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a b s t r a c t
In vast agricultural areas, nitrate-contaminated groundwater poses a threat to the drinking water 
security of residents. This research aims to develop a convenient approach to remove nitrate from 
pumped groundwater. A batch experiment was conducted to study the influencing factors includ-
ing the dissolved oxygen (DO) content, carbon–nitrogen (C/N) mass ratio, water temperature, and 
water–sand (W/S) volume ratio under anaerobic and aerobic conditions. Liquor was innovatively 
used as the carbon source to enhance denitrification. The results demonstrated that liquor is a very 
useful carbon source for nitrate removal without the artificial cultivation of bacteria. The aerobic 
conditions not only left the nitrate removal efficiency unaffected but also restrained the generation 
of nitrite and ammonia nitrogen. The C/N ratio required for complete nitrate removal under aerobic 
conditions is 1.8–2.0, and a water temperature of 15°C–25°C was suitable for promoting the removal 
effects. The W/S volume ratio was recommended to be lower than 4:1 to provide suitable adhesion 
conditions for bacteria. The C/N ratio, water temperature and W/S ratio were the key influencing 
factors, which could be easily adjusted. This research shows that rural residents can remove nitrate 
from pumped groundwater by using liquor.
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1. Introduction

Nitrate is one of the most common groundwater pollut-
ants in farm areas [1] because of the excessive use of nitrog-
enous fertilizers and the improper disposal of solid waste 
and domestic sewage in rural areas [2–5]. For instance, 
the nitrate concentration in groundwater can be as high as 
300 mg/L in North China [6,7]. Because groundwater is the 
main source of drinking water, nitrate pollution in ground-
water is directly related to public health. According to 
previous studies, drinking groundwater with a high nitrate 
concentration not only possibly causes methemoglobin-
emia [8] but also leads to diabetes, high blood pressure, and 
hyperthyroidism [9,10]. To avoid the risk of nitrate pollu-
tion in drinking water, the maximum concentration limit of 

nitrate-N by the World Health Organization and China is 
10 mg/L. Therefore, excessive nitrate in groundwater should 
be removed before consumption [11].

In recent decades, many previous studies have sug-
gested that biological denitrification technology is one of the 
most economical and effective methods to remove nitrate 
from groundwater [1,12–18]. Denitrification is the process 
in which organic carbon acts as an electron donor, and 
nitrate acts as an electron acceptor at the end of the denitri-
fying bacterial respiratory chain and is restored to nitrite, 
nitric oxide, nitrous oxide, and gaseous nitrogen. The main 
factors affecting denitrification include the organic carbon 
source, nitrate concentration, oxygen concentration, pH, 
and temperature [13]. Organic carbon sources have been 
widely studied and adopted, which include solid materials 
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such as newspapers, cotton, straw, and rice bran [17–21] and 
liquid materials such as sucrose, ethanol, acetate, methanol 
and liquor [1,22–24]. The different carbon sources result 
in diverse responses and operation techniques, and the 
treatment effects vary considerably, also depending on the 
suitable carbon–nitrogen (C/N) ratio [1,16,17,24–26]. When 
carbon source, oxygen, nitrate coexist in a system, oxygen 
maybe inhibits denitrification onset because oxygen is a pre-
ferred electron acceptor during bioprocesses. For instance, 
some studies have indicated that denitrification can begin 
just when oxygen concentration is less than 0.5 mg/L in 
aquifers [27,28]. Nevertheless, Gómez et al. [22] and Chen et 
al. [24] indicate that biological denitrification with ethanol 
acted as a carbon source is less affected by dissolved oxygen 
(DO) in the laboratory experiments. Temperature and pH 
also have range values preferred by denitrifiers. For exam-
ple, Rust et al. [29] suggest that the pH range preferred by 
heterotrophic denitrifiers is generally between 5.5 and 8.0. 
Weil and Brady [30] suggest that the preferred temperature 
for denitrification processes is between 25°C and 35°C. In a 
word, the existing studies have provided lots of scientific 
basis for the removal of nitrate by denitrification. However, 
nitrate pollution in groundwater usually results from non-
point source contamination. The current in-situ studies 
often focus on permeable reactive barrier [17], denitrifica-
tion wall [16] or well inject-treat [1,26] technologies, but 
with a limited treatment scope. In-situ groundwater reme-
diation technology by using denitrification is slowly being 
developed at present. Therefore, the technology’s real water 
security potential remains unclear. Families in rural areas 
generally pump groundwater for use as drinking water; 
thus, it is very significant to develop a user-friendly prac-
tical pump-and-treat technology, which can be accepted by 
the public, including the option for adding carbon sources 
and key influencing factors.

To develop an effective approach to remove nitrate 
from groundwater for rural families, Chen et al. [24] pro-
pose a user-friendly pump-and-treat technology through 
a water-bucket experiment, in which liquor was particu-
larly recommended as a highly effective and low-cost car-
bon source. As estimated, a bottle of 500 mL liquor that 
costs approximately 10 Yuan renminbi, that is, less than 2 
US dollars, can be used for 2 months by a family. Liquor 
is a household drink in many areas, especially in China. 
Therefore, the method is very likely to be accepted and used 
by the public, especially families in rural areas. To perfect the 
pump-and-treat technology, a batch experimental study was 
carried out under both anaerobic and aerobic conditions. 
The aim of this paper is to reveal several key factors that can 
influence the performance of the pump-and-treat technol-
ogy, including the DO content, C/N ratio, water temperature, 
and water–sand (W/S) volume ratio. Because liquor is easily 
accessible by residents, this research can make the pump-
and-treat technology for nitrate removal more practicable.

2. Materials and methodology

2.1. Experimental design

A batch experiment consisting of 42 microcosms was 
designed. The materials in each microcosm included ground-
water, a carbon source, and sand particles, which were 

stored in a 1,000 ml screw-neck transparent glass bottle. 
Groundwater was pumped from a local aquifer and stored 
for microcosm formation within 2 d. On average, the chem-
ical background of the groundwater is mainly characterized 
by a nitrate content of 3.2 mg/L, acetate content of 0.21 mg/L, 
electric conductivity of 206 us/cm, DO level of 7.6 mg/L, 
pH of 8.1, total organic carbon (TOC) content of 2.1 mg/L 
and water temperature of 24.5°C; in addition, no nitrite 
is detected. Liquor (20%, v/v ethanol) was used as the car-
bon source, in which ethanol acted as the electron donor at 
a concentration of 1.56 × 105 mg/L. Clear quartz sand col-
lected from rivers was used as porous media with diameters 
of 2–10 mm but without special treatment. To simulate the 
shallow groundwater polluted by nitrate, NaNO3 (analytical 
reagent) was added to prepare a target nitrate concentration 
of 100 mg/L. As denitrifying bacteria are ubiquitous in the 
environment [13,31], the groundwater and sand particles act 
as microbial inoculation media. This experiment disregarded 
the artificial cultivation of bacteria.

All microcosms were divided into three types (as 
shown in Table 1). Control type M0 was aimed at survey-
ing nitrate removal under sterilized conditions and was 
compared with the other microcosm types under unsteril-
ized conditions. The other microcosm types, including M1 
and M2, were aimed at surveying nitrate removal under 
anaerobic and aerobic conditions, respectively. Among these 
microcosms, type M1 consisted of three groups (M1-1 to 
M1-3) with different C/N ratios. Type M2 consisted of ten 
groups (M2-1 to M2-10) to distinguish the effectiveness of 
nitrate removal, including different C/N ratios (M2-1, M2-2, 
and M2-3), different water temperatures (M2-1, M2-4, and 
M2-5), and different W/S ratios (M2-6 to M2-10). Overall, the 
batch experiment included 14 groups, and each group was 
performed in triplicate.

The sterile control group (M0-1) was sterilized with a 
high-temperature and high-pressure treatment (in a steriliza-
tion pot for 3 d; 60 min each day), and then 5 mL of mercu-
ric chloride solution with a concentration of 500 mg/L was 
added to enhance the sterilization treatment. Nitrogen gas 
was blown into the anaerobic (M1) microcosms to decrease 
the initial DO concentration below 1.0 mg/L and then sealed 
and placed in a strictly anaerobic glove box. The aerobic 
(M2) microcosms with an initial DO concentration higher 
than 7.2 mg/L remained open and were placed in an aero-
bic environment. Due to the aerobic conditions being more 
representative of the actual operating conditions of rural 
families, the aerobic microcosms were of greater interest in 
the experiment.

2.2. Sample analysis

Water samples were collected during the experimen-
tal duration of 480 h. The samples were used as follows. 
A water sample of 10 mL was poured into a brown boro-
silicate glass bottle of 30 mL, which was used to detect 
the DO level, water temperature, and pH value by using a 
German WTW handheld multiparameter test instrument 
(multi 3420). A water sample of 1 mL was used to measure 
the nitrate and nitrite concentrations using ion chromatog-
raphy (Dionex ICS 2100). The minimum detection limit of 
nitrate and nitrite was 0.1 mg/L, and the minimum detection 
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limit of acetate was 0.5 mg/L. A water sample of 5 ml was 
filled into a headspace bottle of 10 ml with a Teflon gasket 
lining to obtain the ethanol concentration by using a gas 
chromatograph (American Agilent 6890N) equipped with a 
30 m × 0.53 mm × 1 μm DB-WAXetr capillary column and a 
flame ionization detector. The minimum detection limit of 
ethanol was 0.1 mg/L.

3. Results and discussion

The analysis results were used to generate plots of the 
average values and standard errors. Overall, the results 
reflect the nitrate concentration changes under the var-
ious conditions and the influences of the DO level, C/N 
ratio, water temperature, and W/S ratio on nitrate removal. 
The results are described and discussed as follows.

3.1. Changes in the nitrate concentration and nitrate removal

3.1.1. Control type

The control-type microcosms (M0-1) indicated the con-
centration changes of nitrate and ethanol as well as DO under 
sterilized conditions. As shown in Fig. 1, it is clear that these 
concentrations experienced no significant change during 
the experiment. The nitrate and DO concentrations ranged 
from 133.2 to 129.2 mg/L and from 6.7 to 5.5 mg/L, respec-
tively, on average. The ethanol concentration ranged from 
91.1 to 87.3 mg/L. Usually, ethanol acted as the available car-
bon source can be oxidized by oxygen and/or nitrate in the 
catalysis of microorganisms following biochemical reactions 
(1) and (2) [23,24]. Nevertheless, ethanol was not significantly 
consumed by either aerobic metabolism or denitrification 
in this experiment because of the absence of microorgan-
isms. Therefore, the performances of M0-1 can be compared 
with those of the other microcosm types under unsterilized 
conditions.

5CH CH OH NO HCO N OH H O3 2 2 2+ → + + +− − −12 10 6 2 93 3  (1)

CH CH OH O CO H O2 23 2 23 2 3+ → +  (2)

3.1.2. Anaerobic type

The anaerobic-type microcosms, including the M1-1, 
M1-2, and M1-3 groups, were subjected to anaerobic con-
ditions, in which the DO concentrations were lower than 
1.0 mg/L. As designed, these microcosms had different C/N 
ratios. According to the concentration changes of nitrate and 
ethanol (Fig. 2), nitrate attenuation was notable. Although 
M1-1, M1-2, and M1-3 had different C/N ratios of 1.9–2.0, 
1.4–1.5 and 1.1–1.2, respectively, these ratios were higher 
than the theoretical C/N ratio (0.71) derived from biochem-
ical reaction (1), indicating the sufficiency of carbon source. 
As all other prerequisites were similar, including nitrate 
concentration, water temperature and W/S ratio (Table 1), 
their nitrate concentrations decreased almost at the same 
rate under the conditions of sufficient carbon source. Before 

Table 1
Experimental settings of the different microcosm types

Microcosm type Group  
no.

Solids  
(g)

Water  
(ml)

Initial nitrate  
level (mg/L)

Initial  
C/N ratio

Water  
temperature (°C)

W/S 
ratio

Control type, M0 M0-1 400 800 125.9–134.3 1.6–1.7 26.1–29.1 5:1
Anaerobic type, M1 M1-1 400 800 109.3–109.4 1.9–2.0 27.7–29.5 5:1

M1-2 400 800 109.4–109.9 1.4–1.5 27.0–29.2 5:1
M1-3 400 800 99.9–102.1 1.1–1.2 26.4–28.4 5:1

Aerobic type, M2 M2-1 400 800 110.4–110.6 1.8–2.0 27.3–30.4 5:1
M2-2 400 800 111.0–111.9 1.5–1.7 27.0–30.2 5:1
M2-3 400 800 103.8–104.8 1.1–1.3 26.8–28.8 5:1
M2-4 400 800 112.0–112.4 1.8–1.9 12.8–22.7 5:1
M2-5 400 800 113.9–114.3 2.0–2.1 5.8–10.7 5:1
M2-6 100 800 103.4–103.7 2.6–3.0 28.5–30.9 20:1
M2-7 200 800 92.3–95.8 2.8–2.9 29.0–31.2 10:1
M2-8 400 800 96.6–98.1 2.5–2.9 29.0–31.0 5:1
M2-9 500 800 105.0–105.5 2.6–2.9 28.5–31.1 4:1
M2-10 0 800 99.1–100.7 2.5–2.7 28.1–30.8 –

Notes: C/N ratio is the mass ratio of the carbon in the liquor to the nitrogen in the groundwater. The W/S ratio is the volume ratio of the water 
solution and sand particles in the microcosm. The water temperatures are actual values.
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Fig. 1. Concentration changes of nitrate, ethanol and DO in 
control-type microcosm M0-1.
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the 120th hour, the nitrate removal rates of M1-1, M1-2, and 
M1-3 were 0.9, 0.8 and 0.8 mg/L/h, respectively. Nitrate was 
completely removed at the 120th hour in each group, accom-
panied by a distinct decrease in ethanol concentration.

3.1.3. Aerobic type

The aerobic-type microcosms included the ten groups 
of M2-1 to M2-10, which were subjected to aerobic condi-
tions. In contrast to the anaerobic-type microcosms, the aer-
obic-type microcosms had a high initial DO concentration, 
and oxygen was allowed to enter the microcosms. The DO 
level played an important role in using the added ethanol as 
an electron donor for microbial aerobic metabolism, which 
likely affected nitrate removal. In addition, the changes in 
the C/N ratio, water temperature and W/S ratio were consid-
ered key influencing factors.

Under aerobic conditions, in comparison, the nitrate 
concentrations in M2-1 to M2-10 were completely central-
ized, as shown in Fig. 3. When the above factors changed, the 
nitrate concentration showed different features. For exam-
ple, the nitrate in M2-1 was completely removed at the 264th 
hour but nitrate removal was poor in M2-2 and M2-3. M2-5 
had more nitrate residue than M2-4, and M2-10 had more 
nitrate residue than M2-6 to M2-9. The underlying reason 
for these differences is further discussed below.

3.2. Key factors influencing on nitrate removal

3.2.1. Dissolved oxygen

In this experiment, the anaerobic and aerobic microcosm 
types were designed to reveal the influences of the DO con-
tent. The concentrations of DO were <1 mg/L and >7.2 mg/L 
under anaerobic and aerobic conditions, respectively. Com-
pared with the anaerobic groups (M1-1 to M1-3), nitrate 
removal in the aerobic groups (M2-1–M2-3) is slower. Nitrate 

could not be completely removed before the 120th hour. 
Therefore, it can be confirmed that the presence of higher 
concentrations of DO can affect the action of denitrification.

A high DO content may decrease the nitrate removal 
rate. Before the 120th hour, the nitrate removal rates of 
M2-1, M2-2, and M2-3 were 0.9, 0.7 and 0.7 mg/L/h, respec-
tively, which were slightly lower than those under anaero-
bic conditions. Fig. 4 also shows that the DO concentration 
in M2-1 preferentially decreased, which was accompanied 
by decreases in nitrate concentration. Moreover, ethanol 
was consumed. DO, which is a stronger electron acceptor 
than nitrate, has attracted considerable attention in the 
study of the denitrification mechanism and can compete 
with nitrate to capture available electron donors (organic 
carbon source) in the environment, thereby inhibiting 
denitrification [13,22]. Therefore, it is very possible that DO 
inhibited nitrate removal through the gradual depletion of 
ethanol. When ethanol was completely consumed, the DO 
concentration increased again under aerobic conditions.

Previous studies have suggested that there is a DO con-
centration threshold for the onset of denitrification, which is 
considered to be approximately 0.5 mg/L in aquifers [27,28]. 
However, this phenomenon was not observed in the experi-
ment. When the nitrate in M2-1 to M2-3 began to be removed, 
the DO concentrations were usually higher than 3.0 mg/L. 
Nitrate began to be removed quickly in M2-1 to M2-3 after 
the 24th hour (Fig. 4). The onset of denitrification was not 
significantly delayed under aerobic conditions. The reasons 
causing the different DO concentrations for denitrification 
onset from the previous studies maybe because of the facul-
tative nature of denitrifying bacteria [32–34] and the artificial 
supply of liquor in the experiment. Facultative denitrifying 
bacteria can metabolize nitrate under aerobic and anaerobic 
conditions. When more sufficient ethanol is provided, DO 
even with high concentration isn’t easy to hinder the onset 
of denitrification [1], but decrease the rate of nitrate removal 
[22,24], such as in M2-2 and M2-3 of the experiment. Because 
available carbon source usually is lack in aquifers [1,13,26], 

Fig. 2. Changes in the nitrate and ethanol concentrations in the 
anaerobic groups (M1-1, M1-2, and M1-3).

Fig. 3. Changes in the nitrate concentration in the aerobic groups 
(M2-1 to M2-10).
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aerobic bacteria can preferentially use limited carbon source 
and make denitrification difficult to begin. As an example, 
Carter et al. [35] have isolated some species of denitrifying 
bacteria from soils that we’re able to use oxygen and nitrate 
as electron acceptors simultaneously under the condition of 
up to 80% air saturation.

In addition, aerobic conditions can inhibit the accumu-
lation of denitrification intermediate products because of 
nitrification process as below. 

2 3 2 4 24 2 2 2NH O NO H H O+ − ++ → + +  (3)

2 22 2 3NO O NO− −+ →  (4)

The experimental results showed that the different DO 
concentrations exert different effects on the accumulation 
of denitrification intermediate products, such as nitrite and 
ammonia nitrogen. The maximum nitrite and ammonia 
nitrogen concentrations in aerobic microcosm M2-1 were 
2.2 and 0.41 mg/L, respectively, whereas the maximum 
nitrite and ammonia nitrogen concentrations in anaerobic 
microcosm M1-1 were 13.3 and 1.7 mg/L, respectively. These 
results might indicate that the pump-and-treat method 
under aerobic conditions increases the DO content in water 
and is also conducive to inhibiting the accumulation of 
denitrification intermediate products.

3.2.2. C/N ratio

The organic carbon source is the electron donor for 
nitrate removal through denitrification. The C/N ratio usu-
ally characterizes the mass ratio of the carbon source to the 
nitrogen source. In the process of denitrification, the nitrate 
removal effect can be affected by the adequacy of the car-
bon content. Pure denitrification exhibits a higher demand 
for carbon sources under aerobic conditions than under 
anaerobic conditions because of the presence of DO. This 
research compared the nitrate removal effects of the different 
C/N ratios under aerobic and anaerobic conditions.

Under anaerobic conditions, the C/N ratios of M1-1, 
M1-2, and M1-3 were 1.9–2.0, 1.4–1.5, and 1.1–1.2, respec-
tively, which greater than the theoretical C/N ratio 
(0.71) derived from biochemical reaction (1). No nitrate 
concentration was detected at the 120th hour, and the 
removal rate was approximately 100%. The results indi-
cate that sufficient carbon source (liquor) guaranteed the 
complete nitrate removal without the presence of excessive 
DO concentration.

Under aerobic conditions, the microcosms of M2-1, 
M2-2, M2-3, and M2-8 reflected the nitrate removal effects 
at the different C/N ratios. No nitrate was detected in M2-1 
and M2-8 at the 200th hour, and the corresponding designed 
C/N ratios were 1.8–2.0 and 2.5–2.9, respectively. However, 
the nitrate removal rate was lower than 85% in M2-2 and 
M2-3, and the corresponding designed C/N ratios were 
1.5–1.7 and 1.1–1.3, respectively. The low C/N ratio was 
associated with the poor removal effect. Compared with 
the cases under anaerobic conditions, complete nitrate 
removal required a high C/N ratio under aerobic conditions 
because of the reaction of DO and ethanol, as described in 
reaction (2).

This experiment shows that complete nitrate removal 
requires a C/N ratio above 1.8–2.0 when liquor is considered 
the carbon source under aerobic conditions. If the C/N ratio 
is lower, then this condition can cause the accumulation of 
acetate, an intermediate product. Therefore, selecting the 
appropriate C/N ratio is necessary.

3.2.3. Water temperature

The groundwater temperature differs according to the 
region. Groundwater can be affected by the air tempera-
ture after being extracted from the ground. Given that the 
temperature is a factor impacting microbial activity and 
growth, the temperature also affects the rate and efficiency 
of biochemical reactions. Based on local climate changes, this 
research considered three water temperature ranges: high, 
normal, and low temperatures. Under aerobic conditions 
with a sufficient carbon source and a W/S ratio of 5/1, the 
actual change ranges of the water temperature for micro-
cosms M2-1, M2-4, and M2-5 were 27°C–30°C, 12°C–23°C, 
and 5°C–11°C, respectively, thereby potentially representing 
high, normal, and low temperatures, respectively.

The experimental results (Fig. 3) indicate that a low water 
temperature is associated with a low nitrate removal rate 
and low denitrification efficiency. At high temperatures, the 
nitrate removal rate of M2-1 reached 99.8% at the 192nd hour, 
and the remaining concentration was 0.2 mg/L. The nitrate 
removal rate of M2-4 reached 92% at normal temperature by 
the 240th hour. The nitrate removal rate of M2-5 was only 51% 
at a low temperature when the experiment had ended (at the 
480th hour).

The nitrate removal efficiency of denitrification is closely 
related to the water temperature, even if the carbon source 
is adequate. A proper increase in water temperature is ben-
eficial to promoting the growth and activity of microorgan-
isms as well as increasing the reaction efficiency. Based on 
this research, a water temperature of 15°C–25°C is suitable 
for nitrate removal, and such a temperature is easily achieved 
through room temperature regulation.

Fig. 4. Influences of the DO content on nitrate removal in M2-1 
under aerobic conditions.
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3.2.4. W/S ratio

In a natural system, microorganisms are attached to 
solid particles for growth, and the solid particle content 
affects the number and activity of microorganisms. Previous 
studies indicate that 99% of the microorganisms are attached 
to the surface of particles in porous media [36–38]. In the 
present research, the W/S ratio indicates the particle content. 
The results show that the denitrification capacity differs 
significantly at the different W/S ratios.

In this study, five conditions were designed, namely, 
W/S ratios of 20:1, 10:1, 5:1, and 4:1 and no sand, corre-
sponding to microcosms M2-6, M2-7, M2-8, M2-9, and 
M2-10, respectively. The five conditions provided adequate 
carbon sources and similar aerobic conditions and water 
temperatures; the results are illustrated in green lines in 
Fig. 3. The nitrate removal rate gradually increased with 
increasing solid particle content. No notable nitrate removal 
is observed in microcosm M2-10 under the no sand con-
dition. The absence of solid particles is not advantageous 
to the growth and activity of bacteria. The nitrate removal 
percentages of M2-6, M2-7, M2-8, and M2-9 reached 100% 
after 432, 240, 144, and 96 h, respectively, thereby indicat-
ing that filling the device with the appropriate quantity of 
solid particles is necessary to achieve an enhanced nitrate 
removal effect. The determination of the W/S ratio requires 
combining the water demand and handling capacity of the 
device. According to this study, a W/S ratio lower than 4:1 
should be adopted.

3.3. Outlook of the research

This research aims to reveal the key factors for develop-
ing nitrate removal technology from pumped groundwater 
in rural areas, as shown in the schematic diagram of Fig. 5. 
Through this microcosm study, the results indicate that the 
C/N ratio, water temperature, and W/S ratio are key fac-
tors influencing nitrate removal but not DO removal. When 
liquor used as the carbon source and with the presences 
of the appropriate water temperature and W/S ratio, the 
effect of DO can be ignored. The pump-and-treat method to 

remove nitrate from pumped groundwater by using liquor 
as the carbon source has a significant practical value.

4. Conclusions

Liquor can be used as a convenient carbon source to 
stimulate denitrification for effective nitrate removal from 
pumped groundwater. When enough liquor is added, denitri-
fication can begin within approximately 24 h under aerobic 
conditions and without significant delay. To a certain extent, 
a high DO concentration is conducive to inhibiting the accu-
mulation of intermediate products during denitrification.

The key factors that influence nitrate removal from 
pumped groundwater include the C/N ratio, water tempera-
ture and W/S ratio. When liquor is used as a carbon source, a 
C/N ratio of 1.8–2.0, a water temperature of 15°C–25°C and a 
W/S ratio lower than 4:1 are more suitable, and the complete 
removal of nitrate under aerobic conditions can be attained.
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