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ARTICLE INFO ABSTRACT

Editor: Dr. L. Angela Yu-Chen We evaluated mercury (Hg) behavior in a full-scale sewage sludge torrefaction plant with a capacity of 150 wet
tons/day, which operates under a nitrogen atmosphere at a temperature range of 250-350 °C. Thermodynamic
calculations and monitoring results show that elemental Hg (Hg®) was the dominant species in both the pyrolysis
gas during the torrefaction stage and in the flue gas from downstream air pollution control devices. A wet
scrubber (WS) effectively removed oxidized Hg from the flue gas and moved Hg to wastewater, and an elec-
trostatic precipitator (ESP) removed significant particulate-bound Hg but showed a limited capacity for overall
Hg removal. Hg bound to total suspended solids had a much higher concentration than that of dissolved Hg in
wastewater. Total suspended solid removal from wastewater is therefore recommended to reduce Hg discharge.
Existing air pollution control devices, which consist of a cyclone, WS, and ESP, are not sufficient for Hg removal
due to the poor Hg® removal performance of the WS and ESP; a further Hg® removal unit is necessary. A com-
mercial packed tower with sorbent polymer catalyst composite material was effective in removing Hg (83.3%)
during sludge torrefaction.

Keywords:

Mercury adsorption

Sorbent polymer catalyst composite material
GORE Mercury Control System
Thermodynamic calculation

Speciation mercury continuous emission
monitoring

Sludge torrefaction, an emerging thermal treatment method, is often
described as a mild form of pyrolysis (Tumuluru et al., 2011). In this

1. Introduction

Sewage sludge is a biomass product generated in the wastewater
treatment process. Sludge accumulates nutrients (Mayer et al., 2016;
Zhao et al., 2018), heavy metals (Mulchandani and Westerhoff, 2016;
Santos and Judd, 2010; Westerhoff et al., 2015), and energy potential
(Peccia and Westerhoff, 2015). Typical methods for sludge treatment
include anaerobic digestion (Cao and Pawtowski, 2012; Song et al.,
2004; Stasinakis, 2012) and thermal processes (Zhang et al., 2017) such
as incineration (Cheng et al., 2020), torrefaction (Atienza-Martinez
et al., 2015, 2013), carbonization (Tasca et al., 2019; Van Wesenbeeck
et al., 2014; Xu et al., 2020; Zheng et al., 2019), and pyrolysis (Li and
Feng, 2018; Raheem et al., 2018). Thermal treatment, especially incin-
eration, is widely used in Japan due to its advantage of volume reduction
(Takaoka et al., 2012).

process, sludge is heated in an inert (such as nitrogen) and reduced at-
mosphere at temperatures of 200-300 °C, lower than the temperature of
conventional carbonization (Basu, 2013; Prins et al., 2006). Torrefaction
can convert sludge into a carbon-containing product useable as biofuel
(Park and Jang, 2011a, 2011b), which is considered a storable energy
carrier (Axelsson et al., 2012; Titirici et al., 2007; Zhang et al., 2017).
With the characteristics of brown coal, the biofuel can be co-fired with
fossil coal to generate electricity in power plants (Park and Jang, 2011a,
2011b). Moreover, as the 2 °C warming target and low carbon footprint
require the utilization of biofuels, torrefaction may gain further popu-
larity as a sludge treatment. In Japan, fuel production from sludge has
been increasing, with 8% of the total sludge converted into fuel in Japan
at 20 plants (including 7 low-temperature torrefaction plants) in

Abbreviations: APCDs, air pollution control devices; WSD, wet scrubber for drying; ESP, electrostatic precipitator; GMCS, GORE Mercury Control System; Hgo,
elemental mercury; Hg?*, oxidized mercury; HgP, particulate-bounded mercury; Hg-CEM, speciation mercury continuous emission monitors; SPC, sorbents polymer
catalyst; THg, total mercury; TP, torrefaction plant; TSS, total suspended solids; WS, wet scrubber.
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operation in 2019 MLIT (Ministry of Land, Infrastructure, Transport and
Tourism).

During sludge torrefaction, heavy metals in the sludge may be
distributed among the biofuel, flue gas, and wastewater generated at the
air pollution control devices (APCDs). Tomasi Morgano et al. (2018)
reported that metals and other minerals were completely retained in the
char from sludge pyrolysis at 350-500 °C, with the exception of mercury
(Hg). As a toxic pollutant, Hg is harmful to humans after intake via fish
consumption or inhalation (Holmes et al., 2009; Zhang and Wong,
2007). In 2017, the Minamata Convention on Hg came into force, which
is expected to lead to reductions in the emission and release of Hg.
Coal-fired power plants are considered the most significant anthropo-
genic sources of Hg emissions in most countries (Friedli et al., 2004;
Pacyna et al., 2010; Srivastava et al., 2006; Yang et al., 2007). Municipal
solid waste and sludge incineration are also essential sources of
anthropogenic Hg emissions (Takaoka et al., 2012, 2002), and Hg
released from municipal sewage may be a major source of the total
anthropogenic Hg released into aquatic environments in China (Liu
et al., 2018). As is the case with incineration, the increase of sludge
torrefaction use in Japan may be an emerging source for Hg emissions
into the atmosphere. In Japan, total Hg (THg) emission from the stacks
of existing and newly constructed waste and sludge thermal treatment
plants has been limited to 50 and 30 pg/Nm?, respectively, since 1 April
2018 (Takiguchi and Tamura, 2018).

To date, Hg behavior in sludge torrefaction has been poorly inves-
tigated, and existing research is limited to lab-scale tests (Atienza--
Martinez et al., 2015, 2013). While the speciation of Hg, which includes
oxidized Hg (Hg?"), particulate-bound Hg (HgP), and elemental Hg
(Hgo) (Galbreath and Zygarlicke, 2000), affects the removal of Hg by
APCDs, almost no research has investigated the species of Hg associated
with sludge torrefaction. Although temperature has a significant influ-
ence on the speciation of Hg in flue gas (Reed et al., 2001), there are few
reports on the evolution of the dominant Hg species removed by APCDs
due to the temperature change in sludge torrefaction. Moreover, the
evolutionary mechanism of the dominant Hg species, which can be
explained by thermodynamic calculations, has not been fully described.

Therefore, the purposes of this study are to provide a comprehensive
investigation of Hg behavior in a full-scale sludge torrefaction plant,
including the concentration of Hg and evolution of Hg species in sludge,
biofuel, flue gas, and wastewater, and to compile a complete mass bal-
ance throughout the torrefaction process. We conducted thermody-
namic calculations to elucidate the dominant Hg species present during
sludge torrefaction. In addition, we tested and evaluated the adsorptive
removal performance of Hg® using a commercial sorbent polymer
catalyst (SPC) composite material in the torrefaction plant, which has
also been tested for Hg removal in Poland and Germany and used in the
US due to its advantages of high capacity and operation in wet gas
streams (Ebert, 2013; Sloss, 2017).

2. Materials and methods
2.1. Torrefaction plant

A full-scale torrefaction plant (TP) in eastern Japan was selected for
this study. It has a capacity of 150 wet tons/day (water content, 80.4%)
for sludge treatment. Prior to torrefaction, the sludge was pre-dried at
100 °C, producing steam by heating of treated wastewater with waste
heat from the secondary combustion furnace, and then granulated. The
flue gas generated at the sludge dryer was treated at the wet scrubber for
drying (WSD) and combusted at the secondary combustion furnace.
Then, the pre-dried granular sludge was baked under a nitrogen atmo-
sphere to a temperature range of 250-350 °C to produce biofuel in the
torrefaction furnace. During torrefaction, pyrolysis gas was generated.
The pyrolysis gas is a mixture of HyO (60%), CsHi2 (20%), CO2 (12%),
N (5%), CO (2%), and other components. The pyrolysis gas was com-
busted in a secondary combustion furnace connected to the TP at
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900-960 °C. Thereafter, flue gas generated from the secondary com-
bustion furnace was treated with APCDs, which originally included a
cyclone, wet scrubber (WS), and wet electrostatic precipitator (ESP)
(Fig. 1).

2.2. Hg adsorption by a packed tower with sorbent polymer catalyst
composite material

To reduce Hg emission from the stack, we used a packed tower with
SPC composite material downstream of the existing APCDs at the TP.
The SPC composite material (W. L. Gore & Associates, Inc.) was used in
the tower to test the adsorptive removal of Hg at TP. The SPC used for Hg
removal has recently been adopted in coal-fired plants and sewage
sludge incinerators in the US as the GORE Mercury Control System
(GMCS). This system typically comprises a tower containing several
layers, and an eight-layer tower was used in this study. The GMCS treats
flue gas with a Hg concentration as high as 250 pg/Nm® and can
decrease the Hg concentration to as low as 1 ug/Nm® by increasing the
number of layers. The fixed sorbent can capture Hg® and gas-phase Hg?*
from industrial flue gas. Schematics of the adsorption units used for the
polymer tower at the TP are shown in Fig. 1. The adsorption test was
conducted from August 15, 2017, to December 18, 2017. Data were
collected on 105 days during this period. Data were not available for
several days during that period due to failure of the monitoring devices.

2.3. The sampling process

Batch sampling was conducted at the TP to obtain solid and water
samples (Fig. 1). For flue gas, the Ontario Hydro Method was used for
sampling. In this method, a sample is withdrawn from the flue gas
stream isokinetically through a probe and filter system, maintained at
120 °C or the flue gas temperature (whichever is greater), and then
subjected to a series of impingers in an ice bath. Particle-bound Hg is
collected on a quartz fiber filter. Hg>" is collected in the impingers,
which contain chilled 1.0 mol/L KCI solution. Hg® was collected in
subsequent impingers (one impinger containing chilled 5% HNO3 and
10% H305 solution and three impingers containing chilled 10% H3SO4
and 4% KMnO,4 solution) (ASTM D6784-02, 2002). In addition to
manual sampling and measurement of the flue gas, continuous emission
monitors for Hg speciation (Hg-CEM, Nippon Instruments Co., Ltd.,
Tokyo, Japan) were employed before and after the polymer tower at the
TP to monitor Hg behavior during the adsorption test, as shown in Fig. 1.

2.4. Analytical methods

2.4.1. Analysis of solid and liquid samples

Solid and liquid samples were measured by the heat-vaporization
method using the MA-2000 analyzer (Nippon Instruments Co., Ltd.,
Japan) soon after sampling. Hg was collected as a gold amalgam and
detected using cold-vapor atomic absorption spectrometry (Lothgren
et al., 2007). The detection limit of the analyzer was 0.002 ng.

2.4.2. Manual gaseous Hg measurement

For flue gas, after sampling in a solution with the impinger, the Hg
concentration was measured using a reducing-vaporization Hg analyzer
(RA-4300; Nippon Instruments Co. Ltd., Japan). Stannous chloride was
used as a reducing agent, and bubbling with stannous chloride trans-
formed the Hg ions into Hg vapor, which was directed onto an absorp-
tion cell. All Hg concentrations in the flue gas were corrected for 12%
oxygen concentration.

2.4.3. Hg continuous emission monitor

The Hg-CEM was developed by Nippon Instruments and the Central
Research Institute of the Electric Power Industry in Japan. One unit of
the Hg-CEM consists of the MS-1A pre-treater and DM-6B detector
(Nippon Instruments) (Takaoka et al., 2012), which can measure both
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Fig. 1. Schematics of sample collection from TP. Solid samples, including dewatered sludge, dried sludge, and generated biofuel, were collected. For water samples,
wastewater from the WSD at the drying unit and wastewater from WS at the APCDs were collected separately, while total wastewater was a mixture of all
wastewaters from WSD, WS, and ESP. The green arrow shows the flow of steam. The black, blue, and orange arrows (dots) show the mass flows (sampling points) of
solids, water, and flue gas, respectively. Hg-CEM: mercury continuous emission monitor. The numbers aside from the arrows show the average hourly mass flow of
Hg in TP (Unit: g/h). The figure in the box shows the adsorption unit for the polymer tower at TP. Flue gas flows from the bottom to the top of the polymer tower.

Hg® and Hg?*, was set before the polymer tower. The other unit of the
Hg-CEM consists of WLE and EMP-2, also developed by Nippon In-
struments. The detection limit of this device is 0.1 pg/Nm® (Takaoka
et al., 2018). This set can only measure the THg in the flue gas and was
set after the polymer tower.

2.5. Thermodynamic calculation

We calculated thermodynamic equilibrium in the TP using FactSage
software (version 6.1) to simulate the species of Hg (Cheng et al., 2020).
The species composition of Hg was calculated over temperature ranges
of 240-420 °C and 100-1000 °C for the torrefaction furnace and sec-
ondary combustion furnace, respectively. Experimental data (Table 1)
on the composition of the feed sludge and operating conditions were
used as the input data for FactSage software. Although Cl is not a major
element in sludge, it was used in the thermodynamic calculations due to
its significant influence on the speciation of Hg (Edwards et al., 2001;
Kellie et al., 2005; Lei et al., 2007; Preciado et al., 2014; Zhang et al.,
2012). The input data for the torrefaction and secondary combustion
furnaces at the TP are summarized in Tables A.1 and A.2.

2.6. Quality assurance

For the Hg-CEM, we checked the sensitivity of the monitor using a
standard Hg generation device (MGS-1; Nippon Instruments Co. Ltd.,
Japan) both before and after the sampling campaign. During the sam-
pling process, the sensitivity of the monitors was stable, and the Hg-CEM
calibrated its baselines automatically with the zero gas (clean air
without mercury) every 58 min.

For liquid samples, blank samples (ultrapure water) were prepared
together with test samples to confirm the samples were not contami-
nated at the sampling and storage stages. The recovery rate of Hg for the
measurement was also confirmed by adding a known concentration of
Hg to the absorbent solution. During the measurement of both solid and
liquid samples, correlation factors no less than 0.9999 were assured for
the calibration curves.

3. Results and discussion

3.1. Concentrations and species evolution of Hg in sludge, biofuel, flue
gas, and wastewater and the influence of temperature

To comprehensively evaluate Hg behavior during sludge
Table 1
Concentration and speciation of Hg in sludge, biofuel, water, and flue gas in TP.
Solid Treated Wastewater Flue gas
Dewatered sludge Dried sludge Biofuel water from WSD from WS Total Inlet of WS Outlet of WS Stack
Flow rate tons/day m>/day Nm®/h (dry)
152.2 37.3 20.5 1654 147 2195 5400 5300 5700
TS/TSS % mg/L
18.2 74.2 95.1 2.0 5.1 70 250
cug (overall) mg/kg-dry solid mg/L pg/Nm?®
1.2 1.3 0.05 < 0.0005 < 0.0005 0.089 0.0091 108 93.7 98.17
Chg in TSS mg/kg
1.8 0.95 520 15
pg/Nm®
Chigo gaseous 79 88 97
CHg2 gaseous 29 2.3 0.88
cug particulate <0.1 3.4 0.29

TS: Total solids content; TSS: Total suspended solids; WSD: Wet scrubber for drying; WS: wet scrubber.
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torrefaction, we sampled and analyzed the concentrations and specia-
tion of Hg in each stream at TP including sludge, biofuel, pyrolysis gas,
flue gas, and wastewater from APCDs.

3.1.1. Sludge

During the sludge drying stage (Fig. 1), the concentration of Hg in
dewatered sludge was 1.2 mg/kg-dry (Table 1), consistent with the Hg
concentration in sludge from the study area of 1.3 + 0.5 mg/kg-dry.
This Hg concentration is comparable with previous research conducted
in Japan, which reported concentrations of 1.24-1.29 mg/kg-dry
(Takaoka et al., 2012). After drying, the Hg concentration barely
changed in the dried sludge, reaching 1.3 mg/kg-dry. Thus, the moisture
lost in the drying process removed negligible Hg. As a result, the
wastewater from the WSD has a very low Hg concentration of less than
0.0005 mg/L. This result is consistent with our previous study on
sewage sludge drying in an incineration plant (Cheng et al., 2020). The
Hg species present in sludge may be the reason for the stability of the Hg
distribution throughout the drying process. When Hg occurs as Hg® in
dewatered sludge, it tends to escape into the gas phase during the drying
process, resulting in a decrease in the Hg concentration in the dried
sludge. As the Hg concentration in the dried sludge did not decrease, the
Hg species in the dewatered sludge is most likely Hg?*, which is more
stable at high temperatures (Cheng et al., 2019; Janowska et al., 2017).

3.1.2. Biofuel

In the torrefaction furnace, on the other hand, biofuel showed a Hg
concentration of 0.05 mg/kg-dry (Table 1), which was much lower than
levels in the dewatered and dried sludge. The low Hg concentration in
biofuel indicates a shift in Hg between the solid and gas phases during
torrefaction under a nitrogen atmosphere. Thermodynamic calculation

a Torrefaction furnace
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c
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o
&
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g 40 Hg species
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- HgCl2(g)
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Fig. 2. Thermodynamic calculation results for the species of Hg in (a) torre-
faction furnace (250-350°C) and (b) secondary combustion furnace
(100-1000 °C). All Hg species exist in the gas phase (g).
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results (Fig. 2(a)) showed that all Hg species present occur in the gas
phase. The low torrefaction temperature of 250-350 °C under a nitrogen
atmosphere enables Hg® to be the dominant Hg species (almost 100%),
indicating that the torrefaction process reduced Hg?" in the dried and
granulated sludge into Hg® in the gas phase. Thus, the torrefaction
furnace converted dried and granulated sludge into biofuel while
transferring Hg into pyrolysis gas in the form of Hg®.

3.1.3. Pyrolysis gas and flue gas

In the pyrolysis gas from the torrefaction furnace, Hg® is the domi-
nant Hg species according to our thermodynamic calculations (Fig. 2(a))
due to the inert and reduced atmosphere. The pyrolysis gas was incin-
erated in the secondary combustion furnace with auxiliary fuels
including sludge digestion gas, natural gas, purge gas from the sludge
drier, and combustion air at 900-960 °C (Table A.2). In flue gas
generated in the secondary combustion furnace at temperatures higher
than 500 °C, Hg® was the dominant Hg species (Fig. 2(b)). This finding is
in accordance with our previous research on sewage sludge mono-
incinerators (Cheng et al., 2020).

Waste heat in the flue gas from the secondary combustion furnace
was utilized in the boiler to produce steam for the sludge drier. Then, the
flue gas was treated with APCDs (Fig. 1), and its temperature decreased
from ~900 °C to 64 °C during this process prior to emission from the
stack. This decrease in temperature may cause a shift in the dominant Hg
species from Hg® to Hg2", possibly in the form of HgCl,, given sufficient
Cl existed as the oxidant (Tables A.1 and A.3), as estimated from ther-
modynamic calculations (Fig. 2(b)). Thus, at the inlet of the WS
(~200 °Q), Hg0 accounted for 73% (79 pg/Nm3) of the THg concen-
tration (108 pg/Nm?®), and Hg?" increased to account for 27% (29 pg/
Nm?) (Table 1). Not all Hgo became Hg2+, as the retention time of flue
gas in the APCDs might be shorter than the chemical reaction time
needed for the evolution of Hg species. The WS effectively lowered the
Hg?* level from 29 pg/Nm® at the inlet to 2.3 pg/Nm? at the outlet due
to the high solubility of Hg?" (US EPA, 2001; Chalkidis et al., 2020). At
the outlet of the WS, the Hg® concentration increased slightly (Table 1).
The increase in Hg? at the WS may be caused by re-emission due to the
reduction of Hg2+ by aqueous S(IV) (sulfite and/or bisulfite) or halides
ligands (Cl and ClO") in the WS (Cheng et al., 2013; Omine et al., 2012;
Hsu et al., 2021), which also occurs in the WS of sewage sludge in-
cinerators (Cheng et al., 2020).

With Hg?" accounting for a very small fraction (0.4-6.1 pg/Nm®,
1-3%) of the flue gas after WS, Hg® was dominant and fluctuated
significantly from 35.4 to 198 pg/Nm?® (Fig. 3(a)). By correlating the Hg
concentration in the flue gas with the temperature of the torrefaction
furnace, we found that the Hg® concentration in the flue gas increased at
temperatures of 250-350 °C (Fig. 3(b)). Hg fractionation did not change
with temperature, although the concentrations of both emitted Hg® and
Hg?" increased (p < 0.005). This pattern is similar to that reported
previously in the woody biomass torrefaction process (Dziok, 2020), in
which the amount of Hg removed from biomass increased with tem-
perature, and the greatest increase in Hg removal was achieved in the
temperature range of 250-300 °C.

At the stack, the THg concentration was almost the same as that at
the outlet of the WS, and Hg® was the dominant species. Thus, the ESP
barely oxidized or removed Hgo, despite the low temperature (64 °C) at
the ESP that enables a higher Hg removal rate. This result differs from
previous findings in coal-fired power plants and municipal solid waste
incinerators, in which the ESP removed 20-50% of Hg (Meij and te
Winkel, 2006; Takahashi et al., 2010), and small amounts of HgO were
oxidized to Hg?t (Wang et al., 2010). The poor Hg removal performance
of this ESP may be caused by varying levels of fractionation of Hg species
in the flue gas at the TP; Hg® was the dominant species present, but the
ESP removes mainly Hg?* and HgP (Wang et al., 2008).

In the coal-fired boiler, the Hg in flue gas exists mainly in the forms of
Hg® and Hg?, and the proportion of HgP ranged from 0% to 45.13%
(Wang et al., 2009). On the other hand, the proportion of Hg? in the flue
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Fig. 3. Relationship between Hg concentrations in flue gas and the temperature
at the middle of the furnace: (a) concentrations of Hg® and Hg?* in the flue gas
from the secondary combustion furnace, and (b) dependence of Hgo concen-
trations on temperatures.

gas was 3.6% before it was treated at the ESP. The lower HgP proportion
might be related to the absence (or a lower concentration in practice) of
the fly ash, as no combustion components in the solid phase were
generated according to thermodynamic calculation results. The sec-
ondary combustion furnace in this study only incinerated the pyrolysis
gas and auxiliary fuels (Table A.2) rather than sewage sludge or coals.
Thus, fine particles and unburned carbon, which often occur in fly ash
and are reported to enhance the Hg capture, especially the Hg removal at
the ESP (Gale et al., 2008; Swierczok et al., 2020), were barely formed.
As a result, the concentration of THg emitted from the stack was
98.17 pg/Nm®, which is higher than the regulatory standard for existing
waste treatment plants in Japan of 50 pg/Nm?®. This concentration was
also higher than the Hg concentrations monitored in the flue gas of
sludge mono-incinerators in our previous research because a large
amount of air was utilized during incineration, generating a larger
amount of flue gas and diluting the concentration of Hg (Cheng et al.,
2020).

3.1.4. Wastewater

The overall Hg concentration in treated water, which was partially
recycled to generate steam for the sludge drier, was less than
0.0005 mg/L, which was similar to the level in wastewater from the
WSD (Table 1). Thus, the drying process did not change the Hg distri-
bution, as explained above. However, in the wastewater from the WS,
THg was elevated to 0.089 mg/L (Table 1). This increase in the Hg
concentration in the WS is considered to be associated with Hg specia-
tion (Fig. 2(b)), as HgZJr is absorbed more readily in water, while Hg0
escapes in the flue gas (Yang et al., 2007). The total suspended solids
(TSS) in the treated water also had a higher Hg concentration
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(0.95 mg/kg) than that in the bulk treated water. After treatment in the
WS, the Hg concentration was more than 500 fold (520 mg/kg) greater
in the TSS in wastewater than in treated water. Thus, removal of TSS
before reuse or discharge of the treated wastewater can efficiently
control Hg accumulation within or emission from sewage sludge torre-
faction plants. The total wastewater was a mixture of wastewater from
the WSD, WS, and ESP. As the ESP removes fine particles (Wang et al.,
2010) and is cleaned with water, it increases TSS levels while lowering
the Hg concentration in TSS via dilution.

In conclusion, during sludge torrefaction, the dominant Hg species
evolved from Hg?" to Hg’. Hg?* was dominant in the sludge and
remained in the dried sludge. During the torrefaction stage, Hg?" was
reduced to Hg® under an inert atmosphere of N, and was entrained in the
pyrolysis gas. Thus, torrefaction was able to separate Hg from the
sludge. After the secondary combustion stage, Hg® remained the domi-
nant species in the APCDs; Hg?", on the other hand, was generally
removed from the flue gas and discharged into wastewater, especially in
the form of TSS. As wastewater from the TP is recycled in the wastewater
treatment process during the earlier sludge treatment stage, Hg bound to
TSS will be condensed in the sludge again and will continue circulating
throughout the whole wastewater and sludge treatment process.
Therefore, TSS removal from the wastewater prior to discharge can
effectively reduce the Hg load release into the environment.

3.2. Hg mass balance in the torrefaction furnace

The hourly flow of Hg in the TP is shown in Fig. 1. A total of 1.4 g Hg
from the sewage sludge was fed to the furnace. During the drying pro-
cess, less than 0.03 g/h Hg was discharged into the wastewater. Thus,
after drying, no decrease in the Hg concentration occurred in the dried
sludge. Instead, the level of Hg was higher in dried sludge (1.5 g/h) than
in dewatered sludge (1.4 g/h), which might be due to inhomogeneity of
the sludge or discrepancies in sampling and measurement (Tomasi
Morgano et al., 2018). In general, the drying process at 100 °C did not
affect the behavior of Hg, in accordance with our previous research on
sludge drying (110-130 °C) in a step grate stoker (Cheng et al., 2020).

After torrefaction, 0.04 g/h Hg remained in the generated biofuel,
which is only 3% of the THg input from the dewatered sludge. A similar
result was reported from woody biomass torrefaction at 200-350 °C
(Dziok, 2020) and in the sewage sludge pyrolysis process, in which very
little Hg was recovered in the char derived from sludge pyrolysis at
350-500 °C under a nitrogen atmosphere (Tomasi Morgano et al.,
2018). The low boiling point of Hg favors its early release (US EPA,
2005) and may enable the low recovery of Hg in biofuel (char) (Tomasi
Morgano et al., 2018; Yoshida and Antal, 2009).

The remaining Hg was entrained in the flue gas and treated in the
APCDs. After treatment in the cyclone, 0.6 g/h Hg was detected at the
inlet of the WS, and Hg® accounted for 67% of this Hg. Then, from the
WS, ESP, and stack, the amount of Hg in the flue gas was nearly constant,
and Hg was scarcely removed by these units.

Low Hg removal at the WS was related mainly to the dominant Hg
species present, as Hg® occurred in the flue gas and was re-emitted at the
WS (Cheng et al., 2020). During torrefaction, sulfur (S) in the sludge is
partially distributed in the gas phase in the form of H,S (Liu et al., 2015;
Saleh et al., 2014; Tomasi Morgano et al., 2018). HsS is incinerated and
oxidized into SOy (mainly SO and SOs3) in the secondary combustion
furnace and then absorbed into slurry at the WS in the form of sulfite or
bisulfite. Thereafter, Hg?" absorbed by the liquid (slurry) at the WS
could be reduced to Hg® by aqueous S(IV) and re-emitted (Chang, 2003;
Chang and Zhao, 2008; Omine et al., 2012). Although a comparable
amount of Hg was found at the outlet of WS, 0.5 g/h Hg was also dis-
charged into the wastewater from the WS, and the mass balance
increased at the output of the WS. This discrepancy may be caused by
re-emission of Hg from wastewater (slurry) at the WS (Diaz-Somoano
et al.,, 2007); on the other hand, the fluctuation in temperature
(250-350 °C) in the torrefaction furnace may induce significant
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fluctuations in the Hg concentration (35.4-198 pg/Nm®) and poor bal-
ance in Hg mass flow, as described in Section 3.1.3. As the ESP removed
negligible Hg at TP, the mass balance also increased after the ESP.

Overall, at the TP, the total wastewater from the WSD, WS, and ESP
contained 57% of the THg, which is slightly less than the amount
removed by sewage sludge incinerators (51-83%) in our previous study
in Japan (Cheng et al., 2020). In wastewater, 36% of the THg was dis-
solved in wastewater, and 21% was bound to TSS. A slightly higher
fraction of Hg (43%) was emitted from the stack of the TP than from
sludge incinerators (6-33%). However, this difference was not signifi-
cant. Hg® was the dominant species of Hg in the flue gas, accounting for
98% of the total, whereas the Hg2+ (1.6%) and HgP (0.3%) fractions
were almost negligible. The biofuel generated at the TP retained only
3% of the Hg in the original sludge.

After the torrefaction process, little Hg remained in the solid phase
used as biofuel. In the gas phases of both the torrefaction furnace and
secondary combustion furnace, Hg® was the dominant species of Hg. At
the APCDs, with decreasing temperature, Hg® partially evolved into
Hg?", which was then removed from the WS in wastewater. The ESP
removed HgP but showed poor performance in terms of overall Hg
removal. Hg® remained the dominant species of Hg emitted from the
stack. Thus, the existing APCDs at the TP, including a cyclone, WS, and
ESP, are insufficient for Hg removal.

3.3. Adsorptive removal of Hg by a polymer tower in the sewage sludge
torrefaction furnace

Adsorbents are reportedly effective for Hg® removal from flue gas.
The SPC composite material can adsorb Hg0 (Abraham et al., 2018;
Hasell et al., 2016) due to its structural diversity, tunable pore size, high
surface area, chemical stability (Aguila et al., 2017), and resistance to
moisture or dust. As Hg® is dominant in flue gas from the secondary
combustion furnace at TP, with the possible presence of moisture and
dust, we used GMCS, a type of SPC, to remove Hg from the flue gas.

Fig. 4(a) shows the Hg adsorptive removal performance of the GMCS.
At the inlet of the GMCS, the Hg concentration was unstable, which may
be due to temperature instability (Section 3.1.3 and Fig. 3). The average
THg concentration at the inlet to the polymer tower was 67.5 pg/Nm?®.
In the first layer of the polymer, the THg concentration decreased to
approximately 30 ug/Nm?>, with further decreases to 23.3 pg/Nm? and
11.2 pg/Nm® in the second and third layers, respectively. Relative to the
Hg concentration at the inlet, the average Hg removal performance after
the first, second, and third layers was 55.5%, 65.5%, and 83.3%,
respectively. The Hg removal rate of each layer was stable in our spot
adsorption test and showed no breakthrough, even for the first layer
(Fig. 4(b)). When we plot the Hg removal rate versus the Hg concen-
tration into each layer, which was 5-10%, we found that the Hg removal
rate at every single layer is relatively stable, with a median Hg removal
rate of 55.2% (Fig. 5). This was the case despite the lowest layer of Hg
removal (layer 2) being at a rate of 5-10%. Thus, a theoretically 91%
removal rate after 3 layers and 96% after 4 layers can be achieved based
on the field study we conducted.

According to the Japanese emission standard (Takiguchi and
Tamura, 2018), the Hg concentration in flue gas should be lower than
50 pg/Nm® for existing plants and 30 pg/Nm?® for newly constructed
plants. Therefore, although the GMCS we used has eight layers, the first
layer removed sufficient Hg to meet the emission standard, resulting in
an average Hg concentration of ~30 pg/Nm®. For newly constructed
plants, two layers would be sufficient to decrease the Hg concentration
to less than 30 pg/Nm®. In conclusion, the GMCS with eight layers
exhibited both high Hg removal efficiency and a long lifetime in this
study, and a GMCS with fewer layers is an alternative that would be
effective at lower cost.
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4. Conclusions

We comprehensively evaluated Hg behavior during sewage sludge
torrefaction at a full-scale plant operating in Japan. Our results showed
that Hg® was the dominant species in both the pyrolysis gas at the tor-
refaction stage and in the flue gas from the subsequent APCDs. The WS
effectively removed Hg?* from the flue gas, and the concentration of Hg
bound to TSS was much higher than that of dissolved Hg in wastewater
from the WS. TSS removal from wastewater is therefore recommended
for reducing Hg emissions from the wastewater treatment process. The
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ESP significantly removed HgP but contributed little to overall Hg
removal due to the low proportion of HgP? among Hg species in the flue
gas. The existing APCDs at TP, which consist of a cyclone, WS, and ESP,
are insufficient for Hg removal due to the poor Hg® removal perfor-
mance of the WS and ESP. A commercial SPC composite material, GMCS,
was effective in removing Hg after sludge torrefaction. Further research
should be conducted on Hg® removal from the sludge torrefaction
process.
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