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Abstract Brown coal-based materials are excellent
adsorbents for reducing chromium(VI) to chromium(IIl)
and afterward immobilizing these chromium(IIl) by the
binding of oxygenic functional groups in adsorbents. In the
study, the approach of pyrolysis is employed for the
treatment of Cr-loaded solid waste. The effects of adsorbed
chromium on the pyrolysis of Xilingol brown coal were
studied, and the solid char residues were collected to
characterize with XPS, XRD and SEM/EDX. For the
pyrolysis in Ar, the mass loss rates of Cr-loaded samples
were much higher than that of unloaded samples above
750 °C, together with the increase in CO and H, emission.
XPS spectra revealed that the increase in CO could be
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related to formation of [Cr—O-C]. For the pyrolysis in CO,,
the presence of chromium was more favorable for the
conversion of char, especially demineralized brown coal
and kerogen. The maximum decomposition temperatures
for the Cr-loaded samples were about 200 °C lower than
that of unloaded samples. The char residue yields of Cr-
loaded samples were obviously higher than that of corre-
sponding unloaded samples (at 1200 °C). Finally, the
chromium in the solid residue was recovered in the form of
Cr,0s;. The present study exploits an approach method for
both brown coal waste treatment and chromium recovery.

Keywords Pyrolysis - Brown coal - Chromium -
Recovery - XPS - TG-MS

Introduction

Chromium(VI), a commonly identified contaminant in soils
and ground water, is a well-known threat to human health.
Researchers have studied the remediation of chromium(VI),
and now various adsorption materials, such as waste bio-
mass and humic acids, have been developed [1-4].
Recently, we found that the brown coal and its kerogen
(obtained from brown coal by demineralization and
extraction step) show an excellent ability to adsorb chro-
mium(VI) under acidic condition, and most of the adsorbed
chromium(VI) was reduced to less toxic chromium(III) [5].
Then, through further study to the above results, we con-
cluded that reduced chromium(III) was bonded to oxygenic
functional groups in brown coal-based adsorbent and it was
difficult to desorb [6]. These results mean that the process
performed by brown coal-based adsorbent not only detox-
ifies chromium(VI) to chromium(III), but chromium(III) is
not also exposed to environment in the same adsorption
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condition. Therefore, the use of brown coal-based adsorbent
could be promising for the chromium-contaminated
wastewater treatment [7-9]. However, the further step
associated with this process is how to deal with the large
amounts of used Cr-loaded solid wastes. Unfortunately, this
problem has received less attention, and no efficient action
has been taken to deal with these industrial wastes after
chromium(VI) adsorption [10-12]. Therefore, this research
focuses on the treatment of the Cr-loaded solid waste
together with chromium recovery.

Considering that brown coal is natural as fuel, the
approach of pyrolysis is potential and hopeful way to treat
the Cr-loaded solid waste [13—15]. It has been revealed that
the inherent minerals (such as K, Ca and Na) of brown coal
showed catalytic effects on its thermal properties [16-21]. In
the Cr-loaded solid waste, there is a lot of chromium and it is
interesting to know how the chromium will affect the ther-
mal behavior of brown coal. However, reports about the
effect of the chromium on the thermal behavior of the brown
coal are still rare, and there is only little knowledge about the
influence of chromium on the thermal properties of Cr-loa-
ded brown coal. Therefore, it is interesting to reveal the
influence of chromium on reaction mechanism and product
distribution during the thermal treat of brown coal. This
research could be useful for the potential utilization of Cr-
loaded solid wastes by pyrolysis. And high-efficiency uti-
lization could decrease the air pollutant emissions as well as
provide fuels and recover chromium [22, 23].

In this paper, systematic studies about the raw brown
coal samples, demineralized samples and the correspond-
ing kerogen samples before and after chromium adsorption
were performed in different atmosphere by the thermo-
gravimetric analysis coupled with the online mass spec-
trometer (TG-MS). The solid char residues were
characterized by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD) and scanning electron microscopy
with energy-dispersive spectroscopy (SEM/EDX). By
examining the mass loss, gas components, the valence state
and amount of chromium in char during the pyrolysis,
essential information could be obtained for the utilization
of the solid wastes from the chromium-contaminated water
treatment and the recovery of chromium.

Experimental

Pretreatment and preparation of brown coal
samples

Raw brown coal materials

The brown coal (denoted as XR) is collected from Xilingol,
located in the middle of the Inner Mongolia Autonomous
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Region, China. The sample was ground to small particles
with diameter <74 um and then dried at 80 °C under
vacuum for 24 h. XR was demineralized as follows: The
mixture of 20 g XR in 135 mL 5 mol L™' HCI aqueous
solution was stirred for 1 h at 50-60 °C, and then, it was
kept at ambient condition overnight. After filtering,
135 mL 40 % HF aqueous solution was added and the
obtained slurry was stirred for 1 h before filtered again.
The HF-removed solid residue was treated with 50 mL
37 % HCI aqueous solution again as above mentioned. The
obtained sample was washed with hot deionized water until
no chloride ion was detected and then dried at 80 °C under
vacuum for 24 h to get the demineralized brown coal,
which is designated as XD.

XD was further extracted with CHCl; under reflux for
48 h, and the remained solid residue was kerogen and
designated as XK (desiccation at 80 °C under vacuum for
24 h prior to use). The proximate and ultimate analysis
results of XR, XD and XK are listed in Table 1. The
ultimate analysis was carried out on the elemental analyzer
(vario EL. CUBE, Germany) in which C, H, N and S were
determined by thermal conductivity detector and O was
determined by IR detector separately. The proximate
analysis was conducted according to the China national
standard, proximate analysis of coal (GB/T212-2008).

Cr-loaded brown coal-based materials

Cr-loaded brown coal-based materials were collected from
our previous wastewater treatment adsorption experiments
[5]. Briefly, 5.0 g brown coal samples (including XR, XD
and XK) were mixed with 250 mL 2600 mg L™' chro-
mium(VI) (K,Cr,0O7) aqueous solution (the solution pH
was adjusted to 1.0 using 0.1 M HCI) in a 500-mL flask
and stirred at 40 °C for 48 h. The reaction mixture was
filtered, and the filter cake was washed with distilled water
until neutral pH and was dried at 80 °C under vacuum for
24 h. Chromium adsorbed brown coal, demineralized
brown coal and kerogen were identified as XR-Cr, XD-Cr,
XK-Cr, respectively.

The concentration of Cr in the filtrate was measured by
ICP-OES (Thermo iCAP 6300). The concentration of Cr in
the Cr-loaded samples was about 118.6 mg g~ ' (mass%,
10.6) calculated by the difference between the initial total
Cr in aqueous solution and Cr in the filtrate after adsorption
experiments.

Preparation of char residues for XPS and SEM
measurement

The XK-Cr samples were then heated at 400, 600 and
800 °C following the TG-MS temperature procedure, and
then, samples were kept at this constant temperature for an
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Table 1 Proximate and ultimate analyses of investigated samples

Sample Proximate analysis/ad/mass% Ultimate analysis/ad/mass%

M A \% FC* C H N S 0]
XR 4.42 17.37 35.03 43.18 56.36 3.80 0.99 1.48 15.58
XD 5.66 0.64 38.92 54.78 64.33 4.34 1.07 1.35 22.61
XK 6.06 0.49 38.56 54.89 63.40 4.14 1.05 1.21 23.65

ad air-dried basis, M moisture, A ash, V volatile, FC fixed carbon, C carbon, H hydrogen, N nitrogen, S sulfur, O oxygen

* By difference

additional 30 min. The char residues originated from XK-
Cr treated at 400, 600 and 800 °C were denoted as XK-Cr-
400, XK-Cr-600 and XK-Cr-800, respectively.

TG-MS experiments

Pyrolysis of the investigated samples in Ar and CO,
atmosphere was studied with the SETSYS Evolution
thermogravimetric analyzer (TG, SETARAM, France)
coupled with an online mass spectrometer (OMNI star/
quadrupole mass analyzer; Pfeiffer Vacuum). Approxi-
mately 15 mg sample was loaded into the ceramic crucible
and heated from room temperature to 1000 °C (in Ar) or
1200 °C (in CO,) at a constant heating rate of 10 °C min !
and a flow rate of 60 mL min~"'. The signals selected and
identified corresponded to the mass spectra of 2, 16, 28 and
44 U, which were attributed to the main released compo-
nents of gas H,, CH4, CO and CO,.

XPS, XRD and SEM/EDX analyses

The XK-Cr-400, XK-Cr-600 and XK-Cr-800 were analyzed
by AXIS ULTRA DLD XPS. The X-ray excitation was
provided by monochromatic Al Ka (1486.6 eV). Survey
scans were obtained using pass energy of 100 eV, while high-
resolution scans of specific elements were obtained using
20 eV pass energy. The detection of the emitted photoelec-
trons was performed perpendicular to the surface sample.

X-ray diffraction (XRD) analysis was carried out on D8
ADRANCE A25 (Germany) with Cu Ko radiation
(A = 1.5418 A). The scans were performed with the 20 range
10°-80° at a scanning speed of 1° min~" and a step size of
0.02°.

A JEOL JSM-840A SEM/EDX was employed to
observe the surface morphology and identify the elemental
distribution at specific locations on the char surface.

Chromium recovery experiments

Cr-loaded samples were put in a horizontal quartz reactor
with flowing CO, (60 mL minfl), and the temperature was
raised at the rate of 10 °C min~' from room temperature to

the given temperature (650, 750 and 850 °C). After 30, 90 or
150 min, samples within the reactor were cooled down to
room temperature with continuous CO, flowing and the solid
residues were then collected for further analysis and weighed.

Results and discussion
TG-MS analysis

Pyrolysis in Ar

Thermogravimetric analysis (TG) is the main approach to
study the pyrolysis [24, 25] since a multiplicity of physical
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Fig. 1 a TG and b DTG profiles of brown coal samples (pyrolysis in
Ar)
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process and chemical reactions could happen and followed
during the process [26, 27]. To disclose the effect of
adsorbed chromium on the thermal properties of this nat-
ural adsorbent, the pyrolysis of all six samples was inves-
tigated and the TG as well as the derivative
thermogravimetry (DTG) curves is shown in Fig. 1. In
order to compare with the mass loss between unloaded
samples and Cr-loaded samples under the same basis, we
have added 10.6 % to the total mass loss for all Cr-loaded
samples, and the processed data are listed in Table 2. As
shown in Fig. la, the mass loss of Cr-adsorbed samples
was remarkably higher than the unloaded samples. Taking

Table 2 Pyrolysis characteristics of the investigated samples in Ar

the char yield at 1000 °C for example, the total mass loss
was 50.22 % at 1000 °C for XR-Cr, whereas the corre-
sponding mass loss for XR was 33.24 % (Table 2).
Figure 1b shows the DTG curves for XR, XD, XK and
their Cr-loaded samples including XR-Cr, XD-Cr and XK-
Cr. Below 750 °C, DTG curves of all six studied samples
were characterized by two separately peaks. The first peaks
at about 90-110 °C corresponded to the removal of mois-
ture and adsorbed gas from samples. As the temperature
increased to around 200 °C, the volatiles were evaporated
completely from the brown coal matrix. The second peak
between 420 and 440 °C was originated from the

Sample Max. decomposition temperature/°C Max. mass loss rate/% °C~"' Mass loss/%
Stage 2 Stage 3 Stage 2 Stage 3

XR 432.3 - —0.10 - 33.24
XR-Cr 430.8 841.0 —-0.09 —0.05 50.22*

XD 421.2 - —0.15 - 41.60
XD-Cr 425.3 858.3 —0.11 —0.04 56.20"

XK 4227 - —0.15 - 42.50
XK-Cr 426.1 850.1 —0.11 —0.04 55.10*

Stage 2: from 200 to 750 °C; Stage 3: from 750 to 1000 °C

* Approximately 10.6 % of chromium was retained in solid ash during pyrolysis, so we have added 10.6 % to the total mass loss for eliminating

the influence factors
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Fig. 2 Evolution of a H,, b CHy, ¢ CO and d CO, during the pyrolysis in Ar
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Fig. 3 a TG and b DTG profiles of brown coal samples (pyrolysis in
COy)

devolatilization and decomposition of the organic matrix in
brown coal [28-30]. At about 430 °C, the maximum mass
loss rates of demineralized brown coal samples (XD and
XD-Cr) and the corresponding kerogen samples (XK and
XK-Cr) were similar, but both of them were much higher
than that of XR and XR-Cr. Taken into account that the
demineralized brown coal samples and the corresponding
kerogen samples have low mineral content, the deminer-
alization process could enhance the reactivity of brown

Table 3 Pyrolysis characteristics of the brown coal samples in CO,

coal samples during the pyrolysis. Similar results had also
been reported by Bai et al. [31] who found that the total
phenol yields of demineralized samples were higher than
that of raw samples during coal pyrolysis. Moreover, there
was an additional mass loss stage for all these Cr-loaded
samples at about 850 °C according to Fig. 1b, which could
be attributed to a catalytic effect of chromium for the
pyrolysis of these brown coal samples.

Gas yields and composition of pyrolysis in Ar

According to online mass data in Fig. 2, the main gas
components released during pyrolysis of brown coal sam-
ples were H,, CHy, CO and CO,.

From Fig. 2a, it can be seen that H, started being
evolved when the temperature increased to 400 °C. Com-
pared with unloaded samples, Cr-adsorbed samples can
release H, at a lower temperature with higher yield. For
example, the temperature for releasing H, started at about
400 °C for XK-Cr which was 100 °C lower than that of
XK. The results suggested that chromium could promote
H, releasing from the brown coal during pyrolysis.

As shown in Fig. 2b, CH; was produced from the
beginning and reached the maximum amount at a lower
temperature for Cr-loaded samples than it for unloaded
samples (i.e., around 460 °C for XK-Cr and 560 °C for
XK), which indicates that the chromium species decrease
the release temperature of CH, due to the catalytic effect.
Meanwhile, it can be also observed that the Cr-loaded
samples and XR sample produced less CH4 compared to
demineralized samples (XD and XK), which can be con-
cluded that chromium species and inherent ions in XR
reduce the yield of CHy.

Figure 2c, d shows the evolution curves of CO and CO,,
respectively. CO release for Cr-adsorbed samples was
shifted toward the high-temperature zone (Fig. 2¢). XD-Cr
and XK-Cr produce a similar amount of CO, which was
lower than the values of raw samples (XD and XK) until
750 °C, and then, the CO yield of XD-Cr and XK-Cr

Sample Max. decomposition temperature/°C Max. mass loss rate/% °C~' Mass loss/%
Stage 2 Stage 3 Stage 2 Stage 3

XR 421.6 862.7 —0.11 —0.38 83.10
XR-Cr 435.3 860.9 —0.08 —0.17 75.26%

XD 428.2 1073.7 —0.14 —0.48 95.92
XD-Cr 431.4 871.2 —0.10 -0.29 97.31*

XK 428.8 1076.3 -0.14 —0.51 96.75
XK-Cr 437.3 870.2 —0.10 —0.25 94.56"

Stage 2: from 200 to 600 °C; Stage 3: from 600 to 1200 °C

? Approximately 10.6 % of chromium was retained in solid ash during pyrolysis, so we have added 10.6 % to the total mass loss for eliminating

the influence factors
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increased in the high-temperature zone (from 760 to
950 °C). Moreover, the CO, yield for Cr-adsorbed samples
was lower than that for the unloaded samples in the high-
temperature range (Fig. 2d). Combining the additional
mass loss peak in the DTG curves of XR-Cr, XD-Cr and
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Fig. 4 Evolution of a H, and b CH,4 during the pyrolysis in CO,
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XK-Cr about 850 °C (Fig. 1b), we believe that chromium
catalyzes the reaction between CO, and carbon (provided
by the char residues) to form CO.

Based on the data mentioned above, it can be concluded
that the mass loss of Cr-loaded samples was remarkably
higher than the unloaded samples, and Cr-loaded samples
can produce more H, and CO but less CH, and CO, which
were transformed to CO during pyrolysis because of the
chromium catalytic effect. However, considering that Ar is
the inert atmosphere, it is also intriguing to explore the
effect of chromium on the pyrolysis behavior of investi-
gated sample in reducing atmosphere, i.e., CO,.

Pyrolysis in CO,

Figure 3 shows the TG and DTG curves of investigated
samples in CO, atmosphere, and the characteristic data of
pyrolysis are summarized in Table 3. From TG and DTG
profiles (Fig. 3a, b), it could be observed that three
noticeable stages appeared in sequence. The first stage
(stage 1, 80-200 °C) was attributed to the evaporation of
physical adsorbed moisture and volatiles. The second mass
loss stage (stage 2, 200—-600 °C) was related to the emis-
sion of volatiles from decomposition reaction, which
agreed with the trends obtained during the pyrolysis tests in
Ar. Compared with pyrolysis in Ar, the additional mass
loss in stage 3 (600-1200 °C) showed up because of the
Boudouard reaction (C + CO, = 2CO) [32]. The mass
loss in CO, was remarkably higher than that in Ar since the
reaction of C with CO, was more complete. Moreover, the

Pyrolysis in CO, (b)
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Fig. 5 Cr (2p) spectra of char residues of Cr-loaded kerogen collected at 400, 600 and 800 °C during pyrolysis a in Ar and b in CO,
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maximum decomposition temperature in stage 3 was
1076.3 °C for XK, while it was 870.2 °C for XK-Cr, and
the temperature for complete pyrolysis of XK-Cr (1000 °C)
was lower compared to the result of XK (1100 °C). These
results suggested that the Cr-loaded samples had higher
thermal reactivity than that of unloaded samples. There-
fore, the presence of chromium was favorable for the
conversion of char during pyrolysis in CO,.

Gas yields and composition of pyrolysis in CO,

The evolution profiles of the gaseous species, including H,
and CH,4 during pyrolysis in CO,, are shown in Fig. 4. It
can be seen that the content of H, first increased and then
decreased (Fig. 4a). The increase could be due to the
decomposition of brown coal (below 400 °C for Cr-loaded
samples and below 600 °C for unloaded samples), while
the decrease stage may due to the reaction of hydrogen
with carbon dioxide. The start temperature of the second
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Fig. 6 a O (Is) spectra of char residues of Cr-loaded kerogen
collected at 400, 600 and 800 °C in Ar, and b their components
relative distribution

stage (the content of hydrogen emission decrease) for Cr-
loaded samples was much lower than that of the unloaded
samples due to the catalytic effect of chromium.

In Fig. 4b, CH, emission stage of unloaded samples
(XR, XD and XK) located between 400 and 700 °C with
maximum peak at about 500 °C. But for the Cr-loaded
samples (XR-Cr, XD-Cr and XK-Cr), no strong peaks
could be observed in this temperature range, which is
probably because the loaded chromium inhibits the break
of aliphatic side chains to evolve into CH,4, and more
aromatic and aliphatic carbons react with CO, to form CO
in CO, atmosphere.

Characterization of solid residues

To understand and characterize the process of pyrolysis in
more detail, the solid residues of Cr-loaded kerogen col-
lected at 400, 600 and 800 °C during pyrolysis were
characterized by XPS, XRD and SEM/EDX.

Change in the valence state of chromium

XPS could disclose the surface element and chemical
valence state information of the investigated samples
[33, 34]. In this study, the XPS Cr (2p) spectra for solid
char residues of XK-Cr obtained at 400, 600 and 800 °C
were measured, and the spectra are presented in Fig. 5. In
our previous work, we reported that the chemical valence
state of chromium was mainly chromium(IIl) in the Cr-
loaded solid brown coal waste [5]. According to the Cr (2p)
spectra, chemical valence state of chromium was remained
to chromium(III) in solid char residues of XK-Cr obtained
at 400, 600, 800 °C. That is to say, in the present pyrolysis
conditions, the valence of chromium is stable, and it was
not reduced to chromium(0) or oxidized to toxic chro-
mium(VI) [35, 36]. Moreover, according to the intensity of
these peaks, the content of chromium(IIl) in the different

(a)

Intensity/a.u.

(b)

10 20 30 40 50 60 70 80 90

Fig. 7 XRD profiles of a Cr,O5 and b the solid residues of XK-Cr-
1200 in CO,
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Fig. 8 SEM/EDX images of
char residues of XK collected at
800 °C (XK-Cr-800), a x 1000,
b x5000 and ¢ EDX
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samples increased with the increase in sample collection
temperature, presumably due to losses of the organic
component, such as hydrogen, carbon and oxygen, in XK.

Figure 6a shows the XPS O (1s) spectra and corre-
sponding deconvolution peaks for the char residues of the
XK-Cr obtained in Ar atmosphere. The assignments of
their peaks are illustrated in Fig. 6b. O (1s) region in the
spectra could be fitted with three components. Namely, O
(1s) with a binding energy of 533.7 eV can be assigned to
the [C(0)-0], and O (1s) value of 532.3 eV was charac-
teristic for the [C-O]. O (1s) with a binding energy of
530.8 eV can unambiguously be attributable to chromium

Table 4 Pyrolysis for chromium recovery in CO,

oxide [37]. It can be seen from Fig. 6b that the O (1s)
spectrum in the “XK-Cr-800” was predominantly chro-
mium oxide, such as the form of [Cr-O], while the “XK-
Cr-400” mainly contained the oxygen of [C(O)-O] and [C-
O]. These results disclosed that the temperature showed a
significant influence on the oxygen species of the char
residues. With the increase in collect temperature from 400
to 800 °C, the main oxygen components in the char resi-
dues switched from the organic [C(O)-O] and [C-O] to the
inorganic [Cr—O]. The increase in CO might be attributed
to large amounts of [Cr—O-C] above 750 °C. These XPS
spectra were in agreement with the above pyrolysis results.

Temperature/°C Time/min Initial mass/mg Residues mass/mg Cr,03 mass fraction®/%
650
30 44.2 26.3 29.1
90 472 24.6 332
150 439 17.9 424
750
30 43.6 23.7 31.9
90 47.1 17.2 472
150 39.6 10.8 63.7
850
30 49.9 22.8 37.8
90 49.2 20.7 412
150 49.2 9.0 94.8

% The mass fraction of Cr,0j5 in the solid residues. We suppose that the pyrolysis enables the complete recovery of the total amount of chromium,

and the chromium compound is only in the form of Cr,O3
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The organic part of the samples diminished gradually,
while the inorganic part was still remained in the solid char
residues where it was main Cr,O3 (Fig. 7).

SEM/EDX analysis

SEM coupled with EDX could provide the surface mor-
phology and element distribution of the investigated sam-
ples. The kerogen char residue of pyrolysis collected at
800 °C (XK-Cr-800) was selected and examined, and the
obtained SEM images and EDX map are shown in Fig. 8.
Small dark fragments were observed as the dominant mor-
phology in the SEM image, which were mainly corre-
sponding to the remained organic char matrix of XK-Cr
residue. Interestingly, there were also bright spots (as shown
in Fig. 8a, b) distributed uniformly on the char matrix
fragments. As the natural mineral species of raw brown coal
(such as Na, K or Si) have been removed in the demineral-
ization step, these light spots corresponded to the adsorbed
chromium (present as chromium oxide) which was con-
centrated and exposed to the surface of the char residue due
to the shrink caused by the diminish of the organic part.

Proposal for chromium recovery

As described before, chromium showed the catalytic effect
during pyrolysis of brown coal samples. Especially in CO,,
only a small quantity of organic char residue was left;
therefore, it is possible for complete recovery of the total
amount of chromium, as chromium(IIl) purely.

XK-Cr samples were chosen for chromium recovery tests
in CO, atmosphere, and the results are listed in Table 4.
After reaction at the lower temperature of 650 °C for
30 min, the mass fraction of Cr,O3 was only 29.1 %. When
the reaction time increased to 150 min, the mass fraction of
Cr,O;5 increased to 42.4 %. However, it significantly
increased to 63.7 % by raising the reaction temperature to
750 °C for 150 min, indicating that high temperature can
enhance the conversion of char and hence increase the
concentration of Cr,O3. Further, when the recovery exper-
iment of chromium was carried out at 850 °C for 150 min,
the maximum mass fraction of Cr,O5 climbed to 94.8 %,
which means that almost all of the organic part in XK-Cr
has decomposed and the residual 9.0 mg is nearly all the
Cr,05. The above results indicate that the chromium in Cr-
loaded solid waste can be completely recovered.

Conclusions
This work was conducted to reveal the effect of adsorbed

chromium on the pyrolysis behavior of brown coal-based
adsorbents, and the obtained knowledge would further

provide guidance for the treatment of the Cr-loaded solid
waste together with chromium recovery. Our experimental
results disclosed that adsorbed chromium shows an obvi-
ously catalytic activity for the pyrolysis of brown coal in both
Ar and CO, atmosphere and significantly promotes the
reaction of CO, with C to form CO. In the process of
pyrolysis, the valence of chromium is stable and remains
chromium(III), and finally the chromium in the solid residue
was recovered in the form of Cr,Osz in CO,. The present
study exploits a promising method for both brown coal waste
treatment and chromium recovery, and it will pave the way
for the application of this readily available brown coal
adsorbent.
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