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ABSTRACT

Biological 1,4-dioxane removal performance using newly isolated Pseudonocardia sp. D17, which
can utilize 1,4-dioxane as the sole carbon source, was evaluated. A low level of influent 1,4-dioxane,
at 5-50 mg/L, was treated to meet the Japanese effluent standard of 0.5 mg/L. The gel entrapment
technique was used for immobilization of Pseudonocardia sp. D17 so that it is not washed out from
the bioreactor under a short hydraulic retention time. Consequently, an average effluent 1,4-dioxane
concentration of 0.49 mg/L was achieved at a loading rate of 0.096 kg dioxane/(m? - d) with an influent
1,4-dioxane concentration of 50 mg/L. The startup of the bioreactor was observed at 25°C within 2
weeks. Moreover, the effluent 1,4-dioxane concentration of 0.38 mg/L on an average was confirmed
at a loading rate of 0.060 kg dioxane/(m? - d), even though the operating temperature was 15°C. The
temperature effect on 1,4-dioxane removal activity was characterized on the batch experiment. The
maximum 1,4-dioxane removal activity was observed at 33.9°C. Moreover, 1,4-dioxane removal activ-
ity was observed even at 7.4°C, although that was decreased to 27% compared with that at 25°C. The
activation energy for 1,4-dioxane removal by Pseudonocardia sp. D17, representing the temperature

dependency, was calculated as 51.9 kJ/mol.
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INTRODUCTION

1,4-Dioxane is a toxic substrate for humans and is ad-
ditionally a major pollutant of water environments [1,2].
The International Agency for Research on Cancer (IARC)
has determined that 1,4-dioxane is possibly carcinogenic
to humans and classified it at the 2B level. 1,4-Dioxane is
widely used as a solvent or stabilizer in paints, lacquers, and
pesticides and is discharged to surface water through vari-
ous kinds of wastewater. Therefore, it is important to remove
1,4-dioxane from the effluents of wastewater treatment plants
(WWTPs). To reduce the risk of contamination of surface
water and groundwater by 1,4-dioxane in Japan, an effluent
standard for WWTPs was applied in 2012 which limits the
discharge of this chemical in the effluent to 0.5 mg/L. How-
ever, a provisional standard that allows an elevated discharge
level of 6 mg/L for an additional 3 years (till 2018) is cur-

rently being applied to ethylene oxide and ethylene glycol
manufacturing facilities as there is no cost-effective method
to treat 1,4-dioxane.

It is difficult to remove 1,4-dioxane from wastewater by
conventional physicochemical processes, such as coagula-
tion and activated carbon adsorption, because of its high
solubility. It is additionally well known that conventional
biological treatment, such as the activated sludge process, is
not effective for 1,4-dioxane removal as this chemical is gen-
erally persistent against biodegradation. An advanced oxida-
tion process (AOP), which is a combination of technologies
including ozone oxidation, ultraviolet light, and hydrogen
peroxide, is one of the effective methods to decompose
1,4-dioxane [3,4]. However, AOP requires large amounts
of chemicals and energy, resulting in high operating costs.
Therefore, it is desirable to develop a method for the treat-
ment of 1,4-dioxane in wastewater that is less expensive and
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consumes low energy.

Although 1,4-dioxane is a persistent chemical, biodegra-
dation activities of several pure bacterial cultures, such as
Mycobacterium sp. and Pseudonocardia sp [4—6]. as well as
fungi [7] have been reported. In addition, our group has re-
cently succeeded in the isolation of four 1,4-dioxane-degrad-
ing bacterial strains, including Afipia sp. D1 and Pseudono-
cardia sp. D17 [8]. These findings have strongly suggested
that 1,4-dioxane can be biologically removed when efficient
1,4-dioxane-degrading microbes are utilized in the bioreac-
tor, and this method can be a very cost-effective alternative
for 1,4-dioxane wastewater treatment technology. In fact,
in our previous studies, a biological wastewater treatment
system using a pure culture of DI entrapped in a gel carrier
was proposed, and high 1,4-dioxane removal potential was
observed [9]. However, using Afipia sp. D1, the 1,4-dioxane
concentration in the effluent from the bioreactor could not
be lowered below 3 mg/L. Therefore, post-treatment, such
as AOP, is still required, even at low loadings, to meet the
Japanese effluent standard of 0.5 mg/L. This limitation of
DI can occur because of a low 1,4-dioxane concentration in
the reactor resulting in the insufficient induction of catabolic
enzyme (s) for 1,4-dioxane in Afipia sp. D1.

To overcome this limitation and achieve 1,4-dioxane treat-
ment at lower concentrations (e.g. 0.5 mg/L) in the current
study without post-treatment, we attempted to use an alter-
native 1,4-dioxane-degrading bacterium Pseudonocardia sp.
D17, in which the catabolic enzyme (s) is considered to be
constitutively expressed, to the bioreactor. If it is possible to
treat the 1,4-dioxane wastewater to achieve a concentration
lower than 0.5 mg/L using D17, post-treatment would not be
required thereby saving the operation cost, and this biologi-
cal treatment system may therefore become a very attractive
alternative.

In the present study, a biological 1,4-dioxane treatment
system was developed with Pseudonocardia sp. D17 [§]
using gel-entrapment technology to clearly demonstrate
that it is possible to achieve 1,4-dioxane treatment at lower
concentrations than that required to meet the Japanese ef-
fluent standard of 0.5 mg/L without any post-treatment. To
obtain the important design and operational variables of the
bioreactor for practical use, the necessary startup period, the
effect of the influent 1,4-dioxane concentration, hydraulic
retention time (HRT), and operation temperature on the
treatment performance were investigated.

MATERIALS AND METHODS

Seed culture of Pseudonocardia sp. D17

Pseudonocardia sp. D17 was grown in a mineral salt
medium containing (/L): 1,000 mg K,HPO,; 1.000 mg
(NH,4),S0,4; 200 mg MgSO,[17H,0; 50 mg CaCl,[12H,0;
50 mg NaCl, and 500 mg 1,4-dioxane as the sole carbon
and energy source [8]. The culture was grown in a 500-mL
conical flask filled with 300 mL of medium sealed with a
silicon cap and incubated at 28°C with shaking at 120 rpm.
The initial pH of the medium was 7.6.

Immobilization of Pseudonocardia sp. D17 in gel
carrier

The Pseudonocardia sp. D17 seed culture was entrapped
in a polyethylene glycol (PEG) gel carrier, as reported pre-
viously [10]. Briefly, a PEG prepolymer (Shin Nakamura
Chemicals, Tokyo, Japan) and N,N,N',N'-tetramethylene di-
amine (a promoter) were dissolved in water. The mixture and
seed culture were mixed in a beaker. An initiator (potassium
persulfate) was added to the beaker to induce polymeriza-
tion, and the polymerized carrier gel was cut into 3-mm
cubes. The gel carrier contained 10% (w/v) PEG, 0.5% (w/v)
promoter, 0.25% (w/v) initiator, and 5% (w/v) seed culture.
The concentration of cells in the seed culture was 1.3-2.4 x
10 CFU/mL.

Model wastewater containing 1,4-dioxane

A model wastewater containing 1,4-dioxane was used
for the continuous feeding tests and batch experiments. It
contained (/L): 125 mg K,HPOy; 125 mg (NH,),SO,4; 25 mg
MgS0,°7H,0; 6.3 mg CaCl,*2H,0 and 6.3 mg NaCl in tap
water. For continuous feeding tests, 1,4-dioxane was added
at 5-50 mg/L, whereas 250 mg/L was added for batch ex-
periments. The model wastewater used in this study was not
sterilized.

Continuous feeding tests to evaluate treatment per-
formance

Rectangular-type bioreactors were used for the treatment
of the model wastewater containing 1,4-dioxane in the con-
tinuous feeding mode (Fig. 1). In total, five bioreactors were
operated to evaluate the effect of temperature or 1,4-diox-
ane concentration on the treatment performance (Table 1).
Bioreactors were equipped with a water jacket to maintain
the water temperature within the bioreactor at 15°C — 25°C.
The volume of each bioreactor was 1,000 mL and 150 mL of
gel carrier cubes was placed inside the bioreactor (packing
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Fig. 1 Schematic diagram of the 1,4-dioxane removal bioreactor using gel car-

rier entrapping Pseudonocardia sp. D17 for continuous feeding tests.

Table 1 Operation parameters on each continuous feeding test.
1,4-Dioxane concentration Temperature (°C) HRT (h)
(mg/L)

Reactor 1 50 25 4.0-8.0
Reactor 2 20 25 8.0-20
Reactor 3 5 25 2.5-4.8
Reactor 4 20 20 4.0-8.0
Reactor 5 20 15 4.8-12

ratio, 15%). The HRT was set to 2.4 — 20 h. The pH in the
bioreactor was monitored and adjusted to 6.5 by adding 1 N
NaOH. The aeration rate of the bioreactor was adjusted from
1.25 to 2.0 L/min to maintain DO in the bioreactor at a level
of more than 4.0 mg/L.

Batch experiments for the evaluation of temperature
dependency and determination of activation energy

Monod test tubes (40 mL) were used for the batch
experiments to evaluate the temperature dependency of
1,4-dioxane-degrading activity of gel-entrapped Pseudono-
cardia sp. D17. In total, 30 mL of the model wastewater
containing 1,4-dioxane was poured into each test tube, and
approximately 3 mL of gel carrier was transferred from the
continuous feed bioreactor. The test tubes were shaken at
80 rpm and held at 7.4°C — 38.7°C (Temperature Gradient

Incubator TVS486AA, Advantec, Tokyo, Japan) to initi-
ate the test. Water samples for 1,4-dioxane analysis were
obtained from the test tubes every 2 h. The actual volume
of the gel carrier was measured after the batch experiment.
Following this, 1,4-dioxane removal performance of the gel
carrier at different temperatures was calculated. In total, 12
batch samples were prepared in the current experiment. The
activation energy of the 1,4-dioxane decomposition can be
determined graphically by taking the natural logarithm of
1,4-dioxane removal rate and reciprocal T for the Arrhenius
equation as follows:

Ln(k) = (Ea/R)/T + Ln(4), 1)

where £ is the reaction rate of 1,4-dioxane decomposition
(mg/L), Ea is the activation energy (kJ/mol), T is the tem-
perature in K; R is the universal gas constant (8.314 kJ/(mol -
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K)), and 4 is the frequency factor for the reaction.

Analytical methods

Influent and effluent samples were immediately filtered
through a 0.45-um syringe filter after sampling. The 1,4-di-
oxane concentrations of the samples were determined by
head-space—gas chromatography/mass spectrometry (HS-
GC/MS). The HS-20 head-space sampler was connected
to a QP-2010 gas chromatograph equipped with a mass
spectrometer (Shimadzu Corp., Kyoto, Japan). An Rtx-624
(Restek, USA) column (60 m x 0.32 mm, 1.8 pm) was used.
Helium was used as the carrier gas, and the flow rate was
set at 1.95 mL/min. The column temperature was controlled
from 40°C (held for 1 min) ramped at 10°C/min to 230°C
(held for 5 min). The detector temperature was 200°C. The
mass spectrometer was scanned for m/z 58 and 88.

RESULTS AND DISCUSSION

1,4-Dioxane removal by gel carrier-entrapped
Pseudonocardia sp. D17

Continuous 1,4-dioxane treatment by the bioreactor using
gel-entrapped strain D17 was conducted to confirm whether
it can lower the effluent 1,4-dioxane concentration below
0.5 mg/L. Fig. 2a shows the influent and effluent 1,4-dioxane
concentrations over time. The time courses of 1,4-dioxane
loading and removal rates are shown in Fig. 2b. The influent
1,4-dioxane concentration was set at 50 mg/L, and operation
temperature was 25°C.

Significant 1,4-dioxane removal activity by Pseudono-
cardia sp. D17 was observed shortly after startup of the
bioreactor, and the effluent 1,4-dioxane concentration
gradually decreased, resulting in 0.49 mg/L on day 9 with
an HRT of 20 h. Stable 1,4-dioxane removal performance
was observed after the startup, and the effluent 1,4-dioxane
concentration was maintained at <0.5 mg/L. The averages
of the effluent 1,4-dioxane concentration and 1,4-dioxane re-
moval efficiency on days 9 — 20 were 0.30 mg/L and 99.5%,
respectively, at the 1,4-dioxane loading rate of 0.060 kg
dioxane/(m? - d). These results clearly demonstrated that the
bioreactor using strain D17 can remove 1,4-dioxane to a very
low concentration, namely below 0.5 mg/L, which meets the
Japanese effluent standard level with a short startup period in
approximately 10 days. In our previous study, we confirmed
that almost complete mineralization of 1,4-dioxane could be
achieved by strain D17, by measuring dissolved organic car-
bon (DOC) concentration in the influent and effluent taken
from the continuous feeding laboratory reactor treating the

model 1,4-dioxane wastewater (unpublished data). There-
fore, it is considered that almost complete mineralization of
1,4-dioxane also occurred in this experiment.

To evaluate the maximum loading rate of the bioreactor
for achieving the effluent 1,4-dioxane concentration below
0.5 mg/L, HRT was decreased in a stepwise manner. The ef-
fluent 1,4-dioxane concentration was not increased and was
maintained below 0.5 mg/L, with the decrease of HRT from
20 to 12 h. In other words, an increase of the 1,4-dioxane
loading rate from 0.60 to 0.96 kg dioxane/(m? - d) occurred.
However, the effluent 1,4-dioxane concentration could not be
maintained at a level lower than 0.5 mg/L when the HRT was
further shortened (HRT < 12 h); the averages of the effluent
1,4-dioxane on the 1,4-dioxane loading rate of 0.12 (HRT of
10 h) and 0.15 kg dioxane/(m? - d) (HRT of 8 h) were 0.59 and
0.86 mg/L, respectively. Based on the results obtained in the
current study, an acceptablel,4-dioxane loading rate of the
bioreactor that can maintain effluent 1,4-dioxane concentra-
tions at a level lower than 0.5 mg/L was 0.096 kg dioxane/
(m? - d) at 25°C when the influent 1,4-dioxane concentration
was 50 mg/L.

Efficiency of the 1,4-dioxane removal on lower influ-
ent concentrations

The effect of the influent 1,4-dioxane concentration, in
particular at lower concentration, on 1,4-dioxane removal
performance was investigated during the continuous feeding
tests. Figs. 3a and b show the time courses of influent and ef-
fluent concentrations for the tests using influent 1,4-dioxane
concentration of 20 and 5 mg/L, respectively. The operation
temperatures were set at 25°C for these tests.

In the test of 20 mg/L influent concentration (Fig. 3a), the
effluent 1,4-dioxane concentration was rapidly decreased and
resulted in 0.47 mg/L on day 11 at an HRT of 8 h (0.060 kg
dioxane/(m? - d)). The minimum 1,4-dioxane effluent con-
centration of 0.17 mg/L was observed on day 26. The effluent
1,4-dioxane level was gradually increased with an increase
of the 1,4-dioxane loading rate by shortening HRT. The
averages of the 1,4-dioxane concentration on the 1,4-dioxane
loading rate of 0.080 (HRT of 6.0 h) and 0.10 kg dioxane/(m?
- d) (HRT of 4.8 h) were 0.21 and 0.37 mg/L, respectively.
However, the effluent 1,4-dioxane concentration exceeded
0.5 mg/L on the 1,4-dioxane loading rate of 0.12 kg dioxane/
(m? - d) (HRT of 4.0 h).

In the test of 5 mg/L influent concentration (Fig. 3b),
although significant removal of 1,4-dioxane was observed
soon after the start of feeding, a marginally longer period
was required to achieve an effluent concentration below
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Fig. 2 Biological 1,4-dioxane removal performance by PEG gel carriers entrapping
Pseudonocardia sp. D17. The operating temperature was 25°C. Influent 1,4-dioxane concen-

tration was set at 50 mg/L. (a) Influent 1,4-dioxane (open circles) and effluent 1,4-dioxane

(closed circles) concentrations over time in a continuous-feed experiment. The bar shows
HRT. (b) Time courses of 1,4-dioxane loading (open diamonds) and 1,4-dioxane removal rate

(closed diamonds).

0.5 mg/L compared with the cases of influent concentration
of 20 mg/L (Fig. 3a) and 50 mg/L (Fig. 2a); an effluent
1,4-dioxane concentration of 0.22 mg/L was observed on day
14. However, it can be concluded that the bioreactor using gel
carrier entrapping Pseudonocardia sp. D17 can be started up
within the relatively short period of approximately 2 weeks,
even under a low loading rate condition. After the startup,

the effluent 1,4-dioxane level was maintained at a level lower
than 0.5 mg/L when HRT was longer than 3.4 h (0.036 kg
dioxane/(m® - d)). However, when the 1,4-dioxane loading
rate was increased to 0.050 kg dioxane/(m?® - d) (HRT of 2.4
h) on day 43, the effluent 1,4-dioxane concentration rapidly
increased to 0.72 mg/L. Consequently, the 1,4-dioxane load-

ing rate was decreased to 0.040 kg dioxane/(m? - d) (HRT
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Fig. 3 Effect of influent 1,4-dioxane concentration on the biological 1,4-dioxane remov-
al performance by PEG gel carriers entrapping Pseudonocardia sp. D17. The operating
temperature was 25°C. Influent 1,4-dioxane concentrations were set at 20 (a) and 5 mg/L
(b). Influent 1,4-dioxane (open circles) and effluent 1,4-dioxane concentrations (closed
circles). The bar shows HRT.
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of 3.0 h) on day 45, which facilitated the recovery of the
performance of an effluent 1,4-dioxane concentration being
decreased to 0.20 mg/L. Again, HRT was decreased to 2.4 h
on day 52; however, the effluent 1,4-dioxane concentration
could once again not be maintained at a level lower than
0.5 mg/L. The averages of 1,4-dioxane loading and efflu-
ent 1,4-dioxane concentration on HRT 2.4 h were 0.052 kg
dioxane/(m? - d) and 0.93 mg/L, respectively.

Figure 4 shows the relationship between the 1,4-dioxane
loading rate and effluent 1,4-dioxane concentration on each
influent 1,4-dioxane condition. The figure summarizes
the data shown in Figs. 2a, 3a and 3b. Almost the same
trend was observed when influent 1,4-dioxane was 20 and
50 mg/L, and it was clarified that the 1,4-dioxane loading
rate should be set lower than approximately 0.1 kg dioxane/
(m? - d) to maintain the effluent concentration at a level lower
than 0.5 mg/L when the influent 1,4-dioxane concentration
was between 20 and 50 mg/L. In contrast, when the influent
1,4-dioxane was present at a lower concentration of 5 mg/L,
the 1,4-dioxane loading rate should be controlled lower than
0.04 kg dioxane/(m? - d).

In the present study, the influent 1,4-dioxane concentra-
tion was adjusted in the range between 5 and 50 mg/L, and
the aimed 1,4-dioxane loading was given by appropriately
controlling HRT. When influent 1,4-dioxane concentration
was set at 50 mg/L, effluent 1,4-dioxane concentration of

<0.5 mg/L could be achieved at HRT longer than 24 h with
allowable loading of rate of 0.1 kg dioxane/(m? - d). On the
other hand, HRT was controlled at much shorter time in case
of 5 mg/L of influent 1,4-dioxane concentration. In this case,
2.4 h was a critical HRT for achieving the effluent standard,
and allowable loading rate was only 0.04 kg dioxane/(m? - d).
These indicate that it is important to maintain HRT at suf-
ficiently long time to achieve good treatment performance of
immobilized Pseudonocardia sp. D17.

These results indicated that biological treatment system
developed in the current study can be applied to treat many
kinds of industrial wastewater containing various concentra-
tions of 1,4-dioxane by properly controlling the loading rate
or HRT.

Efficiency of 1,4-dioxane removal under lower tem-
peratures

The effect of operation temperature, particularly lower
temperatures, on 1,4-dioxane removal performance was
investigated in the continuous feeding tests. Figs. 5 and 6
show the results at 20°C and 15°C, respectively. The influent
1,4-dioxane concentration was 20 mg/L.

Approximately 3 weeks was required for startup of the
bioreactor to meet the effluent standard of 0.5 mg/L at the
operation temperature of 20°C: effluent concentration was
decreased to 0.47 mg/L on day 20 (Fig. S). The averages of
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Fig.5 Biological 1,4-dioxane removal performance using PEG gel carriers entrapping Pseudono-
cardia sp. D17 under an operating temperature of 20°C. Influent 1,4-dioxane concentration was
set at 20 mg/L. (a) Influent 1,4-dioxane (open circles) and effluent 1,4-dioxane concentrations
(closed circles) over time in a continuous-feed experiment. The bar shows HRT. (b) Time courses
of 1,4-dioxane loading (open diamonds) and 1,4-dioxane removal rate (closed diamonds).

the 1,4-dioxane loading rate and effluent 1,4-dioxane con-
centration were 0.060 kg dioxane/(m?® - d) and 0.36 mg/L,
respectively, after the startup with HRT of 8 h. Subse-
quently, the effluent 1,4-dioxane concentration gradually
increased with a decrease of HRT, that is, increase of the

1,4-dioxane loading rate. When the 1,4-dioxane loading rate
was increased to 0.10 kg dioxane/(m? - d) (HRT of 4.8 h), the
effluent 1,4-dioxane was 0.46 mg/L on average, maintaining
the effluent level lower than 0.5 mg/L. However, 0.68 mg/L
of effluent 1,4-dioxane concentration was observed when the
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Fig. 6 Biological 1,4-dioxane removal performance using PEG gel carriers entrapping
Pseudonocardia sp. D17 under an operating temperature of 15°C. Influent 1,4-dioxane con-
centration was set at 20 mg/L. (a) Influent 1,4-dioxane (open circles) and effluent 1,4-diox-
ane concentrations (closed circles) over time in a continuous-feed experiment. The bar shows
HRT. (b) Time courses of 1,4-dioxane loading (open diamonds) and 1,4-dioxane removal rate

(closed diamonds).

1,4-dioxane loading rate was increased to 0.12 kg dioxane/ the effluent 1,4-dioxane at a concentration of 0.47 mg/L
(m? - d) (HRT of 4 h). was achieved on day 38. Subsequently, stable 1,4-dioxane

When the bioreactor was operated at a lower temperature removal performance was confirmed under low temperature
of 15°C, 1,4-dioxane removal activity seemed to start to of 15°C. Subsequently, the 1,4-dioxane loading rate was
increase from approximately day 20 (Fig. 6). As a result, increased with a decrease of HRT to evaluate an acceptable
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1,4-dioxane loading rate to maintain the effluent 1,4-dioxane
concentration lower than 0.5 mg/L at 15°C. The loading rate
of 1,4-dioxane was increased to 0.061 kg dioxane/(m> - d) on
HRT of 8.0 h, resulting in an effluent 1,4-dioxane concentra-
tion of 0.38 mg/L on average. However, effluent 1,4-dioxane
concentration increased to 0.56 mg/L with an increasing
loading rate of 0.080 kg dioxane/(m? - d) on an HRT of 6.0 h.

Figure 7 illustrates the relationship between the 1,4-di-
oxane loading rate and effluent 1,4-dioxane concentration
on each operation temperature. The figure summarizes the
data shown in Figs. 2, 5, and 6. The effluent 1,4-dioxane
concentration was increased with a decrease of the operation
temperature. However, it was possible to maintain the ef-
fluent 1,4-dioxane concentration lower than 0.5 mg/L, even
though the operation temperature was 15°C, if the loading
rate was set below approximately 0.076 kg dioxane/(m? - d).
Furthermore, the 1,4-dioxane loading rate could be set at
0.1 kg dioxane/(m? - d) when the operation temperature was
higher than 20°C. These result indicated that the biological
1,4-dioxane removal system using Pseudonocardia sp. D17
can be successfully operated, even under a lower tempera-
ture (15°C), although approximately 1 month of startup pe-
riod is required. The applicability of the bioreactor to lower
temperature is a significant issue to evaluate the possibility
of the system for practical use, since water temperature is

decreased during the winter season. The biological 1,4-diox-
ane removal bioreactor using gel-entrapped strain D17 could
be started up within 1 month, and the effluent 1,4-dioxane
concentration was maintained at a level lower than 0.5 mg/L,
even though the operation temperature was as low as 15°C,
suggesting its good applicability to wide ranges of wastewa-
ter.

Evaluation of temperature dependency of 1,4-diox-
ane removal activity in batch tests

To further evaluate the applicability of the developed
bioreactor to lower temperature wastewater treatment,
1,4-dioxane removal activity of gel-entrapped strain D1 was
characterized with respect to a wider range of temperature in
batch experiments. Fig. 8 shows the time courses of 1,4-di-
oxane concentrations at different temperatures. The 1,4-di-
oxane removal rate gradually increased with an increase of
temperature. Fig. 8b shows the 1,4-dioxane removal rates for
gel carriers at different temperatures based on the results of
Fig. 8a.

The maximum 1,4-dioxane removal rate was observed at
33.9°C. It is notable that a significant 1,4-dioxane removal
activity was observed, even during a temperature as low as
7.4°C. These results indicate that the 1,4-dioxane removal
process using a gel carrier entrapping Pseudonocardia sp.
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1,4-dioxane removal rate and temperature.

D17 can be operated under low temperatures, even though
1,4-dioxane removal activity at 7.4°C was decreased to
27% compared with that at 25°C. The applicability to lower
operation temperature of our 1,4-dioxane removal system
opens the way to apply this technology to not only industrial
wastewater treatment but also bioremediation of polluted

environmental water.

Figure 9 shows the Arrhenius plots for 1,4-dioxane re-
moval based on the results shown in Fig. 8 The slope of cor-
relation line shows —FEa/R. The value of —Ea/R was —6,250.
Since R is the universal gas constant, the apparent activation
energy for biological 1,4-dioxane decomposition was calcu-
lated as 51.9 kJ/mol in the temperature range of 7.4-24.8°C.
In our previous works, similar activation energy of 47.3 kJ/
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mol for 1,4-dioxane removal was observed on the 1,4-di-
oxane-degrading bacterium Afipia sp. D1 [9]. For nitrate
reduction and the anammox reaction, the apparent activation
energy values are 52.1 and 94 kJ/mol, respectively [11,12].
These results indicated that 1,4-dioxane removal by 1,4-di-
oxane-degrading bacterium Pseudonocardia sp. D17 is not
so strongly affected by temperature compared with other
biochemical reaction.

Applicability of the immobilized Pseudonocardia sp.
D17 from the viewpoint of the coexistence of other
organic compounds and bacteria

For the application of the immobilized Pseudonocardia
sp. D17 to the practical 1,4-dioxane-containing wastewater,
it is important to discuss about the effect of the other or-
ganic compounds and other bacteria in the wastewater and
the reactor. Our unpublished data showed that 500 mg/L of
1,4-dioxane was successfully removed by Pseudonocardia
sp. D17 even in the coexistence of 5,000 mg/L of glucose,
casamino acid, glycerol and corn steep liquor without sig-
nificant inhibition. Because Pseudonocardia sp. D17 has the
constitutive 1,4-dioxane degrading enzyme [8], the coexis-
tence of other carbon sources will not affect the 1,4-dioxane
degradation performance by this strain. In our previous
studies, the biological 1,4-dioxane removal system using
another 1,4-dioxane-degrading bacterial strain of Afipia sp.

D1 was developed [9,13]. Stable and long term 1,4-dioxane
removal performance was observed with the real wastewa-
ter, although it contained not only 1,4-dioxane but also con-
siderable amounts of other organic compounds and water-/
air-born microorganisms [13]. Thus, it may be possible to
treat the real 1,4-dioxane wastewater with Pseudonocardia
sp. D17 even in the presence of other organic compounds
under non-sterile conditions.

CONCLUSIONS

This study clearly demonstrated that under properly con-
trolled conditions, the newly developed bioreactor process
using gel-entrapped Pseudonocardia sp. D17 can remove
1,4-dioxane at very low concentrations, namely lower than
0.5 mg/L (Japanese effluent standard level). When the influ-
ent 1,4-dioxane concentration was between 20 and 50 mg/L
and operation temperature was maintained at 20-25°C,
good stable treatment performance to such lower effluent
concentrations can be achieved at a maximum loading rate
of approximately 0.1 kg dioxane/(m> - d). Even for very low
influent 1,4-dioxane concentration (5 mg/L), good treatment
performance was additionally observed, although the ac-
ceptable maximum loading rate to meet the effluent concen-
tration of 0.5 mg/L was 0.036 kg dioxane/(m? - d). For these
conditions, the startup of the bioreactor could be completed
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within 2 weeks, which is short enough for practical use. Even
under a low temperature of 15°C, the bioreactor could suc-
cessfully lower 1,4-dioxane concentration from 20 mg/L to
below 0.5 mg/L at a loading rate of 0.06 kg dioxane/(m? -
d), although an approximately 1-month startup period was
necessary. Because a significant 1,4-dioxane removal activ-
ity by gel-entrapped Pseudonocardia sp. D17 was observed
at a very low temperature of 7.4°C in the batch experiments,
treatment under a much lower temperature may be possible.
Thus, it is apparent that the developed bioreactor should be
applied to treat wider ranges of influent 1,4-dioxane concen-
tration and temperature to achieve good quality of effluent
without any post-treatment. Based on the experimental
results shown here, it is concluded that the bioreactor using
gel-entrapped Pseudonocardia sp. D17 is a very attractive
alternative for 1,4-dioxane wastewater treatment and could
possibly replace the AOP technology, which is the only suit-
able technology at present from the economic viewpoint.
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