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leic, malonic, fumaric and succinic acid, are formed during UV irradiation of
dyes. Hence, the significant drops of the solution pH in neutral medium by 2.5
pH units and in weak acidic and basic medium by almost 2 pH units are probably
due to the formation of organic and inorganic acids as degradation products of
RO16. The effect of these degradation products on the solution pH was more pro-
minent in neutral and weak acidic medium, which could be expected. On the
other hand, in strong basic medium, weak organic acids were not formed in
sufficient amounts for neutralization of the base.
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Fig. 3. UV-Vis spectral changes of RO16 as a function of irradiation time: a) 0, b) 1, ¢) 2, d) 3
and e) 4 min. ¢x(RO16) = 50.0 mg dm™, co(H,0,) = 25.0 mmol dm, pH 7.0£0.2, UV light
intensity: 1950 pW cm2, temperature: 25+0.5 °C. Inset: tautomeric forms of RO16.

The conductivity of the dye solution was found to increase progressively
during the irradiation from 39 to 102 pS cm! (Fig. 5). In the first 4 min of irra-
diation, when the dye solution was still colored, the conductivity slightly in-
creased from 39 to 42.3 uS cm!; however, after complete decolorization had
been achieved (about 6 min) and the main chromophore (-N=N-) in the dye mo-
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lecules destroyed, the conductivity rapidly increased and reached a value of 102
uS cm! at the end of the experiment. The increase of conductivity with time can
also be associated with the formation of the above-mentioned acid products in
solution as well as with the formation of other mineralization products, such as
NH4*, NO3~, NO,~ and SO42-.18

10

|

i

2 A
0 v T T T T T
0 10 20 30 40
Time, min

Fig. 4. Changes in pH during irradiation. co(RO16) = 50.0 mg dm,
co(H,0,) = 25.0 mmol dm3, UV light intensity: 1950 pW cm 2,
temperature: 25 + 0.5 °C.

The effect of the initial H,O; concentration

The concentration of hydrogen peroxide is an important parameter that in-
fluences the efficiency of dye removal by the UV/H>O; process. Due to the low
molar absorption coefficient of HyO, at 254 nm (18.6-19.6 L mol~! cm™1),1 an
excess of HyO» is theoretically required to produce sufficient *OH radicals. Nu-
merous authors have reported that the concentration of HyO, may either enhance
the photoreaction rate or inhibit it due to the scavenging action of peroxide, de-
pending on the concentration.20-24 Therefore, an optimum concentration of HyO;
in the reaction course must be reached. In order to determine the effect of HyO,
concentration on the decolorization rate, doses of HyO» in range of 10 up to 100
mM were added. The applied UV light intensity was 730 pW cm2, because of
the very fast decolorization at the maximal value (1950 pW cm2), which made
the investigation of this operational parameter difficult. The other parameters
were kept constant. The apparent rate constants vs. different initial concentrations
of HyO, are summarized in Fig. 6. This plot shows that kyp,, considerably in-
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creased from 0.142 to 0.331 min~! with increasing hydrogen peroxide concen-
tration from 10 to 20 mM. At the low concentration of H;O», a relatively low
concentration of hydroxyl radicals was formed for dye oxidation, which resulted
in a low decolorization rate. However, with increasing peroxide concentration,
more hydroxyl radicals were generated upon its photodissociation (reaction (2)).
On further increasing of the peroxide concentration to 40 mM, the apparent cons-
tant rate reached a plateau and stayed almost unchangeable.
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Fig. 5. Changes in conductivity during irradiation. ¢o(RO16) = 50.0 mg dm3,
co(H,0,) = 25.0 mmol dm3, UV light intensity: 1950 pW cm 2, pH 7.0+0.2,
temperature: 25 £ 0.5 °C.

At an initial peroxide concentration above 40 mM, the apparent rate constant
decreased from 0.329 to 0.18 min~! on decreasing the H,O, dose from 40 to 100
mM. When the initial peroxide concentration was very high, the generated *OH
radicals mostly reacted with the excess peroxide and produced hydroperoxyl ra-
dicals HO;* (reaction (9)), which are less reactive than *OH, and the rate of dye
removal decreased:25

The generated *OH can also react with HO* and produce water and oxygen

(reaction (10)) or dimerize to HyO, (reaction (11)).25:26 In this way, the concen-
tration of *OH available for dye degradation also decreased:

*OH +HO3* - HyO + Oy, k= 6.6x109 M1 -1 (10)
*OH + *OH — Hy0,, k=5.5x109 M1 571 (11)
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Fig. 6. The effect of the initial H,O, concentration on the rate of RO16 decolorization.
co(RO16) = 50.0 mg dm, pH 7.0£0.2, UV light intensity: 730 uW cm2,
temperature: 25+0.5 °C.

Therefore, the optimum range of the hydrogen peroxide concentration giving
the maximum RO16 decolorization rate was from 20 to 40 mM. These values are
related to the optimum value of relative molar ratio of the HyO, concentration to
that of the dye (H,O2/RO16) between 246 and 493. Many authors noticed the
existence of an optimal molar ratio between peroxide and dye that leads to a
faster decolorization rate. Muruganandham and Swaminahan2’ reported that the
optimal initial peroxide concentration for the decolorization of the chlorotriazine
reactive azo dye, Reactive Orange 4, in a batch photoreactor was about 20 mM
([Hy0,]o/[RO4]p = 40, c(RO4) = 5x10~* mol L1, pH 3.0, UV light power: 64
W). Neamtu et al.?8 reported approximately the same optimal concentration of
peroxide (24.5 mM) for the decolorization of 100 mg L~ initial concentration of
three reactive azo dyes, Reactive Red 120, Reactive Black 5 and Reactive Yellow
84 (JH2O2]o/[RR120]y = 360, [HyO5]o/[RB5]g = 243, [HyO2]o/ [RY14]g = 470,
respectively) in a batch photoreactor. On the other hand, Aleboyeh et al.22 inves-
tigated the critical effect of the peroxide concentration in the decolorization of
the three commercial dyes (Acid Orange 8, Methyl Orange, Acid Blue 74) in a
continuous photoreactor and found that the optimal peroxide/dye molar ratio was
different in each case ([HyO>]o/[AO8]g = 55, [HoO2]o/[MO]g = 65, [HyO2]o/
/[AB74]g = 70). This confirms the importance of determining the optimal initial
peroxide concentration for UV/H>O; decolorization for each dye and for every
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experimental condition. In this study, an initial HyO» concentration of 25 mmol
dm—3 was used in all the subsequent experiments.

The effect of pH

The initial pH of dye solutions is also an important parameter for optimizing
the operational conditions, since the colored effluent from textile industry could
have different pH values. The influence of pH on the rate of decolorization of the
RO16 azo dye by UV/H,O; process was investigated at seven different pH va-
lues: 2.0, 3.0, 4.0, 5.0, 7.0, 9.0, and 10.0 during 10 min of treatment time, using
50 mg dm=3 dye solutions and 25 mM H,O,. The first tests run were realized by
adjusting the acidic pH (2.0, 3.0, 4.0 and 5.0) with four inorganic acids (HCI,
HNO3, H>SO4 and H3PO4) and the changes in the decolorization rate are shown
in Fig. 7. In all cases, a decrease of the decolorization rate from pH 5 to 2 is
evident. On acidification of the solution, amount of added conjugated bases in-
creased (Cl-, NO3~, SO42~ and PO43"). These anions are able to react with hyd-
roxyl radicals leading to inorganic radical ions which exhibit a much lower reac-
tivity than *OH, hence they did not participate in the dye decolorization. There is
also a drastic competition between the dye and the anions with respect to *OH:

Cl~+ *OH — CIHO*~ (12)
HNOj3 + *OH — NO3°* + H,O (13)
HSO4~+ *OH — SO4* + H,O (14)

HyPO4~+ *OH — HPO4*~ + Hy,O (15)
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Fig. 7. Effect of pH adjustment with different mineral acids on the rate of RO16
decolorization. cy(RO16) = 50.0 mg dm3, c,(H,0,) = 25.0 mmol dm?3,
UV light intensity: 730 pW cm, temperature: 25+0.5 °C.
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The lowest values of the apparent rate constant in all cases were obtained at
pH 2, where the greatest concentration of inorganic anions was added to adjust
the pH. On increasing the pH value from 3.0 to 5.0, the concentrations of added
inorganic anions decreased and, as a result, the values of kyp), increased slightly.
Hence, the scavenging effect decreases with decreasing concentration of added
inorganic anions. A comparison of the process efficiency in the pH range from 2
to 5 suggests the following increasing scavenging effect phosphate < sulfate < ni-
trate < chloride.

Jaysona et al.29 reported that the rate constant for the interaction between
*OH and CI- was k = 4.3x109 M1 s1 (reaction (12)). Katsumura et al.30 inves-
tigated the reactivity of NO3® and obtained a value for the rate constant for the
reaction *OH with NO3~ of 1.3x108 M1 s-! (reaction (13)). The results of Jiang
et al31 and Maruthamuthu et al.32 showed that HSO4~ and HoPO4~ react with
*OH at a lower rate (k = 4.7x10° Ml 571 and k = 2x10* M~! 571, respectively)
than NOs3™ (reactions (14) and (15)). Therefore, the obtained scavenging effects
of the anions used in this study are in agreement with the values of the rate cons-
tants given in the mentioned literature.29-32

On the other hand, in a study of Galindo et al.33, which considers the pho-
tochemical degradation of Acid Blue 74, a different order of scavenging effects
of the anions was shown. They found that the sulfate anion was the strongest
*OH scavenger, followed by nitrate and phosphate anions, while the chlorides
were the weakest scavenger. This decay in the rate of Acid Blue 74 degradation
in the presence of sulfate anions was explained by possible aggregation of dye
molecule, when a strong electrolyte such as sulfuric acid was added. *OH radi-
cals show less affinity to aggregated dye than to single molecules. The results of
the present investigation demonstrated that the scavenging effect of the anions
was predominant, as no significant effect of aggregation of the dye molecules
could be expected with the applied concentrations of the mineral acids.34

The other test runs were performed by adjusting the pH with NaOH at 7.0,
9.0 and 10.0 (Fig. 8). A decline of apparent rate constants from 0.342 min~! at
pH 7 t0 0.151 min~! at pH 10.0 was observed, which can be a consequence of the
following possible reasons.

First, at alkaline pH, the concentration of the conjugate base of H,O, in-
creases (reaction (16)):

H,0, — HOy + H, pK, = 11.6 (16)

This anion (HO;™) reacts with a non-dissociated molecule of HyO,, which
leads to oxygen and water, instead of producing hydroxyl radicals under UV ra-
diation (reaction (17)). Therefore, the instantaneous concentration of *OH is
lower than expected:

HO,~ + HyOy —» H,O + Oy + OH~ 17
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Furthermore, the deactivation of *OH is more important when the pH of the
solution is high. The reaction of *OH with HO;,~ is approximately 300 times
faster than its reaction with HyO; (reactions (18) and (19)).

*OH +HOy — HyO + 0y, k= 7.5x109 M1 -1 (13)
*OH + Hy0; — H,0 + HO»®, k=2.7x107 M1 g1 (19)
The reactivity of O»*~ and HO»*® with organic pollutants is much lower than

that of *OH. They preferentially disproportionate and produce hydrogen peroxide
and dioxygen (reaction (20)):

0,7~ + HO»* + H)O — HyO, + O + OH~ (20)
n
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Fig. 8. Effect of pH on the rate of RO16 decolorization. cy(RO16) = 50.0 mg dm3,
co(H,0,) = 25.0 mmol dm3, UV light intensity: 730 pW cm2, temperature: 25+0.5 °C.

On the other hand, several authors have reported that the peroxide self-de-
composition rate, which is strongly pH dependent, partly contributes to the de-
crease of the kypp values in alkaline medium (reaction (21)):27:35

2 HyOp - 2 HyO+ 09y 21

Chu3¢ investigated the self-decomposition rate of peroxide and found that its
first order self-decomposition constants are 2.29x10~2 and 7.4x10~2 min~! at pH
7.0 and 10.5, respectively. The photodecomposition of peroxide by UV light at
the same pH values was also investigated by this author. By comparing the re-
sults at alkaline pH values, it was concluded that the decrease of the HyO» con-
centration was significantly caused by its self-decomposition; hence, a decay
pathway not involving free radicals must occur.
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Both of the two proposed peroxide decomposition pathways in alkaline me-
dium, the first leading to the formation of the HO,~ and the second the self de-
composition of HyO, leading to the formation of water and oxygen, can occur
simultaneously, which results in a decrease in the *OH concentration and, conse-
quently, a decrease in the dye decolorization rate.

It is important to note that the pH of the dye bath for reactive dyes depends
on the textile fiber and in industrial applications, the dyeing of cellulosic fibers is
performed in alkaline dye baths, while dye baths for wool are acidic. The results
presented in this paper indicated that removal efficiency of RO16 dye is higher at
neutral pH values; hence, effluents from the textile industry must be neutralized
for treatment by the UV/H;O, process in order to achieve the maximal decolori-
zation rate.

The effect of initial dye concentration

The effect of the initial RO16 concentration on the efficiency of dye degra-
dation was investigated in the concentration range from 20-80 mg dm—3 and the
results are presented in Fig. 9. It appears that with increasing initial dye concen-
tration, the efficiency of dye removal almost linearly decreases. The results indi-
cate that the apparent rate constant decreases from 0.382 min~! for a dye concen-
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Fig. 9. Effect of the initial concentration of RO16, 20 (<), 30 (A), 40 (¥), 50 (m), 60 (0),

70 (e) and 80 mg dm3 (o) on its decolorization. cy(H,0,) = 25.0 mmol dm™3, pH 7.0+0.2,

UV light intensity: 730 pW cm2, temperature: 25+0.5 °C. Inset represents kapp at
different initial dye concentrations.
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tration of 20 mg dm=3 to 0.096 min~! for a dye concentration of 80 mg dm3.
Similar results were already reported by Behnajady et al.37 At high dye concen-
trations, most of the UV light was absorbed by the dye instead of by the peroxide
because of its higher molar extinction coefficient at 253.7 nm. Hence, the dye
solution becomes increasingly impermeable to UV light, which inhibits photoly-
sis of the peroxide. This is very important from the application point of view and
the UV/H,0; system would be more effective for relatively dilute dye solutions.

The effect of UV light intensity

The influence of UV-light intensity on the decolorization of RO16 azo dye
was monitored by varying the light intensity from 730 up to 1950 uW cm2 and
the results are shown in Fig. 10. It is evident that the apparent rate constant in-
creased linearly with increasing UV light intensity. This result is consistent with
those of previous studies, in which an increase in the decolorization rate with in-
creasing UV light intensity was generally observed.38 Such an effect is expected
because photodissociation of peroxide is initiated by its absorption of UV light;
hence, increases in the UV light intensity enhance the production of hydroxyl
radicals.

In c/co

730 1150 1510 1750 1950

UV light intensity, yW cm”
-6 T T T T T T T T T
0 1 2 3 4 5 6

Time, min

Fig. 10. Effect of UV light intensity, 730 (e), 1150 (A), 1510 (m), 1750 (¥) and 1950 uW
cm? (o) on the decolorization of RO16. cy(RO16) = 50.0 mg L'!, cy(H,0,) = 25.0 mmol dm?3,
pH 7.0+0.2, temperature 25+0.5 °C. Inset represents k,y,, at different UV light intensities.
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CONCLUSIONS

The results presented in this paper showed that the UV/H>O, process could
be efficiently used for the decolorization of aqueous solutions of the azo dye Re-
active Orange 16. It was found that the rate of decolorization is significantly af-
fected by the initial pH, the initial hydrogen peroxide concentration, the initial
dye concentration and the UV light intensity. The decolorization follows pseudo
first order reaction kinetics. Peroxide concentrations in the range from 20 to 40
mM appear as optimal. Color removal was observed to be faster in neutral pH
solutions than in acidic and basic ones. The hydroxyl radical scavenging effect of
the examined inorganic anions increased in the order phosphate < sulfate < nit-
rate < chloride. Pseudo-rate constant (kapp) decreased as the initial dye concen-
tration increased, but it increased linearly with increasing UV light intensity and
attained a maximal value at the highest applied intensity. The complete removal
of color, after selection of optimal operational parameters, was achieved within 6
min of UV irradiation, which indicates that it is a highly efficient process.
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U3BOJ

OBE3BOJABAISE TEKCTUJIHE A30 BOJE PEAKTUBHU OPAHX 16
UV/H,0, ITPOL[ECOM

JEJIEHA MUTPOBUH, MUJbAHA PAZIOBUR, IAHUIJEJIA BOJUh, TATJAHA AHBEJIKOBUR,
MMJIOBAH ITYPEHOBUWR n AJIEKCAHJJAP BOJUh

Oocex 3a xemujy, [IpupoOono—maiiemattivuiu axyaitieisi, Ynusepauitiein y Huwy, Buwezpaocka 33, 18000 Huw

VY pany je mpoy4aBaHa e(hUKACHOCT JCKOJIOPH3AlUje PEaKTUBHE a30 00je PEaKTHBHU OPaHK
16 (RO16) UV/H,0, nponecom y doropeaktopy ca UV namnama Makcumyma emucuje Ha 253,7
nm. [Ipm onrtumamnuM ycnoBuma (25 mM wuHHIDMjanHAa KOHIEHTpanuja nepokcupa, pH 7,
untensurer UV 3padema 1950 pW cm™2) nmoTmyHo ykiamarme HHHIHjaTHe KOHIEHTpanuje 6oje
(50,0 mg dm™) je mocruruyto 3a mame ox 6 min. Mcnmrusan je yrunaj mapamerapa UV/H,0,
mpoteca, Kao WITo Cy HHULHKjaaHa pH BpeaHOCT, HHUIMjaJTHA KOHIICHTPALja BOZOHUK-TIEPOKCHIA,
WHUIIMjaJTHA KOHIIEHTpaluja 0oje u naTeH3uTeT UV 3payucma Ha eUKacHOCT JeKonopu3aimje 0oje.
Hajreha epukacHocT mpoiieca MOCTUTHYTA je IPU WHHUIUjATHOj KOHIICHTPAIIUjU MEPOKCHIA Y pac-
noHy ox 20 mo 40 mM, u3Hax Koje je mpolec MHXUOMPaH HEroBUM e(EeKTOM XBaTada pajuKaia.
IIponec nexomopuzanuje je edpuracHUju y HeyTpamHoj cpenuHu. Ca moehameM HHUIMjaTHE
KOHIIeHTpanuje 0oje pacte 1 epHKACHOCT mporieca kKao u ca noBehamem nHTeH3uTeTa UV 3pauema.

(ITpumsbeno 16. ¢pebpyapa, peBugupaso 3. asrycra 2011)

REFERENCES

1. H. Zollinger, Color Chemistry: Syntheses, Properties and Applications of Organic Dyes
and Pigments, Wiley—VCH, Weinheim, Germany, 2003, p. 579

2. L. G. Devi, S. G. Kumar, K. M. Reddy, C. Munikrishappa, J. Hazard. Mater. 164 (2009)
459

2012 Copyright (CC) SCS



Eal

e A

16.
17.
18.

19.

20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.

31

32.
33.
34.
35.
36.
37.
38.

DECOLORIZATION OF TEXTILE AZO DYE REACTIVE ORANGE 16 48 1

M. H. Habibi, A. Hassanzadeh, S. Mahdavi, J. Photochem. Photobiol., A 172 (2005) 89
Advanced oxidation processes for water and wastewater treatment, S. Parsons, Ed., IWA
Publishing, London, 2004, p. 302

M. A. Behnajady, N. Modirshahla, H. Fathi, J. Hazard. Mater., B 136 (2006) 816

M. Muruganandham, M. Swaminathan, Dyes Pigm. 68 (2006) 133

E. Kusvuran, O. Erbatur, J. Hazard. Mater., B 106 (2004) 115

K. H. Wong, S. Tao, R. Dawson, P. K. Wong, J. Hazard. Mater., B 109 (2004) 149

F. S. Garcia Einschlag, J. Lopez, L. Carlos, A. L. Capparelli, A. M. Braun, E. Oliveros,
Environ. Sci. Technol. 36 (2002) 3936

. O. Lergini, E. Oliveros, A. M. Braun, Chem. Rev. 93 (1993) 671

. A. M. Marechal, Y. M. Slokar, T. Taufer, Dyes Pigm. 33 (1997) 281

. A. M. El-Dein, J. A. Libra, U. Wiesmann, Chemosphere 52 (2003) 1069

. X. Dong, W. Ding, X. Zhang, X. Liang, Dyes Pigm. 74 (2007) 470

. A. Aleboyeh, Y. Moussa, H. Aleboyeh, Sep. Purif- Technol. 43 (2005) 143

. S. M. Milosavljevi¢, Structural methods of instrumental analysis, Faculty of Chemistry,

Belgrade, 1994, p. 35 (in Serbian)

A. S. Ozen, P. Doruker, V. Aviyente, J. Phys. Chem., A 111 (2007) 13506

M. Stylidi, D. I. Kondarides, X. E. Verykios, Appl. Catal., B 47 (2004) 189

Z. He, L. Lin, S. Song, M. Xia, L. Xu, H. Ying, J. Chen, Sep. Purif. Technol. 62 (2008)
376

K. Li, D. R. Hokanson, J. C. Crittenden, R. R. Trussell, D. Minakata, Water Res. 42
(2008) 5045

W. Abdel-Alim Sadik, A. W. Nashed, Chem. Eng. J. 137 (2008) 525

D. Jiraroj, F. Unob, A. Hagege, Water Res. 40 (2006) 107

A. Aleboyeh, H. Aleboyeh, Y. Moussa, Dyes Pigm. 57 (2003) 67

N. Daneshvar, M. Rabbani, N. Modirshahla, M. A. Behnajady, Chemosphere 56 (2004)
895

N. H. Ince, Water Res. 33 (1999) 1080

G. V. Buxton, C. L. Greenstock, W. P. Helman, A. B. Ross, J. Phys. Chem. Ref. Data 17
(1988) 513

K. Schested, O. L. Rasmussen, H. Fricke, J. Phys. Chem. 72 (1968) 626

M. Muruganandham, M. Swaminathan, Dyes Pigm. 62 (2004) 269

M. Neamtu. I. Siminiceanu, A. Yediler, A. Kettrup, Dyes Pigm. 53 (2002) 93

G. G. Jaysona, B. J. Parsons, A. J. Swallow, J. Chem. Soc., Faraday Trans. (1973) 1597
Y. Katsumura, P. Y. Jiang, R. Nagaishi, T. Oishi, K. Ishigure, J. Phys. Chem. 95 (1991)
4435

P. Y. Jiang, Y. Katsumura, R. Nagaishi, M. Domae, K. Ishikawa, K. Ishigure, Y. Yoshida,
J. Chem. Soc., Faraday Trans. 88 (1992) 1653

P. Maruthamuthu, P. Neta, J. Phys. Chem. 82 (1978) 710

C. Galindo, P. Jacques, A. Kalt, J. Photochem. Photobiol., A 141 (2001) 47

M. H. Habibi, A. Hassanadeh, A. Z. Isfahani, Dyes Pigm. 69 (2006) 111

H.Y. Shu, M. C. Chang, J. Hazard. Mater., B 125 (2005) 96

W. Chu, Chemosphere 44 (2001) 935

M. A. Behnajady, N. Modirshahla, M. Shokri, Chemosphere 55 (2004) 129

M. W. Chang, C. C. Chung, J. M. Chern, T. S. Chen, Chem. Eng. Sci. 65 (2010) 135.

2012 Copyright (CC) SCS





