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a b s t r a c t

2-Naphthol, which originates widely from various industrial activities, is toxic and thus harmful to
human liver and kidney. A new compound biodegradation system was adopted to degrade 2-naphthol-
contaminated wastewater. Enzymatic response to 2-naphthol biodegradation in the aqueous phase was
also studied. As a co-metabolic substrate, salicylic acid could induce the two microorganisms to produce
a large amount of degradation enzymes for 2-naphthol. The key enzymes were confirmed as polyphenol
oxidase (PPO) and catechol 2,3-dioxygenase (C23O). The degradation extent of 2-naphthol, determined
by high performance liquid chromatography (HPLC), was enhanced by nearly 15% on the 6th day after the
iodegradation
nzyme
esponse
o-metabolism

addition of the co-metabolic substrate. The results obtained thus clearly indicated that the co-metabolic
process was the most important factor affecting the degradation of the target contaminant. The optimal
concentration of 2-naphthol was 150 mg L−1, and the optimal pH value was 7.0. The degradation extent
of 2-naphthol was further enhanced by nearly 10% after the addition of Tween 80, which increased the
bioavailability of 2-naphthol. In a practical treatment of industrial wastewater from medical manufacture,
the synergistic degradation system resulted in a high degradation efficiency of 2-naphthol although its
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. Introduction

In recent years, there has been an increasing concern about
ndustrial wastewater containing phenolic compounds, which are
armful and toxic to marine life and human beings [1]. Naphthalene
erivatives with substituents at position 2 are usually more toxic
han those at position 1, therefore, 2-naphthol is listed among top
riority contaminants [2]. This compound, which biodegrades very
lowly, is usually present in drinking water and industrial wastew-
ter. It is also present in the atmosphere through emissions from
arious industrial sources. Due to its toxicity, industrial wastew-
ter containing 2-naphthol must be treated before it is reused or
ischarged to the environment.

More and more researchers are investigating suitable methods
or removal or eliminating 2-naphthol since the contamination
f biorefractory organic chemicals is a widespread problem [3].

he main methods to remove 2-naphthol from the environ-
ent include: volatilization, photo-oxidation, chemical oxidation,

ioaccumulation and extraction by organic reagents [4,5]. The
onventional method—extraction by organic reagent—cannot com-

∗ Corresponding author. Tel.: +86 851 5895148; fax: +86 851 5895148.
E-mail address: bin2368@vip.163.com (B. Lian).
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letely remove 2-naphthol, and the organic reagent itself will
ead to environmental pollution [6]. Photo-degradation of organic
ontaminants in water or soil is usually restricted to a cer-
ain depth (or thickness), and the efficiency depends on many
actors such as light wavelength distribution, water (or soil) char-
cteristics, and photo-degradation mechanism. For example, the
hoto-degradation extent of 2-naphthol (2.0 × 10−5 M 2-naphthol,
h) was no more than 20% [7–9]. For chemical oxidation, the

esearchers used Fe2+/HOCl and Fe2+/H2O2 to treat 2-naphthol-
ontaminated wastewater, the degradation extent were 39% and
3.3%, respectively [10]. One possibly convenient and economic
pproach to eliminate 2-naphthol is biodegradation by prepon-
erant microorganisms. However, one of the major problems
ncountered was that the biodegradation by fungus or bacterium
lone was often ineffective or time-consuming owing to the inher-
nt toxicity of the compound. Therefore, little has been reported on
ts biodegradation and enzyme response in the literatures.

Some researchers suggested that synergistic degradation by fun-
us and bacterium could occur in the bioremediation of polycyclic

romatic hydrocarbon (PAH)-contaminated soil [11]. A fungus,
hanerochaete ehrysosporium, has been successfully combined with
acillus subtilis to degrade pyrene. The combination greatly speeded
p the degradation of pyrene, much greater than that by the sep-
rate microorganisms [12]. Since the mutagenic and carcinogenic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bin2368@vip.163.com
dx.doi.org/10.1016/j.jhazmat.2008.10.117
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AHs could be degraded by combined microorganisms, this study
as proposed to determine whether a similar method of biodegra-
ation may be suitable for 2-naphthol.

For those organic compounds with low bioavailability, co-
etabolic processes may be a main process. Co-metabolic

ubstrates could make microorganisms produce some enzymes
hat have the potential to degrade the co-metabolic substrates
hemselves and other compounds with similar chemical structures
13]. In uninduced cultures of Pseudomonas saccharophilia strain
15, no significant mineralization of benzo(a)pyrene was observed
n 48 h [14]. Low solubility is another limiting factor for biodegrada-
ion. Numerous studies [15–17] have dealt with the enhancement
f solubility of hydrophobic contaminants by adding surfactants to
eep above their critical micelle concentrations, which will neces-
arily result in subsequent degradation. Tween 80 is known as an
arth-friendly surfactant with very low (or no) toxicity [18–20]. To
nvestigate this point of view, Tween 80 was included in this study.

In order to effectively remediate and control 2-naphthol-
ontaminated industrial wastewater, several biodegradation sys-
ems were compared, and the response of microbial enzymes to
-naphthol was also studied. In the new biodegradation system,
everal parameters were optimized.

. Materials and methods

.1. Chemicals and micro-organisms

All solvents except CH2Cl2 were of HPLC grade; K2HPO4,
H2PO4, NH4NO3, MgSO4·7H2O, CaCl2·2H2O, FeSO4·7H2O,
a2HPO4·12H2O, MnSO4·H2O, (NH4)6MO7O24, salicylic acid,
ween 80, glucose and CH2Cl2 were all of analytical grade. 2-
aphthol was purchased from the Xinxi Chemicals Company of
henyang, China (>99% purity). Fungus Fusarium proliferatum and
acterium Bacillus subtilis were screened, isolated and identi-
ed from crude oil-contaminated soil in the Liaohe Oil Field in
hina [21]. The fungus and bacterium were capable of utilizing
-naphthol as the sole carbon and energy source. Before the
tart of the experiments, the two organisms were domesticated
ith a mixture of phenolic compounds for four weeks. Mycelia
ere stored on agar slants at 4 ◦C, and were transferred to fresh

lants every three months. The degradation mineral medium
onsisted of (in g L−1 distilled water): K2HPO4, 1.0; KH2PO4, 0.2;
H4NO3, 1.0; MgSO4·7H2O, 0.4; CaCl2·2H2O, 0.02; FeSO4·7H2O,
.001; Na2HPO4·12H2O, 0.6; MnSO4·H2O, 0.001; (NH4)6MO7O24,
.014. The culture method for the bacterium and the fungus was
ccording to Su et al. [22].

.2. Degradation experiments

.2.1. Comparison of different biodegradation systems
All procedures were conducted in dim yellow light in order to

void photodegradation of 2-naphthol.
Three biodegradation systems were setup as follows:

System 1: 2-Naphthol (at 100 mg L−1) was added to the degrada-
tion culture medium described in Section 2.1 in Erlenmeyer flasks
(125 mL) and the culture was inoculated with 10% v/v B. subtilis
(the bacterial cells were pre-grown to an optical density of 1.2 at
590 nm). The final volume of the culture was 30 mL. The cultures
were incubated on a rotary shaker at 30 ◦C and 130 revolutions per

minute (rpm).
System 2: As in System 1 except that the culture was inoculated
with both B. subtilis 5% (v/v) and F. proliferatum 5% (v/v; mycelium
on agar slants were taken out as a 0.5 cm3 block for inoculating
into seed medium). Preliminary experiments showed that the dry

2

p
o
t
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weight of the cells was 0.2 g 30 mL−1 when the cells were pre-
grown for 12 h, at 30 ◦C and 130 rpm).
System 3: The culture was inoculated with 10% F. proliferatum alone.

All control experiments were done under the same condi-
ions except without inoculant. The residual concentrations of
-naphthol were measured at different time intervals (0, 2, 4, 6, 8,
0 d) by HPLC. Three replicates were performed for each treatment.

.2.2. Influence of 2-naphthol of different concentrations on
nzyme activities

In order to examine the effect of initial concentration of
-naphthol on the enzyme activities of the combining microorgan-

sms, a series of concentration experiments (0, 50, 100, 150, 200
nd 250 mg L−1 of 2-naphthol) were selected and repeated. The
nzymes produced by the microorganisms in degradation exper-
ments were extracted for assaying. The extraction method of
nzymes was similar to that of Kalme et al. [23]. One unit of enzyme
ctivity was defined as a change in absorbance unit min−1 mg−1 of
nzyme under the test conditions. The residual concentrations of
-naphthol and the enzyme activities of the bacterium were mea-
ured on the 2nd day (since pilot experiments had shown that
he enzyme activities were the greatest on the 2nd day). Abiotic
ontrols (without microorganisms) were always included. Three
eplicates were performed for degradation extent, and five repli-
ates were performed for enzyme activities. In the experiments,
everal enzymes were measured at different time intervals, and
nly catechol 1,2-dioxygenase (C12O), C23O, and PPO gave strong
esponses to changing conditions during the degradation process
f 2-naphthol. Therefore, C12O, C23O, and PPO were selected for
he following study.

.2.3. pH value of the culture
A degradation experiment was conducted with pH change. The

nitial pH value of the culture solution was adjusted by adding
ither 0.1 M HCl or NaOH, and measured by a pHs-29A acidity meter.
nitial pH values of the different groups were 6.6, 7.0 and 7.4, respec-
ively. All the other conditions were as those described in Section
.2.1.

.2.4. Effect of salicylic acid on enzyme activities and degradation
xtent

As a co-metabolic substrate, salicylic acid (50 mg L−1) was added
o the above cultures in which the other parameters (such as pH
nd concentrations of 2-naphthol) were set at the optimum values
etermined from experiments described above. Control experi-
ents were done under the same conditions but without addition

f salicylic acid. Both the residual concentrations of 2-naphthol and
he enzyme activities of the microorganisms were measured.

.2.5. Influence of surfactant Tween 80 on the degradation of
-naphthol

Culture flasks were prepared with 2-naphthol (150 mg L−1),
ween 80 (500 mg L−1) and salicylic acid (50 mg L−1) as well as the
utrients and inoculant to a final volume of 30 mL. Experimental
ontrols were carried out under the same conditions except for
he absence of Tween 80. The residual concentrations of both 2-
aphthol and Tween 80 were measured at different time intervals
0, 2, 4, 6, 8, 10 d), by HPLC and spectrophotometry, respectively.
.2.6. Practical application of the biodegradation system
Wastewater was sampled from a medical manufacturing com-

any (Meng J-L, Jilin Province, China) and diluted to reach the
ptimal 2-naphthol concentration as determined above. Parame-
ers of the wastewater after dilution by a factor of 1.77 were as
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tion was 200 mg L−1. In order to avoid excess compound toxicity
and to maximize enzyme activities, 150 mg L−1 was chosen as the
optimum concentration for further experiments. Fig. 2 also shows
that PPO and C23O were the main enzymes responsible for the
S. Zang, B. Lian / Journal of Haz

ollows: 2-naphthol 150 mg L−1, CODcr 4786.6 mg L−1, pH 7.26, SS
26.1 mg L−1. In order to get the optimal applied effect, suitable
oncentration of Tween 80 and salicylic acid (decided by above
xperiments) were added into the wastewater, and pH was also
djusted. The wastewater sample (both sterilized and unsterilized)
as used to conduct the degradation experiment in the labora-

ory by above experimental method, where a 30 mL sample was
sed in place of the 2-naphthol solution. Three replicates were per-
ormed for each treatment. Control experiments for both sterilized
nd unsterilized samples (control 1 and control 2) were done under
he same conditions except without inoculant.

.2.7. Analytical methods

.2.7.1. Extraction and analysis of 2-naphthol. The extraction of
ample medium was described [24,25] as follows: the samples
ere extracted three times with 8 mL CH2Cl2. The organic extracts
ere combined after the separation of organic and water phases,

nd cleaned by passing through a chromatographic column (SiO2
verlain with Na2SO4). The extracts were concentrated at 50 ◦C by
eans of a rotary evaporator, dried by nitrogen gas and finally

issolved in methanol (1 mL) for further analysis. The concentra-
ions were determined after filtration of the suspension through

embrane filters (Millipore, 0.45 �m).
2-Naphthol in the samples was analyzed on a quantitative and

ualitative basis by HPLC equipped with a gradient pump (KNAUER
1001), an Autosampler (TSP AS100), a reverse-phase C-18 col-
mn (length 170 mm, diameter 8 mm) and variable wavelength UV
etector (LC-10AV). Elution was isocratic with 3:1 (v:v) mixture of
ethanol and water (containing 0.005 M KH2PO4) as the eluent at a

ow rate of 0.8 mL min−1. In all cases, 10 �L of sample was injected
o the HPLC by the Autosampler. 2-Naphthol was identified based
n its retention time. At the wavelength of 280 nm, the retention
ime of 2-naphthol was 7.238 min.

In addition, Tween 80 was measured by spectrophotometry at
20 nm using standard methods [26].

.2.7.2. Extraction and analysis of enzymes. Determination of PPO,
12O and C23O was carried out using reported methods [27].

.2.8. Statistical analyses
The statistical analysis of variance (ANOVA) and multivariate

NOVA (MANOVA) was performed using Excel and SPSS programs
28].

. Results and discussion

.1. Comparison of different biodegradation systems

It is a necessary step and also a challenge to design a practical
nvironment-friendly degradation system for toxic contaminants.
mong the three degradation systems in this study, the degradation
f 2-naphthol by System 2 (combining fungus F. proliferatum with
acterium B. subtilis) was the fastest at all time intervals (Fig. 1).
-Naphthol was rapidly degraded by System 2 after 2 days of incu-
ation and reached its maximum degradation on the 6th day. After
ay 6, the three degradation curves all reached a relatively slow
ecay rate. The residue 2-naphthol was approximately 40% on the
th day in the System 2, but 60% and 67% for System 1 and 3 respec-
ively. In addition, the degradation effect of the System 1 was better

han that of System 3 before the 4th day, and after that time, the
osition was reversed.

Compared with the fungus, chemical processing by the bac-
erium is usually less reliable due to the inability of the target
ompound to pass through bacterial cell walls [29]. However, the

F
r

ig. 1. Comparison of different biodegradation systems. a, Control; b, degradation
y bacteria Bacillus sp.; c, degradation by both fungus Fusarium sp. and bacteria
acillus sp., d, degradation by fungus Fusarium sp. Error bars represent the standard
eviation from the mean value of triplicate experiments.

ungus could overcome this shortcoming, for it could usually pro-
uce extracellular enzymes which are significant for pollutants of

ow bioavailability [30]. The study of microbial activity in mixed
ubstrate systems is therefore important for biotechnological appli-
ations and wastewater treatment [31–33].

Synergistic degradation by fungus and bacterium (System 2) was
ound to be suitable for the degradation of 2-naphthol in the exper-
ment. Therefore, this degradation system was adopted in all the
ubsequent experiments.

.2. Enzyme response

The relationship between enzyme activity, degradation effect
nd the initial concentration of 2-naphthol is presented in Fig. 2.
hen the concentrations of 2-naphthol were less than 200 mg L−1,

nzyme activities of C12O, C23O and PPO increased with increas-
ng concentration of 2-naphthol. However, the response of
12O with increasing the concentration of 2-naphthol was only
mall.

When the concentrations of 2-naphthol were above 200 mg L−1,
he concentrations of residual 2-naphthol tended to reach a lim-
ting value. When enzyme activities of C12O, C23O and PPO was
ecreased, degradation extent were all decreased (that is, the resid-
al concentration after two days was higher). For C12O and PPO
nzyme activities, the most suitable concentration of 2-naphthol
as 150 mg L−1, while that for C23O, the most suitable concentra-
ig. 2. Enzyme activities in different concentrations of 2-naphthol. Error bars rep-
esent the standard deviation of the mean (n = 5).
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ig. 3. Effect of initial pH value of the culture. Error bars represent the standard
eviation of the mean (n = 3).

egradation of 2-naphthol due to their strong response with con-
entration change of 2-naphthol.

.3. Effect of the initial acidity

Acidity plays an important role at different phases in syn-
rgistic degradation. Because the fungus grows better in mildly
cid conditions (pH 5.0–7.5), while the bacterium grows better in
ildly alkaline conditions (pH 6.5–8.0), therefore, the pH range
as chosen 6.5–7.5 in the experiments. During the initial 4 days of

ncubation, the degradation extent of 2-naphthol was the highest
n the culture with pH 6.6 (Fig. 3). After that time, the degra-
ation extent in the culture with pH 6.6 was lower than that
ith pH 7.0. The degradation extent in the culture with pH 7.4
as the lowest throughout the degradation processes. Therefore,

he optimal pH for the biodegradation was pH 7.0 from the long
un.

.4. Effect of salicylic acid on enzyme activities and degradation
xtent

Co-metabolic substrates are of crucial importance for the degra-
ation extent of 2-naphthol and enzyme response. A specific
icroorganism will have different responses to different kinds of

ontaminants and co-metabolic substrates [34]. From its chem-
cal structure and properties, salicylic acid has broadly similar

tructure to 2-naphthol, and much lower toxicity. Compared with
-naphthol, salicylic acid is liable to preferential degradation in
he same culture; in the processes, mixed-function enzymes were
roduced which could also degrade 2-naphthol. The degradation
xtent of 2-naphthol was low in the first 24 h in the presence of

t
t
n
c
a

ig. 4. Effect of salicylic acid on enzyme activities and residue rates. (A) influence of salicyl
f 2-naphthol in the absence of co-metabolite; b, degradation of 2-naphthol in the presen
he asterisk symbol (*) denotes significantly different when compared to the control grou
s Materials 166 (2009) 33–38

alicylic acid compared with the control group (without salicylic
cid). But after that time, the degradation extent of 2-naphthol was
apidly enhanced (Fig. 4B). When multiple substrates are present,
icrobial-substrate degradation may be affected by the presence

f other substrates. During the induction period (24 h), the com-
ined microorganisms utilized salicylic acid as a main carbon and
nergy source, which would lead to a lower degradation extent of
-naphthol. After 24 h, the salicylic acid induced activity of the
nzymes in the mixed-function oxidase system (PPO, C23O and
12O) could then degrade 2-naphthol quickly.

The activities of PPO and C23O were significantly affected by
alicylic acid (Fig. 4A). The extent of induction of enzyme activity
ollows the response order of C12O < C23O < PPO. Compared with
PO and C23O, the enzyme activity of C12O was still lower after
nduction. The characteristic feature, in combination with little
hange in the residual concentrations of 2-naphthol (as noted in
.2 above), indicated that C12O was not the main enzyme involved

n 2-naphthol degradation. During the degradation process of 2-
aphthol, PPO and C23O were sensitive to changes conditions.
herefore, the key enzymes for the degradation of 2-naphthol were
PO and C23O.

It has been reported that salicylate (at 90 mg L−1) could
e completely degraded in 14 h [35]. When the co-metabolic
ubstrates were exhausted, the continuous degradation of 2-
aphthol depended mainly on the metabolites themselves, which
ere also better co-metabolic substrates with low molecular
eight and were easily degraded than the parent compound. The

esults were similar to some reports concerning PAH degradation
36].

.5. Influence of surfactant Tween 80 on the degradation of
-naphthol

Bioremediation of organic contaminants is highly challenging
ecause of the low solubility [37], which is one of the problems for

ow bioavailability pollutants. Solubility of our 2-naphthol (were
urchased from the Xinxi Chemicals Company of Shenyang, China)
as about 66 �g mL−1. After the addition of Tween 80, the capabil-

ty of 2-naphthol dissolving in cell walls would be greatly enhanced,
nd the chance for microorganisms to process 2-naphthol remark-
bly increased. Hence, bioavailability would be simultaneously
mproved.

It could be seen that the degradation extent of 2-naphthol (on

he 6th day) was enhanced by nearly 10% compared with that in
he absence of Tween 80 (Fig. 5). The degradation of Tween 80 was
early 95% on the 6th day under the experimental conditions, indi-
ating that the addition of non-ionic surfactants would not bring
bout further contamination to the environment.

ic acid on enzyme activities; (B) effect of salicylic acid on 2-naphthol; a, degradation
ce of co-metabolite. Error bars represent the standard deviation of the mean (n = 5).
p (p < 0.05).
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ig. 5. Influence of surfactant Tween 80 on degradation of 2-naphthol. a, Degrada-
ion of 2-naphthol in the absence of Tween 80; b, degradation of 2-naphthol in the
resence of Tween 80; c, degradation of Tween 80. Error bars represent the standard
eviation of the mean (n = 3).

.6. Practical application of the biodegradation system

In order to test the practical application effect of the synergis-
ic degradation system, three treatments of the real wastewater
ere designed (1): the real wastewater unsterilized; (2): the real
astewater sterilized; and (3): a distilled water with 2-naphthol

50 mg L−1. The results are compared in Fig. 6. It can be seen that
he degradation effect of the treatment (1) was the best on the 10th
ay, while that of the treatment (2) was the worst, and that of the
reatment (3) was intermediate.

The degradation extent of 2-naphthol in the treatment (1) was
uch lower in the first 6 days, but after that time, the degradation

xtent was rapidly enhanced so that by day 10, it was the best.
ain reasons were that, on the one hand, F. proliferatum and B.

ubtilis need some time to adapt to the new environment containing
ull of many kinds of nature microorganisms; on the other hand,
he F. proliferatum and B. subtilis may first degrade those organic
ompounds with lower molecular weight and easier degradation
n the initial stage. Thereafter, the synergistic degradation by many
ind of microorganism together was effectual.

In addition, from curve control 2, we could infer that those nat-
ral microorganisms in the wastewater had little ability to degrade
-naphthol although they had strong tolerance for 2-naphthol

nd may have played an important role for the mineralization of
etabolites of 2-naphthol. Fig. 6 also showed that the practical
astewater sample was more complex than the degradation cul-

ure under laboratory conditions. Dissolved organic matter has a

ig. 6. Practical application of the biodegradation system on treatment of 2-
aphthol-contaminated wastewater. a, Control 1; b, control 2; c, degradation of
-naphthol in the pure culture; d, degradation of 2-naphthol in the wastewater sam-
le sterilized; e, degradation of 2-naphthol in the wastewater sample unsterilized.
rror bars represent the standard deviation of the mean (n = 3).
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apacity for complexing hydrophobic organic compounds and trace
etals, which may significantly increase their aqueous solubility

38,39].

. Conclusions

A close relationship between degradation extent of 2-naphthol
nd enzyme response has been established. A synergistic
egradation system (F. proliferatum and B. subtilis), which is
nvironment-friendly, was adopted to degrade 2-naphthol. This
ombined degradation system, compared with the conventional
ethod of degradation by one domestic bacterium alone, enhanced

he degradation extent of 2-naphthol by nearly 20% on the 6th
ay. Co-metabolic substrate salicylic acid could well make the
wo microorganisms produce degradation enzymes for 2-naphthol.
fter the addition of the co-metabolic substrate, the degradation
xtent of 2-naphthol was enhanced by nearly 15% on the 6th day.
he results indicated that the co-metabolic substrates were the
ost important factor affecting the degradation of our target con-

aminant.
The key enzymes for the degradation of 2-naphthol were

PO and C23O. The optimal concentrations of 2-naphthol were
50 mg mL−1 and pH value was 7.0. The degradation extent of 2-
aphthol was enhanced by nearly 10% compared with that in the
bsence of Tween 80. The degradation extent of Tween 80 itself was
early 95% on the 6th day under the experimental conditions, which

ndicated that the addition of non-ionic surfactant could not bring-
ng about further contamination to the environment again. The
esults which medical manufacture wastewater without steriliza-
ion was used, evidenced that the degradation extent of 2-naphthol
as up to 95.2% by combination method on the 10th day. This study
resents important information on the design of schemes for the
reatment of more complicated industrial wastewaters.

In conclusion, it is important to further study the synergistic
egradation system so as to more effectively degrade 2-naphthol
ith higher concentration. Photocatalysis/chemical oxidation com-

ined with biodegradation would be a more potential method for
-naphthol degradation in theory based on its chemical structure.
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