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The anaerobic degradation of quinoline, isoquinoline and 2-methylquinoline was investigated under
nitrate-reducing conditions with acclimated activated sludge. Quinoline was completely transformed
during degradation with an optimum COD/NO3–N ratio of 7. Isoquinoline and 2-methylquinoline
were also completely transformed; however, nitrate consumption was much lower with the optimum
COD/NO3–N ratios being in the ranges of 83–92 and 21–26, respectively. GC-MS analyses showed that dur-
ing degradation, quinoline and isoquinoline were transformed by hydroxylation into 2(1H)-quinolinone
uinolines
enitrifying
OD/NO3–N ratio
ctivated sludge
etabolites

and 1(2H)-isoquinolinone, respectively. While quinoline was completely mineralized, only 92% of iso-
quinoline was mineralized, and 1(2H)-isoquinolinone remained in the effluent. 2-Methylquinoline
was transformed by hydrogenation to 1,2,3,4-tetrahydro-2-methyl-quinoline, and further degradation
resulted in cleavage of the heterocyclic ring leaving 4-ethyl-benzenamine. Both the metabolites remained
in the effluent, resulting in the low mineralization of 2-methylquinoline (58%). This is the first time
that 2-methylquinoline is observed degradable under denitrifying conditions, and its metabolites are

identified.

. Introduction

Quinolinic compounds, including quinoline, isoquinoline, and
ethylquinoline, occur in many products such as coal tar, oil, cre-

sote, pharmaceuticals, pesticides and dyes [1–3]. As many of these
ompounds are considered toxic, carcinogenic and mutagenic [4,5],
t is essential to understand their biodegradability to assess their
ate in the environment and in the wastewater treatment plants
WWTP). Most quinolinic compounds were considered recalcitrant
nder anaerobic conditions [6,7]. In recent years however, this
iew is changing as the anaerobic biodegradation of quinolines
as been observed under nitrate-reducing, sulfate-reducing, and
ethanogenic conditions [8–13].
Most research on the biodegradation of quinolines has used pure

ultures [6,7,12–17], but a few studies used soil microcosms to
egrade quinolines [9,10,18]. Under aerobic conditions, biodegra-
ation pathways for the microbial transformation of quinoline and

soquinoline involve hydroxylation, ring cleavage of the homocyclic

nd heterocyclic rings, and carboxylation [7,19]. Under anaero-
ic conditions, the degradation of quinolines involves the initial
ydroxylation at position 2 [9–12,20,21]. Johansen et al. [12]
roposed that the sulfate-reducing bacterium Desulfobacterium
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E-mail address: liyongmei@tongji.edu.cn (Y. Li).
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indolicum, after this initial hydroxylation, transforms quinoline to
3,4-dihydro-2(1H)-quinolinone, which is further transformed into
unidentified products. 6- and 8-methylquinoline were converted to
6- and 8-methyl-3,4-dihydro-2(1H)-quinolinone by this microor-
ganism, whereas 3- and 4-methyl-2(1H)-quinolinone were not
degraded. Isoquinoline and 2-methylquinoline were not degraded
by D. indolicum in their study. Reineke et al. [21] investigated
the degradation of methylquinolines under nitrate-, sulfate- and
iron-reducing conditions in microcosms with aquifer material
of a former coke manufacturing site. The degradation activities
were only revealed under sulfate-reducing conditions, and the
hydroxylated methylquinolines, with the exception of 4-methyl-
2(1H)-quinolinone, were recalcitrant. Little data is available on
the metabolism of quinolinic compounds under denitrifying con-
ditions. Johansen et al. [11] found that quinoline and 3-, 4-, 6-,
8-methylquinoline were transformed by hydroxylation into their
2-hydroxyquinoline analogues, and isoquinoline was transformed
to 1-hydroxyisoquinoline. The hydroxylated metabolites of iso-
quinoline and quinolines methylated at the heterocylic ring were
not transformed further, whereas metabolites of quinoline and
quinolines methylated at the homocyclic ring were hydrogenated

at position 3 and 4, and the resulting 3,4-dihydro-2-quinolinone
analogues accumulated. They also found that 2-methylquinoline
was not degraded at all.

Wastewaters from coal-coking and pharmaceutical industries
usually contain relatively high concentrations of ammonia and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:liyongmei@tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.08.061
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-heterocyclic compounds [22,23]. In WWTPs, ammonia is usu-
lly removed by nitrification under aerobic conditions followed by
enitrification. Therefore, during the biological treatment of these
astewaters, N-heterocyclic compounds will also be exposed to
itrate-reducing conditions. Previous studies by Li et al. [8,23] indi-
ated that a nitrate containing anaerobic reactor is effective in
liminating most N-heterocyclic compounds, including quinolines.
owever, detailed information about the degradation pathways,

ates, optimal conditions, etc. is limited.
As denitrification is a process for both organic compound degra-

ation and nitrate reduction, and neither organics nor nitrate is
esired to be released into the environment during wastewater
reatment or in situ remediation, it is also of interest to investi-
ate the optimum C/N ratio for both the degradation of quinolines
nd denitrification. The optimum C/N ratio in this paper is defined
s the COD/NO3–N ratio at which COD is completely degraded and
itrate or nitrite is completely reduced.

In the present study, batch experiments were conducted to
nvestigate the degradation potential of quinoline, isoquinoline
nd 2-methylquinoline under nitrate-reducing conditions with the
hree quinolines as sole carbon sources, respectively. The optimum
OD/NO3–N ratios for quinoline degradation and denitrification
ere determined, and the degradation metabolites of the three

uinolines were also analyzed. These studies have important engi-
eering implications for the treatment of wastewater containing
uinolinic compounds.

. Materials and methods

.1. Synthetic wastewaters

Quinoline, isoquinoline and 2-methylquinoline were purchased
rom Sigma Chemical Co. (St. Louis, MO, USA). Synthetic wastewa-
ers were prepared using tap water supplemented with minimal

edia containing KH2PO4 (0.6 g/L), CaCl2 (0.1 g/L), and MgSO4
0.1 g/L). One of the three quinolines was spiked and sodium
itrate was supplemented at desired COD/NO3–N ratio. The COD for
uinoline, isoquinoline and 2-methylquinoline was theoretically
stimated based on the following reactions:

9H7N + 10O2 → 9CO2 + 2H2O + NH3 (1)

10H9N + 23
2 O2 → 10CO2 + 3H2O + NH3 (2)

here 1.0 g of quinoline or isoquinoline is equivalent to 2.48 g of
OD; 1.0 g of 2-methylquinoline is equivalent to 2.57 g of COD.

.2. Acclimation of inocula

The seed sludge was obtained from a coal-coking wastewa-
er treatment facility in Baoshan Steel Factory (Shanghai, China).
his facility has been in operation for more than 10 years, and
onsists of an anoxic and aerobic treatment system. The seed
ludge was obtained from the anoxic tank and to avoid impu-
ities such as ammonia, nitrate and N-heterocyclic compounds,
he seed sludge was washed using tap water and separated by
tatic sedimentation three times in the laboratory. After decant-
ng the supernatant, the mixed liquor suspended solid (MLSS)

as 12 g/L. This was evenly divided into three cylindrical plex-
glass sequencing batch reactors (SBR) and filled the top with
ynthetic wastewaters containing quinoline, isoquinoline and 2-
ethylquinoline, respectively. The working volume of each SBR

as 8 L. The reactors were sealed with plexiglass lids. In each

eactor, mixing was achieved by a motor-driven mixer with two
our-blade propellers (at 1/3 and 2/3 of the reactor height). It was
et to a speed of 60–70 rpm that was sufficient to completely mix
he wastewater and activated sludge, but not to shear the flocs.
Fig. 1. Input concentrations and removal efficiencies of the three quinolines during
activated sludge acclimation.

The reactors were incubated at a temperature-controlled room at
around 25 ◦C.

When quinoline was used as the sole carbon source, the SBR
was operated in a cycle time of 24 h, and each cycle consisted of
5 phases: fill (0.25 h), react (21 h), settle (2.0 h), draw (0.25 h) and
idle (0.5 h). When isoquinoline and 2-methylquinoline were used
as the sole carbon source, respectively, the SBR cycle time was 30 h
with the fill, react, settle, draw and idle time of 0.25 h, 27 h, 2.0 h,
0.25 h and 0.5 h, respectively. Initially, the MLSS in each reactor
was about 7000 mg/L, and concentrations of quinoline, isoquino-
line and 2-methylquinoline were 20 mg/L, 10 mg/L, and 10 mg/L,
respectively. When quinoline removals and denitrification rate
were stable, quinoline, isoquinoline and 2-methylquinoline con-
centrations were gradually increased to 200 mg/L, 100 mg/L, and
100 mg/L, respectively (steps of 10–20 mg/L). Nitrate was amended
to a COD/NO3–N ratio of 5. Fig. 1 shows the concentrations and
removal efficiencies for the three quinolines during acclimation.
After 3–4 months, the removal efficiencies of all the three quino-
lines were greater than 95% and MLSS concentrations in the three
reactors had reached steady state. The final MLSS concentrations
in the reactors were 3250 mg/L, 3080 mg/L and 2940 mg/L when
quinoline, isoquinoline and 2-methylquinoline were used as the
sole carbon source, respectively.

2.3. Determination of the optimum COD/NO3–N ratio

Optimum COD/NO3–N ratios for the degradation of quino-
lines were investigated using 1-L Erlenmeyer flasks. Acclimated
sludge was removed from the SBRs, and was washed using tap
water to eliminate residual quinolines. After gravity separation
and decanting the supernatant, the sludge was re-suspended in
the minimal media. About 600 mL of the mixed liquor contain-
ing 1.8 g of MLSS was transferred to each flask. The number of
the flasks depended on the COD/NO3–N ratios tested. To determine
the optimum COD/NO3–N ratio for both quinoline degradation and
denitrification, the flasks were spiked with quinoline concentration
in the range of 40–150 mg/L, and nitrate was added for COD/NO3–N
ratios of 3, 5, 7, 8, and 10, respectively. When isoquinoline or 2-
amounts of nitrate were consumed, a wider range of COD/NO3–N
ratio was tested. The flasks were capped with butyl rubber stop-
pers after spiking, and their headspace was purged with nitrogen
for 20 min. Mixing was accomplished using a magnetic stir bar
(∼90 rpm).
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.4. Degradation of quinolines at optimum COD/NO3–N ratios

The degradation of quinolines at the optimum COD/NO3–N
atios was also investigated using 1-L Erlenmeyer flasks. The prepa-
ation of the sludge and the addition of the mixed liquor were
imilar to those in determining the optimum COD/NO3–N ratios.
uinolines were spiked into the flasks at the initial concentration
f ∼100 mg/L. Nitrate was added to make the COD/NO3–N ratios
t the optimum values. Three replicates of each quinoline were
erformed.

.5. Analyses

Quinoline concentrations were analyzed using a gas chromato-
raph (Aglient 6890N) coupled to a flame ionization detector. The
olumn was a HP-5 (30 m × 0.32mm × 0.25 �m). Nitrogen was the
arrier gas. The system was operated under constant flow condi-
ions (63 mL/min). Injector and detector temperatures were kept
t 250 ◦C and 280 ◦C, respectively. The column temperature con-
rol program was as follows: 100 ◦C for 1 min, ramp to 160 ◦C at
0 ◦C/min. The final temperature was held for 2 min. The samples
ere extracted with dichloromethane prior to injection. Ammo-
ia and nitrite measurements were performed in accordance with

he Standard Methods [24]. In the Standard Methods, measurement
f UV absorption at 220 nm and 275 nm was made for the deter-
ination of nitrate [24]. However, because quinolines also have

trong absorbance at 220 nm and 275 nm, Standard Method was
bandoned. Instead, nitrate was measured by rapid spectrophoto-

able 1
ffect of COD/NO3–N ratio on quinoline degradation efficiency and denitrification.

(a) Quinoline as the sole carbon source

Quinoline input concentration = 50 mg/L Quinoline input concentrat

C/Na Quinoline
removal
efficiency (%)

NO3–N
reduction
efficiency (%)

NO2–Nb

(mg/L)
C/N Quinoline

removal
efficiency (%)

N
r
e

3 92.80 96.70 19.98 3 95.85
5 91.52 96.94 9.62 5 95.81
7 91.88 97.32 0.21 7 95.67
8 78.40 100 0.11 8 80.28 1

10 60.56 100 n.d.c 10 69.66 1

(b) Isoquinoline as the sole carbon source

Iso-Qd input concentration = 50 mg/L Iso-Q input concentration = 8

C/N Iso-Q removal
efficiency (%)

NO3–N
reduction
efficiency (%)

NO2–N
(mg/L)

C/N Iso-Q removal
efficiency (%)

NO
red
effi

23 91.47 26.98 0.72 27 93.65 19
46 92.25 29.82 0.56 35 89.09 28
90 93.39 93.28 0.33 54 96.98 51

141 59.72 100 n.d.c 83 93.07 80

(c) 2-Methylquinoline as the sole carbon source

2-MQe input concentration = 40 mg/L 2-MQ input concentration = 7

C/N 2-MQ removal
efficiency (%)

NO3–N
reduction
efficiency (%)

NO2–N
(mg/L)

C/N 2-MQ removal
efficiency (%)

NO
re
effi

14 89.47 80.38 0.39 14 92.75 6
21 92.47 97.42 1.24 25 95.78 9
26 92.41 96.09 0.31 34 75.82 10

a C/N, COD/NO3–N ratio.
b NO2–N, remaining nitrite in the effluent.
c n.d., not detected.
d Iso-Q, isoquinoline.
e 2-MQ, 2-methylquinoline.
aterials 173 (2010) 151–158 153

metric determination using phenol [25]. This method measures the
absorbance at 388 nm and 302 nm, thus the interference of quino-
lines was avoided. Total organic carbon (TOC) was determined
using a Shimadzu TOC-Vcpn analyzer.

Quinoline metabolites were analyzed by GC-MS. The sam-
ples were prepared as per Li et al. [23]. Samples were extracted
with dichloromethane and divided into acidic, basic, and neutral
fractions; then qualitatively analyzed by an Agilent 6890 gas chro-
matograph coupled to an Agilent 5973 mass spectrometer. The gas
chromatograph was equipped with a capillary column (HP-5MS,
30 m × 0.25 mm × 0.25 �m), and nitrogen was the carrier gas. The
system was operated under constant flow conditions (63 mL/min)
and the injector was operated in splitless mode at a temperature
of 280 ◦C. The temperature control program was as follows: 80 ◦C
for 3 min, ramp to 300 ◦C at 10 ◦C/min. The final temperature was
held for 2 min. The electron impact (EI) conditions were: ioniza-
tion energy, 70 eV; electron multiplier voltage, 1823.5 V; ion source
temperature, 200 ◦C; mass range m/z, 35–500. The metabolites of
2-methylquinoline were also analyzed by a couple of Thermo Focus
DSQ gas chromatograph and mass spectrometer. This gas chro-
matograph was equipped with a HP-5MS capillary column, and
helium was the carrier gas. The system was operated under con-
stant flow conditions (1 mL/min) and the injector temperature was

250 ◦C. The temperature control program was as follows: 60 ◦C for
2 min, ramp to 300 ◦C at 20 ◦C/min. The final temperature was held
for 10 min. The electron impact conditions were: ionization energy,
70 eV; electron multiplier voltage, 1823.5 V; ion source tempera-
ture, 250 ◦C; mass range m/z, 41–450.

ion = 100 mg/L Quinoline input concentration = 150 mg/L

O3–N
eduction
fficiency (%)

NO2–N
(mg/L)

C/N Quinoline
removal
efficiency (%)

NO3–N
reduction
efficiency (%)

NO2–N
(mg/L)

96.56 35.34 3 97.17 99.08 56.32
98.63 12.01 5 97.45 99.73 22.65
99.30 0.84 7 97.29 99.79 0.52
00 0.56 8 86.85 100 0.26
00 0.09 10 75.89 99.44 n.d.

0 mg/L Iso-Q input concentration = 100 mg/L

3–N
uction
ciency (%)

NO2–N
(mg/L)

C/N Iso-Q removal
efficiency (%)

NO3–N
reduction
efficiency (%)

NO2–N
(mg/L)

.13 0.38 50 92.33 31.90 0.76

.16 0.30 77 91.20 72.73 0.24

.91 0.15 92 93.73 96.11 0.08

.62 0.55 216 56.64 100 0.09

0 mg/L 2-MQ input concentration = 100 mg/L

3–N
duction

ciency (%)

NO2–N
(mg/L)

C/N 2-MQ removal
efficiency (%)

NO3–N
reduction
efficiency (%)

NO2–N
(mg/L)

9.42 1.12 14 98 49.87 1.25
6.88 0.89 25 95.81 94.23 0.48
0 n.d.c 48 56.44 100 n.d.
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. Results and discussion

.1. The optimum COD/NO3–N ratio for quinoline degradation
nd denitrification

Table 1(a) shows that the optimum COD/NO3–N ratio is 7
or quinoline concentrations ranging from 50 mg/L to 150 mg/L.
t this COD/NO3–N ratio, quinoline removals were greater than
0%, and nitrate and nitrite were almost completely reduced. For
OD/NO3–N ratios greater than 7, there was not enough nitrate to
ompletely degrade quinoline; for COD/NO3–N ratio less than 7,
itrite remained in the effluent.

Unexpectedly, only small amounts of nitrate were consumed
uring isoquinoline degradation. For isoquinoline and COD/NO3–N
atios between 10 and 50, there was nearly no change for iso-
uinoline removal efficiency (>90%); but as isoquinoline was
lmost completely transformed, only 8–30% of the nitrate was
emoved (data not shown). Therefore, a wider range of COD/NO3–N
atios from 23 to 216 was tested (Table 1(b)). The optimum
OD/NO3–N ratio for the anoxic degradation of isoquinoline is
etween 83 and 92 for isoquinoline concentrations between

0 mg/L and 100 mg/L. In this range, isoquinoline was significantly
egraded, while over 80% nitrate was reduced. However, when
OD/NO3–N ratios were much higher than 92 (nitrate concen-
rations were less than 1 mg/L), the degradation of isoquinoline

ig. 2. Concentration profiles of quinolines, nitrate and nitrite at their optimum
OD/NO3–N ratios with the initial quinoline concentration of around 100 mg/L when
a) quinoline, (b) isoquinoline and (c) 2-methylquinoline was used as the sole carbon
ource, respectively.
Fig. 3. Concentration profiles of quinolines, TOC and ammonia during the degra-
dation experiments of quinoline (a), isoquinoline (b) and 2-methylquinoline (c).
Ammonia was not measured during the degradation of quinoline.

was incomplete. This indicates that the presence of a certain
amount of nitrate is necessary for the degradation of isoquinoline.
Compared to isoquinoline, the nitrate consumption was slightly
higher for the degradation of 2-methylquinoline. The optimum
COD/NO3–N ratio for both 2-methylquinoline degradation and den-
itrification was between 21 and 26 (Table 1(c)). The relatively
high COD/NO3–N ratios during denitrification with isoquinoline
or 2-methylquinoline as the sole carbon source remain to be
evaluated.

3.2. Degradation of quinolines at optimum COD/NO3–N ratios

Concentration profiles for quinoline, isoquinoline and 2-
methylquinoline at their optimum COD/NO3–N ratios are illus-
trated in Fig. 2, and nitrate and nitrite are also plotted. At
quinoline concentrations of 100 mg/L, quinoline was almost com-
pletely degraded in 13 h (Fig. 2(a)). During degradation, nitrate

is reduced, and when nitrate reduction almost ceased, nitrite
reached its maximum concentration and subsequently decreased.
However, the maximum nitrite concentrations were 52% of the
input nitrate concentration. This indicates that despite competi-
tion between nitrate and nitrite reductases for electron donors
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ig. 4. Total ion chromatogram (TIC) of the sample taken after isoquinoline was alm
4.121 min (bottom).

26,27], nitrite could still be partly reduced. Nitrate was depleted
arlier than quinoline, and as quinoline degradation proceeded,
itrite was used as an electron acceptor until it was completely
onsumed.
At initial concentration of 104 mg/L, isoquinoline was trans-
ormed in 24 h (Fig. 2(b)); 2-methylquinoline was also transformed
n 24 h for initial concentration of 107 mg/L (Fig. 2(c)). Nitrate

as completely consumed at their optimum COD/NO3–N ratios,
hile nitrite concentration remained at low (<0.5 mg/L) during

Fig. 5. Total ion chromatogram (TIC) of the sample taken a
ompletely attenuated (top) and the mass spectrum of the peak at retention time of

denitrification. This is likely a result of the low initial nitrate
concentrations (<4 mg/L and 11 mg/L for isoquinoline and 2-
methylquinoline degradation, respectively) in the flasks. At the
optimum COD/NO3–N ratios, the specific degradation rates for

quinoline, isoquinoline and 2-methylquinoline were 0.0023 g/g
MLSS/h, 0.0014 g/g MLSS/h and 0.0015 g/g MLSS/h, respectively.
This indicated that the degradation rates of isoquinoline and 2-
methylquinoline were similar, and they were degraded much
slower than quinoline.

fter 2-methylquinoline was completely attenuated.
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.3. Mineralization and degradation metabolites of quinolines

Change of total organic carbon and the production of ammonia

ere used as indicators for the occurrence and extent of mineral-

zation of quinolines. Fig. 3 shows TOC and ammonia profiles during
he degradation of quinoline, isoquinoline, and 2-methylquinoline.
ecause COD/NO3–N ratios have no effect on quinoline removal
fficiencies at values less than the optimum ratios, the COD/NO3–N

ig. 6. Comparison between the mass spectrums of the authentic standard chemicals, 4-e
pectrums of the metabolites produced during the transformation of 2-methylquinoline (
aterials 173 (2010) 151–158

ratios for quinoline, isoquinoline and 2-methylquinoline were set
at 7, 8 and 8, respectively, to allow comparisons between each
compound.
During the degradation of quinoline, TOC and quinoline profiles
tracked each other closely until quinoline was almost com-
pletely transformed (Fig. 3(a)). This suggested that quinoline was
completely degraded without the accumulation of metabolites.
Based on this deduction, ammonia was not measured during the

thyl-benzenamine (a) and 1,2,3,4-tetrahydro-2-methylquinoline (c), and the mass
b) and (d) (the peaks at retention time of 6.46 min and 7.93 min in the TIC of Fig. 5).
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Fig. 6.

egradation of quinoline. Johansen et al. [11] found that two
uinoline metabolites, 2(1H)-quinolinone and 3,4-dihydro-2(1H)-
uinolinone, were more rapidly metabolized than quinoline in a
iofilm system under denitrifying conditions. Further degradation
roducts were not identified in their research. In our experi-
ents, we also identified 2(1H)-quinolinone in the samples taken
h after spiking, but no degradation products were observed in

amples taken near the end of the experiment (data not shown).
his indicates that 2(1H)-quinolinone was being further trans-
ormed.

For isoquinoline microcosms, TOC values tracked isoquinoline
alues to low concentration, and reached a relatively high TOC
emoval efficiency (92%) (Fig. 3(b)). This indicated the signifi-
ant mineralization of isoquinoline. The results were confirmed by
mmonia production. Since 1 mol of isoquinoline mineralization is
xpected to produce 1 mol of ammonia, and no ammonia was added
o the synthetic wastewaters, the amount of ammonia in the flasks
an be used to indicate the degree of isoquinoline mineralization.

hen isoquinoline was almost completely attenuated, a total of
1.5 mg NH4

+-N/L (0.82 mmol NH4
+-N/L) was produced (Fig. 3(b)).

his value is in accordance with the amount of ammonia released if
2% of the spiked isoquinoline is degraded (0.72 mmol NH4

+-N/L).
he slightly higher value of the measured ammonia concentration
ay result from the microorganism decay.
In Fig. 3(b) from 13 h onwards, while isoquinoline concentra-

ion continuously decreased, TOC values became stable at 6.3 mg/L,
hich suggested some recalcitrant metabolites were produced
uring isoquinoline degradation. GC-MS analyses of samples taken

n the end of the experiment showed the presence of a metabo-
ite which is at the retention time of 24.121 min in the total ion
hromatogram (TIC) (Fig. 4). The mass spectrum of the metabo-
ite was characterized by a M+ peak at m/z 145, and other main
eaks at m/z 118 (M-HCN), 90 (M-HCN, -CO) and 89 (C7H5

+).
t was identified as 1(2H)-isoquinolinone by referring to the
ibrary of mass spectrometry fragment patterns provided by the
ational Institute of Standards and Technologies (NIST) and lit-
rature [11]. The residual 1(2H)-isoquinolinone could explain the
esidual measured TOC in Fig. 3 (b). Several researchers have
eported that the first step in the microbial catabolism of iso-
uinoline under aerobic conditions is the hydroxylation at C-1
o 1(2H)-isoquinolinone [2,28]. Under anaerobic conditions, iso-
uinoline degradation was not as well studied, but Johansen et al.

11] identified that 1-hydroxyisoquinoline was formed and further
ransformed to 1(2H)-isoquinolinone under denitrifying condi-
ions. This indicates that the initial step for the degradation of
soquinoline is the same under both aerobic and denitrifying condi-
ions. The further transformation of 1(2H)-isoquinolinone was not
inued)

observed by Johansen et al. [11]. In the present study, the remaining
of 1(2H)-isoquinolinone in the effluent also suggested its recalci-
trant potential.

TOC profiles in Fig. 3(c) show a different trend during the degra-
dation of 2-methylquinoline. When 2-methylquinoline was almost
completely transformed in 17 h, TOC concentrations were still high
(35 mg/L) and the TOC removal efficiency was only 58%. This sug-
gested the production of some recalcitrant metabolites during
2-methylquinoline degradation. Ammonia measurements confirm
the incomplete mineralization of 2-methylquinoline. After 2-
methylquinoline was completely attenuated, only 6.4 mg NH4

+-N/L
(0.46 mmol NH4

+-N/L) was produced. This corresponds well with
the ammonia production (0.41 mmol/L) calculated theoretically
based on 58% 2-methylquinoline degradation. Like isoquinoline,
the measured ammonia was a slightly higher than the theo-
retical mineralizing ammonia. Several researchers [9,11,12,21]
have observed the complete inhibition of 2-methylquinoline
degradation under anaerobic conditions, and postulate that it
is a result of blockage at position 2 by the methyl group. The
degradation of 2-methylquinoline in the present study might
indicate a novel degradation pathway under denitrifying condi-
tions.

TIC for the sample taken after 2-methylquinoline was com-
pletely attenuated is shown in Fig. 5. The peaks at retention
time of 6.46 min and 7.93 min in TIC were identified as 4-
ethyl-benzenamine and 1,2,3,4-tetrahydro-2-methyl-quinoline,
respectively, by comparison against the NIST library; then
authentic standard chemicals were analyzed under the same
conditions to confirm the identification (Fig. 6). Johansen et
al. [11] investigated the degradation pathway of methylquino-
lines using mixed culture under denitrifying conditions, and
using D. indolicum (DSM 3383) under sulfate-reducing condi-
tions [12], and found that after the initial hydroxylation at
position 2, 6- and 8-methyl-2(1H)quinolinones were further
hydrogenated at position 3 and position 4, and resulting in
the accumulation of methylated 3,4-dihydro-2(1H)quinolinones,
while the 3- and 4-methylquinoline were not further trans-
formed. They also found that 2-methylquinoline was recalcitrant
to hydroxylation at position 2 because of steric hindrance from
the methyl group. In the present study, it appears that 2-
methylquinoline can be hydrogenated at positions 1, 2, 3 and
4, and results in the production of 1,2,3,4-tetrahydro-2-methyl-

quinoline. Cleavage of the heterocyclic ring should result in
4-ethyl-benzenamine. The presence of both products in the sam-
ples taken after 2-methylquinoline was completely transformed
indicated their resistance to the biodegradation under denitrifying
conditions.
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. Conclusions

Quinoline, isoquinoline and 2-methylquinoline were trans-
ormed under nitrate-reducing conditions. The optimum
OD/NO3–N ratio for both quinoline degradation and denitri-
cation was 7, while for isoquinoline and 2-methylquinoline,
he optimum COD/NO3–N ratios were in the range of 83–92 and
1–26, respectively. Using quinoline (50–100 mg/L) as the sole
arbon source, nitrite accumulation was transiently observed;
o nitrite accumulated when isoquinoline or 2-methylquinoline
ere used as the sole carbon source. Quinoline and isoquinoline
ere transformed by hydroxylation into 2(1H)-quinolinone and

(2H)-isoquinolinone, respectively. 2(1H)-quinolinone was further
ompletely degraded, whereas 1(2H)-isoquinolinone remained
n the effluent despite 92% of isoquinoline mineralization. When
-methylquinoline was used as the sole carbon source, TOC
emoval efficiency of 58% suggests that 2-methylquinoline was
ncompletely mineralized, and GC-MS analyses of the effluent
dentified the remaining metabolites of 2-methylquinoline as
,2,3,4-tetrahydro-2-methyl-quinoline and 4-ethyl-benzenamine.
his is the first time that 2-methylquinoline is observed degradable
nder anaerobic conditions, and its metabolites are identified.
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