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ABSTRACT

Profenofos (O-4-bromo-2-chlorophenyl-O-ethyl S-propyl phosphorothioate) is a widely
used organophosphorus pesticide for agricultural purpose. This caused contamination in
subsurface system. This study investigated profenofos pesticide remediation by attached and
entrapped bacterial cells compared to the treatment by free cells. Influence of infiltration rates
(1-5 cm d) on profenofos removal was focused. Pseudomonas aeruginosa strain PF2, a profeno-
fos—degrading culture, was chosen. Peanut shell as a support material for the attached cells and
barium alginate as a matrix for the entrapped cells were applied in sand column experiment.
During the column experiment at the infiltration rate of 1 cm d™', profenofos removal by all tests
was high (94-97%). For infiltration rates of 3 and 5 cm d7, the free cells could remove profeno-
fos of 50-71% while the immobilized cell systems (the attached and entrapped cells) obviously
improved the profenofos removal (90-97%). This is because high cell retention in the immobi-
lized cell systems and profenofos adsorption by the immobilization materials. The long-term
experiment further proved that the cell entrapment using barium alginate better increased cell
retention and reduced the impact of profenofos toxicity leading to better profenofos removal

performance.
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1. Introduction

Organophosphorus pesticides have long been used for
agricultural purpose [1]. Among them, profenofos (O-4-
bromo-2-chlorophenyl-O-ethyl S-propyl phosphorothioate)
is largely applied in many countries [1,2]. This resulted in
profenofos contamination over allowable concentration (3
pg L) in environment including surface water and ground-
water [1-3]. Groundwater is a major drinking water source
in remote area. Consumption of profenofos-contaminated
groundwater could cause adverse health effect since pro-
fenofos was classified by The World Health Organization as
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a neurotoxic substance. Therefore, the profenofos-contami-
nated site remediation is needed.

One of effective in situ treatment technologies is micro-
bial remediation. This technique uses microorganisms to
transform pollutants to be less or non-toxic substances.
The microorganisms can be inoculated in the soil at top
zone to degrade contaminant in soil and infiltrate before
reaching to groundwater level (Fig. 1). In reality, the free
microbial cells could move out of the contaminated sites
resulting in decreasing contaminant removal performance
[4]. To maintain the efficiency of microbial remediation,
the cell retention at the remediation site is necessary. Cell
immobilization, a cell retention method, is broadly used for
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environmental applications including water purification,
wastewater treatment, and site remediation. Among the
immobilization techniques, cell attachment and cell entrap-
ment were the most commonly practical techniques [5]. The
cell attachment is to grow the microorganisms (biofilm) on
support materials while the cell entrapment is to mix the
microorganisms and form the polymeric gel beads (with
cells). Advantages of these techniques are high microbial
cell retention and no reaction (damage) to microbial cells
during the cell immobilization processes [6]. Also, these
techniques have been successfully applied for treating
numerous pollutants, such as crude oil hydrocarbon, atra-
zine, and profenofos [6-8].

These cell immobilization techniques (cell attachment
and cell entrapment) have potential for remediating pro-
fenofos-contaminated in top zone. In practice, there was no
clear criteria about suitable immobilization technique. Some
different limitations of both techniques were reported. In
case of the entrapped cells, the restriction of substrate diffu-
sion into the entrapment matrix could limit the cell growth
and degradation efficiency whereas biofilm may be easily
washed off the cell attachment system [9]. Thus far, no com-
parative study of the cell entrapment and cell attachment
for the site remediation has been investigated. To achieve
the subsurface remediation, infiltration rate was an import-
ant factor since it related to hydraulic conductivity which
has impact on fate, transport, and treatment of contami-
nants in soil and groundwater [4,10].

This study aims to investigate profenofos removal per-
formance by the attached and entrapped cells. The sand
column experiment by the immobilized (attached and
entrapped) cells was performed in comparison of the free
cell experiment. This work focused on the remediation
under influence of infiltration rates. Pseudomonas aeruginosa
strain PF2 (PF2), a previously isolated profenofos-degrad-
ing bacterium, was chosen [2]. Based on the literatures, pea-
nut shell and barium alginate were selected as a support
material for the attached cells and a matrix for cell entrap-
ment, respectively [8,11]. The result from this study will be
useful for site remediation practice in the future.

2. Materials and methods
2.1. Bacterial strain and cultural condition

A previously isolated profenofos-degrading bacterium,
PF2 (GenBank accession number KJ143903), was chosen
based on high profenofos-degrading performance [2]. A
minimal salt medium for bacterium cultivation was pre-
pared in a phosphate buffer solution (10 mM, pH of 6.8).
The medium comprising MgSO,-7H,O 0.513 g L™, NaCl
0.5gL",KH,PO,3.0gL",NaH,PO,2H,06.815g L, NH,Cl
2 g L', and filtered sterile profenofos of 20 mg L™ was used.
The bacterium at the late exponential phase was cultivated
using orbital shaker at 150 rpm under room temperature
for 3 d before experiment followed method described else-
where [2].

For the experiment, the cultivated PF2 was centrifuged
ata 6,000 rpm for 10 min to obtain concentrated cell suspen-
sion. The concentrated cells were applied as initial free PF2
cells (102 CFU m L). Also, the concentrated cells were used
for preparing attached and entrapped cells.

2.2. Cell immobilization procedures
2.2.1. Cell attachment

Peanut shells (obtained from a local market in Khon
Kaen, Thailand) were washed with tap water and dried
in oven at 60°C for 6 h. Then, the dried peanut shell was
cut into small pieces and sieved using USA standard sieves
number 4 and 8 to obtain the peanut shell sizes of 2-5 mm.
The materials were then sterilized by autoclaved at 121°C
for 20 min twice for two consecutive days. To form bio-
film, the concentrated PF2 cells (10> CFU m L' in 100-m L
medium) were mixed with the autoclaved peanut shell
of 10 g and incubated for 5 d by shaking at 150 rpm and
room temperature. The peanut shell-attached cells at 5-d
shaking were 10" CFU mL-medium™'. Potential of biofilm
formation and cell growth were daily checked using alcian
blue adsorption assay (supplementary material) and spread
plate count, respectively.

2.2.2. Cell entrapment

To prepare barium alginate-entrapped cell, a sodium
alginate solution of 3% (w/v) (Sigma-Aldrich, Singapore)
was mixed with the concentrated PF2 of 10> CFU mL™.
The ratio of sodium alginate and the concentrated PF2 cells
was 10:1 (by volume). The mixture was dropped into a bar-
ium chloride (BaCl,) solution of 5% (w/v) (Sigma-Aldrich,
Singapore) using a 10-mL sterile syringe to form spherical
beads with a size of about 3 mm. The beads were hardened
in the BaCl, solution for 2 h [11].

2.3. Experimental preparation and setup
2.3.1. Sand preparation

To avoid influence of soil properties on profenofos bio-
degradation, silica sand (industrial grade) of 300 mL was
used as a subsurface medium. Sand preparation proce-
dure was followed Siripattanakul et al. [4]. The sand was
washed, oven-dried at 105°C for 24 h, and baked at 550°C
for 1 h (3 times). The baked sand was sieved by USA stan-
dard sieves number 35 and 60 to obtain particle sizes of
0.25-0.45 mm (porosity of 33.33%) and then autoclaved at
121°C for 20 min for 3 times.

2.3.2. Column preparation, setup, and operation

A polypropylene column (diameter of 5 cm and length
of 22 cm) was used to simulate subsurface system (Fig. 1).
The column was soaked with 70% ethanol and rinsed with
sterilized de-ionized water before use. The autoclaved sand
of 300 mL was mixed with free, attached, or entrapped cells
before packing into the column. Composition in each col-
umn is presented in Table 1. The cell and sand mixture was
loosely packed into the column for 20-cm length. It is noted
that a sand column without cell and material was added
in the control test. The packed column was wrapped using
aluminum foil to prevent profenofos photolysis.

The column operation was followed Siripattanakul et
al. [4]. The minimal salt medium as synthetic contaminated
water was down—flowed through the column under step-
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feed mode. The contaminated water of 8, 20, and 35 mL
was poured into column at 8-h interval to simulate the con-
taminated infiltrate at infiltration rates of 1, 3, and 5 cm d-,
respectively. It is noted that the range of infiltration rates
was selected based on typical average precipitation. The
selected water infiltration rates of 1, 3, and 5 cm d™' were
equivalent to water seepage of approximately 0.2, 0.6, and
1.0 pore (water) volume (PV) per day, respectively.

2.4. Chloride and profenofos tracer tests under different
infiltration rates

Before the profenofos biodegradation experiment,
examination of contaminant transport in the column was
required. Triplicate chloride and profenofos tracer tests in
the sand column were performed to represent hydraulic
and contaminant transports, respectively. It is noted that
pH of the medium applied in this study was controlled at
about neutral to avoid natural hydrolysis of profenofos.

A calcium chloride solution of 0.01 M was fully filled
into the sand column. Then, the calcium chloride solution of
0.05 M and the profenofos solution of 20 mg L™ were down
flow-fed at the infiltration rates of 1, 3, and 5 cm d~! through
the sand column. A step-feed mode followed Siripattanakul
et al. was applied [4]. The effluent samples were continu-
ously taken for measuring electrical conductivity and pro-
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Fig. 1. Schematic diagram of sand column for subsurface system
simulation.

Table 1
Composition of tracer, FC, AC, EC, PS, and BA columns

fenofos concentration from chloride and profenofos tracer
tests, respectively. Profenofos (or chloride) concentration
was calculated as normalized remained concentration fol-
lowed Eq. (1). C is profenofos (or chloride) concentration
(mg L) at a time whereas C, is the initial profenofos (or
chloride) concentration (mg L™).

Normalized remained profenofos concentration= C£ (1)
0

The breakthrough curves of the tracer test were com-
pleted. Normalized remained concentration (C/C)) were
plotted against PV. To interpret the contaminant transport,
retardation factor (R) of profenofos was calculated follow-
ing Eq. (2). The profenofos removal efficiency was calcu-
lated as shown in Eq. (3).
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2.5. Profenofos removal experiment under different infiltration
rates

Triplicate profenofos removal experiments were carried
out. Five different setups including 1) the free cells (FC)
(concentrated PF2 as mentioned earlier), 2) peanut shell-
attached cells (AC), 3) barium alginate-entrapped cells
(EC), 4) peanut shells (no cell) (PS), and 5) barium alginate
(no cell) (BA) were prepared. The influence of infiltration
rates on the profenofos removal performance and cell leach-
ing were studied. Initial cell number of 10" CFU m L in the
column was controlled for the free, attached, and entrapped
cell tests.

At the beginning, the columns were filled up by the syn-
thetic infiltrate without profenofos. For the short-term tests,
the profenofos-contaminated infiltrate with infiltration
rates of 1, 3, and 5 cm d! was downward step-fed through
the column for 5 PV. The column effluent was continuously
sampled to measure the leaching cell number and profeno-
fos concentration.

The long term (50 PV) monitoring tests were selected
only an infiltration rate based on the short-term result (the
most influenced rate on profenofos removal efficiency). The

Test  Description Material and sand Immobilization material Material Cell number
mixture (mL) (g as dried weight) volume (mL) (CFU mL™)

Tracer Only sand for tracer (or control) tests 300 0 0 0

FC Free cell tests 300 0 0 10"

AC Peanut shell-attached cell tests 300 10 10 10"

PS Only peanut shell tests (no added cell) 300 10 10 0

EC Barium alginate-entrapped cell tests 300 10 100 10™

BA Only barium alginate tests (no added cell) 300 10 100 0
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column was operated in the same manner to the short-term
test. The leaching cell number and profenofos concentration
were detected daily. Micro-structural observation of the
immobilized cells was performed using scanning electron
microscope (SEM).

2.6. Analytical methods

The free PF2 cells were counted using typical spread
plate count technique. The solid medium (section 2.1) was
added 2% of agar. For the attached PF2 on peanut shells,
the PF2 cells were extracted. The attached cell samples of
5 pieces in bacterial medium of 1 mLwere added into a 1.5-
mL centrifuge tube and soaked for 3 min. Then, the sam-
ples were sonicated using ultrasonic bath (Fisher Scientific,
136H, USA) for 2 min and shaken on a vortex mixer for 2
min. The cell extraction process was repeated twice for each
step. After that, the de-immobilized PF2 cells were serially
diluted and spread-plated.

For profenofos measurement, the samples were
extracted using liquid-liquid extraction technique. Hex-
ane was applied as an extraction solvent followed previous
studies [1,2]. The sample of 0.5 mL was mixed with hex-
ane (containing acetic acid of 0.01% (by volume)) of 0.5 mL.
After mixing and settling the sample-solvent sample, upper
phase of mixture (hexane) was drawn for 200 pL and filtered.
A gas chromatography (GC) (4890D, Agilent Technologies,
USA) with electron capture detector and SPB-608 fused sil-
ica capillary column (15-m length, 0.53-mm LD., and d, of
0.50) was used. Helium and nitrogen gases were used as the
carrier gases with flow rates of 8 mL min™ and 47 mL min™,
respectively. One micro liter of sample was injected to the
GC. The injection port and detector temperatures of 240°C
and 250°C, respectively were set. The GC program was
started at 120°C, hold at 120°C for 2 min, raised to 240°C
at a rate of 40°C min™', and hold for 5 min. Profenofos peak
was at 3.1 min. The average method recovery for profenofos
concentrations of 1-20 mg L™ was 80%.

For immobilized cell observation using SEM, the
attached and entrapped cell samples of 5 pieces were
washed in a solution containing NaCl of 0.85% (w/v) and
BaCl, of 5% (w/v) and then washed with sterilized de-ion-
ized water. The washing process was repeated three times.
Then, the sample were dried in hot air oven (UF160, Mem-
mert, Germany) at 60°C for 12 h. The dried beads were cut
using a razor blade, attached to a stub, and coated with
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gold. The dried beads were observed for microbial cell and
bead physiology using SEM (S-3000N, Hitachi, Japan).

2.7. Statistical analysis

Data from the experiments were statistically analyzed
using STATA10 (StataCorp, College Station, USA). The
results were analyzed using a multiple regression model.
The difference of profenofos concentrations was examined
by one way-ANOVA.

3. Results and discussion
3.1. Profenofos and chloride tracer tests

The effect of infiltration rates (1, 3, and 5 cm d™') on
hydraulic and contaminant transport was investigated
using chloride (conservative solute) and profenofos tracer
tests, respectively. Fig. 2 is column breakthrough result.
Ratios of the concentration at a time respected to the initial
concentration (C/C)) are presented in Fig. 2. It was found
that chloride early appeared at 0.25 PV and reached plateau
at 2.00 PV for all tests. For profenofos, the leaching concen-
tration increased with rising PV at infiltration rates of 1 and
3 cm d! whereas profenofos reached plateau at 4.00 PV at
infiltration rate of 5 cm d'. Ideally, for one-dimensional
transport model (advection-dispersion), Water (pore) vol-
ume through column (x axis) at C/C, = 0.50 is approximately
1.00 PV. In this study, C/C, of 0.50 at the infiltration rates of
1, 3, and 5 cm d' shifted to 0.70, 1.10, and 1.20 PV, respec-
tively. For profenofos tracer tests, it is obvious that the con-
taminant transport was slower than the conservative solute
transport (Fig. 2). The R, values at the infiltration rates of 1, 3
and 5 cm d! were 5.80, 2.40, and 2.50, respectively. Profeno-
fos retardation might be influence of contaminant itself or
sand properties. The influence of contaminant retardation
should be further examined.

Based on the results in Fig. 2, the mechanical dispersion
and diffusion played a role on the delay of hydraulic trans-
port. Infiltration rates directly related to mechanical dis-
persion. Higher infiltration (flow) rates resulted in higher
mechanical dispersion. Deviances from the ideal case could
result from diffusion process because of the step—feed oper-
ation as well. For the profenofos transport, it is slower than
the chloride transport. This phenomenon was typically
found in longitudinal transport [13]. Lower infiltration

P e
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Fig. 2. Breakthrough curves of chloride (CH) and profenofos (PF) tracer tests at the infiltration rates of 1, 3, and 5 cm d".
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rate (higher water residence times) significantly increased
adsorption capacity.

3.2. Profenofos removal under different infiltration rates

Sand column experiments for profenofos removal
by the free cells, peanut shell-attached cells, barium algi-
nate-entrapped cells, peanut shells (no cell), and barium
alginate (no cell) (called FC, AC, EC, PS, and BA, respec-
tively) were performed. The initial cell number of 10" CFU
m L7 and the initial profenofos concentration of 20 mg L~
were applied for the tests. It is noted that the attached cells
was to cultivate the PF2 cells on peanut shells before use.
Therefore, to control equivalent initial cell number for all
tests (the free, attached, and entrapped cells), additional

was relatively high (Table 2). The profenofos removal per-
formances by the free cells and immobilized cells (AC and
EC) were not significantly different (p = 0.012). This could
be from the biodegradation by PF2 and adsorption by the
immobilization materials (peanut shells and barium algi-
nate) [4,12]. For the sand column tests at infiltration rates of
3 and 5 cm d7, the immobilized cell columns (AC and EC)

Table 2
Profenofos removal efficiencies by FC, AC, EC, PS, and BA tests
at 5 PV at different infiltration rates

Infiltration Profenofos removal
rate (cm d™) efficiencies (%)

Test  Description

experiment on PF2 growth and biofilm formation on the  FcC Free cell tests 1 94
peanut shells was carried out (supplementary information). 3 71
Fig. S1 is the results of on PF2 growth and biofilm forma- 5 50
tion during the preparation of the attached cells used in
this study. The PF2 cell number and alcian blue reduction AC  Peanut shell- 1 96
results were well correlated. PF2 increased from approxi- attached cell tests 3 94
mately 8-11 log CFU g-peanut shell™ at the fifth day while 5 90
biofilm formation (alcian blue redu@tion) also increaged PS Peanut shell 1 93
and re.a.cl.’led steady state at the same ’Flme.. Also, ads.orptlon (no added cell) tests 3 89
capabilities of PS and BA were preliminarily determined for
better interpretation of profenofos removal mechanism. Fig. 5 85
S2 clearly proved high profenofos adsorption by PSand BA.  EC Barium alginate- 1 95
Both material had similar adsorption capability of 1.7-1.8 entrapped cell tests 3 97
mg-profenofos g-material™ (Table S1). 5 9%
The profenofos removal by FC, AC, EC, PS, and BA is BA Bari .
R s arium alginate 1 84

presented in Fig. 3. All tests were reached plateau within 4 (no added cell) tests
PV. In overall, all sand column tests well removed profeno- 3 20
fos for entire of the experiment (5 PV) compared to the tracer 5 89
result presented in Fig. 2. The profenofos removal efficien-  Tracer Profenofos tracer 1 5
cies of 50-97% were observed. The profenofos removal at a tests (sand only) 3 4
stable period (5 PV) is shown in Table 2. During the tests at 5 3
infiltration rate of 1 cm d-, profenofos removal in all tests

0.6 * FC 1 emvd | —e— FC 3 em/d e FC 5 cmid
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Fig. 3. Breakthrough curves during profenofos removal by the free cell (FC), peanut shell-attached cell (AC), barium alginate-en-
trapped cell (EC), peanut shell (PS), and barium alginate (BA) tests at the infiltration rates of 1, 3, and 5 cm d".
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apparently maintained the profenofos removal efficiencies.
The results by AC and EC were persistently high for entire
of the 5-PV experiment (90-97%). Both immobilization tech-
niques provided insignificantly different performance (p =
0.100) whereas the removal efficiencies by FC were much
different (only 50 and 71% for infiltration rates of 3 and 5
cm d, respectively).

Fig. 4 shows leaching cell numbers from the FC, AC, and
EC columns during profenofos removal under infiltration
rates of 1, 3, and 5 cm d'. The leaching cell numbers from
the FC system (9—-12 CFU m L) decreased at the beginning
period and remained stable thereafter. The numbers of cell
leaching at infiltration rates of 3, and 5 cm d from the AC
(7-12 log CFU m L) and EC (4-8 log CFU m L) columns
were less. At these infiltration rates, the leaching cell num-
bers from the AC and EC columns were significantly lower
than FC (p < 0.001).

In the FC system, PF2 freely distributed over the col-
umns. The large numbers of the cells were early washed
out along with infiltrate at the first PV. Later (2-5 PV), some
portion of cells colonized on sand (figure not shown) lead-
ing to lower and stable leaching cell numbers. This result
well correlated to stable profenofos removal performance
by FC (after 4 PV). For AC and EC, higher leaching cells in
later period (2-5 PV) may be from the large numbers of cell
growing at outer layer of the immobilization materials and
being washing off the columns [4]. Even though the high
leaching cell numbers were found, the profenofos removal
efficiencies did not decrease.

In overall of the short-term results, the profenofos
removal by microbial remediation approach was achieved.
The free PF2 well degraded profenofos even at the highest
infiltration rate (5 cm d™). This is because PF2 was previ-
ously identified as the profenofos-degrading culture [2].
The bacterium is experienced this toxic compound. In prac-
tice, the profenofos contamination in environment may be
only in several hundreds pg L. For example, the profeno-
fos contamination of 950 pg L™ in water from agricultural
area in Thailand was reported [14]. At low infiltration rate
(1 cm d7), the free PF2 should be applicable for remediat-
ing the profenofos contamination. However, in the case of
higher infiltration rates (3-5 cm d™), profenofos removal
efficiencies of FC system were just 50-71%. The use of the
FC system might not be able to degrade profenofos to the
drinking water quality standard of 0.3 pg L.

K. Sonsuphab et al. / Desalination and Water Treatment 120 (2018) 311-322

The immobilized cell systems (AC and EC) could be
applied to enhance the profenofos removal. The system is
the integrated processes of biodegradation by the immobi-
lized PF2 and adsorption by the materials (peanut shells or
barium alginate). During the 5-PV experiment, both AC and
EC systems successfully reduced profenofos. Even though
it was found the large numbers of PF2 loss in the AC sys-
tem, there were sufficient numbers of cells colonizing on
peanut shells (Fig. 7). Also, peanut shells had suitable sur-
face properties for adsorption [15]. These led to stable pro-
fenofos removal.

Even though profenofos removal by BA is statistically
lower compared to one by PS (p < 0.001), the removal trends
presented in Fig. 3 were closed. This well correlated to sim-
ilar adsorption capabilities (by weight) of PS and BA shown
in Table S1. Lower leaching cell number and SEM results
in EC system (Figs. 4 and 7) confirmed that the microbial
cells were well retained in the entrapment matrices and
no apparent restriction of substrate diffusion took place
[6]. This could infer that both AC and EC systems have
potential for profenofos remediation. The infiltration rates
in this study did not significantly influence the profenofos
removal performance by the immobilized cell systems for
this short-term experiment (5 PV).

Another factor which may influence the profeno-
fos removal is column (cell) depth. A preliminary test of
profenofos removal by the free and immobilized cells at
different cell depths (10 and 20 cm) was reported in sup-
plementary material (Figs. S3 and S4). It was found that
the sand column systems with 10-cm depth (52-80%) could
remove profenofos lower than ones with 20-cm depth (50-
96%) (Table S3). The change of profenofos removal efficien-
cies should be because of difference in contact time between
contaminant and cell (and the immobilization material).
This result revealed that the cell depth may be an important
role on the site remediation practice.

3.3. Long-term profenofos removal monitoring

Based on the results of the previous sub-section, it was
found that the infiltration rates influenced the profenofos
removal by FC. For AC and EC, it was not clear whether
adsorption or biodegradation were the main role for pro-
fenofos treatment. Therefore, longer period of profenofos

am FC 1 em/d
16 gmaC
13 == EC

bl

0-

Leaching cells (logCF U ml)

3 em/d S cm/d

Fig. 4. Leaching cells of the free cell (FC), peanut shell-attached cell (AC), barium alginate-entrapped cell (EC) columns during pro-

fenofos removal under infiltration rates of 1, 3,and 5 cm d.
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removal experiment by sand column at 50 PV (equivalent
to 50 d) with the highest infiltration rate of 5 cm d™ was
carried out. The columns were continuously fed by simu-
lated contaminated infiltrate with profenofos concentration
of 20 mg L™ at hydraulic retention time of 1 d. In the con-
trol test (sand only), average profenofos concentration after
reaching stable (3-50 PV) was 18.9 mg L. This could con-
firm that natural hydrolysis and degradation did not take
lace.

P The profenofos removal by FC, AC, EC, PS, and BA is
presented in Fig. 5. All tests effectively treated profenofos.
All columns except BA were reached plateau after 20 PV.
The C/C, from BA steadily increased during the course of
long term experiment. The average profenofos removal effi-
ciencies at a stable period (20-50 PV) are shown in Table 3.
Both immobilized cell systems were more effective com-
pared to the free cell system. It was expected to differentiate
the role of adsorption and biodegradation on profenofos
removal by different immobilized cells (AC and EC). How-
ever, it turned out that the performance of both AC and EC
systems were comparable.

Fig. 6 presents leaching cell monitoring. For long-term
observation, the leaching cells were quite stable for all
tests. The AC system (8 log CFU m L™) had higher leach-
ing cell number compared to one of the EC system (6 log
CFU m L™). The SEM observation (Fig. 7) revealed that
a large amount of the microbial cells attached on peanut
shells and entrapped inside barium alginate was observed
at the beginning. After use for 50 PV, lower amount of cells
was observed on AC (Fig. 7b) comparing to EC system
(Fig. 7d).

The result from the long-term monitoring warranted
achievement of the profenofos removal in this study. After
a certain period (5 PV), the profenofos removal by FC
increased (Fig. 5). This should be biofilm formation on sand
getting to maturation step resulting in higher and constant
profenofos removal afterward [16]. For the immobilized cell
systems, the profenofos removal was role of biodegradation
and adsorption processes. The profenofos removal perfor-
mance by EC was slightly better than that of AC (Table 3).
This is because of high retained cell numbers in EC (less
cell wash-out) (Figs. 6 and 7). Additionally, the contaminant

Table 3
Average profenofos removal in the long-term experiment
(infiltration rate of 5 cm d! for 50 days)

Test  Description Infiltration Profenofos
rate (em d@)  removal (%)

FC Free cell tests 5 70 +3.31

AC  Peanut shell-attached 5 93 +2.21
cell tests

PS Peanut shell 5 83 +1.81
(no added cell) tests

EC Barium alginate- 5 96 +0.11
entrapped cell tests

BA  Barium alginate 5 80 +2.61

(no added cell) tests

1 Numbers after + referred to standard deviation values.
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Fig. 6. Leaching cells of the free cell (FC), peanut shell-attached
cell (AC), barium alginate-entrapped cell (EC) columns during
the long-term profenofos removal experiment at the infiltration
rate of 1 cm d.
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Fig. 5. Breakthrough curves of profenofos removal by the free cell (FC), peanut shell-attached cell (AC), barium alginate-entrapped
cell (EC), peanut shell (PS), and barium alginate (BA) tests during the long-term experiment at the infiltration rate of 5 cm d.
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Fig. 7. SEM Observation of the attached cells before (a) and after use for 50 PV (b) and the entrapped cells before (c) and after use

for 50 PV (d).

in this study is a toxic substance. Therefore, direct contact
at high concentration (20 mg L) in FC and AC may dam-
age the microbial cells. The entrapment matrices not only
increase cell retention but also reduced impact of substrate
toxicity to the cells [17].

Previously, it was indicated that typical primary pro-
fenofos degradation product is 4-bromo-2-chlorophenol
(BCP). It was known that BCP was higher toxic compared
to the parent compound. Siripattanakul-Ratpukdi et al.
reported simultaneous profenofos and BCP removal by
mixed cultures containing PF2 [2]. This showed potential of
PF2 for BCP degradation. Complete profenofos degradation
pathway or related toxicity test should be further studied.

In overall, the result from this study could further sug-
gest that the cell retention and contaminant removal effi-
ciency depended on the cell immobilization techniques and
the infiltration rates. In practice, it would be difficult to con-
trol the infiltration rates. The cell addition technique (free,
attached, or entrapped cells) should be considered.

4. Conclusions

The infiltration rates clearly influenced hydraulic trans-
port in sand column. Profenofos remediation by a bacte-
rium culture is promising. At low infiltration rate (1 cm d),
profenofos well removed in all tests (more than 90%).
During the study at higher infiltration rates (3-5 cm d™), the

removal by FC was significantly low (50-71%). The immo-
bilized cell (AC and EC) sand columns effectively removed
profenofos (more than 93%) for all tested infiltration rates.
As expected, the profenofos remediation by immobilized
cells was more efficient than that of the free cells.

In short-term test, AC and EC were found to have simi-
lar performance. The two techniques had their own advan-
tages. The cells attached on peanut shells (AC system) had
higher adsorption capacity. The profenofos removal by AC
was the combination by the attached PF2 and adsorption on
the peanut shells. For the EC system, the entrapment matri-
ces had higher cell retention and could lessen profenofos
toxicity leading to high biodegradation. For the long-term
monitoring, profenofos removal by EC was better than
that of AC. In the future, the on-site pilot testing should be
investigated for the long-term application under different
environmental situations, such as different soil character-
istics and weather conditions. The profenofos removal per-
formance and the immobilized cell durability should be
further studied.
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Supporting information

Cell growth and biofilm formation on peanut shells

To prepare the peanut shell-attached cells, the PF2 cells
were cultivated in the bacterial medium containing the pea-
nut shells before use. To control equivalent initial cell num-
ber for the free, attached, and entrapped cell experiments,
the additional test of PF2 growth and biofilm formation on
the peanut shells was carried out. The attached cells sam-
ples were taken once a day for measuring cell number and
biofilm formation potential.

Analytical procedures

Five pieces of the peanut shells with the PF2 cells were
washed using a NaCl solution of 0.85%, twice. The washed
attached cells were extracted by ultra-sonication and vortex
mixing for 2 min each (twice). For cell number count, super-
natant was taken for total plate count.

For biofilm formation potential, alcian blue adsorption
assay modified from Vandevivere and Kirchman (1993) was
performed. Briefly, an alcian blue solution of 1% was added
into the washed peanut shells. The mixture was shaken
using an orbital shaker at 80 rpm for 15 min. The mixture
was filtered using a GF/C filter. The supernatant was mea-
sured alcian blue absorbance using spectrophotometer at
606 nm. It is noted that the more alcian blue reduction indi-
cated the more biofilm formation.

Result

Fig. S1 is the results of on PF2 growth and biofilm for-
mation during the preparation of the attached cells used in
this study. The PF2 cell number and alcian blue reduction
results were well correlated. PF2 increased from approxi-
mately 8 to 11 log CFU g-peanut shell™ at the fifth day while
biofilm formation (alcian blue reduction) also increased and
reached steady state at the same time.
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Fig. S1. PF2 cell number and biofilms formation on peanut shells.

Adsorption capability of peanut shells and barium
alginate

Adsorption capabilities of PS and BA were prelim-
inarily studied for better interpretation of profenofos
removal mechanism. Triplicate batch tests with initial pro-
fenofos concentration of 20 mg L™ were performed in an
orbital shaker at 150 rpm for 7 d. Fig. S2 clearly proved
high profenofos adsorption by PS and BA. Both materials
had similar adsorption capability of 1.7-1.8 mg-profenofos
g-material™ (Table S2).

It was found that PS and BA of 10 g gave similar pro-
fenofos adsorption capability (based on weight) of 1.7 and
1.8 mg-profenofos g-material™, respectively (Table S2).
However, to prepare the materials of 10 g (dried weight),
bulk volumes of PS and BA were 10 and 100 mL, respec-
tively (Table S2). This clearly indicated that surface area of
these two materials were different. The profenofos removal
based on volume of PS and BA were 1.7 and 0.2 mg-pro-
fenofos mL™ (Table S2). This could imply that PS had suit-
able surface properties while BA gave larger surface area.
For long-term monitoring (50 PV), PS with better surface
properties for profenofos adsorption could maintain pro-
fenofos removal performance (Fig. 5).

Comparison of profenofos removal in column at different
bed depths

Comparison of column bed depth was preliminarily
studied for clearer understanding of profenofos removal
mechanism. Triplicate column tests with cell depths of 10
and 20 cm were performed (Fig. S3). It is noted that all col-
umns (10- and 20-cm cell depths) contained the same cell
number (and immobilization materials). Fig. 54 is break-
through curves of profenofos removal by the systems.
Table S3 is profenofos removal efficiencies by FC, AC, EC,
PS, and BA tests at 5 PV at infiltration rate of 5 cm d™' and
different cell depths.

From Fig. 54 results, it is clear that all sand column sys-
tems with 10-cm depth could remove profenofos (52-80%).
The columns with 10 and 20 cell depths contained the
same cell number and amount of immobilization materials;
therefore, it gave similar profenofos removal efficiencies.
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Fig. S2. Profenofos remaining during batch tests.
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Profenofos removal and adsorption capabilities by PS and BA

321

Test Profenofos Material Bulk volume of Profenofos adsorption capability =~ Profenofos removal based on volume of
removal (mg) wused (g) material (mL) (mg-profenofos/g-material) PS and BA (mg-profenofos/mL-material)
Ps 17 10 10 17 1.7
BA 18 10 100 18 0.2
Table S2

Profenofos removal efficiencies by FC, AC, EC, PS, and BA tests at 5 PV at infiltration rate of 5 cm d™' and different cell depths

Test Description Profenofos removal (%) at cell depth of
10 cm 20 cm
FC Free cell tests 52 50
AC Peanut shell-attached cell tests 80 90
PS Peanut shell (no added cell) tests 79 85
EC Barium alginate-entrapped cell tests 81 96
BA Barium alginate (no added cell) tests 78 89
Influent at 5 emj'd Influent at 5 omfd Influent at 5 ey Inflsent at 5 om/fd Influent at 5 cm/d Influent at 5 om)d
@ 10¢m O wan | OO
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Fig. S3. Schematic diagram of sand column at different cell depths.
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Fig. 54. Breakthrough curves of profenofos removal by the free cell (FC), peanut shell-attached cell (AC), barium alginate-entrapped
cell (EC), peanut shell (PS), and barium alginate (BA) tests during the 5-PV experiment at the infiltration rate of 5 cm d.
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The difference of profenofos removal efficiencies should
be because longer column resulted in longer contaminant
and cell (and the immobilization material) contact time. The
longer contact time should lead to the higher cell growth,
contaminant degradation, and contaminant adsorption.
Based on the profenofos removal efficiencies in Table
S3, the free cell systems (FC) at different depths did not

show the obvious profenofos removal efficiencies. How-
ever, profenofos removal by the immobilized cell and
only material systems (AC, PS, EC, and BA) apparently
increased along with the increasing of the column depth.
This may imply that role of bed depth (contact time)
sounded important for the immobilized cell systems.



