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Hydrochloric acid is used during steel production
to remove oxides from the product surface, resulting in
a great deal of pickling waste liquid [1]. Most steel
manufacturers use Ruthner spray atomization roasting
to regenerate hydrochloric acid, which results in an iron
oxide powder by-product [2]. The Fe203 by-product can
be used in pigments, polishing powders, and catalysts
[3-5]. Also, Fe304 can be used in magnetic materials
and the manufacture of telecommunications equipment
[6,7]. However, this process line requires high capital
costs and regular cleaning and replacement of
atomizing nozzles, which are difficult for small and
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SIMULATION STUDY OF CITRIC ACID
EFFECTS ON PYROLYSIS OF
HYDROCHLORIC ACID PICKLING WASTE

e The couples and simulations of fluid flow, phase change, and chemical reactions are

¢ New chemical reactions are added, describing the phenomenon of Fe3O4 appearance
e The effects of citric acid on the ingredient of reaction products are discussed

During pyrolysis of hydrochloric acid pickling waste liquid in a Venturi reactor
from iron and steel enterprises, the reaction products agglomerated and
hindered product recovery. Addition of citric acid to materials at the inlet
improved product distribution. In this paper, a numerical simulation of the
combustion, phase change, and gas-solid chemistry involved in a citric acid-
added pickling waste liquid was conducted. These results showed that citric
acid added to the inlet resulted in a peak concentration of carbon dioxide
(COz) in the back half of the Venturi throat, and some ferric oxide (Fez0s)
underwent a secondary reaction to afford ferroferric oxide (FesOai). As the
addition of citric acid increased, the flow of Fe20:s at the outlet first increased
and then decreased, while the flow rate of FesOx first decreased and then
increased. When the ratio of citric acid was 7%, the flow rate of FezOs was
the smallest, and the flow rate of Fe3O4 was the largest.

Keywords: pyrolysis, citric acid, Fez0s, FesOs, numerical simulation.

medium-sized companies to achieve. Small and
medium-sized companies use lime and calcium carbide
slag, among other things, to neutralize the reaction, and
the pH of the waste liquid is adjusted and discharged
directly, which results in a waste of resources and the
formation of solid waste [8]. Therefore, developing new
low-cost treatment options for pickling waste liquid is
important. Using a Venturi reactor for waste acid
recycling effectively reduces equipment costs,
efficiently recovers by-products, and promotes the
process.

Many scholars have studied the spray pyrolysis
technique. For the preparation of MgO by spray
pyrolysis of bischofite in salt lakes, Liu et a/. [9] used
computational fluid dynamics (CFD) to simulate the
spray pressure and temperature distribution of the
pyrolysis furnace; this provided data and the model
basis for nozzle selection, pyrolysis furnace structure
optimization and flow field study. Shammari et a/. [10]
used spray pyrolysis to successfully prepare
TiO2/reduced graphene oxide (rGO) films with different
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GO concentrations (0, 3, 5, and 10 wt.%) on fluorine-
doped tin oxide (FTO) glass substrates. TiO2/rGO thin
films prepared from different GO concentrations (0, 3,
5, and 10 wt.%) were deposited on fluorine-doped tin
oxide (FTO) glass substrates using a spray pyrolysis
technique (SPT). Moumen et al/ [11] used spray
pyrolysis to prepare CuO films and discussed the
influence of substrate temperature on the structure and
optical properties of CuO films deposited using spray
pyrolysis. The effect of substrate temperature on the
structural and optical properties of the films was
discussed. Lv et al. [12—14] proposed a new process
for preparing metal oxides by direct pyrolysis of a
solution containing a rare earth chloride, magnesium
chloride, and pickling waste hydrochloric acid. This
process incorporated a Venturi reactor that atomized
the solution using the heat generated by the
combustion of methane to provide energy for the phase
change of the solution and the pyrolysis of the metal
chloride solution to obtain high-quality metal oxides.
The structure of the Venturi reactor contributes to a
sharp increase in gas velocity at the throat. Then the
solution was fiercely collided into droplets by the high-
speed gas, which can enhance the mixing and increase
the reaction efficiency. Particle agglomerations and
large particle sizes were observed when the Venturi
reactor was used. Citric acid was added to change the
physical properties of the metal chloride solution to

solve this problem by eliminating the hollowing and
agglomeration of the product particles [15].

Citric acid may also be added to FeClz and FeCls
solutions to improve Fe203 agglomeration in a Venturi
reactor. In this paper, the direct pyrolysis of pickling
waste liquid after citric acid addition was simulated and
studied; the coupling of combustion, phase transition,
and gas-solid chemistry was completed using Fluent
software combined with a user-defined function (UDF).

MODELLING

Figure 1 shows the dimensions of the reactor; the
length was 0.85 m, the left-hand gas-phase inlets
consisted of a fuel inlet (inlet1), an oxygen inlet (inlet 2),
and pipe diameters of ®1 = 0.01 m and ®2 = 0.02 m.
The sectional diameter of the material inlet (inlet 3) was
d = ®1=0.01 m. The sectional diameters of the straight
pipelines were d1 = d2 = 0.05 m. The lengths of the
straight pipelines in front and behind the throat were
Ls= 0.15 and L4+ = 0.3 m, respectively. The throat
diameter was de = d1/2 = 0.025 m, length (4*de) = 0.1 m;
the length of the diameter-variable pipeline was
Li=L2= 0.14 m (tan 8° < [0.5* (di-de)/L1] <tan 20°),
Ls =0.02 m. The sectional diameter of the outlet was
0.05 m. We chose a grid division of 230k in the
simulations.
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Figure 1. Jet-flow pyrolysis reactor (a) dimension (b) section of gas-phase inlet (c) monitoring line and monitoring surface.

ANSYS 14.5 software was used for the numerical
simulation. The simulations were based on a 3D non-
steady algorithm, an Euler multi-phase flow model, and
volume-finite discrete differential equations. The
control equations were differentially treated using a
second-order upwind scheme; all items converged to
10 except for energy (to 10%). This study focused on
FeCl: and FeCls pyrolysis inside the reactor, and the
main reactions included:
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H,0(1) > H,0(g) M
HC/(/)—)HC/( ) (2)

CH,(g)+20,(g)—> CO,(g)+2H,0(g) (3)
2FeCl,(s)+2H,0(g)+1/20,(g) — Fe,0,(s)+4HCI (g) (4)
2FeCl,(s)+3H,0(g) — 2Fe,0,(s)+6HCI(g) (5)
2C,H,0, +90, (g) —12C0, (s) +8H,0 (g) (6)
6Fe,0,(s) —4Fe,0,(s)+ O,(g) (7)



CHAO et al: SIMULATION STUDY OF CITRIC ACID EFFECTS ON....

Chem. Ind. Chem. Eng. Q. 29 (1) 53-59 (2023)

We used UDFs to simulate these processes,
employing the boundary conditions summarized in
Table 1 and CH4, O2, CO2, HCI(g), H20(g), HCI(I),
H20(l), FeClz, FeCls and Fe20Os3 as the chemical species
involved in the reactions. The physical parameters of all

substances were identified by searching inorganic
thermodynamics manuals [16]; the particle sizes of
Fe-O3 and FesOs were up to 1 pm. CeHsO; was
customized according to its physical properties. The
boundary conditions are shown in Table 1.

Table 1. Boundary conditions

CHa inlet Oz inlet Material inlet Outlet
Condition Velocity-inlet ~ Velocity-inlet Velocity-inlet Outflow
Value (m/s) 2.88 31.73 0.015 (10% FeClz, 10% FeClz, 5% HCI)
Value (m/s) 2.88 31.73 0.015 (10% FeClz, 10% FeClz, 5% HCI, 5%—9% CsHsO7)
RESULTS AND DISCUSSION Velocity, temperature, and distribution of component

Result validation

The mass flow rate at the outlet of the Venturi
reactor maintained steady when the simulated time
reached 60 s. As shown in Figure 2, when comparing
the flow rates of HCI, Fe203, and FesOs collected at the
outlet, the numerical simulation exceeds the
experimental physical value, which is caused by the
loss of the mixed solution and measurement errors
caused by the recovery process. However, the error
between the simulation and the experiment results was
below 5%, so the model and boundary condition
settings for the numerical simulation are accurate.

- Simulated value
- Tested value

600

.
o
o

Flow/g-h'!
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HCl Fe,0, Fe;0,
Figure 2. Comparison of product results at the outlet.

concentrations

Figure 3(a) shows the velocity cloud diagram and
a velocity vector diagram of the gas phase. Figure 3(a)
shows the gas phase velocity maximized at the oxygen
inlet and the Venturi throat. Starting from the Venturi
throat, a low-velocity area appears in the lower part of
the reactor. Figure 3(b) shows the velocity cloud
diagram and velocity of the solid phase. Figure 3(b)
also indicates the solid phase reached a maximum
velocity at the upper right side of the throat. A low-
velocity region appears in the lower part of the reactor
at the back of the throat due to the vertical collision of
the gas and solid phases.

Figure 4 shows the temperature distribution cloud
diagrams in the Venturi reactor. The reactor's internal
temperature exceeded 2000 K and sufficed for water
and hydrochloric acid evaporation from FeCl. and FeCls
solutions and pyrolysis. The combustion of methane
generated the temperature; the high-temperature zone
was concentrated in the first half of the reactor, and the
low-temperature zone appeared at the material inlet.
The temperature distribution differed from a previous
literature report [15] due to a much higher oxygen flow
rate.

Figure 5 shows a cloud diagram of the
concentration distribution for each component in a

Figure 3. Velocity field distributions.
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Figure 5. Distribution of component concentrations.
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Venturi reactor and methane concentrated primarily at
the methane inlet. As the combustion reaction
progressed, methane reacted completely, and the
concentration dropped to zero. Oxygen concentrated
mainly at the oxygen inlet, and most of the oxygen
reacted as combustion progressed. The oxygen
produced by Eq. (7) will participate in the chemical
reaction according to Egs. (6) and (4). Therefore, the
residual oxygen content was too low obviously in the
throat. Carbon dioxide was produced and accumulated
with the addition of CO2 generated by the pyrolysis of
citric acid at the Venturi throat; this resulted in a high
CO:2 concentration distribution area at the rear of the
throat. Evaporation from the hydrochloric acid solution
and pyrolysis of cerium chloride produced hydrogen
chloride and reached its peak concentration in the latter
half of the Venturi throat. The high concentration area
of FeClz, FeCls, and CsHsO7 was concentrated mainly
at the inlet. As pyrolysis continued, FeCl2, FeCls,
CsHsO7 completely reacted, and their concentrations
dropped to zero. Pyrolysis produced Fe2Oz and was
distributed primarily in the second part of the Venturi
reactor. After citric acid addition, FesO4 was present in
the Venturi reactor, albeit at low levels, and indicated
that only part of Fe203 underwent a secondary reaction
during pyrolysis. The density of FesOs was higher than
Fe203, and that high concentration was localized in the
lower part of the pipe.

The concentration changes of CO2, Fe203, and
FesOs4 on the monitoring line were investigated to
analyze the product distributions in the reactor further.
Figure 6 shows that CO2 was produced as combustion
of methane proceeded and accumulated with CO:2

concentration of CO. at the throat of the Venturi
increased rapidly and maximized before decreasing
and finally leveling off. The distribution of CO:
concentrations on the monitoring line was higher than
in a previous report [15] because the oxygen velocity
was higher, and the high CO2 concentration area was
localized near the reactor wall. After citric acid addition,
some Fe20s in the Venturi reactor reacted to afford
Fes0s4; however, the total number of Fe ions in the
product remained unchanged from the Fe ions added
to the material inlet. Therefore, the concentrations of
FeCl2 and FeClz at the material inlet were consistent
with the literature values [15]. Also, the total amount of
Fe ions in Fe203 and Fe3Os agreed with previous
literature values [15].

Effects of citric acid levels

Figure 7(a) shows that flow rates of Fe203 and
Fe30s increased when the reactor was closer to the
outlet. Changing the amount of CsHsO7 added affected
the flow ratio of Fe203 and Fe304. Adding 7% CsHgO7
resulted in the highest Fe3O4 flow rate. As seen in
Figure 7(b), increasing citric acid levels caused the flow
rate of Fe2Os to increase then decrease; however, the
flow rate of FesOs initially decreases then increases,
and the total Fe ion levels at the outlet remained
unchanged. When citric acid levels were 7%, the flow
rate of Fe2O3 was minimum, and the flow rate of Fez0a4
was maximum.
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Figure 6. Concentration distribution on the monitoring line.
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Figure 7. The relationship between the amount of citric acid added and the product (a) at different positions (b) at the outlet.

CONCLUSION

When citric acid was added to the inlet, CO2
produced by pyrolysis of citric acid and methane
combustion combined, and the peak concentration was
reached in the back half of the Venturi throat. With the
addition of citric acid, part of the Fe203 in the Venturi
reactor underwent a secondary reaction to afford
Fe30s, the density of FesOs was higher than Fe20s, and
that high concentration was localized in the bottom of
the pipe. However, the total amount of Fe ions in the
product remained unchanged from the Fe ions added
at the inlet. As citric acid levels increased, the flow rate
of Fe20s initially increased and then decreased, while
the flow rate of FesO4 first decreased and then
increased. Citric acid levels of 7% resulted in the lowest
flow rate for Fe20Os and the highest flow rate for Fe3Oa.
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LV CHAO'2 SIMULACIJSKO ISTRAZIVANJE EFEKATA
YIN HONGXIN2 LIMUNSKE KISELINE NA PIROLIZU OTPADNOG
SUN MINGHE?2 LUGA 1Z NAGRIZANJA HLOROVODONICNOM
ZHU HANGYU' KISELINOM

Tokom pirolize olpadnog luga iz nagrizanja gvoZda i Celika hlorovodoni¢nom kiselinom u
Venturijevom reaktoru proizvodi reakcife aglomeriraju i ometaju obradu proizvoda.
Dodavanje limunske kiseline materijalima na ulazu poboljsalo je distribuciju proizvoda. U

1Key Laboratory for Ferrous ovom radu fe sprovedena numericka simulacija sagorevanja, promene faze i hemije
Metallurgy and Resources gasno-cvrsto vezane za obradu otpadnog luga iz procesa nagrizanja limunskom
Utilization of Ministry of kiselinom. Ovi rezultati su pokazali da limunska kiselina, dodata na ulazu, dovodi do
Education, Wuhan University of maksimalne koncentracije CO: u drugoj polovini Venturjjevog gria, dok je deo Fe;O;s je
Science and Technology, podvrgnut sekundarnoj reakciji u kojoj nastaje FesOs. Kako se kolicina dodate limunske
Wuhan, China kiseline povecava, prinos Fe;Os na izlazu se prvo povecava, a zatim smanjuje, dok se
2School of Control Engineering, prinos FesO4 prvo smanjuje, a zatim povecava. Kada je odnos limunske kiseline bio 7%,
Northeastern University at prinos Fez0s je bio najmanyi, a prinos Fes;Oy4 najvec.
Qinhuangdao, Hebei, China Kljuéne reci: piroliza, limunska kiselina, Fe;0s, Fe;0y, numericka simulacia.
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