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Abstract: Based on the principle of bacterial leaching and bacterial metallurgy, a novel technology for the detoxification of
chromium-containing slag by Achromobacter sp. CH-1 and chromium recovery was proposed. Strain CH-1 cell morphology before
and after Cr(VI) reduction was observed with a scanning electron microscope (SEM), and the reduction product is found to adhere to
terminals of CH-1 cells. Energy-dispersive X-ray (EDX) and electron paramagnetic resonance (EPR) analyses reveal that the main
component of the reduction product is Cr(IIl). Furthermore, small and large-scale demonstration projects reveal that Achromobacter
sp. can be used to detoxify chromium-containing slag and to selectively recover chromium by using this novel technique. Chromium
recovery rate increases with decreasing particle sizes of chromium-containing slag and slagheap height. Chromium recovery rates in
10 t/batch and 20 t/batch of on-site demonstration projects for chromium-containing slag detoxification are more than 90%.
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1 Introduction

Chromium-containing slag is generated in the
production process of chromium salts and it contains

about 1% of the carcinogenic toxic hexavalent chromium.

In China, the accumulated chromium-containing slag
piling in chromate industries amounts to 6 million tons.
In addition, about 600 thousand tons is discharged
annually[1]. The inappropriate disposal of
chromium-containing slag has caused serious Cr(VI)
contamination of water and soil[2—4]. For instance, the
Cr(VI)-contaminated soil in China reached up to 125
million tons.

In literatures, several chemical methods were
introduced for the detoxification of chromium-containing
slag such as pyro-based reduction and hydro-based
reduction. For example, the high temperature calcination
method was commonly used to detoxify chromium-
containing slag in Japan, Russian and Roumania[5].
Consequently, the detoxified slag was utilized to make
artificial aggregates and fire-resistant materials[6—7].
Those methods were based on the principle of converting
Cr(VI) into Cr(IIl) since Cr(IIl) is less toxic than
Cr(VI)[8]. Chemicals, such as FeSO,7H,0, Na,SOs;,

NaHSO; and Na,S,0s, were commonly used for Cr(VI)
reduction[9—10].  Besides, commercial chemical
reductants, various natural minerals or industrial wastes
containing iron can be used to reduce toxic Cr(VI) to less
toxic Cr(II). PARK et al[11] reported that waste slag
generated from iron making industry can effectively
convert Cr(VI) into Cr(IlI). However, these chemical
methods were not widely applied due to high cost and
incomplete Cr( VI) removal. In addition, chromium
recovery from chromium- containing slag is scantly
taken into account. Moreover, calcic calcination is the
predominant method to produce chromate in China,
which generates a large amount of slag containing high
concentration of both water soluble and acid soluble
Cr(VI). In particular, the acid soluble Cr(VI) is difficult
to remove with chemical reduction. Therefore, more and
more attention has been paid on microbial method for the
detoxification = of chromium-containing  slag[12].
Although there were plenty bacterial strains which were
isolated from sewage sludge or the contaminated
site[13—14], those strains were not yet used in large scale
of projects for the detoxification of chromium-containing
slag. Therefore, a novel technique of chromium-
containing slag granulation and a consequently microbial
leaching was proposed in our previous research. The
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laboratory-scale experiments were proved to be feasible
to realize both the detoxification of chromium-containing
slag and chromium recovery by using the above
technique[15—16]. In this study, small and large-scale
on-site demonstration projects were established to further
demonstrate its feasibility.

2 Experimental

2.1 Chromium-containing slag

Chromium-containing slag was collected from the
previous Chromate Factory of Changsha, China. The
main chemical compositions of chromium-containing
slag are listed in Table 1.

Table 1 Main chemical compositions of chromium-containing
slag(mass fraction, %)

SIOZ A1203 F6203 CaO

MgO Cr,0; Cr(VD)

6-8 810 11-13 2831 2729 5-55 0.5-1.1

2.2 Bacterial strains and growth conditions

The bacterial strain used for Cr(VI) detoxification in
this study was isolated from chromium-containing slag
disposal sites in Changsha, China. The strain was
identified as Achromobacter sp. by gene sequencing of
16S rRNA, and then nominated as strain CH-1. It was a
Gram negative bacillus with a round and movable
flagellum. Cells were grown in Luria Broth medium
containing 10 g tryptone, 10 g NaCl, 5 g yeast extract,
and 0.1 g glucose in 1 L distilled water at pH 10 with
shaking (120 r/min). Incubation temperature was
Prior to the experiment, a single colony was inoculated
into Luria Broth medium and cultured under aerobic
conditions for 18 h in order to obtain bacterial cells in
log-phase that had the highest reduction activity. All
media were autoclaved at 121 °C for 18 min before the
experiment.

2.3 Experimental procedure

Based on our previously established technique of
chromium-containing  slag  granulation and a
consequently microbial leaching[9], a series of
demonstration projects with different scales of 1, 2, 10,
20 t/batch were practically carried out to detoxify
chromium-containing slag and selectively
chromium. The demonstration projects were established
at the previous Chromate Factory of Changsha, China.

Chromium-containing slag was passed through a
0.38 mm sieve and then granulated with 3%—5%
adhesive and 5%—10% water in a pelletizer to yield
granulated slag with particle sizes of 3—15 mm in
diameter. The slag heap was built up by the granulated
chromium-containing slag according to the different

recover

30 °C.

scales and heights. The tap water continuously sprayed
the slag heap for 1 d. The leachate was collected in a grit
chamber and then pumped into the biochemical pond.
20% of the cultivated bacteria, Achromobacter sp.CH-1,
were inoculated into the leachate in the above
biochemical pond to reduce Cr (VI) to Cr (III). The
supernatant in the biochemical pond was recycled to
spray the slag for 2 d until Cr (VI) was not detected in
the supernatant. The precipitation, sludge, was filtered
under a certain pressure, collected and then weighed. The
contents of chromium in the sludge and the detoxified
slag were determined. The flowchart of chromium
recovery from chromium-containing slag is shown in
Fig.1.

Chromium-containing slag

|Granulali0n |

Bacteria —-—I@leachin g JSeray

| Cultivation I——I Detoxifcation |
[

Detoxifcation liquor ~ Detoxifcation slag
|
' '

Cr(OH); precipitation  Supernatant

Water

Pump

[Thickening pond }—- Supernatant

[ Pressure filtration }—— Filtrate

| Cr recovery

Fig.1 Flowchart of the detoxification chromium recovery of

chromium- containing slag

2.4 Scanning electron microscopy of strain CH-1
Bacterial cells after Cr(VI) reduction were harvested
by centrifugation (5 000 r/min for 20 min at 4 °C) after
24 h of incubation. Cell pellets were washed with
distilled water and fixed in 2.5% (volume fraction)
glutaraldehyde in phosphate buffer (pH 7.0) for 2 h and
then fixed with 1% osmium tetroxide for 2 h. The fixed
samples were critical point-dried and sputter-coated with
gold. Specimens were viewed using a JEOL
JSM-6360LV scanning electron microscope.

2.5 Energy-dispersive X-ray analysis

The products of Cr(VI) reduction were examined
under SEM with an energy-dispersive X-ray (EDX)
probe to determine the elemental distribution.
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2.6 Electron paramagnetic resonance (EPR)analysis

The product of the chromate reduction was analyzed
by EPR spectrometry with a Bruker 200D-SRC EPR
spectrometer (Bruker Instruments, Billerica, MA) in a
Teflon tube (0.5 mm [inside diameter] %20 cm). All
spectra were measured at room temperature with the
following EPR settings: 9.53 GHz microwave frequency,
5 mW microwave power, 200 ms time constant, 1 G
modulation amplitude, 4 100 G center field, 8 000 G
sweep width and 100 s sweep time.

3 Results and discussion

3.1 Identification of Cr(VI) reduction product

The morphology of CH-1 cells with and without
Cr(VI) reduction was observed by the SEM. As shown in
Fig.2(a), the surface of the initial cells without Cr(VI)
reduction is granulated and flagella are loose (most are
lost during centrifugation). The morphology of the cells
after Cr(VI) reduction is different (Fig.2(b)). A heap of
amorphous compounds accumulate at the terminals of
CH-1 cells. This amorphous substance is presumed to be
a precipitate of Cr(IIT).

of  Achromobacter
before (a) and after (b) Cr(VI) reduction

Fig.2 Morphologies sp.CH-1 cell

To further determine the components of the
reduction products accumulated at the terminals of CH-1
cells, the precipitate from the detoxifcation process was
collected and washed 4 times by distilled water to
remove water soluble inorganic salts such as NaCl and

KCI. The washed precipitate was dried at 120 °C for 8 h
and analyzed by EDAX.

Fig.3 shows that
precipitate is O element, second is Cr, and then is C
element. The precipitate is composed of reduced
production and bacteria cells. Since O and C are the
components of bacteria cells, the main substance in
reduced production is compound of chromium. In order
to further determine the valence of Cr in the precipitate,
the reduced production was analyzed by electron
paramagnetic resonance (EPR).

the maximum content in

ElkeV

Fig.3 EDAX analysis result of precipitates produced during
chromate reduction (Insert: SEM image of precipitation)

The precipitation of Cr(VI) reduction by CH-1 was
collected, dried and ground before EPR analysis. The
powders of K,CrO, and CrCl; used as standards for
Cr(VI) and Cr(III) were also detected under the identical
conditions. In Fig.4, there is no signal for the Cr(VI)
solution because no single electron is present. However,
a broadened EPR spectrum centered at 3 500 Gs in the
Cr(Ill) standard solution was obtained. The reduction
product of Cr(VI) by Achromobacter sp. strain CH-1
exhibits a strong signal that is similar to the Cr(III)
standard solution. The results suggest that the precipitate
generated from Cr(VI) reduction and deposited on the

1— CrCly
2— Precipitate
3— KszzO"lr

1 2 3

2000 2500 3000 3500 4000 4500 5000
Magnetic intensity/Gs

Fig.4 EPR patterns of Cr(VI) reduction products
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surface of CH-1 cells is trivalent chromium and
conjecturally presented in the Cr(OH); form due to the
high pH of the reduction mixture.

3.2 Effect of particle sizes of chromium-containing

slag on chromium recovery

Chromium-containing slag with particle sizes of
3-8 mm and 10—-15 mm in diameter were used to
constitute 1 t (4.48 mx1.00 mx0.28 m) of slag heap,
respectively. Two tons of tap water was explored to spray
the slag for 1 d with a flow speed of 3.3 L/(min'm?). The
leachate was collected in a biochemical pond. Thereafter,
20% of the cultivated bacteria were inoculated into
leachate in the above biochemical pond to reduce Cr(VI)
to Cr(Ill) under the proper aeration condition. After
Cr(VI) reduction, the supernatant liquid was recycled to
spray slag by a pump until chromium-containing slag
was completely detoxified. Cr(IIl) was precipitated as
the formation of Cr(OH); at the bottom of the
biochemical pond and then chromium-containing sludge
was collected. As seen in Table 3, after detoxification of
slag with the sizes of 3-8 mm and 10—-15 mm in
diameter, the collected chromium-containing sludge
amounts are 32.48 kg and 33.60 kg, respectively.
However, the slag with smaller particle size (3—8 mm in
diameter) has higher chromium content in sludge and
higher chromium recovery rate than the slag with lager
particle size (10—15 mm in diameter). Although slag with
small particle size has less sludge, its high chromium
content in sludge results in high chromium recovery. The
results imply that the smaller particle size slag favors
Cr(VI) leaching and chromium recovery.

Table 3 Chromium recovery from chromium-containing slag
with different particle sizes

. Amount of Chromium  Chromium
Particle . .. .
size/mm chromium-containing content 1n recovery
sludge/kg sludge/% rate/%
3-8 32.48 323 88.59
10-15 33.60 30.4 86.25

3.3 Effect of heap height on recovery of chromium
from chromium-containing slag
Chromium-containing slag with particle size of 3—8
mm in diameter was chosen to constitute 2 t (4.48
mx1.00 mx 0.56 m) and 1 t (4.48 mx1.00 mx 0.28 m) of
slag heap, respectively. The heights of the above slag
heap were 0.56 m and 0.26 m. The same treatment
procedures of slag and leachate were described as those
mentioned above. As shown in Table 4, 33.68 kg and
68.96 kg sludge are obtained from chromium-containing
slag with the heap heights of 0.28 m and 0.56 m after the
detoxification of slag by bacteria, respectively. The

chromium recovery rates reach up to 90.15% and
89.10%, respectively. It is obviously noted that high slag
heap results in low chromium recovery rate. This could
contribute to different leaching of Cr(VI) in high slag
heap.

Table 4 Chromium recovery from chromium-containing slag
with different heap heights

Heap Amount of . Chromiu.m Chromium
height/m chromium-containing content in recovery
sludge/kg sludge/% rate/%
0.28 33.68 31.7 90.15
0.56 68.96 30.6 89.10

3.4 Chromium recovery from large-scale chromium-
containing slag treatments of 10 t/batch and 20
t/batch
In this study, the optimization parameters for

large-scale chromium-containing slag bio-detoxification

were obtained as follows. The chromium-containing slag
was granulated and yield particles with granular size of

3-8 mm in diameter, sprayed with tap water for 1 d

followed by spraying with culture media inoculated with

Achromobacter sp. for 2 d. Under the above optimal

condition, on-site demonstrating projects to treat 10 and

20 t of slag were run. The results reveal that chromium

recovery rates in demonstration projects with the scale of

10 and 20 t/batch reach 90.51% and 92.04%, respectively,

which are higher than those in small scale experiments

(see Table 5). The indicate that the

bio-detoxification of chromium-containing slag by

bacteria and selective recovery of chromium has the
amplification effect. Both bio-detoxification and
chromium recovery can be simultaneously achieved.

results

Table 5 Chromium recovery from chromium-containing slag in
demonstration projects

Scale of Amount of Chromium  Chromium
slag/ chromium-containing  contentin  recovery
(t-batch ") sludge/kg sludge/% rate/%
10 338.1 317 90.51
20 694.2 314 92.04

3.5 Balance of chromium in process of detoxification
of chromium-containing slag

The species of Cr in chromium-containing slag
include water-soluble Cr, acid-soluble Cr and enwrapped
Cr in crystal lattice. The enwrapped Cr produced in the
high temperature process accounts for a small portion of
total Cr in chromium-containing slag. The enwrapped Cr
cannot be leached by water leaching, acidic leaching,
alkali leaching, culture media leaching and bacterial
leaching. Therefore, this part of Cr is not considered in
the Cr balance calculation in the present study. In the
process of Cr balance calculation (Table 6), total Cr
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consists of chromium in sludge and residue Cr in the
detoxified slag. The residue Cr could contain a part of Cr

reduced by Achromobacter

sp. and consequently

intermixed in the slag heap in the form of Cr(OH);,.
Besides, a small part of Cr is not reduced or not leached,
which also attributes to the residue Cr. As shown in
Table 6, more than 90% chromium in chromium-
containing slag is recovered in the sludge in large scale
demonstration projects of 10 t/batch and 20 t/batch.
Furthermore, chromium is almost balanced in this study,
although there is less than 3% of Cr loss.

Table 6 Chromium balance in process of detoxification of

chromium-containing slag by bacteria

SCS?;Z/Of Amount of Amount of Cr Rfiselt((i)iei f?e rdm Loss
1 0,
(t-batch ) total Cr/kg in sludge/kg slag/ke rate/%
1 5.97 5.38 0.41 2.97

2 11.94 10.64 1.09 1.81

10 59.68 54.02 4.18 2.49

20 119.37 109.86 7.45 1.72

4 Conclusions

1) Chromium is the predominant composition of the

Cr( VI') reduction product, and exists in trivalent
chromium form, which verifies that Cr(VI) is reduced to
Cr(II) by Achromobacter sp..

2) Achromobacter sp. can be used to detoxify
chromium-containing slag and to selectively recover
chromium by using this novel technique. Chromium

recovery

rate is affected by particle sizes of

chromium-containing slag and slag heap height.
3) Chromium recovery rates in 10 t/batch and 20

t/batch of on-site demonstration projects for
chromium-containing slag detoxification are more than
90%.
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