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a b s t r a c t

Introduction of organic dyes into soil via wastewater and sludge applications has been of increasing con-
cern especially in developing or under-developed countries where appropriate management strategies
are scarce. Assessing the response of terrestrial ecosystems to organic dyes and estimating the inhibition
concentrations will probably contribute to soil remediation studies in regions affected by the same prob-
lem. Hence, an incubation study was conducted in order to investigate the impact of a sulfonated azo dye,
Reactive Black 5 (RB5) and sulfanilic acid (SA), a typical representative of aromatic sulfonated amines, on
soil nitrogen transformation processes. The results apparently showed that nitrogen related processes
zo dyes
itrification
itrifying bacteria
oil pollution

in soil can be used as bioindicators of anthropogenic stress caused by organic dyes. It was found that
urease activity, arginine ammonification rate, nitrification potential and ammonium oxidising bacteria
numbers decreased by 10–20% and 7–28% in the presence of RB5 (>20 mg/kg dry soil) and SA (>8 mg/kg
dry soil), respectively. Accordingly, it was concluded that organic dye pollution may restrict the nitrogen-
use-efficiency of plants, thus further reducing the productivity of terrestrial ecosystems. Furthermore,
the response of soil microbiota to SA suggested that inhibition effects of the organic dye may continue
after the possible reduction of the parent dye to associated aromatic amines.
. Introduction

Azo dyes, which are used in a number of industries including
extile, paper printing, food, leather, pharmaceutical and cosmetic,
re synthetic compounds and hence xenobiotics [1]. These com-
ounds are characterised by the presence of aromatic moieties

inked together with azo groups ( N N ). Given that useful dyes
ust possess a high degree of chemical and photolytic stability,

he removal of dyes from effluent is problematic. Stability against
icrobial attack is also a required feature of azo dyes [2]. Conse-

uently, they are less amenable to biodegradation and often pass
hrough activated sludge facilities with little or no reduction in
olour [3].

Water-soluble dyes such as the sulfonated azo dyes generally
nter the environment through wastewater discharges. The release
f azo dyes into the environment is a concern given the coloration
f natural waters and inherent toxicity, mutagenicity and carcino-

enicity of the dyes and associated biotransformation products.
herefore, considerable attention has focused on evaluating the
ate of azo dyes during wastewater treatment and in the natu-
al environment. Land application of sewage sludge and long-term
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irrigation from natural streams polluted with textile effluent also
account for the movement of organic dyes into agricultural soil.
Zhou [4] found that the average concentration of total organic dyes
in surface soil near printing, dyeing and synthetic dye enterprises
in China was up to 12.3–456.2 mg/kg dry weight.

Although several authors have reported on alternating anaer-
obic and aerobic conditions in azo dye degradation and the toxic
effect of azo dyes on aquatic environments [5–8] few studies have
concentrated on the effect of azo dyes and dye derivatives on ter-
restrial ecosystems [4,9,10]. Biodegradation, partition, sorption and
immobilisation represent the main processes that may affect the
accumulation of azo dyes and degradation products in soil envi-
ronments. Soil is a biologically balanced system, and any drastic
change in its environment can modify microbial populations and
soil enzymatic activities involved in various nutrient cycles, which
can affect soil fertility.

Thus, the likely persistence and largely unknown effect of azo
dyes and azo dye-derived aromatic amines in the soil environment
makes these compounds desirable targets for soil quality monitor-
ing and environmental distribution studies. Evaluation of the effect

of parent azo dyes in addition to anaerobic degradation products
may assist in the prediction of harmful effects on soil fertility caused
by the accumulation and possible degradation of the dyes in soil
environments. In an effort to assess the impact of a sulfonated azo
dye and sulfanilic acid on nitrogen transformation processes in soil

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:olcaytopac@uludag.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.05.080


dous M

a
x
a
o
w
u
a
t
s

2

2

fi
l
5
e
4
f
f
G

2

t
i
a
i
a
8
c
i
o
d
e
e
e
e
t
w
a
p
1

2

t
o
m
a
i
d
d
c
M
m
b
f

T
9
3
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nd to supplement the environmental risk assessment for these
enobiotics, soil was treated with varying doses of the sulfonated
zo dye Reactive Black 5 and sulfanilic acid, a typical representative
f aromatic sulfonated amines. For this purpose an incubation study
as carried out for 50 days under controlled conditions and the
rease activity, nitrification potential, arginine ammonification rate
nd nitrifying bacteria counts were determined during the incuba-
ion period and nitrogen transformation processes in contaminated
oil were evaluated.

. Materials and methods

.1. Materials

Soil samples were collected from the top 20 cm of an agricultural
eld located in Bursa-Balabancık village (Latitude, 40◦15′55.1′ ′N;

ongitude, 28◦47′07.55′ ′E). The commercial product Reactive Black
-RB5 (diazo, 150% [w/w] dye) was obtained from DyStar (Lev-
rkusen, Germany) as a powder. To simulate dyehouse processes,
g/l dye solution was hydrolysed in 0.1 M NaOH at 80 ◦C for 4 h

ollowed by neutralisation with 33% (w/v) hydrochloric acid. Sul-
anilic acid (SA) was of analytic grade and obtained from Merck AG,
ermany.

.2. Incubation study

In an effort to evaluate the effect of different RB5 and SA concen-
rations on soil nitrogen processes, 100 g soil portions were placed
nto plastic receptacles and different amounts of RB5 and SA were
dded with distilled water to bring the soil to 60% of its field capac-
ty. Control treatment without RB5 or SA was also included. The RB5
nd SA concentrations in the contaminated soil were 5, 10, 20, 40,
0 mg/kg dry soil and 2, 4, 8, 16, 32 mg/kg dry soil, respectively. SA
oncentrations were calculated from the applied RB5 doses, assum-
ng that 2 mol SA was theoretically obtained from the reduction
f 1 mol RB5. Samples were then incubated under controlled con-
itions in the dark at 28 ◦C for 1, 10, 20, 30, 40 and 50 days. The
xperiment was planned with a completely randomised design and
ach treatment was performed in duplicate to give a total of 132
xperimental units at the start of the incubation. Water loss by
vaporation was compensated daily using distilled water to main-
ain soil water content. At each sampling time two sets of soil pots
ere removed and the urease activity (day 1, 10, 20, 30, 40 and 50),

rginine ammonification rate (day 1, 10, 30 and 50), nitrification
otential (day 1, 10, 30 and 50) and nitrifying bacteria counts (day
, 20 and 50) were determined.

.3. Laboratory analysis

The soil samples were analysed for particle size distribution by
he hydrometer method [11]. Electrical conductivity (EC) and pH
f soil were measured in sample extracts obtained by shaking the
aterial with distilled water at 1:2.5 (w/v) sample:water ratio using

conductivity meter and pH meter, respectively [12,13]. Field capac-
ty was determined using the method of saturation followed by free
raining [14]. Nitrate and ammonium nitrogen concentrations were
etermined in samples which were extracted using 2 M KCl. The
oncentrations in extracts were analysed by steam distillation with
gO and Devarda alloy [15]. Total nitrogen content of samples was
easured by Kjeldahl digestion method [16]. Easily oxidisable car-

on contents were determined by potassium dichromate oxidation

ollowed by spectrophotometric measurement at 590 nm [17].

The urease activity of the soil was determined as described by
abatabai [18]. Five grams dry soil was treated with 0.2 ml toluene,
ml THAM buffer solution (pH 9) and 1 ml 0.2 M urea solution at
7 ◦C for 2 h. Following incubation, enzyme activity was stopped
aterials 170 (2009) 1006–1013 1007

by the addition of 35 ml KCl (2.5 M)–Ag2SO4 (100 ppm) solution
and NH+

4–N in the soil suspension was determined by vapour dis-
tillation. The results were obtained as mg NH4

+–N l−1 and then
converted to �g NH4

+–N g−1 h−1.
The arginine ammonification rate was determined by treat-

ing 2 g soil with 0.5 ml of arginine solution (2 g/l) at 30 ◦C for 3 h
followed by extraction with 20 ml 2 M KCl [19]. Ammonium con-
centrations in the extracts were determined using the indophenol
blue method [20]. The arginine ammonification rate was calcu-
lated as the difference between the arginine-treated and untreated
sample values. Arginine ammonification activity was expressed as
�g NH4

+–N g−1 dw soil h−1.
Nitrification potentials were determined using the shaken slurry

method with ammonium sulphate as the substrate [21]. Samples
were incubated on an orbital shaker at 180 rpm at 25 ◦C for 24 h.
Nitrate from the centrifuged supernatant at 0, 4 and 24 h was
measured using the salicylic acid method as described by Cataldo
et al. [22]. Rates of NO3

− formation were calculated using linear
regression analysis and nitrification potential was expressed as
�g NO3

−–N g−1 dw soil h−1.
Populations of ammonium oxidisers (AOB) and nitrite oxidisers

(NOB) were enumerated using the most probable number dilu-
tion technique. Ammonium sulphate was added to the medium of
Schmidt and Belser [23] for the determination of ammonium oxi-
disers and sodium nitrite was added for the determination of nitrite
oxidisers. Each dilution was performed in triplicate. Assessment for
positive AOB and NOB tubes was performed following five weeks
of incubation at 28 ◦C. The presence of nitrite or nitrate, taken as
evidence of NH4

+ oxidisers, was checked using a drop test with the
Griess–Ilosvay reagent [23]. Using the same approach, the num-
ber of NO2

− oxidisers was estimated from the disappearance of
NO2

−, and taken as evidence of NO2
− oxidisers. The ammonium and

nitrite oxidiser populations were calculated using the MPN table of
Cochran [24].

2.4. Statistical analysis

In an effort to determine whether RB5 and SA treatment resulted
in changes in soil properties over time, values pertaining to the
urease activity, arginine ammonification rate, nitrification potential
and nitrifying bacteria counts were subjected to two-way analysis
of variance (ANOVA). The effect of treatment on soil properties was
further tested with one-way ANOVA for each incubation period.
When significant effects were indicated by ANOVA, post hoc anal-
ysis was performed using Tukey’s HSD multiple comparison test.
Pearson’s product moment correlation coefficients between the
examined parameters and pollutant concentrations were also com-
puted. All statistical calculations were performed using STATISTICA
6.0 software.

3. Results and discussion

The data presented in Table 1 depicted that the soil used in the
incubation study was sandy clay loam in texture (sand: 56.1%, silt:
18.5% and clay: 25.4%). The soil was slightly alkaline (pH 7.68) in
reaction and the electrical conductivity was 415 �S/cm. The field
capacity of the experimental soil was 34%. The soil had 955 mg/kg
total N and contained relatively low quantities of mineral N (18.2
and 14.4 mg/kg ammonium-N and nitrate-N, respectively). The
results indicated that soil organic carbon content was moderate

with the value of 1.48%.

The RB5 and the associated aromatic amine, SA were amended
to above-mentioned soil samples and the response was monitored
throughout an incubation period of 50 days. Considerable variation
in all of the examined soil properties were observed for the dif-
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Table 1
General properties of soil samples used in the incubation study.

Parametersa Soil

Sand (%) 56.1
Silt (%) 18.5
Clay (%) 25.4
Texture Sandy clay loam
pH (1:2.5, solid:water) 7.68
EC (1:2.5, solid:water) (�S/cm) 415
Field capacity (%) 34
Total N (mg/kg) 955
Ammonium N (mg/kg) 18.2
N
O
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inhibitory effect caused by RB5 and SA treatment may also be partly
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D

itrate N (mg/kg) 14.4
rganic C (%) 1.48

a Dry weight basis.

erent RB5 doses in the soil at different sampling times. Results of
he two-way ANOVA test revealed that the urease activity, nitri-
cation potential, arginine ammonification rate and number of
mmonium and nitrite oxidising bacteria in azo dye-treated soil
ere significantly dependent on pollutant doses and incubation

ime. The interaction between RB5 dose and incubation time was
lso found to be significant (p < 0.01). In other words, the effect
f pollutant dose was dependent on the incubation period. Sim-

lar statistical results were obtained in for SA-treated soil except
or the nitrite oxidising bacteria. The main effect of pollutant dose
id not affect the number of nitrite oxidisers in SA-treated soil
Table 2).

.1. Nitrogen mineralisation potential

Investigations of soil urease activity has attracted considerable
ttention due to the increasing use of urea as a fertiliser to increase

oil productivity. Urease plays a key role in the N cycle, transforming
rea to ammonium [25]. Like many other soil enzymes, urease can
e either intracellular or extracellular, and extracellular urease can
e either free or immobilised on mineral or organic soil components

able 2
esults of two-way ANOVA for the analysis of the main effect of contaminant doses and in

ources of variation Reactive Black 5 (RB5)

df MS F

ependent variable: urease activity
Doses 5 1598.2 59.293
Time 5 422.97 15.692
Doses × time 25 175.64 6.5159
Error 72 26.955

ependent variable: nitrification potential
Doses 3 13395 256.00
Time 5 4575.2 87.438
Doses × time 15 368.81 7.0485
Error 48 52.325

ependent variable: arginine ammonification potential
Doses 3 0.4164 65.835
Time 5 1.292 178.53
Doses × time 15 0.0845 13.359
Error 48 0.0063

ependent variable: ammonium oxidising bacteria
Doses 2 0.4484 8.2104
Time 5 1.4339 26.256
Doses × time 10 0.3079 5.6374
Error 36 0.0546

ependent variable: nitrite oxidising bacteria
Doses 2 0.4001 14.741
Time 5 0.2663 9.8111
Doses × time 10 0.1324 4.8812
Error 36 0.0271
aterials 170 (2009) 1006–1013

[26]. Extracellular urease activity was found to range from 27% to
63% of the total urease activity in soil [27].

Fig. 1 shows the variation in urease activity of RB5- and SA-
treated soil throughout the incubation period. The urease activity
in soil containing 5, 10 and 20 mg/kg RB5 was equal to or higher
than the respective control values throughout the first 30 days of
the incubation (Fig. 1a), and thereafter decreased slightly. On the
other hand, the urease activity in soil which had been treated with
the highest RB5 doses (40 and 80 mg/kg) was significantly lower
than that of the respective control soil for all incubation periods
(p < 0.05). The average inhibition of urease activity in these soils
was 15% and 20% for RB5 doses of 40 and 80 mg/kg, respectively.

Soil urease activity exhibited a stronger and faster response to SA
treatment (Fig. 1b). The urease activity for all SA-treated soil sam-
ples was significantly lower than the respective control soil during
an incubation up to 40 days (p < 0.05), after which time the activ-
ity approximated control values. Average inhibition values showed
that SA doses of 2 and 4 mg/kg were responsible for a reduction in
urease activity of 7% and 9%, respectively. Higher SA doses (8, 16
and 32 mg/kg) appeared to result in greater inhibition with average
values in the range of 18% to 25%.

Urease activity is a frequently used test for determining the influ-
ence of various anthropogenic pollutants (heavy metals, pesticides,
insecticides, crude oil, etc.) on the microbiological quality of soil
[28–30]. Reduced urease activity observed in this study may be
referred to as a simple assessment tool for evaluating anthropogenic
stress caused by organic dyes. The urease inhibition observed in
this study suggested a possible binding of RB5 and SA to extracel-
lular urease in a reversible and/or irreversible manner that results
in changes in the protein conformation and activity. The indirect
inhibitory effect may be ascribed to RB5/SA-induced changes in
size, structure and functionality of the microbial community. The
attributed to immobilisation of free urease on the modified com-
ponents [31] of the soil investigated. Catalysis by an immobilised
enzyme may differ from that of the free form because of chemi-
cal or conformational changes in enzyme structure, which occurs

cubation time.

Sulfanilic acid (SA)

p df MS F p

<0.001 5 1800.4 224.73 <0.001
<0.001 5 314.37 39.239 <0.001
<0.001 25 79.869 9.9691 <0.001

72 8.0116

<0.001 3 22123 787.15 <0.001
<0.001 5 12490 444.42 <0.001
<0.001 15 5277.1 187.76 <0.001

48 28.105

<0.001 3 1.6263 380.41 <0.001
<0.001 5 1.1981 280.26 <0.001
<0.001 15 0.0442 10.350 <0.001

48 0.0043

<0.001 2 0.3379 13.646 <0.001
<0.001 5 1.6942 68.422 <0.001
<0.001 10 0.3688 14.893 <0.001

36 0.0248

<0.001 2 0.0471 1.4744 n.s.
<0.001 5 1.2771 39.971 <0.001
<0.001 10 0.0401 1.2547 n.s.

36 0.0320
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Fig. 1. Variation in urease activity of soil treated with va

ollowing immobilisation, modification of the microenvironment
urrounding the enzyme due to the physical and chemical nature of
he immobilising support, and steric hindrance effects on substrate
ccessibility to the active site [32].

Fig. 2 shows the rate of arginine ammonification in RB5- and
A-treated soil. Arginine is one of the 20 essential amino acids.
icro-organisms catabolise arginine via one or more of four major

athways: (1) the arginine–urease or arginase–urea amidolyase
athway, (2) the arginine transmidinase pathway, (3) the arginine
eiminase pathway (4) and the arginine decarboxylase pathway.
xcept in the arginine transmidinase pathway, ammonium is an

nd-product [33]. Arginine ammonification reflects the N mineral-
sation capacity and more than 50 bacterial strains are known to
tilise arginine as a C and N source [19,34]. As shown in Fig. 2a,
o marked inhibition was observed in RB5-treated soil for the

Fig. 2. Variation in arginine ammonification rate of soil treated with
doses of Reactive Black 5 (RB5) and sulfanilic acid (SA).

first 10 days of incubation. Furthermore, lower RB5 doses seemed
to activate arginine ammonification in comparison to control val-
ues. Arginine ammonification rates in soil treated with 20, 40 and
80 mg/kg RB5 were all significantly lower than those in the respec-
tive control soil samples on the 30th day of incubation (p < 0.05).
The percent inhibition decreased toward the end of the incubation.
Since many organisms are believed to have the ability to ammonify
nitrogenous substances [35], any activity lost in organisms affected
by RB5 would presumably be compensated for by the activity of
less sensitive species.

SA exposure with doses lower than 16 mg/kg did not inhibit

nitrogen mineralisation, as estimated by the arginine ammonifi-
cation rates (Fig. 2b). However, soil exposed to 16 and 32 mg/kg
SA possessed significantly less KCl-extractable ammonium for the
overall incubation period (p < 0.05). The average inhibition pro-

varying doses of Reactive Black 5 (RB5) and sulfanilic acid (SA).
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uced by the SA doses of 16 and 32 mg/kg was 28% and 29%,
espectively. The average percent inhibition established that the
nhibitory effect of SA treatment on arginine ammonification, and
o a lesser extent urea hydrolysis, in the soil investigated is more
oticeable compared with RB5 treatment. According to observed

nhibition of nitrogen mineralisation, it may be concluded that
estricted urea hydrolysis and arginine ammonification in RB5 and
A contaminated soils may indicate a possible lack of availability of
itrogen. Iron deficiency of crops grown in dye-polluted soils was
eported in a previous study [9]; however, nitrogen related data
ere scarce in published literature.

.2. Nitrification potential and countable nitrifying bacteria
umbers

The effect of RB5 and SA treatment on the nitrification potential
f the soil investigated is shown in Fig. 3. The nitrification potential
f soil treated with low levels of RB5 (5 and 10 mg/kg) did not sig-
ificantly differ from control values during the overall incubation
eriod (Fig. 3a). On the other hand, higher RB5 doses (>10 mg/kg)
pparently decreased the nitrification potential of soil in compari-
on to control values (p < 0.05). The average percent inhibition of soil
reated with 20, 40 and 80 mg/kg RB5 was 17%, 19% and 21%, respec-
ively. Similarly, Li and Bishop [36] identified the azo dye inhibition
ffects on nitrifying biofilms and stated that the ammonium con-
umption and nitrate production rates decreased as Acid Orange 7,
sulfonated azo dye (15 and 25 mg/l), exposed to the biofilms.

Fig. 3b shows little difference between the nitrification poten-
ial of SA-treated and control soil on the first day of incubation,
fter which time a sharp decrease was observed for SA doses of 8,
6 and 32 mg/kg. Maximum inhibition of soil nitrification poten-
ial (13% to 28%) for the aforementioned treatments was observed
n the 30th day of incubation, although this marked inhibitory
ffect completely disappeared at the end of the incubation period
50 days). As for the increasing activity with the incubation pro-
eeded, a proper mechanism explaining this situation may be the

olerance and adaptation of soil micro-organisms. There can be an
ncrease in population size of soil micro-organisms that tolerate
r even degrade xenobiotic compound by induction of appropriate
enes [37]. Several studies indicated that SA can be degraded by the
dapted soil micro-organisms. For example, aerobic degradation

Fig. 3. Variation in nitrification potential of soil treated with vary
aterials 170 (2009) 1006–1013

of SA was observed with inoculum sources that were historically
polluted with sulfonated aromatic amines [38].

A range of chemolithotrophic and chemoorganotrophic bacte-
ria and fungi are capable of biological nitrification in soil, with
the chemolithotrophic ammonia-oxidising bacteria (AOB) probably
being the most important group [39]. Chemolithotrophic ammonia-
oxidising bacteria play an important role in the conversion of
ammonia to nitrite and are responsible for the rate limiting step
of nitrification, making these bacteria key to the global nitrogen
cycle [40]. Chemolithotrophic AOB obtain energy for growth from
the oxidation of ammonia and assimilate carbon as carbon diox-
ide. Fig. 4 depicts the response of culturable AOB population sizes
to RB5 and SA treatment. The estimates of total AOB numbers ini-
tially ranged between 4.11 and 4.45 log MPN/g soil in control and
RB5-treated soil (Fig. 4a). Bacterial numbers decreased markedly
in response to RB5 treatment (p < 0.05). The average inhibition of
AOB numbers in that period was 5% to 13%, and at the end of the
incubation the bacterial numbers tended to approximate control
values.

The addition of SA elicited a different pattern in relation to the
AOB population sizes (Fig. 4b). No inhibitory effect was observed in
bacterial numbers during the first 20 days of incubation, where the
average AOB number for that period was 4.41 and 4.36 log MPN/g for
control and SA-treated soil, respectively. Subsequently, an appar-
ent decrease was observed in soil treated with higher SA doses (16
and 32 mg/kg) and culturable bacterial numbers decreased to an
average value of 3.40 log MPN/g soil.

Results from this study also demonstrated that the nitrification
potential of the soil investigated correlated significantly with the
population size of AOB (r = 0.83 and 0.74 for RB5 and SA treatment,
respectively). Culturable AOB numbers and nitrification potential
values in soil treated with RB5 (>20 mg/kg soil) and SA (>16 mg/kg
soil) support the general view that nitrification and AOB are sensi-
tive to soil pollutants [41]. Oranusi and Ogugbue [42] determined
the tolerance of Nitrobacter to Orange II and Direct Blue 71 dyes
by examining the total viable count and reported that Nitrobacter

had a low tolerance to the azo dyes and that the level of tolerance
decreased with time. They concluded that exposure of these nitri-
fying bacteria to the aforementioned dyes could adversely affect
their activity in the biogeochemical cycle of nitrogen. Similarly,
Yongjie and Bishop [43] reported that Acid Orange 7 inhibited all

ing doses of Reactive Black 5 (RB5) and sulfanilic acid (SA).
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Fig. 4. Variation in ammonium oxidising bacteria of soil treated

tages of the nitrification process and decreased substrate util-
sation. Another study indicated that the first nitrification step,
onversion of ammonium to nitrite by Nitrosomanas, was inhibited
y the dye (azo dye acid black 1) bearing wastewater [44].

The effect of RB5 and SA treatment on culturable nitrite-
xidising bacteria (NOB) numbers of the soil investigated is shown
n Fig. 5. Nitrite-oxidising bacteria catalyse the second step of aer-
bic nitrification, being the oxidation of nitrite to nitrate [45]. As
hown in Fig. 5a, culturable bacterial numbers were not affected

y the addition of varying doses of RB5 during the first 20 days of

ncubation. Culturable NOB numbers determined at the 50th day of
ncubation indicated that addition of 40 and 80 mg/kg RB5 resulted
n a 16% to 30% decrease, whereas no inhibition was observed at
ower doses. On the other hand, SA exposure did not decrease

Fig. 5. Variation in nitrite oxidising bacteria of soil treated with va
varying doses of Reactive Black 5 (RB5) and sulfanilic acid (SA).

NOB numbers during the overall incubation period. The average
population size of NOB was 3.46 and 3.55 log MPN/g soil for con-
trol and SA-treated soil, respectively (Fig. 5b). Nitrite oxidisers are
generally believed to be lithoautotrophs. However, members of
the genus Nitrobacter have been observed to grow heterotrophi-
cally, with each species exhibiting differing degrees of mixotrophy
and diauxy on nitrite and simple organic compounds [46]. The
possession of heterotrophic capabilities may help nitrite oxidisers
maintain viability when nitrite oxidation is inhibited or when there

is insufficient nitrite available, and may account for the observation
that soil NOB were less sensitive to SA than AOB.

Pearson’s correlation coefficients between pollutant concentra-
tions and the soil parameters investigated are shown in Table 3. The
urease activity, arginine ammonification rate, nitrification poten-

rying doses of Reactive Black 5 (RB5) and sulfanilic acid (SA).
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Table 3
Pearson’s correlation coefficients (r) between the parameters examined and pollu-
tant concentrations in RB5- and SA-treated soils.

UA NP AAR AOB NOB
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[

[

[

[

[

[

[

[

[

[

[

[

[

eactive Black 5 −0.66* −0.71* −0.44* −0.37 −0.63*

ulfanilic acid −0.73* −0.64* −0.71* −0.34 0.22

orrelation coefficients marked by (*) are significant at the 0.001 level (two-tailed).

ial and nitrite oxidising bacteria counts in RB5-treated soil were
ll correlated to pollutant concentrations. These parameters were
egatively correlated with the applied doses of RB5. In the case of
A treatment, the urease activity, nitrification potential and argi-
ine ammonification rate correlated negatively with the applied
A doses. The number of ammonium and nitrite oxidisers in soil
id not correlate with the SA concentration. It can be concluded

rom Table 3 that the nitrification potential indicated a stronger
egative response (r = −0.71) to RB5 treatment, whereas stronger
egative responses to increasing amounts of SA were observed for
he urease activity and arginine ammonification rate (r = −0.73 and
= −0.71, respectively).

The aerobic mineralisation of azo compounds has been
estricted to a few bacterial strains which utilise certain carboxyl-
ubstituted structures. Adaptation experiments with these cultures
o growth with the industrially important sulfonated analogues
ere unsuccessful [47]. Under the current experimental condi-

ions (small soil pots and aerated incubation) the breakdown of dye
olecule through reduction of azo linkage was not expected in RB5

dded soils. Hence, the observed inhibition effects in RB5 added
oils may be attributed mainly to the parent azo dye. In natural
oil environments, organic dyes in well-aerated surface soils may
robably be resistant to biodegradation. However, excess water in
eavy-textured soils (for example, after heavy rainfall) can promote
he formation of anoxic conditions in dye-contaminated soils. The
leavage of azo bond may be possible under such circumstances
esulting in the formation of aromatic amines. Therefore, pollution
f soils with organic dyes may also refer the aromatic amine pol-

ution. The results of the current study apparently indicated that
nhibition effects of RB5 on nitrogen related processes may continue
fter the possible reduction of parent dye to SA.

. Conclusion

Monitoring of dye-polluted sites is yet often restricted to the
uantification of the contaminant by means of complex chem-

cal analyses. Because of the widespread soil pollution through
ye-containing wastewater and sludge applications, simple risk
ssessment tools are urgently required especially in developing
nd under-developed countries. In view of the results obtained
n the present paper, it can be concluded that nitrogen related
rocesses in soil can be used as bioindicators of anthropogenic
tress caused by organic dyes. The assessment of the potential
itrogen mineralisation and nitrification will probably facilitate
he monitoring procedures because of their rapid response to
ye-induced changes. The results of the study depicted that ure-
se activity, arginine ammonification rate, nitrification potential
nd ammonium oxidising bacteria numbers decreased by 10–20%
nd 7–28% in the presence of RB5 (>20 mg/kg dry soil) and SA
>8 mg/kg dry soil), respectively. According to decreased levels of
itrogen mineralisation-nitrification and reduced numbers of nitri-
ers observed in this study, it was concluded that organic dye

ollution may restrict the nitrogen-use-efficiency of plants, thus

urther reducing the productivity of terrestrial ecosystems. More-
ver, the response of soil microbiota to SA suggested that inhibition
ffects of organic dye may continue after the possible reduction
f parent azo dye to associated aromatic amines. The need for

[

[

aterials 170 (2009) 1006–1013

complete mineralisation of organic dyes must be taken into con-
sideration when deciding for the optimal remediation technology.
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