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(M ab

and Shanying He*?

By adding the nonionic surfactant Triton X-100 and using biochar as an immobilization carrier, a Triton X-

100-facilitated biochar-immobilized Pseudomonas aeruginosa (TFBIP) material was prepared using the

sorption method and was used to treat acenaphthene in water. The results showed that a low

concentration of Triton X-100 simultaneously promoted the sorption capacity of the biochar and the

degradation activity of P. aeruginosa, thereby significantly enhancing the removal of acenaphthene from

water by the immobilized P. aeruginosa material. Compared with the control without Triton X-100, a low
concentration of Triton X-100 significantly increased the acenaphthene removal rate by 20-50%. The
optimal conditions for preparing the TFBIP were a loading time of 24 h, the use of a bacterial suspension
with a concentration of ODggp = 0.2, and a Triton X-100 concentration of 10 mg L. The optimized
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TFBIP material could efficiently remove acenaphthene from water at temperatures of 10-50 °C, pH

values of 4.5-10.5, and NaCl concentrations of up to 0.2 mol L™, The new TFBIP material can be used

DOI: 10.1039/c8ra03529f

rsc.li/rsc-advances with organic pollutants.

1 Introduction

Large amounts of industrial wastewater and domestic sewage
have caused serious water and soil pollution problems world-
wide. How to effectively remove refractory organic pollutants,
such as polycyclic aromatic hydrocarbons (PAHs) and poly-
chlorinated biphenyls (PCBs), from wastewater has been
a problem of major concern for environmental researchers.'
Currently, commonly used treatment methods include physical
and chemical adsorption and biodegradation technology.
Adsorption/sorption technology yields rapid effects but is not
a thorough treatment, while biodegradation of persistent
pollutants often requires longer treatment cycles. The use of
immobilized microorganism technology to remove organic
pollutants is a method that combines the advantages of sorp-
tion and degradation.*® In immobilized microorganism tech-
nology, free microorganisms are immobilized onto a carrier via
chemical or physical methods, after which the carrier material
allows rapid sorption of organic pollutants, providing a suffi-
cient concentration of substrates to allow the immobilized
microorganisms to efficiently remove the pollutants.”® The key
factors affecting the performance of an immobilized
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for the treatment of wastewater and may also be directly used for the remediation of soils contaminated

microorganism material include the characteristics of the
pollutant-degrading bacteria, the immobilization methods, the
loading time, the immobilization carrier and so on. Common
immobilization methods include adsorption, embedding,
cross-linking and covalent binding method. Among of them,
the former two are often used because of the low cost, simple
operation, little influence on microbial activity and so on.

An ideal immobilization carrier not only provides the space
needed for the attachment and survival of the microorganisms
but also plays a role in the sorption of enriched pollutants.
Biochar is a stable solid material produced by pyrolysis of
biomass under anaerobic or hypoxic conditions and is an effi-
cient and inexpensive sorbent.” Additionally, the microporous
structure and many nutrients on the surface of biochar, such as
carbon and nitrogen, can provide favourable conditions for the
growth of microorganisms, making biochar a very promising
immobilization carrier material. However, current research on
biochar has primarily focused on its use in soil improve-
ment'*™ and as a sorbent,”' and there have been very few
studies on biochar-immobilized microorganisms.* The devel-
opment of biochar-immobilized microorganism technology has
been limited, primarily because of its insufficient efficiency in
processing organic pollutants. How to simultaneously improve
the pollutant sorption capacity of the immobilization carrier
and the pollutant degradation activity of microorganisms are
key problems that need to be solved.

Many studies have shown that a number of surfactants can
promote the degradation of organic pollutants by

This journal is © The Royal Society of Chemistry 2018
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microorganisms by changing the bioavailability of organic
pollutants, changing the surface hydrophobicity of microor-
ganisms, or by promoting the activities of key enzymes.>**** In
our previous study, we demonstrated that surfactants promoted
the sorption of hydrophobic organic pollutants by sorbents
such as soil, clay minerals, and biochar.**** Therefore, the
introduction of a surfactant at suitable concentrations into an
immobilized microorganism system is likely to further increase
the efficiency of the processing of organic pollutants by
immobilized microorganism material.

In this study, using acenaphthene as a representative
hydrophobic organic pollutant and using Pseudomonas aerugi-
nosa JXQ as a representative pollutant-degrading bacterium,
and by adding the non-ionic surfactant Triton X-100 (octyl-
phenol polyoxyethylene ether) into the biochar-immobilized
microorganism system, a surfactant-facilitated biochar-
immobilized microorganism material was prepared using the
sorption method. The optimal immobilization conditions were
determined, and the effects and mechanisms of Triton X-100 on
the simultaneous enhancement of sorption and pollutant
degradation were investigated to provide a new technical
method for rapid and efficient processing of refractory organic
pollutants in water.

2 Materials and methods
2.1 Materials and chemicals

Biochar was prepared by carbonization through heating under
oxygen-limited conditions.”* Dried rice straw was ground into
powders, which was sieved through a 0.1 mm mesh and placed
in a quartz beaker. After the powders were tamped, the beaker
was capped and placed in a muffle furnace at 500 °C for 4 h. The
carbonized product was treated with hydrochloric acid (HCI,
1 mol L") for 12 h to remove ash, filtered, washed with ultra-
pure water until the pH was neutral, and oven-dried. In this way,
a straw-derived biochar was obtained and stored in a vacuum
dryer until further use. The elemental composition and surface
area of the biochar were listed in Table 1.

The strain was isolated from an activated sludge, which was
obtained from a pharmaceutical factory in Zhejiang, China. The
isolate was 99% similar to Pseudomonas aeruginosa based on its
16S rRNA gene sequence (1147 bp) and was named Pseudomonas
aeruginosa JXQ (GenBank accession number: KT329290). This
isolate was deposited at China Center for Type Culture Collec-
tion, under accession number CCTCC M 2015786. The mineral
salt medium (MSM) described by Yu, et al.** with supplement of
0.35 mg L' acenaphthene was used for bacterial isolation,
growth and maintenance. For inoculation, the strain was
incubated in autoclaved MSM with acenaphthene as the sole
carbon source and energy source for a week on THZ-C-1

Table 1 Elemental composition and surface area of the biochar

Sample C% N% H% O% Ash% Surface area/m”> g™ (N,)

Biochar 61.2 2.3 1.8 20.6 14.1 15.4
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constant temperature shaker (Taicang Lab-Line Instruments,
China) at 30 °C and 150 rpm. After centrifuged at 12 000 x g for
20 min (CF16RXII, Hitachi Koki Co., Ltd., Japan), the cells were
washed three times with 50 mmol L™ " phosphate buffer (pH 7.0)
and resuspended in MSM to a certain cell density.

The acenaphthene used in this study had a purity greater
than 98% and was purchased from Shanghai J&K Chemical Ltd.
(Shanghai, China), while the Triton X-100 surfactant (analytical-
grade) was purchased from Sinopharm Group Co. Ltd. (China).
Other chemicals used in this study were of analytical grade.

2.2 Sorption experiment

To assess sorption kinetics, 0.005 g of biochar was accurately
weighed and placed in a 40 mL brown sample tube, to which
40 mL of an acenaphthene solution (3.5 mg L") was added.
Each group were conducted in triplicate, and a blank control
without biochar were included. The samples were placed in
a shaker set at 30 °C and 120 rpm and were taken out after 0, 5,
12, 24, or 48 h. Upon filtering the samples with a 0.22 pm
hydrophilic polytetrafluoroethylene (PTFE) syringe filter, the
acenaphthene concentration in the filtrate was determined by
Agilent 1260 high-performance liquid chromatography (USA).
For the batch equilibrium experiment, based on the kinetics
experiment, the acenaphthene concentration in the solution
was determined after sorption equilibrium was achieved at each
of the Triton X-100 concentrations (0, 50, 200, and 300 mg L™ ).
Taking the equilibrium concentration of acenaphthene as the
abscissa and the sorption capacity of acenaphthene by S500 as
the ordinate, the equilibrium sorption capacity of biochar was
obtained under different conditions according to eqn (1):

G-y
m

Qe = (1)

where C, is the initial concentration of acenaphthene (mg L™ );
C, is the concentration of acenaphthene after equilibrium is
achieved (mg L™ "); Vis the volume of solution (L); 7 is the mass
of biochar (g); and Q. is the sorption capacity (mg g~ ).

2.3 Degradation experiment

To flasks containing 100 mL of basal mineral salt medium
(MSM) with a pH of 7.0 and an acenaphthene concentration of
3.5 mg L™, seed solution was added such that the initial ODggo
was 0.005. These samples were placed in a shaking incubator
set at 30 °C and 120 rpm. The concentration of acenaphthene in
the solution was determined by sampling at regular intervals,
and at the same time, the ODgq, value of the culture was also
measured. According to the relationship between the bacterial
dry weight and ODgyo, the bacterial dry weight (mg L") was
then determined.

2.4 Immobilization of P. aeruginosa JXQ by biochar in the
presence of Triton X-100

The sorption method was used to immobilize the bacteria to the
biochar. P. aeruginosa JXQ was cultured in MSM medium with
acenaphthene as the sole carbon source at 30 °C and was
centrifuged to separate the solid fraction after culturing for

RSC Adv., 2018, 8, 23426-23432 | 23427
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Fig. 1 Preparation of the TFBIP material.

36 h. The cells were resuspended in MSM, and the resulting
bacterial suspension was adjusted to an ODgq, of 0.1, 0.2, or 0.5.
In these bacterial solutions, Triton X-100 at different concen-
trations (0-300 mg L™ ') was added, and each solution was
mixed well. Next, 1% (by the mass ratio) of biochar was added,
and the solution was thoroughly mixed at 30 °C to allow the
microorganisms to attach to the biochar. After 5-48 h, vacuum
filtration was performed to obtain the Triton X-100-facilitated
biochar-immobilized bacterial (TFBIP) material. Fig. 1 illus-
trates the preparation process.

2.5 Removal of acenaphthene by biochar-immobilized
P. aeruginosa JXQ

To assess the removal of acenaphthene by the biochar-
immobilized bacterial materials made using different loading
times, different bacterial loading amounts (ODgqo), or different
Triton X-100 concentrations, 0.005 g of each biochar was
accurately weighed and placed in a 40 mL brown sample tube,
to which 40 mL of acenaphthene solution (3.5 mg L") was
added. Three parallel biochar types were included in each
group, and the samples were placed in a shaker set at 30 °C and
120 rpm. At certain time intervals, samples were removed and
filtered with a 0.22 pm hydrophilic PTFE syringe filter. The
acenaphthene concentration in the filtrate was then determined
by high-performance liquid chromatography.

The oscillator temperature (10-50 °C) and 1 mol L™ " of HCI
and NaOH were used to adjust the initial pH value (4.5-10.5) of
the acenaphthene solution and to allow different concentra-
tions of NaCl (0.002-1.5 mol L") to be assayed. The effects of
temperature, pH, and salinity on the treatment of
acenaphthene-containing wastewater with the TFBIP material
were studied. The removal rate of acenaphthene was calculated
according to eqn (2):

(G- C)

R=
Co

x 100% 2
where Cj, is the initial concentration of acenaphthene (mg L™ );
C, is the concentration of acenaphthene at time ¢ (mg L™"); and
R is the removal rate of acenaphthene (%).

3 Results and discussion

3.1 Utilization of acenaphthene by P. aeruginosa JXQ and
the tolerance of Trition X-100

The conclusions: a growth curve of P. aeruginosa JXQ in media
containing acenaphthene as the sole carbon source and the
degradation of acenaphthene are shown in Fig. 2. Within a few
hours after inoculating the medium with a small quantity of
bacteria, the concentration of acenaphthene in the medium
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Fig. 2 Degradation of acenaphthene by P. aeruginosa JXQ and its
growth curve.

decreased rapidly, and after 12 h, the bacteria were in log phase
growth. After two days of culturing, the concentration of
bacteria in the culture increased to ODg(, = 0.13 from the initial
value of 0.005, while the acenaphthene concentration decreased
from an initial concentration of 3.4 mg L™ to 2.1 mg L,
a decrease of approximately 38%.

P. aeruginosa JXQ could not grow with Triton X-100 as the
sole carbon source (data not shown). The tolerance of the strain
to Triton X-100 were tested in MSM medium with glucose or
acenaphthene as the sole carbon source. In normal MSM with
glucose as the carbon source, after 36 h, various concentrations
of Triton X-100 (50-500 mg L") could all promote the growth of
P. aeruginosa JXQ (Fig. 3a). In normal MSM with acenaphthene
as the carbon source, the Triton X-100 (50-500 mg L") also
promoted the growth of the bacteria (Fig. 3b). The result indi-
cates that the bacterium has considerable tolerance to high-
concentrations of Triton X-100.

3.2 Optimization of immobilization conditions: bacteria
amount and loading time

As described in the methods Section (2.4) and Fig. 1, a biochar-
immobilized P. aeruginosa material was prepared by sorption
method.

As shown in Fig. 4a, after 48 h treatment, the removal of
acenaphthene by biochar without loaded bacteria (control
group) was about 63%, whereas the removal of acenaphthene by
the immobilized P. aeruginosa JXQ bacterial materials were
about 73-77%. The result indicates that the biochar sorption
and bacterial degradation both contribute significantly to the
removal of acenaphthene. The P. aeruginosa JXQ concentration
used during immobilization can affect the actual bacterial
loading amount on the immobilized biochar. Using a loading
time of 24 h, the biochar-immobilized bacteria have a greater
acenaphthene removal efficiency when the concentration of the
bacterial suspension has an ODgyy = 0.2 than at an ODgyo = 0.5
or 0.1. The primary reason for this increased efficiency may be
that with an increase in the bacterial concentration, the sorp-
tion of bacteria by biochar would gradually approach satura-
tion. When the bacterial density was too high, the limited

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of Triton X-100 on the utilization of glucose (a) or ace-
naphthene (b) by P. aeruginosa JXQ.

internal space of the biochar carrier would result in the inhi-
bition of mass transfer for substrates, and the competition of
nutrients and dissolved oxygen would cause mutual inhibition
among the microorganisms, leading to a decreased processing
efficiency of acenaphthene by the immobilized bacterial mate-
rials.”® Therefore, under the conditions used in this study, a P.
aeruginosa JXQ suspension with an ODg,, = 0.2 provided the
best immobilization condition.

The loading time for preparing the immobilization bacterial
materials was also tested. If the loading time is too short, the
mechanical strength and stability of the material is inadequate
and microorganisms are prone to being unattached to the
material; if the loading time is too long, then the mass transfer
and microorganism activity may be reduced. Different immo-
bilized materials prepared using different loading times,
ranging from 5 to 48 h, were added to different aliquots of the
same acenaphthene solution. The acenaphthene removal rates
were determined and the results are shown in Fig. 4b. In this
study, using a loading time of 24-48 h, the pollutant-degrading
bacteria were stably attached to the biochar, and the acenaph-
thene removal efficiency was highest.

3.3 Improvement of immobilized bacterial material with
Triton X-100 and its mechanisms

Using sorption-based immobilization technology, an
acenaphthene-degrading material,  biochar-

immobilized P. aeruginosa JXQ, was prepared in the presence

bacterial

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Acenaphthene removal using biochar-immobilized P. aerugi-
nosa materials prepared with different concentrations of bacterial
suspension (a) or loading times (b) (loading time = 24 h).

of different concentrations of Triton X-100. As seen in Fig. 5, for
the rapid treatment with a short period of time (5-24 h), low
concentrations of Triton X-100 (5-25 mg L") significantly
enhanced the acenaphthene removal by the immobilized
degradation bacteria (P < 0.05). The strongest enhancing effect
was observed by using 10 mg L' Triton X-100, at which
concentration the removal rate increased from 40-65% to 60-
80% (P < 0.05). However, at higher concentrations of Triton X-
100 (50-300 mg L), its enhancing effect on the immobilized
bacteria decreased. Specifically, when the Triton X-100
concentration was higher than 100 mg L™, the acenaphthene
removal rate was not significantly different from that without
Triton X-100 addition (P > 0.05); when the Triton X-100
concentration was greater than 300 mg L™, the removal rate
was even lower than that without Triton X-100 addition. On the
other hand, for long treatment times (72-120 h), Triton X-100
had no significant enhancement of the immobilized degrada-
tion bacteria (P > 0.05). Therefore, the addition of 10 mg L~ "
Triton X-100 during the immobilization process favoured the
most the significant improvement in the rapid removal effi-
ciency of acenaphthene in water by this material.

The mechanism by which Triton X-100 enhances the prop-
erties of biochar-immobilized microbial materials may occur by
two routes. One is the possible effect on the sorption of ace-
naphthene by the biochar, while the second is its effect on the

RSC Adv., 2018, 8, 23426-23432 | 23429
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Fig. 5 Removal of acenaphthene by TFBIP materials with different concentrations of Triton X-100.

degradation of acenaphthene by the bacteria immobilized onto
the biochar. To further investigate the mechanism of how
Triton X-100 enhances the removal of organic pollutants in
water by biochar-immobilized bacteria, the effects of Triton X-
100 on biochar sorption and on acenaphthene utilization by
P. aeruginosa JXQ were studied.

As shown in Fig. 6, when the used Triton X-100 concentra-
tion is 0-100 mg L™, it has a significant enhancing effect on
acenaphthene sorption by biochar. As the concentration of

7
6
5k
a 4t
=) 4
g A
o 3t <
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2+ Triton X-100, mg-L™!
m 0
1k * 50
A 100
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Fig. 6 Equilibrium isotherms for sorption of acenaphthene by S500
biochar in the presence of Triton X-100.
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Triton X-100 used increases to 200-300 mg L', it has a weak-
ened enhancement effect or even displays an inhibitory effect.
This is similar to the patterns in previous studies concerning
the effect of surfactants on the sorption of organic pollutants in
soil.>*?> At low concentrations, surfactants exist as monomers in
solution and can form semimicelles on the biochar surfaces,
which can effectively attract the hydrophobic organic pollutants
in the solution via a solid-phase partitioning effect. Within
a limited range, the partition effect increases with the in
adsorbed surfactants. When the surfactant concentration in the
solution increases to a level above the critical micelle concen-
tration (CMC), the monomers begin to form micelles in the
solution. These micelles can compete with the biochar in the
sorption of hydrophobic organic pollutants,* leading to weak-
ened sorption of the organic pollutants onto the biochar and
resulting in more organic pollutants being present in solution.
This experiment demonstrated that a low-concentration of
Triton X-100 could promote the sorption of acenaphthene by
biochar and ultimately promote the overall sorption and
removal of acenaphthene ability of the biochar-immobilized
bacterial material.

Fig. 7 shows the degradation of acenaphthene in MSM
medium within 72 h by P. aeruginosa JXQ under different Triton
X-100 conditions. The degradation of acenaphthene by P. aer-
uginosa JXQ at all concentrations of Triton X-100 was stronger
than in the absence of Triton X-100, with the strongest degra-
dation of acenaphthene by P. aeruginosa JXQ occurring at

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Degradation of acenaphthene by P. aeruginosa JXQ in the
presence of Triton X-100.

a concentration of 200 mg L~ Triton X-100. The mechanism of
how surfactants impact the degradation of organic pollutants
by microorganisms could be due to the change of the cell
surface hydrophobicity by the surfactant, or alternatively, the
promotion of the transmembrane behavior and intracellular
degradation of the pollutants.'**”*® Similar to the results
observed in this study, it has been reported that the Tween
series of nonionic surfactants can effectively promote the
degradation of pyrene by Klebsiella oxytoca at concentrations
less than its CMC."® The result demonstrated that Triton X-100
could also promote the degradation of acenaphthene by
P. aeruginosa JXQ at the concentrations less than its CMC.
Based on the separate study of the effects of Triton X-100 on
the acenaphthene sorption by biochar and on acenaphthene
degradation by the bacteria, it can be speculated that in the
Triton X-100-facilitated immobilized system, Triton X-100 can
promote both the sorption of acenaphthene by biochar and the
degradation of acenaphthene in water by the immobilized
bacteria, thereby enhancing the overall ability of the immobi-
lized bacterial material to remove acenaphthene from water.

3.4 Effects of environmental factors on the effectiveness of
the application of the TFBIP

In the practical application of immobilized bacterial materials,
the complexity of environmental conditions would inevitably
affect the removal efficiency of organic pollutants in water. In
this study, by using the optimized TFBIP material, the removal
of acenaphthene in water was investigated under three common
environmental conditions of wastewater. As shown in Fig. 8a
and b, between 10 and 50 °C and pH values of 4.5 and 10.5, the
water temperature and pH change had no significant effect on
acenaphthene removal by the TFBIP material. The optimal
growth temperature of P. aeruginosa JXQ in MSM medium
containing acenaphthene as the sole carbon source was 37 °C,
and the optimal pH was 7.0, with growth observed between pH
values of 5.0 and 9.0. The immobilized material exhibited
a certain degree of impact resistance to temperature and pH. As
shown in Fig. 8c, with an increase in the NaCl concentration,
the acenaphthene removal efficiency by the TFBIP material

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Effect of different environmental factors on the removal of
acenaphthene by TFBIP material.

decreased slightly and was significantly inhibited at NaCl
concentrations higher than 0.5 mol L™, primarily because
ultra-high salinity completely inhibited the physiological
activity of P. aeruginosa JXQ.

According to the results, the suitable working conditions for
the TFBIP material to remove PAHs in water were a temperature
of 10-50 °C, a pH of 4.5-10.5, and an NaCl concentration of no
greater than 0.2 mol L.

4 Conclusions

Triton X-100-facilitated biochar-immobilized P. aeruginosa
(TFBIP) material could efficiently remove acenaphthene in
water, and the optimal immobilization conditions were
a loading time of 24 h, a bacterial solution concentration of
ODgg0 = 0.2, and a Triton X-100 concentration of 10 mg L™". The
addition of Triton X-100 promoted both the sorption capacity of
biochar and the degradation activity of P. aeruginosa JXQ,
thereby significantly improving the overall efficiency of

RSC Adv., 2018, 8, 23426-23432 | 23431
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acenaphthene removal in water by the immobilized material.
Low-concentration Triton X-100 could enhance the rapid
removal of acenaphthene by the TFBIP. After 24 h of treatment,
the removal rate of acenaphthene was 76-78% when Triton X-
100 was 5-10 mg L', which was 21-24% higher than that
without Triton X-100. The suitable application conditions for
the TFBIP material to process organic pollutants in water were
as follows: waste water temperature of 10-50 °C, pH of 4.5-10.5,
and concentration of salt (by NaCl) no greater than 0.2 mol L.
The TFBIP material can not only be used for the treatment of
wastewater, but also be directly used for the remediation of soils
contaminated with organic pollutants.
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