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a b s t r a c t

A combined two-step process of heterotrophic denitrification in a fluidized reactor and sulfur autotrophic
denitrification processes (CHSAD) was developed for the removal of nitrate in drinking water. In this
process, the advantage of high efficiency of heterotrophic denitrification with non-excessive methanol
and the advantage of non-pollution of sulfur autotriphic denitrification were integrated in this CHSAD
process. And, this CHSAD process had the capacity of pH balance and could control the concentration of
SO4

2− in effluent by adjusting the operation condition. When the influent nitrate was 30 mg NO3
−–N/L,

the reactor could be operated efficiently at the hydraulic retention time (HRT) ranging from 20 to 40 min
with C:N ratio (mg CH3OH:mg NO3

−–N) of 2.0 (methanol as carbon source). The nitrate removal was
Combined reactor
Drinking water

nearly 100% and there was no accumulated nitrite or residual methanol in the effluent. The effluent pH
was about 7.5 and the sulfate concentration was lower than 130 mg/L. The maximum volume-loading
rate of the reactor was 2.16 kg NO −–N/(m3 d). The biomass and scanning electron microscopy graphs of
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. Introduction

Nitrate is a wide spread contaminant of ground and surface
aters due to excessive use of nitrogenous fertilizer in agricul-

ural industry and inappropriate disposal of untreated sanitary and
ndustrial wastes [1]. Nitrate can cause methemoglobinemia when
ngested by infants, and could cause carcinoma, malformation and

utation when transformed into nitrosoamines [2–4]. The ground
ater from 10 to 25% of the water-supply wells in large region of

he US exceeds the maximum contaminant level (MCL) for nitrate
10 mg NO3

−–N/L) [5]. In China, the pollution of nitrate in ground
ater is more severe. The nitrate concentration of groundwater in

ome rural areas exceeds 130 mg NO3
−–N/L. Ground water is a uni-

ersal, and in some cases exclusive, drinking-water source used by
oth humans and livestock in rural and suburban areas. Therefore,
he remediation of nitrate-contaminated groundwater is one of the
argets urgently confronted.

Current chemical technologies for removal of nitrate like ion

xchange and reverse osmosis are not selective to nitrate, gen-
rate secondary brine wastes and require generation of used
edium [6]. Biological denitrification technology, which comprises

eterotrophic denitrification [7–11] or autotrophic denitrification
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[12–19], is one of the most efficient methods for nitrates removal
from water. The heterotrophic denitrification system uses organic
compounds, such as methanol [7–9] and ethanol [10,11], as carbon
source. Its main advantages are high denitrifying rate and treatment
capacity. However, nitrite will be produced and accumulated in
water when the added organic is stoichiometrically insufficient [9].
Contrarily, the residual organic compound will pollute the treated
water when the added organic is excessive [10].

As for autotrophic denitrification, both elemental sulfur [12–17]
and hydrogen gas [18,19] can be used as ideal electron donor. Sul-
fur limestone autotrophic denitrification (SLAD) systems have been
studied widely in Europe and USA. In such process, elemental sul-
fur is used as electron donor while limestone is used to adjust
the pH. 7.54 mg/L sulfate will be produced when 1 mg NO3

−–N/L is
removed. There will be an increase in hardness in the treated water
because Ca2+ is added due to the pH adjustment by limestone [20].

In order to take full advantage of heterotrophic denitrification
and sulfur autotrophic denitrification, a new combined two-step
process of heterotrophic and sulfur autotrophic denitrification pro-
cesses (CHSAD) was developed. In the CHSAD reactor, nitrate is
firstly reduced in H part, and the residual subsequently is reduced
in S part. In H part, the nitrate is denitrified by heterotrophic deni-

trification when methanol was dosed as organic carbon sources. H+

was consumed. The reaction is shown in Eq. (1) [21]:

NO3
− + 1.08CH3OH + H+ → 0.065C5H7NO2 + 0.467N2

+ 0.76CO2 + 2.44H2O (1)
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ig. 1. Schematic of the CHSAD reactors: (1) recycle reservoir, (2) pump, (3) cutoff va
7) bed of sulfur autotrophic denitrification, (8) temperature control system, (9) pH

The stoichiometric ratio of C:N (mg CH3OH:mg NO3
−–N) for

omplete denitrification using methanol as organic carbon source
as 2.47 according to the reaction. In the practical process, the
:N ratio will be higher than 2.47 due to the presence of oxygen

n the water. The bacteria will consume some methanol as shown
n reaction (2)

O2 + 0.93CH3OH + 0.056NO3
− + 0.056H− = 0.05C5H7NO2

+ 0.65CO2 + 1.69H2O (2)

In this study, the feed DO was normally below 0.5 mg/L, and was
ontrolled below 1 mg/L because the nitrogen gas was purged in
he experiments.

The advantage of heterotrophic denitrification is its higher effi-
iency, while the disadvantage is the secondary pollution from the
esidual methanol. In addition, the pH will increase according to
q. (1). Denitrification technologies will have to be developed so
hat the ratio of CH3OH to NO3

−–N is below 2.47 for the complete
emoval of the residual nitrate. In this study, we combined the het-
rotrophic denitrification with sulfur autotrophic denitrification. In
part, the autotrophic denitrification took place as shown in Eq. (3).

n this process, SO4
2− and H+ will be produced [17].

1.06NO3
− + 1.11S + 0.3CO2 + 0.785H2O

→ 0.06C5H7O2N + 0.5N2 + 1.11SO4
2− + 1.16H+ (3)

It can be seen from Eq. (1) that 1.0 mol H+ would be consumed in
part when 1 mol NO3

––N was denitrified, and as a result the pH in
ffluent will decrease. On the other hand, 1.09 mol H+ will be pro-
ided when 1 mol NO3

−–N is reduced to nitrogen gas according to

q. (3). Thus the pH can be better maintained. The combined tech-
ology could achieve high nitrate removal efficiency, no residual
ethanol and no nitrite accumulation. In addition, the concen-

ration of SO4
2− will be controlled by adjusting the nitrate load

roportion of H part and S part.
) liquid rotameter, (5) distributor, (6) fluidized bed of heterotrophic denitrification,
zer, and (10) sampling sites.

Only very few studies [22–24] focus on combined heterotrophic
and autotrophic process for waste water denitrification. For drink-
ing water, there was no report on combined heterotrophic and
autotrophic denitrification process. Therefore, the main objectives
of this research are (1) to develop the CHSAD process; (2) to ver-
ify the feasibility of this process; and (3) to present the applicable
operation conditions of this process for nitrate removal from water.

2. Materials and methods

2.1. Experimental set-up

Experiments were performed in the apparatus shown in Fig. 1.
The reactor consisted of H part and S part, and the total effective
liquid volume of the reactor was 19.6 L.

The fluidized bed in H part constructed from the plexiglas had an
i.d. of 55 mm and a height of 2000 mm. It was ended by a disengag-
ing cap with an i.d. of 100 mm and a height of 500 mm. Anthracite
(Gongyi, China) with a diameter of 1.0–1.2 mm was used as carriers
for the microorganisms. The effective volume of H part was 4 L.

S part included a cylindrical plexiglas with an i.d. of 180 mm
and a height of 2400 mm; its effective volume was 15.6 L. Sulfur
granules obtained from Luoyang Sunrise Industrial of China had a
diameter of 5–7 mm. The height of the sulfur granules packed bed
was 950 mm. The liquid flow rate measured with a rotameter was
controlled by a cutoff valve. The temperature was controlled by an
electric heater coupled with a contact thermometer.

The synthetic water with 30 mg NO3
−–N/L as an influent in

our study was prepared by the water from the 9th Beijing Water
Treatment Plant and certain amount of NaNO3. The water had

IC (inorganic carbon) of 8 mg C/L, SO4

2− concentration of about
40 mg/L and pH of 7.6. All chemicals used in this experiment were
analytical grade (Beijing Agent Plant, Beijing, China). The influent
was first pumped from feed tank to H part and then to S part;
the flow rate ranged from 2 to 12 L/h. The feed was purged with



rdous

n
e

2

s
d
s

2

w
s
d
u
t
r
k
K
f

a
a
t
w
w
1
t
0
b
p
t
r

2

m
2
(
r
s
c
t
5
m

c
a
t
c

2

c
m
N
N
4
w
a
R
l
T
0

than that of the C:N = 3.0 and 2.47. The nitrate removal efficiency
can reach about 80% when the C:N ratio is 2.0 with the HRT of
40 min. The results show that high denitrification efficiency could
be realized at an insufficient methanol dose in H part.
H. Liu et al. / Journal of Haza

itrogen gas in order that the DO level was below 0.5 mg/L. All the
xperiments were conducted at a room temperature of 20–25 ◦C.

.2. Experimental design

The whole experiment included three stages: pre-inoculation
tage, inoculation–acclimation stage and operation stage. All the
ata in this study were the averaged values of the three sequential
amples and the error was within 5%.

.2.1. Inoculation and acclimation
For the inoculation and acclimation of H part, bacterium seed

as obtained from the effluent of a heterotrophic denitrification
ystem in our laboratory. The bacterium carrier of anthracite with a
iameter of 1.0–1.2 mm was first dipped into the effluent for inoc-
lation. After 2 days of inoculation, the anthracite was filled into
he H part column. The influent, in which the CH3OH and NO3

−–N
atio was 3:1 was delivered to the reactor by a pump. The pH was
ept neutral by buffering solution of 30 mg/L K2HPO4 and 10 mg/L
H2PO4. Under the continuous flow condition, the biofilm was

ormed on the anthracite surface in about 20 days.
The bacterium seed for S part was obtained from an effluent of

heterotrophic denitrification system and acclimated to complete
utotrophic denitrification. Under the continuous-flow condition,
he biofilm was cultured on the sulfur granule surface in 20 days
ith CH3OH and NO3

−–N ratio of 3.0 in the influent. The neutral pH
as kept by a buffering solution consisted of 30 mg/L K2HPO4 and

0 mg/L KH2PO4. After the biofilm was formed, the ratio of CH3OH
o NO3

−–N decreased gradually from 3:1 to 2:1, 1.5:1, 1:1, and finally
:1. The reactor was stabilized for 10 days for each condition. Thus,
iofilm was formed on the surface of the sulfur particles, and S
art was acclimated to complete autotrophic denitrification. When
he denitrification rate became stable, the pH buffering system was
emoved and the batch experiments were started.

.2.2. Operation stage
First, the applicable operation conditions of H part were deter-

ined at the operation stage. H part was tested at C:N ratio of 3.0,
.47 and 2.0. At each C:N ratio, different hydraulic retention time
HRT) was applied to the reactor sequentially. Under different C:N
atios and HRT, the system was run for 2 days in order that it became
tabilized. The system was not considered in quasi-steady-state
ondition until the sample data (NO3

−–N, NO2
−–N, and concentra-

ion of CH3OH) variation of sequential retention times was less than
%. Under quasi-steady-state condition, the corresponding experi-
ents or measurements were conducted.
After the applicable condition was confirmed in H part, the

ombined reactor–CHSAD process was performed to confirm it
pplicability for nitrate removal in drinking water. In this stage,
he pH and the concentration of SO4

2− of the effluent were also
onsidered.

.3. Analytical methods

The NO3
−–N, NO2

−–N, SO4
2−, pH, methanol, total organic

arbon (TOC) of the influent, H part and S part effluent were
easured. Samples were filtered through 0.45 �m membrane for
O3

−–N, NO2
−–N, methanol, SO4

2− and TOC analysis. The NO3
−–N,

O2
−–N, SO4

2− were measured by ion chromatograph (Dionex-
500i, Dionex Inc., Sunnyvale, CA, USA). Concentration of methanol
as analyzed by off-color acid method. The pH was measured using

9165BN pH electrode connected to Orion-828 pH Analyzer (Orion
esearch Inc., Beverly, MA, USA). TOC was measured by a TOC ana-

yzer (Model Applo 9000, Tekmar Dohrmann Inc., Mason, OH, USA).
he detection limits of nitrate, nitrite, sulfate and TOC were 0.1, 0.1,
.2 and 0.1 mg/L, respectively.
Materials 169 (2009) 23–28 25

Biological mass on surface of the anthracite in the fluidized bed
was analyzed according to the method of Liu [25]. The 50 mL sam-
ples of anthracite particles for biological mass measurement were
taken from the sampling sites of 0.8 and 1.2 m above the bottom
bed, respectively. The samples preparation for scanning electron
microscopy (SEM) was carried out as follows. The granules were put
into 50-mL serum bottle containing 4% glutaraldehyde in 0.05 mol/L
cacodylate buffer, then the bottle was sealed. Fixation was carried
out for 12 h at 4 ◦C. The fixed granules were washed with phospho-
ric acid buffer (1:1) for three times, and then fixed with 1% osmium
tetroxide. The granules were then dehydrated with a graded series
of ethanol in distilled water from 50% to 100% (v/v) and replaced
by tert-amyl acetate. The specimens were dried in CO2 critical
point dryer (SPI Inc., PA, USA), mounted on brass discs, and sput-
ter coated in Eilo Ion Coater (model IB-3, Hatachi Inc., Naka, Japan)
with platinum/palladium target (60/40). The prepared specimens
were examined (HITACHI S-570 SEM, Hatachi Inc., Naka, Japan) at
an accelerating voltage of 12 kV.

3. Results and discussion

3.1. Influence of C:N ratio on the nitrate removal in H part

The majority of biodenitrification relies on heterotrophic bacte-
ria that require an organic carbon source. Since drinking water has
low carbon content, an additional carbon source is required. The
C:N ratio is a key factor influencing the efficiency of denitrification.
In order to obtain the applicable operation parameters in combining
with S part, the effect of C:N ratio on the nitrate removal efficiency,
the pH change, the residual methanol, and NO2

−–N accumulation
were investigated in H part firstly. Fig. 2 represents the denitrifica-
tion efficiency of H part as a function of HRT at C:N ratios of 3.0,
2.47, and 2.0.

As shown, the denitrification efficiency depended on both the
C:N ratio and the HRT. When the methanol is excessive (C:N = 3.0),
the denitrification rate is very high and the nitrate removal effi-
ciency reached nearly 100% at the HRT of 12 min. When the
methanol dosage is applied according to the stoichiometric ratio of
C:N = 2.47, the nitrate removal efficiency reaches 98% at the HRT of
about 22 min. When the methanol dose is lower than that required
for the complete denitrification, the nitrate removal rate is lower
Fig. 2. Nitrate in the effluent of the H part as a function of HRT at different C:N ratios.
(The concentration of NO3

−–N was 30 mg/L in influent.)
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concentration of SO4
2− in influent is high, it can be adjusted via

changing the HRT.
ig. 3. Nitrite accumulation of the H part as a function of HRT at different C:N ratios.
The concentration of NO3

−–N was 30 mg/L in influent.)

The residual methanol was measured at each HRT with different
:N ratios and showed in Fig. 2. The results show that the residual
ethanol is about 30 mg/L when the nitrate is reduced completely

t the condition of C:N ratio of 3.0. When the C:N ratio is 2.47,
here is no residual methanol at the HRT of 24 min, in that point
he nitrate removal efficiency is about 98%. As for the C:N ratio of
.0, the no residual methanol point is found at the HRT of 40 min,
nd the nitrate removal efficiency is about 80%.

Usually, biological denitrification consists of a sequence of enzy-
atic reactions leading to the evolution of nitrogen. In this process,
icroorganisms first reduce nitrates to nitrites and then produce

itric oxide, nitrous oxide, and finally nitrogen gas. The pathway for
itrate reduction is given in Eq. (4):

O3
− → NO2

− → NO → N2O → N2 (4)

It is reported that the limited carbon conditions would result
n the increase of NO2

−–N concentration in the effluent [9]. Fig. 3
hows the nitrite accumulation in the effluent of H part as a function
f HRT at C:N ratios of 2.47 and 2.0, respectively. At the C:N ratio
f 3.0, no nitrite is detected. With the increase of HRT, the nitrite
ccumulation decreases at the C:N ratios of 2.47 and 2.0. As for
:N = 2.0, the nitrite concentration is about 0.15 mg NO2

−–N/L at
he HRT of 40 min. Since the nitrite is more toxic than nitrate, the
ormed nitrite in H part must be removed by S part.

According to Eq. (1), the pH would increase after H part. The pH
f the effluent was at the range of 7.9–8.2 after the heterotrophic
enitrification process when the influent pH was about 7.5. The pH
alance in H part and S part would be discussed subsequently.

.2. Nitrate removal efficiency of the CHSAD

Since the heterotrophic denitrification has the risk of secondary
ollution when using excess organic carbon, it is better to use non-
xcessive organic carbon and the residual nitrate and formed nitrite
re removed by S part. As for the pH balance, it can be concluded
rom Section 3.1 that neutral condition after the CHSAD process
ould be reached when the H+ consumed from H part is off-set by
hat generated in S part. In addition, the concentration of SO4

2−

n effluent must be considered in the operation of the CHSAD pro-
ess. In order to determine the applicable operation conditions, the
xperiment was carried out at different HRT with C:N ratio of 2.0.

s shown in Fig. 4, the combined removal efficiency is 90% at HRT of
0 min and reaches nearly 100% at HRT of 30 min. H part contributes
0% and 75% removal efficiency at the HRT of 20 and 30 min, respec-
ively. At HRT of 20 min, the nitrate removal ratio of H part and S
art is close to 2:1 and higher than 1.09:1, therefore the pH of efflu-
Fig. 4. Nitrate removal of the H part and CHSAD as a function of HRT at C:N = 2.0.
The influent nitrate concentration was kept at 30 mg NO3

−–N/L.

ent would be slightly higher than that in the influent. The average
pH of influent, the effluent from H part and CHSAD were about 7.5,
8.04, and 7.6 respectively. The results indicate that the alkalinity
generated by H part could be greatly consumed by S part, and thus
the H+ balance could be realized during the process. The maximum
volume-loading rate of the reactor was 2.16 kg NO3

−–N/(m3 d).

3.3. Sulfate concentration profile in the effluent

The variation of SO4
2− in the effluent was given in Fig. 5. The

nitrate concentration of the influent was 30 mg NO3
−–N/L. The

effluent sulfate concentration could be controlled via HRT adjust-
ment. It can be seen that the sulfate concentration at different HRT
ranges from 89 to 123 mg/L, and this is below the secondary MCL
level of sulfate of the US EPA (250 mg/L). The concentration ratio
of sulfate to consumed NO3

−–N is between 6.9 and 7.9, close to
the values of 6.4, 7.89, and 9.9 [20], and the stoichiometric value
of 7.45. If the water is treated with S part only, the concentration
of SO4

2− in effluent will be about 260 mg/L according to the calcu-
lated stoichiometric value of 7.45 of sulfate to consumed NO3

−–N.
The residual nitrate removal in H part leads to a low nitrate loading
of S part, thus decreases sulfate concentration in the effluent. If the
Fig. 5. Sulfate in the effluent of the CHSAD at different HRT.
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Table 1
Comparison with other denitrification systems.

Reactor Effective volume (L) H/A Carbon source Initial NO3
−–N (mg/L) HRT (h) Removal efficiency Reference

Membrane bioreactor – H Methanol 20 5.3 88.8% [7]
Gas–liquid–solid fluidized bed bioreactor – H Methanol 104.6 3 96% [9]
Elemental sulfur packed bed reactor – A – 60 4 96% [17]
Sulfur packed bed reactor 3.38 H & A Methanol 750 2.34 98% [22]
Sulfur packed bed reactor 3.38 H & A Methanol/

sodium
acetate/glucose

700–900 6.76 100% [23]

Sulfur packed bed reactor 0.22 H & A Methan
Fluidized reactor and sulfur packed bed reactor 19.6 H & A Methan

Note: H: heterotrophic; A: autotrophic.

F
a

3

C

h
p

F
o

ig. 6. TOC concentration in the effluent of the heterotrophic reactor and CHSAD as
function of HRT at C:N = 2.0.

.4. TOC in the effluent

Fig. 6 shows TOC concentration in the effluent of the H part and

HSAD as a function of HRT at C:N = 2.0.

It could be seen that the TOC concentration in the effluent of the
eterotrophic reactor was about 4 mg/L during the whole operation
eriod. The TOC concentration in the effluent of the heterotrophic

ig. 7. SEM micrographs of the biofilm at the height of 1.6 m (a) the cross-section of the b
n the anthracite particle.
ol 400 14 98% [24]
ol 30 0.33–0.50 90–100% This study

reactor became lower as HRT decreased with methanol consuming.
The TOC concentration in the effluent of CHSAD was a little higher
than that of H part. This was due to autotrophic processes could
generate some TOC.

3.5. Biomass analysis

The biomass in the effluent of CHSAD was very low and did not
change obviously with 1-year operation. The variation of the COD
and SS of the biomass in H part was analyzed. Under the condi-
tion of C:N = 2.0 and HRT = 30 min, the biomass increased with the
increase of the reactor height. At the height of 0.8 m, the COD and
SS are 24.5 mg COD/cm2 and 0.061 g SS/cm2, respectively, and they
increase to 38.2 mg COD/cm2 and 0.111 g SS/cm2 at the top of H part
(1.6 m height). The above-mentioned phenomena resulted from the
hydraulic washing in fluidized bed.

Fig. 7(a) and (b) shows the SEM micrographs of the cross-section
of the biofilm and the anthracite surface at height of 1.6 m, in H part
under the condition of C:N = 2.0 and HRT = 30 min, respectively. It
can be found that the surface has complex bacterial composition
with some lacuna.
3.6. Comparison with other denitrification systems

To compare with other biological denitrification systems
(including heterotrophic, sulfur autotrophic and combined reac-

iofilm, the top of the picture is magnified from the cross-section; (b) the surface of
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[

autotrophic denitrification, Process Biochem. 36 (2001) 1215–1224.
[24] I.S. Dim, S.E. Oh, M.S. Bum, J.L. Lee, S.T. Lee, Monitoring the denitrification of
8 H. Liu et al. / Journal of Haza

ors), the main operation parameters for the best removal capacity
f each reactor are summarized in Table 1.

It can be seen from Table 1 that the CHSAD system has advan-
ages of shorter HRT, higher removal efficiency and no-organic
ollution. It was favorable for nitrate removal, especially for drink-

ng water treatment.

. Conclusions

The 1-year performance of the combined reactor of het-
rotrophic denitrification and sulfur autotrophic denitrification
as evaluated. It is clear that combining the heterotrophic and

utotrophic denitrification into one process is possible for nitrate
emoval in drinking water treatment. High denitrification efficiency
as been obtained in this integrated process. The H+ consumed in
part can be formed in S part, and the pH adjustment was not

ecessary and the effluent hardness increase was avoided. Because
eterotrophic denitrification has high nitrate removal efficiency
ven at insufficient organic carbon source, only part of the nitrate
emoval carried out in sulfur denitrification through HRT adjust-
ent. Therefore, the sulfate concentration in the final effluent of

HSAD reactor was lower than that of sulfur denitrification system.
he applicable HRT for the CHSAD process was from 20 to 40 min
ith the feed C:N ratio of 2.0 and at this operation condition, the
itrate removal was higher than 90% and even up to 100% without
itrite accumulation.
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