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Abstract

Purpose: Medical-municipal co-incineration fly ash is hazardous because of its high chlorine and Pb/Cd
contents. This study converted it into lightweight ceramsite together with bottom ash and tuff and tracked
the chlorine and heavy-metal behavior during washing and sintering.

Methods: The fly ash was dechlorinated by three-stage countercurrent water washing and then sintered with
bottom ash and tuff. Single-factor experiments and Box—Behnken response-surface design optimized the
formulation and firing schedule. XRD, SEM-EDS, Tessier extraction, and leaching tests characterized the
product.

Results: The optimal formulation was 20% fly ash with a bottom ash-to-tuff ratio of 40:60, preheated at 500
°C for 20 min and sintered at 1100 °C for 10 min. The 900-grade ceramsite showed a particle strength of
2014 N and a bulk density of 890 kg/m3. Washing removed 96.2% of the chlorine, and 82.2% of the
chlorine entering the sintering stage was released to the flue gas. Preliminary balances indicated that 70—
85% of Pb, Cd, and Zn remained in the ceramsite.

Conclusion: The proposed route provides a technically feasible basis for resource recovery of high-chlorine
co-incineration fly ash, provided that flue-gas deacidification is implemented and heavy-metal retention is
verified by standard sampling.

Keywords
medical-municipal co-incineration; fly ash; tuff; lightweight ceramsite; heavy metals; resource utilization
1 Introduction

Medical waste contains pathogens, toxic chemicals, and heavy metals and demands careful handling
throughout its life cycle. Incineration remains the preferred treatment in many regions because it inactivates
pathogens and greatly reduces waste volume. In China, medical waste generation has grown with the
expansion of healthcare services [1, 3]. Centralized plants increasingly co-incinerate medical waste with
municipal solid waste to improve efficiency and reduce operating costs [1, 3]. This mode is encouraged by
national policies and is expected to remain dominant in large and medium-sized cities [2, 3]. The resulting
fly ash is hazardous. It concentrates Pb, Cd, Cr, chloride salts, and chlorinated and brominated organics [1—
4]. Co-incineration mixes these pollutants with those of municipal waste. The residue is therefore more
variable and harder to manage than ash from a single feedstock. Landfilling is also constrained by land
scarcity and stricter environmental requirements [2, 30].

Several treatment routes have been explored for this residue. Chemical stabilization and cement-based
solidification are effective but costly, and the products may release metals under acidic conditions or after
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long service. Geopolymer binders consume less energy and carbon [7, 8], yet they do not remove chloride
or dioxin-like compounds [1]. Thermal treatment offers a different balance. It can fix metals in newly
formed mineral phases, destroy organic contaminants, and convert the residue into a reusable construction
material. The main drawback is energy input, which can be offset by adding silica- and alumina-rich raw
materials [5, 6, 9—11]. Sintering fly ash into ceramsite is therefore attractive because the product is a
marketable lightweight aggregate with established uses in lightweight concrete, insulation, and horticulture
[21].

Chlorine is the decisive pollutant in this system. Co-incineration fly ash commonly contains 10-20 wt.%
chloride, mainly as soluble NaCl, KCIl, and CaCl,, most of which can be removed by water washing [15,
25, 26]. If chloride is retained during firing, it promotes the volatilization of Pb, Cd, and Zn through
chlorination reactions. These metals are then shifted to the flue gas, creating secondary pollution [4, 15].
HCl released during sintering likewise requires flue-gas treatment. Residual chlorine can persist as soluble
salts or form chlorosilicate and chloroaluminate phases in the product [15]. High-chlorine co-incineration
ash therefore cannot simply be processed with the formulations and firing schedules developed for ordinary
municipal solid waste incineration fly ash. The fate of chlorine, from raw ash through product to flue gas,
must be quantified [4, 15, 26].

Ceramsite production from incineration fly ash has attracted growing attention. Shao et al. [9] showed how
heavy metals are immobilized in fly ash-based ceramsite. Wu et al. [10] co-sintered fly ash with ferronickel
slag, and Long et al. [11] used a CaO-SiO,—Al>O; system with clay to produce high-strength aggregates.
Han et al. [18-20] demonstrated that water washing and bloating agents improve aggregate quality and
metal retention. Other studies have evaluated the environmental risk of such products [12, 22] and their use
in concrete [21]. Together, these works confirm the technical feasibility of fly ash ceramsite. Three gaps
remain, however. First, nearly all earlier studies used municipal solid waste incineration fly ash alone.
High-chlorine, high-Pb/Cd co-incineration ash has seldom been examined during washing and sintering [9—
11, 16, 17]. Second, most studies relied on leaching tests alone and did not follow chlorine or volatile
metals through firing. Such data are needed to distinguish true immobilization from transfer to the flue gas
[4, 15, 19]. Third, the compatibility of co-incineration ash with tuff has not been established. Tuff is a
silica- and alumina-rich volcanic rock that has performed well as a framework component for lightweight
aggregates and geopolymers [23, 24]. The formulation, firing window, phase evolution, and environmental
performance of this ash—tuff system therefore remain open questions.

Tuff is an abundant volcanic rock rich in reactive silica and alumina and has already been used to prepare
alkali-activated materials and lightweight aggregates [23, 24]. In a previous project, bottom ash and tuff
blended with 20% municipal waste incineration fly ash were sintered into a 900-grade lightweight
ceramsite with adequate strength and acceptable leaching. That work used ordinary municipal ash. It did
not address the high chloride and Pb/Cd contents of medical-municipal co-incineration fly ash, for which
water washing is usually required [25, 26]. The present study extends this route to co-incineration ash and
sets four objectives. The first is to establish a water-washing and ternary-blending procedure for
lightweight ceramsite preparation. The second is to optimize the formulation and firing schedule through
single-factor experiments and Box—Behnken response-surface design. The third is to characterize the phase
composition, microstructure, and heavy-metal leaching behavior of the product. The fourth is to construct
preliminary chlorine and heavy-metal mass balances across the washing—sintering route.

2 Materials and methods
2.1 Materials

Co-incineration fly ash was collected from the bag filter of a medical-municipal co-incineration plant
(daily capacity >800 t/d; medical-waste ratio 5-10%). The sample was dried at 105 °C for 24 h and ground
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to pass a 100-mesh sieve. Its chemical composition and heavy-metal contents are given in Table 1 and
Table 2, respectively. The fly ash was rich in CaO (34.2%) and Cl (19.8%) but contained only 18.6% SiO,
+ AL, O3 in total, indicating that it could not be used alone as an aluminosilicate precursor.

After drying and grinding, the fly ash was homogenized by quartering to obtain representative subsamples
for chemical analysis. XRF analysis was performed on fused beads prepared from ignited powder, and the
loss on ignition was determined at 950 °C. Total heavy metals were digested with HNO; and HF in a
microwave system following USEPA Method 3052 and measured by ICP-OES or ICP-MS.

Table 1 Chemical composition of the co-incineration fly ash (wt.%)

Componen Ca SiO Cl SO; ALRO Fe:O Na; Kz Mg PO TiO Others
t 0] 2 3 3 (0] (0] (0} 5 2

Content 342 168 19. 13. 1.8 39 35 2.6 1.8 1.2 0.6 Balanc
8 5 e

Table 2 Total heavy-metal contents of the co-incineration fly ash (mg/kg)
Element Pb Zn Cd Cr Cu Mn Ni As

Content 5120 7800 245 720 1340 800 280 85

Bottom ash was collected from the grate outlet of the same plant, crushed, ground to pass a 100-mesh sieve,
and dried at 105 °C. Tuff was obtained from a volcanic tuff mine, crushed, ball-milled, sieved, and dried
under the same conditions. Table 3 lists their chemical compositions. The tuff contained 79.94% SiO, +
ALOs and therefore served as the main framework-forming precursor. Its K>O content of 8.88% was
consistent with the presence of K-feldspar, indicating a potassium-rich volcanic rock. The loss on ignition
of the bottom ash was approximately 5.2%, and loss on ignition was reported separately from the oxide
totals.

The bottom ash and tuff were homogenized by quartering after crushing and sieving. The oxide totals in
Table 3 were normalized to 100 wt%, and the loss on ignition was reported separately to avoid double
counting with the oxide components.

Table 3 Chemical compositions of bottom ash and tuff (wt.%)

Component SiO: ALO3 CaO Fe:03 NaxO KO MgO SO; TiO: Cl  Others

Bottom ash ~ 42.6 153 218 6.8 4.2 3.5 2.6 1.8 — 0.51 0.89

Tuff 67.36 1258  6.75 1.86 145 888 0.53 — 026  0.20 0.13

2.2 Water-washing dechlorination

Because the fly ash contained 19.8% Cl, a three-stage countercurrent water-washing process was applied
before sintering. The liquid-to-solid ratio was 8:1 mL/g, the water temperature was 60 °C, and each stage
lasted 20 min, with solid-liquid separation between stages. The washed fly ash was dried at 105 °C to
constant weight and ground to pass a 100-mesh sieve. Washing reduced the CI content to about 1.1% and
lowered the chlorine load before firing [25, 26]. Based on 200 kg of raw fly ash, the washed fly ash
accounted for 135 kg and the dissolved solids for 65 kg. The chlorine mass balance was closed, with 38.115
kg Cl removed in the wastewater and 1.485 kg remaining in the washed ash.
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Each washing stage used deionized water at a liquid-to-solid ratio of 8:1 mL/g and a temperature of 60 °C,
with continuous stirring for 20 min. The slurry was separated by vacuum filtration after each stage, and the
filtrate was collected as washing wastewater. In the countercurrent configuration, fresh water entered the
third stage. The filtrate from the third stage was reused for the second stage, and the filtrate from the second
stage was reused for the first stage. This configuration maintained a high concentration gradient for
chloride dissolution while reducing fresh-water consumption [25, 26]. The combined wastewater was
analyzed by ion chromatography to close the chlorine mass balance.

2.3 Ceramsite preparation

Fly ash, bottom ash, and tuff were weighed in the designed proportions and mixed, and the mixture was
ground to pass a 200-mesh sieve. Water was added at a liquid-to-solid ratio of 0.3-0.4 mL/g, and the
mixture was pelletized into green balls 10-14 mm in diameter. The pellets were dried at 105 °C for 10 h,
heated at 10 °C/min to the preheating temperature, and held for 20 min. They were then heated to the
sintering temperature, held for the designed time, cooled in the furnace to 100 °C, and finally cooled to
room temperature.

Green pellets were formed on a rotating pan granulator by adding water gradually until coherent balls of
10-14 mm were obtained. The moisture content was adjusted so that the mixture could be rolled without
sticking. The pellets were dried at 105 °C for 10 h to remove free water and avoid explosive steam release
during heating. Heating was performed in air at 10 °C/min in both the preheating and sintering stages. After
sintering, the pellets were cooled inside the furnace to 100 °C and then to room temperature to reduce
thermal shock and crack formation.

2.4 Experimental design

Single-factor experiments were performed to examine fly ash content, bottom ash-to-tuff mass ratio,
preheating temperature, sintering temperature, and holding time (Table 4). On the basis of these results,
response-surface optimization was applied to the factors that most strongly influenced particle strength.
Particle strength was used as the response, while bulk density, water absorption, and heavy-metal leaching
were evaluated separately as constraints. Box—Behnken design was used, and each test was performed in
triplicate.

The Box—Behnken design for the three selected factors comprised 17 runs, including five center-point
replicates (Table 5), and the run order was randomized with Design-Expert 13.0. The bottom ash-to-tuff
mass ratio and preheating temperature were fixed at their optimum levels during the response-surface stage.
Particle strength for each run was the average of ten pellets, while bulk density, water absorption, and
heavy-metal leaching were measured on triplicate subsamples. Model adequacy was evaluated by analysis
of variance, R? and adjusted and predicted R?, adequate precision, and the lack-of-fit test.

Table 4 Factors and levels of the single-factor experiments

Factor Level 1 Level 2 Level 3 Level 4 Level 5
Fly ash content 10 20 30 40 —
(%)

Bottom 25:75 35:65 40:60 45:55 50:50
ash:tuff

Preheating 400 500 600 — —
temperature
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Sintering 1050 1100 1150 — —
temperature
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Holding time 5 10 15 20 —
(min)

Table 5 Factors and coded levels of the Box—Behnken design

Factor Symbol Low (-1) Center (0) High (+1)
Fly ash content A 10 20 30
(%)
Sintering B 1050 1100 1150
temperature (°C)
Holding time C 5 10 15
(min)

2.5 Characterization and testing

Particle strength, bulk density, apparent density, and 1 h water absorption were determined according to
GB/T 17431.2-2010 [27]; particle strength was averaged over ten pellets. Chemical composition was
analyzed by X-ray fluorescence spectrometry, phase composition by X-ray diffraction (Cu Ka, 40 kV, 5°—
70°), and morphology by scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM—
EDS, 15 kV). Total heavy metals were measured by inductively coupled plasma optical emission
spectrometry or mass spectrometry after microwave digestion following USEPA Method 3052.

Leaching tests were conducted according to HJ/T 300-2007 [28] (acetic acid buffer method) and HJ 557-
2010 [29] (horizontal shaking method). The former simulated acidic landfill or acid-rain conditions,
whereas the latter simulated neutral aqueous contact relevant to construction use. GB 5085.3-2007 [31] was
used for hazardous-waste identification, HJ 1134-2020 [30] for fly-ash pollution control, and GB 8978-
1996 [32] as a reference limit. Heavy-metal speciation in the raw fly ash was determined by the Tessier
five-step extraction, which separated exchangeable, carbonate-bound, Fe—Mn oxide-bound, organic-bound,
and residual fractions. Chloride contents in the fly ash, washed fly ash, ceramsite, and flue-gas absorption
solution were measured by ion chromatography after water or acid extraction. The detection and
quantification limits of ICP-MS were determined from calibration blanks, and all reported leachate
concentrations exceeded the quantification limits.

XRD patterns were recorded over 5°—70° (20) with Cu Ka radiation, a step size of 0.02°, and a scanning
speed of 4°/min. SEM specimens were sputter-coated with gold and observed at 15 kV, with EDS used for
semi-quantitative spot analysis. The Tessier procedure used 1 mol/L MgCl, (pH 7.0), 1 mol/L NaOAc (pH
5.0), and 0.04 mol/L NH,OH-HCI in 25% acetic acid to extract the exchangeable, carbonate-bound, and
Fe—Mn oxide-bound fractions. The organic-bound and residual fractions were extracted with H,O, and
NH4OAc and with HF-HCIO4 digestion, respectively. Leaching tests were conducted at liquid-to-solid
ratios of 20:1 (HJ/T 300-2007) and 10:1 (HJ 557-2010), using the agitation conditions specified in each
standard. Chloride in aqueous extracts was measured by ion chromatography against standard solutions.
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2.6 Statistical analysis

Each test was performed in triplicate, and the results are reported as mean =+ standard deviation. Design-
Expert 13.0 was used for response-surface design and analysis of variance, and Origin 2024 was used for
plotting and data fitting.

All data processing and plotting were performed in Origin 2024. The response-surface model was verified
by confirmatory runs under the recommended conditions, and the predicted and experimental values were
compared. A significance level of p < 0.05 was adopted for all statistical tests.

3 Results and discussion
3.1 Properties of co-incineration fly ash and water-washing dechlorination

The co-incineration fly ash contained 34.2% CaO, 19.8% Cl, and only 18.6% SiO, + Al,O3, confirming its
high-calcium, high-chlorine, low-silica/alumina character. Total Pb, Zn, and Cd were 5120, 7800, and 245
mg/kg, respectively [1-4]. Tessier speciation showed that 57.8% of Cd occurred as the exchangeable
fraction. The weak-bound fractions (F1 + F2) of Pb and Zn exceeded 63% and 55%, respectively,
indicating a high potential for release under acid rain or landfill leachate. The XRD pattern and SEM
morphology of the fly ash are shown in Fig. 1.

The XRD pattern of the raw fly ash was dominated by calcite, anhydrite, quartz, and the chloride salts KCl
and NaCl, consistent with the high CaO, SOs, and Cl contents in Table 1. SEM observation showed
irregular, loosely aggregated particles covered with fine adhered crystals, a morphology typical of bag-filter
ash after condensation of volatile chlorides and sulfates [1, 4]. This surface structure is consistent with both
the high exchangeable Cd fraction and the rapid dissolution of chloride during water washing [25, 26].
These phases also provide the starting mineralogy for the phase transformations discussed in Section 3.5.
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Fig. 1 SEM images and XRD pattern of the medical-municipal co-incineration fly ash: (a) low-
magnification SEM image; (b) high-magnification SEM image; (c) XRD pattern

Three-stage countercurrent washing reduced the Cl content from 19.8% to 1.1%. Based on 200 kg of raw
fly ash, the washed fly ash mass was 135 kg and the dissolved solids were 65 kg. Chlorine and non-chlorine
components were both consistent with this total mass loss. The cumulative dechlorination efficiency was
96.2% on a chlorine mass basis (Fig. 2), and this step reduced the likelihood of metal chlorination
volatilization during firing [4, 25, 26]. The removal efficiencies of Pb, Cd, and Zn by washing were only
4.6%, 6.5%, and 2.8%, respectively. These total-mass removal efficiencies should not be directly compared
with the change in leachate concentration, which reflects only the mobile fraction.

Water washing removed chloride by dissolving soluble salts rather than by decomposing the ash matrix.
The CI content decreased from 19.8% to 1.1%. The mass loss of 65 kg per 200 kg of raw ash matched the
dissolved NaCl, KCI, and CaCl, together with the fine particles entrained in the filtrate. The total-mass
removal efficiencies of Pb (4.6%), Zn (2.8%), and Cd (6.5%) were low, which indicates that these metals
are not mainly present as soluble chlorides. This result is not inconsistent with the high Cd leachate
concentration. The exchangeable Cd detected by Tessier extraction can be released under acidic conditions,
whereas the near-neutral washing water dissolved only a small part of the metal pool [4, 25]. The
distinction between total-mass removal and leachability reduction is therefore essential for Section 3.6.
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Fig. 2 Effect of three-stage countercurrent water washing on dechlorination and heavy-metal removal from
the co-incineration fly ash: (a) Cl content and cumulative dechlorination efficiency; (b) removal
efficiencies of Pb, Zn, Cd, Cr, and Cu

3.2 Effect of raw-material ratio on ceramsite properties

At a fixed bottom ash-to-tuff mass ratio of 40:60, increasing the fly ash content from 10% to 40%
decreased particle strength from 2210 to 1380 N. The bulk density decreased from 918 to 762 kg/m?, while
the 1 h water absorption increased from 5.7% to 21.5% (Fig. 3). A higher fly ash content diluted the SiO,
and Al,Os framework, while chloride decomposition and the high loss on ignition promoted pore
formation. Taking both product performance and fly ash consumption into account, 20% was selected as a
suitable dosage.

The property trends with fly ash content reflected two coupled effects. Each increment of fly ash diluted the
aluminosilicate framework, because the ash contains only 18.6% SiO, + Al,Os, and reduced the viscous
liquid available for densification. It also increased the chloride and loss-on-ignition loads, so more gas was
released during firing. When the liquid phase was insufficient or the gas release was too rapid, open and
interconnected pores remained, lowering the bulk density and increasing water absorption [18, 19]. The
10% dosage gave the highest strength and the lowest water absorption, but its fly ash consumption was
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limited. At 20%, the strength remained adequate, the bulk density stayed within the 900-grade class, and
the residue consumption was doubled relative to 10%. The 20% dosage was therefore selected as a
balanced compromise, in line with the optimal fly ash windows reported for other ceramsite systems [9, 11,
17].
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Fig. 3 Effect of fly ash content on ceramsite properties

At 20% fly ash, the optimum bottom ash-to-tuff mass ratio was 40:60, which gave a particle strength of
2014 N, a bulk density of 890 kg/m’, and a water absorption of 8.6% (Fig. 4). Tuff supplied the silica—
alumina framework, whereas the Fe;Os3, Na,O, and K,O in bottom ash promoted liquid formation. Excess
bottom ash reduced the framework-forming components and increased the loss on ignition, thereby
weakening the product.

The bottom ash-to-tuff mass ratio mainly controlled the SiO,/Al,0O3; balance and the amount of fluxing
oxides. Tuff contributed 79.94% SiO, + Al,O; and formed the rigid framework, while bottom ash supplied
Fe,0s, NaO, and K,O that lowered the melting temperature and promoted liquid formation. At 25:75, the
liquid phase was insufficient and the pellets remained under-sintered. At ratios above 40:60, the framework
components were diluted and the loss on ignition increased, weakening the product. The 40:60 ratio gave
the best combination of strength, density, and water absorption and minimized the bottom ash consumption
without exceeding the 900-grade density limit. Similar composition windows have been observed in fly
ash-clay and fly ash-slag ternary systems [11, 15].
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Fig. 4 Effect of bottom ash-to-tuff mass ratio on ceramsite properties

3.3 Effect of firing schedule on ceramsite properties

Raising the preheating temperature from 400 to 600 °C increased particle strength from 1792 to 2146 N and
bulk density from 848 to 922 kg/m?, while water absorption decreased from 12.6% to 4.7% (Fig. 5).
Although 600 °C improved strength and water absorption, the bulk density exceeded the upper limit of the
900-grade lightweight aggregate class. A preheating temperature of 500 °C was therefore preferred.

Preheating performed two functions in this process. It gradually burned out residual carbon and volatile
organic matter, avoiding the internal pressure build-up that can crack green pellets during rapid heating. It
also allowed the solid skeleton to develop before the melt appeared. The strength increase from 1792 N at
400 °C to 2146 N at 600 °C reflected more complete burnout and better preservation of pellet shape at
higher preheating temperatures. However, the bulk density at 600 °C reached 922 kg/m?, which exceeds the
900-grade limit of 900 kg/m3, and the water absorption improved little between 500 and 600 °C. A
preheating temperature of 500 °C was therefore chosen to balance burnout with a density margin of about
10 kg/m? for process fluctuation. Comparable preheating windows have been reported for MSWI fly ash
lightweight aggregates [18, 19].
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Fig. 5 Effect of preheating temperature on ceramsite properties

The effects of sintering temperature and holding time are shown in Fig. 6. Particle strength reached 2014 N
at 1100 °C. At 1050 °C, insufficient liquid formation left open and interconnected pores, producing a low
bulk density of 745 kg/m* and high water absorption. At 1150 °C, excessive liquid caused over-sintering
and reduced particle strength to 1668 N. Extending the holding time from 5 to 20 min gradually increased
particle strength and bulk density and reduced water absorption, but the improvement slowed after 10 min;
10 min was therefore adopted. The bulk density of the optimal ceramsite was 890 + 2 kg/m?, leaving a
margin of about 10 kg/m?* below the 900-grade upper limit; five validation batches remained within 888—
895 kg/m®.

The sintering temperature window was narrow because the liquid-phase behavior changed rapidly with
temperature. At 1050 °C, the liquid amount was insufficient and the open pores formed by gas release
could not be closed. The bulk density was only 745 kg/m?, and the 1 h water absorption reached 19.8%. At
1150 °C, the liquid became abundant and the pores coalesced into large cavities, which weakened the
structure and reduced the particle strength to 1668 N. The strength maximum at 1100 °C therefore
corresponds to the condition where the liquid phase closes the open pores without excessive pore
coalescence. Holding time played a secondary role: 5 min was too short for complete sintering, while the

9
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improvement between 10 and 20 min was small. The 10 min holding time was adopted to save energy
while preserving product stability. The five validation batches remained within 888—895 kg/m?, confirming
that the firing window is reproducible [18, 19].
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Fig. 6 Effects of sintering temperature and holding time on ceramsite properties: (a) sintering temperature;
(b) holding time

3.4 Response-surface optimization and validation

Fly ash content, sintering temperature, and holding time were selected as response-surface variables
because the bottom ash-to-tuff ratio and preheating temperature were relatively stable near their optimum
levels. A Box—Behnken design was used with particle strength as the response. The coded regression
equation is Y =2013.0 — 274.8A + 472.4B + 135.1C — 100.7AB — 44.3AC — 55.3BC — 144.5A% — 220.1B?
— 83.3C% where A, B, and C represent fly ash content, sintering temperature, and holding time,
respectively.

The model was significant (R? = 0.9922, adjusted R? = 0.9821, F = 98.6, p < 0.0001). The analysis of
variance is summarized in Table 6. The predicted R? was 0.9410 and the adequate precision was 25.6.
Although the lack-of-fit p value (0.065) was close to 0.05, the high R? and small pure error supported the
use of the model. The influence of the factors followed the order sintering temperature > fly ash content >
holding time. The AB interaction was significant, whereas AC and BC were not (Fig. 7). The optimum lay
close to the center point, and the predicted gain over the center-point condition was modest; the center-
point condition was therefore used in the validation runs. Five validation runs gave a mean strength of 2014
N, close to the predicted value.

The ANOVA results are physically interpretable. Sintering temperature had the largest effect, followed by
fly ash content and holding time, in agreement with the single-factor trends. The significant negative AB
interaction (F = 12.3, p = 0.0099) indicates that the benefit of a higher sintering temperature decreased at
high fly ash content. A high fly ash content lowers the melt viscosity, so at 1100 °C the pore structure tends
to collapse and weaken the aggregate. The significant quadratic terms A? and B? confirm that both variables
have an optimum inside the experimental range. The non-significant AC and BC interactions show that
holding time shifted the strength level without changing the response-surface shape. The lack-of-fit p value
of 0.065 was only slightly above 0.05, and the small pure error of the center-point replicates supported the
model. The validation runs gave a mean strength of 2014 N, close to the predicted value, confirming the
reliability of the Box—Behnken model for process control.

Table 6 Analysis of variance for the particle-strength response-surface model

Source SS df MS F p Significance
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Model 2917250 9 324139 98.6 <0.0001 ok

A-Fly ash 604180 1 604180 183.8 <0.0001 ok
content

B-Sintering 1785300 1 1785300 542.9 <0.0001 ok
temperature

C-Holding 145920 1 145920 44.4 0.0003 ok
time

AB 40560 1 40560 123 0.0099 wx
AC 7840 1 7840 2.38 0.1666 n.s.
BC 12250 1 12250 3.73 0.0948 n.s.
A? 88000 1 88000 26.8 0.0013 wox
B2 204000 1 204000 62.1 <0.0001 HHE
C? 29200 1 29200 8.88 0.0206 *
Residual 23012 7 3287 — — —
Lack of fit 18592 3 6197 5.61 0.065 n.s.
Pure error 4420 4 1105 — — —
Total 2940262 16 — — — —

314 % p <0.001; ** p<0.01; * p <0.05; n.s. not significant
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Fig. 7 Response surface and contour plots of particle strength: (a) fly ash content x sintering temperature,
holding time fixed at 10 min; (b) fly ash content x holding time, sintering temperature fixed at 1100 °C; (c)
sintering temperature % holding time, fly ash content fixed at 20%

3.5 Phase composition and microstructure of the optimal ceramsite

After sintering, the chlorides and carbonates in the fly ash were largely decomposed, and new phases
including diopside, hedenbergite, wollastonite, and K-feldspar were formed together with a broad glassy
phase. The resulting silicate phases and glassy matrix may encapsulate heavy metals and lower their
leachability [9—11, 15]. SEM observations showed a dense surface and predominantly closed, honeycomb-
like internal pores with a heterogeneous size distribution, consistent with gas release from chlorides and
carbonates and with changes in liquid viscosity during firing [18-20]. The properties of the optimal
ceramsite are summarized in Table 7, and its appearance, microstructure, and phase composition are shown
in Fig. 8.

The phase evolution can be understood by comparing the raw and sintered mineralogy. The chloride salts
and anhydrite in the raw ash decomposed or reacted during firing, while CaO, SiO,, and Al,O3 from the
three raw materials combined to form diopside, hedenbergite, wollastonite, and K-feldspar. The formation
of these crystalline silicates indicates that the components reacted rather than being physically blended. The
broad hump in the XRD pattern corresponds to a glassy phase. Such a phase is typical of alkali- and iron-
bearing systems and is considered beneficial for metal encapsulation because it provides a dense matrix
with low diffusivity [9, 10, 15]. SEM observation showed a dense external skin and closed, honeycomb-
like internal pores. The smooth, partially vitrified pore walls are consistent with gas release while the liquid
phase was still sufficiently viscous to retain the pore structure [18, 19]. The dense matrix is expected to
incorporate Pb, Cd, and Zn through substitution in silicates or physical encapsulation in glass, although
direct evidence from element mapping or synchrotron analysis is still needed [9, 12].

Table 7 Properties of the optimal ceramsite

Property Mean + SD Standard/reference
Particle strength (N) 2014+ 14 GB/T 17431.2-2010
Bulk density (kg/m?) 890 +2 900-grade lightweight aggregate
Apparent density (kg/m?) 1698 £3 <2000 kg/m?

12
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Fig. 8 Appearance, SEM micrographs, and XRD pattern of the optimally prepared ceramsite: (a)
macroscopic photograph; (b) SEM micrographs; (c) XRD pattern

3.6 Heavy-metal leaching and environmental safety

Leaching tests were conducted using HJ/T 300-2007 and HJ 557-2010 (Fig. 9). GB 5085.3-2007 and HJ
1134-2020 were used as the primary criteria, and GB 8978-1996 was used only as a reference. In the raw
fly ash, the Cd leachate concentration was 4200 pg/L, exceeding the GB 5085.3-2007 limit of 1000 pg/L.
The Pb concentration was 3563 pg/L, above the GB 8978-1996 reference limit of 1000 pg/L but below the
GB 5085.3 limit of 5000 pg/L. Zn and Cu concentrations were 18500 and 950 pg/L, respectively. After
sintering, the optimal ceramsite showed Cd and Pb of 0.5 and 3.2 pg/L under HJ/T 300-2007, and all
measured metals were far below the regulatory limits. The decrease in leachability indicates that high-
temperature sintering immobilized the metals through phase reconstruction and glass encapsulation,
although direct evidence from sequential extraction or EDS mapping is still required.

The two leaching methods provide complementary information. HJ/T 300-2007 uses an acetic acid buffer
with a liquid-to-solid ratio of 20:1 and simulates acidic landfill or acid-rain conditions. HJ 557-2010 uses
deionized water with a ratio of 10:1 and represents neutral aqueous contact during construction use. In the
raw fly ash, the Cd concentration of 4200 pg/L under HJ/T 300-2007 exceeded the GB 5085.3-2007
identification limit of 1000 pg/L, confirming the hazardous nature of the ash. The Pb concentration of 3563
pg/L was below the GB 5085.3 limit of 5000 pg/L but above the GB 8978-1996 reference value of 1000
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ng/L. After sintering, the Cd and Pb concentrations decreased to 0.5 and 3.2 pg/L, respectively, and all
seven metals were far below the regulatory limits. The reduction is too large to be explained by mass loss
or dilution, indicating that the metals were redistributed into less-soluble phases. Leaching tests alone
cannot distinguish encapsulation from volatilization to the flue gas; this point is addressed by the
preliminary metal balance in Section 3.8. PCDD/Fs were not measured, and their behavior during sintering
remains to be confirmed before building-related use.
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Fig. 9 Heavy-metal leaching concentrations of different samples under HJ/T 300-2007 and HJ 557-2010,
with regulatory limits

3.7 Chlorine distribution during water washing and sintering

A chlorine mass balance was established by measuring Cl in the raw fly ash, washed fly ash, ceramsite,
washing wastewater, and flue-gas absorption solution (Table 8, Fig. 10). For 200 kg of raw fly ash, washing
removed 38.115 kg Cl, corresponding to 96.2% of the total Cl. The actual sintering feed consisted of 135
kg washed fly ash, 400 kg bottom ash, and 400 kg tuff. The total Cl entering sintering was 4.325 kg,
comprising 1.485 kg from washed fly ash, 2.04 kg from bottom ash, and 0.80 kg from tuff. Of this, 0.680
kg remained in the ceramsite (15.7%), 3.555 kg entered the flue-gas absorption solution (82.2%), and 0.090
kg was lost analytically (2.1%). No crystalline chlorosilicate or chloroaluminate phase was detected. The
chlorine balance is expected to be more complete than the metal balance because HCl is readily absorbed in
the alkaline solution, whereas gaseous metal chlorides and submicron aerosols may be only partially
captured.

The chlorine balance clarifies the role of the washing step. Washing removed 38.115 kg of the 39.60 kg of
chlorine in the raw ash, equivalent to 96.2% on a mass basis, and reduced the chlorine load entering the
sintering stage by more than 90%. The sintering feed still contained 4.325 kg of chlorine because bottom
ash and tuff contributed 2.04 and 0.80 kg, respectively. Of this amount, 82.2% left the furnace with the flue
gas and was captured in the alkaline absorption solution, 15.7% remained in the ceramsite, and 2.1% was
analytical loss. The residual chlorine content of the ceramsite was about 0.085%, and no crystalline
chlorosilicate or chloroaluminate phase was detected. Residual chlorine therefore exists mainly as soluble
salts in the pore solution or as minor species in the glassy phase. Because most chlorine was removed
before firing, the risk of heavy-metal chlorination volatilization was reduced, and the flue-gas treatment
could be sized for the measured HCI load [4, 15].
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391 Table 8 Chlorine mass balance during washing and sintering

Stage Stream Mass (kg) Cl content Cl mass Fraction of Remark
(%) (kg) stage Cl
(%)
Washing Raw fly ash 200 19.8 39.60 100 200 kg raw
fly ash
Washing Washing — — 38.115 96.2 Three-stage
wastewater countercurrent
washing
Washing Washed fly 135 1.1 1.485 3.8 Entering
ash sintering
Sintering Washed fly 135 1.1 1.485 343 Basis of feed
input ash
Sintering Bottom ash 400 0.51 2.04 47.2 Bottom
input ash:tuff =
40:60
Sintering Tuff 400 0.20 0.80 18.5 Bottom
input ash:tuff =
40:60
Sintering Total input — — 4.325 100 1.485+2.04
input +0.80
Sintering Ceramsite 800 0.085 0.680 15.7 Clin
residue ceramsite =
0.085%
Sintering Flue-gas — — 3.555 82.2 NaOH
absorption absorption of
solution HCl/chlorides
Sintering Analytical — — 0.090 2.1 Total = 100%,
loss mass balance
closed
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Fig. 10 Chlorine distribution during water washing and sintering

3.8 Preliminary distribution of heavy metals between ceramsite and flue gas

To determine whether low leachability reflects safe immobilization, Pb, Cd, and Zn were measured in the
raw fly ash, washed fly ash, ceramsite, and flue-gas absorption solution (Fig. 11). The present balance
considers only the Pb, Cd, and Zn introduced by the fly ash; the smaller contributions from bottom ash and
tuff were not determined. The ceramsite retention ratios were about 85.0%, 70.0%, and 82.0% for Pb, Cd,
and Zn, while the flue-gas fractions were about 10.0%, 23.0%, and 15.0%. The washing-wastewater
fractions were 4.6%, 6.5%, and 2.8%, and the analytical losses were 0.4%, 0.5%, and 0.2%. The
unaccounted fraction may represent gaseous metal chlorides and submicron aerosols not captured by the
NaOH/filter sampling.

The preliminary metal balance shows that the retention ratios of Pb, Cd, and Zn in the ceramsite were about
85%, 70%, and 82%, respectively, while the flue-gas fractions were 10%, 23%, and 15%. The order Cd >
Zn > Pb in the flue-gas fraction agrees with the volatility of the metal chlorides, because CdCl, and ZnCl,
have lower boiling points than PbCl, [4]. The washing fractions were small, 4.6% for Pb, 2.8% for Zn, and
6.5% for Cd. These values are consistent with the speciation results, which show that the metals are mainly
associated with carbonates, Fe-Mn oxides, and the residual fraction rather than with soluble chlorides. The
unaccounted fraction is attributed to gaseous metal chlorides and submicron aerosols not captured by the
NaOH solution and filter. The balance is therefore preliminary and should be verified with standard flue-
gas sampling, such as USEPA Method 29/30 or a cascade impactor. Nevertheless, the combination of low
leachability and high retention in the ceramsite supports the feasibility of the route, provided that the flue-
gas treatment is designed for the measured HCI and metal loads.
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Fig. 11 Preliminary mass distribution of Pb, Cd, and Zn during ceramsite sintering

4 Discussion

The present work extends the ceramsite route from ordinary municipal solid waste incineration fly ash to
high-chlorine medical-municipal co-incineration fly ash, with tuff acting as the aluminosilicate framework.
Earlier studies have shown that MSWI fly ash can be sintered into lightweight aggregates with clay,
ferronickel slag, or dredged sediment [10, 11, 13, 17]. Washing and bloating agents have also been found to
improve aggregate quality and metal retention [14, 18-20]. Zhu et al. [15] tracked chlorine migration
during the sintering of MSWI fly ash with granite sawing mud, whereas Yang et al. [24] produced
geopolymers from bottom ash and tuff without co-incineration fly ash. The present system differs in two
respects. It combines co-incineration fly ash, bottom ash, and tuff in one ternary system, and it closes both
the chlorine and the heavy-metal balances from the raw ash through the product and flue gas. The resulting
900-grade ceramsite, with a particle strength of 2014 N and a bulk density of 890 kg/m?, is comparable to
aggregates reported for MSWI fly ash-based systems (Table 9) [9, 11, 17].

Table 9 Comparison of ceramsite properties reported in this study and representative fly-ash ceramsite
studies

Study Feedstock Sintering Bulk density 1 h water Strength
temperature (kg/m3) absorption (MPa)
O (%)
This study Medical— 1100 890 8.6 8.80 (crushing)
municipal co-
incineration
fly ash, bottom
ash, tuff
Shao et al. [9] MSWI fly ash, 1150 998.7 0.97 37.84
civil sludge, (compressive)
contaminated
soil, clay
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Hanetal. [18] MSWI fly ash, 1120 212 NR NR
clay, SiC

Han et al. [19] Washed 1140-1160 NR NR NR
MSWI fly ash,
bentonite, SiC

NR: not reported in the cited source.

Chlorine was the main constraint in this system. The raw fly ash contained 19.8% Cl, and three-stage
countercurrent washing removed 96.2% of the chlorine on a mass basis. This pretreatment lowered the
chlorine load entering the sintering stage by more than 90%, reduced the risk of chlorination volatilization
of Pb, Cd, and Zn, and left only about 0.085% CI in the product. The mass balance showed that 82.2% of
the chlorine in the sintering feed was released to the flue gas and captured in the alkaline absorption
solution. Flue-gas deacidification is therefore an integral part of the process rather than an optional add-on.
Compared with direct sintering of unwashed ash, the washing-sintering combination allows the HCI load
and the metal emissions to be managed separately, which simplifies the design of the flue-gas treatment
train [15, 25, 26].

The heavy-metal results support the environmental feasibility of the route, with two caveats. The leachate
concentrations of Pb, Cd, Zn, Cr, Cu, As, and Ni in the optimal ceramsite were far below the GB 5085.3-
2007 and HJ 1134-2020 limits. The preliminary mass balance indicated that 70-85% of the Pb, Cd, and Zn
introduced by the fly ash remained in the ceramsite. However, the flue-gas fractions were probably
underestimated because gaseous metal chlorides and submicron aerosols are only partially captured by the
NaOH solution and filter sampling. The retention ratios should therefore be verified with standard methods
such as USEPA Method 29/30 or a cascade impactor before the material is promoted as safe. The reduction
in leachability is likely related to phase reconstruction and glass encapsulation, a common interpretation in
fly ash ceramsite studies [9, 10, 12]. Direct speciation evidence for the sintered product, such as sequential
extraction, EDS mapping, or XAFS, is still required.

Two limitations should be acknowledged. PCDD/Fs were not measured in this work. Thermal treatment
generally favors their decomposition [3, 5], but their degradation and possible re-formation during sintering
must be confirmed before building-related applications are proposed. The density margin of the 900-grade
product is also narrow. The bulk density of 890 kg/m* leaves only about 10 kg/m?® below the upper limit.
Raw-material fluctuations, such as seasonal changes in the medical waste ratio or chloride content, could
therefore push the product out of grade. Pilot-scale trials are needed to evaluate process robustness, and the
flue-gas metal sampling should be improved in these trials.

Several directions follow from this study. Mechanistically, identifying the binding sites of Pb, Cd, and Zn
in the silicate and glassy phases would strengthen the immobilization claim. From an engineering
perspective, the water-washing wastewater, flue-gas deacidification, and product certification should be
evaluated together at pilot scale. A life-cycle assessment would show whether the energy input for washing
and sintering is offset by the avoided landfilling of hazardous ash and the substitution of natural aggregates.
The measured chlorine and metal distributions also provide quantitative input for the design of full-scale
plants. The proposed route thus offers a technically feasible basis for the high-value utilization of medical—
municipal co-incineration ash, while the remaining environmental and economic questions define the
agenda for scale-up studies.

5 Conclusion

This study developed a lightweight ceramsite route for medical-municipal co-incineration fly ash by
combining three-stage countercurrent water-washing dechlorination with ternary sintering using bottom ash
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and tuff. The optimal formulation was 20% fly ash with a bottom ash-to-tuff mass ratio of 40:60. The
optimal firing schedule was preheating at 500 °C for 20 min and sintering at 1100 °C for 10 min. The
product was a 900-grade lightweight aggregate with a particle strength of 2014 N, a bulk density of 890
kg/m?, and a 1 h water absorption of 8.6%. The route also reduced the demand for clay as a raw material by
using locally available tuff.

During sintering, chloride and carbonate phases decomposed, and diopside, hedenbergite, wollastonite, and
K-feldspar formed together with a glassy phase. The chlorine mass balance was nearly closed. Washing
removed 96.2% of the chlorine in the raw fly ash. Of the chlorine entering the sintering stage, 82.2% was
released to the flue gas and captured in the alkaline absorption solution. The remaining chlorine was
retained in the ceramsite (15.7%) or lost analytically (2.1%). The leachate concentrations of Pb, Cd, Zn, Cr,
Cu, As, and Ni in the ceramsite were far below the GB 5085.3-2007 and HJ 1134-2020 limits. A
preliminary balance indicated that 70-85% of the Pb, Cd, and Zn introduced by the fly ash remained in the
product.

These retention ratios should be regarded as apparent values because gaseous metals may be
underestimated by the present sampling method. The flue-gas fractions should therefore be verified with
standard sampling techniques. The reduction in heavy-metal leachability is likely associated with phase
reconstruction and glass encapsulation, but direct speciation evidence for the sintered product is still
required. The proposed route offers a technically feasible basis for the high-value utilization of medical—
municipal co-incineration ash. Before industrial application, standard flue-gas metal sampling, sequential
extraction and EDS/XAFS analysis, PCDD/Fs measurement, and pilot-scale life-cycle assessment should
be conducted.
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