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Abstract

When biochar made from waste pallet was added to treated livestock waste-
water, the total nitrogen and ammonium ion concentrations decreased, with
removal rates over 10 days of about 60% and 30%, respectively. Bacteria were
isolated with high ammonium removal ability and they were identified based
on their 16S rRNA gene sequences. Anaerobic denitrifying Cronobacter spp.
was isolated from the biochar used for water purification. When each strain
was cultured in a liquid medium containing ammonium sulfate (initial am-
monium concentration 30 mg/L), the highest ammonijum removal rates were
83.8% - 96.5%. Organic acids were more effective than carbohydrates as sole
carbon sources for nitrogen removal from wastewater. The absorbance at 660
nm increased with nitrogen removal, indicating that cells proliferated, so it
was presumed that ammonium was taken up by assimilation.
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1. Introduction

Livestock wastewater is treated by the activated sludge process and the effluent is
discharged into public water areas, but it still contains high nitrogen concentra-
tions and contributes to water pollution. Therefore, nitrogen removal, especially
ammonium, is desired prior to effluent discharge. The most common post-treatment
of activated sludge-treated wastewater is further nitrification-denitrification treat-
ment (secondary treatment). The investigation of secondary treated wastewater of
nine livestock farms nationwide reported that most of the residual nitrogen was

ammonium when the pH after treatment was 8 or higher, whereas nitrate and

DOI: 10.4236/jep.2022.131011 Jan. 24, 2022 171 Journal of Environmental Protection


https://www.scirp.org/journal/jep
https://doi.org/10.4236/jep.2022.131011
https://www.scirp.org/
https://orcid.org/0000-0003-0839-5193
https://doi.org/10.4236/jep.2022.131011
http://creativecommons.org/licenses/by/4.0/

H. Hiroyuki et al.

nitrite were detected when the pH was 8 or less. The nitrogen removal rate when
nitrification-denitrification or anammox is introduced as post-treatment can be
estimated [1]. The characteristics of bacteria capable of aerobic denitrification by
catabolism and assimilation have been reported [2] [3] [4] [5]. In these studies,
the ratio of carbon to nitrogen was an important parameter affecting denitrifica-
tion. However, in secondary treated water, there are few organic substances that
can be utilized for assimilation. Therefore, the denitrification function can be
confirmed for the microorganisms supported on biochar and when the organic
matter derived from biochar is used, it is effective in supporting denitrification
under conditions where there is little organic matter.

Biochar is also known for its ability to absorb ammonia, and it has been re-
ported about adsorption capacities that there are 7.0 mg/g as bamboo, while
this improves to 22.2 mg/g after it is pulverized with a ball mill [6]. Moreover,
biochar made from corn cob showed high values of 22.6 mg/g [7].

To utilize function of ammonia fixing microorganisms is one method to en-
hance ammonia removal of the biochar. The interaction between the adsorption
function of biological charcoal itself and the removal action by microorganisms
can be expected. Bacillus subtilis species are mainly utilized when employing the
former enhancement of biological treatment function, and this method enables
treatment of relatively high concentrations of ammonia [8] [9] [10]. Additional-
ly, charcoal has been reported to support and promote the function of microor-
ganisms [11]. For the latter method, larger surface areas tend to have higher effi-
ciency, but it is about 30 mg/g.

In this study, we investigated the treatment of secondary treated water from li-
vestock wastewater using biochar. Since the ammonia concentration is relatively
high, we expected biological treatment by the function of biochar [12].

The ability to remove ammonium was evaluated and confirmed using an
ammonium-based artificial waste solution that did not contain a carbon source.
Bacteria were isolated with high ammonium removal ability and the characteris-

tics of ammonium removal by assimilation were investigated.

2. Materials and Methods
2.1. Bacterial Strains and Batch Experimental Setup

The biochar obtained from Takino Filter Inc. contains bacteria. The biochar was
made from used wood pallet carbonized at 700°C. The major pore distribution
was from 1.6 to 1.7 nm. Microorganisms and their nutrient sources were im-
pregnated in the charcoal. The charcoal was compression-molded into a cylinder
with a diameter of 5 cm, height of 2 cm and specific surface area of 350 m*/g
(Figure 1) [13]. The biochar was covered with a commercially available draining
net and placed near the middle of a 1 L beaker. One liter of solution was stirred
with a hot stirrer over 8 days at a water temperature of 35°C and 400 rpm
(Figure 1). Ten milliliters of treated solution were filtered through a membrane
filter (pore diameter: 0.45 yum).
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Figure 1. Batch experimental setup for water purification.

2.2. Effluent of Treated Livestock Wastewater and Synthetic
Wastewater

2.2.1. Effluent of Treated Livestock Wastewater

The secondary treated wastewater was sampled from an agricultural waterway in

Kanoya City, Kagoshima Prefecture, Japan. Livestock farming wastewater was

treated by activated sludge then discharged into the waterway. When sampled

from the waterway, the water was colored (Figure 2).

2.2.2, Synthetic Water
Synthetic wastewater was prepared based on Table 1 and Table 2 [14]. The so-
lution in Table 1 did not contain a carbon source and was used in the experi-
ment in which biochar was added. The solution in Table 2 was used to evaluate
the ability of the isolated microorganism to remove ammonia. In this case, glu-
cose or sodium acetate was used as the carbon source. To investigate the influ-
ence of different carbon sources on ammonium removal, a range carbohydrates
and organic acids were tested as sole carbon sources.

All reagents used were commercially available special grades that were ob-

tained from Kanto Chemical Co., Inc.

2.2.3. Isolation of Microorganisms and Evaluation of Denitrification
Ability

A portion of the synthetic wastewater was sampled and serially diluted with ste-

rile 0.8% sodium chloride solution before spreading 100 pL aliquots onto syn-

thetic wastewater agar plates (Table 1).

The acquired strain was cultured in a bouillon liquid medium for 24 h by us-
ing a shaker at a constant temperature of 35°C while shaken at 120 rpm. The
medium composition was as follows: 1 g/L beef extract, 1 g/L polypeptone, 0.3
g/L NaCl and pH adjusted to 7.0. Then, 100 uL of the culture solution was added
to a conical flask containing the ammonium sulfate-containing medium (Table
2), cultured in a shaker at a constant temperature of 35°C while shaken at120
rpm for 24 h.

Ammonium ( NH, ) was measured by the indophenol method, and the NH;
removal rate was determined by Equation 1 from the NHj concentration in

the solution before and after culturing. In addition, nitrite (NO,) and nitrate
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Figure 2. Left: Sample location (water canal) and right: sample appearance.

Table 1. Synthetic waste water medium.

Reagent Amount per liter final volume (pH 8)
NH,Cl 387 mg
K,HPO, 33.3mg
NaHCO, 767 mg
MgSO,-7H,0 200 mg

Table 2. Medium containing ammonium.

Reagent Amount per liter final volume (pH 8)
(NH,),SO, 100 mg
MgSO,-7H,0 50 mg
CaCl,-2H,0 20 mg
FeSO,7H,0 1 mg
K,HPO, 200 mg
D-glucose or CH;COONa 500 mg

(NO; ) were measured by ion chromatography, and turbidity (optical density
(OD) at 660 nm) was measured by an ammonium-visible spectrophotometer
(wavelength: 660 nm) [5].

Total nitrogen (TN) and total organic carbon (TOC) were measured with a TOC
meter (Shimadzu: TOC-L), and pH was measured with a pH meter (HORIBA:
D-52). Color (measured at a wavelength of 390 nm; cobalt method) was meas-
ured following the tap water test method [15].

Redox potential was measured with an oxidation-reduction potential (ORP)
meter (ORP-Tester 10); before analysis the treated wastewater was filtered through
an ADVANTEC membrane filter (pore diameter: 0.45 pum).

Initial NH; [mg/L]- Final NH} [mg/L]
Initial NH; [mg/L]

Removal rate of NH; (%) x100 (1)

PCR amplification and sequencing of the 16S rRNA genes of two pure co-

lonies isolated from the treated synthetic wastewater was used to identify the
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strains. The amplified 16S rRNA gene sequences were analyzed by BLAST search
to identify closely related strains [16] [17]. Table 3 shows the primers used for

amplification.

2.3. Microscopic Observation

In this experiment, Gram staining was performed with reference to the modified
Hucker method [19]. Cells were fixed in methanol for 1 to 2 min, completely
dried and then 1 mL of crystal violet was added and stained for 1 min. Then, the
crystal violet on the slide glass other than the fixed part was washed with distill-
ed water, 1 mL of Lugol’s solution was added, and the stain solution was fixed to
the cells. Then, after staining with 1 mL of safranin solution for 1 min, the mix-
ture was washed with distilled water and the excess water was removed. A Nikon

ECLIPSE E600 microscope was used for observation.

2.4. Creation of Cronobacter Growth Curve and Calibration Curve

The preserved strain of Cronobacter was spread onto fresh bouillon medium
and incubated at 35°C. A single colony from the plate culture was inoculated in-
to 5 mL of bouillon liquid medium and incubated in a shaker at a constant tem-
perature of 35°C while shaken at 120 rpm. One milliliter of this primary culture
was inoculated into a 500 mL Erlenmeyer flask containing 250 mL of liquid
bouillon medium and incubated in a shaker at a constant temperature of 35°C
while shaken at 120 rpm.

Aliquots of the culture solution from the Erlenmeyer flask were collected
every 3 h to monitor culture growth. Absorption was measured on an ultravio-
let-visible spectrophotometer at 660 nm and serially diluted with sterile 0.8% so-
dium chloride solution. One hundred microliter aliquots of the diluted solutions
were spread plated onto bouillon agar plates and incubated at 35°C. The number
of colonies formed was used to determine the colony-forming units (CFU) of
viable bacteria (CFU/ml).

2.5. Cronobacter Growth and Carbon Source Utilization in Liquid
Medium Containing Different Nitrogen Sources

Cronobacter strains were pre-streaked onto bouillon agar plates and then inocu-
lated into test tubes containing 5 mL of bouillon liquid medium. The cells were
incubated for 24 h in a shaker while shaken at 120 rpm at a constant temperature
of 35°C. One hundred microliters of this pre-culture was inoculated into ammo-
nium sulfate liquid medium (Table 2) and incubated for 24 h in a shaker while
shaken at 120 rpm at a constant temperature of 35°C. The carbon sources used

Table 3. Primers used for amplification and sequencing of the 16S rRNA gene [18].

Primer Sequence (5°-3’) 16SrRNA  PCR product size (bp) PCR conditions
357F CCTACGGGAGGCAGCAG 357 - 371 942 min ® 94°C 30 sec, 52°C 30 sec
581
937R CCGTCAATTCCTTTGAGTTT 918 - 937 72°C 1 min x 30 cycles ® 72°C 10 min
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were sugars D-glucose, fructose, galactose, xylose, maltose, and sucrose; and or-
ganic acids citric acid, succinic acid, acetic acid, lactic acid, malic acid, and so-
dium acetate. The culture solution was filtered with a 0.45 um membrane filter

prior to analysis.

3. Results
3.1. Raw Effluent Treatment

The raw wastewater contained mean values of TOC and TN of 43.6 and 115.9
mg/L, respectively, with color and pH of 493 and 6.39, respectively (n = 3). Of
the total TN, 98% was present as ammonia nitrogen. This result was based on
the release of wastewater from the livestock farm into the waterway and dilution
by the natural water flow.

The effect of charcoal was determined by monitoring the changes in TN and
color when charcoal was added to the livestock wastewater and incubated for 10
days (Figure 3). The TN decreased from an initial concentration of 115.9 mg/L
to 26.2 mg/L and the color decreased from 493 to 324 after 10 days. The charcoal
treatment removed approximately 77.4% of TN from raw effluent. In this expe-
riment, it was suspected that a biofilm was formed by microorganisms adhering
to the surface of biological charcoal, and an aerobic layer was formed on the
surface of the biofilm (Figure 4). Ammonium was mainly removed by assimila-

tion into cells [20].

s TN o Color Untreated
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Figure 3. Changes in total nitrogen (TN) and chromaticity before and after treatment.

Figure 4. Biofilm fouling.
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3.2. Synthetic Wastewater

When biological charcoal was added to the synthetic wastewater and incubated
for 20 days, the diurnal changes in NH;, NO, + NO;, ORP and TOC were
monitored (Figure 5).

The NH, concentration decreased from 112 + 4 mg/L to 46.2 mg/L by day
8, showing that approximately 60% of NH, could be removed by biological
charcoal treatment over 8 days. Because the initial pH of 8.02 showed little
change to pH 8.34 *+ 0.26 during the treatment period, it was considered that
there was almost no effect of NH, stripping that occurs under basic conditions
of pH 9 or higher in synthetic wastewater [14]. In addition, low or non-detectable
concentrations of NO, (0 mg/L) and NO; (0.13 £ 0.05 mg/L) were detected
in the wastewater.

The ammonium concentration during ammonium utilization regulates am-
monium assimilation, which results in improved aerobic denitrification effi-
ciency [21].

The TOC hardly decreased and stayed between 243 and 298 mg/L after the
second day, and ORP maintained anaerobic conditions from —53.5 mV to —70.5
mV.

A biofilm was formed on the surface of biological charcoal and it was consi-
dered that the bacteria within the biofilm secreted extracellular polysaccharides
[21].

Because the detected NO; concentration was relatively lower than the de-
crease in NHj , it was considered that the decrease in TN was taken up by ana-
bolic action. Kim et al. reported that a decrease in NH, concentration and ac-
companying cell production by bacterial isolates occurred under conditions of
30% dissolved oxygen and carbon: nitrogen ratio of 8 [3]. In this study, the car-
bon: nitrogen ratio = 0.37 for actual wastewater and 2.67 for artificial wastewa-

ter. In this study, carbon sources were considered to be supplied from charcoal.

—-NH, -#-NO,+NO, -O-pH B TOC ©ORP
150 12 350 200
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s E 100f 18 3 L 1100 _
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E Z 16 & 2 150 &
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Figure 5. Results of batch treatment experiments left panel: nitrogen forms and concentrations over time. Right panel: total or-
ganic carbon (TOC) and oxidation reduction potential (ORP) over time.
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3.3.Isolation of Microorganisms Grown in Synthetic Wastewater

Table 4 shows the tentative identification of isolated microorganisms based on
the color and shape of the isolated colonies. Table 5 shows the results of bacteri-
al identification. Fragments of the 165 rRNA genes of YW_1-8, YW_9, and Y_9,
which had different colony shapes and colors (Table 4) were amplified with sizes
of 474 bp, 552 bp, and 516 bp for nucleotide sequence analysis. A BLAST search
of these nucleotide sequences against the DNA Data Bank of Japan (DDB))
showed 99% homology of YW_1-8 with Lysinibacillus fusiformis strain P103,
99% homology of YW_9 with Brevibacillus agri strain ST11, and 99% homology
of YC_9 with Cronobacter sakazakii strain BDCSS041 (Table 5). Lysinibacillus
and Brevibacillus are aerobic Gram-positive rods and are closely related to Ba-
cillus subtilis, suggesting that these bacteria were supported on biological char-
coal. In particular, the Y_9 strain, which showed high homology with Crono-
bacter, had the highest NH, removal rate Therefore, it is likely that amino ac-
ids and proteins were synthesized in the Cronobacter sp. by assimilation of
NH, . In previous reported examples, NH, treatment using nitrogen assimila-
tion targeted NH, concentrations in compost of 0.001 mg/L to 50 mg/L, and
NH; concentrations in agricultural wastewater of 100 mg/L or more. There are
few reports of this process and no studies on nitrogen assimilation by Crono-
bacter [22]. Cronobacter is a facultative anaerobe Gram-negative bacillus that is
widely distributed in the intestinal tract of animals and in the natural environ-

ment; it is known to form biofilms.

Table 4. Colony morphology of strains isolated from synthetic wastewater and ammo-

nium ( NH} ) removal rate with an initial NH, concentration of 30 mg/L.

Colony (color, morphology) NH; removal rate (%)
YW 1-8 yellow-white, circle 11.3- 284
Yw 9 yellow-white, irregular 39.5
Y 1-9 yellow, circle 83.8- 96.5

Table 5. Identification of strains YW1-8, YW_9 and Y_9 strain by gram stain and BLAST
search of 16S rRNA gene sequences.

H 1
Closely related strains Gram stain 01260) o8y
YW 1.8 Brevibacillus f t l 99
- spp. SWCRD__50 >
Vg 7 0
B. agi starain ® %
Y &
w9 MGH117 G T %
Cronobactor sakazaki LA 99
strain NCTC8155 Y
Y_9 e » B l
. -y
strain BDSV12 ©) e 99
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Figure 6. The effects of carbon source (carbohydrate) on ammonium removal and bac-
terial growth. Values presented are means + SD (n = 3).
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Figure 7. The effects of carbon source (organic acid) on ammonium removal and bac-
terial growth. Values presented are means + SD (n = 3).

The Y_9 strain was confirmed as Gram-negative (Table 5) and showed high
homology with the facultative anaerobe Cronobacter that was preferentially re-
moved NH; in the synthetic wastewater. The nitrogen metabolism of micro-
organisms includes nitrate denitrification and nitrogen assimilation. During ni-
trogen assimilation, cells synthesize material from NH, and NO;; NO, and
NO; are not generated and NH; is removed from the environment. There-
fore, it is likely that YW_9 and Y_9 absorbed NH; from the medium and used
it for cellular growth and activity [23] [24].

The ability of Cronobacter to remove NH, was tested in media using dif-
ferent carbon sources at 1 g/L (D-glucose, fructose, galactose, xylose, maltose
and sucrose; Figure 6). In ammonium sulfate liquid medium containing 103 +
12 mg NH, /L, growth of Cronobacter on D-glucose or galactose resulted in
decreases in the NH, concentration by 25.1 and 23.1 mg/L, respectively. Growth
of the strain increased through to stationary phase concentrations of 43 x 10’
CFU/mL or more.

The strain was also tested in liquid medium culture containing different or-
ganic acids (citric acid, succinic acid, acetic acid, lactic acid, and malic acid; Fig-
ure 7). The decrease in NH, concentration was higher during growth on or-
ganic acids than when compared with that during growth on sugars. The maxi-
mum NH; removal and cell growth were obtained during growth on succinic
acid, but even during growth on acetic acid, the NH, removal was approx-

imately 1.5 times that obtained during growth on glucose.

4. Conclusions

We investigated the denitrification of livestock wastewater containing 100% TN
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in the form of ammonia by using biochar made from recycled pallets with em-
bedded microorganisms. The NH; removal rate was 60% for both undiluted
wastewater (TOC/TN = 0.27) and artificial wastewater (TOC/TN = 2.67) over 10
days. Pure cultures of microorganisms were isolated from the biofilm that
formed on the charcoal surface. The isolates were identified as Lysinibacillus fu-
siformis strain P103, Brevibacillus agri strain ST11, and Cronobacter sakazakii
strain BDCSS041. Cronobacter had the highest removal rate of NH, . The cor-
relation between the NH; removal rate and OD660 suggested that nitrogen
was fixed by assimilation. Because the nitrogen scavenging ability of Cronobac-
ter was high, high growth and nitrogen removal were observed.

The growth and nitrogen removal were approximately 1.5 times higher when
acetic acid was used as the carbon source rather than glucose. The results of this
study suggest that Cronobacter shows potential for treating livestock waste liq-

uid containing ammonium.
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