass of activated char obtained after washing
and drying was decreased according to the following sequence:
SS-KOH > SS-ZnCl; > SS-Raw. This indicates that a larger amount
of SS-KOH is required for producing a certain amount of activated
char, which increases the likelihood of NOx generation during
pyrolysis and volatile combustion. As a result, NOx emissions from
SS-KOH and SS-ZnCl, were 113.2% and 52.4% of that from SS-Raw.

Of course the emission characteristics of volatile combustion
are heavily dependent on the combustion parameters, such as tem-
perature [31] and oxygen blending mode [32]. However, under a
certain condition, the generation of SO, and NOx from combustion
is directly related to the contents of N and S and their compound
species in the fuel. As oxygen-rich combustion is provided here
with the same excess air coefficient at almost the same tempera-
ture, the differences in emissions maybe caused by the different
N-compounds, hydrocarbons and their concentrations in volatile,
which is the consequence of activation agent addition in SS
samples.

3.1.2. Emission behaviors from volatile combustion versus pyrolysis
temperature

Fig. 5 shows the emissions of CO,, SO,, NO/NOx, and NO,/N,O
from the three sewage sludge samples as a function of pyrolysis
temperature or time.

Fig. 5(a) shows that the content of CO, released from SS-Raw is
low below 250 °C, suggesting that hydrocarbons are not essentially
released below 250 °C. When the temperature reached 250 °C, CO,
emission began to rise sharply, reached a maximum level of 11%,
and then began to decrease after 380 °C. The CO, emission curve
shows an extensive release of hydrocarbons in the temperature
range of 250-480 °C during SS-Raw pyrolysis. For SS-KOH, the cor-
responding temperature range was shifted to 370-560 °C, and the
maximum level of CO, was lower than that of SS-Raw. For
SS-ZnCl,, the level of CO, was highly reduced and the maximum
concentration is less than 4% (v/v), indicating that the release of
hydrocarbons during the SS-ZnCl, pyrolysis process was largely
inhibited.

Fig. 5(b) shows that for SS-Raw, S-compounds are released at
pyrolysis temperatures above 250 °C, reaching its peak content at
approximately 370 °C, which is the same temperature at which

the CO, content peaks. Then, SO, gradually decreases, suggesting
that S-compounds are emitted at the same temperature to hydro-
carbons. No SO, was released due to the pyrolysis of SS-KOH and
SS-ZnCl,. Several salts, such as ZnS or K;S, might be formed during
the blending and pyrolysis processes and trapped sulphur when
KOH and ZnCl, were impregnated into the raw sludge. SO, emis-
sion behaviors shown in Fig. 5(b) suggest that KOH or ZnCl,
impregnation pyrolysis is beneficial to the prevention of SO,
release compared to char activation afterward [12].

Fig. 5(c)-(f) shows that nitrogen compounds are also released at
the same temperatures as hydrocarbons during the SS-Raw pyrol-
ysis process and that the release behaviors of NO,, including NO,
N0, and NO,, exhibit the same trend as CO,. The release behaviors
of NO, from SS-ZnCl, and KOH exhibited different features com-
pared to SS-Raw. SS-ZnCl, was associated with the earlier appear-
ance of NO,, suggesting that nitrate salts, such as Fe(NOs); and
Mn(NOs),, spiked together with ZnCl,, were decomposed below
200 °C. However, at temperatures higher than 200 °C, NOx forma-
tion was inhibited. Although spiking with KOH delayed the forma-
tion of NO and NO,, it enhanced the formation of N,O. SS-KOH
corresponded to NO emissions at higher temperatures, which
might be caused by the altered structure of N-containing com-
pounds in the sludge [33]. In addition, more N,O was emitted
because the added KOH raised the pH of the sludge and various
intermediate products, such as NH,OH and NO3-N, were released
into the volatile to form N,O [34]. However, N,O formation can
be prevented by increasing the combustion temperature during
the combustion [35]. The curves of NOX release as a function of
the pyrolysis temperature were almost equivalent to those of NO
as NO represented the major portion of NOx (Fig. 5(f)). In general,
ZnCl, impregnation resulted in a reduction in the total NOx forma-
tion due to combustion of pyrolysis volatiles, but the high HCI
emission limits its application.

3.2. De-NOx performances of the chars

3.2.1. Physical properties of the chars

Table 3 provides the specific areas and pore characteristics of
the sludge char (SC) samples. Fig. 6 shows the pore size distribu-
tion of different sewage sludge char samples calculated according
to the BJH method. The specific areas and total pore volume
increased considerably when the sewage sludge was activated by
spiking with ZnCl, and KOH. However, the specific surface area
and total pore volume of SC-KOH were lower than those of
SC-ZnCl, (Fig. 6 and Table 3). Li et al. [10] argued that the type of
activation agent directly affected the micropore structure, specific
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Fig. 6. BJH pore size distribution of different sludge chars.



H. Chen et al./Applied Energy 156 (2015) 767-775 773

——SC-Raw
- - = SC-KOH
""" SC-ZnCl
O-H cc . .
) I , l
) i : :
™ ) | R [, e ~“’,-“‘.‘
B o { | ) /_r‘ 2
.E | /l”/|\,./“ " /I
= j‘klh""‘f | 1 \‘—
| | l .
M
l | Y
I ' : :
) | : :
L . 1 : ) ) . L
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
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surface area, and total pore volume of the SC samples and found
that the specific surface area and total pore volume of the sludge
activated chars with a salt activating agent (ZnCl,) were larger than
that of chars with an acid activating agent (HsPO4 or H,SO,4) and
that chars with an alkali activating agent (KOH or NaOH) exhibited
the smallest specific surface area and total pore volume. However,
in the paper, the specific surface and total pore volume of SC-KOH
is almost two times of that of the SC-Raw.

3.2.2. FT-IR analysis

To identify the functional groups formed in SC samples, the
FT-IR spectra of the three chars were obtained (Fig. 7). The peaks
of all of the SC samples within the wavelength range of 3650-
3200 cm™! indicated O-H stretching of hydroxyl groups [13].
However, a significant alkynes C=C vibration peak [36] did not
appear at 2332 cm~ . The peaks at 1612 cm~! were prescribed to
the C=0 stretching [12], whereas the C—O stretching vibration
peak appeared within the wavelength range of 1200-1100 cm™!
[37]. The peak intensities of C—O and C=0O of three samples
were increased according to the following sequence:
SC-ZnCl; < SC-Raw < SC-KOH, indicating that oxygen functional
groups, such as (=0 and C—O, were more easily developed on
the char surface due to impregnating the sludge with KOH.

3.2.3. De-NOx performances
The De-NOx performances of the obtained sludge char were
investigated (Fig. 8). The De-NOx reducing agent used here was
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Fig. 9. NOx breakthrough curves at 250 °C.

not a conventional reducing agent such as ammonia or urea, but
a more active reducing agent, namely, hydrazine hydrate solution
for its activity at low temperatures [25]. The different SC samples
were used as either absorbents or catalysts and the De-NOx tem-
perature was controlled at 250 °C.

Fig. 8 shows the De-NOx efficiency of the flue gas under differ-
ent oxygen concentrations. The first bar row in Fig. 8(a) and (b)
shows the adsorption effect of SC samples on NOx without spray-
ing reductant, and the breakthrough curves of different sludge
chars (Fig. 9) show that SC-KOH and SC-ZnCl, have the better
De-NOx adsorption effect than SC-Raw. As the hydrazine hydrate
solution was sprayed into the reaction region, the NOx removal
efficiencies increased. As shown in Fig. 8, the middle bars indicate
the general De-NOX efficiency under the combination of adsorption
and catalysis and the right bars indicate the subtracted results of
the left and middle bars. SC-KOH exhibited a slightly larger NOx
absorption capability and a better catalytic effect among the three
sludge char samples, followed by SC-ZnCl,. Compared to SC-Raw,
both SC-KOH and SC-ZnCl, were activated as an adsorbent or a cat-
alyst. However, SC-ZnCl, exhibited a larger specific surface area
and total pore volume than SC-KOH (Table 3), suggesting a nega-
tive correlation between the specific surface area and De-NOx effi-
ciency. Ahmed et al. [38] reported that the chemical properties of
activated carbons, such as surface oxides and mineral matters,
were more important factors for De-NOx performance than the
physical properties, including specific surface area and pore struc-
ture. Therefore, it was deduced that the functional groups
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developed on the surface of SC-KOH (Fig. 7) led to a slightly higher
NO, removal efficiency compared to SC-ZnCl,. Generally compared
to SC-raw, SC-KOH exhibited a catalytic De-NOx efficiency of 56%
higher than SC-raw, but the valid life span of the sludge char
should be investigated further.

Comparing Fig. 8(a) with (b), it can be seen that the NOx
removal efficiency increases with the decrease in the oxygen con-
centration. If the oxygen level was high, the NH, concentrations
generated from hydrazine hydrate decreased, resulting in a lower
NOx removal, which could be explained according to R7-R9 [39].

NaHa(+M) — NpH; + NoH, (+M) (R7)
N,H,; + NO — N, + H;0 (R8)
N,H; + NO — N,O + NH, (Rg)

Considering the pollutants emitted from the volatile combus-
tion during the preparation of the sewage sludge chars, SC-KOH
is a feasible candidate catalyst. HCl emitted during SC-ZnCl, pro-
duction process can be an obstacle for its utilization as HCI is
highly corrosive to heat transmission surface. Compared to char
production from SS-Raw followed by activating treatment, activa-
tion agent-impregnated SS pyrolysis is recommended, and KOH
maybe a proper activation agent. The total emissions are reduced
and the post-treatment energy can be saved in this activated char
production approach.

4. Conclusions

In order to produce activated sewage sludge (SS) char for
De-NOx process and avoid extensive post-treatment of the char
through the combination with pyrolysis step, the activation
agent-impregnated SS pyrolysis was investigated to grasp the
emission characteristics of volatile combustion during the pyroly-
sis and the activation effects of ZnCl, and KOH were checked by
investigating their De-NOx performance. Experimental results
showed that the main pollutants from the volatile combustion
were SO,, NO, N0, and HCI. KOH and ZnCl, impregnation SS pyrol-
ysis is effective in inhibiting the evaporation of S-containing com-
pounds from SS, resulting in zero SO, emissions during volatile
combustion. Both SC-KOH and SC-ZnCl, are activated chars for
the De-NOx process compared to SC-Raw. SC-KOH exhibited the
best De-NOx performance, but NOx emission slightly increased
during its production. HCl emission from SS-ZnCl, pyrolysis was
the main drawback associated with SC-ZnCl, application. The
De-NOx efficiency of SC-KOH is 56% higher than that of SC-raw.
Considering the emission characteristics of volatile combustion
and De-NOx efficiency, SC-KOH is a competitive option for the pro-
duction of activated char. The study also indicated that activation
agent impregnation SS pyrolysis could be an environmentally
friendly and energy-saving approach for the production of acti-
vated char with SS.
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