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Abstract

A fixed-film bed reactor was studied to optimize partial nitrification in wastewater treatment. Nitrogen removal
improvement was based on nitritation/denitritaion process in sequencing batch biofilm reactor (SBBR). Carbon
source was added to the reactor at fixed dissolved oxygen (DO) concentration to modify simultaneous
nitrification/denitrification (SND). In period 1, DO was declined from 1 to 0.5 mg/l during the reactor cycle. In
period 2 and 3, DO was fixed at 0.5 mg/1 and changing nitrite to nitrogen gas was achieved, directly, while nitrogen
loading rate (NLR) and organic loading rate (OLR) were 0.18 kgN/m3d and 1.84 kgCOD/m3d, respectively. In
period 2, the increment of nitrite accumulation rate (NAR) was observed but SND efficiency was reduced. C/N ratio
was increased from 10 to 12.5 in period 3 to reach SND efficiency, at least, equal to the result of period 1. In period 3
NAR was 71.4 % and SND efficiency was 96%. Partial nitrification in SBBR at fixed DO level of 0.5 mg/1 resulted in
TN removal efficiency of 97.2 %. Effluent nitrite, nitrate and ammonium were 1.5, 0.6 and 0.7 mg/1, respectively, in

period 3. In long term study of selected operation, SND efficiency was higher than 9o %.

*Cortesponding Author: Mehdi Hajsardar D<) hajsardar@hotmail.com
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Introduction

Biological nutrient removal has many advantages in
contrast of other nutrient removal methods. (Metcalf
and Eddy, 2003) Nitrogen removal from wastewater
usually is done by nitrification and denitrification.
(Chang et al., 2011) Heterotrophic bacteria, namely
Pseudomonas, are responsible for denitrification.
This kind of bacteria needs a carbon source to convert
nitrate to nitric oxide, nitrous oxide and nitrogen gas,
respectively. (Metcalf and Eddy, 2003).

Many researches showed that simultaneous
nitrification and denitrification (SND) would be
achieved in one reactor by using some treatment
processes. (Wang et al., 2008; Ding et al., 2011;
Vijayalayan et al., 2014; Ganesh et al., 2015) In SND
process, nitrification occurs on the outside of the
biofilm while denitrification happens in the internal
layer of biofilm. (Rittmann and Langeland, 2008)
Direct equation of SND is presented in equation 1:

(Wrage et al., 2001).

NH," - NH,OH ->NO, >NO—>N,0 >N, €q.1

In order to obtain SND condition, sequencing batch
biofilm reactor (SBBR) could be used. SBBR is an
SBR that is upgraded by adding fixed biofilm carriers.
This way the capacity of the bioreactor to remove
nutrients is increased. (Loukidou and Zouboulis,
2001; Rodgers et al.,, 2008) Partial nitrification can
improve SND efficiency in nitrogen removal. This
process is achieved by fixing of pH, temperature, SRT,
dissolved oxygen (DO) and online aeration balance.
(Peng and Zhu, 2006; Sinha and Annachhatre, 2007)
Partial nitrification provides 25 % less DO demand in
nitrification and 40 % less carbon source demand in
denitrificatin and could be combined with other
processes such as Anammox. (Ciudad et al., 2005;

Cervantes, 2009; Wang et al., 2015).

To remove nitrogen from wastewater by using mixed-
culture, DO must be fixed between 0.5 to 2 mg/1. It is
easier than providing pure-culture system. (Chu et al.,
2006; Chiu et al.,, 2007) Two kinds of wastewater

bacteria are important in partial nitrification.

These two groups are ammonium oxidizing bacteria
(AOB) and Nitrite oxidizing bacteria (NOB). AOB
convert ammonium to nitrite at DO level of 3 mg/l
and NOB convert nitrite to nitrate at a DO

concentration of 1.1 mg/1. (Wiesman, 1994).

Aims of this study are optimization of wastewater
partial nitrification by fixing DO concentration in a
fixed-film bed reactor and survey the quality of using
internal carbon source to complete nitrogen removal
process. Presented method is classified as a biological

nutrient removal.

This process was studied in an SBR that was
upgraded to an SBBR. The results of this optimization
are depended on C/N ratio because C/N affects on
both TN removal efficiency and SND efficiency while
DO concentration is fixed. So, C/N was studied as a
significant factor to increase TN removal efficiency

and SND efficiency, too.

In this study, as presented in Fig. 1, nitrification
process was stopped on the step of nitritation
(changing ammonium to nitrite) and nitrite was not
allowed to be changed to nitrate. Then, after entering
of internal carbon source, by denitritation, nitrite

changed to nitrogen gas directly.

Internal carbon source was synthetic wastewater that
was added to the reactor twice a cycle. In the other
words, nitratation (changing nitrite to nitrate) and
denitratation (changing nitrate to nitrite) was
eliminated by fixing DO level in SBBR. Without
nitrattation and denitratation, less oxygen and carbon
source are needed, respectively. DO fixing helped that
the activity of AOB continued, normally, but the
activity of NOB limited, so nitrite accumulation rate
(NAR) was increased in the system. Hence, NAR was
considered as a suitable index to survey partial
nitrification in SBBR. Higher NAR indicated lower
activity of NOB but besides NAR increasing,
maximizing of TN removal was one of the aims of the

study.
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Fig. 1. Nitritation/Denitritation process concept for

nitrogen removal.

Table 1. SBBR properties.

Materials and methods

SBBR

An SBBR was made by adding fixed biofilm carriers
(Kaldnes, K-) to a cylindrical reactor, which was made
of Plexiglas (table. 1). Biofilm media was made of high
density polyethylene (HDPE) and its effective special
area was 369.6 m2/m3. The bed was fixed between
two plates which had holes allowed wastewater to
pass. Fig. 2 shows a schematic representation of
SBBR. Also, a sequencing batch reactor (SBR)

without any biofilm carrier was used as the blank.

Diameter (m) Height (m) Total Working Exchange Packing media  Height of
volume volume ratio volume bed from
(L) (L) (%) (L) bottom
(m)
0.24 0.68 31 100 12 0.3

-1-—-r---------—----

Fig. 2. Schematic diagram of SBBR. (1- influent tank;
2- effluent tank; 3- reactor; 4- fixed bed; 5- back wash
tank; 6, 7- aerators; 8, 9, 10- pumps; 11, 12- solenoid

valves; 13- timer; 14- back wash effluent tank.).

Analytical methods

In this study Mixed liquor suspended solids (MLSS),
Total suspended solids (TSS) and Chemical oxygen
demand (COD) were determined according to the
standard methods for the examination of water and
wastewater (APHA, 2005). Common forms of
nitrogen including ammonium, nitrate and nitrite
were analyzed with a spectrophotometer (HACH,

Model DR 5000, USA). Ammonium and nitrate were

determined according to Salicylate method and
Cadmium reduction method, respectively. Nitrite was
analyzed according to Ferrous sulfate method and
Diazotization methods. Total Kjeldahl nitrogen (TKN)
was started by using infra-red rapid digestor (behr
Labor-Technik GmbH, Model, behrotest® InKjel 450
P, Germany), steam distillation unit (behr Labor-
Technik GmbH, Model, behrotest® S 4 Germany),
then, Manual titration showed the result. Organic
nitrogen was determined from the difference between
TKN and ammonium levels. DO, pH and oxidation-
reduction potential (ORP) were analyzed with a
portable DO Meter (WTW GmbH, Model ProfiLine
Oxi 3210, Germany), a portable pH meter (HANNA
instruments, Model, HI 991001, USA) and a portable
ORP meter (EUTECH, Model, Oakton ORPT estr 10,

Singapore), respectively.

Reactor start-up and operation

At first, 5 1 seed was brought from return activate
sludge of Choneybe wastewater treatment plant
(Ahvaz, Iran), then, 40 days was needed for
microorganisms to adapt themselves to the new
environment. Synthetic wastewater was added to fill
the reactor in a few days. The concentration of COD,

total nitrogen (TN), ammonium, organic nitrogen,
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TKN, nitrate and nitrite in Synthetic wastewater were
1000, 100, 65, 34, 99, 0.5 and 0.3 mg/] respectively.
At the beginning, the reactor was operated at a
nitrogen loading rate (NLR) of 0.027 kgN/m3d and an
organic loading rate (OLR) of 0.27 kgCOD/ms3d.
During the start-up, NLR and OLR were increased to
0.18 kgN/ms3d and 1.84 kgCOD/ma3d, respectively, by
increasing the concentration of influent nitrogen and
COD and reducing the retention hydraulic time
(HRT). HRT and solid retention time (SRT) were 24 h
and 55 d, respectively. The concentration of influent
and effluent ammonium, also, applied NLR during
the start-up of the reactor is described in Fig. 3. The
operation of SBBR was divided into three periods:
period 1, period 2 and period 3. The operation of a
cycle of SBBR after reaching steady flow is presented
in Fig. 4. It is noticed that the difference between

period 2 and period 3 was the amount of C/N ratio.

0 - - * 220

.
_ I 018
60 -4 =

=016

A
&
n
.
z
=
=]
-

im’d)

y ol a-KLN Loz

g &
Y
L)

Concantration (mgd)
.
= e
. =
NLR {kgN

0
[ 10 20 0 40

Tame (d)
Fig. 3. NLR and the concentration of influent and

effluent ammonium during start-up of the reactor.
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Fig. 4. SBBR cycle: (a) during period 1 (b) during

period 2 and period 3.

Results and discussion

The results of the blank reactor (SBR) showed that
TN removal efficiency was 65 %. The blank had a
cycle similar to SBBR but biofilm carriers were not
added to the reactor. SND efficiency according to
equation 2, (Zeng et al., 2003) was 59 % and NAR
according to equation 3, was 2.9 % in the blank. SND

Efficiency (%) = Denitrification = NH, (tot) - NO, (acc) eq.2

Nitrificat ion Ny
Where:
SND efficiency: the efficiency of simultaneous
nitrification/ denitrification (%)
NH, (tot): the concentration of inlet ammonium
(mg/1) NOx (acc): the concentration of sum of outlet
nitrate and nitrite (mg/1)
NAR(%)=__NO, ;99 €q.3

NO, + NO,
Where:
NAR: nitrite accumulation rate (%)
NO:.: the concentration of outlet nitrite (mg/1)

NOs: the concentration of outlet nitrate (mg/1)

Period 1

In period 1 SBBR was operated with two aeration
mode. At the first, 12 hours at DO level of 1 mg/l and
then 11 hours at DO level of 0.5 mg/l. As presented in
table 2, NAR was 13.63 %. NAR was increased by
10.65 % in comparison to the blank and it was shown
that the activity of NOB was limited due to DO
limitation in depth of the biofilm and less nitrite was
changed to nitrate. Ammonium, nitrate and nitrite in
the effluent were 0.8, 1.9 and 0.3 mg/l, respectively,
in period 1 that met the standards recommended by
Iran department of environment. (DOE, 1994) In
period 2, TN removal efficiency was 97 % and it was
32 % higher than the blank. Also, SND efficiency was
96.6 % that was 37.6 % higher than the blank. Fig. 5.a
shows the evolution of ammonium, nitrate and nitrite
during a typical cycle of SBBR in period 1. As seen,
after 12 hours of aerobic reaction (DO of 1 mg/1), the
concentration of nitrate and ammonium were shifted
instantly because of entering wastewater as internal

carbon source. In second aerobic step (DO of 0.5
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mg/l) that lasted 11 hours, denitritation was

happened in last 4 hours and in 1 hour anoxic settling.

Table 2. General results of SBBR and SBR.

Reactor SBR SBBR SBBR SBBR
Period Blank Period1 Period2 Period 3

SND efficiency (%) 59 96.6 92 96.7

NAR (%) 2.9 13.6 68 71.4

C/N 10 10 10 12.5

NLR (kgN/msd) 0.18 0.18 0.18 0.18

OLR (kgCOD/ms3d) 1.84 1.84 1.84 2.29
TN removal

efficiency (%) 65 97 94 97.2

DO;* DOii* (mg/1) 10.5 10.5 0.50.5 0.50.5
Fixed-Film media No YES YES YES

+*DOi: DO concentration in first aerobic step; DOii: DO

concentration in second aerobic step.

Fig. 5.b shows ORP curve that was drawn versus time
in a typical cycle of SBBR in period 1. ORP curve versus
time is rising under aerobic condition until inflection
point which is named o and indicates end of
nitrification. (Paul, 1998) In this study nitrification was
not completed because of partial nitrification and when
ammonium was changed to nitrite, nitrification was
stopped by fixing DO. Fig. 5.b shows that no inflection
point was observed in ORP curve in period 1. Neither
when DO was 1 mg/l nor when DO was 0.5 mg/l,
point was identified. This, approved that partial
nitrification was achieved in SBBR to remove common

nitrogen forms such as ammonium, nitrate and nitrite.
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Fig. 5. (a) Ammonium, nitrate and nitrite in a typical
cycle of SBBR in period 1 (b) ORP curve versus time
in a typical cycle of SBBR in period 1.

Period 2

DO was constant (0.5 mg/1) in whole aeration time of
period 2. At first, nitritation was happened and
influent ammonium concentration of 65 mg/l was
converted to nitrite. Then, before changing to nitrate,
synthetic wastewater was added to SBBR as internal
carbon source. Therefore, nitrite was changed to
nitrogen gas by denitritation. Nitrate concentration

was 3.3 mg/]1 at the end of the cycle of period 2.

Effluent nitrite was higher than effluent nitrate in this
period and it was shown that partial nitrification was
achieved. NAR was determined 68 % in period 1. It
was 54.41 % higher than determined NAR in period 1.
On the other hand, SND efficiency and TN removal
efficiency were decreased in period 2 in contrast of
period 1. SND efficiency and TN removal efficiency

were 92 % and 94 %, respectively.

The effluent Ammonium and nitrate concentration
were 1.15 and 0.55 mg/l, respectively, in period 2.
These two parameters were higher than period 1. Fig.
6.a shows the evolution of ammonium, nitrate and
nitrite during a typical cycle of SBBR in period 2. As
Fig. 6.a describes, nitrite was decreased at the end of
first aerobic phase (DO of 1 mg/1) similar to period 1
but when carbon source was added, nitrite raised in
second aeration phase (DO of 0.5 mg/l) of period 2.
The concentration of nitrite reached to 19 mg/1 after

17 hours from the start of the cycle.

This was because of the limitation of the activity of
NOB and less nitrite was changed to nitrate in period
2. This is why NAR was increased to 68 % in this
period. Also, fig 6.b shows that no inflection point of
o point was detected in ORP curve in period 2 similar
to period 1. It showed that nitrification was not
completed in period 2, too, and partial nitrification
was happened. The results of period 2 showed that
nitritation/ denitritation can be a short-cut way for
nitrogen removal through increment of NAR but 3 %
decreasing of TN removal efficiency rather than

period 1, must be remedied.
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Fig. 6. (a) Ammonium, nitrate and nitrite in a typical
cycle of SBBR in period 2 (b) ORP curve versus time
in a typical cycle of SBBR in period 2.

Period 3

In period 3, C/N ratio was increased to increase TN
removal efficiency and SND efficiency at constant Do
level of 0.5 mg/1. In other words, the purpose of study
in period 3 was to reach TN removal efficiency and
SND efficiency, at least, equal to the results of period
1 that DO was decreased in two steps from 1 to 0.5
mg/l. As seen in Fig.7, by increasing C/N ratio from
10 to 12.5 in SBBR operation, TN removal efficiency
increased from 94 to 97.2 %. Too High C/N ratios, for
example 22, would decrease TN removal in SBBR
operation down to 38 %. (Ding et al., 2011). NAR was
71.4 % in period 3 that was the maximum determined
NAR in this study. Also, SND efficiency was 96.7 % in
this period and unlike the results of period 2, SND
efficiency was higher than period 1. The increment of
SND efficiency was because of fixing the C/N ratio. At

higher C/N ratios, there is more organic matter as

electron donor and less nitrate as electron acceptor so
there is less challenge for acceptation of electron and
denitritation is more successful. (Metcalf and Eddy,
2003). Long term results of selected method are
presented in Fig. 8. To study the long term effect of
partial nitrification, SBBR was operated for 30 day in
period 3 at the C/N ratio of 12.5. NAR, SND efficiency
and TN removal efficiency were not below 65, 90 and
93 %, respectively, in 30 days operation of the reactor
at DO level of 0.5 mg/l. The best results of long term
study in period 3 were detected at days number 1, 2,
3, 6, 7, 11, 12, 18 and 23 when TN removal efficiency
was higher than the result of period 2 (97 %).
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ORP curve in period 3 (Fig. 9) had no inflection point
of o and it was because of partial nitrification similar
to previous periods. Indeed, pH curve in Fig. 9

indicates that nitrification was not completed in this

period.
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Fig. 9. ORP curve and pH curve versus time in a

typical cycle of SBBR in period 3.

A few researches have studied pH profile under
aerobic condition to find a minimum point which is
named Ammonia Valley and shows the end of
nitrification. Before Ammonia Valley pH is decreasing
and after that pH is rising. Another point that has
been studied in pH curve under anoxic condition is
named Nitrate Apex and corresponds to the end of
nitrate consumption. Before Nitrate Apex pH profile
is rising and after this point pH is decreasing. (Martin
de la Vega et al., 2012; Zanetti et al., 2012) Point A
and point B in Fig. 9 could not be Ammonia Valley
and Nitrate Apex, respectively. Rising of pH profile
after point A happened because of second filing event
of SBBR. Besides, inflection point of B was not
happened under anoxic condition. These evidences
showed that partial nitrification at DO level of 0.5
mg/l and C/N ratio of 12.5 had the main role in

increment of nitrogen removal efficiency.

Presented method in this study provided TN removal
efficiency of higher than 97%. It was an easier way for
nitrogen removal in contrast of a number of new
researches that considered partial nitrification as a

part of their study. Reported TN removal efficiency

was 98% by applying one hour aeration over a four-
hour cycle by wusing simultaneous nitrification-
anammox-denitrification (SNAD) and considering
periodic aeration cycles. (Abbassi et al, 2014) TN
removal efficiency was reported 96% when sufficient
zinc (50-100 mg/1) was present in wastewater treated
by simultaneous partial nitrification, anammox and

denitrification process in SBBR. (Daverey et al., 2014).

Also, in this study required condition for SND was
provided by adding internal carbon source through
two filling events and using biofilm carries in SBBR.
In a research to survey SND, it was reported that TN
removal efficiency was 54% with no external carbon
source and it was 70% by adding external carbon
source of 20 mg/l total organic carbon (TOC).
(Vijayalayan et al., 2014) It was reported that using a
biofilm reactor to reach SND without adding external
carbon source resulted in 88.9 + 6.1% TN removal

efficiency. (won et al., 2015).

Accordingly, the results of this study to reach partial
nitrification and providing SND condition in SBBR
were almost equal to the results of other new
researches. Indeed, the results were better than a
number of other studies while presented method had

less difficulty in operation.

Conclusion

Nitrogen removal efficiency was improved by
upgrading SBR to SBBR through adding fixed biofilm
carriers. SND efficiency was considered as indicator
of SND process quality in SBBR. SND efficiency was
optimized by using partial nitrification method and
considering twice filling events per cycle of the
reactor as adding internal carbon source. Nitritation/
Denitritation at constant DO concentration during a
cycle of SBBR was a short-cut way that increased
NAR by limiting NOB activity. Constant DO level
increased NAR but decreased SND efficiency and TN
removal efficiency rather than when DO was reduced
during a cycle. Increasing C/N ratio at constant DO
level resulted in optimization of SND efficiency and
TN removal efficiency. NAR, SND efficiency and TN
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removal efficiency were maximized at reasonable
maximum C/N ratio and fixed reasonable minimum

DO level, simultaneously.
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