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Abstract

The temperature effect on denitrification rate of atwo-sludge system has been studied. Anindustrial high-strength wastewater and
an industrial by-product containing mainly methanol, as external carbon source, were used in this study. The maximum
denitrification rate (MDR) was determined at six different temperatures: 6, 8, 10, 15, 20 and 25°C in batch mode. The temperature
coefficient wasfound to be 1.10 + 0.01 at temperatures between 10 to 25°C and 1.37 + 0.01 at temperatures between 6 to 10°C. The
MDR obtainedinthetwo-sludgesystem (0.28 mgN-mgV SS*-d* at 25°C) washigher thantheoneobtainedinasingle-sludgesystem
with a similar externa carbon source. The COD/N ratio required for complete denitrification in the two-sludge system was
approximately stoichiometric, whichis 3.7 £ 0.9 mg COD-mg N,

Introduction

Generally, an excess of nitratesin water isrelated to public health
diseases like methemoglobinemia and carcinogenesis. Therefore,
drinking water should not contain more than 10 mg NO,-N-£*
(EPA, 1993). For thisreason, theremoval of nitratesfromwastewater
isnecessary. Therearethreemain methodsto removenitratesfrom
wastewater: ion exchange, reverse osmosis and biological
denitrification. lonexchangeislimited duetothelack of resinswith
high selectivity for nitrate and the problem of regenerating them.
Theproblem of reverseosmosisislow sel ectivity of themembranes
used for nitrate. Due to these limitations for removal of nitrates
from industrial wastewater, the most versatile and widely used
technology is biological denitrification (Matgju et a., 1992).
Thebacteriaresponsiblefor thedenitrification areclassified as
facultative heterotrophsand areableto use nitrate as an acceptor of
electrons, transforming it into nitrogen gas. During the process,
electronsaretransferred fromadonor, normally anorganicsubstrate,
to an acceptor, nitrateor nitrite. Practically any organic compound
that can be biologically degraded under aerobic conditions can be
used for denitrification. However, denitrification rates will be
different depending on the organic compound used.
Denitrificationisdetermined by thestoi chiometricratiobetween
the organic compound used and the nitrate. Industrial wastewater
may not offer the appropriate COD/N ratio for carrying out the
denitrification process. In order to treat industrial wastewater with
alow COD/N ratioitisnecessary to add an external organic carbon
source. Different external carbon sourcesareusedfor denitrification:
glucose (Chevron et a., 1997), saccharose (Sison et a., 1995),
acetic acid (Oh and Silverstein, 1999), lactic acid (Akunnaet al.,
1993), ethanol (Hasselblad and Hallin, 1998; Nyberg et al ., 1996)
and methanol (Bailey et al., 1998; Bilanovic et a., 1999).
Different criteriahave been used to choose a specific external
carbon source for the denitrification process. First, it is necessary
toconsider which carboncompoundyieldsthefastest denitrification
rate. Published references give conflicting results. Some authors
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suggest that aceti c acid achievesgreater ratethan glucose, methanol
or ethanol (Constantin and Fick, 1997). However, other authors
showed similar results with denitrification on acetic acid to those
achieved with methanol (Nyberg et al., 1992). Several references
indicatethat ethanol reacheshigher ratethan methanol (Andersson
et a., 1998; Christensson et a., 1994), athough another study
indicates that the rate with methanol is greater than that with
ethanol (Henze, 1991).

It isalso necessary to consider the costs and availability of the
external carbon source. If the sourceisapure chemical compound
(ethanol, methanol, acetic acid), it will be available at a market
price. Analternativeisto useaby-product asthe carbon source, for
examplethe sludge produced in the process. However, the organic
matter coming from the sludge is not very biodegradable and
therefore a previous chemical or thermal hydrolysis is required.
This procedure adds extra cost to the process (Barlindhaug and
Odegaard, 1996).

To build an industrial scale denitrification plant, the external
carbon source should be cheap and available to guarantee the
continuous operation of the wastewater treatment plant. These
requirements can be achieved using industrial by-products. In the
present study, the feasibility to use a by-product as an external
carbon source for the denitrification process was evaluated. This
by-productismainly methanol andtherestisacetoneandisopropilic
alcohal.

The temperature effect on the denitrification rate is another
important feature in the design of a denitrification process. This
effect is commonly described using an Arrhenius-type equation
(Orhon et al., 2000):

Q(TI—TZ)

"ori =Tpra” 0
where:
I, = denitrification rate at temperature Ti,
mg N-NO,mg VSS*.d*
6 = temperature coefficient

The interest in this topic is reflected in the number of published
results on the determination of the effect of temperature on the
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TABLE 1
Temperature coefficients for different systems
Temperature Technology Carbon Range of Reference
coefficient source tempera-
tures (°C) TABLE 2
Composition of industrial
1.06 Single-sludge| Methanol 7-17 Nyberg et al. (1996) wastewater after the
106 “Ethanol nitrification process
1.06 Single-sludge | Hydrolysed - Barlindhaug and Component C°"°e“t;f’ti°“
dudge Odegaard (1996) (mg'¢’)
1.06 Single-sludge - 7-15 Oleszkiewicz and coD . 0
1.30 2-7 Berquist (1988) N-NO, 700-1900
' N-NH,* 0-10
o . F 10-20
111 Denitrifying | Methanol 15-25 Christensson et al. .
112 pureculture | Ethanol (1994) cl 1 000-1 500
SO 5 000-10 000
1.13 Denitrifying | Methanol 6-30 Timmermans and
pure culture Van Haute (1983)

denitrification process. In Table 1 some of the different references
aresummarized but theresultsaremainly for single-sludgesystems
or puredenitrifying cultures. Thereisalack of dataontemperature
coefficients for a two-sludge system. This paper focuses on the
determination of temperature coefficients of atwo-sludge system
using awide range of temperatures.

Experimental
Biomass and two-sludge system

Thedenitrifying biomasscomesfrom atwo-sludge pil ot plant with
separate nitrification and denitrification stages. The industrial
wastewater, with 5000 mg N-NH,*¢*, isfed into the nitrification
stage, which ismade up of a27 ¢ aerobic reactor and asettler. Each
mechanical unit of the pilot-plant (pumps, level detectors, etc.) is
controlled by a PC through a data acquisition card that allows
automation of all those elements. Every reactor hasin-line sensors
(dissolved oxygen (DO), pH, ORP, temperature) connected to
probe controllers. The effluent of the nitrification stage and the
external carbon source form the influents for the denitrification
stage. The external carbon source is needed to denitrify the entire
nitrate that has been formed. The denitrification stage is made up
of a27(anoxicreactor; al5¢aeratedtank and asettler. Thenitrogen
gas formed in the anoxic reactor is stripped in the aerated tank,
enhancing the sedimentation in the settler.

Theeffect of temperatureonthedenitrification ratewasstudied
in batch using biomass sampled from the denitrification system of
the pilot plant. Prior to this study, the pilot plant was run on the
external carbon source for more than 150 d and the biomass was
therefore adapted to it (Carrera, 2001).

Industrial wastewater

Table 2 shows the basic composition of the industrial wastewater
entering the denitrification stage. As can be seen, the nitrate
concentration is 700 to 1 900 mg N-NO,-¢* and the ammonium
concentration is 0 t010 mg N-NH,*£*. The industrial wastewater
contains high concentrations of chloride and sul phate and does not
contain organic matter.
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External carbon source

A by-product of an industrial process was used as an externa
carbon source. The by-product isdischarge from achemical plant,
made up of amixture of methanol, isopropilic acohol and acetone.
The percentage compositionis: 60% methanol, 10% acetone, 10%
isopropilic acohol and 20% water. Throughout this study, thisby-
product is referred to as the * methanol mixture'.

Laboratory equipment

The batch experiments were done using a Braun Biostat®-Q
fermentor unit. Figure 1 shows adiagram of the laboratory equip-
ment. This equipment consists of four 0.5 ¢ reactors. Each reactor
has an independent system for control and measurement of
temperature, pH, stirring and dissolved oxygen (DO). An external
refrigeration system was used to obtain temperatures below 15°C.

Experimental procedure

The maximum denitrification rate (MDR) was evaluated with six
experiments at different temperatures: 6, 8, 10, 15, 20 and 25°C.
Four batchrunswerecarried out at each temperature(Table3). The
duration of each runwas 24 h and pH was maintained between 8.0
and 8.5. The biomass of the Biostat®-Q was replaced with fresh
biomass from the denitrifying reactor of the pilot plant in each
experiment. The runs were operated with no organic matter or
nitrate limitations. Nitrate, COD and VSS concentrations were
mesasured at the end of each run. The nitrite concentration was
measuredtwiceineachruntoensurethat therewasnoaccumulation.
Theconcentration of nitritewaspractically zeroinall theruns. The
MDR of each run was calculated as:

lN - NO3_ J()h_ lN - NO_%_ J24h
[vss] @

average

MDR =

Analytical methods

The analyses of volatile suspended solids (VSS) were done using
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the methodology described in Standard Methods (1995). The
anaysesof nitrite(NO,), nitrate(NO;,), chloride(Cl") and sul phate
(SO,?) were done by capillary electrophoresis using aWATERS
Quanta4000E CE. Theel ectrolyteusedwasaWATERScommercial
solution. Theconditionsof theanalysiswere: temperature of 20°C,
15kV fromanegative source, indirect UV detection at 254 nmand
5 min of retention time.

Results and discussion
Table 3 showsthe results of the four runs carried out at

eachtemperature. Therangeof denitrificationratevaried
between 0.28 mg N-mg VSStd?! at 25°C to

Refrigerator

0.02mg N-mg VSS*.d?! at 6°C. These denitrification
rates were compared to published results obtained with
methanol asexternal carbon source and are presentedin
Table4. Therangeof denitrificationratesintheliterature
isquitelargebut all theresults, except the pure cultures,

are lower than the ones obtained in this study.
Theexperimental val ueof theCOD/N ratio consumed
was calculated as:

cop  [cop), -[copl,,
VT v=no ] = Iv-mo, ] ©

3 ban

The average valuewas 3.7 £ 0.9 mg COD-mg N*. Thisiscloseto
the stoichiometric ratio proposed for the denitrification process
using methanol as carbon source (EPA, 1993; Mateju et al. 1992);
although this carbon sourceis not pure methanol, but a mixture of
methanol, acetone and isopropilic alcohol. Nevertheless, other
authors found higher experimental denitrification ratios with
methanol: 4.6 mg COD-mg N (Bilanovic et al., 1999) or 4.45
mg COD-mg N (Christensson et a., 1994).

Figure 2 shows the experimental data at six different
temperatures and the line of the best fit for the Arrhenius-type
equation for the MDR. The influence of temperature depends on
theinterval of temperatures. The temperature coefficientis1.10 +
0.01 between 10 to 25°C, while the coefficient is 1.37 + 0.01
between 6 to 10°C.

The temperature coefficient for a single-sludge system is
generally 1.06 in arange of temperaturesfrom 7 to 17 °C and does
not depend upon the carbon source used (Table 1). On the other
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Figure 1
Diagram of the laboratory equipment

hand, thetemperaturecoefficient for systemswith puredenitrifying
biomassis1.13for arange of temperature between 6to 30°C. Once
again, thisdoes not depend upon the carbon source used (Table 1).
Theseva uesindicatethat theeffect of temperatureondenitrification
is more pronounced with pure microbial populations.

The coefficient found by thisstudy for arange of temperatures
from10to25°Ciscloser totheval uesobtainedin systemswith pure
denitrifying biomass. The coefficient found for temperatures
between 6 and 10°C is 1.37, slightly higher than the one given by
Oleszkiewicz and Berquist (1988) in asingle-sludge system for a
rangeof temperaturesfrom2to 7°C. For Oleszkiewiczand Berquist,
the changein the temperature coefficient value occursaround 7°C.
In this study, this change occurs around 10°C (Fig. 2).

Theeffect of temperatureonthedenitrificationrateisimportant
in the design of denitrifying reactors. For example, in denitrifying
reactors for the treatment of industrial wastewaters, the hydraulic
retention time (HRT) will be a function of the nitrogen removed,

TABLE 4
Maximum denitrification rates with methanol as carbon source

Technology Process Tempera- MDR Reference

ture(°C) | (mgN-mgVSS-'-d)
Single-sludge | Continuous - 0.03 Bailey et a. (1998)
Single-sludge | Continuous 12 0.06 Nyberg et a. (1992)
Single-sludge | Continuous - 0.06 Kang et al. (1992)
Single-sludge | Continuous 30 0.14 Teichgraber and Stein (1994)
Two-sludge Batch 23+3 0.13 Bilanovic (1999)
Two-sludge Feedbatch 22+2 0.16 Doyleet al. (2001)
Two-sludge Batch 20+ 05 0.18 This study

25+ 05 0.28
Denitrifying Batch 25 13 Timmermans and
pure culture Van Haute (1983)
Denitrifying Batch 25 2.2 Christensson et al. (1994)
pure culture
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Batch runs to determine the MDR at six different temperatures

TABLE 3

Maximum Denitrification Rate
(mgN-mgVvss™d™
o

0.01

Tempera- [N-NO,] (mg-¢7) COD (mg-t") VSS, . qe MDR MDR_ . ..
ture (°C) - - (mg-t') (mgN-mgVSS-'-d-)
time time
Oh 24 h 0Oh 24 h
25+ 05 1140 160 4010 1130 3600 0.272 0.28 +0.03
1050 180 4370 1500 3600 0.242
1760 470 5830 1870 4000 0.323
1400 300 5530 2200 4000 0.275
20+ 05 1320 110 4420 1030 4600 0.263 0.18 + 0.06
1880 1400 6 950 5570 4100 0.117
1360 720 4490 2740 4300 0.149
1400 560 6570 3760 4300 0.195
15+ 05 1030 530 4580 2470 4000 0.125 0.12+0.03
1160 550 5050 2750 4000 0.153
1140 580 5430 3380 4000 0.140
950 620 3990 2740 4100 0.080
10+ 05 1000 780 5150 4370 3200 0.069 0.07+0.01
1090 840 5080 4110 3600 0.069
780 490 4370 3010 3300 0.088
840 610 4110 3020 3800 0.061
8+05 1060 840 4240 3400 4400 0.050 0.044 + 0.005
710 520 4580 3840 4800 0.040
680 480 3870 3070 4900 0.041
933 720 4190 3420 4500 0.047
6+0.5 1210 1170 6 140 5890 4700 0.009 0.020 + 0.009
1350 1210 7000 6240 4600 0.030
990 920 5630 5470 4300 0.016
1090 990 6970 6 630 4300 0.023
the biomass concentration and the denitri-
fication rate at the design temperature:
HRT - W -n0, |, (4)
7SS s 7
where:
HRT = hydraulic retention time, days
r,; = denitrificationrateat temperature
of design,
mg N-NO,-mg VSS*.d*
The correlation between the HRT and the
temperature can be represented by a decay
exponential function (r? = 0.99) as shows the
figure 3 (assuming that the removed nitrate
* * * * * * * * * * concentration is 1 000 mg N-NO, ¢, the
4 6 8 10 12 14 16 20 22 24 26 28

Temperature (°C)

Figure 2
Effect of temperature on the denitrification rate
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denitrification rate is not limited by substrate
and the biomass concentration in the reactor is
4000mg VSS¢1). Thedependency of HRT on
the temperature is represented by Eq. 5:
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12 +
10 4
Figure 3 o
Effect of the temperature on the HRT E
6 .
T
4 .
2 -
0
4
20.2
HRT =0.51- e[ ) )

where:
T = temperature (°C)

Thepredicted HRT is11 timeshigher at 6°C than 25°C and 3 times
higher at 10°C than 25°C. Theseresultsindicatethe significance of
thedetermination of the minimum temperature onthedesign of the
denitrifying stage of atwo-sludge system.

Conclusions

The denitrification rates obtained with the two-sludge system
studied are higher than those found in the literature for single-
sludge and two-sludge systems using a similar carbon source.
The temperature has an important effect on the denitrification rate
of atwo-sludge system. Thetemperature coefficientis 1.10 for the
range of temperatures between 10 to 25°C and 1.37 for the range
between 6 to 10°C.
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