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IN THE REMOVAL OF C.I. ACID ORANGE 7 
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In this work, a design equation was presented for a batch-recirculated photoreactor composed of a 
packed bed reactor (PBR) with immobilised TiO2-P25 nanoparticle thin films on glass beads, and a 
continuous-flow stirred tank (CFST). The photoreactor was studied in order to remove C.I. Acid 
Orange 7 (AO7), a monoazo anionic dye from textile industry, by means of UV/TiO2 process. The 
effect of different operational parameters such as the initial concentration of contaminant, the 
volume of solution in CFST, the volumetric flow rate of liquid, and the power of light source in the 
removal efficiency were examined. A rate equation for the removal of AO7 is obtained by 
mathematical kinetic modelling. The results of reaction kinetic analysis indicate the conformity of 
removal kinetics with Langmuir-Hinshelwood model (kL-H = 0.74 mg L-1 min-1, Kads = 0.081 mg-1 L). 
The represented design equation obtained from mathematical kinetic modelling can properly predict 
the removal rate constant of the contaminant under different operational conditions (R2 = 0.963). 
Thus the calculated and experimental results are in good agreement with each other. 

Keywords: heterogeneous photocatalysis, batch-recirculated photoreactor, design equation, 
mathematical kinetic modelling, TiO2-P25 nanoparticles, C.I. Acid Orange 7

1. INTRODUCTION 

Coloured wastewater generated by textile industries is an important source of environmental 
contaminations (Behnajady and Modirshahla, 2006; Daneshvar et al., 2007; Gupta et al., 2011; Sauer et 
al., 2002). It is estimated that about 1-20% of the total world production of dyes is lost during the 
dyeing process and is released into wastewater (Akpan and Hameed, 2009; Konstantinou and Albanis, 
2004). Colour removal from wastewater is often more important than its removal from other colourless 
organic substances (Grzechulska and Morawski, 2002). Heterogeneous photocatalysis seems to be an 
interesting treatment method for the removal of toxic pollutants from industrial wastewaters due to its 
ability to convert them into innocuous end products such as CO2, H2O and mineral acids (Damodar and 
Swaminathan, 2008). A variety of semiconductors such as TiO2, ZnO, CdS, and WO3 have been 
studied as photocatalysts (Gupta et al., 2007; Gupta et al., 2012; Ismail et al., 2011; Lin et al., 2005; Liu 
et al., 1998). TiO2 is the most extensively used effective photocatalyst, owing to its high efficiency, 
photochemical stability, non-toxic nature, and low cost (Ismail et al., 2011). In most cases, TiO2 is 
applied in the form of suspension or slurry (Behnajady et al., 2007a). From a practical point of view, 
using slurry systems involves several major problems such as: (a) separation of the catalyst from the 
slurry is difficult, (b) suspended particles especially in high concentrations tend to aggregate, (c) using 
the suspensions in systems with continuous flow is difficult, and (d) due to the high absorption by TiO2
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Effects of infrared power output and sample mass on drying behaviour, colour parameters, ascorbic acid 
degradation, rehydration characteristics and some sensory scores of spinach leaves were investigated. 
Within both of the range of the infrared power outputs, 300–500 W, and sample amounts, 15–60 g, 
moisture content of the leaves was reduced from 6.0 to 0.1±(0.01) kg water/ kg dry base value. It was 
recorded that drying times of the spinach leaves varied between 3.5–10 min for constant sample amount, 
and 4–16.5 min for constant power output. Experimental drying data obtained were successfully 
investigated by using artificial neural network methodology. Some changes were recorded in the quality 
parameters of the dried leaves, and acceptable sensory scores for the dried leaves were observed in all 
of the experimental conditions.
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1. INTRODUCTION

In recent years, drying processes have been performed in closed systems such as infrared dryers in order 
to increase the drying efficiency and also to decrease product quality losses. Infrared drying technique can 
supply higher energy efficiency, shorter drying time and superior product quality compared to conventional 
drying methods. Strumillo and Kudra (1986) and Lewis (1996) reported that various infrared heat sources 
could be effectively used for drying of the biomaterials. According to the findings of Sandu (1986) and 
Chua and Chou (2003), infrared drying is a low-cost drying method that can be easily employed in rural 
farming areas. Moreover, it has some advantages, such as versatility, simplicity in terms of the equipment 
required, high rates in heating and drying, easy installation and low capital cost (Fernandes et al., 2004; 
Kocabiyik and Tezer, 2009).

Some researhers have used infrared application for drying of food materials; Nowak and Lewicki (2004) 
for apple, Sharma et al. (2005) and Kumar et al. (2006) for onion, Shi et al. (2008) for blueberry, Kocabiyik 
and Tezer (2009) for carrot, Ruiz-Celma et al. (2009) for grape by-products, and Doymaz (2011) for sweet 
potato. However, there is no data found in literature on infrared drying of spinach which is one of the most 
important vegetables since it is popularly used for culinary purposes, and it is eaten raw, dried, boiled or 
baked into various dishes. It is low in calories and is a good source of vitamin C which is a hydro-soluble 
vitamin and sensitive to heat, oxygen, light and considered to be highly sensitive to quality losses during 
drying (Soysal & Soylemez, 2005).
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4.2. ANN modeling

The accuracy of ANN models for the learning and the test data were presented in Figs. 6 and 7. As can be 
seen, a very good agreement between the experimental results and the ANN model was recorded. Besides, 
the results of the statistical investigations given in Table 1 also support this good agreement.

Fig. 6. Comparison of the experimental and the predicted data for the test data

Fig. 7. Comparison of the experimental and the predicted data for the learning data

Table 1. Statistical evaluation of learning and test data

Performance Training data Test data
R-square 0.99999 0.99995
MAPE (%) 0.00291 0.95262
RMSE 3.1945×10–6 0.00284

It can be clearly seen from the results that this methodology can accurately predict the drying behaviour 
of spinach leaves. Of course, many empirical and semi-empirical models available in the literature may 
be also suitable for this study. However, the superiority of ANN models over these models is not only 
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their accuracy but also their general better performance. ANN models can describe the whole range of 
experiments while the application of other correlations is only limited to a specific experimental condition. 
As in the case of this study, the ANN model proposed is able to describe the whole range of experimental 
conditions very accurately as discussed above.

4.3. Color measurements

Colour change of fruits and vegetables in a drying process is an important parameter as it directly affect 
consumer acceptance. As reported by Devahastin and Niamnuy (2010), it is the indication of retention of 
the pigment nutrients e.g., carotenoids, flavonoids, phenols, chlorophyll and betalains of dried fruits and 
vegetables. It can be clearly seen from the Tables 2 and 3, the values of L and b decreased while those 
of a increased as the power output and the sample amount increased. Similar trends were observed by 
Demirhan and Ozbek (2009) for microwave drying of basil.

Table 2. Effect of drying power output on the colour parameters of the spinach leaves of 15 g

Drying power 
output [W] L – a b

Fresh 40 (1.50)* 17.11 (1.22) 19.00 (2.50)
300 38.05 (1.33) 16.50 (0.50) 18.5 (0.80)
350 36 (1.25) 15.45 (0.62) 17.95 (0.74)

400 35.55 (1.05) 15.38 (0.55) 17.52 (0.65)

500 35 (0.89) 14.12 (0.58) 16.95 (0.55)

* Values given in the parenthesis indicate the standard deviations.

Table 3. Effect of sample amount on the colour parameters of the spinach leaves at constant drying power output 
of 400 W

Sample  
amount [g] L – a b

Fresh 40 (1.50)* 17.11 (1.22) 19 (2.50)
15 35.55 (1.33) 16.38 (0.50) 18 (0.80)
30 34.30 (1.25) 15.40 (0.62) 17.75 (0.74)

45 32.25 (1.05) 14.65 (0.55) 17.3 (0.65)

60 31.10 (0.89) 14.34 (0.58) 16.89 (0.55)

* Values given in the parenthesis indicate the standard deviations.

4.4. Rehydration capacities

Rehydration capacities can be taken as a measure of damage given to the material by drying process 
(Krokida et al., 1999). Fig. 8 shows that rehydration capacity increased by increasing drying power output 
and water rehydration temperature, because of less structural damage during rapid drying at high power 
outputs. However, increasing the sample amount resulted in lower rehydration capacities as can be seen 
from Fig. 9. This is because of more structural damages occurring during longer exposure times to infrared 
radiation at high sample amounts as reported by Demirhan and Ozbek (2010) for microwave drying of 
basil and Sarimeseli (2011) for microwave drying of coriander.
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Fig. 8. Effect of drying power output on the rehydration capacities of the spinach leaves of 15 g

Fig. 9. Effect of sample amount on the rehydration capacities of the spinach leaves at 400 W

4.5. Ascorbic acid degradation

Ascorbic acid is of interest as it is an essential phytochemical found in many fruits and vegetables and 
exhibits many health benefits. However, ascorbic acid is very susceptible to degradation during drying as 
mentioned previously (Devahastin and Niamnuy, 2010). It was observed that ascorbic acid degradation 
increased as the infrared power output increased at constant sample amount as can be seen in Fig. 10. 
Similar trends were observed by Dadali and Ozbek (2009) for microwave drying of okra and spinach, and 
Kaya et al. (2010) for hot air drying of kiwifruit. Increasing sample amount also caused vitamin C losses 
as shown in Fig. 11. This is because longer exposure times needed for higher amount samples result in 
higher degradation in ascorbic acid content as mentioned previously.
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Fig. 10. Effect of drying power output on the ascorbic acid degradation of the spinach leaves of 15 g

Fig. 11. Effect of sample amount on the ascorbic acid degradation of the spinach leaves at 400 W

4.6. Sensory analysis

Visual appearances of dried fruits and vegetables at the time of sale play a very important role in the quality 
judgement of consumers. Therefore, analysis including colour, texture and taste can be used in maintenance 
of product quality throughout the whole processing (Sarimeseli et al., 2014). Visual appearance, texture, 
flavour and colour evaluation of spinach leaves following infrared radiation were quite acceptable since 
they received scores above 5 out of 9. Both Table  4 and Table 5 show that no significant differences were 
found among the data recorded at various drying infrared power outputs.

Table 4. Effect of infrared drying power output on the sensory scores of the spinach leaves at constant sample 
amount

Drying power 
output [W]

Visual 
appearance Texture Flavour Colour Overall 

acceptance

250 7.15±0.50 7.23±1.58 6.80±1.10 7.10±0.98 7.00±1.15
300 6.98±0.98 6.99±0.95 6.90±0.95 7.05±1.20 6.95±1.23
350 6.51±1.10 7.11±1.20 7.05±1.37 6.75±1.70 6.90±1.20
400 6.48±0.75 7.02±1.23 7.17±0.99 6.90±1.10 6.80±1.52






