B

. . . CML ENGINEERING
Auvailable online at www.CivileJournal.org JourNAL

Civil Engineering Journal

Vol. 4, No. 3, March, 2018

An Experimental Study on the Simultaneous Phenol and Chromium
Removal From Water Using Titanium Dioxide Photocatalyst

Elaheh Faghih Nasiri 2, Daryoush Yousefi Kebria "¢, Farhad Qaderi ®

#MSc. Student, Department of Civil-Environmental Engineering, Babol Noshirvani University of Technology, Iran .
® Department of Civil-Environmental Engineering, Babol Noshirvani University of Technology, Iran.
¢ Head Of CSNRC, Water Research Institute,Caspian Sea National Research Center, Iran.

Received 14 January 2018; Accepted 10 March 2018

Abstract

Organic pollutants along with heavy metals and organic metal compounds may cause abnormal changes in physical and
chemical parameters (acidity, alkalinity, salinity, color, smell and taste) of aquatic ecosystems and are among the serious
threats of environmental health, especially the water resources. In this study, the effect of titanium dioxide photocatalyst
with different concentrations (50, 100, 200, 500 and 1000 mg/I) on the simultaneous removal of phenol and heavy metal
(chromium) from aqueous solution of the closed system was investigated. In order to determine the optimal concentrations
of photocatalyst, all the tests were conducted in pH =7, using ultraviolet light with 100 watt power. The highest rate of
phenol and chromium removal was observed at concentration of 100 mg/ml which was equal to 72.3% and 67.2%,
respectively. Study of the reaction kinetics showed that the reactions of phenol and chromium removal were zero and first-
order, respectively.
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1. Introduction

As Iran is located in a dry and semi-arid region, exploitation of unconventional water resources can be one of the
suitable methods to compensate for water deficiency. Pollutants such as heavy metals are stable in these water sources
and may cause environmental pollution and alteration of the physical and chemical parameters of the water. Due to their
availability for living organisms, these pollutants may endanger the health of aquatic ecosystems, hence, purification
these pollutants sounds essential [1].

Heavy metals such as lead, cadmium, mercury, nickel and zinc in various types of bread and lead, cadmium, mercury,
aluminum, arsenic, zinc, copper and iron in various kinds of salts are among the environmental pollutants; and human
exposure to some of them through water and food can result in chronic and sometimes dangerous acute toxicities. Large
quantities of natural and human-made heavy metals enter the environment, and the rate of their entry through synthetic
ways goes far beyond their harvest by natural processes. Aquatic systems are naturally the final destination of these
metals. The source of these pollutants in water includes household wastewater, chemical discharge, pesticides,
insecticides and herbivores, industrial discharges, radioactive wastewater, petroleum hydrocarbons and dyes. These
pollutants are divided into two types: degradable and non-degradable. Non-degradable pollutants include heavy metal
compounds and salts, long-chain phenolic compounds and pesticides accumulated in the environment; they can affect
the food chain and biological organisms in water. The increased concentration of these substances has adverse effects
on fish, other aquatic organisms and even aquatic plants. The first factor indicating the effects of metals pollutants in an
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ecosystem is the presence of heavy metals in the biomass of the contaminated area which can put human health in
danger. Accumulation of heavy metals in water, air and soil is a very significant environmental problem [2].

Chromium is among the heavy metals which can be observed in industrial sites. This pollutant is mainly available in
soil and water in two forms: hexavalent chromium (chromium (V1) and chromium (111)/ hexavalent chromium is toxic
and can form water-soluble compounds and has high mobility. Depending on the acidity, chromium concentration and
aquatic environment chemistry, chromium (V1) can be observed in the form of chromate (CrO.?), dichromate (Cr,0+?)
and hydrogen chromate (HCrO*) [3].

Common compounds of trivalent chromium such as CrOH*, Cr(OH)?*, Cr(OH); and Cr(OH)* have high surficial
absorption toward soil and can form insoluble hydroxides in the aquatic environments and sediment [4].

According to the list of United States Environmental Protection Agency (US EPA), in 1986, about 1000 sites were
identified in this country which were contaminated by dangerous pollutants and chromium was considered as the second
highest contaminating metal in US USEPA (1995a and 1995b). Textile industry, pigment production, leather processing,
metal plating, iron production, mining, metal welding and fossil fuel combustion were among the major Cr-
contaminating industries [5, 6]. To avoid chromium toxicity and also to control its concentration, various standard levels
have been defined. For example, world health organization (WHO) declared the concentration of chromium in drinking
water as 0.05 mg/I [7].

With chemical formula of CsHsOH, phenol is among the derivatives of hydroxyl benzene and is formed through
linkage of a hydroxyl group to a benzene ring. This compound is found in natural and drinking waters, petrochemical
and pharmaceutical wastewaters as well as plastic and resin production industries; therefore, it is of crucial importance
[8]. This substance is also known as hydroxyl benzene and carbolic acid. High tendency of phenol to make compound
with chorus will give rise to formation of chlorophenols which is more toxic than phenol and is resistant against
degradation [9]. Permitted level of phenol is 0.5 mg/l, based on WHO [10].

So far, various methods including activated carbon, microbial decomposition, chemical oxidation and solvent
extraction have been developed for phenol removal; while, for removing chromium, surface adsorption techniques
(limonite, bauxite, montmorillonite, graphene, ....), extraction, membrane , ion exchange (livatite resin, synthetic resin,
...), electrochemical methods, biological methods, sequestration, nanotechnology (nanoparticles, carbon nanotubes)
have been employed [11-14]. Furthermore, the use of photocatalyst is one of the new approaches for removing
pollutants. Photocatalysts are catalysts which are activated at the presence of light [15]. Nano-scaled titanium dioxide
photocatalyst has a very high surface-to-volume ratio and possesses excellent photocatalytic properties, its non-toxic
with high oxidation capability, and low synthesizing cost are among the other benefits of this nanoparticle [16].

A study by De Lima et al. addressed treatment of industrial wastewater by TiO photocatalyst under sun radiation in
the acidic range. The results showed that the minimum removal efficiency was 62% and 60% for chromium (V1) and
organic substances [17].

Satyro et al. investigated (Ethylenediamine-disuccinic acids) EDDs and copper removal from water by use of TiO;
under UV radiation. 100% EDDs and Cu (I1) conversions were observed however, mineralization was less than 24%.
Data analysis showed that molar consumption of Cu (I1) to EDDs is near to 2 [18].

Chromium (VI) removal from water by Au/Cu— TiO, nanoparticles was conducted by Gondal et al. the nanoparticles
were synthesized by Sol-gel method and resulted in 96% photocatalytic reduction of chromium (V1) without addition of
any additives [19].

In a research carried out in 2015 on photocatalytic reduction of chromium by ZnO/ TiO,, the removal efficiency was
99.99% and the level of removal in this state was more than the conditions in which TiO2 and ZnO were used separately.
In these two conditions chromium removal was 86.07% and 82.33%, respectively [20].

In 2016, reduction of chromium (V1) to chromium (111) was conducted by Djellabi et al in which titanium dioxide
pohotocatalysts were employed. After 2 hours, 39.75% of chromium (111) was observed in the form of sedimentation on
surface of TiO2, 60.25% of that was observed in the solution [21].

The results of Nguyen et al. obtained from studying the effect of methanol on Cd degradation by TiO, photocatalyst
revealed that Cd removal efficiency at the presence and without methanol was obtained as 7% and 30%, respectively
[22].

Simultaneous removal of Cd (I1) and phenol by use of TiO, was conducted through alkaline-acidic hydrothermal
method by Lie et al. in this absorption and photocatalyst system, the removal of Cd (I1) and phenol could reach to 99.6%
and 99.7% [23].

Photocatalytic reduction under mutual effect of chromium (V1) ions and phenol in modified polymer of TiO, under
visible radiation was investigated by Zhang et al. optimal ratio of phenol to chromium was 1:1 and in lower rations the
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reduction occurred slower [24].

Samarghandi et al. investigated simultaneous removal of phenol and heavy metals such as Cd and Pb at pH values of
3, 5, 7 and 11 for 180 min. optimal phenol and Cd removal was observed at pH value of 11 which was 76% and 97.7%,
respectively. For lead, the removal was 98.8% in all pH values [25].

A study was conducted by Papadam et al . in 2007, where photocatalytic removal of chromium (VI) by TiO, was
investigated at the presence or absence of organic compounds. A definite synergic effect was observed between
photocatalytic reduction of chromium (V1) and organic compounds on the photocatalyst with largest aspect ratio [26].

Limited number of studies has addressed simultaneous removal of heavy metals and organic compounds. This study
investigated the interaction (oxidation and reduction) of phenol and chromium (V1) pollutants in normal condition and
also under application of photonanocatalystic process of TiO, under UV radiation in simultaneous removal of these two
pollutants from water in a neutral and closed environment of laboratory. The kinetics f the reactions were investigated
and the optimal condition was determined.

2. Materials and Methods
2.1. Materials
2.1.1. Phenol and Chromium

This substance with chemical formula of C¢HsOH was prepared from Merck Company (Germany). Hexavalent

chromium was also purchased in the form of dichromate potassium salt (K.Cr.O7) from the same company.

2.1.2. Nanocatalyst

TiO2 nanoparticles (a white substance produced by US Research Nanomaterials) in two phases of rutile and anatase
(20, and 80%, respectively) with purity of 99% was used. The impurities included Al, Mg, Si, Ca, S and Nb. The size
of these nanoparticles was 20 nm with nominal specific weight of 0.46 g/ml (Figure 1).

1"

Figure 1. Titanium dioxide nanoparticles

2.1.3. Light Source

UV lamps with power of 25 W with C type possessing wavelength below 280 nm (made in Taiwan) were used in
this study. 25-W lamps were placed in parallel to reach to power of 100 W.

2.2. Method

To investigate the interaction between the two materials and the rate of their removal in the presence of the other
substance, phenol and chromium with ratio of 1:1 and concentration f 50 mg/l were added to 3 250-ml beakers without
nanoparticles and in the absence of UV radiation. Then they were stirred (RTC basic, IKA) for 2 h. then, solutions with
the similar concentrations of pollutants along with 50, 100, 200, 500 and 1000 mg/l of nanoparticles were investigated
under 100-W UV radiation to determine the amount of pollutant removal (Fig.2). All the experiments were conducted
in closed systems under neutral condition and in pH=7 in triplicates.

Measurement of phenol and chromium concentration was performed by spectrophotometer (UV/VIS S21000,
UNICO, US) by use of EPA 9065 [27] and EPA 7196A [28], respectively. Finally the kinetics of pollutant removal and
the order of reaction were determined.
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Figure 2. Chromium and phenol removal system by use of nanoparticles in the form of slurry

3. Results and Discussions

3.1. Mutual Effects of Phenol and Chromium in a Closed System without Photocatalyst and UV Radiation

The results of mutual interaction of phenol and chromium pollutants with concentrations of 50 mg/I for 3 h are shown
in Figure 1.
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Figure 3. Interaction of phenol and chromium

According to Figure 3, it can be seen that in fist 90 min, chromium removal was very low (about 1%); but after 180
min, the removal rate increased and reached to 10.03%. for phenol, the removal rate in the first 90 min was lower than
the removal rate in the second 90 min. at the end of 3 hours of reaction, phenol removal rate reached to 26.08. this
amount of reduction in pollutants removal occurred without use of any photocatalyst and radiation due to oxidation and
reduction reactions, according to the following reaction (reaction 1), phenol was reduced and chromium (VI) was
converted to chromium (111) [29]:

14 Cry07% + 3 CeHeO + 112H">28Cr>* + 18CO, + 65 H,0 1)
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- Phenol and chromium removal in closed system by use of photocatalyst and UV radiation

In these experiments, 250 ml of solutions containing 50 mg/l phenol and chromium were placed in a beaker on a
stirrer under UV radiation (100 W) and the impact of different concentrations of photocatalyst on the removal were
examined, pH of 7 was considered as optimal pH for chromium and phenol removal.

- Chromium removal

Figure 4 shows the results of chromium removal under use of nanoparticles with different concentrations.
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Figure 4. Chromium removal percentage by use of different concentrations of nanoparticle

As figure shows, when 1 g/l photocatalyst was used, chromium removal was about 10% in first 90 min which did
not significantly changed at the end of 180 min. for the case of 500 mg/I of nanoparticle, chromium removal in the first
90 min was similar to the previous condition but removal continued with the same rate. When 200 mg/l was applied
32% removal was observed in the first sample which increased only by 5% at the end of 180 min. investigation of
chromium removal by 50 mg/l of nanoparticles revealed that the slope of curve in the first 90 min is lower than the
second 90 min implying that removal was faster at the beginning. When 100 mg/I photocatalyst was used for chromium
removal, the rate of removal was 44% in first 90 min but reduction of concentration slowed down in the next 90 min.

Therefore, the highest rates of chromium removal were observed in concentrations of 100, 200, 50, 500 and 1000

mg/l of photocatalyst, respectively. When 100 mg/l and 1 g/l of photocatalyst were used, removal rate were 67.2% and
11.3%, respectively.

- Kinetics of chromium removal

Kinetics of chromium removal at the presence of TiO2 (100 mg/l which had the highest impact) is depicted in Figure 5.
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Figure 5. Kinetics model of chromium removal reaction

R?=0.999

Regarding the graph, the reaction is first-order and the speed of chemical reaction in the closed system containing
slurry of nanoparticles could be defined as:

C=50*e—0.0062t (2)
In which C and t are concentration and time and k shows the reaction speed.

- Phenol removal
Figure 6 reveals the results of phenol removal under different concentrations of photocatalyst.
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Figure 6. Phenol removal percentage under use of different concentrations of nanoparticle

As figure suggests, 1 g/l of photocatalyst did not have significant impact on phenol removal. In case of 50 and 500
mg/l of photocatalyst, removal rate had lower slope in the first 90 min and the rate increased at the interval of 90-180
min. However, for the case of 200 mg/l, the slope remained almost constant implying constant rate of phenol removal
during all 3 hours. When 100 mg/I of photocatalyst was used, phenol removal rate was 30% in the first 90 min which
accelerated in the second 90 min.

Similar to the case of chromium removal, the highest rates of phenol removal were observed at concentrations of
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100, 200, 50, 500, and 1000 mg/I of photocatalyst. When 100 mg/l and 1 g/l of photocatalyst were used, removal rate
were 72.3% and 2.7%, respectively. These results were similar with the results of other researchers. For instance,
Shahrezaei et al. also reported TiO, photocatalyst concentration of 100 mg/l as the optimal concentration for phenol and
its derivatives removal. Moreover, the optimal concentration of pollutant was reported as 100 mg/I [30].

Salah et al. obtained 92% phenol removal after 6 hours when TiO, photocatalyst was employed. After 3 hours, the
removal rate was 78% [31].

- Kinetics of phenol removal reaction

Figure 7 depicts the linear model of chromium removal by use of 100 mg/l nanoparticle.
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Figure 7. Kinetics of phenol removal reaction

R? = 0/986

As the curve of concentration versus time was linear, therefore, the reaction order (n) is zero and reaction equation
can be defined as:

C =-0.203*t + 50 3)

4. Conclusion

Interaction of phenol and chromium showed pollutant removal of 26.08% and 10.03%, respectively after 180 min.
In this system, pollutant removal was performed at pH=7 under UV radiation with power of 100 W and the optimal
concentration of photocatalyst was 100 mg/l. Maximum phenol and chromium (V1) removal during 180 min at the
presence of optimal nanoparticle concentration (in slurry form) was 72.9% and 67.2%, respectively. Kinetics
investigations showed that phenol removal reaction is zero-order while chromium (V1) removal is a first-order reaction.
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