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Abstract: A comparative study on the effectiveness of using ethylenediamine modified rice hull

2(MRH) and titanium dioxide (TiO ) under ultraviolet irradiation to remove both basic and reactive

dyes from aqueous solutions was carried out. The sorption characteristics of Basic Blue 3 (BB3) and

Reactive Orange 16 (RO 16) by MRH were studied under various experimental conditions. Studies

on the sorption of both dyes showed that sorption was pH and concentration dependent. Langmuir

equation was employed to model the sorption behavior of MRH. Maximum sorption capacities

calculated from the Langmuir model are 3.29 and 24.88 mg/g for BB3 and RO16, respectively. The

effect of initial concentrations as well as light source was carried out in the photodegradation of BB3

and RO16. BB3 with concentration of 50 mg/l was totally degraded after 6 hours of contact with

TiO2 under UV illumination whereas RO 16 at the same concentration was completely decolorized

at illumination time of 5 hours. The decolorizing efficiency decreased with increasing dye

concentration and a higher efficiency was obtained under solar light illumination.
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INTRODUCTION

The widespread usage of dyes in many industries has led to a tremendous increase in the production of

colored wastes. It is well known that colored waste has a strong impact on the ecosystem and will lead to

disturbances to the aquatic life. Hence, the environmental issues surrounding the removal of color in effluents

has become a great concern. Owing to the nature of synthetic dyes, conventional biological treatment methods

are ineffective for decolorizing such waste water (Arslan and Balcioglu, 1999).

There is thus a need to search for new and economical process that could remove dyes that are commonly

used in the industry. Adsorption and photocatalytic degradation are two noteworthy treatment processes.

Activated carbon is perhaps the most widely used adsorbent for the removal of many organic contaminants

which are biologically resistant (McKay et al. 1998). However activated carbon is costly and difficult to

regenerate. Thus, there has been intensive research exploring the potential of alternative low-cost materials as

sorbents for dyes.

Biological waste materials such as peanut hull, sugarcane dust, saw dust, corn corb, barley husk and rice

hull have been studied as alternatives for activated carbon in the removal of dyes in textile wastewater (Gong

et al. 2005; Ho et al. 2005; Chakraborthy et al. 2005; Robinson et al. 2002; Low and Lee, 1997). Most of

the materials investigated are efficient in binding either basic or reactive dyes but not both. As they do

commonly exist together in wastewater it is of great interest to have a material that can remove both types

of dyes at the same time.

Photocatalytic oxidation of pollutants, especially organic pollutants has generated much interest. In this

regard, much attention has been focused on one of the most commonly used photocatalyst, titanium dioxide

2 2(TiO ). Investigation of photocatalytic degradation using TiO  has gained considerable interest not only because

2it is comparatively cheap, but also due to its absence of toxicity. As TiO  is illuminated by light rays with
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wavelength below 380 nm, electron-hole pairs are generated. The valence band holes will react with water

molecules or hydroxide ions (OH ) to produce hydroxyl radicals (·OH). Both hydroxyl radicals and valence-

band holes are powerful oxidizing species that will oxidize the organic pollutants to carbon dioxide, water and

some simple acids (W u and Zhang, 2003). Oxygen is usually supplied as electron acceptor to prolong the

recombination of electron-hole pairs during photocatalytic oxidation (Kuo and Ho, 2000).

A series of studies have reported that TiO2 photocatalysis is an effective method for decolorizing and

oxidizing organic dyes in wastewater (Silva and Faria, 2003; Hu et al. 2003; Chen et al. 2004; Silvia et al.

2004; Ozkan et al. 2004). The present paper describes a comparative study on the removal of both basic and

reactive dyes using two methods: sorption using ethylenediamine (EDA) modified rice hull (MRH) and

2photodegradation using TiO .

MATERIALS AND METHODS

Material:

Rice hull was washed several times to ensure the removal of dust and ash. It was then rinsed several times

with distilled water and dried overnight in an oven at 50 °C. The dried rice hull was ground to pass through

a 1 mm sieve and labeled as natural rice hull (NRH). Modification was carried out by treating NRH with EDA

in a ratio of 1.00 g rice hull to 0.02 mole of EDA in a well-stirred water bath at 80 C for 2 hours.o

2The TiO  powder P-25 (mainly in anatase form, mean particle size of 30 nm, BET surface area of 50

m /g) from Degussa (Frankfurt, Germany) was used as the photocatalyst.2

Basic Blue 3 (BB3, Sigma, 40 % dye content) and Reactive Orange 16 (RO 16, Aldrich, 50 % dye

content) were selected as the sorbates in this study. Standard dye solutions of 2000 mg/l were prepared and

subsequently diluted when necessary.

Sorption Experiments:

All the batch experiments were carried out in duplicate and the results given are the averages. A control

without sorbent was simultaneously carried out to ascertain that the sorption was by MRH and not by the wall

of the container. Sorption experiments were performed by agitating 0.05 g of sorbent in 20 ml of 100 mg/l

dye solution at their natural pH of 4.7 for BB3, 6.0 for RO16 and 5.5 for binary solution in a centrifuge tube

at 150 rpm at room temperature (25 + 2 C). The sorbent-sorbate mixture was then centrifuged at 3.0 x 103o

rpm for phase separation and the dye concentration of the supernatant was analyzed using Shimadzu 160B

double beam UV-vis spectrophotometer. All measurements were made at the wavelengths corresponding to

maximum absorption; for BB3, ëmax = 654 nm and for RO16, ëmax = 494 nm.

To study the effect of pH, a series of 100 mg/l dye solutions of BB3 and RO 16 were prepared. The pH

of the dye solutions was adjusted to the range of 2 to 10 by adding dilute HCI or NaOH. Each dye solution

was shaken with MRH for 4 hours.

The effect of initial concentration was studied by varying the dye concentration from 50 to 100 mg/l for

both dyes. At predetermined intervals samples were withdrawn and analyzed for dye concentration.

Sorption isotherms were obtained by agitating samples of sorbent using dye concentrations of 5 to 150

mg/l.

Photodegradation Experiments:

Irradiation experiments of dye solutions were carried out by stirring 500 ml of 100 mg/l dye solutions at

2their natural pH in a 1000 ml beaker with 1.25 g of TiO  at room temperature (25 + 2 C) for 8 hours unlesso

otherwise stated. Aeration was provided by bubbling air into the reaction solution by an air pump to ensure

a constant supply of oxygen. UV-irradiation was provided by a high pressure mercury lamp. At given intervals

of irradiation, approximately 5 ml of the solution was withdrawn from the reservoir. The solution was then

2filtered through a 0.45 μm membrane filter (Milipore) to remove trace of TiO  particles.

To study the effect of initial concentration and contact time, all the conditions described above apply

except the initial concentrations. The initial concentrations were varied from 50 to 100 mg/l for both dye

solutions. At predetermined time intervals the mixtures were removed, filtered and analyzed for their dye

concentrations.

The effect of different light source was studied by using four different light sources namely white

fluorescent light (18 watt), halogen lamp, UV lamp and sunlight between 11.00 to 3.00 p.m. The experiment

was conducted by removing 5 ml of dye solutions from the beaker at predetermined time intervals for analysis.
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RESULTS AND DISCUSSION

Sorption Studies:

Effect of pH:

The effect of pH on the uptake of BB3 and RO16 by MRH in both single and binary dye solution is

shown in Figure 1. For BB3 in single dye solution, the percentage uptake increased from 1.32 to 66.99 % with

increase in pH from 2 to 10. It is suggested that, at low pH, the carboxyl groups on the surface of rice hull

that are responsible for binding with BB3 are predominantly protonated (-COOH), hence incapable of binding

BB3. With increasing pH, the number of positively charged sites decreases and the number of negatively

charged sites increases. This phenomenon favors the sorption of positively charged dye due to electrostatic

attraction (Namasivayam et al.200 1). The reverse trend was observed in the removal of RO16 where the

percentage of uptake was much higher at lower pH. This is because at low pH, the amine groups on the

4surface of MRH are protonated (–NH  +), thereby increasing electrostatic attractions between negatively

charged dye anions and positively charged sorption sites resulting in an increase in dye sorption (Yoshida et

al. 1993; Kumar, 2000). Similar observations were obtained in binary dye solutions where uptake was higher.

Effect of Initial Concentration and Contact Time:

The rate of sorption of BB3 and RO16 in single dye solution by MRH as a function of initial

concentration is shown in Figure 2. The uptake follows the typical sorption pattern shown by most of the

biosorbent, where the initial uptake was rapid followed by a more gradual process, irrespective of the initial

dye concentration. In the binary system, there was a noticeable and sudden increase in sorption of RO16 at

around 240 min intervals, indicating that there might be more than one step involved in the sorption process.

In order to explore the kinetics involved in dye sorption, the experimental data were examined using different

equations (Ho and McKay, 1999; Ho and McKay, 2000):

 (Pseudo first-order)   (1 )

(Pseudo second-order)   (2)

e twhere q  = the amount of dyes sorbed at equilibrium (mg/g), q  = the amount of dyes sorbed at time, t (mg/g),

1 2 ek = the rate constant of pseudo first-order sorption (1/min), h = (k q   ) = the initial sorption rate (mg/g min)2

2and k = the rate constant of pseudo second-order kinetics (g/mg min). The rate constants and correlation

coefficients for these two sorption kinetics are listed in Table 1. In many studies, the kinetics of sorption by

biological materials are described by the first order Lagergren equation. However, it has been shown that,

pseudo second-order provides a better fit than the first- order Lagergren model (Basibuyuk and Forster, 2003).

In this study, it was found that the equilibrium sorption capacities calculated by using the second-order kinetic

model gave closer values with those determined experimentally (Table 1). The correlation coefficients for the

second kinetic model obtained at various concentrations are in general higher than those of the first-order

equation. This indicates that pseudo second-order kinetics could better explain the data obtained and implies

that the rate limiting step may be chemical sorption or chemisorption involving valency forces through sharing

or exchange of electron between sorbent and sorbate (Ho and McKay, 2000).

Sorption Isotherm:

Several sorption isotherms have proven useful in understanding the process of sorption. The simplest

isotherm is attributed to a pioneer in the study of surface processes, Langmuir and is called the Langmuir

isotherm. The linearised Langmuir equation can be written as

  (3)

e ewhere C  = equilibrium concentration of the dye (mg/l), N  = amount of dye sorbed at equilibrium (mg/g), N*

= maximum sorption capacity (mg/g), b = constant related to the energy of the sorbent (l/mg). The linear plots

e e eof C /N  versus C  obtained from the sorption data for both single and binary dyes by MRH indicate the

applicability of Langmuir isotherm. The constants derived from the equations are shown in Table 2. In the

binary solution, the maximum sorption capacities, N* of BB3 and RO16 were enchanced by 4.5 and 2.4 times,

respectively. The actual mechanism involved in this synergistic effect is not clear.
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Table 1: Pseudo first and second order constants for the sorption of single and binary dye solutions

Dye Initial concentration Pseudo first order Pseudo second order Experimental

---------------------------------------------------------------------------------------------------------------------------

2 2sorption R sorption R sorption

capacities capacities capacities

(mg/l) (mg/g) (mg/g) (mg/g)

BB3 50 0.550 0.9654 2.233 0.9997 2.232

(single) 75 1.387 0.9510 3.683 0.9940 3.152

100 2.182 0.9576 3.162 0.9936 3.564

RO16 50 9.979 0.8786 12.626 0.9954 11.520

(single) 75 12.465 0.9857 15.244 0.9849 14.956

100 13.960 0.9663 16.835 0.9824 16.904

BB3 50 4.333 0.9288 6.650 0.9875 6.548

(binary) 75 6.434 0.9444 9.320 0.9911 8.956

100 8.855 0.8814 11.442 0.9765 10.924

RO16 50 12.882 0.9971 17.271 0.9946 15.272

(binary) 75 22.320 0.9759 28.249 0.9898 25.600

100 23.988 0.9762 31.153 0.9837 29.054

Table 2: Langmuir constants for the sorption of single and binary dye solutions

Langmuir constants

---------------------------------------------------------------------------------------------------------------------------------

2Dye N (mg/g) b (l/mg) R*

BB3 3.286 0.102 0.956

RO16 24.87 6 0.099 0.99 1

BB3 (binary) 14.680 0.003 0.941

RO 16 (binary) 60.241 0.028 0.995

However, fitting the model to the sorption process does not necessarily imply any physical interpretation

attached to them since the biosorbent’s surface is non-homogeneous and there could be more than one type

of sorption sites on the biosorbent’s surface (Volesky, 1990). Nevertheless, this isotherm model provides some

valuable insight on the maximum sorption capacities of the sorbent studied.

Photodegradation Studies:

Effect of Initial Concentration and Contact Time:

The photodegradation rate of both dyes in single and binary system decreased with increasing initial

concentration. Similar findings have been reported (Kuo and Ho, 2000; Parra et al. 2004). BB3 with

2concentration of 50 mg/l was totally degraded after 6 hours of contact with TiO  under UV illumination. RO

16 at the same concentration was completely decolorized at illumination time of 5 hours (Figure 3). As for

the binary systems, the formation of residues was observed at the end of the photodegradation experiment. The

2degradation of various organic contaminants over illuminated TiO  has been reported to conform to the

Langmuir-Hinshelwood first order kinetics model (Chiou et al. 2004). Re-plotting the data using the equation

oln (C /C) versus Time (Figure 4), it is clear that photodegradation of BB3 and RO16 follows the pseudo first-

order kinetics

              (4)

owhere C/C  is the normalized BB3 and RO16 concentration and k the apparent rate constant (1/min).

Effect of Different Light Source:

Figures 5 and 6 show the comparison of color removal efficiency of single and binary BB3 and RO16

with various light sources. Different light sources have different wavelength ranges and if the provided light

2source has a wavelength shorter than 400 nm or equivalent energy higher than 3.2 eV, it can photoexcite TiO

and produce electron-hole pairs. Thus it is expected that sunlight or UV light (wavelength range < 380 nm)

should be the most effective followed by fluorescent light (wavelength < 400 nm) and other artificial light

(wavelength range > 400 nm). The results obtained were in accordance with this order. The decolorized

efficiency of single BB3 and RO16 with solar light irradiation was more efficient than that with artificial UV

light irradiation. This phenomenon was partially attributed to a higher temperature of dye solution found under

solar light irradiation. Kuo amd Ho (2000) also reported that the color removal rate of methylene blue with

solar light irradiation was almost twice that of artificial UV light irradiation.
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Fig. 1: Effect of pH on the sorption of BB3 and RO16 in single and binary dye solutions by MRH

Fig. 2: Effect of initial concentration and contact time on BB3 and RO16 sorption from single dye solution

by MRH

Fig. 3: Effect of initial concentration and contact time on BB3 and RO16 for the photodegradation of single

BB3 and RO16
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Fig. 4: Graph ln Co/C versus Time (min) for the effect of initial concentration and contact time for the

photodegradation of single BB3 and RO16

Fig. 5: Effect of different light sources for the photodegradation of BB3 in single and binary dye solutions

Fig. 5: Effect of different light sources for the photodegradation of BB3 in single and binary dye solutions
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Fig. 6: Effect of different light sources for the photodegradation of RO16 in single and binary dye solutions

In the binary dye solution, however, the experimental results of photodegradation showed that the removal

of both BB3 and RO16 was more effective using UV light than solar light. This may be due to the fluctuation

in sunlight intensity. Nevertheless, sunlight can serve as an effective alternative and cheaper light source for

the photodegradation of color pollutant.

Comparison of Sorption and Photodegradation:

Kinetic modeling has shown that, in the sorption study, the sorption capacities estimated from the pseudo

first-order are generally lower than those obtained experimentally, whereas the pseudo second-order kinetic

model which is based on the assumption that the rate-limiting step may be chemisorption yields good

agreement between estimated and experimental sorption capacities. Similar phenomena have been reported in

the biosorption of dyes on biosorbent (Kumar, 2000; Ho and McKay, 1999; Ho and McKay, 2000; Banat et

2al. 2003). On the other hand, the kinetics of photodegradation using TiO  catalysts fits the pseudo first-order

model well.

oThe plots of Ct/C  versus Time (min) for single BB3 in both sorption and photodegradation are shown

2in Figure 7 for comparison. For the range of dye concentrations studied, photodegradation using TiO

suspension is a more efficient method than sorption in the removal of BB3 in aqueous solution. Similar trend

2was observed in the removal of RO16 and in binary dye solution. Though TiO  suspension have been reported

to be efficient due to the large surface area of the catalyst available for the reaction and the efficient mass

2transfer within such system (McMurray, 2004), there are, however, problems associated with using TiO  in

suspended form. First, it is difficult to separate the particle at the end of the process. Secondly, for

photodegradation it is essential to ascertain sufficient supply of oxygen and efficient light source. Both of these

would add to the capital and operating costs of the treatment process. In the present study, the formation of

residues was also observed in the binary solution at the end of the experiments. The nature of the residue is

currently under investigation.

Conclusion:

2The present study has shown the effectiveness of MRH and TiO  in the removal of BB3 and RO16 from

synthetic solutions. Sorption was pH dependent and in the pH range of 4 to 7 appreciable amount of both dyes

could be sorbed by MRH, both in single and binary dye solutions. The equilibrium data conform to Langmuir

isotherms. A study of the kinetic models on sorption showed that sorption fitted the pseudo second-order model

whereas photodegradation was explained by the pseudo first-order kinetics model. Both dyes can be separately

2degraded in an aqueous TiO  dispersion under irradiation by ultraviolet lamp. However, due to the micrometric

2size of TiO  particles, the use of aqueous suspension is not suited for practical applications.
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oFig. 7: Graph Ct/C  versus Time (min) for the effect of initial concentration and contact time for the sorption

and photodegradation of single BB3
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