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ABSTRACT

In order to prolong the usage life of magnetite in the reduction of Cr(VI) to Cr(lll), a novel magnetite-
Lysinibacillus sp. system was proposed in the study. The optimal condition of the combination system
was optimized. The highest Cr(VI) removal rate was obtained with glucose of 8 g/L, yeast powder of
10 g/L and pH in a range of 8-10. As compared with the reaction of magnetite and Lysinibacillus sp.
respectively, enhanced effect of biological-chemical system on Cr(VI) removal was observed,
contributing to the synergetic effects between magnetite and the microorganism. With cyclic immobilization
method, Lysinibacillus sp. was immobilized on the surface of magnetite successfully. The column experiment
showed that the engineered system could remove 400 mg/L Cr(VI) from the solution for 24 h, which

Lysinibacillus sp.
wastewater.

_

INTRODUCTION

Chromium (Cr), animportant raw material inindustry, has
been widely used in metallurgy, petroleum refining, dye
production, electroplating and stainless steel manufactur-
ing (Kimbrough et al. 1999, Ngah & Hanafiah 2008). Im-
proper discharge of wastesfrom these factoriesresultsin Cr
contamination. In China, about 6,00,000 tonsof chromium
dag isproduced every year, accumulating about 6 million
tonsover the years, of which lessthan 17% isproperly dis-
posed or comprehensively utilized (Owlad et al. 2009).
Chromium is predominantly observed in trivalent [Cr(l11)]
and hexavalent [Cr(VI1)] formsin natural water (Lin et al.
2018). Cr(l11) isrelatively stable and more advantageousto
form hydroxide precipitation, which is also an important
micronutrient element in the human body (Cefalu et al.
2004). Whereas, Cr(VI) is highly mobile in aqueous solu-
tions and almost 100 times more toxic than Cr(I11)) and is
known as a significant contaminant in the environment be-
cause of its carcinogenic, mutagenic and teratogenic prop-
erties(Miretzky & Cirelli 2010).

Recently, several technologies have been devel oped to
remove Cr(VI) ions from wastewater, such as physical,
chemical and biological processes (Mu et al. 2015). How-
ever, physical or chemical treatments are of high cost and
may cause secondary pollution (Wanner et al. 2012).
Remediation by biological method is an environmental
friendly technology and an effective alternative to physi-
cochemical techniques because of the high efficiency
degradation performance, no secondary pollution and easy

indicated that the immobilized magnetite is applicable for the practical treatment of Cr(VI)-containing

maintenance (Banerjee et al. 2017). Using microorganisms
to remove Cr(VI1) mainly containsthree ways: biosorption,
biodeposition and biotransformation (Humphires et al.
2005). As for bhiotransformation, studies have found that
certain microorganismscan use Cr(VI) asan e ectron accep-
tor to reduce them to low valent ions and obtain energy
from it to sustain growth (Humphires et al. 2005). Regard-
ing the reaction mechanism, two main viewpoints are widely
accepted: direct reduction and indirect reduction (Ozturk et
al. 2012). Direct reduction is an enzymatic reaction cata-
lysed by some reductases in microorganisms (Chen et al.
2016). Indirect reduction means that microorganisms par-
ticipate in the reaction through their metabolites. While,
low reduction rate hinders its application (Shaili & Indu
2006).

It is proposed that combination of chemical and bio-
logical methods could solve the problem caused by single
approaches. Chemical method could promote the reaction
rate, while microorganismscould prolong the service time.
If we can find cheap chemical reducer and efficient
microorganisms, the method will be more convenient and
practical (Qiao et al. 2010).

Currently, attention has been paid toiron minerals, since
Fe(11)-containing compounds can remove pollutants from
water. Previous researches demonstrated that various iron
minerals can be used to remove Cr(VI) from water, such as
limonite, pyrite, siderite, magnetite and goethite
(Huggins et a. 2016)

Accordingly, indirect reduction method, namely, bio-
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chemical combination method for treating Cr(V1) in
wastewater has attracted tremendous interest. A variety
of chromium reduction microorganisms, such as
Goebacter and Shewanella have been verified to have
the ability to reactivate the oxidized film by reducing
the less soluble Fe(l11) to moderately soluble Fe(ll) (Cao
et a. 2010). In practical applications, iron-reducing bac-
teria were used for remediating sulfamethoxazole con-
tamination in soil via reduction of Fe(ll) from Fe(l11)
(Mohatt et al. 2011). Xu et al. (2005) observed that
Cellulomonas flavigen and Fe(ll1) could treat the chro-
mium-containing wastewater. It should be noted that the
addition of Fe(I11) promotes the bioreduction process,
improves the removal efficiency, and accelerates the
removal rate of Cr(VI).

In this study, a combination system with magnetite and
Lysinibacillus sp. was selected for reducing Cr(VI1) from
wastewater. The microorganism was immobilized on the
magnetite, and the optimal environmental factorswere evalu-
ated. The mechanism of Cr(V1) reduction from aqueous so-
[ution and synergistic effect by iron stone with the assist-
ance of immobilized bacteria was also studied.

MATERIALS AND METHODS

Strains: Shewanella oneidensis (ATCC 700550),
Shewanella decolorationis (JCM 21555) and Shewanella
decolorationis (MCCC 1A11454) were prepared by China
Marine Microorgani sms Collection. Lysinibacillussp. VKM
B-713, Lysinibacillus sp. JLT12, Morganella morganii
subsp, Bacterium L9 and Serratia marcescens strain SW-4
wereisolated from the anaerobic treatment plant in Shaoxing
wastewater treatment plant (Shaoxing, Zhejiang, China), then
preserved in Luria-Bertani (LB) bevel after identification.
Strains were labelled as bacteria 1 to bacteria 8.

Reagents and reagents: Potassium dichromate (K,Cr,O.)
was obtai ned from Shanghai Jnlian Fine Chemical Co., Ltd.
(China). Zerovaent iron (Fe’) was provided by Shanghai
Chemical Reagent Purchasing and Supply Station. Other
reagentsused in this study were purchased from Sino Pharm
Chemical Reagent Co., Ltd. (Shanghai, China). The mor-
phology of particle was analysed by a scanning electron
microscope (SEM) (JSM-6360LV, JEOL ), and the elemen-
tal analysiswas performed by X-act energy spectrum (EDS)
( Oxford, England). Thetotal chromium (Cr) content in the
solution was determined by inductively-coupled plasma
atomic emission spectroscopy (ICP-AES) (Prodigy xp,
L eeman), and themicrobial community wasidentified with
high-throughput sequencing in Shanghai Bioengineering
Co. Ltd.
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Selection of iron stone-microbial synergistic system: The
minera salt (MS) medium was prepared contai ning 50 mg/L
K.Cr,O,, then2mL of fresh seed solutionand 0.2 g of haema
tite (magnetite, pyrite) were added into the 100 mL of MS
under sterile conditions. After shaking up, 2 mL of the solu-
tion sample was withdrawn, centrifuged at 8000 rpm, and
the concentration of Cr(VI) in the supernatant was deter-
mined viadi phenyl carbazi de col ourimetric method by spec-
trophotometry. The cells were cultured at 30°C for 48 h
under anaerobic, anoxic and aerobic conditions separately.
Every 24 h, 2 mL solution sample was obtained, centri-
fuged at 8000 rpm, and the pH and Cr(VI) were determined.
Afterward, the removal efficiency was calculated. Eventu-
aly, anironore-microbial synergistic system was sel ected.
The Cr(V1) removal efficiency was calculated using Eq. 1
asfollows:

Removal efficiency (%) = (C-C,,)/C x100 -1

Optimization of the removal conditions: With the basic
salt medium, carbon source and concentration, nitrogen
source and concentration and pH were optimized. Glucose,
sodium acetate, sucrose and soluble starch were selected as
carbon sourcesin the sameamount, then the content of Cr(V1)
was determined every 24 hoursin order to obtain the best
carbon source and the optimal concentration of best carbon
source was evaluated later (2, 4, 6, 8, 10 g/L). The same
method was used to select the optimal nitrogen source as
well asthe optimal concentration among yeast powder, pep-
tone and ammonium chloride. The optimal pH was con-
firmed by adjusting pH of the basal mediumto 4,5, 6, 7, 8,
9, 10 and determining the residual content of Cr(VI) every
24 hours.

The enhancement of theremoval of Cr (V1) by microor-
ganisms: Optimal medium was prepared with K_Cr,O,, and
subsequently iron mineralswere added. The selected strain
was inoculated into the solution. The contents in Erlen-
meyer flask were cultured at 30°C for 72 hin athermostatic
oxcillationincubator. Meanwhile, sampleswere periodically
taken out for the analysis of the content of Cr(VI) every 12
hours. The change of Cr(V1) in the solution wasfitted tothe
first-order reaction kinetics (2) and second order reaction
Kinetics (3) equations respectively, andthen k , k,, R? R?
werecalculated.

C/C,=exp(-kt) ..(2)

C=C/(1+k Cy) (3

Immobilization of the microorganism on iron mineral:
The LB liquid medium was prepared with target microor-
ganism and inoculated for 24 hours for the preparation of
suspension containing 107 strains. The granular iron stone
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Fig.1: Removal of Cr (VI) with eight microorganisms and magnetite under different conditions.
1: S oneidensis; 2: S.decolorationis (JCM 21555); 3: S. decolorationis (MCCC 1A11454); 4: Lysinibacillus sp. VKM B-713;
5: Lysinibacillus sp. JLT12; 6: Morganella morganii subsp; 7: Bacterium L9; 8: Serratia marcescens strain SW-4
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Fig. 2: Removal of Cr (VI) with eight microorganisms and pyrite under different conditions.
1: S. oneidensis; 2: S.decolorationis (JCM 21555); 3: S. decolorationis (MCCC 1A11454); 4: Lysinibacillus sp. VKM B-713;
5: Lysinibacillus sp. JLT12; 6: Morganella morganii subsp; 7: Bacterium L9; 8: Serratia marcescens strain SW-4

was used asthe biofilm carrier. After immobilization, 2-3 g
carrier was taken out, and the DNA was extracted for high-
throughput sequencing analysis to determine whether the
target strain was successfully immobilized on the vector.

Removal of Cr(VI) by theiron stone-immobilized micro-
organism: The material of immobilized iron mineral was
placed in an adsorption column, and the nutrient solution
containing 200 mg/L of Cr(VI) was passed through the ad-
sorption column. The concentration of Cr(VI) was meas-
ured every 24 hours. Meanwhile, a hew nutrient solution
would be replaced when Cr(V1) was completely removed.
After running for 14 days, 2-3 g of the carrier wastaken out,
and the DNA was extracted for high-throughput sequencing
analysis which was performed to eval uate the | oss of target
speciesin the processof thetreatment of Cr(V)-containing
wastewater.

RESULTS AND DISCUSSION

Screening of theiron miner al-microor ganism sysem: The
removal efficiency of Cr(VI) by bacterium 1-8 combined

with haematite, magnetite and pyrite isdisplayed in Fig. 1
and Fig. 2 respectively. Dueto theinefficiency in removal
capacity, the results of haematite combination were not
listed. By contrast, magnetite combined with bacterium 1
and bacterium 5 respectively, were of high efficiency than
other combinations. Under the conditions of aerobic, an-
oxic and anaerobic, the removal efficiency of Cr(V1) al
could reach 100% after 48 hours. Furthermore, bacteria 1
and 6 had superior efficiency inthe synergistic system with
pyrite compared to that of others. However, many studies
have been focused on bacterium 1 (S. oneidensis) (Kaneko
et al. 2002). From the perspective of devel oping new gtrains,
magnetite + bacterium 5 and pyrite + bacterium 6 were cho-
sen for research. Finally, magnetite + bacterium 5 was se-
lected (Lysinibacillus sp. JLT12) as the target system by
investigating the removal effect by increasing the initia
concentration of Cr(V1).

Optimization of magnetite-Lysinibacillus sp. JLT12
syner gigic system: Theoptimal reaction conditionsfor the
removal of Cr(VI) of magnetite-Lysinibacillus sp. JLT12

Nature Environment and Pollution Technology @ Vol. 18, No. 2, 2019
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Fig. 4: Change of Cr(VI) and Cr(I11) during the reduction process.
(a) Magnetite (b) Lysinibacillus sp. (c) Lysinibacillus sp.-magnetite

synergistic system were obtained by optimizing the type
and concentration of carbon source and nitrogen source
alongwith pH. Fig. 3 showsthat the best carbon source was
glucose of 8 g/L, the optimal nitrogen source was yeast
powder of 6 g/L and the optimum pH was 8-10.

M echanisms of magnetite-Lysinibacillus sp. JLT12
synergistic process. Asillustrated in Fig. 4, thetotal chro-
mium content decreased markedly during thereaction. The
decrease isassociated with the effect of Fe(Il) in magnetite
which can reduce part of Cr(VI1) to Cr(l1). Meanwhile,
Fe(OH)x is formed which can coprecipitate with Cr in the
removal process. To the best of our knowledge, under the
reduction conditions, the decrease of total chromium con-
tent is caused by Lysinibacillus sp., including reductive

reaction of Cr(V1) from enzyme and adsorption effect from
extracellular polymer substanceswhich could adsorb a part
of Cr simultaneoudly. It must be pointed out that in the
process of Cr(V1) removal by magnetite-Lysinibacillus sp.
JLT12 synergistic system, the total chromium content was
reduced, moreover, mogt of Cr(VI) wasconvertedto Cr(l11),
so thetoxicity wasreduced visibly. The results confirm that
Lysinibacillus sp. has an obvious effect on promoting mag-
netite on the reduction of Cr(V1).

The variations of Fe(I1) and Fe(l111) content in the mag-
netite system and the magnetite-Lysinibacillus sp.
synergistic system are also studied and presented in Fig. 5.
In the magnetite system, the content of Fe(Il), Fe(l1l) and
total Feincreased with the progress of the reaction. Unlike

Vol. 18 No. 2, 2019 e Nature Environment and Pollution Technology
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Fig. 5: Change of Fe(ll) and Fe(l1l) during the reduction process.
(a) Magnetite (b) Lysinibacillus sp.-magnetite

Fig. 6: SEM-EDS images of biochar before (a) and after (b) immobilized with Lysinibacillus sp.

the magnetite-Lysinibacillus sp. system, that the Fe(111) and
total Fe content decreased relatively lower compared to
those of the single system, which ismainly attributed to the
adsorption of microbial extracellular polymer substances
and the flocculation of Fe(OH)x. However, the content of
Fe(Il) decreased unconspicuoudly. It was assumed that
Lysinibacillus sp. can reduce Fe(111) to Fe(l1) under faculta-
tive conditions.

SEM-EDS analysis. It was reported that it is difficult for
microorganismsto grow on the small specific surface area
of iron ore. SEM-EDS analysiswas carried out to confirm
whether the microbes were immobilized on the surface of
magnetite. Asshown in Fig. 6, the magnetite demonstrates
crystal structure, and the main elementsinvolved are O and

Fe before the film was deposited. Notably, after the filmwas
hanged, the surface of the magnetite was covered with a
white film. Through the high magnification phenomenon,
we could find the microbes scale-like grew on the surface of
the magnetite (Bai et al. 2017). On the other hand, the C
element appeared on the surface of the magnetite after the
membrane, as exhibited by elemental analysis, suggesting
that the immobilization was successfully achieved. It may
be related to the characteristics of Lysinibacillus sp., asthe
secreted extracellular polymer was more likely to adhereto
the surface of magnetite (Feng et al. 2013).

Tofurther confirmtheresults, 16SrDNA high-through-
put sequencing was carried out to analyse the immobilized
magnetite before and after the treatment with Cr(V1) nutri-

Nature Environment and Pollution Technology @ Vol. 18, No. 2, 2019
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ent solution. Theresultscan beseeninFig. 7. It leadsusto
conclude that the dominant phylum on the magnetite is
Firmicutes, the dominant classis Bacillales, the dominant
order isBacillales, the dominant family is Bacillaceae, and
the dominant genusis Lysinibacilluswhich were completely
consistent with the target microorganism Lysinibacillus
sp. The result is consistent with the observation from
SEM-EDS. Furthermore, after the treatment of Cr-con-
taining wastewater, the dominant phylum, class, order,
family, and genus did not demonstrate the significant dif-
ference, suggesting Lysinibacillus sp. could be the domi-
nant bacteriain the treatment of Cr-contai ning wastewater
(Owlad et al. 2009).

Performance of immobilized magnetite: Concerning to
evaluate the removal ability of immobilized magnetite, 200
mg/L Cr(V1) was treated with immobilized magnetite and
magnetite, respectively. It isnoteworthy that after 24 hours
of operation, the removal efficiency of Cr(V1) reached 100%
intheimmobilized system. Subsequently, although the con-
centration of Cr(V1) in influent was increased to 300 mg/L

on the 7th day or even 400 mg/L on the 9th day, the re-
moval rate of 24 h could still reach 100%. But in theinitial
operation of the control group, after 48 hours, the removal
efficiency of Cr(VI) could reach 100%. What is more, it
took 72 or even 96 h to completely remove Cr(V1) as the
reaction proceeded. It can be seen that theimmobilized tech-
nology could improve the Cr(VI) removal efficiency of
magnetite, and the immobilized magnetite is a novel and
effective material which can be used in the remediation of
Cr(VI) contaminated water and soil (Fig. 8).

CONCLUSION

In this paper, a synergistic system of magnetite and
Lysinibacillussp., which can effectively remove Cr(VI) from
water was successfully obtained. The optimal conditions
for the system were glucose of 8 g/L, yeast powder of 6 g/L
and pH 8-10. Lysinibacillus sp. was then successfully im-
mobilized on magnetite via cyclic membrane method, in
which magnetite was used as a carrier. The immobilized
magnetite has a high removal efficiency for Cr(V1), which

Vol. 18 No. 2, 2019 e Nature Environment and Pollution Technology
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can completely remove 400 mg/L of Cr(VI) within 24 h
after 14 days of operation. The immobilized magnetite ex-
hibits excellent advantages over both chemical and bio-
logical methods, which assures a fast reaction rate from
Lysinibacillus sp. and magnetite. Besides, Fe(l11) produced
from magnetite can be reduced to Fe(l1) by Lysinibacillus
sp., which prolong the usage life of magnetite. Due to the
high efficiency, it is expected that the novel PRB materia
haspotential applicationsinenhanced Cr(VI) removal from
aqueous solutions.
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