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ARTICLE INFO ABSTRACT

Handling Editor: Kathleen Aviso At present, wet spraying is the main process for treatment of exhaust gas emitted by the concentrated sulfuric
acid roasting method for decomposition of rare earth concentrates, which not only consumes a large amount of
resources but also wastes the residual heat corresponding to temperatures of approximately 300 °C. In this paper,
an exhaust gas dry processing technology that is completely different from the original wet spray process is
proposed and successfully implemented in a rare earth roasting kiln. The dry process has successfully realized
dust removal, cooling and acid condensation from exhaust gas through a cyclone separator and heat exchange-
condensing acid system, and the waste heat can be converted into steam through a steam drum, which greatly
simplifies the process for treatment of roasting exhaust gas. Compared with wet spraying, the dry process has the
advantages of operational simplicity, small footprint, low energy consumption, low maintenance cost and no
wastewater production, which makes it a promising process for the treatment of exhaust gas from rare earth
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1. Introduction

The rare earth industry is known as “industrial monosodium gluta-
mate” in modern industry, and rare earth resources have been listed as
national strategic resources by many countries (Jordens et al., 2013).
China is rich in rare earth resources and accounts for more than 70% of
total global production (Chen et al., 2018). As the country pays more
attention to environmental protection (Zhou et al., 2021), comprehen-
sive utilization of resources (Yang et al., 2019) and treatment of pol-
lutants (Zhong et al., 2017) will be the main problems and will restrict
the survival and development of the rare earth production industry in
the future. Among the steps in the process, the roasting of rare earth
concentrates is the most energy consuming and the most polluting step
in the whole process of rare earth production (Zheng et al., 2017).
Therefore, there is an urgent need for a process of roasting rare earth
concentrates that conserves resources and uses environmentally friendly
technology.

At present, the main procedure for processing rare earth concentrates
is high-temperature roasting with concentrated sulfuric acid, which has
been widely used in recent decades (Huang et al., 2015). The main
process involves mixing rare earth concentrates with a certain
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proportion of concentrated sulfuric acid to make a slurry (the weight
ratio is 1.1-1.5) (Demol et al., 2019). Then, the slurry is sent to an
internally heated rotary kiln to effect decomposition at 600-800 °C
((Demol et al., 2018). Although this technology has led to certain eco-
nomic benefits, it produces large amounts of sulfur, fluorine, strong acid
waste gas (Wang et al., 2010) and waste residue leached from water
during high-temperature roasting of the concentrates (Wang et al.,
2017). As shown in Fig. 1, The exhaust gas is mainly cooled by a
multistage circulating spray tower (Wang et al., 2018), while the
circulating cooling acid liquid continuously absorbs gaseous acid from
the flue gas to generate a higher concentration of mixed acid (Bian et al.,
2018). Then, the mixed acid is separated with acid distillation equip-
ment to realize the recovery and reuse of sulfuric acid and fluoric acid
(Li et al., 2021). However, the process system is very complex, natural
gas consumption is large, and the energy and resource losses are serious,
as reflected in the following aspects:

@ Unutilized waste heat from exhaust gas: a large amount of cold
water needs to be sprayed into the sediment pool and spray tower to
effect cooling of the exhaust gas. The temperature of the high-
temperature exhaust gas at the end of the kiln is decreased from
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Fig. 1. Schematic of common purification process for exhaust gas emitted by
roasting of rare earth concentrates with concentrated sulfuric acid.

300 to approximately 60 °C along with sediment and water washing
(Li et al., 2021). In this process, all the perceivable and latent heat of
the exhaust gas is absorbed by the cooling water and finally released
into the atmosphere, which causes thermal waste.

@ High energy consumption in the acid steaming process: the
mixed acid solution is produced after the cooling water in the spray
tower contacts the flue gas. This part of the mixed acid liquid needs
to be repeatedly used as a spray to reduce water consumption and
increase the concentration of the mixed acid (Zhao et al., 2013). In
the process, it needs to exchange heat with the cooling water and
continue to cool. The final mixed acid is distilled and separated
through equipment such as a graphite evaporator and condenser.
The heat source steam in this process is generated by combustion in
the natural gas boiler, and the use of steam naturally causes con-
sumption of large amounts of natural gas and a loss of demineralized
water.

@ High costs of equipment repair and maintenance: the circulation
of the mixed acid solution in the spray tower requires a large amount
of cooling water to effect cooling. However, the efficiency of heat
exchange is relatively low due to the small temperature difference.
Therefore, to achieve cooling of the mixed acid, a large number of
graphite heat exchangers are needed, which significantly increases
the investment in equipment. Production is even reduced in the
summer due to poor cooling. In addition, the extensive use of
circulating cooling water also brings evaporation and wind loss of
water resources. At the same time, the heat exchanger is prone to
blockage and damage, and the investment in equipment mainte-
nance and replacement is also large.

Therefore, it is urgently necessary to research and develop a new
energy-saving and environmentally benign process for treatment of
roasting flue gas and equipment to simplify the process for treatment of
flue gas and mixed acid, increase the concentration of acid, and improve
the efficiency of kiln systems. However, most studies have focused pri-
marily on the roasting process (Li et al., 2019), thermal decomposition
(Nie et al., 2018) and recovery and separation (Swain and Mishra, 2019)
of rare earths and have failed to address the treatment of exhaust gas. In
view of the various disadvantages of the wet spray treatment, our groups
designed and built a set of dry treatment processes for roasting exhaust
gas. In this paper, we first introduce the main process and equipment for
dry processing of exhaust-gas from rare earth concentrates made by
roasting with concentrated sulfuric acid. Second, the key operating
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parameters (condensate acid, steam, fluorine emission, etc.) of the
process are discussed and analyzed for actual production of the roasting
kiln. Finally, the effectiveness and practicality of exhaust-gas dry pro-
cessing are evaluated and compared with those of the original wet spray.
The method and data from this study will be valuable for the develop-
ment of new strategies to treat roasting exhaust gas.

2. Experiment section
2.1. Exhaust gas source

As illustrated in Fig. 2, exhaust-gas dry processing as industrial
demonstration plant has been successfully carried out in an actual
roasting kiln in production, located in Baotou, Inner Mongolia Auton-
omous Region, China, which handles 1.5 tons/h of rare earth concen-
trates (Bayan obo ore) and produces approximately 10,015 Nm3/h of
exhaust gas. The roasting kiln utilizes an internal heating method, the
heat source comes from the combustion of natural gas, and the con-
sumption is 225 Nm>/h, which keeps the temperature of the kiln head at
600-800 °C. The chemical principle of concentrated sulfuric acid
roasting is to convert water-insoluble REFCO3 and REPOy into water-
soluble RE5(SO4)3 (Xie et al., 2014). The ratio of rare earth concen-
trates to concentrated sulfuric acid is 1:1.26. At the same time, to
convert the byproduct pyrophosphoric acid into a precipitate, the
roasting process still needs to accommodate the addition of approxi-
mately 9% (weight fraction) iron ore concentrate (with Fe content not
less than 60%) to mix with rare earth concentrate (Chen et al., 2012).
Because the solubility of the generated rare earth sulfate is very low
(Kim and Osseo-Asare, 2012), the amount of water consumed must be
approximately 30 times that of the rare earth concentrate. After the rare
earth sulfate water leaching solution is pretreated by adding magnesium
oxide and other chemical substances, iron, thorium, phosphorus,
aluminum, zinc, and manganese are removed, and the pure rare earth
sulfate solution can be obtained by filtration (Chen et al., 2020).

The chemical composition of rare earth concentrates is shown in
Table 1, and the total rare earth oxides (TREO) determine the quality of
concentrates. The acidic exhaust gas produced by roasting with
concentrated sulfuric acid mainly comes from volatilization of concen-
trated sulfuric acid at high temperature and the following chemical re-
actions R1-R8 (Wang et al., 2010) and R9-R12 (Zhao et al., 2013):

2REFCO3 + 3H,;S04 = REx(SO4)3 + 3H,01 + 2CO51 + 2HF? (R1)
2REPO, + 3H,S04 = 2RE;(SO4)3 + 2H3PO4 (R2)
Th3(PO4)4 + 6H,SO4 = 3Th(SO4); + 4H3PO, (R3)
Fey03+3H,80, = Fey(SOy)3 4+ 3H,01 (R4)
CaF, + H,SO4 = CaSOy4 + 2HF? (R5)
4HF + SiO, = SiF41 +2H,01 (R6)
2H3PO, = H4P,07 + H,01 (R7)
H4P,07 + Th(SOy); = ThP,07 + 2H,S0, (R8)
H,S04 = SO31 + H,0t (R9)
2503 = 2S0,1 + 0,1 (R10)
H4P,07 + 2CaSO, = CayP,07 + 2H,S04 (R11)
2Fe;(SO4)3+3H4P,07 = Fey(P,07)3+6H,S0y (R12)

The main components and contents of the roasting exhaust gas, as
determined by gas detection, are shown in Table 2. Among them, the
main components (H20, CO, O, and Ny) are mainly formed by natural
gas combustion; sulfuric acid mist (HpSO4) mainly comes from the
volatilization of roasting sulfuric acid; fluorides (HF and SiF4) are
mainly formed through reactions R1 and R5-R6; and the source of SO3
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Fig. 2. Picture of real products for exhaust gas treatment by dry processing technology.

Table 1
Chemical composition and content of rare earth concentrates (wt.%).
Quality Non-rare earth impurity content
TREO S F Ba Th Si Ca Mg P Moisture
55 2.33 8.68 0.9 0.062 0.88 9.39 0.22 3.4 13
+5 +0.2 +0.9 +0.1 +0.01 +0.1 +0.9 +0.2 +0.3 +3
Table 2 HF + H,0 = HFeH,0 1
Composition and volume flow rate of the exhaust gas. + H0 = HFeHy (R15)
Main H,0 CO, 0, Ny Total volume flow SiF4 + 2HF = H,SiFg (R16)
compositions rate: 10,015 Nm3/h
Flow rate 1503.6 3388  1313.9 6671.4 The residual exhaust gas is mostly composed of noncondensable
(Nm*/h) gases such as Np, COs, and SO,, and the exhaust gas can be directly
Add Fluoride  H;50; S0, $0s discharged through the chimney after desulfurization. The mixed acid
compositions A .
Flow rate 216 1075 232 35.0 from the spray tower is separated by steam heating, and then the fluo-
(Nm3/h) rosilicic acid and sulfuric acid are recycled and reused after condensa-

and SOs is the high-temperature decomposition of sulfuric acid in re-
actions R9 and R10 and the oxidation of sulfur bearing ores.

2.2. Process description

The roasting process used in rare earth plants usually produces high-
temperature acid-containing waste gas at approximately 300 °C. As
shown at the top of Fig. 3, most rare earth manufacturers currently use a
slag settling chamber to remove dust, use the quench and mixed cooling
tower to cool, and then connect the two-stage PVC spray tower to spray
and wash the exhaust gas to remove most of the fluoride, sulfuric acid

mist and remaining dust. The main adsorption reactions (R13-R16) are:
H,SO4 (mist) + HyO = H,SO4 (liquid) (R13)

SO3 + H,O = HpSOy4 (R14)

tion of the circulating cooling water. However, the spraying process not
only requires a large amount of cooling water but also the concentration
of the recovered waste acid is also relatively low and requires further
concentration and separation through the evaporator and condenser. In
this process, a large amount of heat carried by the high-temperature flue
gas is not effectively utilized. The process also has many problems, such
as high energy consumption, complex processes, long processing times
and wasted water resources.

Compared with the original wet processing, the dry processing
technology introduced in this paper greatly simplifies the treatment of
exhaust gas by realizing recovery of residual heat (see the bottom of
Fig. 3). With a four-way pipe and blind plate, the kiln tail exhaust gas
can be switched freely between new dry processing and original wet
spray without any impact on the original process, and this ensures that
the exhaust gas is switched back to the original system in an emergency.
According to the results measured by the pitot tube, approximately half
of the exhaust gas is shunted to enter the dry processing system during
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Fig. 3. Schematic diagram of the new dry process (bottom) and original wet spray (top).

the trial. First, the exhaust gas is driven to the cyclone separator through
a bypass in front of the slag settling chamber of the original system for
dust removal. In this process, more than 85% of the dust is removed,
which prevents the blockage of the heat-exchange equipment and de-
creases heat transfer efficiency caused by dust deposition. Second, the
exhaust gas is cooled through two sets of graphite heat exchangers. In
the 1st heat exchanger (the heat transfer area is 203 mz), the tempera-
ture of the exhaust gas is reduced from 300 °C to 170 °C by circulating
hot water from the steam pocket, and the flow rate of the pump is 100
m®/h. Waste heat is continuously used to convert hot water into satu-
rated steam (approximately 130 °C). At this time, the sulfuric acid in the
exhaust gas precipitates out in large quantities with decreasing tem-
perature and enters the concentrated sulfuric acid storage tank after
further cooling by the condensate acid cooler (the rate for circulating
cooling water is 20 m3/h). In the 2nd heat exchanger (the heat transfer
area is 179.8 m?), the temperature of the exhaust gas is further
decreased from 180 °C to approximately 50 °C by circulating cooling
water, and the flow rate of the pump is 40 m>/h. In this process, residual
sulfuric acid, hydrofluoric acid, and fluosilicic acid further precipitate
from the exhaust gas and enter the mixed acid storage tank after cooling
by the condensate acid cooler. To further remove the residual fluoride in
the exhaust gas and decrease the effect of fluoride on the desulfurization
process (organic amine method), the exhaust gas is introduced into a
reaction vessel containing a regenerative adsorbent used to achieve the
removal of residual fluoride (HF or SiF,).

2.3. Key equipment

The key equipment for the dry process includes a cyclone separator,
heat exchange-condensing acid system and dry defluorination device.

The details are described as follows:
(1) Cyclone separator

As the first treatment process for high-temperature exhaust gas, the
cyclone separator carries out the removal of coarse dust and initially
removes a large amount of dust in the exhaust gas to reduce the damage
to the equipment caused by dust friction. The working principle is that
the roasting exhaust gas impacts the baffle at a rate of 13-18 m/s, which
causes the gas flow to change sharply, and then the inertial force of the
dust itself is used to separate it from the exhaust gas (Noh et al., 2018);
this achieves a dust removal efficiency of more than 85%.

(2) Heat exchange-condensing acid system

After dust removal, the exhaust gas is introduced into the second
process (waste heat recovery system), which mainly uses a graphite heat
exchangers and a steam drum, which are the core devices of dry pro-
cessing technology. The device uses gas-water heat exchange, which
decreases the gas temperature from 300 °C to 50 °C through two-stage
heat exchange. Heated circulating hot water generates steam in the
steam drum through flash evaporation technology. To inhibit corrosion
of the equipment, the exhaust gas is required to flow through the tube
side of the heat exchanger and the water is required to go through the
shell side. When the flue gas is cooled by the waste heat boiler, the acid
gas also releases latent heat and condenses into a liquid, which is
collected by the acid recovery system for recycling. According to the
difference in the condensation temperature, sulfuric acid and fluoric
acid can be separated to realize the separate recovery of high-
concentration sulfuric acid and hydrofluoric acid.
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(3) Dry defluorination device

The dry defluorination process is mainly realized by renewable or
recyclable adsorbents. Therefore, the defluorinated adsorbent must not
only be able to achieve high-efficiency purification of fluorine-
containing tail gas, but also not produce secondary pollutants. At the
same time, it also needs to realize recycling to ensure that can achieve
optimal defluorization effect with maximum reduction in business
operating costs. After many experimental analyses, a defluorinated
adsorbent with a fluoride salt as its main component was selected. The
adsorbent has good selective absorption of fluoride. This adsorption is
not a general physical adsorption but is based on the chemical action of
fluoride salts on fluoride. The adsorbent forms a chemical complex with
fluoride that can be decomposed by heating, and this allows reuse of the
adsorbent (Tavakoli et al., 2010).

In the preparation of the adsorbent, sodium silicate with a modulus
between 3 and 3.3 is added, and the amount of addition is controlled at
approximately 5%, which is conducive to shaping of the adsorbent. In
addition, SiO, in sodium silicate reacts with HF in the actual absorption
process to give SiF4 (Wang et al., 2010); this process leads to formation
of numerous pore channels in the adsorbent particles, thereby increasing
the absorption specific surface area of the adsorbent. To further enhance
the mechanical strength of the adsorbent, it is necessary to put the
shaped adsorbents into an oven for drying at approximately 105 °C.

3. Results and discussion
3.1. Operation condition of key equipment

3.1.1. Evaluation of cyclone separator performance

During operation of the dry system, as illustrated in Fig. 4, the main
acid oxides present as dust in the exhaust gas are P05 and SOs, and the
basic oxides include CaO, Fe;O3, Lay03, CeO, and Nd,Os. Therefore, the
specific gravity of the dust is relatively large due to the presence of rare
earth oxides. The figure also shows that ash particles with sizes larger
than 10 pm account for approximately 70% of the total, and these large
particles are easily removed by their own inertial force under the action
of the cyclone separator. Other particles with smaller sizes can be
removed partly by aggregation into larger particles and partly by
adhering to larger particles.

To evaluate the performance of the cyclone separator, a laser dust
analyzer using the principle of light scattering was employed to deter-
mine the concentrations of particulate matter (PM) in the exhaust gas at
the inlet and outlet of the cyclone separator (Han et al., 2021). To pre-
vent high-temperature exhaust gas from damaging the equipment,
high-purity N; can be used to dilute and cool the measured exhaust gas

100 20
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80 16
- ALO; | 1481 | AgO | 1.608
S P,Os | 3.245 | La,Os | 6.661 r
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Fig. 4. Mass-based particle size distribution of dust in the exhaust gas.
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before detection of the concentration. The results determined after
conversion are shown in Table 3, and they indicate that the concentra-
tion of PM in the exhaust gas reached 3.11-3.25 g/Nm?. If the dust was
not removed from the exhaust gas, the heat exchanger would be blocked
due to ash deposition, which would affect the safe and stable operation
of the equipment. After the exhaust gas passed through the cyclone
separator, the average concentration of PM in the exhaust gas was
reduced to approximately 0.44 g/Nm?>, and the efficiency for removal of
PM reached 86%, indicating that the equipment met the design re-
quirements. Although some of the particles were still not removed, the
residual particulate matter mainly consisted of fine particles with strong
penetration. In the subsequent heat exchange and acid condensation
process, they were carried out of the heat exchanger by the acid liquid
and did not have a significant impact on the heat exchangers.

3.1.2. Steam production with waste heat from the exhaust gas

In the steam production process, the detailed diagram of exhaust gas-
water heat exchange is shown in Fig. 5. The exhaust gas enters from the
top of 1st heat exchanger and flows out from the top of 2nd heat
exchanger and the flow direction of cooling water is exactly opposite to
that of exhaust gas. 1st heat exchanger is connected with the steam
drum, and the soft water for steam production is filled from the bottom
of the steam drum. When the system reaches stable operation, the liquid
level of the steam drum basically remains unchanged, and at this time, it
can be approximately considered that the water filling rate is equal to
the steam producing rate. The circulating cooling water of 2nd heat
exchanger comes from the water filling station, and the heat adsorbed by
the cooling water can be discharged through cooling tower.

As illustrated in Fig. 6(a), the temperature change of the exhaust gas
after passing through the dry process system was measured in real time
with preinstalled thermometers, with data including inlet temperature,
temperature between the 1st and 2nd heat exchangers, and outlet
temperature. The temperature fluctuated within the normal range, and
the operating conditions were relatively stable during controlled oper-
ation of the system. After passing through the 1st heat exchanger, the
temperature of the exhaust gas was decreased to the designed 170 °C,
and the gas temperature after passing through the 2nd heat exchanger
was consistently controlled below 50 °C. Automatic operation of the
system was realized with the programmable logic controller (PLC)
automatic control system. As shown in Fig. 6(b), to ensure that the steam
drum produces steam stably, it is necessary to keep the frequency of the
hot water circulating pump (1st heat exchanger) constant. However, it is
also necessary to adjust the flow of cooling water by constantly adjusting
the frequency of the circulating cooling pump (2nd heat exchanger) to
realize an exhaust gas outlet temperature of less than 50 °C.

Since the temperature of the exhaust gas emitted from the end of the
roasting kiln decreased from 300 to 170 °C after passing through the 1st
heat exchanger, the heat released was absorbed by the circulating hot
water for production of steam by flash vaporization in the steam drum.
The key temperature parameters of the steam drum during stable
operation of the dry system are shown in Fig. 7. The figure shows that
when the temperature in the steam drum reached approximately 135 °C,
the circulating hot water continued to adsorb heat from the exhaust gas
and was further heated to approximately 140 °C. The steam drum pro-
duces steam continuously and consistently when using a heat transfer
temperature difference of approximately 5 °C. After testing, the waste

Table 3
Dust removal efficiency of the cyclone separator during dry system running.

Batch Inlet concentration Outlet concentration Efficiency of cyclone
(g/Nms) (g/Nm3) separator (%)

1 3.16 0.52 83.54

2 3.11 0.38 87.78

3 3.25 0.43 86.77

Average  3.17 0.44 86.12
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heat from the high-temperature exhaust gas produced 0.64 tons/h of
steam. When the system entered a stable operating state, the released
heat of exhaust gas should be equal to the adsorbed heat by the circu-
lating hot water and also equal to the latent heat of vaporization of
steam produced. According to the calorie calculation formula, the
required amount of soft water circulation can be calculated as about 65

t/h and the weight fraction loss in steam was about 1%. At the same
time, the water used to produce steam needs to be soft water to prevent
scaling. The temperature of steam production is usually controlled by
the pressure of the steam pipe network. In this paper, the steam grid-
connection pressure of the dry process system was approximately
0.32 MPa, so the temperature of steam production was approximately
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135 °C.
3.2. Evaluation of the acid condensing process

3.2.1. Condensing acid amount and composition analysis

After the acidic substances in the exhaust gas are condensed in the
dry process system, they are first stored in an acid condensing tank made
of polypropylene (PP). When the acid liquid level reaches the set value,
the acid pumps discharge the acid to the storage pool, and the acid is
used for the roasting process. As shown in Fig. 8, a weight meter under
the acid tank was used to determine the weight of the acid tank under
the 1st heat exchanger; the weight periodically changed within the
range 600-1050 kg, and the average amount of acid condensed within a
72 h period was approximately 133.3 kg/h. In the same way, the weight
of the acid tank at the lower part of the 2nd heat exchanger varied
periodically within the range 500-900 kg, and the average amount of
acid condensed within a 72 h period was approximately 272.25 kg/h.

The acid concentration in the acid tank was measured by titration
(Asakai et al., 2010), and the specific gravity of the acid was measured
by a hydrometer. The results are shown in Table 4. According to these
analyses, the acid in the tank below the 1st heat exchanger was mainly
H,SO4 with an average concentration of 77.59%, which is much higher
than the concentration of sulfuric acid obtained by the original wet
spray system before the acid is distilled and can be used in the rare earth
roasting process. The acidic liquid in the tank below the 2nd heat
exchanger was mixed acid comprising sulfuric acid, hydrofluoric acid
and fluorosilicic acid, but mainly H,SO4 with a concentration of 56.42%.
After purification by distillation, the acid can be used in the rare earth
roasting process. Using the previous acid condensation data and con-
verting to 100% acidity, the calculation showed that the amount of
sulfuric acid precipitated in the flue gas during the 72 h operation time
was 257.03 kg/h (the total amount of sulfuric acid in the two tanks); the
rate for precipitation of fluoric acid (HF and HjSiF¢) was 21.01 kg/h.
The recovery ratio of acid is defined as the ratio of the acid condensed to
the total amount of acid in the dry system. During the test, the rate of
exhaust gas flow into the dry process system was approximately 4529
Nm?®/h, constituting approximately half of the total flow of roasting kiln
exhaust gas. According to the analysis of exhaust gas composition shown
in Table 2, the main sources of condensed sulfuric acid were sulfuric acid
mist (HoSO4) and sulfur trioxide (SO3) in the exhaust gas, and the total
amount (converted to 100% HSO4) in the dry system was 281.93 kg/h.
Fluoric acids (HF and H;SiFg) were mainly formed by the condensation
of fluorides (HF and SiF4) in the exhaust gas, and the total amount in the
system was 22.49 kg/h. Therefore, the recovery ratios for sulfuric acid
and fluoride were 91.17% and 93.44%, respectively.
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3.2.2. Acid balance analysis for dry process system

The residual acidic components in the exhaust gas after the dry
process were also measured before they entered the defluorination
system. The results are shown in Table 5. A glass fiber filter cartridge
was connected in series with an absorption bottle containing an iso-
propanol solution to collect the sulfuric acid content present in the
exhaust gas after passing through the dry process system. The sampling
filter cartridge captured small droplets of sulfuric acid; the sulfur
trioxide gas and small droplets that penetrated the filter cartridge were
captured with a series of isopropanol solutions. The content of sulfuric
acid was measured by ion chromatography (IC) (Zhang et al., 2007). The
sampling process was as follows: the sampling probe with the filter
cartridge was placed deep into the sampling point in the pipe for
continuous sampling over 30 min with constant velocity, and the heat-
ing temperature of the sampling probe was kept at 120-130 °C to pre-
vent condensation of other substances from interfering with the
experimental results. After sampling, the filter cartridge was carefully
removed and placed into a screw-top wide-mouth polyethylene tube. To
ensure the stability of the isopropanol absorption solution, measure-
ments were completed within 4 h. The sampling process for fluoride was
the same as that for sulfuric acid mist. A standard NaOH solution was
used as the absorption liquid, and the content of F~ was determined with
an ion-selective electrode (ISE).

As shown in the table, after passing through the dry system (for dust
removal and cooling), the average flow rate detected for the exhaust gas
decreased to approximately 3942 Nm®/h due to condensation of sulfuric
acid and fluoric acid. The average concentration of sulfuric acid mist
(H2SO4) and sulfur trioxide (SO3) was 3798 mg/Nm3 and that of fluoride
(HF and SiF4) was 107.5 mg/Nm® in the residual exhaust gas. Thus, it
can be calculated that the flow rates of residual sulfuric acid mist/SO3
and fluoride in the exhaust gas were 14.98 and 0.42 kg/h, respectively.
Assuming that the acid in the dry process system mainly consisted of
condensing acid and residual acid in the exhaust gas, a detailed acid
balance analysis can be performed for the dry system, and the results are
shown in Fig. 9. The total amount of condensed acid and residual acid
was slightly lower than the amount of acid entering the system (the error
was within 5%), mainly because a small amount of acid may be carried
away by dust during the cyclone dust removal process. These results
confirm that the data for acid condensation and detection are accurate.

3.2.3. Comparison of recovered acid amount between dry process and wet
spraying

If all of the exhaust gas (10,015 Nm®/h) enters the dry process sys-
tem, it produces approximately 378.92 kg of sulfuric acid and 30.98 kg
of fluoric acid per ton of concentrate through the two-stage heat ex-
change systems used in the dry system process. According to the results
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Time (min)

(b)

Fig. 8. Weight variation of acid tanks over 72 h: (a) acid tank under the primary heat exchanger; (b) acid tank under the second heat exchanger.
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Table 4
Main compositions and concentrations in two acid tanks.

Journal of Cleaner Production 327 (2021) 129489

Batch Acid tank (1st heat exchanger) Acid tank (2nd heat exchanger)
specific gravity H,SO04 HF H,SiFg specific gravity H,S04 HF H,SiFg
g/ml % % % g/ml % % %
1 1.70 75.87 0.35 0.00 1.54 54.42 5.67 2.34
2 1.68 78.52 1.23 0.00 1.49 56.12 4.33 2.04
3 1.70 80.38 1.33 0.00 1.53 57.98 5.39 1.98
4 1.68 76.92 1.39 0.00 1.54 58.32 4.90 2.15
5 1.74 76.26 1.42 0.00 1.56 55.26 5.16 1.84
Average 1.7 77.59 1.14 0.00 1.53 56.42 5.09 2.07
Table 5 400 R
Content of residual acid substances in the exhaust gas after dry process system. ] Original wet spray
1 New dry process
Batch 1 2 3 Average 350
—
H,S04 + SO3 (mg/Nm?) 3980.0 3719.0 3695.0 3798.0 2 |
HF + SiF4 (mg/Nm®) 129.1 109.7 83.7 107.5 © 300 -
Flow rate (Nm®/h) 4074 3792 3963 3943 k= 1
@ 250
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g ]
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350 :u ]
% Total amount o 150 -
Condensation amount = 1
300 - Error;:}.52% Redidual amount T 100+
[ ]
> 50
= 250
< ]
o 0 A NN
= T
=
s 200 = =~ H2304 HF
K]
"; 40 Fig. 10. Comparison of the yields of H,SO4 and HF per ton of concentrate for
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Fig. 9. Calculated results for acid balance in the dry process system.

shown in Table 4, the production of hydrofluoric acid (HF) and fluo-
rosilicic acid (H2SiFg) were calculated as 22.02 kg and 8.96 kg per ton of
concentrate based on their concentration ratio in the mixed acid. In
2020, according to production statistics provided by the plant, the
average yield of sulfuric acid was 393 kg and that of hydrofluoric acid
was 23 kg per ton of concentrate with the original wet spray system. As
illustrated in Fig. 10, the yields of HoSO4 and HF in the current dry
process were basically consistent with those of the original wet spray
system. However, the dry process greatly simplifies the system used for
treatment of the exhaust gas from rare earth roasting kilns, eliminates
complicated processes such as spray and acid steaming, and produces
steam. The dry process produced pure sulfuric acid with a concentration
of approximately 77.6%, which can be directly used in roasting systems,
while the wet spray process only produced mixed acid with a concen-
tration of 36% and the concentration of sulfuric acid must be increased
to greater than 65% through the steaming process before it can be used.
In addition, residual sulfuric acid mist and fluoride can be further
recovered by a mist eliminator and defluorination system. Therefore, the
dry process has obvious advantages and significant economic benefits
compared with the original wet spray process.

According to the results in Section 3.2.2, although 93% of the fluo-
ride (HF and SiF4) was removed by acid condensation in the dry process
system, the concentration of residual fluoride in the exhaust gas (above
100 mg/Nm®) was still too high for the desulfurization process (less than
30 mg/Nm?>). To avoid the influence of fluoride on the desulfurization
process, it is necessary to further remove fluoride and realize resource
recovery. In this work, the removal of fluoride in flue gas is realized by
using the selective absorption of fluoride by villiaumite. Adsorption and
recovery of HF and SiF4 can be realized at 20-80 °C through the R17
(Gromov, 2014) and R18 (Singh and Moharil, 2020), respectively.

MeF,, + nHF = MeF,,-nHF (R17)

xMeF,, + SiF; = x(MeF,;,)-SiF, (R18)

where Me denotes alkali and alkaline earth metals (such as Na, K, Ca and
Ba, etc.), m denotes molecular stoichiometry, and x and n indicate molar
ratios.

Fig. 11 illustrates that the regeneration process of adsorbents mainly
generated sodium fluoride (NaF) by heating. When the adsorbents were
heated above 160 °C, the generated sodium bifluoride (NaHF5) de-
composes to form NaF and HF. As the heating temperature further is
increased above 600 °C, the generated sodium fluorosilicate (Na,SiFg) is
decomposed to form NaF and SiF,4. Using the different decomposition
temperatures, separate recovery of HF and SiF, is achieved. The main

reactions are as follows:
NaF-nHF = NaF + nHF? (above 160 °C) (R19)

NaySiFs = NaF + SiF41 (above 600 °C) (R20)
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Fig. 11. Chemical equilibrium calculation for adsorption-desorption of fluoride
and the molar ratio of NaF, HF and SiF, is 3: 1: 1.

Fig. 12 illustrates the XRD (X-ray diffraction) patterns of adsorbents
placed at the top, middle and bottom of the reactor after adsorption of
residual fluoride in the exhaust gas for 72 h. It can be seen that vil-
liaumite adsorbents mainly consisting of NaF effectively absorbed HF
and SiF4 and converted them into NaHF, and Na,SiFe. NaF diffraction
peaks were mainly found at 38.9° and 56.1°; the NaHF; peaks were at
32.4°, 44.6° and 52.7°; and the NaySiFg peaks were at 20.9°, 26.7° and
39.5°. The different peaks for each crystalline phase indicated that
several crystalline planes were present, including (2 0 0) and (2 2 0)
planes for NaF, (01 2), (01 5) and (1 1 0) planes for NaHF,, and (1 0 1),
(111)and (301) planes for Na,SiFe. The peak areas for each crystalline
phase are usually related to their percentages (Arvelakis et al., 2006). As
shown in Fig. 12, the peak area for NaF in the absorbent decreased from
the top to the bottom of the reactor, while those of NaHF; and Na;,SiFg
gradually increased, mainly because the lower absorbents preferentially
reacted with HF and SiF4 in the exhaust gas.

According to the sampling method introduced in Section 3.2.2, the
concentration of fluoride in the exhaust gas was measured after it had
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3.3.2. Fluoride recycle

To further explore the regeneration of the adsorbents, 100 g of
adsorbent was taken from the upper, middle and bottom parts of the
reactor and put into the oven for 2 h to effect full decomposition and
measure the efficiency for recovery of HF. Based on the reference in-
tensity ratio (RIR) method (Hillier, 2000), the initial amount of HF
adsorbed before decomposition was quantitatively analyzed with the
XRD results obtained in Fig. 12. The RIR quantitative analysis for XRD is
given by:

b pp
I W,

where W denotes the weight fraction, I denotes the intensity, and the
subscripts j and s indicate phase j and standard phases, respectively. For
the corundum (Al;O3) standard phase, the reference intensity ratio (RIR)
was determined according to the most intense corundum peak, I,,, and
the most intense peak from phase j, [;, in a 1:1 mixture by weight. If NaF
is selected as the standard, the formula used to calculate the concen-
trations of any phase j can be converted as follows:

w—w. RIRW 1,

! M RIRL,, Inar

The RIR values of NaF, NaHF; and NaySiFg are queried as 3.83, 2.4
and 0.87, respectively from the PDF standards. Considering the differ-
ences in diffraction peak widths for the crystalline phases in the adsor-
bents, the intensity ratios can be more accurately calculated by integral
intensity (i.e., peak area) of single greatest peak than linear intensity (i.
e., peak height). The I;/Inqr of NaHF; and Na,SiFg can be calculated from
the latest XRD patterns and shown in Table 6.

Overlapping peaks usually affect the accuracy of quantitative results
of RIR method (Lin and Song, 2017), but in this case, diffraction peaks of
each phase are basically non-overlapping and have accurate RIR values.
Therefore, quantitative results close to reality can be obtained by the
RIR method. As shown in Fig. 13, the weight fraction of NaF in the
adsorbents (after 72 h adsorption) located in the top, middle and bot-
tom, respectively were shown as 63.54%, 51.27% and 41.57%, respec-
tively through comparing the peak intensity with the original adsorbent.

s . Table 6
passed through tl';e deﬂuor{natlon deylce, and the resulFs were 6.8,12.4, Ratio of the integral intensity between the NaHF,, NaySiF¢ and NaF.
and 8.2 mg/Nm”, respectively, which met the requirement that the -
concentration of fluoride in the desulfurization process cannot exceed Phase Top Middle Bottom
30 mg/Nm?>. These results indicated that this method achieved high- NaHF, 0.128 0.228 0.378
efficiency defluorination and the efficiency could reach 91.5%. NaySiFs 0.064 0.104 0.160
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Fig. 12. XRD patterns after fluoride adsorption (72 h) for adsorbents placed at different locations in the reactor; the main crystalline phases can be identified as (1)
sodium fluoride (NaF); (2) sodium bifluoride (NaHF,); and (3) sodium fluosilicate (Na,SiFg).
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Fig. 13. Quantitative results for the main crystalline phases in the absorbent.

And then, the mass fractions of NaHF; in the adsorbents located at the
top, middle and bottom of the reactor could be calculated as 12.94%,
18.66% and 25.06%, respectively, and that of NaySiFs were 17.93%,
23.56% and 29.24%, respectively. According to the calculated results,
the mass fractions of HF in the adsorbents located at the top, middle and
bottom of the reactor were 4.17%, 6.02% and 8.08%, respectively.

The released HF was absorbed by NaOH solution, and the total
amount of HF was obtained by measuring the F~ content in the solution.
The recovery efficiencies for HF were calculated from the ratio between
the released amount and initial amount, and the results are shown in
Table 7. This indicates that the adsorbents were regenerated effectively
by heating, and the released HF can be directly condensed into anhy-
drous hydrofluoric acid or a certain concentration of hydrofluoric acid
solution can be obtained by spraying. Considering that the decomposi-
tion temperature of NaySiFg is relatively high, the energy consumption is
too large for practical applications, and SiF4 gas is not easily recycled.
Therefore, the adsorbents decomposed at 180 °C were put into the NaOH
solution, and Na,SiFg was converted into SiO; to realize the recovery of
silicon species through the following reactions.

NaySiFs + 4NaOH — 4NaF + 2SiO,] + 2H,0 (R21)

4. Discussion

Process comparison: There are essential differences between the
dry process and wet spray process in terms of treatment of the exhaust
gas produced by rare earth concentrates during roasting with concen-
trated sulfuric acid. The dry process not only involves simple replace-
ment of equipment but also represents progress in the industrial
production of rare earth elements. Compared with the original wet spray
process, the dry processing technology, which mainly consists of a
cyclone separator and heat exchangers, is simple, and less equipment is
required; this reduces the initial investment in equipment by 50%. In
addition, the dry process is more compact in terms of equipment layout,
covering an area of approximately 55 m?, while the equipment layout of
the wet spray process requires at least 120 m2 When the system is

Table 7
Recovery rate of HF during the regeneration process of adsorbents.
Location Initial amount (g) Released amount (g) Recovery rate (%)
Top 4.17 3.57 85.61
Middle 6.02 5.26 87.37
Bottom 8.08 6.95 86.01
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running, fewer personnel are required for operation of the dry process,
which directly saves personnel costs for the plant. The maintenance
points of the equipment are also decreased because of the smaller
number of devices.

Comparison of power consumption: The electric equipment for
the dry process mainly consists of a water circulating pump, make-up
pump and acid pump, and the total power consumption is approxi-
mately 37 kW. At present, the electrical equipment used in the wet spray
process includes a large number of spray circulating pumps and acid
pumps, and the power consumption can reach 145.5 kW. In addition,
equipment such as the filter presses used in wet process systems also
consumes certain quantities of electricity. Therefore, compared with the
original wet spray process, the new dry process considerably reduces
electricity bills for the plant each year.

Comparison of natural gas consumption: At present, the concen-
tration of mixed acid obtained by the wet spraying process is only 36%,
and the separation of sulfuric acid and fluoric acid must be realized by
the steaming acid process. And the concentration of sulfuric acid must be
increased to more than 65% for reuse in the roasting process. The heat
source for steaming the acid is the steam produced by natural gas used to
support boiler combustion. Therefore, a large amount of natural gas is
consumed to steam acid for the wet spraying process per year. However,
the dry process designed in this article provides pure sulfuric acid with a
concentration of approximately 77.6%, which can be directly used in the
roasting process, and the concentration of mixed acid also exceeds 60%;
this requires only a small amount of steam to obtain a specified con-
centration, which considerably reduces the amount of natural gas used
in the plant. In addition, the dry process uses the heat of the exhaust gas
to produce hot water for winter heating or produce steam for steaming
acid through the steam drum, which further reduces energy
consumption.

Comparison of water consumption: The cooling water needed for
the dry process is all circulating water, and there is basically no water
consumption. The only process that consumes water is conversion of
water into steam. However, the original wet process requires water for
spraying, which increases the consumption of water and produces a
large amount of wastewater. As a result, the plant must also pay for
wastewater treatment.

5. Conclusion

In this paper, dry processing of the exhaust gas produced by rare
earth concentrates during roasting with concentrated sulfuric acid is
systematically introduced in an actual rare earth roasting kiln.
Compared with the original wet spraying, the dry process greatly sim-
plifies exhaust gas treatment and produces steam while achieving dust
removal, cooling and acid condensation of the exhaust gas. During
testing, slightly less than half of the total amount of exhaust gas entered
the dry process system. The main conclusions are described below.

(1) Comparing with wet spraying, the dry process reduces the
consume of water resource, realizes the utilization of waste heat
from roasting exhaust gas and produces approximately 0.64 tons/
h of steam through 1st heat exchanger and steam drum.

(2) The recovery efficiencies for sulfuric acid and fluoride reach
91.17% and 93.44%, respectively in the dry system, which is
comparative with original wet system. However, the concentra-
tion of recycled sulfuric acid and mixed acid can reach to 77.6%
and 63.58%, respectively, which is much higher than that of
mixed acid produced by the wet spraying system with a mass
fraction of only 36%. This will result in a significant reduction in
energy consumption of acid steaming process.

(3) The dry defluorination process newly designed in the dry pro-
cessing system further realizes the adsorption and recycle of re-
sidual fluoride (HF and SiF4) through renewable adsorbents. The



J. Zhao et al.

efficiency for removal of fluoride reaches 91.5% and the average
recovery efficiency of HF reaches 86.33%.
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