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Abstract

TiO,/UV/O3-BAC (biological activated carbon) process was employed to treat raw water and compared tpBACQ@rocess in its optimum
parameters (3 mg/L ozone dosage with 15 min oxidation time and 15 min empty bed contact time in BAC). The results showed that the prese
of TiO, improved ozone utilization and biodegradability of the effluent. For the dissolved organic carbon (DOC) remay/alVIGR-BAC was
more efficient than UV/@BAC and its synergetic effect is more than that in U¥/BAC process. It was showed that small molecules with
MW < 3000 Da predominated in the raw water accounting for more than 56% DOC, they were increased after oxidation, accounting for mc
than 64% DOC. GC/MS analysis showed that ZIDv/O3-BAC process was effective in removing phthalate esters (PAEs) and persistent organic
pollutants (POPs). PAES’ removal ratio reached more than 94% and reduced with the increase of the length of the alkyl side chains and the ¢
branch chains. TigUV/O3-BAC process was also very effective in removing POPs. Polybromobiphenyls’ removal rate reached more than 89¢
and decreased with the increase of substitutional bromines exceptfér2-&trabromobiphenyl, which can be completely removed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction followed by biological activated carbon (hereafter referred as
03-BAC) is widely used for drinking water treatme@j. How-
Removal of micro-pollutants in raw water is very important ever, combination of ozone with ultraviolet in the presence of
for its safe drinking. However, the organic pollutants remaineditanium dioxide (TiGQ/UV/O3) followed by BAC process (here-
in raw water are mostly refractory and difficult to be fur- after referred as TigJUV/O3-BAC) has never been reported.
ther biologically degraded. Conventional treatment process like The purpose of this research was to evaluate the effectiveness
flocculation—filtration—disinfection is not effective enough to of TiO2/UV/O3-BAC process for removing organic pollutants
remove them either. On the other hand, photocatalytic oxidain raw water, especially phthalate esters (PAEs) and persistent
tion has been proven effective in degrading refractory pollu-organic pollutants (POPSs).
tants[1-3]. Photochemical treatment processes have been used
recently to increase the biodegradability of various recalcitran®. Materials and methods
pollutants[4—7].
Photocatalytic oxidation may be a promising method for2.7. Catalysts preparation
reducing or mineralizing organic pollutants in water, but com-
plete mineralization of refractory organic pollutants in water  The active component of the photocatalysts, namely titanium
will also consume a lot of oxidant or energy. To increase thedioxide, is prepared by a sol-gel method. The procedure was as
efficiency of ozonation, it was usually combined with biologi- follows: tetrabuty! titanate, acetyl acetone (inhibitor) and water
cal process for water and wastewater treatnj@htOzonation  were added ta-propyl alcohol (solvent) orderly to obtain a
sol. Carbon black (CB) (Printex L6, made in Degussa, particle
diameter: 18 nm) was then added to the sol to increase porosity
* Corresponding author. Tel.: +86 20 85211438; fax: +86 20 85211438.  and the fraction of rutile which can improve the activities of
E-mail address: lsh99@mails.tsinghua.edu.cn (L. Li). the catalyst§10]. The components of the TiOsol are shown

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.07.050



146 L. Li et al. / Journal of Hazardous Materials B128 (2006) 145—149

Table 1 EBCT of 15min except specified elsewhere. The ozone gas
Proportions of the mixed sol was continuously bubbled into the water through a porous plate.
Component Proportion Ozone was produced from pure oxygen using a DHX-SS-001
Carbon black (mg) 235 ozone generator (Harbin Jiujiu Electric Chemical Engineering
n-Propyl alcohol (mL) 70 Ltd-)-

Tetrabutyl titanate (mL) 10

Acetyl acetone (mL) 3.0 2.3. Analytical methods

Water (mL) 4.0

Dissolved organic carbon (DOC) was analyzed with a TOC
analyzer (SHIMADZU TOC-5000). U¥s,was determined with

in Table 1 The mixed sol was sonicated for a few minutes.a Shimadzu UV-250 spectrophotometer. Turbidity was analyzed
The aluminum sheet (720 mm185 mmx 0.18 mm) was then with Lp2000 turbidity-meter (made in Portugal). The ozone
submerged in the mixed sol for several minutes before beingoncentration in the ozone gas was determined by iodometry
withdrawn at a constant rate of 2mm/s. It was dried at roonmethod[12]. Biodegradable dissolved organic carbon (BDOC)
temperature and sintered at 3@for 30 min. The coating pro-  was determined following the procedure by Servais ¢18l. It
cedure was repeated several times and the last film coat wasvolves sterile filtration of the sample, reinoculation with a nat-
sintered at 450C for 2 h to obtain CB modified Ti@thin films  yral assemblage of bacteria from the same origin as the sample,
(CB-TiOy). Photocatalytic activity of CB-Ti@was reported in  and incubation for at least 10 days in the dark at@0DOC is

early literaturg10,11} followed, until a plateau is reached and the difference between
initial and final DOC is taken as a measure of BDOC. Ultrafiltra-
2.2. Experimental set-up tion (UF) membrane was employed to determine the change of

molecular weight (MW). MW distribution was characterized by

Fig. 1 shows the experimental schematic diagram that cona series of ultrafiltration membranes with nominal cutoff values
sists of an oxidation contact column, a retention column an@®f 1, 3 and 10kDa, and each fraction were collected for DOC
a BAC column, all of which had a diameter of 60 mm and determination.
a height of 1000 mm except for the oxidation column with ~AHewlett—Packard 5890 GC with amass detector (MSD) and
a height of 750mm. The oxidation reactor is a borosilicateChemstation software, were used. The organic pollutants were
glass column. For TiglUV/O3 process, it consists of the analyzed by scan mode. The capillary columns were HP-5MS
CB-TiO; thin films supported on cylindrical Al sheet (the (30mx 0.25mmi.d.x 0.25p.m film thickness). The carrier gas
720 mmx 185 mmx 0.18 mm aluminum sheet was made aWwas helium. A split-splitless injector in the splitless mode was
cylinder) which is against the interior glass surface, a coaxtsed and the temperature program was programmed frox@ 60
ial UV source (a 15W |ow-pressure uv |amp with a Charac-(initial time, 3 mln) to 120C at arate of 16C/min, 120-280C
teristic wavelength of 254 nm) surrounded by quartz thimbleat @ rate of 5C/min and held at 280C for 10 min, and the
(Pour=30mm). For UV/Q process, a coaxial UV source is injector and mass spectrometer were held at 280 and @80
same as that in theTKIUV/O3-BAC process. There were two respectively. The electron impact energy was set at 70 eV.
sets of parallel experimental set-ups fo-BAC, UV/O3-BAC
and TiGQ/UV/O3-BAC. 2.4. Water quality of raw water

The ozone contact time (empty bed contact time, EBCT) was
15 min. The retention column was used for further reaction and The experiment for advanced purification of raw water was
consumption of residual ozone, and its hydraulic retention tim&arried out in Miyun Reservoir of Beijing City. Water quality is
(HRT) was 22 min. BAC reactor was generally operated withshown inTable 2

|
|

i
Y
| ]

TiO, thin film €4

o
EHp» Quartz thimble
L]
L]

influent  ——fp— ‘_,—

Oxidation contact column Ozone generator Retention column  BAC

Fig. 1. Schematic diagram of pilot plant.
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Table 2 Table 3

Water quality of raw water DOC removal efficiency of two processes

Parameters Range Processes BAC alone Oxidation The whole A (%)
% alone (% rocess (%

UV 254 4.9-7.4m? (%) (%) p (%)

Turbidity 0.65-0.97 NTU TiO2/UV/O3-BAC  11.6 16.7 46.5 18.2

DOC 4.94-7.27 mg/L UV/O3-BAC 11.6 134 41.6 15.6

BDOC/DOC 0.17-0.19 — —

NH4*—N <0.5mg/L A=The whole process BAC alone— oxidation alone.

catalyst, the higher ozone utilization was obtained in the ozone
contact column. At 3 mg/L ozone dosage, 61% of added ozone

3. Results and discussion was averagely consumed in the presence obTHn film cat-
alyst, while it was only averagely 56% without TiGhin film

3.1. The optimum parameters in TiO2/UV/O3-BAC catalyst. DOC removed per unit ozone consumed was also higher

processes thanin the presence of UVt was 0.55 and 0.48 mg DOC/mg

Oz in the presence and absence of 7tfin film catalyst. When

In TiO2/UV/O3-BAC process, ozone dosage, oxidation timesemiconductor is in contact with water, the surface of ;TiO
and retention time in BAC unit were three key operation paramis readily hydroxylated. Under UV illumination, electron—hole
eters. DOC removal efficiency increased with ozone dosage amghirs are formed in the semiconductor, the oxidation potential
oxidation time in both TiQ/UV/O3 unit and the TiQ/UV/O3-  of hydroxylated TiQ must lie above the position of the semi-
BAC process. However, DOC removed per unit ozone consumpzonductor valence band, the oxidation of surface-bound OH
tion decreased with the increase of ozone dosage. In our studgnd HO by TiO, valence band holes to forh®H is thermody-
3 mg/L ozone dosage with 15 min oxidation time was much morenamically possible and expectfi]. Besides the higher DOC
economical. Although DOC removal efficiency increased withremoval in oxidation unit due to higher ozone utilization, the
EBCT, 15min EBCT was necessary and enough to obtain relddiodegradability of TiQ/UV/O3 effluent (0.504) was also some
tively higher BDOC removal efficiency in the subsequent BAChigher than that of UV/@ process (0.472), which resulted in

and much more economical. higher DOC removal by the subsequent BAC in 7i0V/O3-
BAC process than that by subsequent BAC in UY/BAC
3.2. Comparison between TiO»/UV/O3-BAC and process as shown ifable 4

UV/O3-BAC processes
3.3. The effect of UV/O3 and TiO2/UV/O3 processes on

Before the run of TiQ/UV/O3-BAC and UV/Q3-BAC, DOC  molecular weight distribution
removal comparison by two BAC filters alone was conducted.
The BAC matured and the treatment efficiency kept stable after As well known ozone generally reacts with macromolecules
6 months operation. Their DOC average removal was abouuickly and would decompose them into low molecules. The
11.6%. After the treatment efficiency of two processes reacheW distribution of raw water and oxidized water with addi-
the steady state, DOC removal comparison by two processé®n of 3 mg/L ozone was presentedTable 5 It was showed
was listed inFig. 2 It was clearly seen that TEDUV/O3-BAC that small molecules with MW <3000 Da predominated in the
process was more efficient than UVJBAC process. raw water, accounting for more than 56% DOC, they were

The DOC removal efficiency in two processes was listedncreased after oxidation, accounting for more than 64% DOC.
in Table 3 The results showed the synergetic effect inlt was interesting that only the fraction with molecule weight
TiO,/UV/O3-BAC process was more than that in UWBAC of 1000-3000 Da increased after oxidation either by U)/¢®©
process. TiO2/UV/O3. TiO»/UV/O3 was more efficient than UV/Qin

TiO2/UV/O3-BAC process led to a higher reduction of DOC removing every MW range.

than UV/Q;-BAC process did. In the presence of Bi@in film
3.4. TiO»/UV/O3-BAC process for removing PAEs and

POPs
. Phthalate esters (PAES) are a class of chemical compounds
= M/F:iw::‘ primarily used as plasticizers and additive in special paints and
(=]
£ 4t Table 4
8 Influent BDOC values and its removal values in subsequent BAC unit
~

21 —e—influent —=— TIO2/UV/O3 —k— TiO2/UV/O3-BAC Process BDOC (mg/L) BDOC removal
—¢—Uv/0o3 —¥— UV/O3-BAC values (mg/L)
0 . : i
0 10 20 80 40 BAC alone 1.05 0.71
t/ days UV/O3-BAC 2.34 1.76
TiO»/UV/O3-BAC 2.46 1.90

Fig. 2. comparison of the effluent DOC between two processes.
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Table 5
MW characteristics of untreated and oxidized water
MW range DOC concentration (mg/L) Influent DOC weight ratio (%)

Influent TiG/UV/O3 UV/O3 TiO2/UV/O3 UV/O3
<1000 2.649 2.200 2.314 44.2 43.7 44.2
1000-3000 0.734 1.023 1.072 12.2 20.4 20.5
3000-10000 1.084 0.914 0.946 18.1 18.2 18.1
>10000 1.526 0.890 0.902 25.5 17.7 17.2

adhesive§l5]. As a consequence, they are released into the nafable 6 _
ural environment during manufacture, use, disposal and leachirfggmoval of phthalate esters TV/O3-BAC process

from plastic materials. They are found to accumulate in thepaEs Influent (.g/L) Effluent (ug/L) Removal (%)
en\(lronment and to be toxic to a variety 'of gquatlc organismsp, 5 593.2 0.027 99.99
which are at the base natural food chain in both marine anggp 753.9 0.039 99.99
fresh environment§l6]. Their toxic properties are even more pBp 106.8 1.49 98.6
important considering their high bioaccumulation rate (rangeEHP 23.0 1.16 94.9

from 100 to 3000) in different organisris7]. The United States
Environmental Protection Agency (USEPA) and its counterparts

in several other countries have classified the most commonlyige chains and the alkyl branch chains. The short-chain PAEs,
occurring PAEs as priority pollutants and endocrine disruptingsch as DMP and DEP, were degraded at higher rate than the
compounds. PAE concentrations have been reported in the rangg,g-chain PAEs, such as, DBP and DEHP. In the degradation
of 0.1-300ug/I for surface. marine waters and freshwater SiteSprocess of PAES, the nature of the identified by-products gives
and 0.1 ng/g-10fg/g for river sediment§l8,19] ~evidence for a major attack on the aliphatic chain, which is a
Polybrominated biphenyls (PBBs) are persistent, lipophilicyeneral enough finding in the previous wofks]. The increase
substances that have structural conformity similar to that o the length of the alkyl side chains and the alkyl branch chains

polychlorinated biphenyls (PCBs) and share many of the samgay inhibit interaction with oxidative species produced in the
biological and toxicological properties, but are even more resisaqyeous phase.

tant to degradatiof20]. PBBs have been detected in the marine  pops in water were also analyzed by GC/MS before and
food chain in the Baltic Sea, the North Sea and in the Northyfier TiO,/UV/O3-BAC treatment. The removal of POPs was
Atlantic Ocear{21]. PBBs have been detected in a human popiisted inTable 7 The results showed that TiJV/O3-BAC pro-
ulation in Michigan due to an accident where food products wer@eags \was very effective in removing POPs. PBBs’ removal rate
contaminated22]. PBBs have also been detected in two sedigached more than 89% and decreased with the substitutional
ment samples from the River Calder and one from the Rivepromines increase except for PBB52. The lower brominated
Ribble in the UK[23]. But PBBs are still manufactured for use congeners show greater levels of disappearance than those with
as flame-retardants in electronic equipment, plastics, building,gre brominates did. Since PBBs have structural conformity
materials, and carpets around the world. Their production scalgmiar to that of PCBs, hydroxylation is an important initial
and use are increasing, and their emission is diffuse and diffiste in the PBB degradation pathways because lower brominated
cult to control[24]. For example, in the Netherlands, the annua|congeners may be more susceptible to advanced oxidation pro-
consumption has recently been up to 250 tonnes per[#8ar  cesses (AOPs) destruction because of the greater number of sites
Reported effects of PBBs have been cancer, neu-rotoxicity anglajlable for hydroxylation. Alternatively, the lower solubility
immunotoxicity[22,25,26] of more highly brominated congeners may inhibit interaction

In this study, the raw water in Beijing Miyun reservoir is bet- \yith oxidative species produced in the aqueous phase. In either
ter, no PAEs and POPs are detected. Some PAEs and POPS Wekge the negative correlation between the extent of congener

added to raw water and thoroughly mixed to known starting congisappearance and bromination may have important practical
centrations. The added PAEs were dimethyl phthalate (DMP)mplications for PBB destruction by AOPs.

diethyl phthalate (DEP), dibutyl phthalate (DBP) and di(2-

ethylhexyl) phthalate (DEHP), respectively. The added POPs are

hexachlorobenzene (HCB), 4-bromobiphenyl (PBB003), 2,6-diTable 7

bromobiphenyl (PBB10), 2/®B-tribromobiphenyl (PBB18), POPsremovalin TigUV/O3-BAC process

2,2,5,5-tetrabromobiphenyl (PBB52) and 24&5,6-penta- pops Influent (ng/L) Effluent (ng/L) Removal (%)
bromophgnyl (PBB103), respectively. . 2209 124 044

PAEs in water were analyzed by GC/MS before and afteiggggs 165.4 53 96.8
treatment. The removal of PAEs was listedTiable § which  pgp1o 90.1 5.2 94.2
showed that TiQYUV/O3-BAC process was effective in remov- PBB18 55.9 3.7 93.4
ing PAEs. Their removal ratios are more than 94%, but removafBB52 185.7 No 100

of PAEs reduced with the increase of the length of the aIkyIPBBlO3 1505 161 89.3
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4. Conclusions processes for the treatment of biorecalcitrant compounds, Catal. Today
76 (2002) 301-315.
TiOz/UV/O3-BAC process was employed to treat raw water. [7] V. Sarr!a, S'. Kenfack, O. QU|Iqu, C. Pulgarin, An innovative cgupled

It ti t 3 L d ith 15 mi solar-biological system at field pilot scale for the treatment of biorecal-

S opimum parameters aré s mg/L. ozone dosage wi MIN citrant pollutants, J. Photochem. Photobiol. A: Chem. 159 (2003) 89-99.
oxidation time and 15 min EBCT in BAC. The r.e.sult.s showed [g] c. Lin, T. Tsai, J. Liu, M. Chen, Enhanced biodegradation of petrochem-
that the presence of Tiimproved ozone utilization and ical wastewater using ozonation and BAC advanced treatment system,
biodegradability of the effluent, compared to UMMBAC pro- Water Res. 35 (2001) 699-704. _ _
cess. As a result, TiUV/O3-BAC was more efficient than [0 J- Nigel, D. Graham, Removal of humic substances by oxida-
UV/O=-BAC in DOC removal and its synergetic effect between tion/biofiltration processes—a review, Water Sci. Technol. 40 (1999)

3 141-148.

o.x!datlon process and b|0|99|ca:| treatment occurred more Sig1qj L. Li, W. zhu, P. Zhang, Z. Chen, W. Han, Photocatalytic oxidation and
nificantly. A series of ultrafiltration membranes were used to  ozonation of catechol over carbon-black-modified nano-TiO2 thin films
determine the influence of oxidation on the molecular weight  supported on Al sheet, Water Res. 37 (2003) 3646-3651.
(MW) distribution of organic pollutants in the raw water. It was [11] L. Li- P- Zhang, W. Zhu, W. Han, Z. Zhang, Comparison of-BAC,
showed that small molecules with MW < 3000 Da predominated  — /03 BAC and TIQ/UV/Os-BAC processes for removing organic pol-
: . p ) lutants in secondary effluents, J. Photochem. Photobiol. A: Chem. 171
in the raw water accounting for more than 56% DOC, it was  (2005) 149-155.

increased after oxidation, accounting for more than 64% DOQ12] H. Bader, J. Hoigne, Determination of ozone in water by the indigo

TiO»/UV/O3 was more efficient than UV/Qin removing DOC method, Water Res. 15 (1981) 449-456.
with any MW range [13] P. Servais, G. Billen, H.-C. Hascoet, Determination of biodegradable
) fraction of dissolved organic matter in waters, Water Res. 21 (1987)

GQ/MS analysis_ showed that TJV/O3-BAC process was _ 445450,
effective in removing PAEs and POPs. PAEs’ removal ratiqi4 c.s. Turchi, D.F. Ollis, Photocatalytic degradation of organic water con-
reached more than 94% and reduced with the increase of the tainmants: mechanisms involving hydroxyl radical attack, J. Catal. 122
length of the alkyl side chains and the alkyl branch chains. (1990) 178-192.
POPs-polybromobiphenyls’ removal rate reached more thaHS] B. Oliver, M. Gilles, B. Micf_éle,_Degradatiop of dibutyl phtha_late by
89% and decreased with the substitutional bromines increase [oe9eneous photocatalysis with Fe (Ill) in aqueous solution, Appl.

. . Catal. B: Environ. 33 (2001) 239-248.
except for 2,25,5-tetrabromobiphenyl, which can be com- (16] M. Muneer, I. Mazzarino, P. Piccinini, Photocatalytic oxidation of

pletely removed. organic acids in aqueous media by a supported catalyst, Chem. Eng.
Sci. 54 (1999) 3107-3111.
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