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Abstract

A COD measurement by a photocatalytic oxidation method using nangfili®was investigated. kCr,O; was added into the solution
to enhance the efficiency of photocatalytic degradation, and simultaneopSly®; was reduced to Cr(lll) by photogenerated electrons,
which were adsorbed on the surface of Ti®he measuring principle was based on direct determination of Cr(lll) concentration which was
proportional to the COD value. Under the optimized experiment condition, the application range was 20-5Q@mdythe detection limit
was 20 mgt?. The immobilization of photocatalyst on the supports could not only solve the problem of low recovery of the catalyst and hard
separation from the solution, but also overcome its shortcoming of poor stability. Applied this method to the determination of real samples,
it was found to be rapid and environmentally friendly. Additionally, the method proposed above for determination of COD was in excellent
correspondence with values obtained by using the conventional method.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction complete and efficient manngk3-16]. This photocatalytic
method was based on the reactive properties of electron—hole
Analytical determination of the quantity of organic mat- pairs generated in the semiconductor particles under illumi-
ter in waters and wastewaters was crucial for water quality nation by light whose energy was greater than the semicon-
assessment and pollution conff. This quantity could only ductor bandgap. These electrons and holes could recombine
be presented by aggregative means. The biochemical oxygeror reach the particles’ surface and react with species in solu-
demand (BOD) and chemical oxygen demand (COD) were tion with suitable redox potentia[¢7,18]. When inorganic
commonly used to express this aggregative quantity. The compounds as electron scavengers and organic substances
conventional method for BOD determination had a tedious were both in the solution, redox reactions could take place
procedure, and its results were specific to the body of water simultaneously, avoiding the possibility of recombination of
in question. Thus, COD was preferred for estimating organic the electron—hole pairs. Hence, these two processes must be
pollution [2—7], but conventional COD evaluation methods influenced synergically. It has been reported that many inor-
had several disadvantag8s-12], such as long analysis time  ganic compounds, such as,&r(VI), and $SOg?~ were used
(2-4h), high probability of errors due to complex proce- aselectron scavengers, which could inhibitthe recombination
dures dependent upon the operators skill, and consumptionof electrons and holes and enhance the rate of photocatalytic
of expensive (AgSOy) and toxic chemicals (Cr and Hg). degradation of organic compound®-22].
Recently, the photocatalytic decomposition of organicpol- ~ TiO2 nanoparticle remained one of the most promising
lutants in water has received much attention because of itsmaterials in the field of photocatalytsis due to its high photo-
sensitivity, non-toxic nature and large bandgap. The studies of
* Corresponding author. Tel.: +86 21 62232627; fax: +86 21 62232627. titanic oxide as a catalyst in powder form have been reported
E-mail address: lijiaging_2002@hotmail.com (J. Li). [23,24]. However, the powder of Tigdnanoparticle was so
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tiny that aggregation could easily happen in solution, which 2.3. TiO; film preparation

increased the difficulty of the catalyst recovery greatly and

led to the loss of active component largely. The major draw-  Titanium tetraisopropoxide (12 ml) and ethanol (48 ml)

back of the suspension system was the requirement for awere mixed under an inert atmosphere. Subsequently, a solu-

filtration that was an expensive process. Recently, different tion of diethanolamine (4 ml) and water (0.5 ml) were added

studies were carried out to avoid this step by coatingp H® to the mixture under agitation for 1 h at ambient tempera-

many supports, such as stainless 4%, quartz26], pyrex ture, which led to the formation of a sol-gel. Then, polyg-

[27] and fiberglas§28]. Martyanov and Klabunde compared lycol was added to the sol—gel solution before dip-coating

TiOy particles in powder form and as a thin nanostructured the quartz tubes. The Ticcoated quartz tube was then

film on quartz[29]. As a result, the photocatalytic activity dried at 100C for 5min, and then heated at 500 for

of TiO2 on quartz was better than that in the powder form 3 h. The operation of coating and drying was repeated four

because of higher quantum yields. times.

In this paper, a COD measurement by a photocatalytic

oxidation method using nano-TidJilm was studied. TiQ 2.4. Experimental procedure

was deposited on a quartz support, which could avoid the

filtration and provide higher quantum vyields than 7i@d The sample and Cr(VI) solution were added to the reactor

powder form. In addition, KCr,O; was used as electron which was water-jacketed to maintain constant temperature

scavenger, which could inhibit the recombination of electrons and magnetic stirrer was used through the experiment. The

and holes and enhance the oxidation of organic compoundspH value of the solution was maintained at a desired level

The change in Cr(lll) concentration produced by the photo- with KOH or H,SO4. The total volume of reaction solu-

catalytic reduction was measured by a colorimetric method. tion was maintained at 40 ml for each experiment. Once

It was considered that the value obtained by the proposedthe UV lamp was turned on ffax=253.7 nm), photocat-

method could be reliably correlated with the COD obtained alytic oxidation of the organic compounds began to occur,

by using the conventional methods. accompanying an increase in Cr(lll) concentration by the
photocatalytic reduction of Cr(VI). After 40 min irradiation
reaction, the absorbance of Cr(l1l) was determined colorimet-

2. Experimental rically at 590 nm with a UNICOM 2100 spectrophotometer,
and the COD values of samples were obtained.
2.1. Reagents For preparing a COD calibration, the standard solutions

of different concentrations were added to the reactor

Titanium tetraisopropoxide, ethanol, diethanolamine, respectively and the corresponding absorbance of Cr(lll)
polyglycol and KCr,O; were analytical grade and pur- was determined. The COD calibration graph was generated
chased from Shanghai Chemical Reagent Company. A stan-showing the absorbance of Cr(lll) against the standard COD
dard solution ofp-glucose, corresponding t01000 Mg | value.
COD, was prepared by dissolving 0.9753¢glucose in
1l of distilled water. Appropriate dilutions gave solutions 2.5. Analysis of wastewater samples
of different COD values, and were checked by using
the conventional standard method (dichromate method). Real wastewater samples were collected from different
KOH and BSO, were used to adjust pH of the reaction companiesin Shanghai. Collection conditions varied slightly,

solution. but all samples were taken at a depth of 50 cm and were kept
below 4°C until use. Experiments were performed within
2.2. Device a day or two after collection. COD values of wastewater

samples were compared with those determined using the con-
A bath reactor system in which there was a quartz tube ventional method (dichromate method).
coated with TiQ film was used to perform the photocatalytic
reaction. A UV irradiator with an 11 W lamp (Shanghai Jin-
guang Lamps Factory), in the center of the reactor, was used3. Results and discussion
as the UV source and the reactor was equipped with a water

jacket to maintain constant temperature. 3.1. Measurement principle
X-ray data were collected using an X-ray power
diffractometer (Rikagu, Japan) based on Cu kKagliation When TiQ particles were irradiated by UV (<390 nm),

(»=0.15418 nm). The 24two-theta) angle of the diffrac- they generated*fie™ pairs and these species migrated to the
tometer was stepped from 2@ 60° by 0.03 increments. solid surface. The valance band holes as powerful oxidants
The scanning tunneling microscopes (STM) were obtained could degrade the organic compounds of aqueous solution.
by an AJ-l (Shanghai AJ Nanoscience Development Co. If K>2CrO7 simultaneously existed in the solution, it acted
Ltd). as an acceptor of photogenerated electrons and was reduced.
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The whole reaction was shown from Eg$) to (6):

TiOp+hv— ht+e” (1)
h* +H,O — *OH + H* (2)
‘OH+ R —» ... - CO;+H20 3)
h*t+R - ... - CO;+H,0 (4)
2Cr,07%~ + 28H' + 126" — 4Cr** 4 14H,0 (5)
or

6H" +2Cr0y>~ + 66" — 2Cr*+ 4+ 8H,0 (6)

where h was a hole and R was an organic compound.

Theoretically, with these holes and electrons, organic com-
pounds were degraded. When®»O7 was stoichiometri-
cally added, the degradation was enhanced. This indicate
that the COD value was proportional to the amount of Cr(lll)
produced by the photocatalytic reduction of@&,05.

3.2. The characteristics of nano-TiO; film

The prepared nano-TiJilm was observed with STM. As
presented ifrig. 1(a), it was seen clearly that the diameter of
the particles was about 30 nm.

The crystal structure of the nano-Ti@m was examined
with XRD. Fig. 1(b) gives an X-ray diffraction pattern for
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Fig. 1. Characterization of the nano-TBifim: (a) STM image of nano-Ti@
film and (b) XRD pattern of nano-TigXilm.
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20 diffraction angles between 2@&nd 60. The presence of
an intense peak at 24.74ndicated a predominant anatase
crystalline structure. However, a small signal corresponding
to the rutile phase (26.7pwas also observed. These results
showed that the prepared nano-%idm consisted of anatase
mainly.

3.3. Optimization of operation conditions

3.3.1. Selection of pH value

Since GH1206 can be degradaded at different pH val-
ues, controlled experiments were performed to choose the
best condition (as presentedhiyg. 2). It was noted that the
absorbance of Cr(lll) decreased with the increment of pH
at a fixed COD value of 100 mgt, which showed that the
photocatalytic oxidation ability for organic compounds was
enhanced when the pH decreased. This was mostly due to the
effect of pH on the distribution of Cr(VI) species in aqueous
solution based on the reaction showed in &.

2CrO4%~ +2HT — Cr,072 +H,0 (7)

With the increment of M concentration, the distribution of
Cr,0;2~ increased. The oxidizing ability of @072~ was
greater than that of Crf3~.

On the other hand, it was reported that the point of zero
charge (PZC) of Ti@ was about 6.2%30]. When pH value
was higher than 6.25, the surface of the Jii&came nega-
tively charged and it was opposite for pH <PZC, according
to the equilibrium(8):

. )
TioH,* ¥ TioH ™% Ti0~ + H.0 @8)
pH<PZC pH<PZC

Therefore, at pH<6.25, the surface was electropositive,
which favored the adsorption of g7~ anions. Hence, the
oxidation rate of organic compounds rose with decreasing
pH. But if the pH value decreased, the homogeneous catal-
ysis reaction in which substrates were directly oxidized by
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K2Cr,O7 may affect the COD determinatig81,32].Fig. 4 0.020
showed that when pH = 0.7, the photocatalytic degradation of The photocatalysis
organic compounds was more efficient than the degradation
without photocatalyst (The homogeneous catalysis reaction < 0015
was dominated without photocatalyst). This indicated that é
heterogeneous photocatalysis reaction was dominating inthe <
reaction system when pH=0.7. Consequently, pH 0.7 was 5 0.010
selected for further experiments. E
[=)}
3.3.2. Selection of temperature % 0.005} UV irradiation
The effect of temperature on the absorbance of Cr(lll)was = e
studied. The results showed that the absorbance of Cr(lll) Dfrk adsorption | N
increased with increment of temperature. When the tempera- 0.000 : : : : :
ture was too high, the solution somewhat vapored so that the 0.00 001 002 003 004 005
reproducibility decreased. Therefore, ®€Dwas selected for (@) Concentration of Cr(VI) (mol/L)
further experiments.
33.3 ! f CHVI) 0207
.3.3. Initial concentration of Cr ]
Photocatalytic reaction mainly took place on the surface 18 —
of photocatalyst, so the adsorption of reactants on the surface £ ¢ /
of photocatalyst was important for Photocatalytic reaction. & 0.144
Fig. 3(a) indicated the adsorption/desorption of Cr(VI) on ;5) 0.12 /
the surface of Ti@ after the reactions were in progress for § 0104
40 min at pH 0.7 but under different other experiment condi- E 0.08.
tions. It illustrated that the adsorption/desorption of Cr(VI) g
reached equilibrium when Cr(VI) concentration was up to 0061
0.015mol/L in dark reaction. When UV irradiated without 0.04 4
glucose, Cr(VI) adsorbed on the surface of photocatalyst 0.02.]
could react to photogenerated electrons (as shown in(&gs. T T T T T
and(6)), which facilitated the adsorption of Cr(V1). With the oot o2 008 008 00
(b) Concentration of Cr(VI) (mol/L)

concentration of Cr(VI) increasing to 0.02 mol/L, the wastage
of Cr(VI) was almost increased to a limiting value. This Fig. 3. Selection of initial Cr(VI) concentration: (a) the adsorp-
indicated that adsorption/desorption of Cr(VI) was in equilib-  tion/desorption of Cr(VI) on Ti@ under different experiment conditions
rium. In photocatalytic degradation of glucose, photocatalytic and (b) effect of initial Cr(V1) concentration on the absorbance of Cr(lll).
reduction of Cr(VI) was influenced synergically by photocat-

alytic oxidation of glucose, which accelerated the consump-

tion and favored the adsorption of Cr(VI). Whea/fy) came 3.4. Oxidizing ability of nano-TiO,—K>Cry07 co-existed

to 0.03 mol/L, the adsorption/desorption of Cr(VI) was also system

in equilibrium.

The effect of the initial concentration of Cr(VI) for the The photocatalytic degradation of glucose using nano-
photocatalytic determination of COD was studied. The results TiO> film exposed to ultraviolet radiation was compared to
were shown inFig. 3(b) (conditions: pH 0.7;=40min; the UV irradiation (without TiQ) and to the dark reaction
CeH1206 400mgt?! and T=60°C). The absorbance of (with TiO,) as shown irFig. 4. No significant direct photol-
Cr(lll) increased with increasing Cr(VI) concentration up ysis of glucose occurred in the absence of 1i@s for the
to 0.03mol/L, and the increase seemed to change moredark reaction with TiQ present, the concentration of glucose
slowly for higher Cr(VI) concentration. This may be due dropped slowly by about 36% of the initial concentration

to the adsorption of Cr(VI) on Ti@ At lower Ccrvi), and remained constant after reaching adsorption/desorption
the photocatalytic oxidation of organic compounds was equilibrium owing to the remarkable adsorption of glucose
mainly governed by the adsorption of Cr(VI) on HANn on TiO,. The temporal concentration of glucose decreased

increase in initial concentration of Cr(VI) led to an increase rapidly in the photocatalysis (with Ti® under ultraviolet

in the amount of adsorptive Cr(VI). This was why larger irradiance). The efficiency of photocatalytic degradation of
signals were observed for increased Cr(VI) concentration. organic compounds reached above 80% when UV irradiated
At very high concentration, however, slight increment was for 40 min. The degradation process followed apparent
detected owing to reaching adsorption/desorption equilib- first-order kinetics (inset ofFig. 4, least-square linear
rium. Thus Gy 0.03 mol/L was chosen for further exper-  correlation coefficientR =0.9940, apparent rate constant
iments. kapp=0.0538 mirr?).
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Table 1
Comparison of COD values (mg/L) obtained by the proposed method with those from the conventional COD method (dichromate)
Sample COD values (mgt?)
The proposed method R.S.D. (%)«i7) COD;y R.S.D. (%) (i=7) Relative error (%)
Chemical manufacture
Sample 1 421.7 1.0 434.9 1.9 -3.0
Sample 2 356.4 3.3 372.1 1.3 —4.2
Civic sewage
Sample 1 186.4 1.8 178.4 2.1 45
Sample 2 239.6 2.9 235.7 1.8 1.7
Sample 3 143.9 2.7 141.2 1.1 1.9

The controlled experiments showed that the proposed pho-  The long-term stability of quartz tube coated with 3O
tocatalytic system possessed high catalytic ability for organic film was tested over a 15-day period. On each day, 10-15
pollutant degradation. At the same time, the process was carsamples were determined, i.e., a total of about 180 samples
ried on under moderate conditions, so it was prominent to be were detected. During this period, the slope changes of cali-

used in polluted water treatment. bration graph were less thairb%.

Various types of wastewater samples obtained from chem-
3.5. Calibration graph, detection limit, stability and ical manufacture, civic sewage and food factories, were
analysis of real samples analyzed by the present method. The results were given in

Table 1, which showed that COD values obtained by using

Calibration graph of COD was produced by using stan- the proppsed method were withitb% of those given by the
dard solutions of glucose. Glucose was used because itconventional COD method. .
reacted quantitatively in the classical COD measurement Incorporating known amounts of a standard substance in

method. The relationship between the absorbance of Cr(lll) the wastewater samples (five samples) and determining the
and the concentration of the standard solution was shownCOD values checked the results. Good recoveries (92-103%)

in Fig. 5. A series of standard solutions of different cCOD ©f the standard substance added were obtained. Each sample
values ranging from 50 to 500 mgli were tested (repeated ~Was tested for seven times and the R.S.D. was less than 5%.
seven times at each COD value). The linear equation was Fig- 6 showed the relationship between the results
y=0.0003x+0.0046,R2 = 0.9967. obtained by the proposed method and conventional method
The average value of blank samples was 16.8Thgl (dichromate) for 30 wastewater samples, and the correla-
which was tested for seven times, and the standard devi-tion was satisfactory. The linear regression equation was
ation was 1.6 mgi. Defining the detection limit as the Y= 1.0044x-0.202, wherex andy were the data obtained
mean value of blank analyses plus two standard devia-PY using conventional methods and the proposed method,
tions [33], the detection limit of proposed method was espectively. Correlation coefficient wer&?=0.9936

20.0mgt?. (n=17).
1.04 0.18 -
UV irradiation 0.16 y = 0.0003x + 0.0046

0% 044]  R?=09967
0.6 Dark reaction 5 0.12 ]
o oo S .10
e -05 3 J
0.44 510 § 0.08
g1 5 0064
< 20 2 000
0.2 55 < 04
70 20 30 40 50 1
The photocatalysis = i i 0.02
O'O T T T T L] T 7

0 10 20 30 40 50 60 70 0.00 . . . . . . . . . .
Time /min 0 100 200 300 400 500

COD (mg/L)
Fig. 4. Oxidation ability of quartz/nanoTi3 K2Cr,O7 co-existed system.
Conditions: Grviy 0.03mgi?; = 40 min;T = 60°C; CgH1206 400 mg -2 Fig. 5. Calibration graph for COD. Conditions:cf 0.03mgt?;
and pH 0.7. T=60°C; r=40min and pH 0.7.



770
500 v =10044x-0.202

- R? = 0.9936

S~

()]

E

= 4004

[}

£

[

€ 3004

he)

L)

n

o

o

S 200

o

>

o)

o

g 100

o

O T T T T T
0 100 200 300 400 500

COD_, (mg/L)

J. Li et al. / Talanta 68 (2006) 765-770

References

[1] American Public Health Association, American Water Works Associ-
ation, and Water Environment Federation, Standard Methods for the
Examination of Water and Wastewater, 19th ed., Apha-Awwa-Wef,
Washington, DC, 1995.

[2] K.-H. Lee, T. Ishikawa, S. McNiven, Y. Nomura, S. Sasaki, Y.
Arikawa, |. Karube, Anal. Chim. Acta 386 (1999) 211.

[3] K. Catterall, K. Morris, C. Gladman, H. Zhao, N. Pasco, R. John,
Talanta 55 (2001) 1187.

[4] B.M. Jones, R.H. Sakaji, C.G. Daughton, Anal. Chem. 57 (1985)
2334.

[5] Y. Hu, Z. Yang, Talanta 63 (2004) 521.

[6] P.K. Dasgupta, K. Petersen, Anal. Chim. 62 (1990) 395.

[7] K.L. Pamplin, D.C. Johnson, Electroanalysis 9 (1997) 279.

[8] T. Korenaga, X. Zhou, K. Okada, T. Moriwake, S. Shinoda, Anal.
Chim. Acta 272 (1993) 237.

[9] B. Li, Z. Zhang, J. Wang, C. Xu, Talanta 61 (2003) 651.

[10] T. Korenaga, Bull. Chem. Soc. Jpn. 55 (1982) 1033.

Fig. 6. Relationship between COD obtained by the proposed method andthe[ll] J. Hejzlar, J. Kopacek, Analyst 115 (1990) 1463.

conventional COD method (dichromate). Conditiong;) 0.03 mg r1;
T=60°C; r=40min and pH 0.7. Substrates are real wastewater samples.

4. Conclusion

The purpose of this work was to develop a new method
using a TiQ—Cr(VI) system in which TiQ was deposited
on a quartz support as oxidizing photocatalyst for monitor-
ing COD, where KCr,O7 was stoichiometrically involved

and could easily accept photo-exited conduction band elec-

trons and enhanced the ability of photocatalytic degrada-

[12] J.M.H. Apppleton, J.F. Tyson, R.P. Mounce, Anal. Chim. Acta 179
(1986) 269.

[13] J.-M. Herrmann, C. Guillard, P. Pichat, Catal. Today 17 (1993)
7.

[14] V.A. Sakkas, I.M. Arabatzis, I.K. Konstantinou, A.D. Dimou,
T.A. Albanis, P. Falaras, Appl. Catal. B: Environ. 49 (2004)
195.

[15] .M. Arabatzis, T. Stergiopoulos, D. Andreeva, S. Kitova, S.G. Neo-
phytides, P. Falaras, J. Catal. 220 (2003) 127.

[16] O.M. Alfano, M.l. Cabrera, A.E. Cassan, J. Catal. 172 (1997)
370.

[17] A.J. Bard, J. Phys. Chem. 86 (1982) 172.

tion of organic compounds. Therefore, the COD of a given [18] G. Hodes, M. Gratzel, Nouv. J. Chim. 8 (1984) 509.

sample could be assessed by tracing the change of thd®!

concentration of KCr,O7. The optimized operation condi-

tions were studied by using glucose as standard substance.

The application range was 20-500 mg,l and the detec-
tion limit was 20mgt1.The proposed COD measurement
method had many advantages, such as mild operation condi
tions, short analysis time, no requirement of expensive and

toxic reagents. The results were satisfactory as regards to

sensitivity and correlation according to the detection of 30

real samples. Additionally, the method for determination of

COD was in excellent correspondence with values obtained
by using conventional method.

Acknowledgements

This work is supported by the National Natural Sci-
ence Foundation of the People’s Republic of China (No.
20327001) and the Key Technology Research & Develop-
ment Program of China (No. 2004BA210A07).

H.X. Fu, G.X. Lu, S.B. Li, J. Photochem. Photobiol. A: Chem. 114

(1998) 81.

[20] S. Malato, J. Blanco, C. Richter, B. Braun, M.I. Maldonado, Appl.

Catal. B: Environ. 17 (1998) 347.

[21] G. Colon, M.C. Hidalgo, J.A. Navio, J. Photochem. Photobiol. A:
Chem. 138 (2001) 79.

[22] T.Y. Zhang, T. Oyama, S. Horikoshi, J.C. Zhao, N. Serpone, H.
Hidaka, Appl. Catal. B: Environ. 42 (2003) 13.

[23] LK. konstantinou, T.M. Sakellarides, V.A. Sakkas, T.A. Albanis, Env-

iron. Sci. Technol. 35 (2001) 398.

[24] M.S. Dieckmann, K.A. Gray, Water Res. 30 (1996) 1169.

[25] U. stafford, K.A. Gray, P.V. Kamat, A. Varma, Chem. Phys. Lett.
205 (1993) 55.

[26] N.N. Lichtin, M. Avudaithai, E. Berman, J. Dong, Res. Chem.
Intermed. 20 (1994) 755.

[27] S.A. Larson, J.L. Falconer, J. Catal. 157 (1995) 611.

[28] D.Y. Goswami, D.M. Trivedi, S.S. Block, J. Sol. Energ. Eng. 119
(1997) 92.

[29] I.N. Martyanov, K.J. Klabunde, J. Catal. 225 (2004) 408.

[30] Y. Ku, I.-L. Jung, Water Res. 35 (2001) 135.

[31] M.S. Elovitz, W. Fish, Environ. Sci. Technol.
2161.

[32] M.S. Elovitz, W. Fish, Environ. Sci. Technol. 29 (1995) 1933.

[33] R.R. Himebaugh, M.J. Smith, Anal. Chem. 51 (1979) 1085.

28 (1994)



