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Abstract: In this study, we designed a prototype reactor, the multiple pipes reactor (MPR), for Hg(0)
capture, which can be applied in small-scale boilers. It was tested on a laboratory scale by comparing
it with a fixed-bed type, the vertical glass reactor (VGR). In total, 200 mg of CuO and CuS was applied
as sorbent materials to reduce the concentration of Hg(0) from the simulated flue gas, in both VGR
and MPR reactors. The mercury capture measurements were performed in the same laboratory
system at 125 ◦C and a flow rate of 54 L/h. The contact time between the sorbents and simulated flue
gas in the VGR was 0.035 s for both materials. In the case of the MPR, it was 0.44 s (CuO coating) and
0.63 s (CuS coating), depending on the coating area. The contact area inside the VGR was 5.31 cm2,
contrasting with the values of 13.19 cm2 (CuO coating) and 18.84 cm2 (CuS coating) in the MPRs. The
average Hg(0) capture effectiveness of CuO (granulate) and CuS (granulate) was 51% and 67% in
VGR, respectively. The MPR with CuO- and CuS-coating Teflon (PTFE) pipes promoted an average
Hg(0) capture effectiveness reaching 65 (by 268%) and 94% (by 158%), respectively.

Keywords: Hg(0); toxicant removal; prototype reactor; clean coal technology; solid fuel combustion

1. Introduction

Mercury is a toxic, volatile metal, and one of its emission sources is the combustion of
solid fuels. In past decades, many countries decided to reduce the quantity of solid fuels
used in industries and energy production. The European Union and the United Kingdom
already reduced the coal consumption in energy generation from 12.16 to 7.01 EJ (Exajoules)
between 2011 and 2021 [1]. According to the BP statistics, the total amount of fossil fuel
usage worldwide declined about 5% from 2018 to 2020 [2].

Industries, such as power and heating facilities or cement and non-iron metal produc-
tion plants, use sophisticated devices, such as active carbon injection (ACI) techniques of
different kinds, polymer sorbent composites [3], or a polymer sorbent catalyst GORE™ [4].
These are mercury-dedicated, active removal techniques. The various sorbents demonstrate
a good mercury capture effectiveness in the laboratory or industrial facilities, including
percentages of almost 100% for modified activated carbons (ACs) [5,6], 70–100% for ze-
olites [7,8], 89.5% for Fe2O3 when HCl is present in the flue gas [9], and close to 100%
mercury capture for FeS2 [10].

Further efforts are still needed to control Hg(0) emissions, not only for industrial
emissions but also from distributed, medium-sized or domestic sources. The total mer-
cury emission from anthropogenic processes and secondary sources was approximately
2220 Mg in 2015, and approximately 55.8 Mg was from domestic, residential, and trans-
portation sources [11].

The current geopolitical situation does not help to sustainably accelerate the energy
transition in all regions of the world. There are nearly 2.3 billion people who will still use
biomass until 2030 or much longer [12], and most of them live in rural regions, especially
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in developing countries [13]. The residents who live in the Sichuan Basin in China use agri-
cultural waste, such as straw and woods, as an energy source to heat up their households
in the winter season.

Zhang et al., 2017 [14], indicated that the black carbon released from low-combustion-
efficiency stoves in rural households was 640 ± 245 Gg/y in 2014. Additionally, straw
and wood contribute 42 ± 13% and 36 ± 15% of total national emissions, respectively.
Also, nearly 43% of energy sources in the EU28 in 2017 (prior to Brexit) came from the
combustion of solid biomass by household boilers and stoves. More than 50% of the
biomass combusted was used for residential heating [15]. The combustion of fossil fuels
and biomass contributes to relatively high levels of mercury emission. According to
Shen et al., 2021 [16], the mercury content in agricultural waste, such as fuelwood, straws,
and pellets, was 0.65–28.44 µg/kg, 3.02–12.05 µg/kg, and 5.22–8.10 µg/kg, respectively.
When comparing different parts of trees, the mercury content in wood was from 0.4 to
7.3 µg/kg, and was much higher in bark and leaves—from 2.7 to 65.9 µg/kg [17].

Mercury occurs in exhaust gases in three main speciation forms, Hg(0), Hg(II), and
Hgp, which is bound to fly ash. The particulate matter-bound mercury was responsi-
ble for up to 30% of mercury emissions from biomass burning [18]. In addition, a per-
son cooking in a kitchen may have a nominal inhaled dose of PM2.5 over 666 µg/m3

during the use of low-combustion-efficiency stoves for the combustion of biomass [19].
Dziok and Penkała (2020) [20] reported that household heating boilers released nearly 99%
of mercury to a stack (in power plants, even 70–85% of mercury may be bound to fly ash).
The emission was coming from the combustion of hard coal and woody biomass. It is
classified as coming from non-point (scattered) sources, and this emission is hard to track.

Hence, a prototype multiple-pipes reactor to reduce mercury and possibly other
toxicant emissions from small-scale boilers and other non-point sources was designed.

The research presented in this article concerns only laboratory tests of the new reactor.
However, already at this stage of research, we have made certain assumptions for the
new solution:

- The MPR size can be adjusted to current needs;
- Its construction is adapted, space-friendly;
- It has easy installation, recycle, and reuse capacities;
- It is easily connected to small-scale boilers or installed to attach to household chimneys;
- It can also be installed at the inlet or outlet of a ventilator in compact locations;
- It has long-lasting, accessible maintenance;
- It has a relatively low cost, etc.

The idea would be utilized to control Hg(0) and PM emissions in households in a
village or specific areas of towns. The MPRs would also be used to treat indoor toxic
pollutants. The concentration of PM2.5 in office buildings, for instance, in Beijing, can reach
100 µg/m3 [21]. But the concentration of PM2.5 in a kitchen may be in the range of 25 to
1526 µg/m3 [22]. The concentration of some volatile organic substances is also high in
an indoor environment [23] and has to be controlled and reduced. Many toxic pollutants
are usually vented out of houses through small individual ventilation equipment. Small
ventilators do not have the pollutant treatment function. Regarding untreated toxicants,
even if not poisoning people, they are released into the air and fall into water or soil with
rainfall, causing secondary pollution.

In our study, the prototype MPR was tested in the Hg(0)-rich flue gas from lignite
combustion. Hg(0) reduction measurements employed a real-time Hg(0) analysis that
gives information about Hg(0) sorption efficiency of selected sorbents. The results from
MPRs were compared with a fixed-bed reactor, which delivered reliable and reproduceable
results [8,24,25]. Different ways of copper sorbent synthesis inside the MPR’s pipes were
also presented.
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2. Methodology and Materials
2.1. Mercury Capture Reactors

The idea of the prototype multiple-pipes reactor (MPR) was based on the Bernoulli
equation, assuming steady-state flow conditions. The constant gas flow is divided into
multiple sub-streams within the MPR, which consists of two cylindrical heads connected
by PTFE pipes (Figure 1a). The one-hole side of each head is used as the gas outlet or
inlet for the main gas stream, while the five-hole side is used to split the stream into sub-
flows. In the one-pipe module MPR, unused tubes are plugged. However, the five-pipe
module MPR consists of three coated pipes and two empty pipes (three-pipe MPR), which
reduce the velocity of the sub-streams. Therefore, the velocity of gas passing through MPR
pipes is regulated by a number of sub-streams, and the flow conditions are described by
Equation (1):

A(inlet)v(inlet) = NA(sub)v(sub) = A(outlet)v(outlet) (1)

where A(inlet) and A(outlet) are the inlet and outlet cross-sectional areas at the cylindrical
heads, respectively, A(sub) is the cross-sectional areas of the pipes, v(inlet) and v(outlet) are
the inlet/outlet velocities at the cylindrical module, respectively, and v(sub) is the velocity
inside the reactor pipes, while N is the total number of PTFE pipes used in the MPR.
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Figure 1. The schemes of the prototype MPR (a) and the VGR (b), used in experiments.

Figure 1a shows the front view of a five-pipe module MPR and the top view of a
cylindrical head. The diameter of the inlet and outlet head tubes matched that of the
sub-flow tubes. The core part of the MPR module, the pipes, are made of a durable and
cost-effective PTFE material, providing a large internal surface area for sorbent deposition.
The sorbent is deposited as a thin layer without affecting the internal diameter of the pipes
or changing the velocity of sub-flows. The glass wool can be placed inside a cylindrical
module to act as a filter, removing any unexpected dust from the exhaust gas.

The vertical glass reactor (VGR) was constructed by the AGH scientists [24]. It consists
of a 3.2 cm-diameter glass cylinder and a maximum of three 2.6 cm-diameter glass vessels
(Figure 1b). The glass vessels serve as sorbent cells and are separated by O-rings. Non-
reactive chips (quartzite or barite) are placed at the bottom of the glass cylinder to hold
the first layer of O-rings and the first glass cell. The selected sorbent is placed onto a glass-
sponge sinter inside each vessel. The gas flows upstream, perpendicular to the sorbent
bed (Figure 1b). The simulated gas then passes through non-reactive chips and glass beds,
where it comes into contact with sorbent particles or the structure of a solid sorbent. During
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this process, Hg(0) is adsorbed by the sorbents through physisorption/chemisorption
processes, depending on the temperature of the process.

The experimental procedures applied in VGRs for conducting tests are the same as
those used in MPRs. VGR has conducted Hg(0) removal tests without any interferences
and provided reliable data on Hg(0) capture by sorbents in the exhaust gas [4]. Therefore,
the selected sorbents were tested by VGR, and the data were used as a reference to compare
the results from the experiments with MPRs. The MPR size was designed to adjust our
experimental set-up (Figure 2). The details of dimensions of MPRs are presented in Table 1.
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oven; C—mercury analysis system).

The selected sorbents were copper sulfide (CuS) and copper oxide (CuO), which have
proven to be effective in removing mercury from both simulated gas and wastewater.
The reference articles have shown that CuS and CuO are highly effective in capturing
mercury [26–28], as well as removing other heavy metals and organic compounds [28–30].

CuS nanoparticles showed a decomposition rate of 60–100% for various organic
compounds [31,32]. The CuO sorbents were highly effective in removing heavy metals,
with a 99% removal rate for Cr(VI), 97% for Pb(II), 80% for RY-145 dye, and 86% for BV-3
dye [29]. The assumed mechanisms of metal oxide capturing of Hg(0) from flue gas are
described by Equations (2)–(5) [28,33,34].

Hg(g) ↔ Hg(ads) (2)

MO(s) ↔ M1/2O(S) + O· (3)

Hg(ads) + O· → HgO(ads) (4)

M1/2O(S) + O· → MO(s) (5)
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Table 1. Experimental conditions for two kinds of tested reactors.

Rector’s Name VGR MPR

Total flow rate (Q) 108 L/h
(54 L/h for each gas stream-line and mercury analyzer)

Flow condition Laminar flow, perpendicular to the sorbent
bed, static or semi-fluidized conditions

Laminar flow, parallel along the
sorbent layer on a wall

Temperature of thermostatic oven during
the main part of experiment 125 ◦C

Total number of sorbent cells or PTFE
pipes in the reactor (N) 3 1 and (5)

Number of used sorbent cells or coating
pipes in the reactor (n) 1 1 and (3)

The selected sorbent CuO or CuS
(granulate)

CuO or CuS
(active layer)

Mass of sorbent 200 mg 50 mg in a 1 coated pipe
200 mg in 3 coated pipes

Radius of sorbent bed (r1) in the VGR 13 mm N/A

Inner radius of pipe (r2) in the MPR N/A 2 mm

Sorbent thickness (l1) in the VGR 1 mm
(depends on mass of sorbent) N/A

Coating sorbent length (l2)
in the MPR N/A

35 mm in CuO-coating pipes
50 mm in CuS-coating Pipes

(depends on the coating processes)

N/A: not available.

The assumed mechanisms of copper sulfide capture of Hg(0) from flue gas are de-
scribed by Equations (6)–(8) [32].

Hg(g) ↔ Hg(ads) (6)

Hg(ads) + Cu2+ → HgS + Cu (7)

Hg(ads) + S2−
2 → HgS + S2− (8)

2.2. A Mercury Capture Efficiency Analysis System

All experiments were performed under well-controlled parameters, with the exception
of the different reactor settings (Table 1).

The concentration of Hg(0) in a gas stream was detected using CV-AAS methodology.
The analysis system was redesigned from previous studies set-ups on mercury capture
chemical analysis [35,36]. To test the multiple pipe reactor and selected sorbents, the system
consisted of three main parts (Figure 2):

- The flue gas and elemental mercury supplying system (Part A);
- The laboratory-scale thermostatic system for testing materials (Part B);
- The elemental mercury analysis system (Part C).

Part A: The laboratory-scale gas generator (Section 2.3) produces a simulated flue gas
to test materials and reactors. The flue gas is cleaned of fly ash using a heated laboratory-
scale titanium filter. Elemental mercury is supplied from a 10 L Tedlar bag containing a
mixture of Hg(0) in N2. The concentration of Hg in the bag is approximately 45 µg/m3. A
peristaltic pump delivers a mixture of gases to the thermostatic tee connector behind the
titanium filter, where it is mixed with the cleaned simulated flue gas. The concentration of
Hg(0) can be precisely regulated.
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Part B: The thermostatic oven temperature is set at 125 ◦C for the entire series of
experiments to prevent moisture and mercury condensation inside the pipelines. The gas
mixture is divided into two streams, reference and sorbent lines, upon transfer into the
thermostatic oven. The MPRs are horizontally placed inside the thermostatic oven. The
sorbent line consists of a reactor with coated PTFE pipes, while the reference line consists
of a reactor with the number of non-coated pipes (Figure 2). In the multiple pipe set-ups,
always five PTFE pipes of the same size are used (Figure 1a). For instance, in the three-pipe
MPR, two pipes are empty and three are covered with a sorbent layer. The control VGRs
are vertically placed inside the thermostatic oven. The reference VGR contains the same
number of glass vessels as the one with sorbent beds.

Part C: Two gas streams pass separately through a scrubber and a mercury analyzer.
The scrubber system, WLE-8 (NIC), contains 10% KOH solution in two vessels and has a
final cooling cell. It removes acidic gases and reduces the temperature, condensing moisture
from the simulated flue gas before it reaches the EMP-2 (NIC) elemental mercury AAS
gas analyzer.

Additional equipment: The PTFE pipes with 6/4 mm outer/inner diameters are
used to connect individual elements and reactors. Teflon tubes, if outside the thermostatic
oven, must be wrapped with heating tapes to prevent flue gas condensation and mercury
adsorption. A laboratory-scale wet flue gas desulfurization (WFGD) system can be applied
on a bypass of the main gas stream just behind the heated tee connector. CaCO3 slurry is
used in the WFGD system to reduce SO2 from the simulated flue gas. The experimental
set-up has three exhaust fans connected to its sides.

The procedure for testing the MPR and VGR involves the following steps:

A. Preparation and cleaning of the experimental system and reactors at a temperature of
approximately 150 ◦C for about 1.5 h. This step removes most of the mercury residue
inside the pipelines and reactors, and ensures that the readings from the mercury
analyzers are close to or below 0.4 µg/m3 and stable;

B. Loading of Hg(0) into the system. The introduction of Hg(0) into the system takes approxi-
mately 20–30 min, during which the mercury concentration is adjusted and stabilized;

C. Activation of the fuel loader for 40–60 min to generate the simulated flue gas, which
is mixed with Hg(0); An optional procedure, (C-1), may be performed, in which the
laboratory-scale WFGD system is run for 20–30 min to remove SO2 from the simulated
flue gas. The purpose of this test is to measure the impact of SO2 on sorbents;

D. The fuel loader is turned off and only a Hg(0)/N2 mixture is loaded into the system
for 20–30 min;

E. The final observation of the system response and sorbent activity after Hg(0) is
switched off and the temperature is lowered for 30–60 min.

2.3. A Mobile Laboratory Flue Gas Generator and Gas Analysis

The system mentioned above relied heavily on a mobile self-constructed laboratory
flue gas generator. The generator, shown in Figure 3, facilitates research on the purification
of flue gases produced by the combustion of solid fuels. The compact size and flow
regulation via a detector and/or exhaust fan (usually around 1 dm3/min) are its primary
advantages. The generator burns only a small amount of coal, approximately 15 g/h of
bituminous coal, to achieve a λ of around 1.2. This aligns with the recommendations of
green analytics, as the analytical system uses 100% of the flue gases and no excess flue
gases are produced.

While the generator is running, an agitator prevents a void in the bottom of the coal
hopper. Coal can be added through the spigot on the container. The coal is then transported
by a screw to the outlet stub pipe and falls into the internal quartz tube of the combustion
chamber. The combustion chamber is designed with a nozzle located in the upper part of
the inner quartz tube to allow the air required for burning the coal to enter. The coal falls
down the chamber and it is burnt, with larger particles collected in the receiver and smaller
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ones lifted up in the outer tube. This design allows for a smaller combustion chamber
compared to typical systems.
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The optimal temperature inside the combustion chamber during the generator’s
operation is 900 ◦C, but it can be regulated. The generator can be powered by both
bituminous and lignite coal, but it is necessary to use coal with a grain size between 0.05
and 0.2 mm for proper operation. Research has shown that this flue gas generator is a
reliable and useful device.

Krzywanski et al. (2013) [37] found that an excess of O2 supply results in simulated
gas from lignite containing lower concentrations of CH4 and hydrocarbons [38], in contrast
to biomass pyrolysis gas the composition of which was statistically presented for modeling
purposes in [39].

The concentration and composition of flue gas are determined using the Testo 350
(Testo) flue gas analyzer. The experimental set-up has three exhaust fans connected to its
sides. One of their duties is to balance the total flow rate of the entire system, when the
Testo 350 system is turned on or off.

Table 2 presents the main components and concentrations of the simulated gas pro-
duced by the laboratory flue gas generator. There are two separate measurements of
flue gas emissions from bituminous and lignite coal generation. The flue gas result-
ing from bituminous coal is similar to the flue gas produced from the combustion of
a 5–15% biomass blend in power plants before the removal of SO2 and NOx (raw flue
gas). Krzywanski et al. (2013) [37] presented the flue gas composition resulting from the
combustion of blended fuel (lignite and biomass). The concentration of CO ranged from
1000 to 5000 ppm, CO2 ranged from 16.2–17.2%, NO ranged from 200–550 ppm, and SO2
ranged from 130–210 ppm (after desulphurization). As the biomass blending increased,
the concentration of SO2 and NOx decreased from almost 200 ppm to 100 ppm and from
350 ppm to 150 ppm, respectively [40].
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Table 2. Mean concentrations of the main simulated flue gas components from bituminous and lignite.

Fuel λ
O2
[%]

CO2
[%]

CO
[mg/m3]

SO2
[mg/m3]

NOx
[mg/m3]

Bituminous 1.48 6.8 13.9 101 1212 885
Bituminous 1.75 9.0 11.7 113 1002 1315

Lignite 1.57 7.6 13.1 71 1157 311
Lignite 1.69 8.6 12.1 184 1102 159

The simulated gas had a flow rate of 108 L/h, which was generated by two mercury
analyzer pumps (2 × 24 L/h) and two exhaust fans (2 × 30 L/h). The flow was then
divided into two 54 L/h streams that passed through reference and sorbent reactors. The
fuel loading during this series of experiments was approximately 21 g/h, using commercial
lignite. The gas generator temperature was set to 890 ◦C.

2.4. Synthesis of Sorbents

In our laboratory, we synthesized granulate form and CuS/CuO thin layer coatings.
We precipitated CuSO4 solution with Na2S or KOH solutions. All chemicals used were of
pure or ultrapure grades. The conductivity of the deionized water (DW) was 0.07 µS/cm.

2.4.1. Granulate Form Sorbent Synthesis for VGR Experimental Tests

The process for synthesizing CuO sorbents is described below:

(1) In total, 15.7 g of CuSO4·5H2O was dissolved in 150 mL of DW, and 11 g of KOH was
dissolved in 100 mL of DW;

(2) The CuSO4 solution was stirred at 250–300 rpm and heated to around 60 ◦C. Then, the
KOH solution was added, drop by drop, and stirred for another 2 h until the reaction
was completed;

(3) The product was filtered, rinsed with DW, and dried at room temperature;
(4) After the drying process, the synthesized sorbent was ground into small granules

(1–3 mm), heated in an oven at 110 ◦C for 90 min to remove moisture, and stored in
a desiccator.

The preparation of the CuS granulate sorbent followed these steps:

(1) In total, 15.7 g of CuSO4·5H2O was dissolved in 150 mL of DW, and 16 g of Na2S·9H2O
was dissolved in 100 mL of DW;

(2) The CuSO4 solution was stirred at 250–300 rpm and heated it up to around 60 ◦C.
Then, it was titrated with Na2S solution drop by drop and stirred for 2 h until the
reaction was completed;

(3) The product was filtered and rinsed with DW;
(4) The solid residue was dried at room temperature;
(5) The product was ground quickly to break larger particles into small granules

(1–3 mm), heated it in an oven at 110 ◦C for 90 min to remove moisture, and stored in
a desiccator.

2.4.2. Synthesis of Thin Layer Coatings Inside Pipes

Two methodologies (A and B) were used to synthesize the coating sorbents (CuS or
CuO) inside PTFE pipes. The difference between Methodologies A and B was the sulfur
source of the synthesized CuS and the type of phases in which the reaction was performed.

Methodology A produced the CuS sorbent coating using the following procedures:

(1) 15.7 g of CuSO4·5H2O was dissolved in 150 mL of DW, and 16.0 g of Na2S·9H2O was
dissolved in 100 mL of DW;

(2) Using two syringes, the CuSO4 and Na2S solutions were transferred into the selected
pipes at room temperature;

(3) CuSO4 and Na2S solutions were mixed inside each pipe several times;
(4) The prepared pipes were dried at room temperature and then rinsed gently with DW;
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(5) The prepared pipes were placed horizontally in the oven at over 110 ◦C to remove
moisture and stored in a desiccator.

To obtain the CuO coating on PTFE pipes, Na2S·9H2O was substituted with 11.0 g of
KOH, and the above procedures were repeated.

In Methodology B, CuS was used to coat the pipes by reacting CuSO4 solution with
H2S gas instead of Na2S solution using the following procedures:

(1) The PTFE pipes were immersed in a CuSO4 solution in flat glassware (e.g., Petri dish);
(2) A total of 3.0 g of FeS was placed in an Erlenmeyer flask;
(3) The Erlenmeyer flask was poured with 200 mL of 10% solution of H2SO4 to produce

H2S gas. The gas was transferred to a Tedlar bag using a peristaltic pump;
(4) H2S gas was directed into the PTFE pipes, where it reacted with CuSO4 solution;
(5) The coated pipes were removed from the Petri dish and placed them in an oven heated

to 110 ◦C to remove moisture;
(6) All the pipes were rinsed with DW, dried again at 110 ◦C, and stored in a desiccator.

The differences between A and B were the drying time and residues inside the pipe. In
Methodology A, CuS completely precipitated inside the pipes, and the coated pipes were
dried at room temperature or at a low oven temperature setting (30–50 ◦C). Otherwise,
CuS particles would blow off from the pipe surface with water vapor. During the rinsing
process, DW was gently pumped into the coated pipes to remove the residues (Na+ and
SO4

2− ions).
Methodology B led to a shorter drying time and stronger attachment of CuS to the

internal surface of the PTFE pipes. There was no risk of blowing off from the pipes at
high temperatures (over 100 ◦C). The residue (SO4

2− ions) could be efficiently removed by
fast-pumping DW into the coated pipes.

3. Results

In these experiments, we used two reactors, VGR and MPR. The redesigned Hg(0)
capture analysis system was used to test the selected sorbents and analyze their efficiency
in Hg(0) removal. Table 1 shows details on the reactors.

3.1. The Contact Area and Contact Time between the Simulated Gas and the CuO or CuS Sorbents
in VGRs and MPRs

Table 1 shows the main experimental conditions. For the VGR setting, 200 mg of either
granulated CuS or CuO was placed at the bottom of the glassy bed, covering the entire
area. The surface area of the sorbent bed, A(VGR), and the velocity of the simulated gas,
vVGR, passing through the sorbent bed can be calculated by Equations (9) and (10):

A(VGR) = πr2
1 (9)

vVGR =
Q

AVGR
(10)

where r1 is the radius of the sorbent bed, while Q is the total flow rate in either the reference
or sorbent reactor. The radius of the VGR cell r1 is 1.3 cm. In the series of experiments,
the flow rate was set at 54 L/h for both the reference and sorbent reactors (Table 1). The
surface area of the sorbent bed, A(VGR), was 5.31 cm2, and the velocity of the simulated gas
passing through the sorbent was 0.028 m/s. Therefore, the contact time between simulated
gas and the selected sorbent in VGR can be calculated by Equation (11):

t(VGR) =
πr2

1l1
Q

(11)

where l1 is the thickness of the selected sorbent layer. The thickness of the sorbent layer
is adjusted to a limited extent based on the vessel height and the amount and form of the
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selected sorbent. In this case, l1 was 1 mm for both 200 mg of CuS and CuO, resulting in a
relatively short contact time of 0.035 s.

Equation (1) relates the velocity of simulated gas, v(MPR), passing through selected
PTFE pipes to the type of MPR module. Two modules of the MPR were used in these
experiments: a one-pipe module and a five-pipe module. The internal radius of the selected
PTFE pipe was 2 mm. Therefore, the cross-sectional area, A(sub), of the selected pipe can be
calculated using Equation (12):

A(sub) = πr2
2 (12)

where r2 is the internal radius of the selected pipes. The A(sub) of the selected PTFE pipe
was 0.126 cm2. Therefore, the velocity v(MPR) inside can be calculated using Equation (13):

v(MPR) =
Q

NA(sub)
(13)

Therefore, the velocity of the simulated gas passing through the selected pipes in the
one-pipe module MPR was 1.190 m/s, while the velocity of the simulated gas passing
through each selected pipe in the five-pipe module MPR was 0.239 m/s. The contact time
between the simulated gas and the selected sorbents in the MPR can be calculated using
Equation (14):

t(MPR) =
nπr2

2l2
NQ

(14)

where n is the number of coated PTFE pipes applied in the selected MPR module, and l2 is
the length of the selected sorbent coating along the PTFE pipe. The regulation of the sorbent
coating area is limited due to the sorbent synthesis process. In the MPR experiments,
the CuS and CuO coatings were 5 cm and 3.5 cm in length, respectively. As a result,
the contact time in the one-pipe module MPR with the CuS or CuO coating was 0.04 s and
0.03 s, respectively.

The total coating area is correlated with the internal surface of the selected pipe. The
coating area, A(MPR), of the selected sorbent inside the PTFE pipe can be calculated using
Equation (15):

A(MPR) = 2πr2l2 (15)

The area coated with CuS and CuO inside the PTFE pipes was 6.28 cm2 and 4.39 cm2,
respectively. Thus, in the five-pipe module MPR with three coated pipes (three-pipe MPR),
the total contact area of CuS and CuO was 18.84 cm2 and 13.19 cm2, respectively.

The MPR construction allows for regulation of the contact time between the simulated
gas and coating sorbent by adding more coated pipes into an MPR module. The five-pipe
module MPR was used to pass the simulated flue gas, with either three CuS or CuO coated
pipes. This resulted in a t(MPR) of 0.63 s and 0.44 s, respectively. Table 3 presents details of
the contact time and contact area in VGRs and MPRs.

3.2. Laboratory Tests of the VGR and the MPR in the Simulated Flue Gas

During the tests (Stages B to D with the presence of Hg(0)), the simulated flue gas
flow rate inside the reactor was 54 L/h for 100 min. Table 4 shows the average λ and mean
concentration of the primary gas components in the simulated flue gas used for these tests.

To ensure reliable results, we tested the MPR against the VGR under the condi-
tions presented in Table 1. The regulated mercury concentration for this experiment was
30.0 ± 6.2 µg/m3. A total of 200 mg of sorbent was used both in the VGR and in the
five-pipe module MPR with three coated pipes (three-pipe MPR). Table 5 shows the Hg(0)
removal on CuO and CuS at different stages of the experiment in both the VGR and
MPRs. The effectiveness of Hg(0) capture, ηHg(0), at different stages can be calculated using
Equation (16).

ηHg(0) =
∫ t2

t1

(
CRef − CSorb

CRef
× 100%

)
dt (16)
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where t1 is the experiment start time, t2 is the end time (t2 − t1 generally represents the
time between Hg(0) loading in and removing from the system), and CRef and CSorb are the
Hg(0) concentrations in the reference and sorbent reactors at the specified time.

Table 3. The contact time and contact area in different reactors’ constructions.

Reactor Sorbent Number of Beds or
Coating Pipes Applied

Velocity of Gas Passes
through Sorbent [m/s]

Contact Area
[cm2]

Contact Time
[s]

VGR
CuO 1

0.028
5.31 0.035

CuS 1 5.31 0.035

MPR

CuO

1
(one-pipe module) 1.19 4.39 0.03

3
(five-pipe module) 0.239 13.19 0.44

CuS

1
(one-pipe module) 1.19 6.28 0.04

3
(five-pipe module) 0.239 18.84 0.63

Table 4. Mean concentrations of the main simulated flue gas components, with WFGD switched on/off.

λ
O2
[%]

CO2
[%]

CO
[mg/m3]

SO2
[mg/m3]

H2S
[mg/m3]

NOx
[mg/m3] WFGD

1.69 8.6 12.1 184 1102 43 158.6 Switched off
1.65 8.1 12.6 Below 100 25 Below DL 146.0 Switched on

Table 5. The effectiveness of Hg(0) capture [%] of specified sorbents in different reactors and at
different stages.

Sorbent Reactor Sorbent
[mg]

B Stage
[%]

C Stage
[%]

C-1 Stage
[%]

D Stage
[%]

Mean
[%]

Hg(0) Capture
Capacity
[µg/mg]

CuO
(granulate) VGR 200 62.2 59.6 48 33.6 50.85 20.3

CuO
(coating)

MPR
1

(one-pipe module)
50 13.3 24.8 45.4 13.9 24.35 23.0

3
(five-pipe module) 200 49.6 77.3 78.2 55.8 65.23 15.7

CuS
(granulate) VGR 200 74.2 85 60 47.6 66.70 30.4

CuS
(coating)

MPR
1

(one-pipe module)
50 67.4 54.9 N/A 55.83 59.38 75.9

3
(five-pipe module) 200 97.9 92 N/A 92.1 93.93 22.1

N/A: not available.

The Hg(0) capture capacity (csorbent) is the amount of Hg(0) captured by a specific
mass of sorbent in a short term experiment. This value indicates the sorbent’s performance
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and effectiveness in capturing Hg(0) during first hours of interaction with a flue gas. It can
be calculated using Equation (17):

csorbent =
Q(t2 − t1)∑

t2
t1
(CRef − CSorb)

msorbent
(17)

where msorbent is the mass of selected sorbent, and Q is the total flow rate of simulated gas
in the reactor.

In addition, there are two different Equations (18) and (19), which are used to calculate
the mass of Hg(0) passthrough rate (m(Hg(0))pass) and the mass of Hg(0) passthrough per
mass of sorbent in a specified time range ηt(m)Hg(0).

m(Hg(0))pass = Q(t2 − t1)∑t2
t1

CSorb (18)

ηt(m)Hg(0) =
Q∑t2

t1
(CRef − CSorb)

msorbent
(19)

In the VGR set-up, 200 mg of CuO or CuS granules had a mean Hg(0) capture efficiency
of 51% and 67%, respectively. The maximum Hg(0) capture efficiency was 62.2% for CuO
(B: Hg(0) loading stage) and 85% for CuS (C: Hg(0)/simulated flue gas loading stage). The
Hg(0) capture efficiency tended to decline with increasing the testing time in both CuO and
CuS granules. It is important to note that small amounts of sorbent granules were used in
the VGR were used, resulting in a thin bed.

In the one-pipe MPR set-up, the pipe covered with CuO or CuS removed an average
of 24.4% and 59.4% of Hg(0) throughout the experiments, respectively. When the MPR
set-up was changed from a one-pipe module to a five-pipes module with three coated
pipes (three-pipe MPR), the average Hg(0) removal efficiency increased to 65.23% (by 268%)
and 93.93% (by 158%), when using CuO and CuS, respectively. This indicates that the
MPR set-up promotes Hg(0) capture efficiency. The five-pipe module MPR with three
CuO or CuS coating pipes (200 mg of sorbent) captured 15.74 and 22.09 µg/mg of Hg(0),
respectively. In the VGR experiment, it was 20.27 and 30.36 µg/mg, respectively (Table 5).
The Hg(0) capture capacity depends not only on the reactor design and sorbent properties,
but also on the quantity of sorbent, experiment duration, and Hg(0) mean concentration in
each experiment. The mean concentration of Hg(0) varies between experiments.

The MPR construction provides a better gas–sorbent contact time and surface area to
capture Hg(0) compared VGR. Despite a smaller capture capacity, the five-pipe module
MPR divides the flue gas stream into five sub-streams, reducing the velocity. This is an
advantage when a simulated gas or an actual flue gas consists of a high concentration of
Hg(0), as the MPR is more efficient over a prolonged period of time.

Table 6 and Figure 4 show the rate of Hg(0) passing through [µg/g·min] and the
mass of Hg(0) passing through [µg] selected sorbents during entire experiments. In the
initial Stage C (20–40 min), Hg(0) is loaded into the reactors without breaking through the
sorbents. Subsequently, the breakthrough parameters rapidly increase in VGR and the one-
pipe module MPR with CuO or CuS sorbents between 50 and 90 min. The mass of Hg(0)
passing through the five-pipe module MPR with three CuO or CuS coated pipes increased
slowly and was more stable up to the end (80–100 min) of the experiment (Figure 4).
Initially, the mass of Hg(0) passing through the five-pipe module MPR with three CuO or
CuS coated pipes was 51.8 µg/g·min and 1.5 µg/g·min, respectively. By the end of the
experiments, it was 103 µg/g·min and 47 µg/g·min, respectively. In contrast, the amount
of Hg(0) that passed through the CuO and CuS beds in the VGR was much higher, at
377.8 µg/g·min and 305.8 µg/g·min, respectively (Table 6).
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Table 6. The mean Hg(0) passthrough rate in selected sorbents, and within each 20 min of experiments.

Sorbent (Reactor) 20–40 min
[µg/g·min]

40–60 min
[µg/g·min]

60–80 min
[µg/g·min]

80–100 min
[µg/g·min]

Mean Hg(0) Pass
through Rate

[µg/g·min]

CuO (VGR) 35.5 123 216.3 377.8 188.1

CuO (MPR)
1

(one-pipe module)
332 1096 1402 1820 1162.5

CuO (MPR)
3

(five-pipe module)
51.8 75.3 77 103 76.8

CuS (VGR) 20 73.3 70.8 305.8 117.4

CuS (MPR)
1

(one-pipe module)
115 449 811 1187 640.5

CuS (MPR)
3

(five-pipe module)
1.5 33.5 41.3 47 30.8Energies 2024, 17, x FOR PEER REVIEW 13 of 19 
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After 100 min, the amount of uncaptured Hg(0) was 3010 µg in VGR, and 4651 µg
(one-pipe MPR) or 1228 µg (three-pipe MPR) in the MPR setting with CuO sorbent. In the
VGR with the CuS sorbent, the amount of uncaptured Hg(0) was 1877 µg. In the MPR, it
was 2562 µg (one-pipe MPR) or 492 µg (three-pipe MPR) (Figure 4).

During the experiments, the Hg(0) removal was affected by the presence of SO2 in the
simulated gas when the CuO sorbent was used in both VGR and MPR. The Hg(0) capture
efficiency in MPRs increased from 24.8% to 45.4% (one-pipe MPR) and from 77.3% to 78.2%
(three-pipe MPR), respectively, when the WFGD system was activated. CuO is an excellent
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sorbent for capturing both mercury and SO2 [41,42]. These two pollutants compete with
each other to adsorb onto the surface of CuO. The presence of 2000 ppm of SO2 in the
simulated flue gas decreased the efficiency of Hg(0) removal from 90% (in the simulated
gas without SO2) to 50% [41]. This is because SO2 reacted with surface oxygen, hindering
Hg(0) oxidation [43]. Additionally, SO2 reacted with the active sites on the surface of the
CuO sorbent, forming thermally stable CuSO4, which blocked Hg(0) adsorption [42,44].
The assumed chemical reaction between SO2 and CuO was described by Equation (20) [44].

Cuo + SO2 + 1/2O2 → CuSO4 (20)
In contrast, when CuS coating pipes were applied without WFGD, the capture rate of

Hg(0) was stable from Stage B to Stage D. The efficiency of Hg(0) capture did not signifi-
cantly change and was around 90%. Similar results were obtained by other research teams,
indicating that the high concentration of SO2 in simulated flue gas did not significantly
affect CuS during Hg(0) removal [10,32].

The sorbents’ morphologies were detected using field emission-scanning electron
microscopy (FE-SEM). The SEM images (Figure 5a,b) display the CuO and CuS particles
collected from the pipes’ coating. These images show the sub-microsphere morphology
of CuO and CuS grains with visible and rich pore structures. The morphology of CuO
(Figure 5a) is similar to that of CuS (Figure 5b). The Hg(0) capture efficiencies of the CuO
sorbent were lower than those of the CuS sorbent in the experiments. This may be also
due to KOH crystals remaining on the CuO surface in a thin layer form (Figure 5a), which
blocks the sorbent and its active sites. The EDS results indicate that K atoms were deposited
onto the CuO grains (Table 7), possibly due to incomplete rinsing after CuO synthesis.
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Table 7. The SEM statistic results of CuO and CuS.

Element
CuO CuS

Atomic [%] Atomic [%]

O 55.8 21.12
Al 0.47 1.78
S 0.51 37.83
Cl 0.28 N/A
K 19.19 N/A

Cu 23.68 37.32
N/A: not available.
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3.3. Comparison of the Coating Methodologies A and B by Using MPR

Two different methodologies were used to synthesize the CuS sorbent inside the PTFE
pipes, as presented in Section 2.4.2: Methodologies A and B. A comparison experiment was
conducted between the two methodologies in a five-pipe module MPR, with one coated
pipe and two coated pipes. The total Hg(0) capture efficiency is shown in Figure 6. Initially,
the captured efficiency of the one pipe coated with CuS_Na2S (Methodology A) is stable
and higher than the pipe coated with CuS_H2S (Methodology B), but it flips after 23 min.
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coating methodologies.

On the other hand, the capture efficiency of Hg(0) in the two-CuS-coating pipe con-
figurations is similar and very high. In a continuous experiment, the total Hg(0) capture
efficiency of CuS_Na2S-coated pipes gradually decreases, as is also observed in the one-
pipe configuration. The total Hg(0) capture efficiency of CuS_H2S-coated pipes remains
unchanged in a 40-min experiment. Generally, the Hg(0) capture results are up to 17%
better in the case of CuS_H2S synthesis. However, when considering the statistics, the
results are comparable for both configurations (as shown by the statistical bars in Figure 6).
The results in the system with only one tube are less stable, possibly due to the fact that the
production of layers is not entirely repeatable. In the system with two tubes, the amount
of sorbent is sufficient to remove almost 100% of Hg(0). Method B may have resulted in a
thinner CuS coating inside the pipe compared to Method A. A thick layer of coated sorbent
can impact the velocity of sub-flows passing through PTFE pipes.
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4. Conclusions

Two types of reactors were used in these experiments: the vertical glass reactor (VGR)
and the prototype multiple pipe reactor (MPR). The VGR fixed-bed reactor is a reliable tool
for conducting reference tests. However, the Hg(0) capture efficiency of the VGR is only
moderate if the sorbent mass is not relatively high (Tables 3 and 5).

The simulated flue gas stream in MPRs can be divided into a maximum of five sub-
flows. The number of pipes chosen determines the velocity of the simulated gas passing
through each reactor pipe. The velocities of the simulated gas in the one-pipe module MPR
(1.19 m/s) and the five-pipe module MPR (0.239 m/s) were much higher than in the VGR
(0.028 m/s). However, the long coating section ensured a high Hg(0) capture efficiency
even at high velocities of flue gases. The contact time for the CuO coating in the one-pipe
module MPR was 0.03 s, while for the CuS coating it was 0.04 s. These values were similar
to the contact time of 0.035 s in the VGR when 200 mg of sorbent was used. A five-pipe
module MPR with three coating pipes (three-pipe MPR) offers a coating area three times
larger and a significantly longer contact time, which is expected to enhance the oxidation
and surficial capture of Hg(0). The sorbent cell area in the VGR was 5.31 cm2, which is
smaller than the 13.19 cm2 area of the three CuO-coated pipes and the 18.84 cm2 area of
the three CuS-coated pipes in the MPRs. Adding more coated pipes to the MPR not only
reduces the gas velocity but also increases the contact time between the coating sorbent and
simulated gas (Equations (9)–(15)). Additionally, CuO and CuS sorbents exhibit a higher
Hg(0) capture capability when used in the MPR compared to the VGR setting. This was
experimentally confirmed using 200 mg of CuO and CuS sorbent in both the VGR and the
three-pipe MPRs (Section 3.2).

The sorbent coating on the PTFE pipes is replaceable. After use, the PTFE pipes and
cylindrical modules can be cleaned with acids to remove the coating and any residual
mercury. The waste is recycled to prevent mercury contamination. The PTFE pipes can be
coated again using the same methodology.

Currently, the MPRs are made of durable, lightweight, and cost-effective PTFE. Coating
the selected sorbents onto the PTFE surface is challenging, and the coating procedures are
still being developed (Section 3.3). Other materials, such as titanium, stainless steel, or
alloy steel, may be considered for producing MPRs. The electroplating process can be used
to coat copper compounds onto the internal surface of metal tubes, followed by oxidation
or other chemical treatments of a copper-origin layer. Titanium is both lightweight and
chemically resistant, and it does not form mercury amalgams, but it is expensive.

Based on the results of our experiments (Tables 3, 5 and 6), the prototype reactor (MPR)
effectively achieved its goal of capturing Hg(0). In the next steps, the computational fluid
dynamics (CFD) software (Autodesk CFD 2024.0.1) would be used to simulate gas flow in
resized reactors under different gas velocity conditions. This information will be useful for
households or small institutions of various kinds. The diameter of a new MPR design can
be adjusted to fit the pipeline in a specific location. This is where the exhaust gas is emitted
to the atmosphere via the coated pipes.

MPRs can also be used to treat poison vapors, such as those found in paints or pigments
inside households or workshops. Toxic pollutants are often vented out of houses or
small workshops through individual ventilation equipment that does not have a pollutant
treatment function. This results in untreated toxic substances being released into the air and
falling into the water or soil with rainfall, causing secondary pollution. After prolonged
use, the PTFE pipes with coating would be collected, cleaned, and recycled by the company
that synthesizes the sorbent or sells the MPRs. As a result, their price will be reasonable.

In a further study, we will modify the prototype reactor by increasing the number of
holes on the cylindrical heads and increasing the diameter of the inlet or outlet to suit the
particular chimney. We will also consider changing the materials used to make the MPRs
and test these reactors in the respective households.
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