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ARTICLE INFO ABSTRACT
Keywords: The recirculation of chlorine within the kiln presents a major hurdle in co-processing domestic
Cement kiln collaborative disposal waste in cement kilns. This chlorine enrichment not only adversely affects the quality of cement,

Domestic waste
Bypass dust
Potassium salt
Carbon reduction

but also pose a serious challenge to the subsequent eco-friendly disposal of kiln dust. To solve this
problem, a proper bypass system has been implemented in this study on a 4000 t/d new dry
process cement rotary kiln, and the collection of chlorine-rich bypass dust outside the kiln (30 t/
Resource utilization d) has been achieved. In addition, a comprehensive and innovative system has been developed,
Sustainability including water washing and subsequent triple-effect salt extraction, to achieve leaching of K
and Cl from the bypass dust in the water rinsing liquid, while effectively removing harmful metal
ions such as Pb2". Finally, the extraction of high-purity KCl salt (6 tons/day, purity of 90 %) has
been successfully achieved. It is worth noting that high-temperature flue gas rich in CO; has been
used to precipitate certain heavy metal ions, while steam from the waste-heat power generation
system has been employed as a heat source for the potassium salt evaporation process. More
importantly, all the materials, except for the KCl salt product, are returned to the cement kiln
system without causing any secondary pollution. This study not only effectively addresses the
negative impacts of chlorine element circulation within cement kilns during domestic waste co-
processing, but also achieves a highly innovative engineering practice of transforming waste
into valuable resources from kiln dust to high-purity KCl products. In brief, this work provides a
reference example for future approaches to clean production, carbon reduction and resource
utilization in the cement industry.

1. Introduction

Cement is an indispensable and extensively employed building material globally and has an important impact on urbanization and
sustainable economic and social development in all countries [1]. However, cement production inevitably consumes a lot of energy
and produces high amounts of CO; emissions [2]. To achieve carbon reduction goals and environmental sustainability, the cement
industry is striving towards technological innovations such as low-carbon products, collaborative disposal, alternative fuels and raw
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materials (AFR), and carbon capture and utilizati

on [3,4].

The use of 100 % alternative fuels and raw materials (AFR) (i.e. zero fossil fuels) is a desirable goal for the future cement industry
[4,5]. Currently, cement kiln collaborative disposal of domestic waste is an important way to approach this goal [4,6]. However, the
average chlorine content of these domestic wastes in China is about 0.2-0.5 wt % [7]. As the AFR materials are exposed to the kiln’s
high temperature atmosphere, repeated volatilization and condensation of Cl element can cause the accumulation of Cl-rich dust
within the kiln [8,9]. This issue will not only results in crusting and clogging in the tail chamber, decomposer and preheater, but also
significantly affects the quality of cement clinkers [10].

The cement kiln bypass process is a well-known and effective method of breaking the internal recirculation of the chlorine element
in kiln systems [11,12]. The strategy of the process is to install a bypass device on the front or rear side of the kiln tail chamber to
extract a certain percentage (~5 %) of the high-temperature flue gas out of the kiln [11]. In this process, volatile and harmful elements
(such as chlorine, sulfur, alkali, etc.) in the kiln are separated from the kiln system along with the flue gas and are collected in the
bypass dust after air cooling, filtration, and dust collection treatment. As a consequence, the issue of Cl recirculation in the kiln is
resolved, but a large amount of bypass dust is emitted after the bypass process. However, improper disposal of bypass dust with high
chlorine content will cause serious environmental problems. It is also worth noting that chlorine-alkali-rich bypass dust is undoubtedly
a useful solid waste resource. Therefore, there is an urgent need to explore feasible ways for harmless disposal and efficient resource
utilization of the chlorine-rich bypass, which is of great significance for the carbon reduction and circular economy of the cement
industry.

For decades, considerable efforts have been devoted to the environmentally-safe disposal and effective resource utilization of
bypass dust [12-17]. Currently, the bypass dust is typically used as a blending material for cement or mortar in the production of
hollow blocks, cement masonry, plastering mortar, and pavement bricks [14,15]. Another promising utilization route for chlorine-rich
bypass dust is the extraction and separation of chloride-salts or potassium salts from the dust, which has significant environmental and
economic benefits for the cement industry. Daous et al. [16] extracted potassium salts from the alkali-rich cement kiln dust (CKD) of a
Saudi Arabia cement factory. However, the study did not provide any information on the exact chemical composition and purity of the
potassium salts. Kim et al. [17] obtained a solution enriched with potassium chloride by washing the bypass dust, which unfortunately
was not subsequently treated. The solution could not be used directly as a potash fertilizer nutrient solution due to its high pH value of
10.65. In general, the above resource utilization and treatment methods for the chlorine-rich bypass dust are still in the exploratory or
small-scale trial stage. Therefore, there is a significant need for mature, large-scale and cost-effective disposal technologies. In addi-
tion, concerns regarding salt purification and heavy metal contamination during salt extraction from bypass dust must be considered.
Furthermore, it is imperative to fully utilize the technical conditions of cement production, including waste heat, exhaust gases, and
liquid/gas filtration systems, to ensure the low cost and sustainability of the bypass dust disposal process.

To address the above issues, the migration of chlorine from the AFR to the bypass dust has been tracked via elemental and phase
analysis in this study. The enrichment of chlorine and potassium elements and the high potassium/sodium ratio in the bypass dust have
been determined. In addition, we have taken full advantage of the technological conditions of cement production to develop a
complete set of industrial-scale treatment processes and devices for water washing, and salt extraction of the chlorine-rich bypass dust.
In terms of technological innovations, high-temperature flue gas rich in CO, has been used to precipitate certain heavy metal ions,
while steam from the waste-heat power generation system has been employed as a heat source for the potassium salt evaporation
process. Furthermore, the problem of separating KCl salt and NaCl salt, as well as reducing the content of residual heavy metals in the
salt, is effectively solved through the implementation of the three-effect evaporation system and cooling crystallization technology of
KCl at a predetermined temperature. Although we employed established physical and chemical reactions, along with mature industrial
technologies, we have successfully developed a novel industrial production line capable of consistently extracting high purity KCI salt
(purity >90 %; >6 t/d) from the bypass dust.

It is worth noting that potassium salts are of great importance for the development of Chinese agriculture. A less well-known fact is
that 56 % of China’s arable land is deficient in potassium, and most of the world (except for Canada, Russia, and Belarus) is also
dependent on imported potash salts. Thus, the production of potassium chloride from cement kiln bypass dust in this study achieves
both harmless and resourceful disposal of chlorine-containing kiln dust and is significant in addressing the shortage of potash fertilizer
for arable land in China.

2. Processes and methods
2.1. Introduction of the cement kiln in this study

In this study, experiments were carried out on a 4000 t/d new suspension (NSP) production line with a five-stage preheater at a
plant of Huaxin Cement Co., Ltd. Domestic waste, municipal sludge, general solid waste, and other wastes were used as alternative fuels
and raw materials (AFR) in this kiln. The kiln’s disposal capacity was set at 500 tons/day for domestic waste, 600 tons/day for
municipal sludge and 500 tons/day for general solid waste, respectively.

2.2. Bypass ventilation facility and bypass dust collection system

To break the cyclic accumulation of chlorine in the kiln, a kiln line with a bypass system was designed and installed. The workflow
of the bypass system was illustrated in Fig. 1.
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As shown in Fig. 1, the system basically consists of a set of gas induced draft fans, a cooling fan, a cyclone separator (for coarse
particle separation), a bag dust collection (for fine particle separation), and a bypass dust bin. In operation, approximately 10 vol% of
the flue gas was extracted from the kiln tail chamber and mixed with air from the cooling fan to cool the flue gas rapidly. The cooled
dusty gases were collected as dust after passing through a cyclone separator and a bag filter. Those coarse particles separated by the
cyclone were fed into the dust bin and finally reintroduced into the kiln system. The fine particles collected by the baghouse were fed
into a second bypass dust bin and eventually into the dust handling system as the bypass dust.

2.3. Kiln dust water-washing and salt-extraction facilities

In this study, a complete process for bypass dust washing (120 t/day) combined with salt extraction from the leaching solution was
developed. The system was designed to consist of a washing tank, slurry pump, vacuum drum filter, shallow aeration tank, dosing
device, inclined plate sedimentation tank, triple effect evaporation salt-making system, supporting pumps, condensate tank, and cake
conveyor belt. The process flow of KCl extraction using bypass dust as raw materials was shown in Fig. 2.

Specifically, the bypass dust from the dust silo was poured into a washing tank with a water/dust weight ratio greater than 3:1,
maintaining sufficient agitation to dissolve the soluble chloride salts in the water as much as possible. The slurry was subsequently
pumped into a solid-liquid separator for solid-liquid separation. The filtrate was fed into a salt extraction system, while the separated
solid waste with a moisture content of less than 30 % and almost no chlorine was reintroduced back into the kiln for utilization.

As noted, the solid content of the filtrate was controlled at 0.05 %. The filtrate was sent to a calcium-removal tank, aerated by the
tail gas rich in CO3 from the cement kiln. Calcium ions in the water were combined with CO5 to form insoluble CaCOj3 precipitates,
which were sent to a sedimentation tank for removal, while the supernatant from the sedimentation tank was sent to a brine tank for
salt extraction. Most of the heavy metal ions in the supernatant were removed by adding chemical agents, and then the supernatant
entered a reverse triple-effect salt evaporation system after the impurities were removed using a cartridge filter.

In the three-effect evaporation system, hot steam was provided by the cement kiln waste heat power generation system, and the
industrial KCl crystalline salt products were separated through a temperature control system. Notably, the condensate from the salt
extraction process was returned to the system for the water washing process, while a small amount of the mother liquor remaining after
thermal evaporation was reintroduced into the kiln to be used as fuel. Moreover, the entire system was enclosed, only the potassium
chloride product was output, and no other secondary pollutants were generated. In addition, the tail gas and steam of the cement kiln
were fully utilized, reducing production costs. Therefore, the production process was very clean.

2.4. Characterizations and testing methods

The mineral phase composition of the bypass dust and crystallized salts was determined by an X-ray diffractometer (XRD) (Bruker
D4, Germany), using a CuK, radiation source at a tube voltage of 40 kV and a tube current of 40 mA over a 2-theta range of 8°-65° with
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Fig. 1. Illustration of the cement kiln bypass system.
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Fig. 2. Flow chart of bypass dust water washing and salt extraction process.

a step of 0.020°. The scan rate was 10°/min. The morphology of the crystallized salt samples was observed, using a scanning electron
microscope (SEM; JEOL IT300). The metal element contents in the bypass dust and crystallized salt samples were determined using an
atomic emission spectrometer (Agilent 5110 ICP-OES, Agilent Technologies, USA). The K™ and Na™ contents in the filtrate and
crystallized salt samples were determined using a flame photometer (AP1208, Shanghai AOPU Analytical Instruments, China). The
Ca?* concentration was determined by ethylenediaminetetraacetic acid (EDTA) titration and the Cl~ concentration was determined by
potentiometric titration. The SO3~ content was determined using the barium sulfate gravimetric method.

3. Results and analysis
3.1. Tracking analysis of potassium-chloride enrichment in bypass dust

As mentioned above, a proper kiln bypass system was used to break the recirculation of chlorine and alkali elements to realize the
resource utilization of kiln dust in this study. In theory, with the installation of an appropriate bypass system, the volatile alkali,
chlorine, sulfur, etc. Are expected to be drawn out of the kiln system with the gas. The bypass dust rich in alkali chlorides can be formed
under rapid cooling and finally captured by the dust-removal system. To confirm this conjecture, we first conducted a compositional
analysis of the elements contained in the alternative fuels and raw materials (AFR) samples fed into the cement kiln, clinker samples

Table 1
Composition analysis of typical samples of raw materials, AFR, clinker, and bypass dust (in oxide form).
Sample Loss (950 Si0, Al,O3 Fe,03 CaO MgO K,0 Na,O SO3 Cl™
oc)
(wt.%) (wt.%) (wt.%) wt.% (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
Raw materials 35.21 12.26 3.11 2.06 43.42 1 0.38 0.12 0.12 0.02
AFR / / / / / / 0.7 0.6 0.34 0.35
Hot raw materials 3.59 18.58 4.53 2.71 60.34 0.9 3.71 0.81 1.69 3.23
Clinker with bypass 0.19 21.58 5.11 3.39 65.61 1.65 0.56 0.26 0.31 0.034
Clinker 0.20 21.76 5.17 3.43 66.52 1.67 0.84 0.28 0.32 0.12
Without Bypass
Bypass dust from cyclone 11.66 17.45 4.11 2.9 57.34 3.37 4.45 0.82 1.13 3.613
Bypass dust from the bag filter 8.90 8.53 2.53 1.9 45.94 0.72 14.41 1.01 2.31 10.99
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produced without using the bypass system, clinker samples produced using the bypass exhaust system, and bypass dust samples
collected in the bypass collection system.

The results calculated in the form of elemental oxides are presented in Table 1. The content of chlorine element in the raw materials
sample is ~0.02 %, and the content of chlorine element introduced in the AFR sample is ~0.35 %. Note that chlorine can be easily
circulated and enriched in the kiln system (rotary kiln and preheater), and it is also easy to cause a significant increase in the chlorine
content in the clinker. The table also confirms that the clinker samples produced without using a bypass system contained up to 0.12 %
chlorine. In contrast, the chlorine content of the hot raw materials is 3.23 %, while that of the clinker samples is significantly reduced to
0. 034 %, which fully meets the quality requirements for clinker production. The contents of Cl and K in the bypass dust exceed 10 %,
indicating that the bypass process effectively enriches chlor-alkali elements in the dust, leading to a significant decrease in chlorine
content in the clinker.

To visually compare the K/Na content ratio in different samples, the corresponding results are shown in Fig. 3 in the form of a
histogram. As shown, the proportions of the K and Na elements in the kiln raw materials are relatively low, with the total content being
less than 1.0 %. The K5O content is ~0.38 %, Na,O content is ~0.12 %, and K/Na content ratio is 3.54. The contents of K;O and Na,O
in the clinker increase slightly (0.56 % and 0. 26 %, respectively). The K/Na content ratio is 2.41, lower than that of the raw materials
(3.54). This result verifies that K is more volatile than Na in the kiln, and thus, the volatile K mainly combines with the Cl element in the
kiln to form KCl compounds. This can be attributed to the fact that the thermodynamic drive to form KCl is greater than that of NaCl.
Note that the K content calculated using K,O increases significantly in the hot raw materials samples (3. 71 %), cyclone bypass dust
(4.45 %), and dust bag bypass dust (14.41 %), respectively. The contents of Na,O in the corresponding samples are 0.81 %, 0.82 %, and
1.01 %, respectively, with a slight increase. The corresponding K/Na content ratio is significantly higher than that in the hot raw
materials (5.12), cyclone bypass dust (6.07), and dust bag bypass dust (15.96) samples. The results indicate that the concentration of K
in the bypass dust is pronounced, with a certain degree of Na enrichment. The K and Na contents in the bypass dust are approximately
44 and 8.4 times those of the raw materials, respectively.

To clarify the migration process of K and Cl elements from the raw materials and fuels to the bypass dust, XRD phase analyses were
carried out on the kiln’s raw materials, hot raw materials, cyclone dust, and dust collector dust (bypass dust) from the same batch, as
shown in Fig. 4. The relative content of each crystalline phase was quantitatively analyzed and estimated using the Jade software. Note
that the samples inevitably contain uncrystallized or amorphous phases, and the Ratio of Intensity Reference (RIR) values supplied by
Jade are often imprecise. Therefore, the content estimated from the XRD spectra is only a semi-quantitative analysis, which can only be
used for comparative analysis of the differences between the phases of different samples, but not for quantitative analysis. As shown in
Fig. 4(a), the main mineral components of the kiln raw materials are CaCO3 (~90.2 wt%), SiO5 (~7 wt%), and Muscovite phase (~2.8
wt %), wherein the Muscovite phase contains about 11 wt% of K20 and a very low amount Na. The content of K element in the raw
materials is ~0.30 %. As shown in Fig. 4 (b), the cooled hot raw materials mainly contain CaO, SiO,, C3S, CaCOs, and KCl phases,
wherein the content of KCl is approximately 8.6 %, which is converted into the K element content of ~4.5 wt%. Generally, the mass of
the hot raw materials is about 71 % of the raw materials. If all of the K element in the raw materials goes into the hot raw materials, its
content in the hot raw materials can reach about 0.42 %. However, the actual K content present in the hot raw materials is approx-
imately 10-20 times of the K element content in the raw materials. In addition, the raw materials exhibit a significantly low chlorine
content. is very low. Therefore, the enrichment of KCl in the hot raw materials does not inherent to the raw materials, but rather, is
primarily a result of the volatilization and combination of K~ from the raw materials and the CI™ introduction from the AFR during the
high-temperature zone. This is consistent with previous predictions that KCl compounds could be formed in cement kilns [9]. The KCl
compound then absorbed on the surface of the hot raw materials with hot air flow. As depicted in Fig. 4 (c), the KCI crystallization
diffraction peaks in cyclone kiln dust exhibit high sharpness, and the estimated a corresponding content is approximately 21.9 %. Fig. 4
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Fig. 4. Comparison of X-ray diffraction (XRD) patterns of different samples.

(d) portrays the XRD pattern of the bypass dust obtained from the dust collection bag. The main crystalline phases of the bypass dust
include KCl, Ca0O, C;S, Ca (OH),, and SiO5, among which the content of KCl is the highest (69.7 wt%). The XRD results indicate that the
Cl and K elements are enriched in the bypass dust in the form of KCl, wherein the K element is mainly introduced in the kiln by raw
materials, and the Cl element is introduced by the AFR and the raw materials. The high-temperature atmosphere in the kiln and the
strong volatility and easy combination of K and Cl elements results in the formation and circulation of KCl in the kiln. Moreover, the
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bypass ventilation enables the enrichment of KCI in the bypass dust and offers the possibility to recover KCI outside the kiln. As re-
ported, Han et al. [18] analyzed bypass dust samples from a cement plant in Korea and found the KCI content in the bypass dust as high
as 19.46 %. Uliasz-bochenczyk [19] demonstrated that the contents of K and Cl in the bypass dust were significantly higher than those
in the kiln dust, and the KCI content in the bypass dust was about 10 %. The results reported in the literature are consistent with the
results of this study. combined with the elemental analyses shown in Tables 1 and it can be seen that the bypass dust contains a small
amount of NaCl in addition to the major KCl. Since the physicochemical properties of NaCl and KCl are similar, the formation and
enrichment mechanism of NaCl is presumed to be the same as that of KCl. However, owing to the low content of the crystalline phase of
NaCl (<5 wt %), the corresponding characteristic diffraction peaks are hard to observe in the XRD patterns.

The migration processes of Cl, Na, and K elements in the kiln system based on the above results and analysis are illustrated in Fig. 5.
As shown, the K and Na elements are introduced into the cement kiln system from the raw materials, while the Cl elements are mainly
brought into the system by the ARF. In general, these elements are strongly enriched in cement kilns due to their high volatility and
reactive combinatorial properties in the high-temperature environment of the kilns. The bypass process can effectively break the
recirculation of the K, Na, Cl, and other elements in the kiln and finally realize the enrichment of chloride-alkali elements in the bypass
dust. The chloride-alkali elements mainly exist in the form of KCI crystalline compounds, along with a small amount of NaCl.

3.2. Analysis of the water-washing and salt-extraction process of the bypass dust

The above chemical and phase analyses of the bypass dust indicate that the chlorine element in the kiln dust existed in the form of
chloride-alkali salts, and the proportion of KCl in the bypass dust has an obvious advantage over NaCl. Due to the high solubility of
chloride-alkali salts in water, it is beneficial to extract higher-purity KCI crystals in the subsequent water-washing process of the bypass
dust.

The obtained bypass dust was then washed with water at a water/dust weight ratio of 4:1 and a continuous stirring time of 15 min.
The slurry was pumped into a solid-liquid separator to obtain a filtrate and the insoluble filter residue. The filtered residue was dried
and reintroduced into the kiln. The concentrations of various ions in the washed filtrate samples were tested by a combination of an
Inductive Coupled Plasma Emission Spectrometer (ICP) and a titration method, and the results are shown in Table 2.

As seen, the concentration of K in the filtrate after washing is relatively high (28.21 mg/mL), which is beneficial for the subse-
quent salt-extraction treatment. The concentrations of CI~ and Na™ were 24.06 mg/mL and 0.73 mg/mL, respectively. Note that the
concentration of Ca%" in the washing solution is relatively high (2.32 mg/mL) as well. The high concentration of Ca?* results in the
entire washing solution being strongly alkaline (PH=12.36), which will cause serious corrosion and scaling to the washing and salt-
extraction equipment. Therefore, it is important to remove the Ca>" before salt extraction. In addition, the washing solution contained
high concentrations of Pb%* (52.4 mg/mL) and Cr?>* (0.269 mg/mL). Note that if these components enter the final crystalline salt
product, it will definitely cause the content of heavy metals in the potassium salt product to exceed the standard. Therefore, Pb%* and
Cr?* must be removed.

In addition, the contents of Cl, S, K, and Na elements in the bypass dust sample and the water-washing solution were compared, and
the recovery rates of these elements in the solution were calculated. The results are presented in Table 3. As seen, the extraction rates of
CL S, K, and Na elements in the bypass dust are 76.62 %, 35.45 %, 68.52 %, and 25.30 %, respectively. The above results indicate that
most of the Cl and K elements in the bypass dust are enrichment in the filtrate after washing and separation, which benefits the
subsequent extraction of KCl potassium salts.

The filtrate obtained after direct water-washing and solid-liquid separation could not be used for direct salt extraction, and thus, a
pretreatment was required. In this study, CO5 from the flue gas at the end of the kiln was employed to pre-treat the filtrate. Table 2
compares the changes in the pH value and the content of various metal ions in the filtrate before and after pretreatment. It shows that

Table 2

The concentrations of the various ions in water-washing filtrate samples before and after CO, pretreatment.
Test items Unit Filtrate Filtrate after CO, pretreatment
pH - 12.36 7.01
K* mg/mL 28.21 27.40
Na* mg/mL 0.73 0.75
ca’t mg/mL 2.32 1.13
(¢l mg/mL 24.06 23.85
S0 mg/mL 7.02 7.14
Hg mg/L <0.010 <0.010
As mg/L <0.1 <0.1
cd mg/L <0.004 <0.004
Co mg/L <0.002 <0.002
Cr mg/L 0.269 0.253
Cu mg/L <0.002 <0.002
Mn mg/L <0.002 <0.002
Ni mg/L <0.005 <0.005
Pb mg/L 52.4 0.27
Sb mg/L <0.02 <0.02
Zn mg/L 0.03 <0.02
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Table 3
The recovery rate of Cl, S, K, and Na elements from the bypass dust to the washing solution.
Element in bypass dust (Per 1000 kg) Element infiltrate (Per 3500 L) Element recovery rate (R)
Element Co (%) C; (g/L) R = 10*C;*3500/(Cy+1000) (%)
Cl 10.99 24.06 76.62
S 2.31 2.34 35.45
K 14.41 28.21 68.52
Na 1.01 0.73 25.30

the CO, treatment can significantly reduce the PH value of the filtrate and cause metal ions, such as Ca%* and Pb?*, to precipitate in the
form of carbonate, thus, reducing the content of metal ions in the filtrate. The possible principle for the removal of metal ions by CO4
pretreatment is speculated as follows.

The chemical reactions involved in the precipitation of Ca?* and Pb2* during the CO, pre-treatment may be as shown in Eqgs. (1)-

(4):

CO,+2 OH™ - H,0 + CO3%~ @
CO3™ + Ca*" - CaCOs| @
CaCO3+CO,+H,0 — Ca(HCO3), 3)
CO3™ + Pb** - PbCO3| @

From the equation, it can be seen that in the initial stage of introducing CO, the CO, reacts with OH™ in the filtrate to produce
€03, while consuming the OH~ in the liquid. At this stage, the pH value of the filtrate begins to decrease significantly until it becomes
neutral. However, when excessive COs is introduced into the water, HCO3 will be further generated, resulting in an increase in the pH
value. Specifically, the Ca®" in the filtrate can react with CO5 to form a CaCOs precipitate, thereby gradually reducing its concentration
in the filtrate. However, If the amount of COs is excessive, part of the precipitate will be converted into soluble Ca(HCO3), and enter
the filtrate again. Therefore, the amount of CO5 should be maintained at an appropriate level. In addition, it is worth noting that the
order of precipitation of metal carbonates in the solution depends on the competition between the concentration product constant of
the precipitate (Ky) and the concentration product of the ions to be precipitated (Q). The ion whose ion product (Q) first exceeds Ky, is
precipitated first, that is, the smaller the K, of the precipitate, the more preferentially precipitated. In this study, Pb?" has the highest
concentration (52.4 mg/mL), so its ion product is the largest in the CO%-ion containing filtrate, while its corresponding insoluble
carbonate (PbCO3) has the smallest K, (3.3 x 10’14) among all the metal carbonates, therefore, Pb2t will precipitate before other
metal ions. As presented in in Table 2, after the CO, treatment, the concentration of Pb?* reduces significantly from 52.4 mg/mL to
0.27 mg/mL. Furthermore, this concentration can be subsequently reduced to an environmentally safe level by activated carbon
adsorption. As for Zn™, since the Ky (1.44 x 10719 of ZnCO3 is very close to the K, (8.7 x 10 of CaCOyg, it is easily co-precipitated
with CaCOjs in the form of ZnCOs3, or adsorbed by CaCOs. As seen in Table 2, after the CO treatment, the concentration of Zn?* reduces
from 0.03 mg/mL to <0.02 mg/mL. However, the residual heavy metal element cr3t (0.269 mg/mL) in the filtrate is hard to remove,
because the Cr®* ion is difficult to form a corresponding insoluble precipitate phase in the alkaline filtrate. The concentration of Cr>*
decreases slightly (0.253 mg/mL) after the CO, treatment as seen in Table 2. Therefore, it is also necessary to reduce this content by
subsequent activated carbon adsorption and chemical reduction precipitation. According to Okhrimenko et al. [20], the structure of
the CaCO3 phase precipitated from solution is usually a calcite phase transformed from an amorphous form. Moreover, the precipitated
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Fig. 6. Solubility curves of KCl, NaCl, and K5SO4 in the temperature range of 0-100 °C. (Note that the solubility data for every temperature used to
plot this figure comes from CRC Handbook of Chemistry and Physics [21]).
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CaCOg3 phase has a chelating effect on a variety of toxic divalent metal ions in the filtrate due to its high specific surface area and
mesoporous structure. Thus, the mechanism of CO, pretreatment of filtrate can be summarized as the precipitation reaction of CO5
with metal ions and the chelating and adsorption of the generated CaCOj3 phase. In short, results demonstrate that the reduction of the
pH value of the filtrate can be finally realized by CO5 pretreatment, and most of the undesired metal ions such as Ca®* and Pb®* have
been removed while the desired K" and Cl ™~ are retained. Undoubtedly, this pretreatment greatly saves the cost of employing chemicals
to remove all unwanted impurities from the filtrate.

After CO, pretreatment, the pretreated filtrate is then passed through a sedimentation tank followed by a safety filter to remove the
residual unwanted chemical impurities. Finally, the clarified filtrate is introduced into a three-effect evaporation system for salt
extraction. In this stage, the main cations in the filtrate are K" and Na*, while the main anions are Cl~ and SOZ . It is clear that these
ions in the filtrate can be precipitated in the form of three main salts, namely KCl, NaCl, and K2SO4. Therefore, to extract pure KC, it is
necessary to develop a suitable extraction process based on the solubility of the three salts and the difference in their solubility at
elevated temperatures. Based on the previously reported solubility data [21], the solubility values corresponding to NaCl, KCl, and
K2SO4 in the temperature range of 0-100 °C are plotted in Fig. 6. As shown, the solubility of KCI varies greatly from 20 °C to 100 °C
(from 34.2 g/100 g water to 56.3 g/100 g water). The solubility of KoSO4 also changes significantly (from 11.1 g/100 g water to 24.1
g/100 g water), while that of NaCl is almost constant with temperature (35.9-39.2 g/100 g water). From the above solubility char-
acteristics, it can be seen that in the temperature range of 0-100 °C, the solubility of K2SO4 in water is the smallest, and that of KClI is
the largest. Therefore, during cooling crystallization, KoSO4 will crystalize and precipitate first, followed by KCl and NaCl. In addition,
although the solubility of NaCl is lower than that of KCl, it cannot precipitate easily compared to KCI. This is because the Na™ content in
the filtrate is as low as 3 % of the corresponding K content, that is, the concentration of the sodium salt during thermal evaporation is
much lower than its saturation solubility.

Based on the above analysis, we have established a reasonable three-effect evaporation process, in which the filtrate enters from the
third effect, the hot steam provided by the waste heat power generation system of the cement kiln enters from the first effect, so that the
flow direction of the filtrate and steam is opposite. In this system, the filtrate is passed through a third-effect heating separator and a
second-effect heating separator successively. When the temperature of the second-effect separator is stabilized at the set boiling point,
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Fig. 7. Photos of the (a) salt-extraction device and (b) macroscopic morphology of extracted salts, (c) X-ray diffraction (XRD) patterns of the
crystalline salts, and (d) the corresponding SEM morphology of the salts.
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the filtrate will be transferred to the second-effect thickener, and after cooling, it will be sent to a centrifuge to separate the K2SO4 salts.
The centrifuge mother liquor in the second effect is continuously fed to the evaporation chamber in the first effect where the KCl salts
begin to crystallize from the liquid by cooling crystallization and subsequent salt collection by centrifugation. Along with the
continuous extraction of KCl, Na* and residual heavy metal ions are gradually enriched in the small amount of remaining mother
liquor. To prevent any remaining heavy metals in the KCl salts, the mother liquors are regularly pumped out of the system and into the
cement kiln for calcination.

The vapor pressures of the first, second, and third effects are set to be 70 kPa, 50 kPa, and 23 kPa, respectively, while their liquid
temperatures are designed to be 64 °C, 78 °C, and 95 °C, respectively. Besides, the crystallization temperature of both the first and
second effects is 40 °C. By formulating this evaporation-extraction process, it is feasible to separate the K3SOy4 salts from the second
effect, and separate the KCl saltswith high purity from the first effect. Therefore, by controlling the temperature zone and pressure for
cooling crystallization in a triple-effect evaporation system, KCl salts can be effectively separated from other salts while reducing
residual heavy metals in the salts.

3.3. Morphology and composition analysis of salt samples

A photograph of the three-effect salt-extraction device, macroscopic morphology of the extracted salt, XRD patterns of the crys-
tallized salt samples, and the corresponding SEM morphology are presented in Fig. 7. As seen in Fig. 7 (a), the evaporation capacity of
the salt extractor was 15 tons of saline/hour. The SEM morphology of the salt is shown in Fig. 7 (b), appearing as white crystalline
powders. Combined with XRD patterns and SEM image as presented in Fig. 7(c—d), it can be determined that the salts that eventually
separated from the first effect consists of mainly crystalline KCI salts (PDF No. 41— 1476) and a very small amount of crystalline K2SO4
salts (PDF No.70-1488). As seen, the KCI crystals portray a regular cubic shape, with a grain size of approximately 35-135 pm. The
above results demonstrate that the high-purity KCI crystal salts have been successfully extracted from the bypass dust.

To confirm the quality of the final extracted KCI salts, three samples were randomly selected during the continuous and stable
operation of the system, and the contents of K*, Na*, Cl~, S0, and heavy metals in the samples were systematically determined using
the ICP and titration methods. The results are presented in Table 4.

As shown in Table 4, K (52.61-56.96 %) and Cl (42.01-43.68 %) had the highest contents in the final salt samples, followed by
SO%’ (0.33-1.21 %) and Na™ (0.18-0.55 %). Apparently, the sum of the K™ and Cl~ content has exceeded 94 % of the weight of the salt.
Combined with the above XRD analysis, we can conclude that the chemical composition of the final salt is mainly KCl (>90 %), with a
small amount of K,SO4. This indicates that high-purity potassium salts can be successfully extracted from the bypass dust. Note that the
contents of all the heavy metal elements (e.g., Hg, As, Cd, and Pb) in the salt samples are less than 15 ppm. Importantly, the mass
fraction of KCl salts obtained in this case is higher than 90 %, far exceeding the requirement that the mass fraction of industrial and
agricultural potassium chloride must be greater than 60 % in the GB6549-2011 Potassium Chloride Standard. Moreover, the purity of
the salts meet the requirements for the first-class potassium chloride in the GB/T 7118-2008 Industrial Potassium Chloride Standard,
that is, the mass fraction of potassium chloride must be greater than 90 %. Therefore, the KCl salt obtained in this case is a first-class
industrial potassium chloride salt with high economic value.

3.4. Economic benefit analysis

The environmental benefits of this work are obvious. Predictably, the economic effects are also significant for the sustainable
development of the cement industry. In the following, the economic benefits of this case are briefly analyzed.

Specifically, the total investment in the bypass water washing and salt extraction project is about 10 million yuan, and the con-
struction period is approximately one year. The operating costs of the project mainly include electricity fees, chemicals charges,
evaporation heat consumption, labor costs, etc. The economic benefits brought by the project to the cement plant are estimated as
follows: (1) Sales income of the KCI products. In this case, about 0.2 tons of KCl can be produced for every ton of the bypass dust.
According to the KCl sales price of 2500 yuan/t, the annual income can be approximately 2500 (yuan/t) x 0.2 (t/t) x 30 (t/d) x 300
(d) = 4.5 million yuan. (2) The saved cost of the bypass dust sent for disposal as hazardous waste. If the bypass dust is transported out of
the cement plant for hazardous waste disposal, the market price of this type of hazardous waste disposal would be 1000 yuan/t, and the
annual savings benefit of this part would be 1000 (yuan/t) x 30(t/d) x 300 (d) = 9 million yuan. (3) The considerable annual benefit
from the project, which is estimated to be the sum of the sales income and the saved cost of the bypass dust, that is 4.5 + 9 = 13.5
million yuan.

In addition to economic benefits, this project can also solve the problem of limited use of AFR in the kiln system due to the difficulty
in disposal of high chlorine bypass dust and ensure the long-term stable operation of the AFR system. Therefore, this project can
significantly reduce the overall energy consumption of the cement plant.

Very recently, Huaxin Cement Co., Ltd. successfully built and operated a new 120 t/d bypass dust washing and salt extraction
system. The system can produce 24 tons of KCl products every day on average. This kiln line of the Huaxin Cement Co., Ltd. is almost
the largest environmental co-disposal kiln line in China, and at present, its use of alternate fuels and raw materials is 2000 tons per day.

4. Conclusion

In this study, the successful collection of chlor-alkali rich bypass dust (30 t/d)) from a cement kiln with a capacity of 4000 t/d has
been achieved through the implementation of a proper bypass system. Moreover, we have made full use of the technical conditions of
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Table 4

Quantitative analysis of elements in the final salt samples.
Element/ion Unit Sample 1 Sample 2 Sample 3
K™ g/100g 56.96 53.51 52.61
Cl™ g/100g 42.01 43.69 43.69
S0% g/100g 1.21 0.61 0.33
Na* g/100g 0.18 0.38 0.55
Hg mg/kg <0.012 <0.012 <0.012
As mg/kg <15 <15 <15
cd mg/kg <0.8 <0.8 <0.8
Co mg/kg <1.3 <1.3 <1.3
Cr mg/kg <1.8 <1.8 <1.8
Cu mg/kg <0.8 <0.8 <0.8
Mn mg/kg <11 <11 <11
Ni mg/kg <3.8 <3.8 <3.8
Pb mg/kg <10 <10 <10
Sb mg/kg <7.4 <7.4 <7.4
Zn mg/kg <13 <13 <13

cement production to create a comprehensive suite of industrial-scale treatment procedures and equipments, including chlorine-rich
bypass dust washing and salt extraction. Regarding technological innovation, high-temperature flue gas containing CO2 has been
utilized to precipitate certain heavy metal ions, while steam from the waste heat power generation system has been employed as a heat
source for the potassium salt evaporation process. Most excitingly, this novel industrial production line is capable of consistently
extracting KCl salts from the bypass dust with high purity (over 90 %) and a daily yield of exceeding 6 tons. It is also worth noting that
throughout the entire process, the output of the system is only valuable high-purity KCl products, and the remaining material is
reintroduced into the cement kiln for calcination without additional contamination. Therefore, this work paves the way for cleaner
production, carbon reduction, and resource utilization in the cement industry in the future.
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