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Recently, large amounts of particulate matter (PM) and heavy metals (HMs) have been generated in the processes
of non-ferrous metal smelting (NFMS). High-temperature electrostatic precipitator (HT-ESP) was the key method
to capturing PM while extensive HMs enriched. In this work, the PM collection and migration of HMs in the HT-
ESP process of copper smelting were investigated through an established pilot-scale platform. The excellent
performance of the pilot-scale HT-ESP could achieve a particle collection efficiency of 99.5 %. The distribution
patterns of HMs in various particle sizes revealed that the volatile heavy metals, arsenic (As) and selenium (Se)
were predominantly distributed in PM; o and PM; .5 5 with a moderately dispersed distribution, whereas copper
(Cu) and lead (Pb) were densely concentrated on particles. When the temperature difference between the inlet
and the outlet of the HT-ESP narrowed to 23 K, the original As and Se enriched in hopper particles partially
volatilized and migrated into the gas phase and adhered to tiny size particles. The enrichment ratio in the gas
phase (ERg) of As and Se increased by 2.7 % and 18.5 %, respectively. The results were beneficial to reducing the
enrichment of volatile HMs in copper smelting ash and provided guidance for resource utilization of the copper

smelting industry.

1. Introduction

The nonferrous metal smelting (NFMS) process is considered one of
the main sources of large amounts of particulate matter (PM) and many
hazardous heavy metals (HMs, including As, Se, Cd, Cr, Pb, Hg, etc.)
[1-4]. In the process of calcination and smelting of copper-nickel sulfide
mine, these HMs tend to enter the flue gas after vaporization or subli-
mation at high temperatures [5,6]. As the flue gas temperature de-
creases, arsenic and some other volatile heavy metals condense into the
PM [7]. These PM enriched with toxic heavy metals will cause serious
adverse effects on human health and the environment if they can not be
treated effectively (Anjum et al., 2021; Kumar et al., 2020). Therefore,
achieving the effective removal of PM and the separation of PM and HMs
at high temperatures is imperative [8,9].

Electrostatic precipitator (ESP) is a significant high-temperature PM
removal technology and has been widely applied for collecting fine PM
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in many industries including NFMS with its advantages of low-pressure
drop and energy consumption [10,11]. Flue gas atmosphere, operating
voltage, flow rate, and particle properties are considered the key factors
affecting the collection efficiency of ESPs operating at high temperatures
[12,13]. Many researchers have found that high temperature limited the
range of operating voltage, and the decrease of applied voltage at high
temperature led to the reduction of particle charging electric field force,
resulting in small particles being difficult to capture [14,15]. A few re-
searchers investigated the effect of flue gas atmosphere on corona
discharge at high temperatures and claimed that high concentrations of
electronegative gases (such as SOy, COq, etc.) can inhibit the discharge
current [16]. If the proportion of electronegative gas was higher, the ion
generation rate and mobility would be lower, and the particle charge
would be lower, leading to a lower PM collection efficiency [17,18].
Meanwhile, the process of PM removal in ESP involves the collection,
enrichment, and migration of heavy metals. According to previous
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investigations related to coal combustion, the emission concentration of
HMs at coal-fired power plants was usually below 5 pg/m® [19,20].
Previous studies also revealed that HMs were more likely to be
concentrated in particles with small particle sizes [21-23]. The finer PM
captured by ESP had the highest concentration of HMs with increased
mobility of Se, Cd, and Pb among ultralow emission air pollution control
devices [24].

However, the atmosphere of the nonferrous metal smelting flue gas
was complex with extremely high sulfur oxides (0.1-0.3 t/d [25]), and
PM emitted from NFMS processes contain high concentrations of
arsenic, which was quite different from that emitted from coal com-
bustion [26]. Only a few studies have been conducted on the emission of
HMs during nonferrous metal smelting, while fewer studies focused on
the copper smelting process compared to Zn/Pb smelting [27,28].
Recently, the emission characteristics of PM and heavy metals in flue gas
generated from a typical copper smelting plant and the emission factors
were revealed by limited research [29]. Whereas the migration and
collection of HMs in the gas and solid phases during the high-
temperature electrostatic precipitator process of copper smelting still
lacks in-depth research. Therefore, how to improve the collection effi-
ciency of PM in the high-temperature ESP process of NFMS and reveal
the collection and migration of the HMs is the focus of current research.

In this study, a self-designed high-temperature ESP (HT-ESP) pilot-
scale platform was built in a typical copper smelting plant in China.
Based on such a platform, the PM removal characteristics of high-
temperature ESP under different applied voltage and flow rate oper-
ating conditions were studied. Moreover, the migration and enrichment
proportion of HMs in the gas phase and PM during high-temperature
electrostatic precipitation were further analyzed. The results achieved
a particle collection efficiency exceeding 99.5 % under the optimal flue
gas flow rate and maximum voltage. Furthermore, a method of reducing
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the enrichment of toxic HMs in hopper particles was proposed, which
was beneficial to improving the removal of HMs in the subsequent acid
production system and has a guiding significance for realizing resource
utilization.

2. Methodology
2.1. HT-ESP pilot-scale platform and smelting process description

To obtain the collection and migration characteristics of PM and HMs
during high-temperature electrostatic precipitation under the actual
copper smelting flue gas with high PM and SO concentration, a typical
copper smelting plant in China was chosen as the site for this study. The
type of copper smelting process in this plant was suspension smelting
with a flash furnace. The flash furnace smelting process has the advan-
tages of a large production capacity and low energy consumption [30].
The annual output of the copper cathode for the abovementioned copper
smelting plant exceeded 300,000 tons/yr.

The specific copper smelting and pollutants treatment process is
illustrated in Fig. 1a. The copper concentrate, slag, and circulated flue
dust were mixed in a certain proportion and sent to the dry ore bin
through the conveyor belt. Then the mixture in the dry ore bin was fed
into the flash furnace by the concentrated nozzle. After smelting, it could
produce slag, about 70 % copper matte, and a large amount of dust-
containing off-gas with high temperature and high SO5 concentration.
The dust-containing off-gas produced by the flash furnace entered the
waste heat boiler (WHB) for cooling and coarse ash removal. Subse-
quently, the flue gas entered the HT-ESP through a dust settling chamber
(DSC) for fine PM removal and the rest of the flue gas was mixed into the
acid production system. Meanwhile, the captured fly ash in such a
process was transported by the ash delivery system to the flash smelting
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Fig. 1. The copper smelting process and the pilot-scale HT-ESP platform (a) schematic (b) field photographs.
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furnace and blowing furnace top soot bins respectively.
Compared with the original ESP in the copper smelting plant, the HT-
ESP platform in this study has the following advantages:

1. the flue gas velocity could be altered by adjusting the frequency of
the induced draft fan;

2. a reinforced flexible graphite barbed discharge electrode was adop-
ted, and the current density was significantly larger than the original
wire electrode at the temperature within 600 K based on our previ-
ous experimental study.[31];

3. a sliding support structure was adopted to solve the dimensional
expansion caused by the long-term high-temperature operation of
the original ESP, thereby reducing the air leakage rate and improving
the PM collection efficiency;

4. the closer distance between the inlet and outlet sampling positions
made sampling more convenient, which was conducive to revealing
the migration and collection mechanism of PM and HMs.

The field photographs of the platform are displayed in Fig. 1b. The
pilot-scale HT-ESP was mainly composed of high-frequency power
supplies, metal anode plates, barbed discharge electrode, a rapping
system, a rain-proof shelter, and a high temperature-induced draft fan
(HT-IDF). It had the structure of a chamber a three-stage electric field,
the first-stage electric field had four channels, and the latter two-stage
electric field had three channels. The rated flue gas flow of the plat-
form was set to 2600 m%/h and specific key parameters are listed and
compared in Table 1. These parameters were also compared with the
original ESP and another industrial HT-ESP [32] listed in Table S1. And
the PM collection efficiency of the pilot-scale HT-ESP could be effec-
tively enhanced. In this study, the flue gas velocity could be altered by
changing the frequency of HT-IDF, and the calibration of HT-ITF is
shown in Fig. S1a. In addition, the applied voltage of each electric field
could be changed by adjusting the high-frequency power supply. The
discharge characteristics of different power supplies with different
stages of the electric field at room temperature are shown in Fig. S1b.

2.2. Sampling methods

The flue gas sampling sites were located at the inlets and outlets of
the pilot-scale HT-ESP (Fig. 1). The sampling system was designed based
on the method of condensation combined with absorption according to
EPA Method 29 [33] (Fig. 2).

2.2.1. PM sampling

To obtain representative PM samples from the flue gas, isokinetic
sampling was a very important process. In this work, an isokinetic
sampling probe with heating functions was utilized to ensure that the
sampling velocity was consistent with the flue gas velocity at the sam-
pling point, and the relative error was kept within 5 %. In addition, to
avoid HMs condensing on the isokinetic sampling probe, it had to be pre-

Table 1
Key parameters of the pilot-scale HT-ESP platform.
Devices  Items Unit Value
HT-ESP  Treated flue gas flow m®/h 10004800
Treated temperature K 550-600
Field stage - 3
Chamber 1
Effective length of the field m 3x2
Effective height of the field m 1.50
Air leakage rate % <2
Design resistance Pa <250
Specific collection area m%/(m®/  99.7-265.8
s)
Gas velocity m/s 0.24-0.64

Distance between collection =~ mm 1st stage: 400 2nd/3rd
plate stage: 300
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heated close to the flue gas temperature at the sampling point. Due to the
high temperature (>550 K) and high PM concentration at the inlet,
quartz fiber filter cartridges were installed at the front of the isokinetic
sampling probe to capture the inlet PM and filter the solid phase in the
flue gas. For outlet PM sampling, in addition to using quartz fiber filter
cartridges, a four-stage inertial impactor (Dekati® PM10 Impactor,
Finland) was applied to investigate the enrichment and removal char-
acteristics of HMs on PM with different particle sizes. The PM10
impactor classified PM into four size fractions under the action of gravity
and inertial. Four collection stages were arranged in sequence from top
to bottom to capture particle size >10 pm (PM-1¢), 2.5-10 pm (PMy 5.
10), 1-2.5 pm (PM;.»5), and particle size <1 pm (PM; ) particles.
Collection substrates were placed on the collection plates. These sub-
strates were weighed before and after the measurement to obtain in-
formation on particle mass size distribution. The aluminum foil
membranes with a low blank value of HMs were selected as collection
substrates and should be greased with Apiezon-L before the measure-
ment to prevent particle bounce (Fig. S2).

2.2.2. Gas phase sampling

The gas phase after filtration was condensed by the condensing unit
and then extracted by the absorbent in a series of impingers. The
condensing unit was composed of a reflux condenser and a micro-
submersible pump. The micro submersible pump accelerated the
condensation of high-temperature flue gas by circulating the ice-water
mixture. The absorbent in the first and second impinger was excess
20 wt% NaOH solution, they were used to absorb the excessive amount
of SO, (>20 wt%)) and arsenic-containing oxides in the gas phase. While
the third and the fourth impinger, containing 5 wt% HNO3/10 wt%
H505 solution, were conducted to measure the concentration of HMs
including As, Pb, Cd, Cr, and Se in the gas phase. Additionally, the last
impinger was equipped with silica gel to absorb the vapor in the flue gas
and prevent moisture from entering the vacuum pump. Teflon tapes
were used for sealing adjacent impingers to insure leak-free sampling
train connections.

2.3. Quality assurance and analytical method

The sampling devices needed to be pretreatment before sampling.
The quartz fiber cartridges were pre-heated at 550-600 K for 3 h before
blank weighing to eliminate the weight loss under the high-temperature
flue gas. Also, the sampling probe and PM10 impactor were preheated at
the same temperature for over 15 min to ensure the stability of sampling.
To minimize the underestimation of the HMs content in the gas phase
caused by vapor condensation onto pipes, the connecting pipes were
replaced with new ones after each sampling, and the removed pipes
were cleaned with absorbents and the HMs content was also detected. In
addition, HMs in both solid and gas phases were sampled three times at
the inlets and the outlets of HT-ESP to verify data quality and limit the
possible fluctuation owing to the variation of raw material smelting.
[29].

2.3.1. PM measurements

The morphology of the sampling PM was tested by scanning electron
microscope (SEM, SU70, and SU-8010) with energy dispersive spec-
troscopy (EDS), and the content of elements was tested by X-ray fluo-
rescence (XRF) while the particle size distribution was tested by a laser
particle size analyzer (Mastersizer 3000). The inlet or outlet PM mass
concentration could be obtained by calculating the weight difference of
the quartz fiber filter cartridge or aluminum films before and after
sampling, and then dividing by the amount of flue gas. The sampling
flow and sampling time of the PM and gas phase were fixed and the same
for each working condition, and the PM mass concentration of each
working condition was measured three times to reduce errors. The
calculating formula is as follows:
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Fig. 2. The sampling system of copper smelting flue gas.
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where Cginee and Csoyiee Tepresent the inlet and outlet particle mass
concentration, mg/ m3; Minter, Mouter 1S the weight of quartz fiber car-
tridges and membranes after sampling while my is the blank weight, mg,
n is the PM collection efficiency of the HT-ESP, %; Q is the sampling flue

gas flow, m>.

2.3.2. HMs concentration measurements

According to the gas phase sampling, HMs entering the gas phase
were absorbed by the solution in the impingers. The content of these
HMs emissions was analyzed by inductively coupled plasma-mass
spectroscopy (ICP-MS, PerkinElmer NexION 300X, Agilent Technolo-
gies 7800) directly after filtration and dilution. However, the process of
obtaining the emission of HMs in PM with different particle sizes was
relatively complicated. The sampled quartz fiber cartridges and
aluminum foil membranes were digested in a Teflon digester. The spe-
cific digestion steps were to weigh the same mass of samples into a
Teflon digestion tank, added 2 ml of HF and 8 ml of HNO3 and then
heated for 2 h. After the digestion was complete, a vapor block was used
to drive the acid for one hour, and then the digestion liquid was poured
into a 50 ml volumetric flask and made up to volume with deionized
water. The HMs content in the solution was then measured by ICP-MS
and the content of HMs in PM could be obtained by conversion.

Compared with particles in the ash hopper, the mass of the particles
on the discharge electrode and collecting plate could be ignored
approximately, therefore the hopper ash mass concentration could be
obtained by the difference value between the inlet and outlet mass
concentration under the same sampled flue gas volume. According to the
mass balance in which the input of HMs is equal to the output HMs in the
HT-ESP, the calculating formulas of HMs concentration in particles and
gas phase at different locations of HT-ESP are as follows:

4
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where mg; and mg; represent the distribution of various HMs mass in
solid and gas phase, mg; Cs; and Cg; represent the distribution of various
HMs mass concentration in solid and gas phase, mg/m?; X;, N; represent
the mean proportion of a certain TE in particle and gas absorption sol-
vent, ug/g, ug/l; V is the constant volume, I; and D, is the dilution ratio.

3. Results and discussion
3.1. Removal characteristics of PM during HT-ESP

The flue gas velocity and applied voltage had a great impact on PM
removal by conventional ESPs. The inlet and outlet particle mass con-
centration variation of the HT-ESP process with flue gas velocity is
displayed in Fig. 3. When the flue gas velocity was low (<0.5 m/s), the
increase of inlet PM concentration was modest, and when the flue gas
velocity was high, the inlet PM concentration fluctuated drastically with
a large standard deviation (Fig. 3a). The variation trend of PM con-
centration at the outlet of the HT-ESP with flue gas velocity was roughly
the same as that of inlet PM concentration (Fig. 3b). It was found that
when the HT-ESP was operating under rated conditions (the three-stage
electric field strength was kept around 2.3 kV/cm), there was an opti-
mum flue gas velocity (0.48 m/s) for maximum particle collection effi-
ciency. The maximum PM collection efficiency exceeding 98 % could be
obtained at this time. A possible reason was when the flow rate was low,
the inlet mass concentration was small, and the mass concentration was
positively correlated to the collection efficiency, thus the flow rate and
the collection efficiency were not negatively correlated. Furthermore,
we found that a low flow rate could lead to rapid and massive deposition
of PM in the collecting plate to form a dust layer leading to blockage and
more likely to cause breakdown to reduce PM collection efficiency. With
the further increase of the flue gas velocity, many particles escaped from
the electric field before being captured, resulting in a dramatic drop in
collection efficiency. Therefore, ensuring the flue gas velocity in the HT-
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ESP in a suitable range was significant to improve the collection effi-
ciency of NFMS particles.

The applied voltage is another important factor affecting the
collection effect of ESP. The particle mass concentration at the outlet of
HT-ESP under different stages of electric field and the applied voltage is
shown in Fig, 4. When the first electric field was operating under rated
conditions, with the increase of the second electric field voltage, the
particle mass concentration decreased significantly, and the collection
efficiency increased (Fig. 4a). By increasing the first electric field voltage
to 60 kV and maintaining the second electric field constant at 35 kV, the
lowest average outlet mass concentration (114.2 mg/m3) and the
highest collection efficiency (99.5 %) could be obtained (Fig. 4b). In
addition, it could be found from Fig. 4c and Fig. 4d that particle size
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Fig. 3. Particle mass concentration under different flue gas velocities. (a) inlet mass concentration (b) outlet mass concentration and collection efficiency.

smaller than 2.5 pm occupied a large fraction of the outlet mass con-
centration. The possible reason could be attributed to fine particles
absorbing a large amount of sulfate and condensable PM in the flue gas
caused by a large temperature drop. Simultaneously, some local large
particles could collide and bounce to the PM;_5 5 and PM; o membranes.

3.2. Distribution of HMs in particles at different locations of HT-ESP

Based on the abovementioned PM removal characteristics, to figure
out the distribution of heavy metals in the PM during the HT-ESP pro-
cess, the main chemical composition of the copper smelting PM at
different locations of the HT-ESP under rated operating conditions was
tested by XRF, and the results are listed and compared in Table 2. The
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Fig. 4. Total outlet particle mass concentration and collection efficiency under different applied voltage and electric field stages (a) first-stage (b) second-stage;
Fractional outlet particle mass concentration under different applied voltage and electric field stages (c) first-stage (d) second-stage.
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Table 2

Mean chemical composition of PM at different locations of the HT-ESP under rated operating conditions (wt%).
Element Inlet Ash hopper Outlet

I I 111 Total PM-.10 PMys.10 PM;.55 PM; o

o 43.39 42.65 42.02 41.34 40.58 44.43 43.15 39.89 40.54
Si 2.98 2.69 2.21 2.97 2.45 2.48 2.65 3.19 3.39
S 9.42 9.81 11.18 10.93 14.37 13.51 14.48 15.22 16.11
Fe 11.82 11.75 10.48 9.51 11.16 12.24 11.58 12.07 10.24
Cu 16.71 15.62 17.09 16.34 16.04 15.27 16.06 14.34 11.67
Zn 5.19 5.44 4.25 3.12 4.06 2.04 1.65 2.76 4.36
As 6.46 7.65 8.68 9.98 7.36 5.91 6.57 8.11 7.60
Pb 2.15 2.32 2.49 3.38 2.04 2.56 1.64 1.46 0.76
Se ND 0.02 0.04 0.07 0.05 ND ND 0.13 0.37

distribution of elements was similar to previously conducted research
[34,35]. The PM in the outlet and the hopper of HT-ESP was found to
have a high weight percentage of copper content, with an average of
over 15 %. For other heavy metals, the content of arsenic and lead was
relatively high, especially the content of arsenic could reach up to 9.98
%, manifesting high toxicity of the copper smelting ash. Moreover, it
seemed that arsenic was more enriched in particles of hopper III than
that of hopper I and hopper II. In addition, the content of selenium in
inlet particles was below the detection range (indicated as ND in
Table 2), indicating that there was almost no selenium enrichment in
inlet particles. However, the content of selenium was detected in the
outlet and hopper particles. The reason could be attributed to the exis-
tence of temperature difference between the inlet and the outlet of the
HT-ESP, and the lowering of temperature promotes the enrichment of
volatile selenium in the particles.

To confirm the specific distribution of HMs in particles of ash hop-
pers, the size distribution and morphology of particles in different
hoppers were firstly analyzed by SEM and EDS in Fig. 5a. The copper
smelting PM in the HT-ESP hopper had a bimodal distribution and the
morphology was aspherical with stacked flake and block structures,
which was quite different from the particle size distribution of other
industries [36]. Since the dust-laden flue gas first entered the first-stage
electric field, most of the large particles were captured into the hopper I,
resulting in a large median particle size of 145 pm (Dv(50) = 145 pm) for
particles in the hopper 1. The size distribution of particles in the hopper

9.0 JTststage hopper ash
(a) {——2nd-stage hopper ash

8.0 4—3rd-stage hopper ash

0.1 1 10 100 1000

Particle diameter (um)

(b)

=

20 pm 20 p.

10 pm

10.0um

II was similar to that in the hopper III, the median particle size was 28.3
pm and 26.9 pm, respectively. According to the EDS mapping of HMs in
hopper ash (Fig. 5b), the distribution of copper and lead was dense on
the particles, indicating copper and lead were abundantly enriched in
NFMS fly ash and captured during HT-ESP. Whereas arsenic was widely
dispersed throughout the whole analytical area. Specifically, the distri-
bution of arsenic in the particles in hopper II and hopper III was more
concentrated than that in hopper I (Fig. S3), which corresponded to the
results reflected in Table 2.

The distribution characteristics of HMs in particles with different
sizes at the outlet of HT-ESP were further analyzed. As shown in Fig. 6,
copper and lead had similar distribution patterns on particles of
different sizes, while the difference was the distribution of copper on
particles <1 pm was very small. The distribution of arsenic on each
particle size was more dispersed compared to copper and lead, while
selenium was almost merely concentrated in PM; o with a similar dis-
tribution pattern to arsenic. In general, lead was distributed in all par-
ticle sizes, copper was mainly distributed in PM. 10, while the volatile
heavy metals arsenic and selenium had a large distribution in PM; o and
PM;.25. The above conclusions were also supported by Table 2. The
morphology of particles with various particle sizes didn’t have signifi-
cant discrepancies, large particles tended to be composed of small par-
ticles with flake and block structures (Fig. S4).

&,

20 pm 20 pm

Fig. 5. Characteristics of the HT-ESP hopper ash: (a) size distribution and morphology of particles from different hoppers. (b) EDS mapping of high content HMs in

hopper ash.
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Fig. 6. HMs distribution in particles of different sizes at the outlet of HT-ESP. (a) PM. 1 (b) PM35.10 (¢) PM;.25 (d) PM; ¢,

3.3. Collection and migration of HMs in the HT-ESP process. gas phase during the HT-ESP process, the same analytical method (ICP-
MS) was conducted for the PM and flue gas absorbing solvent collected
To further investigate the migration of heavy metals in the solid and under rated operating conditions. The main heavy metal proportion of
Table 3
Typical mean TE proportion of PM at different locations in HT-ESP under rated conditions.
Inlet Temperature (K) Outlet Temperature (K) Location Heavy metal proportion in fly ash (ug/g)
Cu As Pb Se
572 437 Inlet 148523.4 69682.53 22595.03 31.43
Outlet PM.o 171923.8 65892.26 25377.87 1426.57
PM 510 173708.5 77338.17 28027.24 970.02
PMi.2s 151865.2 83908.47 22897.88 2366.67
PM;i 0 93490.55 79981.62 8640.11 4064.09
Hopper 176717.6 88279.52 29330.04 490.63
573 445 Inlet 148523.4 69682.53 22595.03 31.43
Outlet PM.10 174899.5 62698.94 24364.98 960.02
PM 510 164734.2 73141.37 23255.16 1480.80
PM;.55 143587.8 79003.51 21653.89 2615.55
PM, o 82000.59 75880.36 7890.21 3910.25
Hopper 170525.9 85470.09 28902.37 430.52
575 454 Inlet 148523.4 69682.53 22595.03 31.43
Outlet PM.1o 169991.2 57533.50 23122.71 522.86
PMaz 510 162394.5 63619.84 25862.86 797.28
PM;.25 159637.1 72198.15 20343.42 1246.82
PM,; o 71510.27 69560.68 7310.24 2740.90
Hopper 165188.6 81323.01 27310.65 370.14
577 464 Inlet 148523.4 69682.53 22595.03 31.43
Outlet PM. o 154762.6 53645.02 24412.86 402.37
PMa5.10 153313.5 59629.87 21887.48 682.75
PM;.25 143445.1 68832.27 18740.90 914.30
PM,; o 62330.53 62480.98 6350.40 1300.87
Hopper 163525.2 75478.92 26410.45 290.56
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PM at different locations in HT-ESP under rated operating conditions
was in this study (Table 3). The temperature difference between the inlet
and outlet of the HT-ESP gradually decreased with the long-term oper-
ation. Due to the small variation of the inlet temperature of HT-ESP
under rated operating conditions, it could be considered that the fluc-
tuation of the smelting raw materials was small, therefore the average
value of HMs in the collected inlet fly ash was adopted for analysis.
Similarly, although there were differences in the TE distribution in the
particles of the three hoppers, to acquire the concentration of HMs in the
whole ash hopper under the same sampling flue gas flow, particles in the
three hoppers were mixed in proportion and the mean value of the TE
proportion in the ash hopper was obtained.

The results revealed that the proportion of copper, arsenic and lead
in inlet particles was lower than that in outlet and hopper particles,
whereas the proportion of selenium in outlet particles was significantly
higher. And the enrichment of heavy metals in hopper and outlet par-
ticles gradually decreased as the temperature difference between the
inlet and the outlet decreased, which proved the existence of HMs
migration during the temperature range and also proved the significance
of HT-ESP. In addition, the proportion of arsenic and selenium in the
outflow particles fell in each particle size segment, and the proportion of
arsenic in PMj.5 5 was higher while selenium was more concentrated in
PM; (. A reasonable explanation for this phenomenon was arsenic and
selenium were volatile HMs, and they were easier to get into the gas
phase. If there was a large temperature difference between the inlet and
outlet sampling, arsenic and selenium were more likely to condense and
adhere to small size particles with large specific surface areas. The
variation trend of HMs in the ESP process was consistent with the
reference [19].

Furthermore, based on the formula (4)~(9), the migration of typical
HMs (Cu, As, Pb, Se) in the gas phase and particles during HT-ESP under
rated operating conditions are shown in Table 4. The highest concen-
tration of HMs in the gas phase was at the inlet of HT-ESP and the HMs
concentration in hopper particles was significantly higher than that in
the inlet. The reason could be explained that due to the temperature
difference, part of the HMs originally enriched in the inlet gas phase
condensed into particles, and these particles fell into the ash hopper
after being captured, resulting in an increase in HMs enrichment in

Table 4
Trace metal element migration during HT-ESP under rated operating conditions.

Fuel 331 (2023) 125851

hopper particles. Especially for selenium, a large amount of selenium
originally concentrated in the inlet gas phase migrated into the hopper
particles, although the selenium proportion in hopper particles wasn’t
high (<600 pg/g). While the regularity of copper and lead migration was
not evident probably owing to the higher temperature required for
copper and lead to vaporize from solid to gas, leading to a small varia-
tion of copper and lead concentration in hopper particles and gas phase.
To describe the migration variation of HMs in particles and gas phase
during HT-ESP more conveniently, the enrichment ratio of HMs in
particles and gas phase (ER; and ERg) could be calculated as follows:

Csi
ERy = —— x 100% 9
57 Cy + Car 8 ’ ©
Cai
ER; = ——— x 100% 10
¢7 Co+ Ca * ’ 10

Due to the continuous operation of the HT-ESP, the outlet tempera-
ture increased from 437 K to 464 K, and the temperature difference
between the inlet and outlet decreased from 135 K to 112 K. The effect of
temperature on the enrichment ratio (abbreviated as ER) of heavy
metals is shown in Fig. 7. When the temperature difference narrowed to
23 K, the variation of copper and lead enrichment ratio in the hopper
particles was similar and <1 %. While the ER; of arsenic increased by
2.7 % (6.1 %—8.8 %) and the ER; of selenium increased by 18.5 %
(31.3 %—49.8 %), indicating that the volatile heavy metals originally
enriched on hopper particles were more likely to migrate into the gas
phase as temperature increased. Therefore, reducing the temperature
difference under the premise of ensuring the collection efficiency was an
effective method to reduce the enrichment of volatile heavy metals in
hopper particles.

When the outlet temperature was 464 K (the difference between inlet
and outlet was 112 K), the migration of HMs was considered to reach a
steady state and the ERg and ERg at different locations of HT-ESP are
illustrated in Fig. 8. The migration patterns of copper and lead were
similar, 8.8 % of copper and 7.9 % of lead migrated from the gas phase to
the hopper particles during the removal process of HT-ESP. In terms of
the 5.5 % of copper and lead in the gas phase at the hopper position,
about 65 % of them migrated into outlet particles due to the temperature
drop, the proportion was slightly higher than the 60 % mentioned in

Inlet Outlet Location Mass Concentration in fly ash (mg/rn3 (PM)) Concentration in gas phase (mg/m3 (gas))
Temperature (K) Temperature (K) Concentration (g/
m%)
Cu As Pb Se Cu As Pb Se
572 437 Inlet 27.36 £ 1.12 4063.6 + 1932.9 + 618.2 + 0.86 + 675.3 + 326.5 + 188.2 + 15.44 +
177.5 66.9 21.3 0.10 32.8 22.6 27.5 0.94
Outlet 0.85 + 0.15 144.2 + 71.26 + 23.46 + 1.28 + 77.57 + 57.42 + 13.17 + 3.82 +
24.1 12.62 1.94 0.12 9.82 6.57 0.87 0.15
Hopper 26.51 +1.27 4517.1 + 2130.7 + 769.8 + 11.2 +
204.4 120.8 18.39 0.33
573 445 Inlet 27.36 +£1.12 4063.6 + 19329 + 618.2 + 0.86 + 675.3 + 326.5 + 188.2 + 15.44 +
177.5 66.9 21.3 0.10 32.8 22.6 27.5 0.94
Outlet 0.96 + 0.17 158.1 + 74.25 £ 23.32 + 1.03 + 88.53 + 62.23 + 13.02 + 4.77 +
27.2 12.43 1.56 0.11 9.63 7.16 0.63 0.19
Hopper 26.40 £ 1.29 4492.3 + 2122.9 + 770.1 + 10.3 +
219.3 116.8 45.02 0.21
574 454 Inlet 27.36 +£1.12 4063.6 + 1932.9 + 618.2 + 0.86 + 675.3 + 326.5 + 188.2 + 15.44 +
177.5 66.9 21.3 0.10 32.8 22.6 27.5 0.94
Outlet 1.08 +0.21 164.9 + 77.43 £ 23.68 + 0.98 + 96.51 + 68.28 + 13.75 + 5.43 +
34.0 14.53 4.41 0.08 12.74 6.83 0.67 0.32
Hopper 26.28 +1.31 4477.5 + 2113.7 + 768.9 + 9.72 +
215.4 113.1 35.78 0.48
576 464 Inlet 27.36 + 1.12 4063.6 + 19329 + 618.2 + 0.86 + 675.3 + 326.5 + 188.2 + 15.44 +
177.5 66.9 21.3 0.10 32.8 22.6 27.5 0.94
Outlet 1.22 + 0.26 178.73 + 82.17 + 24.08 + 0.92 + 106.4 + 77.86 + 14.26 + 7.60 +
40.22 16.22 4.87 0.07 15.3 7.38 1.26 0.73
Hopper 26.14 +£1.37 4453.8 + 2099.4 + 768.1 + 7.58 +
224.1 117.2 35.6 0.39
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Fig. 7. Variation of ERs and ERg in ash hopper with the outlet temperature of HT-ESP. (a) Cu (b) Pb (c) As (d) Se.

reference [29]. The meaning of the red column represented the pro-
portion of the solid phase and gas phase of heavy metals at the outlet
migrated from the gas phase of heavy metals at the hopper. The ER; of
arsenic at the outlet was 44.7 %, indicating that the outlet temperature
could allow a larger proportion of arsenic to keep in the gas phase,
compared with copper and lead. Moreover, owing to the sampling
temperature at the ash hopper was the lowest, which could be lower
than the evaporation temperature of selenium, the ERs of selenium at
the hopper was nearly increased by 45 % compared with that at the
inlet. The ER¢ of selenium at the outlet was 89.0 %, and a high gas phase
proportion could promote the HMs removal efficiency in the subsequent
acid production process.

4. Conclusions

In this work, the removal characteristics of PM and the collection and
migration of heavy metals in the HT-ESP process of copper smelting
were investigated through an established pilot-scale platform. The
following conclusions were drawn:

(1) There was an optimum flue gas velocity that could realize the
highest particle collection efficiency of the HT-ESP. When the
flow rate was 0.48 m/s and the maximum applied voltage was
applied, the particle collection efficiency could reach 99.5 %.
Among the captured outlet particles, the mass concentration of
the PM o size segment was the highest.

The distribution patterns of HMs at various particle sizes at the
outlet were different. Lead was distributed in all particle sizes,
copper was mainly distributed in PM. 1o and they were densely

(2

—

distributed on particles. Whereas the volatile heavy metals
arsenic and selenium were mainly distributed in PM; o and PM;.
2.5, and the distribution was relatively dispersed.

(3) As the temperature difference between the inlet and the outlet
decreased, the proportion of heavy metals increased in each
particle size segment of the outlet particles, and the volatile
heavy metals were more likely to condense and adhere to small
size particles with large specific surface area.

(4) With the long-term operation of the HT-ESP, the volatile heavy
metals originally enriched on hopper particles were more likely
to migrate into the gas phase, and the ER; of arsenic and selenium
increased by 2.7 % and 18.5 % respectively. Reducing the tem-
perature difference under the premise of ensuring the collection
efficiency was an effective method to reduce the enrichment of
volatile heavy metals in hopper particles.
The migration patterns of heavy metals were revealed: 8.8 % of
copper, 7.9 % of lead, 8.3 % of arsenic and 45 % of selenium
migrated from the gas phase into the hopper particles during the
removal process of HT-ESP. These results could be helpful in the
designing of novel processes for the separation of HMs in copper
smelting flue gas and their further utilization.

(5)
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