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a b s t r a c t

The integrated utilization of wastes in a cement kiln has become an international megatrend. Various
hazardous compounds containing in wastes might be enriched in the particulate matter (PM) emitted
during the waste disposal and cause adverse environmental consequences. In order to evaluate the
potential environmental issues caused by the PM emission from the cement kiln for co-processing
wastes, the chemical characteristics and formation mechanism of the PM was investigated for the first
time by using a laboratory-scale tube furnace to simulate this process. PM was collected to analyze the
major components (heavy metals, inorganic and organic components) and morphologies. The results
reveal that volatile heavy metals in municipal sewage sludge (MSS) can be enriched in PM. The process
can elevate the levels of sulfate and the organic contents in PM, and the existence of organic moieties
such as CNþ and CHNþ suggest that the co-processing of MSS can affect the PM organic compositions.
Single particle imaging analyses indicate that PM can be classified into nine types based on their
elemental compositions. Further analysis reveals that most particles usually mix with other types of
particles and those mixed particles may cause a more serious impact on the environment. Based on the
TEM observation, a two-step formation mechanism of PM is proposed. Our findings point out the po-
tential environmental adverse effects and call attentions to a full environment assessment of this new
type of cement production process, and also indicates stringent measures should be taken to reduce PM
emissions during this process.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Municipal sewage sludge (MSS) is a common waste worldwide,
and its production has reached 30Mt/y with an annual increasing
rate of 8e10% (Xiao et al., 2017). The accumulation of MSS has
become a serious environmental concern. Landfill and incineration
are the two most common routes for MSS disposal in China (Zhou
et al., 2014). Such methods have their own bottlenecks. For
zt@sustc.edu.cn (Z. Zhang).
example, the reduction of land resource and undesired emissions
(e.g., leachate and landfill gas) to ambient water, soil and air re-
stricts the implementation of landfills (Jin et al., 2017). Incineration
can also aggravate emissions of hazardous substances such as
heavy metals and some organic species into the environment. The
methods of gasification, pyrolysis and digestion have been pro-
posed for the disposal of MSS, but the associated intensive energy
consumption, complex operation, etc., may also limit further
development of those methods. The integrated utilization of wastes
such as MSS in cement kiln has become a promising method and
attracts public interests due to its multiple advantages. For
example, the MSS contains Ca, Si and Al, which are similar to the
raw materials for cement production and the co-processing of MSS
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in a cement kiln can save natural resources. DriedMSS also contains
significant calorific values, which could save energy at the same
time. The silicate in the cement clinker such as tricalcium silicate
and dicalcium silicate can help stabilize the heavy metals during
the high temperature calcination process. Hazardous organic sub-
stancesmight also be decomposed due to the high temperature and
long residence time in a cement kiln. The co-processing of wastes in
cement kiln can also receive subsidies from the government.
Despite aforementioned advantages, this disposal method may
pose some environmental problems, such as the emission of par-
ticulate matter (PM) into the air.

It is well known that PM has significant effects on human health,
ecosystems and the climate (Huang et al., 2014). For example, haze
pollution events caused by the high concentration of PM frequently
occur in China (Sun et al., 2015). The integrated utilization of MSS in
cement kilns has been widely implemented all around the world.
Comparing to regular fuel, higher contents of heavy metals and
organics are contained in MSS. During the high-temperature
calcination process, a portion of those hazardous substances can
be decomposed or be immobilized in the cement clinker, while the
remaining portion might be evaporated in a gas phase. Those pol-
lutants in a gas phase can be condensed on the surface of PM and be
released into the air, posing a threat to the environment and human
health (Schuhmacher et al., 2009).

A number of research efforts have been conducted on the
airborne pollutants including heavy metals (Yang et al., 2016), NOx
(Jeschar et al., 1999), SO2 (Asamany et al., 2017) and organics (Jin
et al., 2016). Very few studies focused on the secondary PM in the
air nearby the cement plant by using the atmospheric chemistry
methods (Yang et al., 2018). These authors conducted a field study
in a cement plant co-processing hazardous wastes. The various
anthropogenic and natural activities nearby the cement plant, such
as vehicle emissions can affect and complicate analyses of the
physiochemical properties of ambient PM (Zhao et al., 2018), it was
difficult to identify the sole influence of the wastes on the prop-
erties of PM. To achieve a better understanding of the impact of
wastes on the physiochemical properties of primary PM emitted
from the cement kiln and their formation mechanism, in the pre-
sent work, PM samples were collected from the emissions out of
the laboratory-simulated process. The chemical properties of
water-soluble organic matter (WSOM) in the emitted PM was
probed by using the Aerodyne high-resolution soot-particle aerosol
mass spectrometer (SP-AMS). The formation mechanism of the
mixing state of PM was discussed with the help of a single particle
analysis method. Cement production is one of the most important
industrial activities that can release PM into the environment, ac-
counting for 40% of total industrial PM emissions in China. Due to
themultiple advantages, the co-processing of wastes in cement kiln
has been widely implemented around the world, therefore the PM
emitted such process should be investigated as well. Our study
focuses on the PM properties and its formation mechanism from a
simulated cement kiln co-processing of wastes. Our results are
expected to provide useful insights to the environmental assess-
ment, pollution reduction when such a technology is implemented
and is beneficial to the goal of cleaner production.

2. Materials and methods

2.1. Raw materials and sample collection

In this work, the calcined raw materials were PO 42.5 (strength
class 42.5 in the standard GB 175e2007) cement rawmeal, coal and
municipal sewage sludge (MSS), which were provided by a cement
plant located in Beijing. Cement raw meal includes limestone, fly
ash, sandstone and iron powder, which can be used to produce
cement clinker. Coal is added to simulate the fuel in a cement kiln,
andMSS is the waste to be disposed. In the experiment, the cement
raw meal was in a fixed proportion (85wt%), while the rest was
made up of mixtures of coal andMSS. A replacement of 15wt% MSS
is indeed used in a real process. We then designed a series of ex-
periments (Samples 1 to 6) with the coal fractions varying from
15wt% to 0wt%, and the correspondingMSS fractions from0wt% to
15wt%. The sample name and corresponding compositions are
shown in Table S1 in the supplementary information (SI). These raw
materials collected from the cement plant were fully blended by a
ball mill (QM-3SP2, Tincan, China) for 24 h, and then were fed into
the furnace for calcination. Note here the samples were prepared
on a mass basis, while in real process, by considering the different
calorific values between the coal andMSS, replacement based on an
energy-basis is preferred.

The chemical compositions andmineralogy of rawmaterials can
be determined by an X-ray fluorescence spectrometer (XRF, S4-
Explorer, Bruker, US) and an X-ray diffraction (XRD, D/MAX-PC
2500, Rigaku, US), respectively. The major components of raw
materials are presented in Table 1. It can be seen that the cement
raw meal for the cement production is composed mainly of SiO2,
CaO, Fe2O3 and Al2O3. The content of phosphorus oxide in the MSS
is also high, which can be attributed to the lack of a phosphate
elimination process in the wastewater treatment plant (Folgueras
et al., 2004). Fig. 1 shows the XRD patterns of raw materials. It
can be seen that the crystalline phases of SiO2, CaCO3 and Fe2O3 are
identified in cement raw meal. This outcome can be attributed to
the fact that the cement raw meal is composed of sandstone,
limestone, iron ore and fly ash. The major components of coal are
SiO2 and Al2Si2O5(OH)4, while Ca3(PO4)2 and SiO2 are identified in
MSS. The contents of heavy metals in raw materials are also shown
in Table 1. Compared to cement raw meal and coal, heavy metal
concentrations in MSS are notably high.

The equipment used for raw materials calcination was a
laboratory-scale electrically heated tube furnace (F1600, Zhong-
huan, China). The samples were calcined according to the pro-
grammed procedure. The temperature was raised at the rate of
10 �C/min from room temperature to 950 �C, and maintained for
30min, then the temperature was increased to 1450 �C at a rate of
10 �C/min and held for 2 h, which is similar with the temperature
program during the real cement production process. During the
practical cement production process, raw materials are firstly fed
into the pre-calciner for the full decomposition of limestone, where
the temperature is about 950 �C. Then the raw materials are
transferred to the rotary kiln for the cement clinker calcination,
where the temperature is about 1450 �C. The 6 p.m. samples were
collected in the nozzle of the furnace by quartz filters (9 cm, QMA,
Whatman, UK) with an air flow rate of 1.2 L/min during the entire
calcination process. The air flow rate in the laboratory study is also
similar with that in the real cement production process.

2.2. Sample analyses

The overall diagram of sample analyzing procedure is shown in
Fig. S1. Before the heavy metal measurement, approximately 1/4 of
the quartz filter was pre-treated in a microwave digestion system.
The digested solution was subsequently sent to an inductively
coupled plasma mass spectrometer (ICP-MS, XSERIES 2, Thermo
Scientific, US) for heavy metals (As, Ni, Cd, V, Cr, Mn, Ba, Sr, Cu, Zn
and Pb) analysis. The concentrations of heavy metals in the flue gas
can be calculated according to Eq. (1). In Eq. (1), C refers to the
concentration; V reveals the volume; M represents the mass; S is
the flow rate; T stands for time. Specifically, C1 (mg/mL) is the
concentrations of heavy metals in extracted solution and V1 (mL) is
the volume of solution used to dissolve the filter; Mt (g) is the total



Table 1
Main chemical com positions (wt%) and concentration of heavy metals of cement raw meal, sewage sludge (MSS) and coal (mg/kg).

Sample CaO SO3 SiO2 MgO Al2O3 Na2O Fe2O3 K2O P2O5 LOI

Cement raw meal 46.9 0.1 9.0 1.8 3.8 0.1 1.7 0.6 0.1 35.1
Coal 2.3 0.3 4.4 0.1 2.0 0.1 1.5 0.2 0.1 89.1
MSS 7.6 1.4 14.2 2.3 7.8 0.9 4.1 1.4 7.2 51.0

As Sr Ba Cd Co Cr Cu Ni Pb Zn Mn V Sn

Cement raw meal 134 381 54 Nd 3 295 16 7 17 46 268 13 31
Coal 126 467 358 1 3 322 16 9 4 39 77 14 36
MSS 196 424 525 Nd 6 438 276 28 37 800 401 21 34

Nd: not detected; LOI: Loss on ignition; refers to the sample heated to 800 �C for 3 h using American Public Health Association (APHA) standard method.

Fig. 1. The XRD patterns of raw materials.
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mass of the filter; S2 is the gas flow rate (m3/min); while T2 is the
experimental time (min), and M1 (g) is the mass of 1/4 of the filter
used for the heavy metals measurement. The enrichment factors
(EFs) of heavy metals can be determined by Eq. (2) (Yang et al.,
2018): EFi refers to the EFs; Xi reveals specific element while Ti is
the reference element. Sr is the reference element because it can be
used to represent natural background aerosols (Dongarr�a et al.,
2007).

C ¼ C1 � V1 �Mt

S2 � T2 �M1
(1)

EFi ¼
ðXi=TiÞsample
ðXi=TiÞcrust

(2)

Another 1/4 of the filter was sonicated in 40mL of ultrapure
water (18± 1MU cm�1) for 30min under the temperature of 0 �C.
Then the extracted solution was filtered through a microporous
membrane with a 0.45-mm diameter. Part of the solution was sent
to ion chromatograph (IC, CS-2500, DIONEX, US) for the detection
of inorganic ions (SO2- 4, NO- 3, Cl�, F�, PO3- 4, Naþ, Mg2þ, Kþ, Ca2þ

and NHþ 4). Detailed operation parameters have earlier been
illustrated by Yang et al. (2018). The details of quality control for the
ICP-MS and IC measurements are provided in the supplement SI,
and the samples were run in triplicate to check the reproducibility.
Then the molar equivalent of cations and anions could be deter-
mined by Eq. (3) and (4) (Yang et al., 2018); the molar ratio of [NHþ
4] to [SO2� 4] could be defined in Eq. (5) and the equivalent molar
ratios (microequivalents) of measured NHþ 4to the sum of NO�
3and SO2� 4 can also be calculated as Eqs. (6)-(7) (Wang et al.,
2016a).

X
Cation ¼ M½Naþ�

23
þM½NHþ

4 �
18

þM½Kþ�
39

þM½Mg2þ�
12

þM½Ca2þ�
20

(3)

X
Anion ¼ M½Cl��

35:5
þM½F��

19
þM½PO3�

4 �
31:7

þM½NO�
3 �

62
þM½SO2�

4 �
48

(4)

½NHþ
4 �

.
½SO2�

4 � ¼ ðM½NHþ
4 �
.
18Þ

.
ðM½SO2�

4 �
.
96Þ (5)

M½NO�
3 � þM½SO2�

4 �microequivalents

¼ M½SO2�
4 �

.
48þM½NO�

3 �
.
62 (6)

M½NHþ
4 �microequivalents ¼ M½NHþ

4 �
.
18 (7)

An SP-AMSwas introduced for theWSOM analysis in the PM (Ge
et al., 2017). The liquid samples extracted from the PM were
nebulized by an atomizer, thenwere transferred to SP-AMS, and the
information of the non-refractory species was ascertained by a
high-resolution time-of-flight mass spectrometer based on the
mass-to-charge (m/z) ratios. The blank filter was also pretreated
and analyzed using the same method as the samples. The mea-
surement was conducted twice for the repeatability, and the
detailed operation conditions were similar to the previous studies
(Ge et al., 2014). The mass spectra of WSOM, hydrogen-to-carbon
(H/C), nitrogen-to-carbon (N/C) ratios, oxygen-to-carbon (O/C)
and organic mass-to-organic carbon (OM/OC) ratios were deter-
mined by SP-AMS, according to the procedure introduced by Aiken
et al. (2008). The particles in filters were ultrasonically dispersed in
alcohol, then were adhered on the Cu-film. The morphology and
elemental compositions of an individual particle was analyzed by
transmission electron microscopy (TEM, F20, Tecnai, US) equipped
with energy-dispersive X-ray spectrometer (EDS, F20, Tecnai, US).
The TEM observation started from the center and fanned out to the
edge of the film to ensure that the analyzed particles are repre-
sentative (Yang et al., 2018).
3. Result and discussion

3.1. Characterization of heavy metals in PM

To better understand the characteristics of heavymetals emitted
during the cement clinker calcination process, thermodynamic
equilibrium calculations were conducted using FactSage 6.4
(Becidan et al., 2010). The input data are based on the chemical



Table 2
The EFs of heavy metals in particulate matter.

Sample Name Ni Cd V As Pb Zn Cu Cr Ba Mn

1 14.1 322 3.0 1375 12.0 59.8 24.5 310 11.8 0.38
2 13.8 512 2.4 1480 11.5 77.8 32.5 286 11.5 0.50
3 14.7 515 2.7 1440 20.5 77.7 31.3 295 11.0 0.42
4 16.5 1514 3.8 1625 19.4 69.5 30.2 311 10.0 0.78
5 17.2 2200 4.3 1720 26.2 70.5 35.5 305 12.0 1.18
6 16.3 1050 2.9 1825 11.1 82.5 39.4 341 13.8 0.44
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compositions of feeding materials and the real air conditions. The
temperature is in the range of 700e1500 �C. Although the equi-
librium calculation contains the limitation because it ignores the
kinetic behaviour, it can help to explore the volatilization behav-
iours of heavy metals under various conditions. The results are
shown in Fig. S2. The heavy metals can be classified into three
categories under the cement calcination conditions: the most vol-
atile elements are Cd, As, Zn and Pb; Ni, Cu, Cr and Ba are consid-
ered semi-volatile elements; and V and Mn can be treated as non-
volatile element. The concentrations of heavy metals in flue gas are
shown in Fig. 2. As can be seen in this figure, Zn, Cr, As and Ba show
high concentrations, which can be attributed to the high contents
of those elements in the raw materials (Table 1). Although Mn also
shows high content in the raw materials, its concentration in the
collected PM is low because of its low volatility. The EFs for various
heavy metals were also calculated. An EF value less than 10 in-
dicates that the cement production process does not affect the
distribution of heavy metals in the ambient PM. The EF larger than
10 indicates the cement production can elevate the heavy metals
concentrations in the PM.

The estimated EFs for all heavy metals are given in Table 2. It can
be seen that all heavy metals have larger EFs compared to the
background values in Beijing (Gao et al., 2014), indicating that the
cement production process could facilitate the enrichment of heavy
metals in PM. Most heavy metals become more enriched in the PM
with increasing amounts of MSS. This outcome might be because
the MSS contains much higher contents of heavy metals than those
present in the coal used (Table 1), elevating the heavy metals
contents in the PM. Since MSS often contains a higher content of
chlorine than the raw materials, the reaction with heavy metals
results in forming the highly evaporable chloride (Li, 2013). The
addition of MSS can also facilitate the volatilizations of heavy
metals during the cement clinker calcination process. The EFs of Cd,
Pb, V and Mn increase first then decrease with further additions of
MSS. The reason for this outcome might be that MSS also contains
higher content of SiO2 and CaO than that in coal, and some heavy
metals can react with SiO2 and CaO in MSS to form the stable
species during the calcination process. For example, Cd and Pb can
react with SiO2 to form CdSiO3 and PbSiO3, while V can react with
CaO to form (CaO)2(V2O5). These are confirmed by the thermody-
namic equilibrium calculations (Fig. S2), indicating that the EFs of
some heavymetals do not always increasewith further additions of
MSS.
Fig. 2. The concentration heavy metals in PM (number 1e
3.2. Characterization of water-soluble inorganic ions in PM

The concentrations of the water-soluble inorganic ions and their
relative mass proportions are shown in Fig. 3. The hierarchy of their
concentrations is as follows: SO2- 4 > NHþ 4 > Ca2þ>Naþ>PO3-
4> Kþ>NO- 3>Mg2þ>F�> Cl�. As can be seen that, SO2- 4, NHþ 4,
Ca2þ and Naþ are the four most abundant ions, while NO- 3 is less
significant. The present results show that the concentration of Ca2þ

is significant, originating probably from the incineration of lime-
stone in the raw materials. The relatively large content of SO2- 4
might be due to the high temperature inside the furnace (Seinfeld
et al., 1998), which will facilitate the oxidation of SO2 into S(VI)
during the clinker calcination process, and lead to the formation of
sulfate. The concentrations of SO2- 4and Kþ increase with the
increasing addition of MSS, indicating that the co-processing of
MSS can effectively promote the emission of vitriolic and potassic
PM. Previous studies reported that the incineration of biomass
could increase the concentration of SO2- 4 (Rastogi et al., 2014), and
MSS is similar, containing biomass-like species. For Kþ, as it is also
an important inorganic component in biomass burning emissions
and is often used as a tracer for the biomass combustion, its high
content in the PM points to the significant influence of MSS
incineration.

The correlations between the molar equivalent of cations and
anions are shown in Fig. S3. The molar ratio of measured anions to
cations is much larger than 1 (slope: 1.903), indicating a large
excess of anions. If carbonate is considered, which is possibly
exiting in the PM but not measured here, the excess of anionwould
even larger (Xu et al., 2013). This result strongly indicates that the
PM emitted from cement production is highly acidic. The secondary
inorganic aerosol (SIA) components - NO- 3, SO2- 4and NHþ 4,
relevant to corresponding precursor gases of NOx, SO2 and NH3, are
the major components that affect the particle acidity. The molar
6 stand for the sample names as shown in Table S1).



Fig. 3. a) Concentration of water-soluble ions in particulate matter, b) Percentage of
water-soluble ions to the total ions; b1) Sample 1; b2) Sample 2; b3) Sample 3; b4)
Sample 4; b5) Sample 5; b6) Sample 6.
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ratio of [NHþ 4] to [SO2� 4] is an indicator used to estimate the
neutralization of all the three SIA species. Generally, sulfate is
considered to be fully neutralized at [NHþ 4]/[SO2� 4] � 2 as
(NH4)2SO4 is formed. The values of [NHþ 4]/[SO2- 4] for samples 1
to 6 are 1.63,1.64,1.12,1.40,1.13 and 0.95, respectively. All values are
significantly smaller than 2, indicating that sulphuric acid cannot
be neutralized by the available ammonia in the air. If nitrate is
added to the neutralization reactions, the equivalent molar ratios
(microequivalents) of measured NHþ 4to the sum of NO� 3and
SO2� 4 are also much less than 1, as shown in Fig. S4. This result
clearly shows a large deficiency of ammonia, and the PM is in excess
of sulfate and nitrate. The mass fraction of SO2- 4 also increased
sharply with the increase of MSS amounts, indicating that the PM
becomes even more acidic when more MSS is processed. Such
highly acidic PM might bring significant impacts on the air quality
in the vicinity of the production plant.

3.3. Characterization of WSOM in PM

The mass spectra determined by the by SP-AMS for the WSOM
in PM are shown in Fig. 4. It should be noted that SP-AMS cannot
accurately quantify metal species, such as Naþ, Kþ and Mg2þ. The
SP-AMS can only determine the non-refractory species, and there
are also possible loss of NO- 3, SO2- 4 and Cl� during nebulization
of the liquid extract. The inorganic components determined by the
SP-AMS are different from those measured by IC. The SP-AMS re-
sults reveal that the mass fractions of organics in the PM can in-
crease with the increasing addition of MSS, which can be attributed
to the high content of volatile matter that MSS contains (Yang et al.,
2016). This indicates that the addition of MSS in cement kiln can
increase the WSOM content in the PM emitted.

The mass spectra of WSOM are dominated by oxygen-
containing ion fragments of CxHyO1

þ and CxHyO2
þ. Typically, the

PM directly emitted from the simulated cement production process
is primary and fresh particles, which are expected to be less
oxygenated and have more chemically reduced hydrocarbon spe-
cies, similar to the vehicular particles (Zhou, 2015). The observed
high contents of oxygenated ions here are likely because we only
measured the water-soluble portion of organics. Previous studies
demonstrate that a large portion of primary particles are water-
insoluble. On the contrary, the oxygenated organics, on the con-
trary, have larger water solubility (Lu et al., 2017). It is suggested
that, in future study, online analyses of the emitted PM should be
conducted rather than only on the water extracts, to elucidate the
chemical properties of PM better. In the WSOM spectra, the
prominent peaks of C2H3

þ, C3H3
þ, C3H5

þ, C3H7
þ and C4H7

þ have rela-
tively large intensities. These organic moieties are produced from
the hydrocarbon-related species, which are clearly relevant to the
MSS combustion. The mass spectra also show that the ions with m/
z values larger than 100 amu are also dominated by CxH þ y ions,
which are likely to be fragments of long-chain alkanes (Wang et al.,
2016b) and can be related to the MSS combustion. Some organic
nitrogen-containing species, such as CNþ and CHNþ, are attributed
to biomass burning (Ge et al., 2011); the existence of these two ions
in the mass spectrum also indicates the influence of MSS com-
bustion. It can be seen from Fig. 4 that, the content of CxHyN þ p in
WSOM increases with the increasing MSS amounts. This outcome
also confirms that the addition of MSS can enhance the formation
of organic nitrogen-containing species in PM.

3.4. Mixing states of particles in PM

On the basis of the different elemental composites and mor-
phologies, nine kinds of particles: Ca-rich, S-rich, Na-rich, K-rich,
metal, fly ash, organic, mineral and soot particles can be identified,
as shown in Fig. 5. The classified method has been illustrated by
previous studies in detail (Li et al., 2016), and most particles are
found to mix with other types of particles (Fig. 6).

K-rich particles are irregularly shaped, and abundant of K and S
(Fig. 5a), which is mainly from the biomass combustion (Li et al.,
2010), relating to MSS incineration in the present context. Na-rich
particles are cubic-shaped (Fig. 5b) and their size in this study are
smaller than those from the natural sources (Li et al., 2015a,b),
suggesting that they are apparently from the anthropogenic sour-
ces (wastes or coal incineration). The elemental mapping of K-rich
and Na-rich particles are shown in Fig. 7, indicating that the Na-rich
and K-rich particles are mainly in the forms of Na2SO4 and K2SO4.
Due to the high chlorine content in the MSS, it is surmised that the
Na-rich and K-rich particles should possess a high amount of NaCl



Fig. 4. (a) The SP-AMS determined averaged mass spectrum of water-soluble species in PM, and (b) the average mass spectrum of WSOM classified by six ion categories. The
numbers in the figure represent the corresponding sample name, e.g., a1) represents the SP-AMS mass spectrum of Sample 1; b1) is the average mass spectrum of organics for
Sample 1. The inset pie charts show the relative contributions of different components to the water-soluble PM, and the six ion categories to the total organics.
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and KCl. The most likely reason could be the heterogeneous re-
actions among the NaCl, KCl and SO2, which can quickly generate
Na2SO4 and K2SO4 (Li et al., 2016), leading to the high content of
SO2� 4in the PM, in accordance with the inorganic ionic analysis
results. S-rich particles contain O, S and minor amounts of K. These
particles appear as bubble-shaped because they are extremely
beam sensitive. Most of the S-rich particles are found to mix with
other particles, such as organic, metals and mineral particles.
Spherical fly ash particles are composed by Si and O (Fig. 5d), and
they are commonly produced by the aerosols from coal combustion
(Li and Shao, 2009). Ca-rich particles appear as cube-shaped
(Fig. 5e), mainly composed of Ca, C and O, which might come
from the incineration of limestone in cement raw meal. Metal
particles contain multiple heavy metals (Fig. 5f) and those particles
are always embedded in the sulphates, which are likely to have
been released from the combustion of coal and MSS. Mineral par-
ticles display as irregular shapes and are mainly composed by Si
and O. These mineral particles are stable in the electron beam and,
are found tomixwith the NaeK-rich particles. Soot particle appears
as aggregates of carbon-bearing spheres and, its morphology is



Fig. 5. TEM images of different types of particles: (a) K-rich particle, (b) Na-rich particle, (c) S-rich particle, (d) Fly ash particle, (e) Ca-rich particle, (f) Metal contained particle, (g)
Mineral particles, (h) Soot particles, (i) Organic particle.

Fig. 6. TEM images of the representative mixed particles: (a) S-rich and metal particles, (b) Ca-rich, organic and soot particles, (c) S-rich and metal particles, (d) Soot and organic
particle, (e) Organic and Na-rich particle, (f) Organic and S-rich particle, (g) NaeK-rich, soot and organic particle, (h) NaeK-rich, mineral and S-rich particle, (f) Organic and S-rich
particle.
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Fig. 7. The elemental mapping of K-rich and Na-rich particle.
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different from that of the organic particle, although they have
similar elemental compositions. These particles are mainly from
the incomplete combustion of coal and MSS and tend to mix with
organic and NaeK-rich particles. Organic particles display irregular
shapes (Fig. 5i), mainly containing C and O, and spherical particles
probably comprise of the tar balls from MSS burning (Chakrabarty
et al., 2006). According to the TEM observation, most organic par-
ticles are mixed with soot and S-rich particles. Single particle
analysis can also demonstrate the mixing states of the particles
(Fig. 6). For instance, organic and heavy metals particles can be
found as inclusions coated with sulfate or adhere onto the sul-
phates. Soot, mineral and organic particles are frequently observed
to adhere onto each other. Those mixing states observations could
help to understand the formation processes of PM and their envi-
ronmental impacts. This is further discussed in the next section.
Fig. 8. Schematic of mixing structu
3.5. Possible mechanism of PM formation

Based on the TEM observations, a framework for the formation
of different mixing structures can be proposed (Fig. 8). Most of the
particles tend to internally mix or externally mix with other par-
ticles (Fig. 7). These mixed particles are postulated to be formed
through two steps.

In the first step, PM with different compositions can be released
through multiple chemical processes, which have been already
proved by the previous studies. Sulfate (sulfur-rich) particles can be
generated through the gas phase oxidation of SO2 (Mao et al., 2011).
The organic compounds in the raw materials and fuel can be
directly emitted in the form of PM, and some other organics can be
oxidized into low-volatile organics, which may condense on pre-
existing particles or form new organic particles (Li et al., 2016).
res of different particle types.
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The metal-containing particles (Ca-rich, Na-rich, K-rich, or other
heavy metal-rich) can be directly emitted into the air due to
incineration of raw materials, such particles can also coagulate and
form other types of metal-containing particles. Soot particles are
known to be generated through incomplete combustion of MSS and
coal (Yang et al., 2018). In the second stage, the PM with various
mixing structures are formed. Based on the corresponding TEM
observations, formations of such mixed PM were mainly due to
chemical reactions, physical coagulations or their combined effects.
Correspondingly, TEM evidences for such mechanisms are pro-
vided. As shown in the right panel of Fig. 8, first, mixed structures of
sulfate/metal particles and sulfate/organic particles are observed.
Note since sulfate is secondarily formed, this observation on one
hand, indicates possible heterogeneous chemical formation of
sulfate on metal or organic particles, and on the other hand, more
metal-containing or organic particles may directly coagulate,
adhere onto the sulfate particles. Secondly, soot-metal-organic
mixed particles, and metal-mineral-sulfate particles, etc., are also
observed. Particularly, since soot and mineral particles are primary,
their presences in mixed PM indicate formation of such particles
are mainly through coagulation. As different types of particles have
different sizes and morphologies, the combined effect of coagula-
tion and chemical reactions thus would lead to a wide variety of
mixed PM as we observed in Fig. 6 during the cement kiln pro-
duction process. It is known that these mixing states can alter the
hygroscopicity and optics of the PM (Ramanathan and Carmichael,
2017), posing adverse effects on the environment in the vicinity of
the cement plant. For example, the hydrophobic particles (fly ash,
organics and soot) with the sulfate coating can become hygro-
scopic, which can grow bigger through absorption of water along
with the increase of relative humidity. Such particles can to some
extent impact the atmospheric light scattering and absorption,
which can alter the climate forcing effect. As can be seen, the soot
particles adhered onto the surface of sulfate particles were domi-
nant in this study, which might decrease light absorption by 30%
compared to that corresponding to that of within the sulfate par-
ticles (Li et al., 2015a,b) Metal particles inside the sulfate particles
might involve in multiphase metal-catalysed chemical reactions
during their long-range transport and further influence human
health (Li et al., 2013). As theMSS contains much higher contents of
heavy metals than the regular fuel and raw materials, the co-
processing of MSS in a cement kiln can facilitate the emission of
such metal-containing particles, which might pose a threat to the
inhabitants’ health in the vicinity of cement plant. The secondary
species are found to be a dominant component of fine PM (Huang
et al., 2014). The mass proportions of SO2- 4and secondary or-
ganics in PM increase with the addition of MSS, which indicates
that the co-processing of wastes in cement kiln might contribute to
the PM pollution and haze formation.

It should be pointed out that, due to the limitation of experi-
mental equipment, the rotary kiln, used in cement manufacturing
cannot be simulated in the present laboratory. In the present ex-
periments, it is suggested that the PM can be formed in two ways:

1 PM can be directly emitted from the combustion of fuel;
2 Volatile species can be released during the combustion of fuel

and then be transformed to PM. This latter process can be
complete in a short time. The PM can subsequently react with
raw materials and be released out, which is similar with that in
the cement kiln. Although some experimental conditions in the
laboratory-scale study are different from those in the real pro-
duction process. For example, coal is not mixed with raw ma-
terials in the real cement kiln. The present results can be of
significance in understanding how the MSS affects the forma-
tion and chemical properties of PM. Our investigation on
addition of coal is also valuable for future possible technical
development. Future work will explore the interactions and co-
founding effects of the chemical species of wastes, the proper-
ties of emitted PM and operating conditions in the rotary kiln
condition by establishing a miniature rotary kiln in laboratory.

4. Conclusion and implications

The co-processing of MSS to produce cement is a cleaner pro-
duction process for the waste reduction, but the secondary pollu-
tion issue, namely the emitted PM that is likely harmful to human
health and local air quality has been overlooked in some extent. The
present investigation therefore focused on the chemical composi-
tions, morphologies and formationmechanism of PM released from
a laboratory-scale simulated cement kiln co-processing wastes.
Composition of raw materials, experimental conditions are based
on real production process, our findings can reflect the real pro-
cesses despite some differences might exist. We found that EFs of
heavy metals, and the mass proportions of sulfate and organics in
PM increased with increasing addition of MSS. These results indi-
cate that the co-processing of MSS in cement kilns can promote the
enrichment of heavy metals, secondary inorganic species and or-
ganics in PM, likely causing more serious effects on the air quality
and human health than the background PM. Particles emitted are
always present as the mixture of different types of particles and
their formationmechanisms are also proposed in the present study.
These findings suggest that although the technology of co-
combustion wastes in cement kiln offer multiple advantages, it
may also pose a threat to the regional environment and human
health at the same time due to the emitted PM from such process.

Of course, our findings here are based on a simulated industrial
process, future studies in large-scale processes are necessary to
achieve a more comprehensive environmental and sustainability
assessment of the technology. Nevertheless, our results here call
attentions to the secondary environmental pollution issue (PM
pollution) from a promising clean process of MSS utilization, and
provide clues to make a stricter emission standard when such a
technology is implemented, and also improved gas cleaning tech-
niques to tackle the increased emissions. This work is therefore
beneficial to the goal of cleaner production, environmental pro-
tection and sustainable development.
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