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MICROWAVE STATIC CALCINATION FOR REMOVAL OF HIGH CHLORINE FROM HOT-DIP GALVANIZING ASH
FOR PREPARING CERAMIC GLAZE-GRADE ZINC OXIDE

In view of the practical challenges in industrial dechlorination production of hot-dip galvanizing ash with dynamic roasting
inrotary kilns, the static microwave calcination dechlorination was firstly proposed. The effects of calcination temperature, holding
time and heating power were systematically researched in this study. The calcination temperature of 900°C, holding time of 60 min
and heating power of 70% (560 W) were identified as the best technical parameters. At the optimum conditions, the content of
chlorine in the product was reduced from 11.59% to 0.13% and the dechlorination efficiency reached 99.28%. The energy-economic
assessment was conducted revealing that processing the high chlorine hot-dip galvanizing ash with a microwave muffle furnace

saving 2,107 CNY per ton compared to the rotary kiln.
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1. Introduction

Hot-dip galvanizing is currently the most fundamental,
widely used and effective anti-corrosion method for protecting
steel materials worldwide. It plays an irreplaceable role in cor-
rosion reduction, lifespan extension, energy conservation and
material savings for steel materials, with approximately 50% of
global zinc consumption being used for hot-dip galvanizing [1-3].

During the hot-dip galvanizing process, the surface of
molten zinc bath is exposed to air and oxidizes. Additionally,
some fluxing agents enter the galvanizing bath and react with
molten zinc to form dross, which is primarily composed of zinc
oxide, metallic zinc, and chlorides, and typically containing 50%
to 80% zinc by mass, along with minor impurities such as Fe, Pb,
Al and Cl, and it reduces the utilization efficiency of zinc [1,4].

In current industrial hot-dip galvanizing production, most
of the metallic zinc in the dross is recovered and then returned
to hot-dip galvanizing process through ball milling and sieving,
which also results in the hot-dip galvanizing ash. Thus, hot-
dip galvanizing ash is a by-product of the galvanizing process
and represents an important secondary zinc resource [5,6].
According to the National Catalog of Hazardous Wastes
(2021 Edition), hot-dip galvanizing ash is classified as a haz-
ardous solid waste (code: HW23-003). Therefore, recycling the

hot-dip galvanizing ash is a sustainable approach to convert waste
into valuable resources, which is of great significance for societal
sustainability.

Currently, pyrometallurgical and hydrometallurgical
processes are usually employed for treating such secondaries
zinc-bearing materials both domestically and internationally
[7-9]. Pyrometallurgical methods primarily include liquation
smelting, distillation and vacuum distillation, with the final
products mainly being zinc powder and metallic zinc ingots
[10-13]. Hydrometallurgical methods mainly involve chemical
processes and electrolysis, yielding chemical products such as
zinc oxide, zinc sulfate, zinc carbonate hydroxide and other zinc
salts [14-16]. However, both pyrometallurgical and hydrometal-
lurgical processes have certain drawbacks. The pyrometallurgical
process requires high energy consumption and equipment costs.
While the hydrometallurgical process often involves multiple
processing steps and requires large quantities of chemical
reagents, resulting in higher production costs. In summary, the
current existing methods for recycling secondary zinc-bearing
materials into zinc metal or zinc compounds have certain limita-
tions, making it particularly important to explore new application
pathways for the hot-dip galvanizing ash.

As we know, Grade 0 zinc ingots are usually used as the
raw material in hot-dip galvanizing production, resulting in ex-
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tremely low content of harmful heavy metal elements such as lead
and cadmium in the zinc ash. So the hot-dip galvanizing ash is
primarily a mixture of crude zinc oxide and varying quantities
of various other contaminants (e.g. Al, Fe, Pb, and Cl). The
Fe impurity mainly comes from galvanized steel parts but the
content is very small. The Al impurity mainly comes from es-
sential process additives in hot-dip galvanization and is oxidized
to aluminum oxide which is a beneficial component for ceramic
glaze-grade zinc oxide. On the contrary, Al,O; is a highly det-
rimental impurity in metallic zinc products. The Cl impurity
mainly comes from the use of chloride fluxes in the galvanizing
process and which is a very harmful element for ceramic glaze-
grade zinc oxide. Based on the physicochemical characteristics
of hot-dip galvanizing ash, Li proposed an innovative approach
for the high-efficiency utilization of hot-dip galvanizing ash
to prepare ceramic glaze-grade zinc oxide, as first disclosed
in his patent [17]. The process has achieved commercial-scale
production. The company currently adopts the following proce-
dure to comprehensively recycle hot-dip galvanizing ash: iron
removal-rotary kiln roasting for dechlorination (at approximately
1200-1300°C)-ball milling for refinement-air classification for
further iron removal-production of the final qualified ceramic
glaze-grade zinc oxide product. However, this process currently
faces several challenges. First, rotary kiln roasting is a dynamic
process, causing some zinc oxide to be lost in the dust collection
system and reducing zinc recovery. Second, the process suffers
from high energy consumption, inefficient dechlorination, low
zinc recovery, and high production costs. Moreover, the depend-
ence on conventional carbon-based fuels in rotary kiln opera-
tions results in significant CO, emissions, which is increasingly
incompatible with the strategic objectives of China’s dual-carbon
policy. To overcome these limitations, this work introduces an in-
novative static microwave calcination process for dechlorination,
offering a more efficient and environmentally friendly alterna-
tive. Currently, the primary dechlorination methods include water
washing [18], alkali washing [19], high-temperature oxidative
[20], and microwave stirring roasting [21-23]. Water washing
dechlorination suffers from low efficiency, and the material after
washing still exhibits a high chlorine content. The alkali washing
dechlorination process consumes sodium carbonate and steam,
along with producing substantial wastewater, which substantially
elevates operational costs for the enterprise. High-temperature
oxidative dechlorination, typically carried out in multiple-hearth
furnaces or rotary kilns, suffers from significant drawbacks such
as high equipment investment and substantial energy consump-
tion. The microwave stirring roasting technology was developed
by Peng Jinhui group in Kunming University of Science and
Technology [21-23]. This method offers the advantages of low
dechlorination temperature (reduce the heating temperature
of 200-300°C), rapid heating rate, and high dechlorination ef-
ficiency, and so on. However, an increase in the stirring rate
leads to enhanced dust entrainment in the off-gas. This not only
reduces the direct recovery efficiency of zinc but also raises the
risk of pipeline blockage. In summary, all existing dechlorination
processes have certain limitations or drawbacks. Based on other

researchers’ previous research, this study proposes a microwave
static dechlorination process. The equipment and the dechlorina-
tion principle are completely different from those of microwave
stirring roasting.

2. Experimental
2.1. Materials

In the process of hot-dip galvanizing steel pipes, the re-
sulting zinc ash (commonly known as pipe ash in the industry)
contains a high chlorine content of 10%-20%. A representative
sample of hot-dip galvanized pipe zinc ash collected in an indus-
trial galvanizing plant in Tianjin city which ground and screened
to remove metallic zinc firstly was used as the raw material in this
study. The main element composition of the hot-dip galvanizing
ash is given in TABLE 1. The content of Zn, Cl, Fe, and Pb are
55.62%, 11.59%, 0.41% and 0.35%, respectively. It is evident
that the chlorine content in the experimental raw material sig-
nificantly exceeds levels reported for other chlorine-bearing
materials, such as zinc oxide dust, zinc ash, zinc dross, electric
arc furnace flue dust, brass smelting automobile scrap and sludge.

TABLE 1

Chemical composition of the hot-dip galvanizing ash

Element Zn Cl Fe Pb
wt.% 55.62 11.59 0.41 0.35

The phase composition of the zinc ash was analyzed using
X-ray diffraction using Cu Ka radiation in the range of 10°-80°
(20) (XRD, PANalytical, X Pert Powder). The XRD pattern of
the hot-dip galvanizing ash was shown in Fig. 1. As shown in
Fig. 1, the composition of the hot-dip galvanizing ash is relatively
complex, and its main phases are ZnO, Al,03, Fe,O3, PbCl,
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Fig. 1. The XRD pattern of the hot-dip galvanizing ash
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Fig. 2. The SEM image of the hot-dip galvanizing ash

and ZnCl,. It can be seen that chlorine exists primarily in the
form of zinc chloride and a small amount of lead chloride. The
morphology of the ash was observed using a scanning electron
microscope( SEM, FEI Quanta FEG 250). As shown in Fig. 2,
particles with sizes ranging from approximately 10 to 500 um
were characterized with a rough surface and a dense microstruc-
ture, with no observable surface porosity.

2.2. Experimental equipment

The experiments were conducted using a microwave muffle
furnace (MKX-M1B, Qingdao Microwave Creative Techno-
logy Co., Ltd.) with a maximum heating power of 0.8 kW. To
minimize experimental contamination and facilitate by-product
recovery, a small-scale fabric filter system (WNHB-Mc, Jinan
Weimin Environmental Protection Equipment Co., Ltd.) was
employed. A schematic diagram of the experimental setup
is presented in Fig. 3.

2.3. Experimental principle

As shown in Fig. 1, the chlorine in hot-dip galvanizing ash
primarily exists in the form of ZnCl.. Basing on the distinct mi-
crowave absorption properties of zinc compounds, ZnCl: exhibits
strong microwave absorption while ZnO absorbs microwaves
weakly, so microwave irradiation can be utilized for selective
heating to achieve efficient chlorine removal [24-26]. Moreover,
Zinc chloride has a relatively low melting point of 318°C and
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Fig. 3. Schematic diagram of the experimental setup

boiling point of 732°C, respectively. Given the oxygen-limited
atmosphere inside a microwave muffle furnace, it can be inferred
that the primary mechanism for chlorine removal during micro-
wave calcination of hot-dip galvanizing ash is the volatilization
of ZnCl, as shown in formula (2.1).

ZnCl, £ ZnCl, (g) @2.1)

2.4. The specific heat capacity measurement

For the energy consumption and economic evaluation of
this experiment, the specific heat capacity of the raw material
needs to be determined. The specific heat capacity of the hot-dip
galvanizing ash was measured using classic mixing calorimetry
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technique. Basing on the law of energy conservation, the spe-
cific heat capacity of hot-dip galvanizing ash was calculated by
establishing that all heat released from the hot-dip galvanizing
ash was absorbed by water.

2.5. Experimental procedure

200 g of hot-dip galvanizing ash was precisely weighed
using a YP1001B electronic balance (accurate to 0.1 g) and then
placed into a dedicated silicon carbide crucible. The crucible was
then transferred into the microwave muffle furnace, the thermal
barrier was installed, and the furnace door was closed. The rel-
evant experimental parameters, including heating temperature,
holding time and microwave power) were set. The microwave
system and the fabric filter system were then started to begin the
experiment. After the microwave muffle furnace program com-
pleted, the silicon carbide crucible was removed and weighed.
The experimental data were recorded, and the calcination prod-
ucts were ground and stored in pre-labeled, moisture-proof bags.
Finally, the volatile products were collected from the filter bag.

2.6. Element determination

To ensure the accuracy of experimental data, the element
composition of both of the raw materials and the products were
sent to the original supplier for testing and analysis. The chlorine
content was determined using the Volhard method. Elements zinc
and lead were determined by the EDTA titration method, and ele-
ment iron was determined by the cerium sulfate titration method.

3. Results and discussion

3.2. The specific heat capacity of the hot-dip
galvanizing ash

The specific heat capacity of the hot-dip galvanizing
ash was carried out using the mixing calorimetry technique
(BRR-3B, Hunan Zhenhua Analysis Instrument Co., Ltd.). The
specific heat capacity of the raw material was determined through
triplicate parallel measurements, with the mean value adopted as
the final result which is demonstrated in TABLE 2. As shown in
TABLE 2, the specific heat capacity of the hot-dip galvanizing
ashis 2350.86 J/(kg-°C). The value demonstrates that the material
possesses a relatively high specific heat capacity. The traditional
rotary kiln heating process relies primarily on conductive heat

TABLE 2
The specific heat capacity of the hot-dip galvanizing ash
Measuf‘ezment 1# 24 34 The
repetitions average
The specific heat
capacity/[J/(kg-°C)] 2363.06 | 2332.53 | 2356.98 | 2350.86

transfer, which requires heating the entire bulk of material. Due
to the high specific heat capacity of hot-dip galvanizing ash,
a substantial amount of heat energy is required, leading to high
energy consumption in industrial dechlorination operations.

3.3. The heating performance of hot-dip galvanizing ash
in a microwave field

200 g of the hot-dip galvanizing ash was heated with 100%
heating power, the heating rate curve of the hot-dip galvanizing
ash was shown in Fig. 4. As shown in Fig. 4, the raw material
exhibits good microwave absorption properties. And the heat-
ing rate decreases with prolonged heating time demonstrating
the selective heating characteristics of microwaves. During
microwave irradiation, the microwave energy is effectively
absorbed, leading to rapid heating of the ash, which can reach
approximately 900°C within 47 min.
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Fig. 4. The heating rate curve of the hot-dip galvanizing ash

3.4. Effect of calcination temperature
on chlorine removal

The influence of calcination temperature on dechlorination
efficiency was investigated over a range of 600 to 1000°C. Ex-
perimental conditions were shown as follows: the mass of experi-
mental raw material was 200 g, the heating power was 70%, the
holding time was 60 min. The dechlorination rates and chlorine
content in the calcination products as a function of calcination
temperature are presented in Fig. 5. As shown, the dechlorination
rate increases while the chlorine content decreases with increas-
ing calcination temperature. The dechlorination rates are both
more than 99% with the temperature increasing up to 900°C and
1000°C, respectively. At the same time, the content of chlorine
in calcination products are 0.13% and 0.027%, respectively.
Considering both energy consumption and the chlorine content
requirements of ceramic glaze-grade zinc oxide, a calcination
temperature of 900°C was identified as the optimal condition.
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Fig. 5. The dechlorination rates and chlorine content in the calcination
products as a function of calcination temperature

3.5. Effect of holding time on chlorine removal

The content of chlorine in calcination products and
dechlorination rate were studied within a holding time range of
30-150 min. The experimental conditions were as follows: the
experimental raw material mass of 200 g, the calcination tem-
perature of 900°C and the heating power of 70%. Fig. 6 presents
the chlorine removal and chlorine content as a function of holding
time. As shown in Fig. 6, the dechlorination rate remains ap-
proximately 99% at different holding times. The dechlorination
rate reached the maximum value of 99.28% at a holding time of
60 min. However, the chlorine content in the calcination products
first decreases from 30 min to 60 min, and then increases with
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prolonged holding time from 60 min to 150 min. The chlorine
content reached the minimum value of 0.13% at a holding time
of 60 min. The morphological changes of the calcination products
obtained at different holding times were given in Fig. 7. It can
be clearly seen from Fig. 7 that with the increase of holding
time, the calcined product exhibits significant sintering, along
with the occurrence of densification and the formation of large
agglomerates. So this phenomenon is attributed to sintering
induced by in the raw materials under 900°C and excessively
long holding time, which hindered chloride volatilization and
was consistent with experimental observations. Considering both
production efficiency and the chlorine content requirements for
ceramic glaze-grade zinc oxide, the optimal holding time was
determined to be 60 min.

100 0.25
A
A T

c9of o T R
S r ) e N 7
B "\ S oo
S 98| \ N %\c
13)
3= =]
=) \ |5
[5) / 0.15 2
g 971 N\ % b g
=] A >
45 - [}
=] L i g
5 9 0.10 3
= =
S osh 4 ©
by = Dechlorination efficiency
= . 0.05
= o4} 4 Chlorine content i

93 1 1 1 1 1 1 0‘00

20 40 60 80 100 120 140 160

Holding time/min

Fig. 6. The dechlorination rates and chlorine content in the calcined
products as a function of holding time

Fig. 7. SEM micrographs of calcined product with different holding time: (a) 60 min, (b) 90 min, (c¢) 120 min and (d) 150 min
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3.6. Effect of microwave heating power
on chlorine removal

The content of chlorine in calcination products and dechlo-
rination rate were investigated microwave heating power over
a range of 70-95%. Experimental conditions were shown as
follows: the experimental raw material mass was 200 g, the
calcination temperature was 900°C and the holding time was
60 min. Fig. 8 shows the dechlorination rate as a function of
heating power. A maximum dechlorination rate of 99.28% was
achieved at the minimum heating power of 70%. Increasing the
heating power conversely resulted in lower dechlorination rates
(<99%) . Meanwhile, the calcined product reached the minimum
chlorine content of 0.13% at 70% heating power. The chlorine
content in calcination products increased to varying degrees with
higher heating power. This phenomenon attributed to the unique
characteristics of microwave heating. Unlike conventional meth-
ods, microwaves generate rapid and uniform volumetric heating.
Since heating power dictates the temperature ramp rate, higher
heating power shortens the duration required to reach target
temperatures, consequently reducing the hot-dip galvanizing
ash’s residence time in the microwave field. The heating time
as a function of heating power is shown in Fig. 9. Fig. 9 shows
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Fig. 8. The dechlorination rates and chlorine content in the calcined
products as a function of heating power
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Fig. 10. SEM images of the calcined product at the optimum condition (the calcination temperature of 900°C, the holding time of 60 min and
the microwave heating power of 70%)

that the heating time increases from 54 min to 120 min as the
heating power decreasing from 95% to 70%. As shown in Fig. 9,
the cumulative thermal effect during the heating stage has a sig-
nificant impact on dechlorination. The insufficient cumulative
residence time of the raw material in the microwave field can
result in incomplete chlorine volatilization. Therefore, consider-
ing both product quality and energy consumption, the optimum
heating power is determined to be 70%.
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Fig. 9. The heating time as a function of heating power

3.7. Characterization of calcined products prepared
at the optimum condition

Fig. 10 shows the SEM image of the product obtained at the
optimum parameters with the calcination temperature of 900°C,
the holding time of 60 min and the microwave heating power
of 70%. It can be seen that the sample has a uniform porous
microstructure with obvious void formations, primarily caused
by the volatilization of ZnCl, and other volatile species. XRD
patterns of the product is shown in Fig. 11. As shown in Fig. 11,
the calcined product is mainly composed of ZnO, along with
a small amount of Al,0O5 and PbO.
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Fig. 11. The XRD pattern of calcined product under optimal process
conditions

3.8. The energy consumption and economic
evaluation

The rotary kiln is commonly employed for dichlorination
from the hot-dip galvanizing ash in enterprises, which requires
the combustion of a significant amount of natural gas within
the kiln. The required volume of natural gas for this process
varies significantly depending on the chlorine content of the
zinc ash. Based on the industrial operational data of a calcined
zinc oxide factory in Yunnan province for ceramic glaze prepa-
ration, the natural gas consumption is 700 m® to process 1 ton
hot-dip galvanizing ash with 15% chlorine content. Calculated
at a natural gas price of 3.50 CNY per cubic meter, The energy
consumption and economic evaluation comparison between
rotary kiln industrial production and microwave muffle furnace
laboratory experiment processing 1t hot-dip galvanizing ash are
also shown in TABLE 3.

TABLE 3

The energy consumption and economic evaluation comparison be-
tween rotary kiln industrial production and microwave
muffle furnace laboratory experiment processing
1t hot-dip galvanizing ash

Chlorine | Energy consumption and
Furnace type content/% | economic evaluation/CNY kJ/kgCl
rotary kiln ~15 ~2,450 181,675
fsrowave 11.59 343 21,298
muffle furnace

In experiments, the heating current is approximately 5A,
while the holding current is about 1A. So the energy consump-
tion and economic evaluation for microwave muffle furnace
treatment of 1t hot-dip galvanizing ash with 11.59% chlorine
content are as follows:
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Qheating =

=2350.86 J/(kg -°C) x 1000 kg x (900°C —25°C) =

=2,057,002,500J (1)
Ohotding = 02X Opeqring = 411,400,500 (2)

qum = Qheating + Qholding =
=2,057,002,500J +411,400,5007J =
=2,468,403,000] = 685.67kW -h 3)

Therefore, the electricity cost required to process 1 ton of
hot-dip galvanizing ash with microwave muftle furnace is about
343 CNY, calculated at an electricity price of 0.50 CNY/kW-h.

In summary, according to the data in TABLE 3, using
microwave calcination to process 1t of high-chlorine hot-dip
galvanizing ash saves at least 2,107 CNY compared to the tra-
ditional rotary kiln method.

4. Conclusions

(1) The high chlorine hot-dip galvanizing ash can be heated
rapidly under microwave irradiation. Microwave en-
ergy can selectively heat chloride compounds with strong
microwave-absorption properties, thereby enhancing their
volatilization and separation. A 200 g sample reaches 900°C
in approximately 47 min at 0.8 kW microwave power,
demonstrating the low energy consumption of microwave
calcination for hot-dip galvanizing ash treatment.

(2) The optimized parameters were obtained as follows:
heating temperature of 900°C, holding time of 60 min
and heating power of 70%. At the optimum conditions,
the chlorine with high content of 11.59% was efficiently
removed to 0.13%, which exceeding the quality require-
ments for ceramic glaze-grade zinc oxide (<0.3%) and the
dechlorination rate reached 99.28%. While in the industrial
rotary kiln processing of hot-dip galvanizing ash with 15%
chlorine content to produce ceramic glaze-grade zinc oxide,
the roasting temperature is generally maintained between
1200-1300°C, and the dechlorinated product contains less
than 0.5% chlorine.

(3) Microwave calcination of hot-dip galvanizing ash offers
significant energy and cost savings while effective avoid-
ance of CO, emissions. Compared to traditional rotary
kiln processing, this method reduces costs by 2,107 CNY
processing per ton hot-dip galvanizing ash.
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