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Calcium Alginate Immobilized TiO2/ZnO Beads for the Removal of Chromium 

 

Shaminie A/P Ramigam 

Resource Chemistry 

Department of Chemistry 

Faculty of Resource Science and Technology 

University Malaysia Sarawak 

 

ABSTRACT 

Heavy metal contamination in water necessitates exploration of various water treatment technologies. Semiconductor based 

photocatalysis was studied as a possible mechanism for chromium (Cr) removal. In this study, the calcium alginate 

immobilized TiO2/ZnO beads were used to remove the Cr from water. The calcium alginate immobilized TiO2/ZnO beads 

were prepared by mixing the sodium alginate solution and hybrid photocatalysts, titanium dioxide (TiO2) and zinc oxide 

(ZnO). The calcium alginate beads showed better removal efficiency of Cr in photocatalysis compared to adsorption. The 

optimum pH for effective Cr removal is pH ~5 which gave about 98.5% of removal efficiency. The removal efficiency of the 

immobilized photocatalyst was found to be lower than the suspended photocatalyst. However, the immobilized photocatalyst 

has an advantage in term of reusability which makes them to be an environmentally friendly and cost-effective photocatalyst.  

Key words: Chromium removal, immobilization, photocatalysis, titanium dioxide, zinc oxide 

 

ABSTRAK 

Pencemaran logam berat dalam air membawa kepada penciptaan pelbagai teknologi rawatan air. Fotopemangkinan 

berasaskan semikonduktor telah dikaji sebagai mekanisme untuk penyingkiran kromium (Cr). Dalam kajian ini, manik 

kalsium alginat diimmobilisasi dengan TiO2/ZnO telah digunakan untuk mengeluarkan Cr daripada air. Manik kalsium 

alginat diimmobilisasi dengan TiO2/ZnO telah dihasilkan dengan mencampurkan larutan natrium alginat dan fotomangkin 

hibrid, titanium dioksida (TiO2) serta zink oksida (ZnO). Manik kalsium alginat menunjukkan kecekapan penyingkiran Cr 

yang lebih baik dalam fotopemangkinan berbanding dengan penjerapan. pH optimum untuk penyingkiran Cr yang efektif 

ialah pH ~5 yang memberikan kecekapan penyingkiran sebanyak 98.5%. Kecekapan penyingkiran logam berat oleh 

fotomangkin yang diimmobilisasi adalah didapati kurang daripada fotomangkin yang terampai. Namun, fotomangkin yang 

diimmobilisasi mempunyai kelebihan dari segi kebolehan penggunaan semula yang menjadikannya sebagai fotomangkin yang 

mesra alam dan kos efektif.  

Kata kunci: Penyingkiran kromium, immobilisasi, fotopemangkinan, titanium dioksida, zink oksida 
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Chapter 1 Introduction 

 

1.1 Background 

 Heavy metals are considered as one of the hazardous pollutants in the environment 

due to their toxicity. Improper handling and discharge of heavy metals without pretreatment 

has led to severe environmental pollution problems such as contamination of river water. 

Heavy metals in the wastewater must be removed before the water can be discharged into 

the rivers. Several wastewater treatments such as chemical precipitation, coagulation, ion-

exchange, membrane filtration and solvent extraction have been developed to adsorb and 

treat water contaminated with heavy metals (Suzuki et al., 2007; Wang, 2007). In some 

cases, these methods have their own limitations such as high operating cost, incomplete 

metal removal, and generation of toxic sludge (Leung, 2009). Therefore, more effective 

wastewater treatment methods are needed for better heavy metal removal from water.  

 

 In recent years, advanced oxidation processes (AOPs) have been emerging as a novel 

technology due to its efficiency in organic pollutant degradation (Topkaya et al., 2014). 

Comminellis et al. (2008) defined AOPs as aqueous phase oxidation methods based on the 

generation of highly reactive oxygen species (ROS) such as hydroxyl radicals (•OH) in the 

mechanisms of destructing the target pollutant. Examples of AOPs are heterogeneous 

photocatalysis, ozonation with hydrogen peroxide (O3/H2O2), electrochemical oxidation, 

water photolysis in vacuum ultraviolet and photo-Fenton. In this study, the heterogenous 

photocatalysis with semiconductors, titanium dioxide (TiO2) and zinc oxide (ZnO) was 

investigated for heavy metal removal. Kołodziejczak-Radzimska and Jesionowski (2014) 
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stated that photocatalysis is the process in which an electron-hole (e
–
–h

+
) pair is produced 

under light intensity by means of oxidation or reduction reactions and this process take place 

on the surface of the catalyst. With the presence of photocatalyst, an organic pollutant can be 

oxidized directly through photogenerated hole or indirectly by reaction with characteristic 

ROS such as •OH radicals (Lam et al., 2012). TiO2 is one of the most commonly used 

photocatalyst. TiO2 and ZnO both exhibits photocatalytic activity below ultraviolet (UV) 

light range (Darzi, 2009). However, ZnO is less stable than TiO2 (Kołodziejczak-Radzimska 

& Jesionowski, 2014). Bizarro (2010) stated that addition of other components to ZnO can 

improve its stability and photocatalytic activity. 

 

 TiO2 and ZnO are commonly used in suspension form. Although the use of 

suspended photocatalysts in heavy metal adsorption in aqueous solution is effective, but 

their application in large scale water treatment process are rather impractical because 

suspended photocatalysts are difficult to be separated from liquid stream and it causes 

continuous loss of photocatalyst during recycling process (Leung, 2009). Besides that, 

suspended TiO2 and ZnO limit the penetration depth of UV light due to strong attraction 

between catalyst and dissolved pollutant. Due to these limitations, the immobilization of 

effective tiny-based adsorbent such as TiO2 and ZnO nanoparticles with different matrices 

should be established. In contrast to suspended photocatalyst, the immobilized photocatalyst 

can be easily separated from the solution for both adsorption and desorption process. Thus, 

the immobilized adsorbents can be reused many times without any loss which results a cost-

effective and environmental friendly heavy metal adsorption method (Leung, 2009). 
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 According to Albarelli et al. (2009), immobilization of photocatalyst on solid support 

is most practical because it is easy to implement. Immobilization of TiO2 and ZnO on solid 

supports such as clays zeolites, glass, quartz, silica, activated carbon, fiberglass and polymer 

have been conducted to study their uses in the photocatalytic degradation of organic 

compounds (Essawy et al., 2008). The most common immobilization method for adsorption 

is entrapment and cross-linking by polymeric matrix such as calcium alginate, 

polyacrylamide, polysulfanone and polyvinylalcohol. Calcium alginate gel has been chosen 

to be immobilized TiO2/ZnO because it is nontoxic, inexpensive and easily prepared 

immobilization carrier for enzyme and biomass (Leung, 2009). Calcium alginate has open 

lattice structure which aids in rapid diffusion of metal ions to occur (Leung, 2009). 

However, the disadvantage of calcium alginate is its low stability and mechanical strength 

(Leung, 2009).  

 

 Work has been done on the calcium alginate immobilized TiO2 beads and calcium 

alginate immobilized ZnO beads separately for heavy metal adsorption (Leung, 2009; 

Trandafilovic et al., 2014). However, studies on the immobilization of TiO2 and ZnO for 

heavy metal removal are still very limited (Liu et al., 2005). To the best of our knowledge, 

no studies have been done on the calcium alginate immobilized with a combination of TiO2 

and ZnO. The efficiency of calcium alginate beads immobilized with the combined 

photocatalysts, TiO2/ZnO for Cr removal has been investigated in this study.  
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1.2 Problem statement 

  The application of photocatalysts in suspension form for heavy metal removal had 

led to high cost in recycling and reusing of the photocatalysts because of difficult separation 

process (Vijayaraghavan et al., 2008). Therefore, immobilization of photocatalyst has been 

considered as one of the possible method to overcome this problem. Existing studies have so 

far only focused on the single photocatalyst immobilization in the calcium alginate beads. In 

this study, the both photocatalysts, TiO2 and ZnO were immobilized into the calcium 

alginate by varying their ratios in order to study their efficiency in removing Cr from water 

and also to create a better heavy metal removal technique which are cost-effective as well as 

environmental friendly. 

 

1.3 Objectives 

The objectives of this study are to:- 

i. prepare calcium alginate immobilized TiO2/ZnO beads (TiO2/ZnO-Ca alginate 

beads) by varying the concentration ratio of TiO2 and ZnO. 

ii. characterize the prepared TiO2/ZnO-Ca alginate beads using Scanning Electron 

Microscope (SEM). 

iii. determine the removal efficiency of Cr using the prepared TiO2/ZnO-Ca alginate 

beads. 
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Chapter 2 Literature Review 

 

2.1 Chemistry and toxicity of chromium 

 Chromium (Cr) is naturally found element in the Earth’s crust. Cr is a silver gray 

lustrous, hard and brittle metal (Zhitkovich, 2005). The main contribution of Cr to the 

environment is via anthropogenic activities such as industrial activities which involve 

chromium electroplating, manufacturing of stainless steel, metal ceramics and leather 

tanning and production of synthetic rubies (Vijayaraghavan et al., 2008; Zhitkovich, 2005).  

 

 Low concentrations Cr are likely to cause alterations in cell signaling through 

interactions with the active centers of regulatory enzymes in the cell membrane or in the 

cytoplasm (Levina & Lay, 2008). However, excessive uptake of Cr can cause acute and 

chronic oral toxicity, dermal toxicity, systemic toxicity, toxicokinetics, cytotoxicity, 

genotoxicity and carcinogenicity (Zhitkovich, 2005). The hazards brought by Cr are 

dependent to its oxidation state and solubility with respect to its chemical speciation. 

Trivalent chromium (Cr
3+

) is an essential nutrient for humans and its shortage in human may 

cause heart diseases, disruptions of glucose metabolisms and diabetes, whereas hexavalent 

chromium (CrO4
2-

) is a potent carcinogen and it is extremely toxic to human and animals 

(Zayed et al., 1998). Cr can enter human and animal body through eating, drinking or come 

in contact with chromium compounds. 
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2.2 Photocatalysis 

 Samarghandi et al. (2007) defined photocatalysis as the process which occurs when 

light energy from UV radiation in the form of photons excites the electrons on the surface of 

photocatalyst to be promoted from the valence band to the conduction band and produces e
–

–h
+
 pairs. Photocatalysis is a redox reaction which involves photocatalytic oxidation and 

reduction. The positive valence band potential produces •OH radicals at the surface of the 

photocatalyst and the negative conduction band potential reduces the molecular oxygen 

(Daneshvar et al., 2004). The •OH radical is ROS which can attack the pollutants present on 

the surface of the photocatalyst and photooxidation of the pollutants occurs (Samarghandi et 

al., 2007). Example of applications of photocatalytic reduction is the deposition of toxic 

heavy metals and recovery of noble metals from the industrial wastewater. Heavy metals 

deposited on the surface of the photocatalyst and the heavy metals can be extracted by 

mechanical and/or chemical means (Samarghandi et al., 2007).  

 

2.3 Titanium dioxide 

 TiO2 is a commercially available non-toxic semiconductor which is stable over a pH 

range from 2 to 14 and has been proven for its high efficiency in removing organic 

pollutants by photocatalytic reduction (Leung, 2009). According to Li Puma et al. (2008), 

TiO2 has been intensely studied for its application in environmental field because of its 

photocatalytic property, stable chemical structures, biocompatibility, physical, optical and 

electrical properties. Anatase phase is the desirable phase of TiO2 because of its high 

crystallinity, high porosity and large surface area (Wang et al., 2013). TiO2 has been 

developed and used in photocatalytic degradation of organic pollutants such as azo dyes, 
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phenol and chlorophenol in wastewater (Antoniou & Dionysiou, 2007). Organic pollutants 

easily diffuse and fill the active sites on the surface of TiO2 material due to the large surface 

area and mesoporosity within the beads (Wang et al., 2013).  

 

 TiO2 could be prepared in laboratories by many methods such as hydrolysis, flame 

synthesis, precipitation, hydrothermal and sol-gel fabrication techniques (Kanna & 

Wongnawa, 2008). However, the controlled hydrolysis of TiCl4 or titanium alkoxides by sol-

gel technique is most commonly done because of its low cost equipment requirement as well 

as the formation of homogeneous and highly pure products (Wang, 2007). Malato et al. 

(2009) stated that TiO2 photocatalyst degraded and mineralized many recalcitrant pollutants 

at fast rate. 

 

2.4 Zinc oxide 

 ZnO is a naturally occurring oxidic compound which is insoluble in water and has a 

band energy of 3.2 eV (Lam et al., 2012). The nanostructure of ZnO makes it a good 

photocatalyst due to its large surface area with more oxygen vacant and more surface active 

sites for better adsorption of heavy metals (Singh et al., 2013). ZnO is a multifunctional 

material with high chemical stability, high electrochemical coupling coefficient, high 

photostability, high thermal and mechanical stability at room temperature and wide range of 

radiation absorption (Bacaksiz et al., 2008; Segets et al., 2009). Besides that, ZnO is 

nontoxic and inexpensive, has excellent biocompatibility and biodegradability for which it is 

used in biomedicine and in ecological researches (Tang et al., 2009).  
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 A several number of studies have revealed the superior degradation efficiency of 

ZnO photocatalytic oxidation (Behnajady et al., 2007; Lam et al., 2012; Palominos et al., 

2009). Immobilized ZnO in glass-rings (Yeber et al., 2000) and plates (Behnajady et al., 

2007) have also showed high degradation efficiency for organic pollutants. A study by 

Rodríguez-Couto et al. (2002) reported excellent degradation efficiency with the use of ZnO 

immobilized into calcium alginate beads on textile dyes. 

 

2.5 Immobilized TiO2 and ZnO 

 High surface area to volume ratio of tiny-sized photocatalyst in suspension form 

make them very kinetically favourable for heavy metal adsorption. Nevertheless, the 

difficulty in solid-liquid separation and the impossibility of reuse limits suspended 

photocatalysts from being used in large industrial processes (Vijayaraghavan et al., 2008). In 

order to overcome this problem, the immobilization of tiny-sized adsorbents into different 

matrices has been applied. Examples of established immobilization techniques are 

adsorption on inert supports such as glass microbeads, entrapment and cross-linking by 

polymeric matrices such as calcium alginate, polyarylamide and polysulfons (Leung, 2009). 

Li et al. (2008) successfully synthesized a novel adsorbent by immobilizing TiO2 on 

molecular imprint chitosan matrix which could degrade organic compound as well as adsorb 

heavy metal ions. Loss of adsorbent material did not exist when recycling and reusing of the 

immobilized adsorbents were compared to the suspended adsorbents. Another study also 

reported that calcium alginate immobilized TiO2 beads showed excellent heavy metal 

removal efficiency even after ten adsorption/desorption cycles for lead (II) and cadmium (II) 
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ions (Leung, 2009). Therefore, photocatalyst encapsulated in the calcium alginate could be a 

very effective and economical adsorbent for heavy metal removal. 

 

2.6 Alginate 

 Alginate or alginic acid is widely used as metal adsorbent because of its ability to 

form gels by ion-exchange reaction with multivalent metal ions (Gok & Aytas, 2009). 

Alginate is preferred to be used as immobilization matrix due to the simplicity of its 

preparation. Alginate gel in protonated form is an excellent adsorbent of heavy metals such 

as chromium, copper, zinc, nickel and cobalt (Torres et al., 2005). Alginate polymer has 

carboxylic acid group as most abundant acidic functional groups which play role as metal 

binding sites (Torres et al., 2005). With the presence of calcium or other divalent cations, 

alginate gels adopt a cross-linked chains structure known as “egg-box” model and transform 

itself into hydrogel (Torres et al., 2005). Some advantages of alginate beads are 

biodegradability, hydrophilicity, have carboxyl groups and from natural origin. Presence of 

carboxyl groups in alginate facilitates the metal ions adsorption.  

 

 

 

 

 

 

 

 


