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Abgtract :Nearly 97 % of organic chemicasin Hong Kong leachate could be dfectively removed by the UASB (upflow anaerobic dudge blanket)
processfollowed by the fenton coagulation. The COD of leachate was lowered from an average of 12900 mg/L to 1440 mg/L &ter the UASB
treatment , and was further lowered to 394 mg/L &ter the fenton coagulation. The remaining refractory reddues could be further removed by
oznation with the addition of H,O,. The omnetion for the supernatant of the fenton coagulation was nog dfective a& pH 7 —8, with the
addition of 300 mg/L of H,O, , and 30 mindf reaction. Thefind dfluent contained only 85 mg/L of COD and |10 mg/L of BODs. On the other
hand , direct oznation of UAB ffluent lowered the OQOD to 905 mg/L and BODs to 103 mg/L. Ozonation inproved the biodegradability of the
organic resdues, and d o converted part of organic-N in the leachate into NHz-N and NOs -N.
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Intr oduction

Hong Kong produces about 9000 tonnes of municipa <lids wage dailly. They are oollected and
digposed of a three landfill dtes. The leachate from these landfills is treated on ste udng oxidation ponds
with a hydraulic retention time (HRT) of 30 days (Chen, 1997). A recent sudy (Wang, 2000)
denongrated that about 90 % of QOD o this leachate could be dfectively reduced usng the upflow
anaerobic dudge blanket (UASB) process(Fang, 1993) . The resdua organicsin the UASB efluent could
then be further lowered by fenton coagulation usng F€* and H,O,. However , the supernatant of fenton
ooagulation gill contained 400 —500 mg/L of resdua GOD , which may require additiond treatment in the
future as regulations become increasngy gringent.

Ozonation is awidely accepted technology used for the fina disrfection of water and wagewater. In
recent years, it has a9 been increadngy used for the trestment of refractory and toxic wagewaters from
various indugries, such as tannery (Jochimsen, 1997) , pulp and paper (Zhou, 1997) , pharmaceutica
(Hofl , 1997) | etc. , aswdl as landiill leachate (Primi , 1997) .

The oxidation potertia of ozone lies on its conversion into the free radicd " OH (Langais, 1991)
through a series of chain reactions as follows:

O, +0OH —HO, -+ O, (1)
HO,- — H +- O, @)
G+ 07 O+ O, (3)
-0 +H HO; -, (4)
HO; - — OH + 0. (5)

The hydroxyl radical isof high oxidation potential ( E° =2.80 V) and capable of reacting with many
organic gecies. Peyton (Peyton, 1988) reported that * OH reacts unsdectively with organic subgances
within a millisecond.

The formation of “ OH is enhanced cond derably by the presence of H,O,. The later could form HO,
(Reaction 6) , which could react with ozone forming two free radicds, HO,- and - O; (Resction 7) , both
o which are - OH precursors, as shown in Reactions (2) - (5).

H.0, — H" + HO; | (6)
O, + HO, = HO; - +- O;. (7
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More importartly , the rate of forming two free radicals in Reaction (7) is about 40000 times fager
than that in Reaction (1) (Qulyas, 1997). It is thus advantageous to conduct ozonation with a small
dosage of H,O; in the treatment of both wasewater (Qulyas, 1995) and drinking water (Hinonen , 1996) .

This gudy was conducted to invedigete the efectivenessof usng ozonation with the addition of HO,
to further renove the refractory organic resdues &ter the UASB and fenton coagulaion treatment.

1 Materialsand methods
1.1 UASB treatment

Raw leachate from a Hong Kong landfill wasfirg treated in a 2. &liter UASB reactor (Lau, 1997) .
The reactor was water-jacketed and operated at a condant temperature of 37 for 195 days. The HRT was
kept a 6.6 days. About one liter of partially-granulated dudge(26. 7g VSSL) from a previous sudy plus
another liter of leachate-treating activated dudge (10.8 g VSSL) were used to seed the UASB reactor. A
variable peed perigdtic punp (Gole- Parmer , Magerflex) was used to feed raw leachate into the reactor ,
forcing an equal volume of supernatant out of the dfluent line.
1.2 Fenton coagulation

The UASB dfluent was then treated by the fenton coagulation process (Wang, 2000) at pH 5. The
Fe" and H,0, dosages were 300 mg/L and 200 mg/L , resectively. After a rapid mixing to digerse the
chemicals, the olution was gently mixed for 10 min for flocculation followed by 30 min of sttling. The
supernatant was subsequently trested by ozonation.
1.3 Ozonation

A gock lution containing 40 g/L of H,O, was prepared by diluting a 30 % H,O, solution (Merck) .
Ozone was generated from oxygen usng an ozonator (Osonics, Sysem V50-813) . The oxygen was fed
into the ozonator at 140 kPa and the woltage was controlled a 90 V. The oznator produced a gas sream
containing 52. 2 mg/L of ozne. The gas bubbled through a diffuser into 500 m of fenton-coagulation
supernatant containing 300 mg/ml of H,O, in a 2 liter reactor at room tenperature. The flow rate of the
ozonator gas sream was maintained at 2.4 L/min.
1.4 Biodegradability

The biodegradahility of the organic resdues in the fenton-coagulation supernatant was measured
acoording to their methanogenic and denitirification activities. The former was tesed udng the method of
Dolfing and Bloemen(Dolfing , 1985) . About 100 mg of dudge from an anaerobic |leachate-treating reactor
was added to each serum vid containing 100 ml of the fentorrcoagulation supernatant , plus nutrient ,
vitamins and trace metds. The pH was bufered at 7. 2—7. 6 usng bicarbonate. The vid wasplaced in a
37 shaking bath. The anount of biogas produced and its methane content were measured daily , and the
Q0D in the mixed liquor was measured when the test ended ter 30 days. A smilar test was conducted for
denitrification potential of the organic reddues. Denitirification dudge(100 mg) from a 2-liter sequencing
batch reactor was used as seed, and 40 mg/L of nitrate was added as the eectron acceptor 100 m of
fenton-coagulation supernatant. The test was conducted at 20 a9 for 30 days.
1.5 Analytical measurements

The measurementsof GOD , BODs (5-day biochemical oxygen demand) , TKN (total Kjeldahl nitrogen)
and NH;-N followed the procedures of the ShadandMethode(APHA |, 1985) . The andlytical procedures of
VFA followed those reported previoudy by Lau and Fang(Lau, 1997) . Nitrate content was andyzed by an
ion chromatograph(LCG10, Shimadzu) equipped with an AllsspT anion column.

2 Resultsand discussion
2.1 UASB treatment of raw leachate
Raw |eachate from a loca landfill was trested in the UASB reactor continuoudy for 195 days a 37
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with 66 daysdof HRT. The QOD content in the leachate varied from 5200 mg/L to 15700 mg/L . Throughout
the experiment , the pH in the reactor was pH 7.1 —8.5, mainly due to the high akainity bufer in the
leachate. After 120 days of acclimetion, the reactor cond gently renoved 89 %—91 % of GOD from the
leachete. During days 150 —195, the UASB reactor was edimeted to have 27. 8g of biomass, and the
leachate contained 12900 mgQOD/L and 2100 mgNH;-N/L. On average 89 % of GOD and 98 % of BODs
were renoved during this period, despite the high NH:-N ocontent which might adversdy dfect the
methanogenic activity (Kogter , 1984) . The average UASB dfluent had 1440 mg/L of GOD , but only 81 mg/
L of BODs. The BODs/QOD ratio was only 0. 056, indicating the organic resdues were recalcitrant to
further biodegradation. The NH;-N concentration was increased by 8. 4 % dter the UASB treatment
because of the converson of organic-N into NHs-N , which a9 resulted in an increase of pH.
2.2 Fenton coagulation of UASB effluent

The UASB dfluent was then further treated using the fenton coagulation process. The dosages of =S
and H,O, were 300 mg/L and 200 mg/L , regpectively. Acoording to a recent sudy(Wang, 2000) , H,O,
and excess Fe"" synergetically removed organic residues by free-radical oxidation aswell as coagulation. In
this sudy , the fenton coagul ation process remmoved 73 % of QOD from the UASB dfluent , leaving 394mg/L
o QOD inthe dfluent. Under such a condition , renoving each gram of GOD required 0. 29 g of " and
0.19gd H,O, , which are consgent with results of a previous sudy (Wang, 2000) .
2.3 Ozonation o supernatant o fenton coagulation

Hfect of H,O, dosage: A series dof five czonation experiments were conducted in paralel. The pH of
the supernatant of fenton coagulation processwas initialy kept & pH 6. The HO, dosage varied from nil to
500 mg/L. Fg. 1 illugrates that the H,O, dosage did not have a roticeable efect on the GOD renova in
thefird 5 minutes. But theredter the renova dficiency increased not only with time but d< with the
H, O, dossge. The COD removd dficiency began to level off a about 30 min in al experiments. Without
the addition of H,O, , dnple ozonation removed 23 % of COD , but the dficiency increased to 32 % with
300 —500 mg/L of H,O,.

w
w

dnce - OH is highly reactive, the dficiency of <

oxidation processes dften depends on the rate of - OH ;ig 5 H z

generation (Hoigne , 1997) . Based on Reactions (6) and fg);ok M > X 220202356
(7) , the addition of H,O, would enhance the production 4 15} = « 100 mg/L
of two free-ragical precusors of - OH. Thus, one would S 10f :gggﬁﬂ
expect the QOD rerova dficiency would increase with Z_ , 1 #1500 mg/L
the - OH dosage, as in the cases of treating industrid 0 10 20: LS00 %0
wastewater ( Paillard, 1988; Qulyas, 1995) , and  hy1  Eew o dudion ad HyO, dste in
contaminated groundweter (Hinonen, 1996) . However , omnetion on COD remova o fenton-coagulation

Fg. 1 illugrates that increasng the HO, dosage from  swpernatant

300 mg/L to 500 mg/L did not improve the QOD renmova. This could be due to the following reaction ,
which shows that H,O; in excess could become an - OH scavenger (Buxton , 1988) .

- OH + H,O, — HO, - + H,0. (8

It was a © observed that during the firg 5 min of ozonation , the gas generation was intense and the

gas bubbles produced were finer than those at later sages. This could be due to the presence of surface

active chemicds at the initid sage, which were degraded as ozonation proceeded(Pacana, 1982) . Thus,
further increase of H,O, dosage would ot inprove the QOD renoval .
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Hfect of initid pH: The dfect of pH on oczonation with H,O, addition was unclear. Many reported
that high pH is preferred for ozonation( Pacana, 1982 ; 9nger , 1983) , which is condgent with Reactions
(), (2) and (6) . On the other hand , high pH d s favors the formation of 00" and HOO; , both which
are scavengersof - OH (Landas, 1991) as shown in the following reactions, and thus would lower the
ozonation ficiency.

. OH + Q0% OH + Q05 -, (9)
-OH+ HCO; —  H,O+ QG -. (10)

In addition , low pH isfavored by Reaction (4) .

Inorder to clarify the éfect of pH on oznation, a series of experiments were conducted. In these
experiments, ozonation was conducted with 300 mg/L of H,O, addition and laged for 30 min. FHg. 2
illugratesthat the optimd eficiency of increased dragicaly from 32% a pH 6 to 52% a pH 7 - 8;
further increase of pH lowered the dficiency dightly.
2.4 Ozonation o UASB €ffluent

Two oznation experiments were conducted in
pardld for comparion, one treating the UASB dfluent
and the other treating the supernatant o fenton
ocoagulaion. Both experiments were conducted at pH 7
with 500 mg/L of H.O, dosage and laged for 60 min.
Results showed that ozonation removed 37 % of the GOD Initial pH
in the UASB dfluent, and 68 % o the GOD in the g 2 Hfect o iniid pH on COD removal of
swpernatant of fenton ocoagulation. The latter Was  ferton-ooaguiation spermatant
ocondderably higher than the 52 % remova observed in
the experiment which ozonation laged only 30 min. The dff-gases contained 22. 4 mg O;/L and 25. 3
mgOs /L , repectively , and the ozone concentration in both mixed liquors was 25 mgQ;/L. Theredfore,
based on mass balance , removing each gram of QOD of the refractory organic resdues in the UASB dfluent
oonsumed 16g of O, and correponding O; consunption for the fenton coagulation was 25g. The
characterigics of UASB dfluent before and dter ozonation are liged in Table 1, dong with those of the
fenton-coagulation supernatant for compari on.

The<e results showed that 97.0 % of QOD Tablel Hfect of ozondion on the characteridics of UASB dfluent and
o the raw leachate was removed by UASB plus Permetant d fenon coagdation
fenton-coagulation , and further treatment usng

oo
(=]

(o
(=)
T

COD removal, %
N N
S o
T T
S

(=}

Spernatant of fenton

UASB dfluent _
ozonation would improve the overdl QOD coagdation
renova to 99.3%. The find dfluent had 85 Before After Before After
mgL o QOD and 10 mg/L of BODs dter BODs , mg/L 8l 103 2 10
omnation. On the other hand, omnation of QoD , mglL 1440 905 394 85
UASB efluent woud only remove 93. 0% of iis/ﬁ 02'5"15;6 02-32164 02-;‘;6 02' 42158
Q0D overdl. Table| ad shows that ozonation NHS_N" ol 306 S o314 o376
resulted in the decrease of TKN and the ogicn, mgL 213 6 183 70
increae of NH;-N. A gmdl fraction of NOsN , mglL 0 25 0 2

organic-N was oxidized to form NOs-N.

Biodegradahility of ozonation products: Table 1 shows that the BODs/QOD ratio increased dter
oznation for both the UASB dfluent and the fentorrcoagulation supernatant. This indicates that the
biodegradahility of the redduad organics in both dreams increased as a result of ozonation. Smilar
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observation had been reported by Anderson et al. (Anderson, 1984) , and Fazzini and Young (Fazzini ,
1994) . This could be due to the breakdown of conplex humic and arometic subgtances into svaller and
nore biodegradable organics. Two series of experiments were conducted usgng the organic resdues in the
find efluent of the three stage process as subdrate for denitrification and anaerobic methane production.
The biodegradabi 1ity of the organic resdues are measured by the QOD rermova dficiency during the teds.
Fg. 3illugrates that the organic reddues were nore eadly degraded for denitrification than for methane
production. Both activities, however , increased with the HO, dosage during ozonétion.

60 =

. a L o o)
50| *Anoxic g 50 o  H0; dosage
N - Anaerobic 9 40
< 40- ED r O Omg/L
2 - 30L hd . * 100 mg/L
g 30} g4 A . e  4200mg/L
2 2 20F * 300 mg/L
n 20 g " A mg
S 1ok S 10F *
O 10 =
0 I 1 I 0 1 1 1 1
0 100 200 300 0 10 20 30 40 50
H,O, dosage in ozonation, mg/L t, min
Fg. 3 Hfect o H,O, during omnaion on Fg. 4 Variation d totd-VFA ocontent over 30 min of
biodegradahility of organic reddues oznaion a various H,O, dosages

Fg. 4 illugrates the change of tota-VFA (as expressed in QOD) at various time intervals during
ozonation of the fenton-coagulation supernatant. Without the addition of H,O, , the tota-VFA (nodly
acetate and i-caproate) increased from 24 mgQOOD/L to 53 mgQOD/L in 10 min, indicating ozonation could
oonvert me organic resdues into VFA , however , further ozonation minerdized the VFA and gradudly
lowered the VFA ocontent. Al , the formetion of VFA decreased with the increased dosage of HO, due to
grong oxidizing efect provided by the added H.O, which a0 resulted in the minerdization of VFA.

Fg. 4 doillugratesthat with the addition of 300 mg/L of H,O, the tota-VFA content was gradualy
decreased to |15 mgQOD/L dter 30 min of ozonation. It represented merdly about 18 % of the organic
reddues which had 85 mg/L of GOD as shown in Table 1. And yet Fg. 3 illugrates that nearly 50 % of
the organic resdues could be used as subgrate for denitrification. It seems that nog of these subdrates
used for denitrification were not VFA in nature.

3 Conclusions

Omnation is an dfective process for the degradation of refractory organic resdues in the landill
leachate. About 97.0 % of 12900 mg/L of QOD of the raw leachate was renoved by UASB plus fentorr
ooagulation. Ozonation of the fenton-coagulation supernatant inproved the overdl QOD renoval dficiency
to 99. 3%. The find dfluent had only 85 mg/L of GOD and 10 mg/L of BODs. On the other hand,
ozonation of UASB dfluent renmoved 93. 0 % of CGOD overdl. Ozmnation was nog dfectively conducted at
pH 7 —8 with the addition of 300 mgL of H,O, and for the duration o 30 min. Omonation ao
sgnificantly improve the biodegradability of the organic resdues. Nearly 50 % of these resdues could be
used as subdrate in denitrification.
Acknowledgements: The authors are grateful to the Hong Kong Ressarch Grants Gouncil for the partial
financia support of this gudy, to the Croucher Foundetion for granting Dr. Wang Peng the Croucher
Chinese Vigdtorship , and to Dr. X. Y. Li for histechnicad asdgance.

References:

Anderson G K, Sav C B, Howath C R, 1984. Omrolyss o wasewaters using a inning dsc reactor[ C]. The 3%th Purdue Universty

© 1995-2006 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



500 WANG Feng ¢ al. vol. 14

indugrid wagte corference proceedings. May 8 —0, USA : Purdue Universty. 163 —172.

APHA , 1985. Sandard methods for the examinaion of water and wastewater[ S] (16th edn.) . Washingon D. C. : American Public Hedth
Asciation.

Buxton GV, Qeendock CL , Hdman W P & al. , 1988. Criticd review o rate condantsfor reaction of hydrated eectrons, hydrogen atoms
and hydroxyl radicas (- OH/ - O ) in agueous solution[J]. J Py Chem Ref Da , 17: 513 —886.

Chen T, Esnault D, Koenig A, 1997. Frg year operation of the NENT landfill leachate treatment worksin Hong Kong[ C]. Proceedingsdf the
6th international landfill sympodum: Sardinia 97, October 13 —17. Cadliari , Itay. 217 —228.

Dolfing J , Bloemen W GB M, 1985. Activity measurements as a tool to characterize the microbid conposdtion of methanogenic environment
[J]. J Microbiol Methods, 4: 1—12.

Fang HH P, Chui H K, 1993. Maximum OOD loading capacity in UASB reactor a 37 [J]. J Environ Engng, ASCE, 119(1) : 103 —119.

Fazzini L , YoungJ C, 1994. U= of ozone and utraviolet oxidation to enhance the biologica degradation of refractory organics in landill
leachate[ C]. The 49th Purdue University industrid waste corference proceedings. USA @ Purdue Universty. 253 —262.

Qulyas H, 1997. Processesfor the remova o recdcitrant organics from indudrid wastewaters[J]. Wat S Tech, 36(2—3) : 9—16.

Qiyas H, von Bismarck R, Hemmerling L , 1995. Treatment of indugriad wadewaters with ozone/hydrogen peroxide[J]. Wat Si Tech, 32
(7) : 127 —34.

Hironen A, Tuhkanen T, Kaliokoski P, 1996. Treatment of TCD - and PCED contaminated groundwater usng UV/H,O, and Os/H,0,
oxidation processes[J]. Wat i Tech, 33(6) : 67 —73.

Hofl C, Sgl G, Secht O e al. , 1997. Oxidative degradation of AOX and COD by different advanced oxidation proceses: a conpari on
gudy with two sanplesof a pharmeceuticd wadewater[J]. Wat Si Tech, 35(4) : 257 —264.

Hoigne J, 1997. Inter-cdibration of OH radicad ources and weter qudity paraveters[J]. Wat S Tech, 35(4) : 1—S8.

JochimenJ C, Shenk H, Jekd M R e al. , 1997. CGombined oxidative and biologca treatment for ssparated sreamsdf tannery wastewater
[J]. Wa Si Tech, 36(2—3) : 209 —216.

Koger | W, Lettinga G, 1984. The irfluence of ammoni unnitrogen on the ecific activity of pelletized methanogenic dudge[J] . Agricultura
Wades, 9: 205 —216.

LangasB, Reckhow D A, Brink D R, 1991. Omne in weter treatment[ M]. Application and engneering. Chelsea: Lenis Publishers.

Lau | WC, Fang H H P, 1997. Hfect of temperature shock to thernophilic granules[J]. Wat Res, 31(10) : 2626 —2632.

PacanraM J, Qurol M D, 1982. Oxidation of dislved organics by omne and UV in high-grength indugtrid wagewater [ C]. Indugrid
wadewater. Proceedings of the fourteenth Mtd-Atlantic corference. June 27 —29. 278 —291.

Pallard H, Brunet R, Dore M, 1988. Optimal conditions for gpplying an ozone-hydrogen peroxide oxidiziing sydem[J]. Wat Res, 22(1) :
91 —103.

Peyton GR, 1988. Undergtanding and optimizing ozone/UV treatment for the deruction of hazardous organic compounds in water : mechaniam
dficiency and by-product[J]. Detoxif Hazard Wasgtes, 1: 353 —368.

Pim C, Qurant P, Amar D & al. , 1997. Leachate treatment by coupling biologica nitrification-denitrification and oxidation by ozone[ C].
Proceedings o 6th internationd landfill symposum: Sardinia 97, Octoter 13 —17. Cadiari , Itay, 211 —218.

Snger PC, Qurol M D, 1983. Dynamicsd the omnation of pherol. |. Bgerimenta observations[J]. Water Res, 17: 1163 —1173.

Wang P, Lau W C Ivan, Fang H P Herbert e al. , 2000. Landill leachate trestment with combined process of UASB and fenton coagulation
[3]. J Erviron i Hedth, A35(10) : 1981 —1988.

Znou H, Srith D W, 1997. Process parameter development for ozonation of kraft pulp mill efluents[J]. Wat i Tech, 35(2—3) : 251 —
259.

(Received for review August 22, 2001. Accepted Sgptember 27, 2001)

© 1995-2006 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



