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Abstract

The effects of wastewater salinity on both nitrogen removal efficiency ai@l énission rate were investigated in a single nitrification
process, a single denitrification process and an anoxic—oxic activated sludge process. In the single nitrification process, by increasing the salt
concentration from 1.0 to 2.0 wt%, the,® conversion ratio in the steady state increased by 2.2 times, from 0.22 to 0.48%. In the single
denitrification process, a minimal change in thg\tonversion ratio was observed in the steady state even when the salt concentration was
increased from 3.0 to 5.0 wt%. From the results of the anoxic—oxic activated sludge process, it was found that a salt concentration increase
from 1.6 to 3.0 wt% significantly increases the@conversion ratio from 0.7 to 13%. It is suggested that an increase in salt concentration
markedly influences pD emission both directly and indirectly via the inhibition of®lreductase activity. The indirect inhibition is due to
the high concentration of dissolved oxygen which is transported from the oxic tank to the anoxic tank through the circulated liquid. Thus, the
salt concentration should be maintained below 3.0% to supprg3shission in an anoxic—oxic activated sludge process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction N2O is emitted in both nitrification and denitrification pro-
cesses. The amounts of® emitted in several treatment pro-

The excess emission of greenhouse gases such as cacesses for domestic wastewater and night soil have already

bon dioxide (CQ), methane (CHl), and nitrous oxide (hO) been estimatefi—6]. However, NO emission characteris-

causes climate changes that threaten the existence of numettics in treatment processes for industrial wastewater, which

ous living things on Earth, including humans. Among these often contains a high nitrogen load, have been scarcely in-

greenhouse gases;® has attracted much attention because vestigated.

of its special characteristics, as follows: (1) the globalwarm-  Thus, it is necessary to study,@ emission in the bio-

ing potential per molecule of MO is about 300 times higher  logical nitrogen removal process for industrial wastewater.

than that of CQ; (2) the concentration of atmospherig®l In studies on domestic wastewater and night soil treatment
is increasing at almost the same rate as that of atmospherigrocesses, it was reported that operational factors such as
COy; (3) N2O is a significant ozone-depleting gds-3]. pH, dissolved oxygen (DO), carbon/nitrogen (C/N) ratio, and

Biological nitrogen removal processes have been used innitrogen load, which directly influence nitrification or total
various wastewater treatment plants to prevent the eutrophi-nitrogen (T-N) removal ability, affect d0 emissior{5]. On
cation of closed-water bodies. Moreover, it was reported that the other hand, it was reported that industrial wastewater con-

tains various inorganic compounds such as NaCl anGRa
* Corresponding author. Tel.: +81 3 5286 3210; fax: +81 3 3209 3680.  at high concentrations compared with domestic wastewater,
E-mail addressstsuneda@waseda.jp (S. Tsuneda). and that such high salt concentrations influence nitrogen re-
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Table 1

Operational condition of single nitrification process

SRT (day) 100
HRT (day) 2
Sludge amount (mgt) 2500
Aeration volume (I mirr1) 2

pH 7.0
Salt concentration (wt%) .0-2.0

moval efficiency7-9]. Therefore, itis necessary to clarify the
effects of salinity, as well as other operating and environmen-
tal conditions, on MO emission for the precise evaluation of
N>O emission in industrial wastewater treatment processes.
In this study, the effect of influent wastewater salinity
on NoO emission in a single nitrification or denitrification
process was initially investigated. Industrial wastewater with
high concentrations of ammonia, nitrate, and NaCl (as in the

case of metal-refining wastewater) was utilized as an exam-

ple. The effects of salinity on O emission and nitrogen re-
moval efficiency in a laboratory-scale anoxic—oxic activated
sludge process were evaluated.

2. Materials and methods
2.1. Single nitrification or denitrification process

An oxic or anoxic activated sludge bioreactor was operated
continuously by increasing the salt (NaCl) concentration.

In the nitrification experiment, a substrate composed
of 2360mgt? (NH4)2S0; (500mgNIK?), 22mgt?
KHoPQy, 5mg ! FeSQ-7H,0, 5mg ! MgSQ,-7H,0,
and NaHCQ (for pH control and as an inorganic carbon
source) was continuously fed into the oxic tank (volume:
3.01) under the conditions shown Trable 1 Salt concentra-
tion was increased from 1.0 to 2.0 wt% on day 15 when the
nitrification efficiency and MO conversion ratio reached a
stable value.

In the denitrification experiment, a substrate com-
posed of 2960 mgit NaNOs; (500 mgN 1), 1710 mgt?
CH3COONa, 6mltl CH3COOH, 22mgtl KH,POy,
5mg -1 FeSQ-7H,0, and 5 mgt! MgSQy-7H,0 was con-
tinuously fed into the anoxic tank (volume: 3.61) under the
conditions showniifable 2 Salt concentration was increased
from 3.0 to 5.0 wt% on day 24 when the nitrogen removal ef-
ficiency and NO conversion ratio reached a stable value.

Table 2

Operational condition of single denitrification process

SRT (day) 21

HRT (day) 16
Sludge amount (mgH) 2500
Sludge return ratio 8

pH 7.0
Salt concentration (wt%) .8-5.0
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Fig. 1. Schematic diagram of anoxic—oxic activated sludge process.

2.2. Anoxic—oxic activated sludge process

An anoxic—oxic activated sludge process was operated
continuously in a laboratory-scale bioreactor (anoxic tank
volume: 3.61; oxic tank volume: 4.51). The salt concentra-
tion was increased to observe the salinity effect ofON
emission and nitrogen removal efficiency. A schematic
diagram of the experimental setup is showirig. 1L Metal-
refining wastewater containing 2590 mg| (NH4)2SOq4
(550mgNF1), 8590mgt! NaNO; (1450mgNt1),
10.25mlt CH3COOH (3000mgCtt), and 22mgt?!
KH2>POy, was fed under the conditions showriliable 3 Salt
concentration was increased on day 49 (from 1.0 to 1.6 wt%)
and day 192 (from 1.6 to 3.0 wt%), when the efficiencies of
nitrification and nitrogen removal reached a stable value.

2.3. Gas sampling and analysis

To determine the PO conversion ratio, the concentra-
tions of both NO emitted into the atmosphere and®dis-
solved in the effluent water were measured. A gas-collecting
chamber that covered the tank surface was used for collect-
ing the N O emitted into the atmosphere. In the oxic tank,

a portion of the aeration gas was collected directly into a
gas-sampling bag through the chamber. In the anoxic tank,
the gas-collecting chamber where the gas phase had been re-

Table 3

Operational condition of anoxic—oxic activated sludge process

DO (in the oxic tank) (mgtl) >2

SRT (day) 12

HRT (day) 36
Sludge amount (mgH) 2500

C/N ratio 2
Liquid circulation ratio 4

pH 75-8.5
Salt concentration (wt%) .0-3.0
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placed by nitrogen was floated on the tank surface for 1 h. A NH4*—N concentration was measured using an automatic
portion of the gas phase in the chamber was then collectedion chromatograph (DX-120; Dionex, Osaka, Japan). All
into a gas-sampling bag. On the other hand, the headspacgamples were filtered using glass filters (GF/C, Whatman,
method was used for collecting® dissolved in the effluent  Springfield Mill, UK) before analysis.
water as follows: 30 ml of water and 30 ml of nitrogen gas
were loaded into a 50-ml syringe, and 1 ml of 3000 my |
HgCl, was added to reduce microbial activity. After shak- 3. Results and discussion
ing and standing for 1 h, the gas phase in the syringe was
collected as the sample. 3.1. Influence of salt concentration on® emission in
All gas samples were analyzed using a GC-ECD (GC- single nitrification process
8A, Shimadzu Co., Kyoto, Japan), and®was quantified

according to the method of Kimochi et L0]. The time courses of YD conversion ratio and nitrifica-
The N;O emission rate from the oxic reactéixic, Was  tion efficiency in a single nitrification process are shown in
calculated as follows: Fig. 2a). Nitrification efficiency was maintained at more than
QwairM P 90% even after the salt concentration was increased from
Foxic = Tm 1) 1.0 to 2.0wt%. In contrast, the averageconversion ra-
tio in the steady state increased by 2.2-fold, from 0.22 to
whereQ is the volumetric flow rate of aeratiomair the N;O 0.48%. Moreover, the magnified figur€ig. 2(b)) for the

concentration in the aerated gases analyzed by GC-BCD,  time courses of BO conversion ratio and salt concentration
the molecular weight of bD (44.02) P the atmospheric pres-  after the salt concentration was increased to 2.0% clearly

sure (1.0 atm)Rthe gas constant (0.082 latntkmol™1), T shows that the B conversion ratio increased with increas-
the temperature (K), antly is the volume of the aeration  ing salt concentration. Since the sludge amount kept constant
reactor. (2500 mg 1), it is suggested that increasing salt concentra-
The N;O emission rate from the anoxic reactdgnoxic tion increases PO production potential per unit nitrifying
was calculated as follows: bacterial cell.
_ VowairM P 5
Fanowic = oy At @ 32, Influence of salt concentration on® emission in

whereV, is the head space volume of the anoxic reacigy, single denitrification process

the NbO concentration of the head spagd the time between
nitrogen gas replacement and gas sampling, \é4nd the
volume of the gas-collecting chamber. All other symbols are
the same as those in Ed.).

The dissolved MO concentration in a unit volume of the

The time courses of pO conversion ratio and nitrogen re-
moval efficiency in a single denitrification process are shown
in Fig. 3@). Nitrogen removal efficiency was maintained at

water sampleCn,0, was calculated as follows: SR 100 £
(1 + ﬂ)a)disMP 'g 08+ 1.0 wt%‘__‘{k 2.0 wt% 80 g
CNo= 3) s 06 {60 2
RT % 04l §® olu 3
whereg is the Ostwald’s solubility coefficient for #0 and £ o2 '_O@Od-p © 12 g
wdis IS the NbO concentration in the gas phase in the syringe. S ol M -
The N;O conversion ratio to the influent nitrogery,o, £ 0 10 20 oz

was calculated as follows: @ Hegldag)
Fr,0 = Foxic + Fanoxict+ CN,0/T 4) % 0-67 0 uo T . 3 n\;
Crn/T E 4L ° 2 =
wherert is the hydraulic residence time (HRT) of the total R E
system andCt.y is the total nitrogen concentration in the § 020 O © 41 §
influent. S g
€ 0 ! L 1 =
=z 30 60 90 120 @

2.4. Water quality analysis ” Time [h]

Salt concentration rise

NO>,~—Nand NG~ —N concentrations were measured us- _ ' _ o N
ing an HPLC (column: IC-Anion-PW: Tosoh Co., Tokyo, Fig. 2. Time courses of pO conversion ratlo‘ and n_ltrlflcatl(_)n efficiency
. . (a) and magnified time courses op® conversion ratio and simulated salt
Japan_) with a UV detector (UV'B_Oll’ Tosoh CO')' TOtE_lI concentration after a salt concentration increase (b) in single nitrification
organic carbon (TOC) concentration was measured USiNgprocess. (a)() N2O conversion ratio, &) nitrification efficiency and (b)
an automatic TOC analyzer (TOC-5000A; Shimadzu Co.). (O) N2O conversion ratio, (—) salt concentration.
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Fig. 4. Time courses of Ng"—N, NH4*—N, and TOC concentrations in
Fig. 3. Time courses of §D conversion ratio and nitrogen removal effi-  anoxic—oxic activated sludge process. (a) Anoxic tank and (b) oxic t@k. (
ciency (a) and magnified time courses efconversion ratio and simulated NO3~™—N; (®) NO;~—N; () TOC; (o) NH4*—N.
salt concentration after a salt concentration increase (b) in single denitrifica-
tion process. (a))) N2O conversion ratio[{J) nitrogen removal efficiency

. . 0 P
and (b) () N,O conversion ratio, (—) salt concentration. ity as high as 5.0 wt% had almost no effect on denitrification

ability (Fig. 3. Therefore, the temporal decrease in denitri-

fication efficiency after switching to a salt concentration of

more than 90% even after the salt concentration Wasincrease%_OWt% was probably caused by a high DO concentration
from 3.0to 5.0 wt%. The averageN conversion ratios were 0.5mg |_1) in the anoxic tank. When nitrification stopped

0.018 and 0.0055% when the salt concentrations were 3.0 andy¢ 1 the salt concentration increase, the circulated liquid
5.0 wt%, respectively. These results indicate that an increasesom the oxic tank contained a relatively high DO.

in salt concentration has almost noinfluence e@Xmission

in a single denitrification process. Moreover, the magnified
figure (Fig. 3(b)) for the time courses of XD conversion ra-

tio and salt concentration after the salt concentration was in-
creased to 5.0% also supports the notion thgd mission

is independent of salt concentration (3.0-5.0%) in a single
denitrification process.

Fig. 5shows the time course ofJ® emission rate in the
anoxic—oxic activated sludge process. By increasing the salt
concentration from 1.0 to 1.6 wt%, the averaggONemis-
sion rate in the steady state slightly increased in the oxic tank
(from 1.9x 103 to 8.6x 10~3mg min~11~1), whereas that
in the anoxic tank hardly changed. On the other hand, after
the salt concentration was increased to 3.0 wt%, the average

3.3. Influence of salt concentration or® emission in 08
an anoxic—oxic continuous activated sludge process

0.6

Fig. 4shows the time courses of TOC and NOG-N con-
centrations in the anoxic tank, and WHN concentration
in the oxic tank. AlImost no change in water quality was ob-
served in both tanks even after the salt concentration was
increased from 1.0 to 1.6 wt%. However, when the salt con-
centration was increased from 1.6 to 3.0 wt%,4NON and
TOC accumulated in the anoxic tank, while \NHN accu- 0.5

0.4 -

0.2

N:0 emission rate
|mg min ! 1]

—_
o
—

T T T T
mulated in the oxic tank. This showed that nitrification and 2 o4 "L, 0 16 30
denitrification efficiencies decreased due to the salt concen- :‘E:. e Lu'“é wite | wi%
tration change. Subsequently, ffG-N and TOC concentra- Z E ) \F" b g
tions gradually decreased in the anoxic tank, andkNEN S 021
was no longer detected on day 245. In contrast, no decrease in E =01 }—
NH4*—N concentration was observed in the oxic tank. These 0 (e
results indicate that denitrification ability could recover com- ® 0 ]’I("'iome : d::-)|0 300

pletely even at a salt concentration of 3.0 wt%, but nitrifica-
tion ability could not. On the other hand, the results obtained Fig. 5. Time course of BO emission rate in anoxic-oxic activated sludge
in the single denitrification process indicated that the salin- process. (a) Anoxic tank and (b) oxic tank.
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N>O emission rate in the steady state in the anoxic tank in-
creased to 0.13mgmint |~1 (at around day 260), whereas
that in the oxic tank, after a sharp peak (at around day 200),
decreased to the same level (0:6403mgmin11-1) as
that under the lower salinity condition. When nitrification
stopped due to the salt concentration increas€) Was no
longer emitted from the oxic tank, and at the same time, the
circulated liquid from the oxic tank contained a relatively O C Ooad o ——
high DO. As a result, the DO concentration in the anoxic Time [day]
tank reached 0.5 mgt, leading to constant O emission
in the anoxic tank (at around day 260). This result agrees Fig. 7. Time courses of YD conversion ratio and nitrogen removal effi-
with the reports that a high DO prevents the activity ofN ciency in'anoxic—oxic activqtgd sludge process) (N2O conversion ratio
reductase that catalyzes the reduction eONnto N, gas and @) nitrogen removal efficiency.
[11-15]
Fig. 6shows the magnified time courses agf®lemission
rate and water quality immediately after the salt concentration efficiencies fall to quite low levels. In addition, considering
was increased from 1.6 to 3.0 wt%. IyHN and NG~—N that a high salinity such as 5.0 wt% in the synthesized wastew-
began to accumulate in the oxic and anoxic tanks at 90 andater had almost no effect orp® emission in the single deni-
180 h, respectively, after the salt concentration change. Thetrification processKig. 3), the transient accumulation ob®
observed differences in accumulation starting times betweenin the anoxic tank immediately after switching to a salt con-
NH4*—N and NG~ —N are due to the differences in the in- centration of 3.0 wt% is supposedly ascribed to complex in-
hibitory factor to nitrification and denitrification: the former hibition by high salinity and presence of heavy metals in the
is directly inhibited by increase in salt concentration and the metal-refining wastewater. In fact, the actual wastewater used
latter is inhibited by increase in DO due to the stop of nitri- in this study contains heavy metals, such as Cu (0.24 /g
fication. Mo (0.23mg 1), Ni (0.44 mg 1), Pb (0.43 mgtt), and Zn
N>O emission rates in the anoxic and oxic tanks increased (0.93 mg 1), most of which possibly inhibit activity of D
with increasing salt concentration until about 100 and 200 h, reductase and induce,® emission by the combined effects
respectively, and then rapid decreases i®Nmission rates  with a high salinity.
were observed in both tankBi¢). 6). These results demon- Fig. 7 shows the time courses of overalp® conversion
strate that NO emission in both oxic and anoxic tanks are ratio and total nitrogen removal efficiency in the anoxic—oxic
completely suppressed when nitrification and denitrification activated sludge process. The averag®Nonversion ratios
in the steady state were 0.2, 0.7, and 13%, at salt concentra-
tions of 1.0, 1.6, and 3.0 wt%, respectively. By increasing the
salt concentration from 1.6 to 3.0 wt%,® conversion ratio
increased sharply reaching a maximum of 90%0ONonver-
sion ratio then decreased with decreasing nitrogen removal
efficiency until day 245.
These results suggest that influent wastewater salinity has
a direct influence on pD emission in the anoxic—oxic ac-
tivated sludge process. In addition, when nitrification effi-
0 200 400 Gn% ciency in the oxic tank decreases due to higher salt concen-
Time [h] trations, secondary /0 emission in the anoxic tank takes
place (at around day 260). It is indicated that, in anoxic—oxic

—
=
=]

N2O conversion ratio [%]

Nitrogen removal efficiency [%o]

2000 4

1500

1000

N:20 emission rate
|mg min ' 1]
NOx-N [mg 1]

500

~
Salt concentration [wt%]

—_—
3
=

@ 7500 43 activated sludge process, nitrogen removal efficiency is sub-
E ) 400 T 3 % ject to deteriorate and XD conversion ratio exhibit unex-
3 g 300 E’ g pectedly high at high salt concentrations, which are hardly
E = o0 % 2 ::, obgerved ina singlg qitrification process or a single denitrifi-
Q= Tioo S 1 £ cation process._Thls is t_)ec_aus_e |nh|i_3|tory factors to enzyme
~ . o = activities are mixed by liquid circulation from the oxic tank

0 200 400 600 0z to the anoxic tank.
(b) Time [h] In conclusion, in order to reduce,® emission in the bi-

_ - o ' ological nitrogen removal process for industrial wastewater,
Fig. 6. Magnified time courses of emission rate, salt concentration,  jt js necessary to maintain the salt concentration at less than
and NH;*—N or NOx~—N concentration after a salt concentration increase 3.0 Wt%. In addition. some industrial wastewaters tend to con-
in anoxic—oxic activated sludge process. (a) Anoxic tank and (b) oxic tank. ™" 0. ! T .
(O) N2O conversion ratio;®) NOs~—N:; (@ ) NO,~—N: () NHz*—N: tain heavy metals, some of which inhibit enzyme activity in-

(—) salt concentration (simulated). ducing NoO emission even at low concentrations (<1 mb|
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owing to the combined effects with a high salinity. There- Acknowledgements

fore, heavy metals should be completely removed from such

wastewaters prior to biological treatment. We are grateful to Yuhei Inamori and Motoyuki Mizuochi
of the National Institute for Environmental Studies, and Nao-
hiro Noda of the National Institute of Advanced Industrial

4. Conclusions Science and Technology for helpful discussion. This work
was supported by funds from the Global Environment Re-

In this study, the effect of salinity ondD emission in the search of Japan.
biological nitrogen removal process for industrial wastewater
was investigated. The following conclusions were drawn:

1. In a single nitrification process, a salt concentration in- References

crease .from 1010 2.0wt% Ie.ads to @G)Jem|55|on_|n- [1] IPCC, Climate Change 1992. The Supplementary Report to the IPCC

crease in the steady state. This could be due to an increase from the Scientific Assessment, Cambridge University Press, Cam-

in the NbO production potential per unit nitrifying bacte- bridge, UK, 1992.

rial cell. [2] IPCC, Climate Change 2001. The Scientific Basis. Contribution of
2. In a single denitrification process, a salt concentration ~ Working Group 1 to the Third Assessment Report of the Intergov-

range from 3.0 to 5.0Wt% has almost no influence on ernmeptal Panel on Climate Change, Cambridge University Press,
Cambridge, UK, 2001.

N2O emission in the steady state. [3] IPCC, Climate Change 2001. Mitigation. Contribution of Working
3. In an anoxic—oxic activated sludge process, after the salt  Group 3 to the Third Assessment Report of the Intergovernmental

concentration was increased to 3.0 wt%, nitrification and Panel on Climate Change, Cambridge University Press, Cambridge,
denitrification efficiencies decreased. After that, denitri- ” g*f( ZHOOnlés R, Knowles, Can. 1. Microbiol. 30 (1984) 1367
fication abll_lty recovered, but n|tr|f|cat|on ab_lllty did not. [5] " +ho3;n’ F. Sorensson. Water Res. 30 ( 1'996) 1543 '

N2O emission rates in the anoxic and oxic tanks ran- [g] v, okayasu, I. Abe, Y. Matsuo, Water Sci. Technol. 36 (1997) 39.
siently increased after the salt concentration was increased [7] . Glass, J. Silverstein, Water Res. 33 (1999) 223.

to 3.0 wt%. Atthe steady statep® was no longeremitted ~ [8] J.L.. Campos, A. Mosquera-Corral, M. Sanchez, R. Mendez, J.M.
from the oxic tank due to the stop of nitrification, whereas Leme, Water Res. 36 (2002) 2555. .

constant NO emission was observed in the anoxic tank. [9] A. Hirata, Y. Nakamura, S. Tsuneda, Water Sci. Technol. 44 (2001)
The transient decrease in denitrification efficiency and 1) v. kimochi, v. Inamori, M. Mizuochi, K. Xu, M. Matsumura, J.
constant NO emission in the anoxic tank were due to Ferment. Bioeng. 86 (1998) 202.

a relatively high DO in the circulated liquid from the oxic  [11] L.A. Hochstein, M. Betlach, G. Kritikos, Arch. Microbiol. 137

tank to the anoxic tank, which was caused by insufficient ~ (1984) 74. o
nitrification in the oxic tank [12] K. Sato, A. Okubo, S. Yamazaki, J. Biochem. 124 (1998) 51.

.. . . . [13] B.C. Berks, S.J. Ferguson, J.W.B. Moir, D.J. Richardson, Biochim.
4. 1t is important to maintain a salt concentration below Biophys. Acta Bioenerg. 1232 (1995) 97.

3.0 wt% without any fluctuations if MO emission in the [14] W.G. Zumft, H. Koerner, Anton. Leeuw. 71 (1997) 43.
anoxic—oxic activated sludge process is to be suppressed[15] W.G. Zumft, Microbiol. Mol. Biol. Rev. 61 (1997) 533.



	Effect of salinity on nitrous oxide emission in the biological nitrogen removal process for industrial wastewater
	Introduction
	Materials and methods
	Single nitrification or denitrification process
	Anoxic-oxic activated sludge process
	Gas sampling and analysis
	Water quality analysis

	Results and discussion
	Influence of salt concentration on N2O emission in single nitrification process
	Influence of salt concentration on N2O emission in single denitrification process
	Influence of salt concentration on N2O emission in an anoxic-oxic continuous activated sludge process

	Conclusions
	Acknowledgements
	References


