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bstract

An upflow packed bed reactor at laboratory scale has been operated for a continuous period of 5 months to investigate the technical feasibility
f biological nitrate removal applied to the effluent of the coagulation–sedimentation wastewater of a metal-finishing industry. The reactor was fed
ith industrial wastewater in a five-fold dilution to reproduce the global spill in the factory (20/80, industrial wastewater/domestic wastewater)
ith a concentration of nitrate between 141 and 210 g NO3-N/m3. Methanol was added as a carbon source for denitrification. Inlet flow rate was
rogressively increased from 9 to 40 L/day (nitrogen input load from 45 to 250 g NO3-N/(m3 h)). The highest observed denitrification rate was
35 g NO3-N/(m3 h) at a nitrate load of 250 g NO3-N/(m3 h), and removal efficiencies higher than 90% were obtained for loads up to 100 g NO3-
/(m3 h). A mass relation between COD consumed and NO3-N removed around 3.31 was observed. Better results were achieved in a previous

tage using tap water with nitrate added as a sole pollutant as a synthetic feed (critical load of 130 g NO3-N/(m3 h) and denitrification rate of
00 g NO3-N/(m3 h) at a nitrate load of 250 g NO3-N/(m3 h)). This fact could indicate that the chemical composition of the industrial source hinders

o some extent the performance of the biological process. Whatever case, results demonstrated the viability of the denitrification process for the
lobal industrial wastewater. A simple model based on Monod kinetics for substrate consumption, and constant biomass concentration was applied
o model the industrial wastewater treatment, and a reasonably good fitting was obtained.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Industrial wastewater from metal-finishing processes con-
ains heavy metals and cyanide as main toxic com-
ounds. Conventional treatments used to remove these
azardous materials include physical–chemical methods such
s cyanide oxidation, reduction of hexavalent chromium, and
oagulation–flocculation followed by sedimentation for heavy
etals removal. In some metal surface-finishing industries, the

cid pickling step generates high levels of nitrate and/or sul-
hate which increase the conductivity values of the wastewater
treams. As nitrate and sulphate are very high soluble substances,

hey cannot be removed by conventional physical–chemical
reatments. Nitrogen discharge to ponds and lakes could con-
ribute to enhance the eutrophication process, so many regions
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ncluding EU countries, have developed restricted regulations
or nitrogen concentration in wastewater effluents.

Among several non-biological available methods, selective
norganic ion exchangers can be used to remove nitrate ions from

etal-finishing wastewaters, but this technique is expensive and
enerates a saline waste from resin regeneration which becomes
ifficult to dispose of. By other side, biological methods are low
ost and non-generating hazardous residues. Nitrogen removal
ia biological nitrification–denitrification processes are usually
pplied for municipal wastewater treatment with a high number
f world-wide applications [1].

In the last decade, studies on biological nitrogen removal
sing synthetic wastewater to simulate industrial discharges
ave been performed in order to evaluate the potential appli-
ation of the nitrification–denitrification process to industrial

astewaters [2], but few studies focused on real industrial
astewater have been published in the metal-processing indus-

ry. Schuch et al. [3] and Buchhesiter et al. [4] operated a pilot
lant for nitrification and denitrification of different industrial

mailto:josep.penarrocha@uv.es
dx.doi.org/10.1016/j.jhazmat.2007.02.071
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(maximum nitrate loading, transient responses, etc.) in absence
of inhibitory effects due to the presence of toxic compounds.
For this purpose, tap water matrix including nitrate as sole
pollutant was used as synthetic feed. Phosphate was supplied

Table 1
Characteristics of the industrial wastewater and the global discharge of the metal-
finishing industry

Parameter Industrial source Global effluent

Average flowrate (m3/day) 2.8 13.9–14.5
pH 7.8–8.4 7.2–8.0
Conductivity (mS/cm) 7.78–9.42 2.0–2.8
COD (g/m3) 75–115 210–320
BOD5 (g/m3) 10–30 105–130
NO3-N (g/m3) 700–1000 125–220
SO4

2− (g/m3) 6500–7500 1420
PO4-P (g/m3) <0.02 3.1–3.8
Cd (g/m3) n.d. 0.02–0.06
Cr3+ (g/m3) <0.05 <0.05
Cu (g/m3) 2.53–6.97 1.06–1.51
Ni (g/m3) 0.21–0.92 0.03–0.13
86 C. Gabaldón et al. / Journal of Ha

astewater streams from a metal working industry, obtaining
hat released ammonia from ethanolamines of the permeate in
he denitrification stage could only be nitrified during aerobic
reatment if it was co-treated together with a non-toxic wastew-
ter stream from other sources in the factory. These authors also
howed that a complete biological nitrogen removal of an indus-
rial wastewater with high amount of nitrate and without carbon
ources for biological degradation, could be achieved just by
ixing it with other wastewater streams with enough amount of

iodegradable carbon [4]. Hirata et al. [5] reported a maximum
itrogen volumetric rate of 0.24 kg NO3-N/(m3 day) (10 g NO3-
/(m3 h)) by using an anaerobic aerobic circulating bioreactor

ystem to remove ammonia and nitrate from two- to five-fold
iluted industrial wastewater discharged from metal recovery
rocesses. Kasia et al. [6] used an aerobic continuously stirred
ank reactor for nitrification followed by upflow gravel packed
olumn for denitrification applied to a wastewater generated by
metal refining company. They have obtained high ammonia

emoval efficiencies (up to 89%), but the nitrate removal (max-
mum 15% removal efficiency) did not meet the expectations
reviously projected by Koren et al. [2] using synthetic wastew-
ter. The failure of denitrification was explained on the basis
f the used carbon source, a sewage that contained a variety
f unknown substances including surfactants that could have
nhibited the biological process.

Typical volumetric NO3-N loadings for upflow denitrifica-
ion filters are in the range from 3.0 to 4.0 kg NO3-N/(m3 day)
125–167 g NO3-N/(m3 h)) to achieve effluent concentrations
elow 5.0 g NO3-N/m3 [7]. Municipal wastewater contains suf-
cient carbon and phosphorous as nutrients, but some industrial
astewaters often do not. For the wastewater of low C/N ratio,
rganic compounds such as methanol have to be added to the
ystem. Typical C/N ratio values reported are ranged between
.7 [8] and 4.5–5.3 g COD/g NO3-N [1].

The purpose of this study is to investigate the technical fea-
ibility of an upflow packed bed for biological nitrate removal
pplied to the effluent of the coagulation–sedimentation wastew-
ter plant of a metal-finishing industry. Furthermore, operation
onditions such as nitrate loading, empty bed residence time
nd carbon source requirements have been enclosed in order to
chieve effluent NO3-N concentrations below 20 g/m3, which
ave been established as the local discharge regulation. To reveal
ossible inhibition associated with the industrial wastewater
omposition (heavy metals, salinity and surfactants) a prelim-
nary study using a synthetic wastewater containing nitrate as
ole pollutant was performed.

. Materials and methods

.1. Experimental system

A methacrylate column with a total height of 45 cm and an
nternal diameter of 6.2 cm has been used as reactor followed

y a 1-L sedimentation tank. The column was filled with 42.5-
m depth of nylon rings (4- to 6-mm of height, 5.9-mm internal
iameter and 7.8-mm external diameter). The specific surface
rea of the packed material was 530 m2/m3.

P
Z
C

n
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.2. Characteristics of wastewater

The studied metal processing industry manufactures faucets
nd metal fittings. Manufacturing process includes a sulfo-
itric acid pickling unit generating wastewater, which is
ischarged to the coagulation–sedimentation plant along with
he others industrial spills to remove heavy metals. The
oagulation–sedimentation process includes a metal hydroxide
recipitation at basic pH conditions, a separation of clarified
astewater and a final pH neutralization step (effluent pH around
.0). Besides, another wastewater source is generated in the fac-
ory related to grey water and black water production, which
ould be considered as domestic wastewater. Both effluents are
ischarged in conjunction to the municipal sewer, with a contri-
ution of about 20/80 for the industrial/domestic sources. The
haracteristics of the industrial and the global wastewater dis-
harge are shown in Table 1. Industrial wastewater contains high
oncentrations of ions such as nitrate, sulphate, sodium, as well
s several metal ions such as copper, lead and zinc. Main prob-
em associated to this final effluent is related to the high nitrate
oncentration as local regulation has recently imposed 20 g/m3

O3-N as maximum average concentration for discharges to
he municipal sewer. By other hand, industrial and domestic
astewaters co-treatment could facilitate the nitrogen removal

s the domestic spill can be used as a carbon source, and can
educe the possible inhibitory effects due to the high salinity or
o the heavy metal concentrations associated to the industrial
astewater.

.3. Operation conditions

Experiments were carried out in two phases. In the first
tage, tests were designed to evaluate the process behaviour
b (g/m3) n.d. 0.1–0.12
n (g/m3) 3.50–9.56 0.65–2.13
N (g/m3) n.d. <0.02

.d.: not determined.
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o avoid nutrient limitations (0.022 P/COD mass ratio) and
ethanol was added as the biodegradable organic source. The

verage COD/NO3-N mass ratio was selected as 3.7 [8]. The
H was adjusted around 7.0. Prior to operation, inoculation of
he reactor was performed by pumping 2 L of a settled acti-
ated sludge coming from the anoxic suspended growth reactor
f a nitrification–denitrification municipal wastewater treatment
lant. The system was operated at a constant flow rate of 24 L/day
1.28 h hydraulic empty bed retention time) for a total period of
weeks. Three increasing inlet nitrate loads were applied, with

onductivity values varying from 2.0 to 3.0 mS/cm.
In the second stage, the treatment of the real industrial efflu-

nt has been evaluated for a 4-month period to determine the
echnical feasibility of the process and the optimum operation
onditions. All experiments were performed by using as feed a
ve-fold diluted industrial effluent in tap water to simulate simi-

ar physical–chemical characteristics related to toxic compounds
nd salinity than those involved to apply the denitrification pro-
ess to the industrial effluent in conjunction with the domestic
astewater of the factory. This situation corresponds to treat
irectly the global discharge of the industrial site. Phosphate as
ajor nutrient and methanol as the biodegradable organic source
ere added to the influent by using similar ratios to those of the

ynthetic wastewater. The pH was adjusted around 7.0. Conduc-
ivity values were in the range of 2.5–2.9 mS/cm. The influent
as pumped in upflow mode at rates of 9–40 L/day, resulting in
range of 0.8–3.5 h of hydraulic empty bed retention time.

.4. Analytical methods

Samples were filtered before water quality measurements.
onductivity, pH, alkalinity and phosphate concentration were
etermined according to the Standard Methods for Examination
f Water and Wastewater [9]. Nitrate and COD concentrations in
he influent and effluent were measured using test kits. The kits
sed were Merck Spectroquant kits 14773 (nitrate) and 14539
COD).

. Results and discussion

.1. Stage 1: synthetic wastewater

The time course of the denitrification process for the synthetic
astewater is shown in Fig. 1, where the step variation of the

nfluent and the effluent concentrations for NO3-N and COD,
long with the removal efficiencies at a constant flow rate of
4 L/day can be observed. Influent and effluent pHs are also
hown.

The effect of nitrate load was studied by changing the influent
itrate concentration step by step from about 100 to 400 g NO3-
/m3. The nitrate levels in the effluent were high for the first
days, and gradually decreased until day 12 when then nitrate

eached levels below 20 g NO3-N/m3. This period corresponds

o the biomass acclimatization period and the biofilm’s growth
round the packed material. From day 11, nitrate removal effi-
iencies stayed in values higher than 80%, but at day 22, removal
fficiency decreased below 80% with deterioration in the qual-

p
t
c
b

ig. 1. Continuous denitrification of synthetic wastewater at a constant flow rate
f 24 L/day. (�) Influent concentration; (�) effluent concentration; (×) removal
fficiency: (a) NO3-N; (b) COD; (c) influent (�) and (�) effluent pH.

ty effluent. This phenomenon was accompanied by an increase
n the pressure drop up to 2 m H2O m−1 (19.6 kPa m−1) indicat-
ng an excessive biomass accumulation, so the filter material
as removed and washed. On restoration of the operation,

emoval efficiency was recovered. In order to avoid this prob-
em, a wash procedure was carried out once a week: a high
ater flow (200 L/h) was introduced down trough the packed
ed during 15 min. The excess biomass produced on the pack-
ng was flushed out, and the pressure drop was kept below
.5 m H2O m−1 (4.9 kPa m−1) for the rest of the experimenta-
ion. The increase in the nitrate load (day 26) caused initially

decrease in the removal efficiency to 60%, but this was a
ransitory behaviour and removal efficiencies were fast recov-
red and kept around 80–90% since day 28. By doubling the
itrate load (day 34), the nitrate reduction activity reached a
table value around 70–80% in 2 days, indicating that biodegra-
ation limitation appeared. The denitrification process caused a

H’s rise that cannot be buffered by the alkalinity of the syn-
hetic wastewater. This effect was more relevant as the inlet
oncentration increased; it has been reported that pH values
etween 7.0 and 8.0 have no significant effects on denitrifica-
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to the laboratory according to the normal variability in the fac-
tory, only nitrate levels in the influent between day 120 and
126 were so low due to abnormal performance in the factory.
As can be observed, as flow rate increased, efficiency removal
Fig. 2. Denitrification rate vs. NO3-N load for the synthetic wastewater.

ion rate [1]. In this study high removals were even possible
or pH above 9.0. The decrease in the nitrate removal obtained
or the greater influent nitrate concentration (400 g NO3-N/m3,
oading of approx. 300 g NO3-N/(m3 h)) could be associated
o the pH inhibition, since effluent pHs higher than 9.5 were
eached. The addition of methanol (measured as COD) was
hown enough to assure a 100% nitrate removal. At industrial
cale, for high nitrate loads where removal efficiency decreases,
he methanol load must be optimized to avoid effluent concentra-
ions greater than 125 g COD/m3 in order to fulfil environmental
egulations.

Denitrification rates for the different NO3-N loading values
re shown in Fig. 2. Data from days 1 to 11, 26, 27, 34 and 35
re excluded as they can be considered as transient responses.
he maximum nitrate load for elevated nitrogen elimination
as around 130 g NO3-N/(m3 h). The highest observed deni-

rification rate was 230 g NO3-N/(m3 h) for a nitrate load of
00 g NO3-N/(m3 h). These values are comparative to those pre-
iously reported for high load studies [7,10], indicating that the
elected retention time of 1.28 h is adequate to assure the den-
trification performance. Reported NO3-N loadings for upflow
acked-bed postanoxic denitrification reactors are in the range
rom 125 to 166 g NO3-N/(m3 h) to achieve effluent NO3-N con-
entrations below 5.0 g/m3 [7,10].

Fig. 3 shows simultaneous denitrification rate and COD
emoval. The slope of the linear regression indicates the stoichio-
etric coefficient: 3.39 g COD consumed/g NO3-N removed.
ypical stoichiometric coefficient for the denitrification process
etween methanol (measured as COD) and nitrate are in the
.5–4.1 range [11].

.2. Stage 2: diluted industrial wastewater

The effect of nitrate loading for the industrial wastewater
as studied in continuous column operation by changing the
ow rate from 9 to 40 L/day, step by step (days 43–135), thus

orresponding a step decrease in the empty bed residence time
rom 3.5 to 0.8 h. Fig. 4 shows the time course of the continuous
enitrification process. The normal influent nitrate concentra-
ion values were in a range of about 140–210 g NO3-N/m3 by

F
r
c

ig. 3. COD removal vs. denitrification rate for the synthetic wastewater.

ve-fold dilution of the industrial effluent periodically supplied
ig. 4. Continuous denitrification of industrial wastewater with various flow
ates. (�) Influent concentration; (�) effluent concentration; (×) removal effi-
iency: (a) NO3-N; (b) COD; (c) influent (�) and (�) effluent pH.
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ecreased. For flow rates of 30 and 40 L/day the efficiency
emoval decreased to values around 45–55%, indicating that a
imitation in the denitrification rate was reached. The maximal
ow rate to assure effluent concentrations below 20 g NO3-N/m3

as 15 L/day, thus corresponding to a maximum nitrate load of
00 g NO3-N/(m3 h). This result indicates that the denitrifica-
ion process for the industrial source was not working as well
s for the synthetic wastewater. The industrial wastewater pre-
ented more buffering capacity than the synthetic one; effluent
H remained in the range 7.8–8.7, so the poorer performance
annot be attributed to high pHs. The decrease in the efficiency
ould be related to the small amount of toxics substances that the
ndustrial source contains, since these compounds could inhibit
n some extent the denitrification process. Whatever case, results
btained are good enough to demonstrate the viability of the den-
trification process of the industrial wastewater by treating the
lobal effluent (industrial and domestic sources) previously to
ts outflow. For all the experiments, COD effluent concentra-
ions indicate that organic source was not limiting the process.
ffluent COD concentrations are kept between 25 and 125 g/m3,
nly for higher flow rates, with removal efficiencies lower than
0%, effluent COD concentrations reached values greater than
50 g/m3, so the addition of methanol should be adjusted in rela-
ion to the denitrification rate. The stoichiometric coefficient
as 3.31 g COD consumed/g NO3-N removed (standard devia-

ion of 0.47), similar to that obtained in the synthetic wastewater
reatment. Considering that the global effluent of the industrial
ite has a COD concentration of about 210–320 g/m3, mainly
oming from the domestic spill, the methanol supply as extra
arbon source should vary approximately between 50 and 280 g
f methanol/m3. Therefore, the implementation of the denitrifi-
ation process at industrial scale implies careful control of the
OD and nitrate concentrations of the influent, to save costs
nd to avoid high COD concentrations in the final effluent of the
ndustrial site.

In order to verify the process stability, during the last 1
onth of the experimental study (days 135–160), the system
as operated at a constant flow rate of 15 L/day, which has been

hown suitable to guarantee effluent nitrate concentration below
0 g NO3-N/m3. Results of the evolution of the process have
een also presented in Fig. 4, where it can be observed that
he biological reactor remained nearly stationary after a short
ransitory period.

Denitrification rates versus the nitrate load are presented
n Fig. 5 for the experimental data corresponding to 43–135
ays. As can be seen, under low load conditions, the denitrifi-
ation rate essentially equals the load, with removal efficiencies
lose to 100%. The critical nitrate load, that is, the lowest
alue that generates removal efficiencies lower than 100%, was
bout 100 g NO3-N/(m3 h). The highest observed denitrification
ate was 135 g NO3-N/(m3 h) at a nitrate load of 250 g NO3-
/(m3 h). By comparison with the obtained values from the

ynthetic wastewater treatment (critical load of 130 g NO3-

/(m3 h), denitrification rate of 200 g NO3-N/(m3 h) at a nitrate

oad of 250 g NO3-N/(m3 h)) indicates that the chemical com-
osition of the industrial source hinders to some extent the
erformance of the biological process. The operational flow rate

u
i
k
d

ols denote experimental data at different flow rates, and lines denote model
imulation for nitrate inlet concentrations of 140 (solid line) and 210 (dashed
ine) g NO3-N/m3.

or the last 3 weeks was selected in order to maintain a nitrate
oad equal to the critical nitrate load obtained.

A simplified model development was used to simulate
he experimental results. Assuming plug-flow regime, Monod
inetic for substrate consumption, and constant biomass con-
entration, the nitrate balance for the reactor is as follows:

dS

dτ
= r(s) = −k

S

Ks + S
(1)

here S is the nitrate concentration; τ the empty bed residence
ime; k the maximum denitrification rate; Ks is the Monod or
alf-saturation constant. Notice that the units of k are in refer-
nce to the limiting substance; in this case the units of k are
NO3-N removed/(m3 reactor h). The kinetic parameters, k and
s, correspond to the observed behaviour of the system under the
perational conditions tested, and include not only the biomass
ctivity but also the mass transfer limitations.

Integrating the nitrate balance throughout the whole reactor
eight:

s ln
S0

S
+ (S0 − S) = kτ (2)

nd substituting the effluent concentration, S, by the denitrifica-
ion rate (DR) defined as

R = S0 − S

τ
(3)

he kinetic parameters were determined by least squares
tting technique applied to the experimental denitrifica-

ion rates corresponding to those obtained in the variable
ow rate period (days 43–135). The calculated parameters
re k = 217 g NO3-N removed/(m3 h) and Ks = 112 g NO3-N/m3.
he Monod constant, Ks, is significantly higher than the values

sually reported from experiments performed on microorgan-
sms in stirred suspensions [1], which could indicate that the
inetic constants integrated both process: biodegradation and
iffusion mass transfer.
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ig. 6. Comparison between experimental and estimated denitrification rates of
he industrial wastewater.

The theoretical curves of the denitrification rate as a func-
ion of nitrate load (S0/τ) can be calculated with the calibrated
arameters of the model by applying Eqs. (2) and (3). As can
e observed, the denitrification rate depends on two variable
arameters: S0 and τ. As the industrial wastewater presented a
reat variability in its nitrate concentration, resulting in a broad
ange of about 140–210 g NO3-N/m3 in the influent nitrate con-
entration to the bioreactor, the curves have been calculated for
he two extreme influent concentrations: 140 and 210 g NO3-
/m3. It is observed that reactor performance can be reasonably
redicted by the mathematical model. The experimental deni-
rification rate has been compared with that calculated by using
he kinetic parameters. Calculated values versus experimental
ata have been plotted in Fig. 6. As can be observed, the deni-
rification rate reasonably corresponds to that expected from the

easured one. Mean relative deviations between measured and
stimated values was found in 8.4%.

. Conclusions

The experiments developed in laboratory showed that
itrate removal via biological denitrification from a global
astewater of a metal-finishing factory (20/80, industrial
astewater/domestic wastewater) can be carried out suc-

essfully in an upflow packed bed reactor. High removal
fficiencies (higher than 90%) were achieved for NO3-N loads

p to 100 g NO3-N/(m3 h). The highest observed denitrification
ate was 135 g NO3-N/(m3 h) at a nitrate load of 250 g NO3-
/(m3 h). Methanol was added as a carbon source with an
bserved mass relation between COD consumed and NO3-N

[

[
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emoved around 3.31. Better results were achieved in a previ-
us stage using tap water with nitrate added as a sole pollutant
critical load of 130 g NO3-N/(m3 h) and denitrification rate of
00 g NO3-N/(m3 h) at a nitrate load of 250 g NO3-N/(m3 h)).
his fact could indicate that the chemical composition of the

ndustrial source hinders to some extent the performance of the
iological process.

A simple model based on Monod kinetics for substrate con-
umption, and constant biomass concentration was applied to
odel the industrial wastewater treatment, and a reasonably

ood fitting was obtained.
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