
 

 

 

Abstract— Water pollution caused by organic and inorganic 

contaminants represents an important ecological and health hazard. 

In this study the photocatalytic reduction of Cr(VI) and degradation 

of salicylic acid (SA) in aqueous suspensions using commercial TiO2 

was investigated. The effect of operating parameters such as 

photocatalyst loading, initial pollutant concentration and pH were 

optimized in aqueous solution containing salicylic acid alone and 

hexavalent chromium alone. The performance of the photocatalyst 

reactor was evaluated on the basis of salicylic acid removal and metal 

ion reduction. The rate of salicylic degradation for the ternary 

salicylic acid /Cr(VI)/TiO2 system were generally lower than that for 

the respective binary salicylic acid/TiO2 systems. This could be 

attributed to partial catalyst deactivation to some extent.. 

 

Keywords— Chromium, photocatalysis, photocatalyst, salicylic 

acid.  

I. INTRODUCTION 

HE rapid development of civilization and industrial 

activities has led to a series of environmental problems. 

For many years, large amount of pollutants have been 

discharged into the environment intentionally or accidentally, 

including toxic metals in water with a great health concern [1].  

Various organic and inorganic wastewaters have been 

produced and discharged from metal plating, mining, smelting, 

battery manufacture, tanneries, petroleum refining, paint 

manufacture, pesticides, pigment manufacture, printing and 

photographic industries [2]-[3]. Among the different industrial 

wastewaters, tannery effluents co-contaminated with organic 

and inorganic compound generated in the dyestuffs, textile, 

and leather cause serious effects to human health and aquatic 

life. Treatment of such pollutants from contaminated water is a 

complex challenge throughout the world, as the two 

components need to be treated independently using an 

effective and robust technique [4]. Different from the organic 

components such as salicylic acid, toxic metallic ions generally 

are not degradable and have an infinite lifetime, thus they may 

accumulate in living tissues, causing various serious diseases 

and environmental problems [5]. Some of the metal ions are 

actually necessary for human body in trace amounts while 

others are carcinogenic or toxic, damaging the nervous system, 

kidney, liver, skin, bones, or teeth [3]. The removal of toxic 

metals in an effective and economic way has been a critical 

issue for the environment improvement [6]. Among the heavy 
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metal ions, Cr(VI) is one of the toxic, carcinogenic and mobile 

contaminant originating from various industrial processes such 

as  pigment production, and leather tanning. In aquatic 

environments, chromium exists mostly in the hexavalent 

chromium Cr(VI) and trivalent chromium Cr(III) states. 

Anionic Cr(VI) is far more mobile and toxic than Cr(III) and 

more difficult to remove from water [7]-[8]. Similar to many 

other metal cations, however, aqueous Cr(III) can be readily 

precipitated as Cr(OH)3 or removed by adsorption and ion 

exchange. Thus, reduction of chromium from its hexavalent to 

trivalent states simplifies its removal from effluent and also 

reduces its toxicity and mobility [9-10]. 

Photocatalytic technology has been studied since 1970s and 

widely explored for the degradation of organic and inorganic 

contaminants in the presence of certain semiconductors as 

catalyst under light exposure [3]-[11]. This technology is 

based on the photo-induced highly reactive electron/hole (e
−
–

h
+
) pairs on TiO2 under illumination by light of energy greater 

than its bandgap. Holes and various oxygen containing radical 

species (
•
OH, O2

−•
, HO2

•
) play an important role in the 

photocatalytic oxidation of organic pollutants, while photo-

generated electrons are critical to the photocatalytic reduction 

of heavy metal ions [12]. Whenever various catalysts (oxides, 

sulphides, etc.) have been tested under comparable conditions 

for degradation of the same compound, TiO2 has proved to 

have the highest photocatalytic activity with a large resistance 

to photo-corrosion. Titania has universally been recognized as 

one of the better photocatalysts in heterogeneous 

photocatalysis applications as it combines two important 

complementary features for a photocatalyst:  good UV 

absorption efficiency for the light harvesting process and good 

absorption capacities, due particularly to the density of OH
-

 groups of amphoteric character [13]. Schrank et al. [14] 

investigated the UVA/TiO2 treatment of model solutions 

containing the dye luranzol S kong alone, Cr(VI) alone, as 

well as their mixture as a function of the substrate 

concentration and solution pH and reported that the rates of 

both dye oxidative degradation and Cr(VI) reduction in their 

mixture were faster than the respective rates in the single 

substrate systems. 

The aim of this study was to investigate simultaneous 

photocatalytic degradation of salicylic acid and reduction of 

chromium (VI) using titanium oxide. The effect of operating 

parameters such as initial pH, initial concentration and 

TiO2 catalyst dosage in the presence of UV irradiation for 
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treatment of synthetic wastewater were investigated.  

II.  EXPERIMENTAL 

A. Material 

TiO2 Degussa P25 was purchased from Merck Chemicals 

(Pty) Ltd., R.S.A. Salicylic acid (Aldrich +99%) was prepared 

by dissolving the solid in distilled water. All chemicals were of 

analytical reagent grade and used without further purification. 

Cr(VI) solution was prepared by dissolving an appropriate 

amount of K2Cr2O7 in distilled water. For simultaneous 

degradation runs, solution was prepared by mixing the 

corresponding volume of each starting solution of single 

substrates.  

B. Photocatalysis Experiments 

The photocatalytic experiments were carried out at room 

temperature (±25 ˚C) using a shaker. Experimental set up 

consists a UV lamp that was placed inside the reactor box ca 4 

cm above the batch reactors inside the shaker. Aqueous 

solution volume of 100 ml containing either the salicylic alone, 

metal alone or their mixture was used throughout. . An 18W 

UV lamp with a maximum emission of 253.7 nm was used. 

The solution was left to equilibrate for 30 min in the dark 

before the lamp was switched on. In most cases, experiments 

were performed at an initial pH of 6.5. In those cases where 

runs were carried out at basic or acidic conditions, the initial 

pH was adjusted adding the appropriate amount of 1 M NaOH 

or H2SO4 as needed. Samples of about 5 mL periodically draw 

were centrifuged at a rotational speed of 14000 rpm to remove 

TiO2 and then analyzed with respect to salicylic acid 

conversion, and Cr(VI) reduction.  

C. Analytical methods 

The quantitative estimation of the salicylic acid was carried 

out using a UV–Visible spectrophotometer, model–118 at λmax 

of 300 nm. The Cr(VI) ion concentration was analysed by 

Atomic absorption spectroscopy (AAS). 

III. RESULTS AND DISCUSSION 

A. Effect of pH solution on single substrate: Cr(VI) or 

salicylic acid 

The reduction of Cr(VI) at different initial pH over time 

under different pH values is shown in Fig. 1. The Cr(VI) 

reduction gradually declined, with an increase in pH values. 

Higher reduction efficiency was obtained when experiments 

were performed in acidic solutions than that in alkaline 

solutions. At pH 2, the reduction rate was 75.3%, however, at 

pH 8, the reduction rate was approximately 49%. This can be 

explained by the negatively charged CrO4
2-

 that can associate 

with hydroxyl groups on composite photocatalyst surface via 

electrostatic attraction with positively charged Ti-OH leading 

to a substantial reduction [15]. The decreased photoreduction 

of Cr(VI) at increased pH values is due to the electrostatic 

repulsion between negatively charged CrO4
2-

 and the 

negatively charged surface of the photocatalyst. 
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 Fig.1. Effect of initial pH solution on photocatalytic reduction of 

Cr(VI): pH 2 (☐); pH 3 (Δ); pH 4 (◌); pH 5 ( ); pH 8 ( ) 

 

The effect of initial pH solution on the photodegradation of 

salicylic acid is shown in Fig. 2 where the behavior exhibited 

in Fig. 1 is also observed. Photodegradation was higher at 

acidic conditions than in basic conditions. At pH 2 degradation 

was about 85% and at pH 8 it was 60%. As seen from Fig. 2, 

degradation was strongly dependent on the solution pH and 

was substantially hindered at alkaline conditions. At pH 2 

salicylic degradation was about 85 % and at pH 8 it was 60%. 

The effect of pH is more complicated. The isoelectric point for 

TiO2 was reported to be 6.5 [16]. The surface charge of TiO2 

becomes negative or positive depending if the pH is above or 

below the isoelectric point. Thus, in strong acidic and basic 

conditions TiO2 exists in the forms of TiOH2 
+
 and TiO

−
, 

respectively. SA is a weak acid and acts in a similar manner 

existing as a positive or negative ion in strongly acidic or basic 

conditions. In consequence, the same polarity of charge on the 

surface and the SA molecule results in an electrostatic 

repulsion between them which possibly reduces the contacts of 

active radicals and model substance and thus lowers the 

degradation rate. In addition, decrease of OH radical 

production at strongly basic condition has been assumed which 

might also contribute to the degradation rate at pH 8 [17].The 

effect of pH has been contradictory in earlier studies. Hidaka 

et al. [16] found that the adsorption of SA on sol–gel coated 

TiO2 surface was the strongest in acidic pH, whereas the 

photocatalytic degradation was fastest in alkaline solutions 

(pH 9) where adsorption was the weakest. 
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Fig. 2 Effect of initial pH solution on photocatalytic degradation 

of salicylic acid: pH 2 (☐); pH 4 (Δ); pH 7 (◌); pH 8 ( ); pH 10 ( ) 
 

B. Effect of catalyst concentration on single substrate:  

Cr(VI) or salicylic acid 

Figure 3 shows the photoreduction trends of Cr(VI) at 

different TiO2 concentration. It was observed that the 

photoreduction increased when the catalyst concentration was 

increased from 0.1 to 0.5 g/L. At 0.5 g/L the increased is not 

substantial showing that the catalyst has reached its maximum 

performance. Decreased photoreduction efficiency at higher 

catalyst dosage has been observed in photocatalytic reactions 

[18]. This behavior may be attributed to the shielding at higher 

concentrations where the TiO2 photocatalyst reduces the 

penetration of light to the solution. 
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Fig. 3 Effect of initial TiO2 concentration on photocatalytic reduction 

of Cr(VI): 0.1 g/L (☐); 0.2 g/L (Δ); 0.3 g/L (◌); 0.4 g/L ( ); 0.5 g/L 

( ) 

In general, any catalyst will suffer from deactivation to an 

extent during its service. It is observed in Fig. 4 that initially 

the degradation of salicylic reduced with an increase in 

photocatalyst concentration. This was more pronounced at 0.5 

g/L photocatalyst concentration which can be due to the partial 

deactivation of activated molecules by collision with ground 

state molecules. When the photocatalyst concentration 

exceeded 0.4 g/L, the degradation efficiency decreased thus 

causing light scattering and a screening effect while reducing 

the photocatalytic activity of the composite photocatalyst. The 

results suggested that an optimal concentration of the 

photocatalyst is necessary for efficient degradation. 
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Fig. 4 Effect of initial concentration TiO2 on the photocatalytic 

degradation salicylic acid: 0.1 g/L (☐); 0.2 g/L (Δ); 0.3 g/L (◌); 0.4 

g/L ( ); 0.5 g/L ( ) 
 

C. Effect of initial solution concentration on single 

substrate: Cr(VI) or salicylic acid 

The effect of initial Cr(VI) concentration on Cr(VI) 

photoreduction was investigated over the range of 2 to 10 

mg/L (Fig. 5). Cr(VI) reduction efficiency gradually decreases 

with an increase in initial concentration of Cr(VI). After 200 

min, the reduction of Cr(VI) was 76.7% at initial metal 

concentration of 2 mg/L and 32.5% at concentration of 10 

mg/L under the same operating conditions. The slow 

photocatalytic reduction of Cr(VI) in the absence of organic 

compounds is not due to the deactivation of the photocatalyst, 

however, due the net photocatalytic reaction in a completely 

inorganic aqueous solution is the three electron reduction of 

Cr(VI) to Cr(III) with oxidation of water to oxygen, which is a 

kinetically slow four-electron process [19]. 

 
Fig. 5 Effect of initial concentration on the photocatalytic 

reduction of Cr(VI): 2 mg/L (☐); 4 mg/L  (Δ); 6 mg/L (◌);  8 mg/L 

( ); 10 mg/L ( ) 

Int'l Journal of Research in Chemical, Metallurgical and Civil Engg. (IJRCMCE) Vol. 3, Issue 1 (2016) ISSN 2349-1442 EISSN 2349-1450

http://dx.doi.org/10.15242/IJRCMCE.E0616028 177



 

 

In Fig. 6, it can be seen that as the initial concentration 

increased, the degradation decreased. This result can be 

described by considering the competition for absorption of the 

limited quantity of available photons by the salicylic acid. The 

salicylic acid degradation as function of concentration was 

faster with an initial concentration of 50 mg/L compared to 

10 mg/L. These results might be described by the fact that at 

higher concentrations more SA molecules are in the vicinity of 

the catalytic surface and ready to react with constantly 

emerging short-lived hydroxyl radicals. These results are 

consistent with the study conducted by Vilhunen et al. [20] 

where the salicylic acid degradation as function of 

concentration was determined with catalyst sample TiO2 T300 

and it was found faster with an initial concentration of 75 mg/L 

compared to 10 mg/L. 
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Fig. 6 Effect of initial concentration on the photocatalytic 

degradation of salicylic acid 10 mg/L ( ); 20 mg/L ( ); 30 mg/L (◌); 

40 mg/L (Δ); 50 mg/L (☐); 

D. Photocatalytic reaction with multiple substrate:  Cr(VI) 

and salicylic acid 

The wastewater contaminated by toxic heavy metals often 

co-exists with organic pollutants in actual wastewater pollution 

systems. Theoretically, the photocatalytic reduction of Cr(VI) 

on TiO2 should be more efficient in the metal-organic-TiO2 

system than in the single system due to the accelerating effect 

by the preferential photocatalytic oxidation of the organics. In 

such metal-organic-TiO2 system, the organic compound 

receives holes from valence band directly or indirectly, and is 

oxidized [21]. Thus increasing the photoreduction efficiency 

of Cr(VI) by suppressing the electron-hole recombination. In 

an attempt to understand how salicylic acid influences Cr(VI) 

reduction under photocatalytic conditions, Cr(VI) reduction 

was analyzed on the systems containing different initial Cr(VI) 

acid concentration. A higher reduction of Cr(IV) was observed 

in a binary system than is a single system (Fig. 6 and 7). 

 
Fig. 7 Effect of Cr(VI) initial concentration on salicylic 

degradation (black bars) over TiO2 and final Cr(VI) reduction 

(hatched bars).  Condition: Co= 50 mg/L; pH= 2 

IV. CONCLUSION 

The aim of this study was to investigate the heterogeneous 

photocatalytic degradation of salicylic acid and reduction of 

Cr(VI). It was observed that variation of the TiO2 

photocatalyst concentration plays an important role in 

degrading pollutants. The present study indicated that the 

photocatalytic degradation efficiency initially increases with 

photocatalyst concentration and then decreased at high values 

due to light scattering and screening effects. The most 

interesting result of the study was that the highest degradation 

of SA with TiO2 was achieved at higher initial concentration. 

The presence of salicylic acid significantly improved the 

photoreduction of Cr(VI) ion into non-toxic Cr (III) ion.  

ACKNOWLEDGMENT 

The financial support of the Water Research Commission, 

South Africa is sincerely acknowledged. 

REFERENCES   

[1] H Shayler and M McBride “E Harrison, Sources and Impacts of 

Contaminants in Soils, Cornell Waste Management Institute” Cornell 

Waste Management Institute, 2009, pp. 1-6. 

[2] W. S Wan Ngah and M. A. K Hanafiah, “Removal of heavy metal ions 

from wastewater by chemically modified plant wastes as adsorbents”: A 

review. Bioresource Technology, 2008, 99(10) pp. 3935-3948. 

http://dx.doi.org/10.1016/j.biortech.2007.06.011 

[3]  H Zhou “Photocatalytic reduction of hexavalent chromium in aqueous 

solutions by TiO2/PAN nanofibers” MSc Thesis, Dept. Chemical. Eng., 

University of Missouri-Columbia, 2013 

[4]  K.Y Pete, M.S Onyango, M Sillanpää, A. Ochieng “Kinetic Modeling 

of the Photocatalytic Reduction of Cr(VI) in the Presence of Dye Using 

Composite Photocatalyst” Journal of Chemistry and Chemical 

Engineering, 2014 (8) 918-924  

[5] S. J Khan “Quantitative chemical exposure assessment for water 

recycling schemes” Waterlines Report Series No 27, Australian 

Government National Water Commission, 2010, pp.1-207. 

[6] M. T Amin, A. A Alazba and U Manzoor “A Review of Removal of 

Pollutants from Water/Wastewater Using Different Types of 

Nanomaterials” Advances in Materials Science and Engineering, 2014, 

pp. 1-24. 

http://dx.doi.org/10.1155/2014/825910 

Int'l Journal of Research in Chemical, Metallurgical and Civil Engg. (IJRCMCE) Vol. 3, Issue 1 (2016) ISSN 2349-1442 EISSN 2349-1450

http://dx.doi.org/10.15242/IJRCMCE.E0616028 178

http://dx.doi.org/10.1016/j.biortech.2007.06.011
http://dx.doi.org/10.1016/j.biortech.2007.06.011
http://dx.doi.org/10.1016/j.biortech.2007.06.011
http://dx.doi.org/10.1016/j.biortech.2007.06.011
http://dx.doi.org/10.1155/2014/825910
http://dx.doi.org/10.1155/2014/825910
http://dx.doi.org/10.1155/2014/825910
http://dx.doi.org/10.1155/2014/825910
http://dx.doi.org/10.1155/2014/825910


 

 

[7] S Focardi, M Pepi and  S. E Focardi “Microbial Reduction of 

Hexavalent Chromium as a Mechanism of Detoxification and Possible 

Bioremediation Applications” Biodegradation-Life Science, 2013, pp. 

321-347. 

http://dx.doi.org/10.5772/56365 

[8] C Rosales-Landeros, C. E Barrera-Díaz1, B Bilyeu, V. V Guerrero and 

F. U Núñez “A Review on Cr(VI) Adsorption Using Inorganic 

Materials” American Journal of Analytical Chemistry, 2013, 4, 8-16. 

http://dx.doi.org/10.4236/ajac.2013.47A002 

[9] C Lao-Luque, M Solé, X Gamisans, C Valderrama and A. D Dorado 

“Characterization of chromium (III) removal from aqueous solutions by 

an immature coal (leonardite). Toward a better understanding of the 

phenomena involved” Clean Technologies and Environmental Policy, 

2014, Vol.16, 1, pp. 127-136. 

http://dx.doi.org/10.1007/s10098-013-0610-x 

[10] A. M Al-Haj-Ali and L. M Marashdeh, Removal of Aqueous Chromium 

(III) Ions Using Jordanian Natural Zeolite Tuff in Batch and Fixed Bed 

Modes, Jordan Journal of Earth and Environmental Sciences, 2014, Vol 

6, 2, pp. 45-51. 

[11] M Umar, and H.A Aziz, “Photocatalytic Degradation of Organic 

Pollutants in Water, Organic Pollutants - Monitoring, Risk and 

Treatment” 2013, pp. 195-208. 

http://dx.doi.org/10.5772/53699 

[12] K Kabra, R Chaudhary and R. L Sawhney, “Treatment of Hazardous 

Organic and Inorganic Compounds through Aqueous-Phase 

Photocatalysis:  A Review” Industrial & Engineering Chemistry 

Research, 2004, 43 (24), pp. 7683–7696 

http://dx.doi.org/10.1021/ie0498551 

[13] G Colón, M. C Hidalgo, J. A and Navío, “Influence of Carboxylic Acid 

on the Photocatalytic Reduction of Cr(VI) Using Commercial TiO2”, 

Langmuir, 2001, 17 (22) pp.7174–7177 

http://dx.doi.org/10.1021/la010778d 

[14] S.G Schrank, H.J José and R.F.P.M Moreira, “Simultaneous 

photocatalytic Cr(VI) reduction and dye oxidation in a TiO2 slurry 

reactor” Journal of Photochemistry and Photobiology. A: Chemistry. 

2002, pp. 147:71-76. 

[15] S Asuha, X.G Zhou, and  S Zhao, “Adsorption of methyl orange and 

Cr(VI) on mesoporous TiO2 prepared by hydrothermal method”, Journal 

of Hazardous Material, 2010. 181, pp. 204-210 

http://dx.doi.org/10.1016/j.jhazmat.2010.04.117 

[16] H Hidaka, H Honjo, S Horikoshi, and N Serpone, “Photocatalyzed 

degradation on TiO2-coated quartz crystal microbalance. 

Adsorption/desorption processes in real time in the degradation of 

benzoic acid and salicylic acid”, Catalysis Communication, 2006, 7, pp. 

331–335 

http://dx.doi.org/10.1016/j.catcom.2005.08.010 

[17] H.S Lee, T Hur, S Kim, J.H Kim, and H.I Lee, “Effects of pH and 

surface modification of TiO2 with SiOx on the photocatalytic 

degradation of a pyrimidine derivative”, Catalysis Today, 2003, 84, pp. 

173–180 

http://dx.doi.org/10.1016/S0920-5861(03)00271-2 

[18] R Asahi R, T Morikawa T, T Ohwaki, K Aoki , and Y Taga , “Visible-

light photocatalysis in nitrogen-doped titanium oxide”s, 2001, Science, 

13, 293, pp. 269-271. 

[19] G Colon, Hidalgo, M.C.and Navio, J.A. 2001. Photocatalytic 

deactivation of commercial TiO2 samples during simultaneous 

photoreduction of Cr (VI) and photooxidation of salicylic acid”. Journal 

of Photochemistry and Photobiology A, 138(1): pp. 79-85. 

http://dx.doi.org/10.1016/S1010-6030(00)00372-5 

[20] S Vilhunen, M Bosund, M Kääriäinen, D Cameron, and M Sillanpää 

“Atomic layer deposited TiO2 films in photodegradation of aqueous 

salicylic acid”, Separation and Purification Technology, 2009, 66 (1-66) 

pp. 130-134. 

[21] Z He, Q Cai, M Wu, Y Shi, H Fang, L Li, J Chen, and J, S, Chen 

“Photocatalytic Reduction of Cr(VI) in an Aqueous Suspension of 

Surface-Fluorinated Anatase TiO2 Nanosheets with Exposed {001} 

Facets”, Industrial & Engineering Chemistry Research, 2013, 52 (28), 

pp. 9556–9565 

http://dx.doi.org/10.1021/ie400812m 

 

 

 

 

 

Int'l Journal of Research in Chemical, Metallurgical and Civil Engg. (IJRCMCE) Vol. 3, Issue 1 (2016) ISSN 2349-1442 EISSN 2349-1450

http://dx.doi.org/10.15242/IJRCMCE.E0616028 179

http://dx.doi.org/10.5772/56365
http://dx.doi.org/10.5772/56365
http://dx.doi.org/10.5772/56365
http://dx.doi.org/10.5772/56365
http://dx.doi.org/10.5772/56365
http://dx.doi.org/10.4236/ajac.2013.47A002
http://dx.doi.org/10.4236/ajac.2013.47A002
http://dx.doi.org/10.4236/ajac.2013.47A002
http://dx.doi.org/10.4236/ajac.2013.47A002
http://dx.doi.org/10.1007/s10098-013-0610-x
http://dx.doi.org/10.1007/s10098-013-0610-x
http://dx.doi.org/10.1007/s10098-013-0610-x
http://dx.doi.org/10.1007/s10098-013-0610-x
http://dx.doi.org/10.1007/s10098-013-0610-x
http://dx.doi.org/10.1007/s10098-013-0610-x
http://dx.doi.org/10.5772/53699
http://dx.doi.org/10.5772/53699
http://dx.doi.org/10.5772/53699
http://dx.doi.org/10.5772/53699
http://dx.doi.org/10.1021/ie0498551
http://dx.doi.org/10.1021/ie0498551
http://dx.doi.org/10.1021/ie0498551
http://dx.doi.org/10.1021/ie0498551
http://dx.doi.org/10.1021/ie0498551
http://dx.doi.org/10.1021/la010778d
http://dx.doi.org/10.1021/la010778d
http://dx.doi.org/10.1021/la010778d
http://dx.doi.org/10.1021/la010778d
http://dx.doi.org/10.1016/j.jhazmat.2010.04.117
http://dx.doi.org/10.1016/j.jhazmat.2010.04.117
http://dx.doi.org/10.1016/j.jhazmat.2010.04.117
http://dx.doi.org/10.1016/j.jhazmat.2010.04.117
http://dx.doi.org/10.1016/j.catcom.2005.08.010
http://dx.doi.org/10.1016/j.catcom.2005.08.010
http://dx.doi.org/10.1016/j.catcom.2005.08.010
http://dx.doi.org/10.1016/j.catcom.2005.08.010
http://dx.doi.org/10.1016/j.catcom.2005.08.010
http://dx.doi.org/10.1016/j.catcom.2005.08.010
http://dx.doi.org/10.1016/S0920-5861(03)00271-2
http://dx.doi.org/10.1016/S0920-5861(03)00271-2
http://dx.doi.org/10.1016/S0920-5861(03)00271-2
http://dx.doi.org/10.1016/S0920-5861(03)00271-2
http://dx.doi.org/10.1016/S0920-5861(03)00271-2
http://dx.doi.org/10.1016/S1010-6030(00)00372-5
http://dx.doi.org/10.1016/S1010-6030(00)00372-5
http://dx.doi.org/10.1016/S1010-6030(00)00372-5
http://dx.doi.org/10.1016/S1010-6030(00)00372-5
http://dx.doi.org/10.1016/S1010-6030(00)00372-5
http://dx.doi.org/10.1021/ie400812m
http://dx.doi.org/10.1021/ie400812m
http://dx.doi.org/10.1021/ie400812m
http://dx.doi.org/10.1021/ie400812m
http://dx.doi.org/10.1021/ie400812m
http://dx.doi.org/10.1021/ie400812m



