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Abstract River waters in China have dual contamination
by nutrients and recalcitrant organic compounds. In
principle, the organic compounds could be used to drive
denitrification of nitrate, thus arresting eutrophication
potential, if the recalcitrant organics could be made
bioavailable. This study investigated the potential to
make the recalcitrant organics bioavailable through
photocatalysis. Batch denitrification tests in a biofilm
reactor demonstrated that dual-contaminated river water
was short of available electron donor, which resulted in
low total nitrogen (TN) removal by denitrification.
However, the denitrification rate was increased signifi-
cantly by adding glucose or by making the organic matters
of the river water more bioavailable through photocata-
lysis. Photocatalysis for 15 min increased the Chemical
Oxygen Demand (COD) of the river water from 53 to
84 mg-L™" and led to a 4-fold increase in TN removal. The
increase in TN removal gave the same effect as adding
92mg-L" of glucose. During the photocatalysis experi-
ments, the COD increased because photocatalysis trans-
formed organic molecules from those that are resistant to
dichromate oxidation in the COD test to those that can be
oxidized by dichromate. This phenomenon was verified by
testing photocatalysis of pyridine added to the river water.
These findings point to the potential for N removal via
denitrification after photocatalysis, and they also suggest
that the rivers in China may be far more polluted than
indicated by COD assays.
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1 Introduction

With rapid development in China, many surface waters
pose a severe risk of eutrophication caused by excessive
nitrogen and phosphorus levels [1-3]. At the same time,
the waters are heavily contaminated with organic com-
pounds, including persistent organic pollutants (POPs) and
endocrine disrupting chemicals (EDCs) [4—6]. Thus, these
surface waters present the challenge of dual contamination
by nutrients and recalcitrant organic compounds. For
ecological, public health, and aesthetic reasons, the quality
of these surface waters needs to be remediated throughout
China [7-10].

Concerning eutrophication caused by excessive nitrogen
(N), different biologic means are available for eliminating
the N in the form of ammonia, nitrate, and nitrite, and it is
important that all forms are removed (i.e., total-N (TN)
removal) [11-16] to arrest eutrophication. Ammonia N is
relatively easy to be converted to nitrite or nitrate N when
the dissolved oxygen (DO) concentration in the water is
maintained high enough by natural or engineered aeration
[17-20], but total-N removal demands that nitrate and
nitrite also be removed. This can be accomplished by
denitrification, as long as an electron donor is available.
Based on stoichiometry [21], the donor required is at least
2.9 and 1.7 g COD per g nitrate-N and nitrite-N removed,
respectively. Additional electron donor must be available
to consume DO (at least 1 g COD-g™' DO).

Most surface waters have low concentrations of
bioavailable electron donors, compared to total N. This
situation results in the accumulation of nitrate or nitrite N,
which defeats the goal of total-N removal [22,23] and does
not arrest eutrophication. It is unrealistic to add an organic
electron donor to a eutrophic water body in order to
improve nitrogen removal.

In certain cases, dual contamination of the surface water
in China could be turned into a benefit if the organic
contaminants were readily biodegradable and could drive
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denitrification. Some river waters in China have COD: TN
ratios significantly larger than the stoichiometric require-
ment for denitrification. However, the organic contami-
nants are largely recalcitrant, which means that they persist
and cause water-quality risks. Advanced oxidation pro-
cesses (AOPs)—e.g., ozone, Fenton’s reagent, and photo-
catalysis—are widely used for degradation of recalcitrant
chemicals [24] and also can transform the organic
pollutants into easy-to-biodegradable organic molecules
[25-28].

Among the AOPs, photocatalysis is unique in that it can
cause oxidation or reduction of contaminants. This unique
situation occurs because the absorption of a photon with
energy greater than or equal to the band gap energy excites
the electron from the valence band to the conduction band,
generating an electron-hole pair (¢~ and h™). The electron
and hole can migrate to the catalyst surface, where they are
able to react directly with contaminants adsorbed at the
semi-conductor’s surface or indirectly by forming hydro-
xyl free radicals, such as -OH. In general, the hole oxidizes
water to hydroxyl radical, leading to oxidation of organics;
alternately, direct electron transfer from an adsorbed
species to the positive hole may occur, resulting in more
selective oxidation [29]. When the electron migrates to the
surface, it may reduce an adsorbed species.

TiO,, the most common photocatalyst, absorbs ultra-
violet (UV) light to generate the ¢ and h* pair. Its
photocatalytic activity has been recognized since the
pioneering studies of water reduction through photoexcita-
tion of TiO, by Fujishima and Honda [30]. While it is
possible to use TiO, to photocatalytically oxidize organic
contaminants completely to CO, and H,O in a series of
steps, this full oxidation is far too expensive for water
remediation. Instead, TiO, photocatalysis will be eco-
nomic if it is used only to make recalcitrant organic
molecules readily biodegradable [31].

Building on a series of successful experiments with
coupled photocatalytic + biologic treatment for recalci-
trant and inhibitory wastewaters [31-33], we treated dual-
contaminated river water by combining photocatalysis and
biodegradation in order to accelerate the rate of COD
removal by making the organic matter more biodegradable
[34]. We used potassium dichromate as the strong oxidant,
in the presence of silver sulfate catalyst and heating, to
oxidize organic pollutants in our COD assays [35,36].
However, some organic compounds, particularly N-con-
taining heterocycles, are not well oxidized in the
dichromate assay [35-38]. This opens up the possibility
that some of the organic material in the river water is not
oxidized by potassium dichromate until it was transformed
by photocatalysis.

Here, we investigated the potential for using TiO,
photocatalysis to treat dual-contaminated waters for
simultaneous COD and total-N removal by denitrification.
We evaluated actual dual-contaminated river water after
TiO, photocatalysis and with added glucose to evaluate

key principles of the concept. We also investigated the
possibility that the dichromate-based COD test was not
measuring all of the organic material in the water.
Specifically, we investigated if the COD test gave system-
atically low values when the river water contained certain
organic materials that are not oxidized by dichromate: for
example, heterocyclic compounds containing nitrogen,
like pyridine.

2 Materials and methods
2.1 Preparation of the TiO, film by sol-gel

Chemicals: Titanium (IV) n-butoxide (C.P.) and ethanol
(A.R.) were purchased from Shanghai Sinopharm Chemi-
cal Reagent Co., Ltd.; nitric acid (A.R.) was purchased
from Shanghai Lingfeng Chemical Reagent Co., Ltd.

Preparation of the sol: 5 mL of titanium (IV) n-butoxide
was added to 20 mL of ethanol, and then the mixture was
stirred for 1 h at 60 r-min ', followed by adjusting the pH
to 3 by adding nitric acid.

Coating the TiO, film [39]: A clear glass piece (4.5 cm x
6 cm) was immersed into the sol under ultrasound (59 kHz
frequency) for 15 to 20 s and then lifted vertically from the
sol at speed of 30 cm-min™' to generate the semi-finished
material. The mat glass coated with the TiO, sol was
calcined at 480°C after drying. The two-step coating
processes were repeated 6 times to get a sufficiently thick
TiO, film. X-ray analysis [32] indicated that the coated
TiO, was anatase.

2.2 Denitrifying biofilm reactor

We made the denitrifying biofilm reactor, shown schema-
tically in Fig. 1, of polymethyl methacrylate with a 150-mL
working volume. A honeycomb ceramic (supplied by
Pingxiang Sanyuan Ceramic Plant, Pingxiang, China)
installed in the center of the reactor was the biofilm carrier,
and a small magnetic stirring bar below the carrier mixed
the liquid contents. This reactor was operated in the batch
mode.

2.3 Cultivation of denitrifying biofilm

Anaerobic sludge: We obtained sludge from the anaerobic
part of anoxic/oxic (A/O) process at the Longhua
municipal wastewater treatment plant in Shanghai. To
select for denitrifying bacteria, we placed the sludge in a
sealed flask, added medium, and incubated the mixture at
35°C+1°C [40], in the dark, and isolated from the air. The
selection process lasted for 30 days, with medium replaced
every 3 days. The medium contained 500 mg-L™" glucose
and 450 mg-L ' potassium nitrate dissolved in river water
(described below). The sludge’s color changed from tan to
dark brown during the selection process.
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ceramic honeycomb
carrier

magnetic stirrer

Fig. 1

Denitrifying biofilm: We immersed the ceramic honey-
comb carrier into the denitrifying sludge for 48 h before
moving the carrier (with microorganisms) into the reactor
(Fig. 1). Denitrifying biofilm accumulated further as we
replaced the river water every day for two weeks, during
which time we observed the build up of a layer of dark
brown biofilm on the surface of the carrier.

2.4 River water

We collected river water from the Caohejing River in
Shanghai. Table 1 lists its average, minimum, and
maximum values for key water-quality parameters mon-
itored from June to December 2009. While the river-water
quality varied substantially, its average quality was inferior
to Class V (classification of poorest quality) of the Chinese
national surface water environmental quality standards
[41]. Furthermore, the average COD : TN ratio of 6.2 g
COD-g"' TN is much larger than the stoichiometric ratio
needed for denitrification. In some experiments, we added
glucose to increase the concentration of readily available
organic electron donor. In other cases, we added pyridine
into tap water as a readily photocatalyzed organic to
investigate the principle that the measured COD would
increase with photocatalysis.

magnetic stirring bar

ceramic honeycomb
carrier

A-A profile ceramic

Denitrifying biofilm reactor with a 150-mL working volume

2.5 Analytical methods

We determined the COD concentration using potassium
dichromate oxidation according to standard procedures
[35,36] that involve providing a stoichiometric excess of
potassium dichromate, strong acid and heating conditions,
silver sulfate as a catalyst, and mercury sulfate to avoid the
interference of chloride ion. The non-reacted potassium
dichromate was titrated with ferrous ammonium sulfate,
and the COD concentration was calculated from the
consumption of ferrous ammonium sulfate.

DO was measured by using portable dissolved oxygen
instrument (model: YSI550A, Instrument Co., Ltd.
Jinquan, USA), pH was measured by portable pH meter
(LP-3000, Shanghai Aiwang Industrial Co., Ltd., China),
ammonia nitrogen was determined by using salicylic acid —
hypochlorite spectrophotometric [36], and total nitrogen
was determined by using persulfate — UV spectrophoto-
metry [36], which gave the sum of ammonium, organic,
nitrate, and nitrite nitrogen.

We measured pyridine with a high performance liquid
chromatograph (HPLC, model: Agilent 1100, Agilent
Instruments, ASU) equipped with a diode array detector
(DAD) with wavelength of 250 nm and ZORBAX SB-C18
column (Spum x 4.6mm x 250 mm). The mobile phase

Table 1 Water-quality parameters of the Caohejing River, June — December 2009. Boldface values indicate violations of the Class V standard [41]

index NH; ~N/(mg-L™1) DO /(mg-L") COD /(mg-L™") TN /(mg-L") COD/TN pH
class V standard 2.0 2.0 2.0 none 6-9
average value 5.6 0.9 40.3 6.5 6.2 7.2
minimum value 3.2 0.2 4.4 19 6.5
maximum value 9.5 23 115 10.7 1.5 7.8
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was a methanol:water solution (60:40, v/v), and the flow
rate was 1 mL-min™'.

2.6 Treatment experiments

2.6.1 Glucose as supplemental electron donor for
denitrification

We added 25 to 200 mg- L™ of glucose into the actual river
water as a supplemental electron donor to test for
accelerated denitrification in the biofilm reactor.

2.6.2 Effect of DO on the ratio of ACOD and ATN

Here, ACOD and ATN mean the difference between
influent COD (or TN) and effluent COD (or TN). Synthetic
water was prepared with 135mg-L™" of glucose and
15mg-L" of KNOjs dissolved in tap water, and DO was
adjusted by sparging nitrogen for different times. The
water was used for denitrification to investigate effect of
DO on ratio of ACOD and ATN.

2.6.3 Photocatalysis

For phototcatalysis experiments, we placed the glass plate
coated with TiO, on the bottom of a culture dish (50-mL
working volume), poured 50 mL of river water into the
dish, and mixed the contents with a magnetic stirrer. Then,
we illuminated the dish with UV light (32 W at 254 nm)
located 20 mm above the dish. The distance between the
UV light and the water surface was approximately 40 mm,
and the water depth was 5-10 mm. We took water samples
from the dish periodically to determinate their COD and
TN concentrations.

In some experiments, we used a 50-mg-L™" pyridine
solution in tap water and followed the same photocatalysis
protocol as that of the river water.

2.6.4 Denitrification

We tested two kinds of river water — without photo-
catalysis (the control) and after photocatalysis— for
denitrification in the biofilm reactor. We added river
water to the biofilm reactor, which was well mixed. We
took samples of treated water and analyzed them for COD
and TN. During the tests, the reactors were not isolated
from the atmosphere, which means that DO was present.
The initial concentration ranged from 0.5 to 2.0 mg-L™,
but we were unable to monitor DO throughout the tests.
Thus, oxygen respiration was occurring in parallel to
denitrification. Before the beginning of each denitrification
test, we deoxygenated the water by means of N, sparging;
the DO concentration was less than 0.5mg-L™" at that
time.

3 Results and discussion

3.1 Effect of glucose on TN removal

To demonstrate that denitrification and total-N removal in
the river water were limited by having a readily
bioavailable electron donor, we added glucose to river
water that had concentrations of 30 mg-L™ COD and
5mg-L™" TN. Figure 2 shows that the TN removal (ATN)
increased linearly with increasing glucose-COD added,
thus proving that the actual river water lacked readily
available organic electron donors. Although the COD in
the river water was about 30 mg-L ', TN removal was only
about 0.3mg N-L' without supplemental donor. In
contrast, adding 210 mg COD-L™" of glucose to the river
water increased removal to almost 4 mg N-L'; during this
process, COD removal (ACOD) was about 192 mg-L™.
The ratio of ACOD added per ATN removed was about
48 ¢ COD-g' N, which is much larger than the
stoichiometric ratio 2.9 g COD- g ™' N. The extra consumed
glucose (COD) was related to the presence of DO, and
Fig. 3 shows the relationship between DO and ratios of
ACOD and ATN. Figure 3 demonstrates that glucose was
consumed in oxygen respiration, as well as denitrification,
since the biofilm reactor was not isolated from the air.
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3.2 COD during photocatalysis

Twenty independent experiments showed that the COD
concentration in the actual river water changed during
photocatalysis experiments, but the TN did not change.
Table 2 summarizes the time of photocatalysis, the starting
COD, the peak COD during the test, and the ratio of the
peak COD to the starting COD for all 20 experiments.
Figure 4 presents the changes of COD during three
representative experiments. One clear trend is that the
starting COD values differed significantly among the
experiments. This reflects the high degree of variability in
river-water quality during the time of our experiments
(Table 1). A second trend is that the COD concentrations
increased near the beginning of each photocatalysis
experiment. This trend could have occurred for two
reasons. The first reason is that the free-radical reactions
involved in photocatalysis reduced organic components,
with H,O being the ultimate electron donor. The second
and more likely reason is that some original organic
components could not be oxidized by potassium dichro-
mate until they were transformed by photocatalysis. We
evaluated the latter explanation directly with pyridine.
We explored the phenomenon of the COD increase
during photocatalysis by conducting an experiment with
pyridine, a heterocycle known to be resistant to oxidation

in the COD test [35,36,38]. The results in Fig. 5 show that
the COD in the pyridine solution increased during
photocatalysis as pyridine was removed. If pyridine were
oxidized fully to carbon dioxide and water with release of
ammonium, CsHsN + 5.250, = 5CO, + 0.5H,0 + NH,,
then 50 mg-L" of pyridine would contribute 106 mg-L™"
of COD and 8.9 mg-L "' of NH; —N. The starting COD
values were almost zero, which supports that the
dichromate method for COD was not able to oxidize
pyridine. However, the COD concentration increased up to
80mg-L™" (75% of 106 mg-L™") by 30min, which
supports that the dichromate method was able to assay
for COD only after the molecular structure of pyridine was
transformed in the photocatalysis process. The increase in
COD up to 75%, instead of 100%, probably was caused by
partial oxidation of the pyridine during photocatalysis,
since the original molecule was completely removed by
40 min. The ammonium concentration increased by
5.1mg N-L' during loss of 50 mg-L™" of pyridine.

The results in Fig. 5 support that the increases in COD in
Fig. 4 and Table 2 were at least partly explained by the
limitations of the COD test for organic compounds
recalcitrant to dichromate oxidation. While not all the
COD in the river water was made up of dichromate-
resistant molecules like pyridine, the results in Fig. 4 and
Table 2 imply that the true COD of the river water was
higher than given in Table 1.

Table 2 Effect of UV illumination on COD and ratio of the peak COD to the starting COD

. illumination time corresponding
experiment number

staring COD/(mg-L ")

peak COD/(mg L) ratio of peak COD to

to peak COD/min starting COD
1 20 61 166 2.7
2 90 95 169 1.8
3 60 20 32 1.6
4 50 48 135 2.8
5 50 43 78 1.8
6 50 52 80 1.5
7 50 74 114 1.5
8 20 61 137 2.7
9 300 95 141 1.4
10 60 92 121 1.3
11 90 78 166 1.8
12 10 53 115 24
13 50 81 125 1.5
14 150 81 156 1.9
15 120 42 127 3.0
16 120 42 63 1.5
17 60 52 176 34
18 120 52 136 2.6
19 120 51 61 1.2
20 120 48 51 1.1
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Fig. 4 COD concentrations in river water increased during
photocatalysis for three representative experiments. Values of the
starting and peak COD concentrations for all experiments are
given in Table 2
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Fig. 5 COD, ammonium, and TN concentrations during photo-
catalysis of pyridine

3.3 Effects of prior photocatalysis on TN removal in
denitrification

Samples of the actual river water taken during batch 3 in
Fig. 4 were subjected to denitrification for 24 h. Figure 6
presents the TN removals over 24h and the COD
concentrations in the water samples used for the
denitrification experiments. The trends in the two curves
in Fig. 6(a) indicate that ATN generally followed the initial
COD concentration, and Fig. 6(b) quantifies that ATN
increased linearly with ACOD during the denitrification
test. TN removal by denitrification was only about
0.5 mg N-L™" with the control river water, but it increased
up to 3.5mg N-L' when photocatalysis increased the
COD of the river water by about 12 mg-L™". The greatest
TN removal and increased COD concentration occurred
with 15 min of photocatalysis (Fig. 6(a)), and we chose this
photocatalysis time for more comprehensive testing.

We performed seven similar 24-h denitrification experi-
ments after 15 min of photocatalysis. Figure 7 presents the
COD before and after photocatalysis and TN removals by
denitrification. The average COD increased by 31 mg-L"
after the river water was treated with 15min of
photocatalysis, and this correlated to an average
2mg-L" increase in TN removal in subsequent denitrifi-
cation.
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Fig. 6 TN removal during denitrification for river water
subjected to different photocatalysis time: (a) relationship between
the initial COD concentration after photocatalysis and TN removal
during denitrification; (b) correlation between increasing of the
initial COD during photocatalysis and TN removal during
denitrification

The average TN removal of the river water using
photocatalysis was about 4 times the removal without
photocatalysis. According to the results in Fig. 2, the TN
removal with photocatalyis was equivalent to adding
92 mg COD-L" of glucose to the actual river water.

3.4 Relationship between COD and TN removals in
denitrification

Figure 8 summarizes the changes in COD and TN
concentrations during denitrification tests for all of the
waters tested. Losses of TN and COD followed similar
patterns. TN removal was the highest with addition of
200mg-L ' glucose (G data), but the TN removal after
photocatalysis of the river water (P data) was higher than
for the untreated river water (A data). The improved TN
removal after photocatalysis supports that part of the
recalcitrant organic material in the river water was
converted into readily available COD that fueled deni-
trification. During the denitrification process, organic
carbon (represented as COD) supplies electrons to reduce
nitrate or nitrite into nitrogen gas, and this supplies energy
for the growth and maintenance of the denitrifying
bacteria. Photocatalysis increased the biodegradable
COD in the river water, since it altered the chemical
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form to be more susceptible to measurement by the COD
assay (Fig. 4), and it also made the COD more
biodegradable for driving denitrification (Figs. 7 and 8).
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Fig. 7 Comparison of river water without and with photocata-
lysis: (a) COD before and after photocatalysis; (b) TN removal
without and without photocatalysis

4 Conclusions

Dual-contaminated river water was short of available
electron donor, which resulted in low TN removal by
denitrification in a biofilm reactor. The denitrification rate
could be increased significantly by adding glucose or by
making the organic material of the river water more
bioavailable through photocatalysis. TN removal increased
4-fold with photocatalysis for 15 min, and this gave the
same effect as adding 92mg-L ' of glucose. Clearly,
photocatalysis of the river water would be helpful to drive
denitrification as a means to remove TN.

During the photocatalysis experiments, the COD
increased. While it is possible that some of the organic
matter was reduced during photocatalysis, the more likely
phenomenon is that photocatalysis transformed organic
molecules from those that are resistant to dichromate
oxidation in the COD test to those that can be oxidized by
dichromate. This phenomenon is well known for certain N-
containing heterocycles and was verified by testing
pyridine added to the river water. These results imply
that the true COD concentration in the river water
contaminated by recalcitrant organic compounds was
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Fig. 8 COD (a) and TN (b) concentrations during 24-h
denitrification experiments using the actual river water without
photocatalysis (A), with photocatalysis (P), and with added
glucose (G)

more than that measured by standard COD test method.
While our findings point to the potential for N removal via
denitrification after photocatalysis, they also suggest that
the rivers in China may be far more polluted than indicated
by COD assays.
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