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Nitrate Removal from Agricultural Infiltrate
by Bioaugmented Free and Alginate
Entrapped Cells

Sumana Siripattanakul’, Cariee J. Pochant?, Fakalak Khan*

ABSTRACT: A bench-scale sand column expertiment was conducted to
investigate niirate removal frum synthetic agricultural iafilire by
denitrifying bacterial cells entrapped in calcium alginate compared o
free cells. The effects of methanol as 4 carbon source and cell loading were
examined. Low (D 10 30%) nitrate removal was observed in both entrapped
and free-cell columns without methanol supplement. n the presence bl
methanol, nitrate removals of 90 10 995 and 56 1 75% were oblained for
entrapped and tree-cell columns, respectively. Niwate removal followed
first-order kinetics. The entrapped-cell columns achieved higher nilrate
removal than the free-cell columng because of less bacterial losses.
Scanning electron mictoscopic images sepported the nitrate removal
results that the denttrilying bacteria proliferated in the entrapment matrix.
and several nitrogen gas voids were produced from denitrification. Waier
Environ. Res., 82, 617 (2010).

KEYWORDS: Bioaugmentation, calcium alginate, cell loading, deni-
trification, sand colum.
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Introduction

Nitrate camamination in groundwater 1s mainty from ferilizer
and animal wasle dissolving into rain and irrigation water. and
infiltrating through the wnsaturated zone (Mitchell et al.. 2003).
Treatment of nitrate contamination in sgricultural mbltrae is
necessary 1o protect  groundwater  sources.  Entrapped  cell
bicaugmentation is a promising technique for remediating soit
and groundwater contamination (Gentry ot al., 2004). The
technique can be performed in-situ by adding the entrapped cells
to contaminated sites. W provides high contaminant-degrading
culture concentration and prevents the transportation of augmen-
ted cells away from the site. The entrapment matrix can lessen
adverse effects on cells from unsuitable physicochemical condi-
tions such as lemperature and pH. The cell entrapment technique
has been used ta denitrify point-source wastewater. There has
been no reseurch on the treatment of nitrate in agricultural
mfiltrate using the entrapped-cell hiozugmentation technigue.

The obiective of this study was to examine nitrate removal from
agricultural infiitrate using bioauginented entrapped denitrifying
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bacteria compared to the corresponding free cells in a sand
column setup simulating a field condition. Calcium alginate was
chosen as a cell entrapment matrix. The effeets of methanol as a
carbon source and cell loading were studied. Leaching of free and
entrapped cebls from the columns was monitored. The entrapment
matrix and entrapped cells were examined before and after the
experiment via scanning electren microscopy {SEM).

Methodology

Chemicals. Sodium alginate (unspecified grade) produced by
Plaltz and Bauer (Waterbury, Conneeticut) was obtained through
VWR International Co. (West Chester. Pennsylvania). Al other
chemicals were anatyticul grade and were purchased from VWR
International Co.

Denitrifying Bacteria Acclimation. Denitrifying bacteria
were enriched from mixed liquor suspended solids (MLSS) from
the Moorhead wastewater treatment plant, Moorhead, Minnesota.
The sludge way acclimated in a 20-L reactor for three maonths
under anoxic condition. The reactor was operated at hydraulic and
sludge retention times of 1 and 17 days, respectively. The growth
medium contained 50 mg/L as N of nitrate and 300 mg/L of
methanal (Hill and Khan, 2008).

Calcium Alginate Cell-Entrapment Procedure. The deni-
trifying hacteria were entrapped using a  calcium  alginate
technique adapted from Hill and Khan (2008). The acclimated
studge was centrifuged at 7000 rpm for 10 minutes to ablain
concentrated denumifying bacterial cells. The concentrated eells of
5 and 10 g were homogenously mixed with 50 and 10 mL of 2%
(wfv) agueaus sodivm alginue solutions, respectively, represent-
ing two diflerent cell loadings. The mixtures were dropped into 4
calcium chloride solution of 3.5% {w/v) using a peristaltic pump
at a flow rate of 3 mL/min (bead size of 2 mm). The droplets
remained in the solution for 2.5 hours 10 fonn and harden
spherical beads.

Synthetic Agricultural Infiftrate, Sand, and Column Pre-
parations. Two syntheic agrcultural infiltrates, with and
witheut supplemented methanol, were prepared for the denitrifi-
calion kinetic experiment. Infiltrate with methanol was the growth
medium, and infilirate without methanol was the growth medium
excluding methanol. Composition of the growth medium is
deserihed elsewhere (Hill and Khan, 2008). The nfilirate was
sterilized by uutoclaving before applying to sand cotumns.

Silica sand was used as a reodel soil medium. The sand was
washed with tap water amd dried at [03°C for 24 hours. The
cleancd sand was sieved to obiain the grain sizes between (142
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Figure 1-—Normalized nitrate-N and nitrite-N concentrations in infiltrate samples versus time.

and 0.84 mm. The sieved sand was awtoclaved at 121°C for
30 minutes twice within two consecutive days. The vaad ratio (v/v)
of sieved sand loosely packed in o 400-ml. graduate cylinder
was (130

The entire sand column was modeled as the op soil layer.
where the cells would be augmented m practice. Five down-flow

618

sand columns were used 10 represent: (1) low cutrapped-cell
laading, (2) high entrapped-cell loading. (3} low [ree-cell loading,
() high free-cell loading, and {5) eontrol (no eells). Each column
wis 6.35 cm in diameter and 23 ¢m in length. Each colume had an
effluent sampling port at the bottam. Atl columns were rinsed with
7% isopropano] and auwtoclaved deionized water before use. For

Water Environment Research, Volume 82, Number 7
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Table 1—Descriptions of entrapped cell, free cell, and control columns and denitrification kinetics.

Column description

Kinetic results

Celi loading Bulk dry Buik Total empty Denitrification
{mg wet cells/mL Cell mass sand bicaugmented bed volume kinetic

No. Cell type empty bed volume) (g wetcells) (mL)  volume (mL} {mL) equation®™ R?

1 Low entrapped 125 5 350 5ot 400 C = coexp(-0.2811)  ©.884
cell loading

2 High entrapped 250 10 300 100" 400 C = caexpl—0.5341)  G.937
cell ioading

3 Low free cell 12.5 5 400 R 400 ¢ = coexp{~0G006t)  0.889
loacling

4 High free cetl 25.0 10 400 A2 400 C = cpexp(-0.1391)  0.784
leading

5 Conrtrol (no cells) 0 0 400 0 400 c = cnexp{-0.022t) 0.777

U yplume of immebilized denitrifying bacteria and matrices.
71 yolume of the bacteria is negligible.

) Eyuations are based on the tind and fourth tests and o, ¢, and tare nitrate concentration at ¢ kr (mg/L. initial nitrate concentration {mg/

LY ang time {rr). respectively.

columns 1 to 4, the biocaugmentation procedure was as follows.
The concentrated free cell suspension or entrapped cclls in a
phosphaie buffer solution were poured into the sterile sand in a
sterite beaker, The mixture was stirred using a sterite glass rod for
five minutes and then poured into the cotumn. The controt
{(column 5) contained only the sterile sand. Table | shows the
contents of the five sand cojumns.

Denitrilieation Kinetie Experiments and Scanning Eleetron
Mieroscopic Observation. As mentioned earlier, this study
focused on the effects of cell loading and an additional carbon
source i agricultral infiltrate on denitrification. Four conseeu-
tive 8-haur tests were performed: (1) tests | and 2 used the
synthetic infillrate without methanol; and (2 tests 3 and 4 used the
synthetic infiltrale supplemented with methanol. The synthetic
infittrate was filled and maintained at § cm above the surface of
the sand faver to contral anaerobic condition and elevation head.
For cach test, effluent sampics of 20 ml. were taken at 0, 1, 2, 4.
and & hours for measuring nitrate and nitrite. At the end of the test,
lanl effluent samples were aseptically taken o enumerate
bacteria leaching from the columns. Belore starting cach iest
the columns were drained and Tushed with the synlhetic infiitrate
of 200 mL. The enlrapped cell beads were taken before test 1 and
after test 4 for inicroscapic examination. They were prepared for
SEM observalion according to Hilt and Khan (2008). A scanning
clectron microscope (JEOL made]l JSM-6300, Tokya, Japan) was
used.

Analvtical Methods. Nitrale and nilrite  were mecasured
acenrding 10 Standurd Methods {(American Public Health Associa-
tion el al. {998). Niwate was measured using a VWR®
SympHony® Nitrae lon Sclective Elecwode and o VWR®
SympHony® Doeuble Junction Reference Electrode (VWR}Y. The
electrodes were calibrated at least twice a day. Nitrite was
analyzed colorimetrically usmg a standard HACH NitriVer®2
reagent (HACH, Loveland, Colorade). Bacteria cnumeration was
perfanned by a spread plate method onto a nutricnt agar.

Resuits and Discussion
Denitrification Kinetics. Normalized nitrate-N and nitrite-N

concentrations versus time for each test are presented in Figure 1.

July 2010

In the control column, nitrale concentration decreased by about
20% or less within cight ours, Because the experiment was under
a sterite conditian, this lkely was caused by an abiatic process.
Contaminant sorption by alginate beads was reported in previous
studies, but it lasted for a very short peried after contaminant
expasure to the beads (Hill and Khan, 2008; Siripattanakul et al.,
2008). Consequentty. a contral experiment with only alginate
heads was not conducted. In the first test (without methanol),
nitrate removal was between 20 and 50% {or both entrapped and
free-cedt columns, This indicates that 1he alginate matnix was not
used as a major carbon source by the denilrifying bacteria. The
major carbon source could have come from organic carbon on

Leaching cells {log CFU/mL)

Test 3 Test 4

mems Column 1 - Low immobilized cell loading
ezzzza Column 2 - High immoaobilized cell foading
Column 3 - Low free cell loading

ewz=n Column 4 - High free cell loading

mwwsm Column 5 - Control (no cell loading)

Figure 2—Viabie bacteria leaching through sand col-
umns.
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Figure 3—Scanning electron microscopy (SEM) images of entrapped cells: (a) bead cress-section; (b) bacteria
entrapped in the interior of a bead; (c) bacteria entrapped in a void before experiment; (d) bead cross-section; (e)
hacteria entrapped in the interior of a bead; and (f) bacteria entrapped in a void after experiment.

sand. which was elcaned by washing rather than combustian, In
the second kest (without methanul), there was na nitrate removal,
This suggests (hat organic substunces an sand were in small
amounts and were used up dunng the first tesl

In the third and fourth tests {with methanol), nirate removal
was 90 10 99% for the entrapped cells and 56 10 75% for the free-
celt columms. There was a significant difference in the effluent
nitrate concentration af the first and secand 1ests compared Lo
thase of the third and fourth tests. Morcover. the emrapped-cell

620

columns provided higher nitrae removal than the free-cell
colemms. The presence of the nitrifying  bacleria in the
entrapped-cell columns and the adequate substrate (carbon)
enhanced nitrate remavat. It should be noted that when methanol
was suflicienlly present, it was unlikely that the alginate matrix
was used as a carbun source. Nitrate removal trends followed first-
arder kinetics {Table 1), Doubling the cell toading increased the
desnitrification rate by 1.5 and 1.9 times for the free- and
entrapped-cell columns. At the same initial cell loading. the tree-

Water Environment Research, vVolume 82, Number 7



Siripattarakul et al.

cell columns provided lower denitrtfication rates because of a
large bacteria loss (described in the next section).

Nitrite accumulalion was observed in the free-cell columns
during the first four hours of the first test. After that. nitrite
concenlration decreased because of the lack of nitrite produection
(from nitrate reduction) and conversion of nitritc 1o nilrogen gas.
These occurred because initially there were significant cell losses
from the free-cell columns, and the nitrite-reducing bacteria
required longer acclimation time {Tenokuchs et al., 2006). During
the second test, hecause nitrate was not removed, there was no
nitrite build-up. However, n the third and fourth tests, although
nitrate decreased substantiaily, there was no nitrite accumulation.

Bioaugmented Cell Leaching. The amount of leaching
bacteria s shown in Figure 2. In the first test, the bacleria
leaching from the entrapped cell columns was not observed, while
a farge amaunt of baeteria (7 log CFU/mL) leached from the free
cell coluinns. In the second test, bacterial counts were 4 log CFU/
mL. for the entrapped-celt columns, which gradually increased to
5.5 log CFU/mL in the fourth test. For the free-cell columns, the
bacterial counts decreased o a range of 4.3 to 5.5 log CFU/mL in
the (hird and fourth tcsts. Although the bacteria leaching from
both entrapped- and free-cell columns were at the same magmtude
in the third and fourth tests, nitrate removal efficiencies of the
entrapped cells were higher. There arc two possible reasons for
this observation. First, in the free-cell columns, a targe number of
bacteria were flushed off in the first and second tests. Therefore.
the bacterta left in the free cell columns were much less than the
entrapped-cell colutnns, Second, in the enirapped-cell columus,
most of the denitrifying bacteria were entrapped in the malrices,
whereas the leaching bacteria could have come from small
amounts of bacteria attached at the surface of the matrices.

Microscopic Observation in Entrapped Cells. The SEM
images of entrapped cells betore and after the experiment are
shown in Figure 3. Figures 3a and b present a dense mesh caleium
and alginate cross-linking structuirre of an alginate bead collected
after the cell entrapment bug before the experiment. Same beads
contained a large void in their center, which was a bubble from the
entrapment process (Figure 3a). There were bacteria unitermly
entrapped in the entire bead (Figures 3b and c]. After the
experiment, the bead contained many voids. which were from
nitroger gas produced by dendirification (Figure 3d). Beads
containing gas voids are prone to abrasion even in short-term
applications and, consequenily, their stability nceds te be
monitored contindously (Gentry ¢t al., 1994}, Figures 3¢ and {
show several bacteria growing in the interior of the beads. These
SEM results supported the denitrification results presented ahove.
In the entrapped-cell columns, most denitrifying buctena were
entrapped and proliferated in the matrices resulting in ttigh nitrate
removal efficiencies.

July 2010

Conclusions

Catcium alginate entrapped-cell bicaugmentation is a promising
technique for nitrate removal from agricubtural infiltrate. With
methanol supplied as a carbon source. nitrate remnoval efficiencies
by the emtrapped and free cells were 90 o 99% and 50 (0 75%,
respectively, and mitrite accumulation was not observed. The
denitrification rate increased 1.5 w0 1.9 times when the augmented
cell loading was doubled. Bacterial losses resulted in low nilrate
removal in the free-cell bioaugmentation but not the entrapped-
cell system. The SEM images show denitrifying bacteria
proliferation in the alginale matrices and scveral nitrogen gas
voids. For future work, a long-term study is recommended to
investigate the effect of nitrogen gas production on the durability
of alginate beads. A full nitrogen mass balance anul operational
eondition optimization such as methanol requircment should be
examined.
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