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M19799 1 mswssaindedansz 1 ans

BREGH Ysu (nsu)
NH,4Cl (158 NaNOs) 0.15 (30 1.53)
NaHCO, 0.48
KH,PO, 0.02
MgSOy4 0.06
CaCl 0.36
FeSO, 0.003

5108113 0.5 fladans

= = o
M1379% 2 ﬂ']'iLm?Ullﬁrlmiﬂ']ﬂTi 1 ams

BREIGE Usuad (nd)
FeCly 6H,0 1.50
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CuS0O,5H,0 0.03
Kl 1.18
MnCly+aH;0 0.12
ZnS0O,*TH,O Qfz
CoCl, 0.15
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7.1 wenlwiizy - lulnsiau

tidegenou wazudwiaunnsesisnszaunse eloweaduwiuassean
91mih inaldihdegninnes 25 fiadansasiulumn COD Wuasazatsiluea (Phenol
solution) 1 fafddns arvavarsleideslulasngaled (Sodium  nitroprusside solution)
1 fiadding uazarsazarueandlaBen (Oxidizing solution) 2.5 iiadans ainulnrh uag
el shommauiuduifoien didliiaamagiiveutiuna 1 4alus aziiluTac
nspandulasinmeARuLaY 640 uilung

7.2 lulasn - lulasiau
inidegenan wasndaiitnunnsaitiensenIensad Wisovaaduaiuassean
i AntiuldindegnelSung 25 Hadansasluluvin COD uasazaresed (Color
a aa ol & ' o ! w 4 O & wud
reagent) 1 fiadans niulacd wazswglvarsnauanauiuduiioisn denialif
a v & — ° v - =] =
gamiviedunat 10 il uazthluinAnispandunaaininenAaulas 543 urluns

7.3 luase - lulnsiau

Biseteney wasvdinimnnsesonseniunses el vesudmuinasseen
90t mmiuldhietasinns 25 fisdansadlurn COD WRnasazatensalalasaas
50 (Hydrochloric acidsolution) 0.5 fia&&ns Mniadarh wazwelsiansnamnnean iy
laidien wasiluTamnisaaniunasiirauisniaiunas 220 uay 275 wiluwns nd M
Weniitaldann 275 ulums aufuad 220 wiluwes wazazldailunsnoanin

7.4 voandauauaesfiosn

ouiaenssitentl 105 svmigaidva Wunan 1 $alme mpdailudhggaanudu uae
Famminvesdasnsziiias shadndidudy 20 fadaas tdludronsudoaiivhnstaiwin
wdrenAniindufy uasiluldlusrmunugamail 95.5 ssmiwaiden auhssmevan
nntanihdenssdesiufnihwingaie wesdnamdswuduriuasssiome (Total
suspended solid; TSS)

vwindie (95.5 swngaidiva) — dwidnfedudy

TSS (nFusiadng) = =
Yimsta



7.5 vasudauvaruaeesuivuld

vinlsveadauuassiamunud, ﬁqﬁaansstﬁauﬁut'ﬁﬂé’avﬁ 550 peALTaLTYA
sutfuiian 15 wiit mnuirdaensudedludaimingarie uasfulnumdveuda
wuaeszela (Volatile suspended solid; VSS)

dminér0(95.5 avwadua)- dwindo (55 0osrisaidua)

VSS (nSunagdng) = :
Usuasin

7.6 NNSATUIN

Useansnmmsidalulasiou =
[NH4—N]in—[NH4—N]out—[NO2—-N]out—[NO3-N]out
[NH4-N]in

x 100

[NH4—N]0—[NH4—N]t
t

DASINISAANTEUINNS LURSTATY =

[NO3—N]0—[NO3-N]t

PMTINSRANTEUIUNSALURSTIATY =

t
il [NHgN), = aududuvesnenlinion- lulasulmindsdiaseidauthia
(Giadn3uneanT)

[NHg-Nlogwt = e sealiilon-lulpsiaulinshnd e Gadnsudedns)
INO»-Nlpt = aududurediilasa-lilasiiluthvdadntn @adniustedns)
INOsNlL = anudtueslumsa-lulpsiauluhwade Gadndusedas)
[INHeN], = amudutuvoelnion-hlasiluhGudu Gadniuseding
INHsN), - = adutuvesenludon-lulaseuluhilne t Gadnusedns)
[NOsN], = auduiuvasumsa-lulnseulnhiudy @adnfustodng)
[INOsNl, = mdtuatiumse lulasiailnirfinm t @edniudedas)
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vasfaufnanl Heenuuunslinisiivainiduuuadu uaznaveadnsnisiiiveiniede
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WAt Ananafaguniy
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S o ¢ vov s a w1 a o w Vo a ¢ ol a

hdedansesidud 40-50 Tatindusiodns gurdalnglddjnsnifiiinisifueinie
wuuady 2 dalindmdedveniaviing 05 Ansdeundt e 2 Falue wasngaiiu



omadunm 2 Slmaniuduenesnedaingui Widesq auasunaitniiiu 24 4l
mhnhirumstiaudeenndsufnsel wasiniideduaneilmnidnads

UsinamenTudlon-lulnsau (NHe-N) lulasa-lulnsiau (NO,-N) uaglunsa-lulasiou
(NOs-N) ‘lwfwé’qm'iﬁﬂﬁ'ﬂlﬁgnmw‘?mﬁJmm 25 34 uagHauans ﬁ‘agﬂﬁ 2 umMsuiUa
Tudaa 7 Juusnu3uns NHeN ananinisudu 40-50 fiadn3udedng wde 0-5 Tadniude
a5 [WuREITU NO,N Finsranluthifesunn Uszana 0-1 Sadndunedns Tuvnziiusunm
NOs-N awuu]u 10-25 fadniunedns lasUium NOs-N :JLLuﬂuuammLsaaq weAAana
Usvammﬂmsmﬂm"Lu‘[mmu‘uaqmﬂgnsmwﬂﬂﬂq mmwum 65% (m'iﬂw 3) og1dlsn
mugiulain ﬂiuammwmsmamluimmuamawsummmaauaamw 10% lutudiau
(Fuil 8-16) Tailiilessrmnmsansuresiafiliduemarilionmagnimdngdagnsalle
flowas wazUiinmeendiauliiisananonsiinnszuaumstuniiiiedusdiaauysal dwald
U3 NHe-N lniufiugedu wimevdamswasuiidaitaseimelml Yssdnsnmnis
ﬁf}fi‘fmluimwuné’uﬁmja%u wazAUsEANN 65-68%

idlevhnrsnmeianisdsunamessieendiauasarsnil (00) lunilssounisidu
AMALUUESY (@ Falue) ndamsdaniudedansed e faguil 4 wuinidedansedd
/1 DO Buduil 4.2 indnTisiofns 9amiue DO anaundn 1.2-1.4 fadndudednsludalue
il 0.5-1.0 WizdinsAuemeedisieiilesat uiiilssangdunidludafnsaildeendiou
Tunsaarsuenlinilon (nszuaumslusiiitadu) Tudasusngs Wuwalvidn DO anaariag
Mntuflevinaenluionanas UTinmeendioudldlunstesaarsfianatmuludas ¥
Weondiumdeiiuiu 100 Tufwinseifafuiubi 6.2-6.8 fadnuredns \ilodinuagn
F2laafl 2 veansiine A waziilevgaiiueIne M1 DO anasedesIEIeY 1.8 Tadniu
fodns uazasiivszanm 0.4 fadnfudedns audugauilsounisiiueimauuuadu luda
msveaiuoIMAll nssunsiluniliafusziiniu wemdnlulasustineeuysel Tuseu
msdueimada T A DO azmé’uLﬁuqa%yulu*ﬁfmﬂ'maummﬂ wazandadlutamgaidu
81NNA

mﬂiﬂw 5 auiuladludrsmsiivenne (Talusi 0-2) Usines NHq-N Sududl 40
fadnsusoans anaundn 26 Hedntudedns Tuvaiuinm NOsN Wty 16 fiadnu
AoAnT Sudnlidiunisiinnszuaunislunsiady (NHeN + 0, —> NO:-N) uazlugaanis
veafueIne dsazaresdomgaifuadludaufnsel wuinladl NO,N uag NOx-N wdeag
1ag LLamaﬁaﬂssmumsﬁlum‘%ﬁLﬂ%’uﬁ‘,ﬁﬂﬁl}uluﬁqﬂﬁnmﬁ (NOs-N + C —> N,) agslsnam
lwd';qmwamaummﬂi‘f U3 NHeN  fansanaanie 18 fedniudedns ds019azidy
m‘n“aanﬂLwa"mamwmaaafmn‘l=ﬁ‘luﬂi~mum'ﬂumﬂ|.ﬂ‘uu 'Lumimummﬂu,uuaau
50Ul 2 (§2Tuafl 4-8) m‘smummﬁanmqmwa’lwﬂ‘smm NHq-N anasidueug Luaauaﬂmi
Lmummﬂlwﬂmw 6 'Lu*umswﬂimm NOs-N fga*uu piazfiulaIUSuna NO,-N RN
dntiesuiniu Weduannimgaifiueinidludalue 8 uagasidely wandlfifudFuw
srdiminaeaglufwfnsofliiifivane donsiianszurumsiluniflinduadreauysal
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pH
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nal (i)

= P 1 ¥ ' = ar
JU#1 6 nsidsuwdasvasanudunia-ane (pH) Tuudagseumsiduemanuvadu
o < a & = a
(Falusn 0-2, 4-6, 8-10: 1RuDINA Wasdalusdl 2-4, 6-8, 10-12: VNEALANBINTF)

8.2 dasmmsianszuaunsluasfindunasilunsiindy

Wedudunsiianszuaunslusdiadulugismaiueinia N1sNAaBIluung (Batch
test) lﬁﬂnﬁﬁu TnaineniAednasiaiilos (0.5 Anssoud) Wunan 120 wil uaziasnis
L‘Uaﬂuuﬂﬂwaq NH4-N NO,-N wag NOs-N 'lum'dgnim wauammsﬂw 7 wmwsmm NHa-
N anasegasinauesiesn 0.2 fadniureansaounit 'I.u*umvwﬂsm:u NO;-N quawu
dennAeafiuAIanatud NH,-N luvaisiiviuna NO,N liivBsuudas muuawﬂmﬂmw
dnsmaianssuIunsiunsnduAnidu 0.2 fadnsurednsraunil

L@amﬂmnumswﬂaaauuunumaememn1smmﬂsvmumiﬁ'ﬂumsﬂ*ﬁuhnnmw Tnanis
\Wasasawlaiieuesinn 'lumtjgnsmwumtﬁﬂ‘lumsmww 40-50 findnsusiodns uwas
f1 DO fipundn 0.5 adniusiodns vnthrinArMIsABILAES NO,-N uae NO,-N Tud
Unsalilunan 120 wil nauanadazuil 8 wudnileSunsiada Ui NOs-N anated
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Investigation of the effects of hydrogenotrophic
denitrification and anammox on the improvement
of the quality of the drinking water supply system
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A drinking water supply system operates at Chyasal (in the Kathmandu Valley, Nepal) for purifying the groundwater that has high
levels of ammonium nitrogen (NH4-N). However, high NO3-N concentrations were seen in the water after treatment. To further
improve the quality of the drinking water, two types of attached growth reactors were developed for the purification system: (i) a
hydrogenotrophic denitrification (HD reactor) and (i) a concurrent reactor with anammox and hydrogenotrophic denitrification
(AnHD reactor). For the HD reactor fed by water containing NOs-N, the denitrification efficiency was high (95-98%) for all NO3-N
feed rates (20-40 mg/L). The nitrite-nitrogen (NO,-N) and nitrate-nitrogen (NO;3-N) concentrations in the effluent were ~0.5 mg/L.
On the other hand, the AnHD reactor fed with water containing NHy-N and NO,-N was operated under varying flow rates of
H; (30-70 mL/min) and intermittent supply periods (1-2 h). The efficiency of the anammox process was found to increase with
decreasing Hj flow rates or with increasing intermittency of the H; supply, while the efficiency of denitrification decreased under these
conditions. For the optimal condition of 1.5 h intermittent H, supply, the anammox and denitrification efficiencies of the AnHD
reactor reached 80% and 42%, respectively, while the concentrations of both NH4¢-N and NO3-N in the effluent were <1.0 mg/L,
and no NO;-N was detected. From the experimental resuls, it is clear that both HD and AnHD reactors can function as efficient

and critical units of the water purification system,

Keywords: Hydrogenotrophic denitrification, anammox, NH4-N contamination, drinking water, intermittent H, supply.

Introduction

Groundwater is commonly used as potable water in many
areas, such as Chyasal in Nepal™? and Hanoi in Viet-
nam.¥ However, these groundwater sources contain con-
taminants such as ammonium-nitrogen (NH4-N) in con-
centrations higher than that limits prescribed by the World
Health Organization (WHO). Even though the consump-
tion of low levels of NH4-N does not have any negative
effects on human health, high concentrations can make
the water unsuitable for consumption due to bad taste
and smell. Moreover, its derivatives such as nitrite-nitrogen
(NO»-N) and nitiate-nitrogen (INO3-N) are believed to be

Address correspondence to Wilawan Khanitchaidecha, Depart-
ment of Civil Engineering, Faculty of Engineering, Naresuan
University, Phitsanulok, 65000 Thailand; E-mail: wilawankl@
gmail.com

Received December 21, 2012,

responsible for the occurrence of ‘blue baby syndrome’ and
stomach cancer in infants and adults, respectively.[

Recent research works 7 propose the use of biological
processes such as anaerobic ammonium oxidation (anam-
mox) and nitrification for removing NH;-N from water and
groundwater. In the anammox process, NH;-N is removed
as N in the presence of NO,-N, as shown in Eq. 1.'% How-
ever, some amount of NO3-N is present in the treated water,
as a by-product of this process. Because the anammox sys-
tem was developed for treating NHy4-N rich wastewater,
the remnant amounts of NO;-N in the treated water are
within the acceptable limit prescribed by the United States
Environmental Protection Agency (US EPA) for effluent
wastewater. The anammox process is an ideal candidate for
purification of the drinking water due to advantages like no
external carbon addition, low sludge waste production and
low energy consumption. However, to develop the anam-
mox system for purification of drinking water, the NO3;-N
produced should be removed so as to maintain the limit
lower than the prescribed limits.
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Fig. 1. (a) Pilot-scale nitrification rcactor (¢25x 160 height cm) at Chyasal (Kathmandu Valley, Nepal) and nitrogen concentrations
in (b) raw groundwater and (c) treated water (color figure available online).

" On the other hand, the nitrification process (in the pres-
ence of oxygen) removes NH4-N by converting it to NO;-
N, as shown in Eq. 2.'"1 The nitrification system has been
implemented for cleaning water supplies in several loca-
tions;>'? however, high levels of NO3-N (above the limits
prescribed by the WHO) were reported .l Thus, an addi-
tional unit is required to remove the NO3-N present in the
effluent from both thenitrification and anammox processes.

NH} + 1.32NO; + 0.07HCO; +0.13H* - 1.02N,
+0.26 NO; + 2.03H;0 + 0.07 CH200'5N0_|5 (])

NH{ + 1.860; + 0.10CO, — 0.02 CsH;NO,
+0.98 NO3 + 0.09 H,O + 1.98H* 2

H; +0.35NO3 + 0.35H* +0.05C0; — 0.17N,
+ 1.10H,0 + 0.01 CsH;0,N 3)

Recently, hydrogenotrophic denitrification has become
a popular process for the removal of NO;3-N from drink-
ing water and groundwater.l'"*'%l The significant advantage

of this process is the absence of any residual organic car-
bon, which tends to degrade the quality of treated water by
increasing the biochemical oxygen demand (BOD) value.
In the hydrogenotrophic denitrification process, NO3-N is
converted to N; in the presence of Hy (Eq. 3 ['7)).

However, the design and operation of such systems as
proposed in previous research works !9 are not suitable
for implementation in remote areas (i.e., Chyasal). The ma-
jor hindrance to the implementation is the high energy de-
mands for maintaining a saturated dissolved hydrogen level
of 1.6 mg/L during operation,['31% a5 well as the limited
electricity supply in these areas.

The aim of this research is to investigate the effective-
ness of two efficient, economic and low-energy reactors in
the removal of nitrogen contaminants from drinking water.
One reactor was operated to study the hydrogenotrophic
denitrification process; this reactor was fed with water con-
taining varying NO3-N contents. The second reactor was
operated to study the concurrent effects of anammox and
hydrogenotrophicdenitrification processes; this reaclor was
fed by water containing NH4-N and NO,-N contaminants,
and was operated under varying H, flow rates and for
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Fig. 2. Schematic diagram of the attached growth reactors; HD reactor fed by NO3-N containing water and AnHD reactor fed by
water containing NH4-N and NO;-N (color figure available online).

intermittent supply periods. The outcomes of this research
work will provide suggestions for modification of the pu-
rification system to improve the quality of drinking water
in this locality.

Materials and methods

Study area

Chyasal is a local area in the Lalitpur sub-metropolitan city
of Kathmandu Valley, Nepal. This area is currently facing

Table 1. Opcrating conditions for the experiments.

serious problems arising from the high levels of NH4-N
contamination present in the groundwater, The concentra-
tion of NHy4-N ranges from 10-20 mg/L, which is higher
than the acceptable limit of 1.5 mg/L.[8 A purification
system including a NH4-N removal unit has been set up to
provide safe drinking water for the residents.!' The NH,-N
removal unit (labeled as the pilot-scale nitrification reactor
in Fig. 1a) and its recent performance parameters are pre-
sented in Figures 1b—Ic. Due to the nitrification process,
the NHy-IN and NO,-N concentrations in the treated water
were relatively low (~1 mg/L), and the NO;-N levels were
high (~13 mg/L) in comparison with the standard limits.[%

Influent cone. (mg/L)

H; flow rate Experimental

Reactor Experiment NH,-N NO;-N NO;-N (mL/min) Hj supply days
Hydrogenotrophic i — — 20 70 Continuous 30
denitrification — — 30 70 Continuous 30
(HD) reactor - — 40 70 Continuous 30
Anammox and i 10 10 — 70 Continuous 30
hydrogenotrophic 10 10 — 50 Continuous 30
denitrification 10 10 — 30 Continuous 30

(AnHD) reacior
ii 10 10 — 70 1.0h 30
10 10 — 70 intermittent* 30
10 10 — 70 1.5h 30
intermittent*
20h

intermittent*

*Intermittent Hz supply during all 30 days of experimental days.
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Fig. 3. Denitrification cfficiency and nitrogen concentrations of the HD reactor at various NO3-N feed rates; (a}(b) 20 mg/L, (c)~(d)
30 mg/L, and (e)—(f) 40 mg/L.

Reactor setup and operation (11.5 x 16 % 16 cm®) and contained 660 cm? (area) of fiber
carrier (NET Co. Ltd, Japan). The fiber carrier consisted
of a polyester mono-filament as the frame and absorbent
acrylic fiber as the holder of the microorganisms. The fiber
The lab-scale attached growth reactors were comprised of  carrier formed a cover over a stainless steel holder (Fig. 2),
a rectangular acrylic container with 3 L working volume and the assembly was kept compacted in the reactors.

Reactor setup

Table 2. Summary of the denitrification cfficiencies and rates at increasing concentrations of NO3-N in the HD reactor.

Effluent Conc. (mg/L)

Final denitrification Denitrification rates
NO;3-N feeds (mg/L) efficiencies (%) (mg/L-h) NO,-N NO;-N
20 98 0.35 0.5 0
30 95 0.28 0.5 0.5

40 95 0.15 0.5 ) 0.5
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Because the intention was to develop lab-scale reactors us-
ing on-site microorganisms, the fiber carrier of the pilot-
scale nitrification reactor at Chyasal that was fed with
groundwater for 2 years was used for this purpose. The
fiber carrier was found to have microorganisms responsible
for nitrification as the dominant, while other complex mi-
croorganism communities could have been present as well.
This would have resulted in the co-existence of microor-
ganisms responsible for anammox and hydrogenotrophic
denitrification in the reactors.

Operation of hydrogenotrophic denitrification (HD) reactor

The HD reactor was operated in a continuous feed mode
with a feed rate of 9.6 L/day of water containing NOs-
N. The NO;-N concentration was varied between 20 and
40 mg/L (Table 1) to determine the reactor performance
at varying NO3-N feeds. Hy gas produced from a Hs-
generator (HG260, GL Science, Japan) was supplied con-
tinuously to the reactor at a high flow rate of 70 mL/min.
The H; gas was converted to dissolved hydrogen (DH),
which saturated the water; however, residual H; gas was re-
leased to the atmosphere via the influent and effluent pipes.
A slow and continuous stirring at 150 tpm was provided
to the reactor to enhance H; solubility and microorganism
activity. The in situ temperature was maintained at 30°C.

Operation of anammox and hydrogenotrophic
denitrification (AnHD) reactor

The AnHD reactor was continuously fed with water con-
taining NH4-N and NO,-N at a flow rate of 9.6 L/day.
The NH4-N and NO,-N concentrations were kept con-
stant at 10 mg/L. To study the optimisation of anammox
and hydrogenotrophic denitrification processes in the single
reactor, two experiments were sctup (Table 1):

(i) In the first one, H, was continuously fed at varying flow
rates of 30-70 mL/min, and

(i) Hy was intermittently fed for periods varying from
1-2 h at a constant flow rate of 70 mL/min.

Table 3. Summary of the anammox and denitrification efficiencies and effluent concentrations at various H, flow rates and intermittent

H; supply periods of AnHD reactor.

Efficiency (%)

Effluent conc. (mg/L)

Experimental Hydrogenoirophic

condiiion Anammox denitrification NH~N NO,-N NO;-N
Various H, flow rates

70 mg/L 25 70 6.5 0.5 0

50 mg/L 45 53 4.5 0.5 0

30 mg/L 65 25 2.5 0.5 0
Various intermittent H, supply periods

1.0h 65 42 4.0 0.5 0
1.5h 80 42 1.0 0.5 0
20h 80 15 1.0 1.5 0
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Denitrification efficiency =
(Influent NO;—N — Efffuent NO; —N) — (Influcnt NH;—N — Efluent NH,—N)
( InfluentNO,—N
x 100 (7)

Results and discussion

The results are discussed in terms of (i) the cultivation of
the microorganisms and (i) the performance of the HD
and AnHD reactors under different conditions. Sugges-
tions have been provided for improving the quality of the
drinking water supply system at Chyasal.

Hydrogenotrophic denitrification (HD) reactor

Cultivation of the microorganisms. Tn the start-up, the HD
reactor containing fiber carrier from the pilot-scale nitrifi-
cation reactor (a treatment unit of the drinking water sup-
ply system at Chyasal) was operated under a NO3-N feed of
20 mg/L. The start-up results including the denitrification
efficiency and the NO,-N and NO;-N concentrations in the
effluent are shown in Figs. 3a-b. In the beginnin g, the deni-
trification efficiency was relatively low (<5%); however, the
conversion of NO3-N to NO,-N continued to increase from
zero to 10 mg/L, which shows that the NOj3;-N—reducing
microorganisms co-existed in the pilot-scale nitrification
reactor and they grew at an earlier time compared to the
NO;-N—reducing microorganisms.

Due to the absence of the NO;-N—reducing microor-
ganisms, the effectiveness of denitrification could not be
determined. After 2 weeks, the denitrification efficiency
started to gradually increase, reaching ~98%; this in-
dicates a drastic increase in both the NO3-N— and
NO,-N—reducing microorganisms in the HD reactor.
These results reveal the complexity of the microorganism
community including microorganisms responsible for hy-
drogenotrophic denitrification in the pilot-scale nitrifica-
tion reactor. However, the denitrification process (indicated
by a decrease in the NO3-N levels) was not found to occur
during the operation of this pilot-scale nitrification reac-
tor at the site (Fig. 1c). The absence of the denitrification
process is because of the high oxygen levels in the water
(~6 mg/L).""l Therefore, under low oxygen conditions (<
0.3 mg/L), the number of hydrogenotrophic denitrifica-
tion microorganisms increased to rich amounts in the HD
reactor.

Performance under increasing NO3-N concentrations. As
seen from the results in the previous experiment, a high
denitrification efficiency of 98% was achieved when the
HD reactor was operated with a NO3-N feed of 20 mg/L.
To determine the reactor performance at high NO;-N
feeds, the NO;-N concentrations were increased from
20 to 40 mg/L (in increments of 10 mg/L), and the
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results are shown in Figures 3c-f. The denitrification
efficiency dropped to 20-30% immediately after the
NO;3-N concentrations were increased, leading to high
NO,-N levels (15-25 mg/L) remaining in the effluent.
These results suggest that the rapid and instantaneous
increase in the NOs3-N concentrations had a negative effect
on the activity of the NO,-N—reducing microorganisms.
However, these microorganisms were capable of adapting
to the high NO3-N conditions (i.e., 30 and 40 mg/L) in 3
weeks, as indicated by the high denitrification efficiencies
(95%) achieved at that point in time.

Batch tests were done to clarify the effects of high
NO;-N accumulation. The results showed that the denitri-
fication rates decreased from 0.35 mg/L-h for the lowest
NO;-N feed of 20 mg/L, to 0.28 and 0.15 mg/L-h when
the NO;-N feeds were increased to 30 mg/L and 40 mg/L,
respectively (Table 2). Although NO,-N accumulation
occurred only for 2 weeks, high denitrification efficiencies
(95%) being achieved in the subsequent weeks (days 15-20
in Figs. 3c-3f), the high levels of accumulated NO,-N
hindered the activity of hydrogenotrophic denitrification
microorganisms, However, a long retention time of oper-
ation of the HD reactor of 7.5 h was sufficient to achieve
hydrogenotrophic denitrification process at decreasing
activities of the microorganisms. For the three NO:-N
feeds used, low concentrations of both NO,-N and NO3-N
(< 1.0 mg/L) were present in the effluent.

Anammox and hydrogenotraphic denitrification
(AnHD) reactor

Cultivation of Microorganisms. The AnHD reactor con-
taining fiber carrier from the pilot-scale nitrification reac-
tor (similar to the case of the HD reactor) was operated
under H, flow rate of 70 mL/min. In this reactor, NHy-N
was removed by the anammox process, whereas NO,-N was
removed by both anammox and hydrogenotrophic denitri-
fication. The efficiencies of anammox and denitrification
during startup are presented in Figure 4a.

The increasing anammox and denitrification efficiencies
reflect an increase in the amounts of both microorganisms
in the AnHD reactor. After a week of operation, a high
denitrification efficiency of 70% was achieved, while the
anammox efficiency was still low (~25%). The considerable
difference between the anammox and denitrification effi-
ciencies was due to the high H, supply rate of 70 mL/min.
Under the high H, flow rate, the hydrogenotrophic den-
itrification became the dominant process for NO,-N re-
moval, resulting in a deficiency of NO,-N for the anammox
process.

These results reveal the complexity of the microorganism
communities involved in anammox and hydrogenotrophic
denitrification in the pilot-scale nitrification reactor, and
the fact that these microorganisms could be cultivated in
a short period. During the startup period, ~0.5 mg/L of
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Fig. 6. Schematic diagrams of improved drinking water supply system with (a) hydrogenotrophic (HD) reactor and (b) anammox and

hydrogenotrophic (AnHD) reactor (color figure available online).

NO;-N and 6.5 mg/L of NH4-N were present in the efflu-
ent, while NO3-N was not present,

Performance under decreasing H flow rates. In this experi-
ment, the H supply to the AnHD reactor was decreased by
lowering the flow rates from 70 mL/min to 50 mL/min and
30 mL/min to enhance the anammox process; the relevant
results are presented in Figures 4b—4c. With decreasing H,
flow rates, the anammox efficiency increased to 45% at a
flow rate of 50 mL/min, and 65% at a rate of 30 mL/min.
At the same time, the denitrification efficiency reduced to
53% and 25% at H; flow rates of 50 and 30 mL/min, re-
spectively. It is observed that the denitrification efficiency
dropped slightly for three days after the H, flow rates were
decreased. This is attributed to the rapid and insiantaneous
decrease in Hj supply.

The dissolved hydrogen (DH) levels were approxi-
mately 1.0, 0.5 and 0.2 mg/L for H, flow rates of 70,
50 and 30 mL/min, respectively. All results clearly
present the achievement of concurrent anammox and hy-
drogenotrophic denitrification in the single reactor. Al-
though the concentrations of NO,-N and NO;-N were

lower than the preseribed standard limit for drinking wa-
ter,[®l the NH4-N concentration of 2.5-6.5 mg/L was higher
than the acceptable valuel® (Table 3). With regard to the
previous study,?'!! the DH level should be maintained at
>0.2 mg/L for effective hydrogenotrophic denitrification;
thus the lowest H; flow rate of 30 mL/min was for this
experimentation of decreasing H flow rates. Another ex-
periment where the H, supply was decreased through the
use of an intermittent supply is discussed subsequently.

Performance under intermittent H supply periods. Another
AnHD reactor was set up to study the enhancement of
anammox and hydrogenotrophic denitrification processes
under intermittent periods of H, supply. In this experiment,
Hs at a constant fiow rate of 70 mL/min was intermittently
supplied for 1.0, 1.5 and 2.0 h during 30 days of operation
(Table 1).

The anammox and denitrification efficiencies achieved
under these three conditions are shown in Figures 5a—c.
First, the anammox efficiency was observed to vary in ac-
cordance with the intermittency of the H, supply periods
with the highest efficiency (80%) achieved in the case of
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long intermittent supply periods (1.5 and 2.0 h); the effi-
ciency was 65% for the shorter intermittent supply period
of 1.0 h.

In contrast, the highest denitrification efficiency of 42%
was found in the case of intermittent H; supply periods of
1.0 and 1.5 h, and the efficiency decreased slightly to 15%in
the case of the longest intermittent supply period for 2.0 h.
For all conditions, the DH concentration was ~1.0 mg/L
during the H, supply period, and the DH level continuously
decreased to zero when no H, was supplied. These results
suggest that the anammox process could be enhanced by
providing a longer intermittent H, supply; however, if the
intermittent H, supply period was too long (i.e, 2 h), it
decreases the hydrogenotrophic denitrification process. For
the optimal condition of 1.5 hintermittent Hy supply to the
AnHD reactor, the NH4-N and NO,-N concentrations in
the cffluent were 1.0 and 0.5 mg/L respectively, while no
NO;-N was found.

Suggestions for improving the drinking water supply system

Based on the experimental results, both HD and AnHD
reactors could be implemented as additional units of the
drinking water supply system at Chyasal (Kathmandu Val-
ley, Nepal). The advantages of the HD reactor include: (i)
achievement of high denitrification efficiencies of 95-98%,
(ii) low concentrations of both NO,-N and NO3-N in the
treated water (compared to the WHO standard), and (iii)
avoidance of modification of the pilot-scale nitrification
reactor to incorporate the HD reactor.

Although the denitrification rates decreased with a rapid
and instantancous increase in NO3-N conceniration, the
NO;-N levels in the effluent of the pilot-scale nitrifica-
tion reactor were stable at <20 mg/L (Fig. Ic). More-
over, the NH4-N contaminant levels in the groundwater at
Chyasal was constant for all scasons."'3 The proposed new
drinking water supply system incorporating a HD reactor
is shown in Figure 6a.

For the AnHD reactor, the best performance in terms
of efficiencies and effluent concentrations were in the case
of the reactor operating with intermittent H, supply of
1.5 h. The advantages of this reactor are as follows: (i) high
efficiencies of 80% for anammox efficiency and 42% for
denitrification efficiency, (i) relatively low levels of NHy-
N, NO,-N and NO3-N (<1 mg/L) in the effluent, and (iii)
low energy consumption from low Hj supply.

Another new drinking water supply system including the
AnHD reactor is proposed in Figure 6b. From Figure 6b, it
can be seen that the pilot-scale nitrification reactor needs to
be modified by decreasing its height by ~50% to promote
the partial nitrification, and to ensure that the water
containing NHs-N and NO;-N goes through the AnHD
reactor. In addition, the performance of lab-scale HD and
AnHD reactors should be analysed further at the site with
trials including raw groundwater as the feed. This is because
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other environmental factors such as temperature[?%23
could have an impact on the reactor performance.

Conclusions

This research was able to develop two attached growth re-
actors: one for hydrogenotrophic denitrification (HD) and
the other for concurrent processes of anammox and hy-
drogenotrophic denitrification (AnHD) with the aim of
improving the effectiveness of the drinking water supply
system at Chyasal (Kathmandu Valley, Nepal). The HD
reactor operated with water containing NO3-N was able
to achieve a high denitrification efficiency of 95-98% at
varying NO3-N feed rates of 20-40 mg/L. However, high
accumulation of NO,-N during operation had a negative
effect, leading to the lowering of the denitrification rate. For
the AnHD reactor operated with water containing NHy-
N and NO;-N, the anammox efficiency was increased by
decreasing the H flow rates (30-70 mL/min) or by increas-
ing the intermittency of the H supply periods (1-2 h). On
the other hand, the denitrification efficiency increased with
increasing Hy flow rates and decreasing intermittent H,
supply periods. The optimal condition that produced the
best performance of AnHD reactor in terms of both high
efficiencies and low concentrations of nitrogen in the ef-
fluent was when H, was supplied intermittently for 1.5 h
at a flow rate of 70 mL/min to the AnHD reactor. Under
this condition, the anammox and denitrification efficiencies
reached 80% and 42%, and effluent concentrations of NHy-
N, NO,-N and NO;-N were all <1 mg/L. To improve the
quality of the drinking water supply system, it is suggested
that both HD and AnHD reactors can be incorporated as
additional units of the system.
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Abstract

Nitrogen contamination of groundwater has become an increasingly serious issue affecting the quality of drinking
water. An energy efficient and low cost drinking water treatment method involving two attached growth bioreactors
were developed for both NH,-N removal and NO,-N removal. Continuous flow of the groundwater through the NH,-N
bioreactor resulted in the removal of NH,-N by nitrification without any aeration. The efficiency of NH,-N removal
was determined to be 70% in the laboratory and 95% in on-site trials. The higher efficiency of the on-site bioreactor
resulted from the presence of various groups of local microorganisms (8 groups and 3 classes) which were cultivated
from the on-site groundwater, The NO,-N bioreactor was capable of removing NO,-N from the groundwater efficiently
by hydrogenotrophic denitrification at low H, supply rates. A high NO_-N removal efficiency of 98% was found in the
bioreactors that used both local microorganisms and other microorganisms that were cultivated from a drinking
water system. Although the microbial community present in both NO,-N bioreactors were different, the dominant
bacterial taxonomic groups were found to be similar, i.e., Belaproleobacteria and Gammaproteobacteria. The
NH,-N and NO,-N bioreaclors are altemative methods with high efficiency and various micrebial groups for nitrogen-

contaminated groundwater treatment.

J

Keywords: Nitrogen contaminated groundwater; Nitrification;
Hydrogenotrophic denitrification; Microbial community

Introduction

Nitrogen is one of the most significant contaminants commonly
present in groundwater. Nitrogen can be present in different forms
in contaminated water and these include ammonium-nitrogen
(NH,-N), nitrite-nitrogen (NO,-N) and nitrate-nitrogen (NO,-N).
Groundwater is commonly polluted by anthropagenic activities such
as disposal of sewage, and industrial effluents and fertilizer uses [1,2]
and produced naturally by mineralization of organic matter in sifu and
by sorption of metal oxide [3]. Groundwater is a major drinking water
source and there are severe health risks that arise from consumption
of nitrogen-contaminated water. The World Health Organization
(WHO) has set up guidelines for safe drinking water, whereby the
specified concentrations of NH-N, NO,-N and NO,-N must be lower
than 1.5, 0.9 and 11.3 mg/L, respectively [4].

Several technologies have been developed for removing nitrogen
from the groundwater to providesafe drinking water. These technologies
can be broadly categorised as in-situ technology (applying to aquifer)
[5.6] and ex-situ technology (applying to pumped groundwater)
[7.8]. The ex-situ technology is more preferable compared to the
former because of the ease in operation and maintenance. Two well-
known ex-sifu technologies for nitrogen removal are nitrification and
hydrogenotrophic denitrification. The nitrification process has been
proposed for treating water containing NH,-N contaminants; the
basic operating concept involves NH,-N oxidation to NO,-N under a
supply of oxygen (air). The hydrogenotrophic denitrification process
is used for removing NO,-N and NO,-N under hydrogen supply and
involves the reduction of both NO,-N and NO,-N to nitrogen gas
(N,). One of the major issues with the bioreactors for nitrification and
hydrogenotrophic denitrification developed in previous studies are the
high costs which make them unsuitable for use in remote areas. These

high costs arise from the costs of infrastructure and maintenance, the
high levels of energy consumption and the technical difficulties in
operation,

The objective of this research work is to develop attached growth
bioreactors that are simple to operate, energy-efficient and economical
for removing NH,-N and NO,-N from groundwater. The performance
of both bioreactors containing various initial microorganisms is
discussed, while tests were done to determine the major groups present
in the microbial communities.

Materials and Methods

Reactor set-up and operation

Bioreactor for NH -N removal: The NH -N bioreactor consisted of
a 2 cm¢x100 cm long acrylic column that contained 250 cm? polyester
fibre carriers (supported by NET Co. Ltd., Japan). The fibre carriers
were kept along the column for the purpose of microorganisms’
attachment and water pathway. The synthetic NH -N groundwater
(influent) was allowed to flow to the top of the fibre carriers at a flow
rate of 2.9 L/day; then the influent penetrated through the fibre carriers
until the end of column (effluent). The effluent was collected frequently
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for further analysis. A schematic diagram of the operating NH,-N
bioreactor is presented in Figure 1a. Before starting the bioreactor, 200
mL of concentrated aclivated sludge from the drinking water syslem in
Kofu city (in Yamanashi, Japan) was fed to the biorcactor for providing
the initial microorganisms on the fibre carriers.

Another NH,-N bioreactor was scaled up and established at
Chyasal area (Kathmandu Valley, Nepal), which was the location of this
research program. The on-site NH,-N bioreactor was composed of a 25
cm@x160 cm long acrylic column and contained approximately Im?of
polyester fibre carriers. The fibre carricrs covered three stainless steel
holders (2 em¢x150 cm, 8 em$x150 cm and 12 cmpx150 cm), which
were concentrically arranged in the bioreactor (Figure 1b). Droplets of
groundwater were generated via 20 small droppers provided around
the top of the fibre carriers and the overall flow rate was 200-250 L/
day. During the experiment (with no activated sludge addition), the
local microorganisms present in the groundwater were cultivated and
attached to the fibre carriers [9].

Bioreactor for NO,-N remaoval: The NO,-N bioreactor consisted
of an 11.5x16x16 cm acrylic container (working volume 3L) that
contained 660 ¢m? polyester fibre carriers (supported by NET Co.
Ltd., Japan). The fibre carriers covered a stainless steel holder and were

provided for microorganism attachment (Figure 2). The synthetic
NO,-N groundwater (influent) was fed continuously to the bioreactor
at a flow rate of 9.6 L/day, H, gas was supplied via a H, generator
(HG260, GL Science, Japan) to the reactor at a flow rate of 70 mL/min.
The liquid inside the reactor was completely mixed at 150 rpm using
a stirrer. A schematic diagram of the set up is illustrated in Figure 2.
Before starting the experiment, 200 mL of concentrated activated
sludge (from the drinking water system in Kofu city) was fed to the
bioreactor to provide initial microorganisms for attachment on the
fibre carriers.

Another laberatory NO,-N bioreactor (11.5x16x16 cm; working
volume of 3 L) was set up, and this was comprised of the fibre carriers
taken from the on-site NH_-N bioreactor. The local microorganisms
were used as the initial microorganisms for (his bioreactor. In this
experiment, the bioreactor was operated under the same conditions as
the previous NO,-N bioreactor. The operating conditions used for all
experiments are summarised in Table 1.

Synthetic groundwater preparation

In this research, the groundwater at Chyasal was standardised in
order to prepare the synthetic groundwater. The amount (mg/L) of
different jons in the groundwater at Chyasal was determined to be:
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NH-N 15; Ca® 34; Mg 10; K' 20; Na'30; $O,*30; and CI 42 [10].
The NH,-N containing synthetic groundwater was prepared by adding
the following chemicals (g/L):(NH,),50, 0.14; NaHCO, 0.48; KCl 0.05;
CaCl,-2H,0 0.11; MgSO_7H,0 0.10; and Na,HPO,12H,0 0.02. The
synthetic NO,-N containing groundwater was prepared by adding
the following chemicals (g/L); NaNO, 0.18; NaHCO, 0.48; KCl 0.05;
CaCl,:2H,0 0.11; MgS8O,-7H,0 0.10; and Na,HPO,-12H,0 0.02.

Analytical methods

Water quality: The concentrations of NH,-N, NO,-N and NO,-N
in both the influent and effluent were measured using phenate,
colorimetric and ultraviolet spectrophotometric screening metheds,
respectively in accordance with the standard methods used for the
examination of water and wastewater [11]. The NH,-N and NO,-N
removal efficiency of the NH,-N and NO,-N bioreaclors were calculated

using Equations 1 and 2, res;:ectivelylr.
NH,-N
*—]ﬂ') x100 (1)

NH, — N removal efficieincy = (1-
[N, -]

iaf
[NO, — N]ﬂr + [NO: - N]
[NO3 = N]n[

L)% 100
(2)
where, [NH‘-N]N =NH,-N concentration (mg/L) in the influent

NO, — N removal efficieincy = (1 -

[NH(NL;I: NH,-N concentration (mg/L) in the effluent
[NO;NIH =NO,-N concentration (mg/L) in the influent
[NO,-N] ;= NO,-N concentration (mg/L) in the effluent
[NO,-N] ;= NO,-N concentration (mg/L) in the effluent

Microbial analysis

The microbial communities present on the fibre carriers were
identified by using a culture-independent method based on 165 rRNA
gene sequencing. The total nucleic acids extracted from the fibre
carriers were used as the template for amplifying 16S rRNA genes by
polymerase chain reaction (PCR). The amplified DNA fragments were
cloned into the E. coli strain DH5a [12-14). The clonal DNAs obtained
from the 165 rRNA genelibraries were subjected to restriction fragment
length polymorphism (RELP) analysis by separate digestion with Hhal
and Haelll (Takara, Shiga, Japan). The nucleotide sequence data from
the representative clones of each of the RFLP groups were compared
with those in the database of Ribosomal Database project by using the
CLASSIFIER program developed by Michigan State University [15].

Results and Discussion
Performance of NH N bioreactor

The NH,-N bioreactor (containing initial microorganisms from
the drinking water system) was operated by feeding the synthetic
NH,-N groundwater through it. The experimental results showed that
the NH,-N removal efficiency was 28% on the 1* day and it increased
significantly to 68% on the 4™ day. This indicates that microorganisms
arepresentwhich areresponsible for NH -Nremoval (e.g. nitrifiers),and
moreover, the concentrations of these microorganisms were increasing
rapidly. The presence of high amounts of these microorganisms is
indicated by the stable value (70%) of the NH,-N removal efficiency
for 50 days. Previous studies [16,17] have identified that the major
biological process for removing NH -N from contaminated water is
nitrification, In the nitrification process, NH -N is oxidised to NO,-N
via the formation of intermediate NO,-N, and high amounts of oxygen
are required for complele nitrification (Equation3 [18]).

NH,* + 1.86 0, +0.10 CO,> 0.02 CH,NO, + 0.98 NO, +0.09 H,0
+1.98 H' (3)

From Figure 3a, the NH,-N concenlration was seen to decrease
from 40 mg/L in theinfluent to 10 mg/L in the effluent, while the NO,-N
concentration increased from zero in the influent to 20 mg/L in the
effluent. These results clearly support the occurrence of nitrification in
this bioreactor. It should be noted that although the NH_-N bioreactor
had no air and/or oxygen supply entering it, oxygen from the air could
have diffused into the reaction, and this appears to have been utilized for
nitrification by the microorganisms. However, the oxygen levels appear
to be insufficient for complete NH,-N removal and thus the maximal
removal efficiency was ~70% in this experiment. From the results, it
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Figure 3: (a) Performance of NH_-N bioreaclor containing microorganisms
from drinking waler system, and (b) performance of NH-N bioreactor
containing microorganisms from on-sile ground waler.
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is seen that the NH,-N bioreactor developed in this research can be
used as an alternative method for biological groundwater treatment.
The advantages of this bioreactor are lower energy consumption from
aeration and pumping systems comparing to the reactors used in
previous studies [19,20].

The NH-N bioreactor was scaled-up and operated at the site
(Chyasal) and for this purpose; the microorganisms attached on the
fibre carriers were cultivated from the local microorganisms present in
the groundwater at Chyasal. From the experimental results, itisseen that
the on-site bioreactor required a longer period to achieve the NH,-N
removal efficiency of 70%; however the efficiency of NH,-N removal
was seen to gradually increase to ~95% in 220 days. The NO,-N in the
effluent was very low (<3 mg/L) as the previous NH -N bioreactor. The
higher efficiency of the on-site NH,-N bioreactor is believed to result
from the differences in the microbial community present in these two
bioreactors, and this is discussed in the following section.

Microbial community in NH,-N bioreactor

At the conclusion of the previous experiments, the microorganisms
attached to the fibre carriers of the two NH,-N bioreactors were
identified. As seen in Figures 4a and 4b, the bioreactor that used
microorganisms from the drinking water system contained 5
groups and 3 classes of bacteria, of which Alphaprotecbacteria
(25%), Betaproteobacteria (24%) and Nitrospirae (20%) were the
most abundant phylogenetic groups. In contrast, bacteria in the on-
site NH,-N bioreactor consisted of 8 groups and 4 classes of which
Firmicutes (34%) and Alphaproteobacteria (26%) were the dominant
groups. Therefore, the greater variety of bacteria and the rich of
Firmicutes were reasons for enhancing the nitrification process of the
NH,-N bioreactor. Another significant reason for enhancement of the
bioreactor performance was the increase in total microorganisms in
accordance with increasing fibre carriers area. Firmicutes contains the
3 classes of Bacilli, Clostridia and Mollicutes and are found in food- and
beverage-related industries. Moreover, the abundance of Firmicutes
in laboratory-scale nitrification bioreactor and wastewater treatment
plant was also reported in literatures [21,22].

Performance of NO,-N bioreactor

From the previous sections, the effect of the microbial community
on the performance of bioreactor and dominant microbial community
was observed to be different in different initial microorganisms (i.e.,
from the drinking water system and on-site groundwater). Two NO,-N
bioreactors were set up: one using the initial microorganisms from the
drinking water system and another using the local microorganisms
which were taken from the on-site NH-N bioreactor. The results for
30 days of experimental testing are shown in Figures 5a and 5b; both
bioreactors were able to achieve high NO,-N removal efficiencies >90%.
The efficiency of bioreactor that used initial microorganisms from the
drinking water system reached 95% within two days, with both Lhe
NO,-N and NO,-N concentrations in the effluent being <5 mg/L. On
the other hand, the bioreactor that used local microorganisms required
a longer period of 20 days to achieve a similar efficiency of 95%. This
longer duration is attributed to the following: the microorganisms
responsible for nitrification were present in greater concentrations
in the fibre carriers, and thus the microorganisms responsible for
denitrification (i.e., hydrogen-oxidising denitrifiers) were cultivated
at a slower rate. The presence of NO,-N in the effluent indicates the
cultivation of small numbers of hydrogen-oxidising denitrifiers. The
decrease in the NO,-N concentration to almost zero in 25 days reflects

the rich presence of hydrogen-oxidising denitrifiers in the bioreactor.
To confirm the occurrence of hydrogenotrophic denitrification in the
NO,-N bioreactor, the supply of H, to the bioreactors was slopped after
finishing the experiments. However, this resulted in a cessation of the
NO,-N removal (data not shown). Therefore, NO,-N was removed by
hydrogenotrophic denitrification, as presented in Equation 4 [23]).
From the results, it can be concluded that the NO,-N bioreactor
can remove NO,-N from groundwater at a very high efficiency, and
moreover, this system has advantages of being simple, easy to operate
and requiring less H,comparing to the reactors used in previous studies
[24,25].

H, + 035NO; + 0.35H' + 0.05C0,> 0.01CH,NO, + 0.17N, +
L.10H,0 (4)

Microbial community of NO,-N bioreactor

At the end of the experimental work, the microbial community in
the fibre carriers in both NO,-N bioreactors were identified. The results
reveal that the microbial community in the NO,-N bioreactor that used
initial microorganisms from the drinking water system consisted of 7
bacterial taxonomic groups and 3 classes, with the Befaproteobacteria
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Figure 4: Details of the microbial community presentin the NH,-N bioreactor
based on the use of initial microorganisms from (a) the drinking water system
and (b) the on-site groundwater.
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Abstract

Discharging of the municipal wastewater has become serious issues affecting the
waler quality and environment. The significant pollutant in the municipal wastewater
is ammonium-nitrogen (NH4-N). An alfernative wastewater treatment system was
developed in this research for ammonium-rich wastewater. The developed bioreactor
was operated under two-hour intermittent aeration for achieving nitrification and
denitrification processes. Air was supplied at various flow rates of 0.5-2.0 L/min in
the aeration period, and air supply unit was off during the non-aeration period. At the
lowest aeration (of 0.5 L/min), the nitrogen removal efficiency reached 68% and
nitrification and denitrification rates were approximately 0.2 and 1.8 mg/L-min. The
efficiencies were decreased to 47% and 38%, when the aerafion rates were
increased to 1.0 and 2.0 L/min respectively. Although the nitrification rates were
increased at higher aeration rates, the denitrification rates were found decrease due
to competitive microorganisms. To obtain the best performance of intermittent
aerated bioreactor, the aeration rate should be maintained at 0.5 L/min.
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Introduction

Several areas in Thailand are facing serious issues on water quality and water pollution,
causing of rapid growth of aquatic plants (such as algae) on surface water (known as Algae
bloom or Eutrophication). The main cause of Eutrophication is discharging of municipal
wastewater which has high nitrogen content especially ammonium-nitrogen (NH4-N) content.
As reported in a previous study (Nguyen et al., 2014), high NH,-N concentration of 44 mg/L
was found in the municipal wastewater. The rich NH,-N becomes a significant nutrient
source for algae and aquatic plants growth. According to the water quality standard of surface
water, the NH4-N concentration should be less than 0.5 mg/L (PCD, 2014). Due to high
population and economic growth, the amount of discharged municipal wastewater has been
increasing. To avoid the water pollution, the municipal wastewater should be treated by
efficient system before discharging. The aim of this research is to study a performance of
intermittent acrated bioreactor to treat the ammonium-rich wastewater. The overall efficiency

and nitrogen removal processes under different air supply rates were discussed.

Methodology

Synthetic wastewater

The ammonium-rich wastewater was prepared by mixing the following chemicals (g/L);
NH,Cl1 0.15 g, NaHCO; 0.48 g, KH,PO; 0.02 g, MgS040.06 g, CaCl, 0.36 g, FeSO4 0.003
and trace element 0.5 mL (Guo et al., 2013). The NHy-N concentration was approximately 40
mg/L and <1 mg/L of other nitrogen forms (i.e., NOa-N and NOs-N). The 10 L of fresh
wastewater was prepared on the daily basis and the 7 L of wastewater was replaced with the

treated wastewater in the bioreactor.

Bioreactor set-up and operation

Sludge was taken from the wastewater treatment system of Wongtong Hospital (Phitsanulok,
Thailand) and acclimatized in the synthetic wastewater for 1 month. For starting the
experiment, the 2 L of acclimatized sludge and 8 L of synthetic wastewater were added in a
bioreactor having a working volume of 10 L ($24x40 cm). Air was intermittently supplied to
the bioreactor for 24 hours (see in Fig. 1). During the acration period, air was supplied for
two hours with various flow rates; low aeration (0.5 L/min), medium aeration (1.0 L/min) and
high aeration (2.0 L/min). During the non-aeration period, no air was supplied to the

bioreactor, thus the dissolved oxygen concentration (DO) was sharply dropped to 0.5 mg/L.
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Acetate solution was added in the first non-aeration period as a carbon source for complete
nitrogen removal. The nitrogen removal efficiency of the bioreactor was calculated using Eq.

L;

[NHg—N)eg+[NO3—N]err+[NOz—Nlegr
[NH4—Nlinf ) x 100 (1)

Efficiency = (1 —

where, [NH4-NJios = concentration of ammonium in the synthetic wastewater
[NH4-N]esr, [NO3-Nlemr, [NO2-N]esr = concentrations of ammonium, nitrate and nitrite

in the treated water
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Fig. 1 Schematic diagram of intermittent aerated bioreactor.

Results and discussion

The intermittent acrated bioreactor was operated under three aeration rates of 0.5 L/min (low
aeration), 1.0 L/min (medium aeration) and 2.0 L/min (high aeration) for 3 months. The
average nitrogen removal efficiencies are presented in Fig. 2. The highest efficiency was
found at the lowest aeration; the nitrogen was removed 68% from the initial concentration.
There were no NHs-N and NO,-N in the treated water, however approximately 15 mg/L of
NO;-N was found. The insufficient carbon from limited acetate addition was a main reason
for incomplete nitrogen removal of the bioreactor. When the aeration rates were increased
from 0.5 L/min to 1.0 and 2.0 L/min, the removal efficiencies were decreased to 47% and
38% respectively. These results present clearly that increase in aeration rates had effects on

decreasing efficiency of the bioreactor.
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The nitrification and denitrification rates were determined at different aeration rates, and the
results are presented in Table 1. The nitrification rates were gradually increasing from 0.2
mg/L-min to 0.3 and 0.7 mg/L-min by increasing aeration rates. The high oxygen enhances
the microorganism’s activity for nitrification process (Jia et al, 2013). However, some
oxygen remained in the bioreactor during the non-aeration period. Therefore, the competitive
microorganisms, which are typically heterotroph, were increasing and become dominant after
consuming oxygen and carbon. The denitrification process was inhibited as presented by
decreasing denitrification rates (see in Table 1), this is due to lack of carbon. The carbon
concentration in treated water was approximately 10 mg/L of COD (Chemical oxygen
demand). Moreover, the sludge colour was changed from dark brown to light brown by
operating times, referring the change in dominant microorganism’s community effecting to

the bioreactor performance.

Conclusion

The intermittent acrated bioreactor which was developed in this research can be alternative
system for treating ammonium-rich wastewater. This study found that the high aeration rate
resulted in decreasing efficiency. The optimum performance of 68% removal efficiency was
achieved at the lowest aeration of 0.5 L/min. The nitrogen removal process including
nitrification and denitrification and microorganisms® community were all impacted from

various aeration rates.
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