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Abstract  

In 2012, the United States environmental protection agency (USEPA) prepared a list of 

129 organic and inorganic pollutants found in wastewater that constitute serious health hazards. 

This list includes the following heavy metals: cadmium, chromium, lead, mercury, nickel and 

zinc. The effects of bed depths from 0.5 to 2.0 m, liquid flow rates from 0.1 to 0.5 L.min
-1

, 

biosorbent particle sizes of 0.5 to 2 inches (1.27 – 5.08 cm) and metal concentrations from 10 to 

50 mg-Zn-Ni/L on biosorption service were investigated. The best performance in biosorption of 

Zn
2+

 and Ni
2+

 binary solutions was at the smallest biosorbent particle size (0.5 inch), highest bed 

depth (2 m), lowest flow rate (0.1 L.min
-1

) and smallest initial concentration (10 mg/L).  

For biomass regeneration, the effects of the type of desorbing agents (hydrochloric acid, 

nitric acid and sulphuric acid), concentrations (0.1 to 0.5 M) and flow rates (0.05 to 0.1 L/min) on 

recovery of Zn
2+

 and Ni
2+

 binary mixture were investigated. The best performance in desorption 

of Zn
2+

 and Ni
2+

 binary solutions were 0.1 M H2SO4 and a 0.05 L/min inlet flow rate. Moreover, 

the reusability of wheat straw was examined by carrying out five successive 

biosorption/desorption, and the results indicated that wheat straw retained its zinc and nickel 

adsorption capacity in all five sorption/desorption cycles. 

Electro-deposition was also used to remove metal ions from concentrated Zn
+2

 and Ni
+2

 

binary solutions (about 340 ppm) from the desorption step. It was found that the electro-

deposition could reduce the metal concentrations down to wastewater discharge limit of 2 mg-Zn-

Ni/L.  

Lastly, economical evaluation showed that the recovery of the heavy metals using 

Integrated Biosorption and Electro-deposition has great advantages from both technical and 

economical perspectives over the chemical precipitation technology.  
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Chapter One. Introduction 

1.1 Motivations  

Excessive heavy metals released through industrial sectors, such as: fertilizer production, metal 

finishing industry, mining and metal plating industry have led to a dangerous increase of heavy 

metals in the environment (Duruibe et al., 2007). Table 1 shows some of the negative impact of 

lead, mercury, cadmium, chromium (VI), zinc and nickel have on human body (U.S. 

Environmental Protection Agency (EPA), 2012).  

Table 1: Effects of the heavy metals on human body  

Heavy metals Toxic Effects References 

Lead  - Kidney damage 

- Disruption of nervous systems 

- Brain damage 

- Diminished learning abilities of 

children 

Water Treatment Solutions 

Lenntech, 2011a 

Mercury  - Disruption of the nervous system 

- Damage to brain functions  

- DNA damage and chromosomal 

damage 

- Reproductive failure  

Water Treatment Solutions 

Lenntech, 2011b 

Cadmium - Bone fracture 

- Reproductive failure and possibly 

even infertility 

- Damage to the central nervous 

system 

- Damage to the immune system 

Water Treatment Solutions 

Lenntech, 2011c 

Chromium (IV)  -Respiratory problems 

- Weakened immune systems 

- Kidney and liver damage 

Water Treatment Solutions 

Lenntech, 2011d 

Zinc -Stomach cramps  

-Skin irritations 

-Nausea and anaemia 

-Damaging the pancreas and disturb 

the protein metabolism.  

Water Treatment Solutions 

Lenntech, 2011e 

Nickel  - Lung embolism 

- Respiratory failure 

- Birth defects 

- Heart disorders  

Water Treatment Solutions 

Lenntech, 2011f 
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In Canada, automotive, electronics, metal finishing, mining and oil sands industries form a large 

economic sector. These industries generate a large quantity of wastewater containing heavy 

metals such as Zn
+2

 and Ni
+2

 and others (Doan et al., 2008). Typically, the wastewater from the 

metal finishing industry (e-coating process) contains 20 ppm each of Zn
+2

 and Ni
+2

. However, 

under the government regulation with regard to wastewater containing heavy metals, the 

maximum allowable discharge concentration of Zn
+2

 and Ni
+2

 in Toronto is 2 ppm (Table 2) 

(Toronto’s Sewers Bylaw, 2010). Therefore, the wastewater needs to be treated before being 

discharged to the environment. 

Table 2: Effluent discharge limits for the city of Toronto (Toronto’s Sewers Bylaw, 2010) 

 Parameter (mg/L) 

Pervious 2010 

Zinc Nickel Zinc Nickel 

City of Toronto: sewer-use by -law 

Sanitary sewer 4 4 2 2 

 

There are numerous methods to remove heavy metals from wastewater, such as: chemical 

precipitation, ion-exchange, adsorption by activated carbon and membrane filtration. However, 

most of these methods are either highly expensive or inefficient in removing heavy metals at low 

concentrations (Volesky, 2003; Farooq et al., 2010). Currently, chemical precipitation is widely 

used for the removal of metals from industrial wastewater. The major drawback of this method is 

the hazardous sludge generation that requires further treatment and disposal, which adds to the 

overall cost of the wastewater treatment (Park et al., 2010). The advantages and disadvantages of 

the traditional physico-chemical methods for removal of heavy metals from wastewater are listed 

in Table 3.  
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Table 3: Advantages and disadvantages of conventional physico-chemical methods for heavy metal 

removal 

Technology Advantages  Disadvantages References 
Chemical precipitation   A well-established 

technology  

 High tolerance to 

suspended solids 

and organics 

 Sludge production  

 High capital cost 

(sludge handling) 

 Low metal selectivity 

 

Eccles, 1995;  

Ahluwalia and 

Goyal, 2007 

Ion exchange  High treatment 

capacity 

 High metal 

selectivity 

 

 High capital and 

operation cost 

 Low tolerance to 

organics and 

suspended solids  

Eccles, 1995;  

Han and Yun, 2007;   

Ahluwalia and 

Goyal, 2007 

Activated carbon 

adsorption 
 High heavy metal 

removal  

 High metal 

selectivity  

 High operation cost 

 Hard to regenerate 

 Low tolerance to 

suspended solids and 

organics  

Eccles, 1995;  

Han and Yun, 2007  

Membrane filtration   Small footprints 

 High effluent 

quality  

 Good disinfection 

capability 

 Low or no sludge 

production 

 High capital cost and 

operation cost 

 Membrane fouling 

 

Van Reis and  

Zydney, 2007; Mack 

et al., 2004 

 

As the result, researchers are looking for an alternative technology for the removal of heavy 

metals. One of the alternative technologies has been proposed is the use of a biological material. 

This technique is called biosorption (Veglio and Beolchini, 1997). The main advantages of 

biosorption over other treatment methods are: 1) low operation cost, 2) low or no biological 

sludge production and 3) potential for regeneration of the biosorbent (Volesky, 2003).  

 

A wide variety of biosorbent materials have been used to adsorb heavy metals in wastewater. 

These include bacterial (Tunali et al., 2006; Ziagova et al., 2007), fungal (Skowronski et al., 

2001; Say et al., 2003), and agricultural by-products (Ho, 2003; Saeed et al., 2005a). However, 

different methods and aqueous solutions were used in various studies reported in the literature. 

Therefore, it is rather difficult to conclude one type of biosorbent as the most suitable material in 

biosorption process. In this study, wheat straw was selected as biosorbent to remove Zn
2+

 and 
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Ni
2+

 binary from wastewater. Wheat straw is abundant and inexpensive in Canada (Farooq et al., 

2010), and it also has a good potential for treatment of wastewater containing heavy metal ions 

(Lawther et al., 1995; Doan et al., 2008).  

 

In practical operation of a full-scale biosorption process, continuous-flow columns are often 

preferred than batch processes (Da Costa et al., 1996; Saha et al., 2012). A Fixed-bed column 

provides several advantages, including: 1) high process efficiency, 2) virtually unlimited scale-

up, 3) no liquid/solid separation and 4) in-situ regeneration and washing (Belter et al., 1988; 

Volesky, 2003). Therefore, a fixed-bed column system was used in this present study.  

 

Furthermore, desorption of the bound metal ions from the biosorbents should be investigated. 

Grimm et al. (2008) and Hammaini et al. (2007) indicated that the importance of the desorption 

process is its recovery of bound metals ions from biomass and the regeneration of biomass. These 

are directly related to both reducing and saving the cost of industrial processes. Accordingly, the 

three common desorbing agents (hydrochloric acid, sulphuric acid and nitric acid) were examined 

to determine their suitability in the desorption process (Stirk and Staden, 2002; Kuczajowska-

Zadrożna et al., 2004). Additionally, the impact of desorbing agent concentrations and flow rates 

on desorption performance were also investigated.  

 

Most researchers are devoting to increase desorption efficiency and the reusability of biosorbents 

in their investigations (Bakkaloglu et al., 1998; Stirk and Staden, 2002; Fagundes-Klen et al., 

2010). However, little experimental work focuses on the reuse and/or handing of desorbed metals 

in industrial production processes. This should gain a considerable attention, primarily, the 

effluent wastewater from desorption process typically contained high concentration of heavy 
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metals which requires further treatment before being discharged to the environment. Furthermore, 

the reuse of valuable metals from desorption eluent can reduce the resource wastage, the material 

cost and also the cost of disposing hazardous metal-laden waste products. Some of the 

advantages of electro-deposition are: 1) low or no sludge production, 2) low maintenance cost 

due to a simple mechanical process (Lovley, 2000).  Hence, electro-deposition process was used 

for recovering the heavy metals from desorption step.  
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1.2 Project Objective  

To develop an effective biosorption process for removal and recovery of heavy metal ions from 

wastewater, using wheat straw as biosorbent.  

In order to achieve the set objective, following tasks were carried out: 

i. To investigate the influence of the following parameters on biosorption performance of 

wheat straw:  

a. Column bed depth 

b. Wastewater flow rate 

c. Influent metal concentration 

d. Biosorbent particle size  

ii. To determine best experimental conditions of a fixed bed column to maximize the 

biosorption service time for Zn
2+

 and Ni
2+

 binary solutions. 

iii. To evaluate the applicability of the Bed Depth Service Time (BDST) model that is 

commonly used in simulating fixed-bed biosorption process and predicting the treatment 

performance.   

iv. To examine Zn
2+

 and Ni
2+ 

binary desorption process in the column reactor (column 

regeneration) and evaluate the reusability of the biosorbent for sequential Zn
2+

 and Ni
2+

 

removal and recovery cycles. 

v. To evaluate the performance of the electro-deposition technique for the recovery of metal 

ions from the concentrated Zn
+2

 and Ni
+2

 binary solutions from the desorption step.  
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Chapter Two: Literature Review 

 

2.1 Removal of metal ions technologies  

Several methods are currently being used for the removal of heavy metals from wastewater. 

These technologies can be summarized as chemical precipitation, membrane filtration, ion-

exchange and activated carbon adsorption. 

2.1.1 Chemical precipitation 

Chemical precipitation has been the most common method to remove heavy metals and other 

inorganic substances from wastewater. Basically, a chelating agent, such as lime is added to the 

wastewater, which causes the contaminants dissolved or suspended in wastewater to forms an 

insoluble compound and precipitate (EPA, 2002).
 
However, this method generates a large amount 

of toxic sludge that requires further treatment and disposal, which adds to the overall cost of the 

wastewater treatment (Park et al., 2010). 

2.1.2 Membrane filtration  

Membrane filtrations have gained quite attention for the treatment of heavy metals in wastewater 

(Bodnar et al., 2008). Among different membrane filtration (i.e. Ultra-filtration (UF), Nano-

filtration (NF) and Reverse Osmosis (RO)), RO is most commonly applied to heavy metal 

removal from wastewater (Srisuwan and Thongchai, 2004; Sang et al., 2008). Reverse osmosis is 

a pressure-driven membrane process, where the solvent is forced to pass through the membrane 

by applying a hydrostatic pressure greater than the osmotic pressure of the feeding solution, 

while the heavy metal is retained (Crittenden et al., 2005). Some of the advantages of membrane 

filtration include: 1) small footprints, 2) high rejection rate and 3) no sludge production (Judd, 

2006). On the other hand, one of the major drawbacks in membrane filtration is fouling. 
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Membrane fouling would decrease the effluent quality, and the membrane would need to be 

replaced. Additionally, membrane filtration consumes a high amount of energy that increases the 

operational cost (Baker, 2004). 

2.1.3 Ion-exchange process 

In this process, a reversible interchange of ions between the solid and liquid phases occurs. The 

metal ions are removed by exchanging them with the ions held on an insoluble substance (resin) 

without any structural change of the resin (Dabrowski et al., 2004). Among different materials 

that have been used as ion exchange resin, synthetic resins are commonly preferred (Rengaraj et 

al., 2003). Typically, this process can effectively remove heavy metals in the range of 10 to 100 

mg.L
-1

, or even higher, and does not generate sludge (Bai and Bartkiewicz, 2009). Despite these 

advantages, ion exchange capital and operational costs are quite high (Dabrowski et al., 2004).  

2.1.4 Activated carbon adsorption  

Adsorption is a process in which contaminate (i.e. metal ions) is removed from a liquid phase by 

accumulation at the interface between the liquid phase and the solid phase by physical-chemical 

interaction (Uzun and Güze, 2000). Among different adsorbents, activated carbon is most 

commonly used for adsorption of heavy metals in an aqueous solution (Cheremisinoff and 

Cheremisinoff, 1993; Uzun and Güze, 2000). This is mainly due to its large surface area 

availability (Cheremisinoff and Cheremisinoff, 1993). However, the high cost for production and 

regeneration of the carbon is a drawback.  
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2.2 Biosorption technology  

In the last three decades due to increasing in environmental awareness and concerns, high number 

of research was conducted on using living or non-living microorganisms as adsorbents for the 

removal of low concentration metal-bearing wastewater (Modak and Natarajan, 1995). Compared 

with conventional technologies, such as chemical precipitation, biosorption has advantages of 

high efficiency and low operational cost (Volesky, 2003; Farooq et al., 2010). Biosorption 

involves complex mechanisms of adsorption and ion exchange with sorbing sites on the cell 

surface (Volesky and Holan, 1995).  

2.2.1 Biosorbent materials 

 

Biosorbents are mainly fall into the following categories: bacteria, fungi, algae, plants, industrial 

wastes, agricultural wastes and other polysaccharide materials (Farooq et al., 2010). The 

capabilities of live microorganisms to adsorb metallic ions have been examined (Wang et al., 

2010), however, living organisms are subject to the toxic effect of heavy metals. Once the 

concentration of metal ion adsorbed by living organisms becomes too high, the organism’s 

metabolism would be disrupted, thus causing the organism to die (Osman et al., 2010). 

Therefore, biosorbents usually are inactivated through various pre-treatment methods.  

 

The living cells can be inactivated by physical pre-treatment using heat treatment (Maheswari 

and Murugesan, 2011), autoclaving and vacuum drying (Huang et al., 1988), chemical treatment 

with acids, alkali, detergents, or organic solvents (Bajwa et al., 2009), or mechanical disruption 

(Yakubu and Dudeney, 1986). The pre-treatment may enhance or reduce the metal uptake of the 

biomass dependent on various factors, including: the number of sites in the biosorbent material, 

the accessibility of the sites, the chemical state of the site, and affinity between site and metal 
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(i.e., binding strength) (Vieira and Volesky, 2000). Doan et al. (2008) investigated the effect of 

the pre-treatment of wheat straw on the removal of Zn
2+

 and Ni
2+

 binary in a fixed-bed adsorber. 

They showed that the removal percentage of Zn
2+

 ions increased from 47% to 61% by immersing 

dried wheat straw in a H2SO4 solution for about 30 minutes. Similarly, Huang and Huang (1996) 

studies showed that acid-washing process produced better adsorption capacity over other 

treatments. This treatment would dissolve polysaccharide components in the outer cell wall layer 

of the biosorbent, thus producing additional binding sites. In the present study acid treatment 

using sulphuric acid was used to enhancing activity of the biomass.  

 

One of the challenges in biosorption studies is the selection of an appropriate biomass that has 

certain characteristics for adsorption uses. The main characteristics are the cost, the metal uptake 

capability and the applicability at various conditions (i.e. pH and temperature) (Vieira and 

Volesky, 2000). Tables 4 to 8 show various biosorbents used to remove heavy metals  

Table 4: Bacterial biosorbent used for metal removal  

Sorbent Contaminate (ion) Uptake (mg/g) References  

Aphanotheceh alophytica Zn (II) 13.0 Incharoensakdi and 

Kitjaharn, 2002 

Streptomyces rimosus Fe (III) 22.0 Selatnia et al., 2004 

Aeromonas caviae Cd (II) 55.32 Loukidou et al., 2004 

Corynebacterium 

glutamicum 

Pb (II) 67.7 Choi and Yun, 2004 

Pseudomonas sp. Cd (II) 78.0 Ziagova et al., 2007 

Bacillus thuringiensis Ni (II) 45.9 Oztürk, 2007 

 

 

Table 5: Yeast (in various forms) biosorbent used for metal removal 

Source or from bio-

sorbent 

Contaminate (ion) Uptake (mg/g) References 

S.cerevisiae  Cu(II) 4.93 Bakkaloglu et al., 1998 

Free cells Zn (II) 23.4 Al-Saraj et al., 1999 

Ethanol treated waste 

baker's yeast 

Cd (II) and Pb (II) 15.63 and 17.5 Goksungur et al., 2005 
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Table 6: Fungal biosorbent for metal removal 

Species of Fungi Contaminate (ion) Uptake (mg/g) References 

A.niger Cu(II) 7.22 Rao et al., 1993 

R.arrhizus Cr (VI) 9.02 Prakasham et al., 1998 

R.nigricans Cr (III) 47 Bai R and Abraham, 

2001 

Penicillium. 

chrysogenum 

Cr (III), Ni (II) 27.2, 13.2 Tan and Cheng, 2003 

 
Table 7: Seaweed biosorbent for metal removal 

Seaweed Type Contaminate (ion) Metal Uptake (mg/g) References 

Gracilaria fisheri Cd(II) and Cu(II) 71 and 46 Chaisuksant, 2003 

Sargassum sp. Cr(III) 68 Cossich et al., 2004 

Ascophyllum nodosum Cd(II) 71.9 Lodeiro et al, 2006 

Bifurcaria bifurcata Cd(II) 61 Lodeiro et al., 2006 

 

Table 8: Plant sorbent for metal removal 

Plant sorbet Contaminate (ion) Metal Uptake (mg/g) References 

Spend grain Cd(II) and Pb(II) 17.3 and 35.5 Low et al., 2000 

Sawdust (Pinus 

sylvestris) 

Cd(II) and Pb(II) 9.78 and 9.25 Taty-Costodes, et al., 

2003 

rice husk Cd(II) 17 Kumar and 

Bandyopadhyay, 2006 

chaff Cu(II) and Pb(II) 14.82 and 50.12  Han, et al. 2006b 

 

By comparing the results obtained for different biosorbent, it is very difficult to conclude one 

type of biosorbent as the most suitable material in biosorption process. For example, microbial 

biosorbents are basically small particles, with low density, poor mechanical strength and little 

rigidity. Even though they have merits, such as high biosorption capacity, they often suffer 

several drawbacks. The most important include solid–liquid separation problems, possible 

biomass swelling, inability to regenerate/reuse and development of high pressure drop in the 

column mode (Vijayaraghavan and Yun, 2008). Agricultural materials usually play an important 

role due to being widely and easily produced. For example, in Canada wheat straw is abundant, 

which makes it cost-effective and economical to be material used for biosorption (Wan Ngah and 

Hanafiah, 2008).   
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Wheat straw comprised of about 40% cellulose, which is a natural biopolymer with ion-exchange 

property. This makes wheat straw a potentially good biosorbent for the treatment of wastewater 

containing heavy metal ions (Lawther et al., 1995). Furthermore, microorganism based and other 

biomasses often need to be cultured and/or tediously prepared before they can be used as 

biosorbents for metal ions. This would increase the cost of the overall wastewater treatment 

process. On the other hand, wheat straw could provide an economical source of biosorbent for the 

metal removal since it can be used directly without elaborated preparation (Doan et al., 2008; Tan 

and Xiao, 2009). 

2.3 Mechanism of metal biosorption 

Many researchers have tried to provide a solid understanding of the mechanism underlying 

microbial biosorption of heavy metals. According to Volesky (2003), biosorption mechanism can 

be classified as physico-chemical interaction between the metal and sorbing sites on the biomass 

surface. The microbial biosorption of a heavy metal may occur by any or a combination of 

complexation, coordination, ion exchange and physical adsorption, but ion exchange often 

dominates the whole adsorption process.  

2.3.1 Physical adsorption 

Metal ion removal from a solution may take place through physical adsorption by van der Waals 

forces between the metal ion and activated groups. Tsezos and Volesky (1982a and b) reported 

that thorium and uranium biosorption by Rhizopus arrhizus (fungal biosorbent) was partially by 

physical adsorption. Physical adsorption was also considered the dominant factor for nickel, zinc, 

cadmium, lead (Fourest and Roux, 1992) and copper (Zhou and Kiff, 1991) biosorption.   
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2.3.2 Complexation 

 

Complexation is defined as the complex formation of a species by the association of two or more 

species (Kotrba et al., 2011). Metal ion adsorption may also take place through complex 

formation on the cell surface where metal ions can bind to a single ligand (Kotrba et al., 2011). 

The research on biosorption of thorium and uranium by Rhizopus arrhizus also confirmed that the 

biosorption process was a combination of physical adsorption and complex formation, where 

metals coordinated with nitrogen of the chitin cell wall network (Tsezos and Volesky, 1981a and 

b). Similarly, complexation mechanism was detected in removal of calcium, magnesium, 

cadmium, zinc, copper and mercury accumulation by Pseudomonas syringae (Cadral, 1992). 
 

2.3.3 Coordination  

In coordination, the metal acts as a lewis acid that tends to acquire electrons to reach an inert 

state, and the ligand acts as a lewis base that can share its electron pairs with the metal (Lee Kang 

et al., 2012). The difference between coordination and complexation is on number of binding. A 

complex is a metal and ligands, but a coordination compound can have more than one complex 

(Kotrba et al., 2011). When the central metal atom of a complex is bound to surrounding atoms 

by covalent bonds with non-mental atoms, the non-metal atom is called the coordinating atom 

and the bond between non-mental and metal components (atoms) is called coordinate bond (Lee 

Kang et al., 2012). Aksu et al. (1992) demonstrated that biosorption of copper by Chara vulgaris 

and Zoogloea ramigera was by both physical adsorption and coordination bonding between 

metals and amino and carboxyl groups of cell wall polysaccharides.  

2.3.4 Ion-exchange 

Generally, cell wall of microorganism contains polysaccharides, and bivalent metal ions 

exchange with counter ions of the polysaccharides (Schneider et al., 2001). Kuyucak and 
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Volesky (1988) examined the uptake mechanism of copper, zinc, cadmium, uranium by 

Sargaassum natans and Ascophyllum nodosum. It was shown these ions could exchange with 

ions such as Zn
2+

, Cd
2+

 and Co
2+

 resulting in the biosorption uptake of the heavy metals. 

Correspondingly, the biosorption of copper by fungi Ganoderma lucidium was found to be based 

on ion exchange mechanism (Muraleedharan and Venkobachar, 1990). 

2.4 Factors affecting biosorption process  

The effect of temperature, solution pH, initial metal concentration and the presence of other ions 

are the frequently investigated parameters in biosorption studies. These factors are introduced 

briefly below.   

2.4.1 Effect of temperature 

Temperature is an important parameter for the sorption of metal ions, which deals with the 

thermodynamics of the biosorption process. Temperature would affect a number of factors in 

metal ions biosorption. Some of the factors include: 1) stability of the metal ion species initially 

placed in solution, 2) stability of micro-organism-metal complex depending on the biosorption 

sites and 3) micro-organism cell wall configuration (Bedell and Darnall, 1992). The effect of 

temperature on biosorption depends on the adsorption heat (enthalpy change).  

 

For physical adsorption, if the adsorption heat ∆H
o
 <0, the adsorpion reaction is exothermic, and 

the capacity decreases with increasing temperature (Kapoor and Viraraghavan, 1997). The 

decrease in biosorption capacity at higher temperature may be due to the damage of active 

binding sites on the biosorbent surface (Özer and Özer, 2003). Baig et al. (2009) investigated the 

effect of temperature on the removal of Zn
2+

 and Ni
2+

 binary ions by wheat straw. The authors 

reported that the biosorption capacity decreased from 10.2 to 4.4 mg.g
-1

 for zinc and 5.2 to 3.6 
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mg.g
-1

 for nickel when the temperature was increased from 20 to 40
o
C. Similar results were 

obtained by Kalavathy et al. (2005). Their study showed a decrease in biosorption capacity of 

rubber wood sawdust from 3.168 to 2.102 mg.g
-1

 with the increase in temperature from 20 to 

40
o
C.  

 

On the other hand, if biosorption is considered to be controlled only by chemisorption, ∆H
o
>0, 

the adsorption reaction is endothermic and favoured at higher temperature (Kotrba et al., 2011).  

Goyal et al. (2003) found that the metal uptake of Cr (VI) by Saccharomyces cerevisiae increased 

with temperature in the range of 25-45
o
C. Muhamad et al. (2009) observed a slight increase in 

metal uptake of Cd
2+

 and Cu
2+

 by wheat straw with increases in temperature (20-40
o
C). 

2.4.2 Effect of pH  

 
The solution pH is another important factor in removal of heavy metals by biosorption. The 

solution pH strongly influences the ionization of the functional groups present on a biosorbent 

surface. The pH controls the interaction between cationic metallic species (i.e. Zn
2+

 and Ni
2+

 

ions) and negatively charged functional groups on the biosorbent surface. Additionally, pH 

affects the solution chemistry: hydrolysis, complexation by organic and/or inorganic ligands, 

redox reactions and precipitation (Esposito et al., 2002). Many researchers have reported that 

biosorption uptake capacity increased with increasing pH, but too high pH values would cause 

precipitation of metal complexes. Antunes et al. (2003) studied research on Cu
2+

 biosorption by 

Sargassum sp. and pointed out an increase in the metal uptake at pH from 2.0 to 3.0. Similarly, 

Doan et al. (2008) showed that biosorption of Zn
+2

 and Ni
+2

 binary by wheat straw increased with 

increases in the solution pH from 4.0 to 7.0. The pH value above 7 was avoided during 

biosorption process because Zn
2+

 ions started to precipitate. Likewise, Saeed et al. (2005b) 



16 
 

reported a sharp increase in the removal of lead, cadmium, copper, nickel and zinc by black gram 

husk at pH from 2 to 4 and a more moderate trend with further increases in pH from 4 to 7.0. 

 

2.4.3 Effect of initial metal concentration 

Another important factor is the initial metal concentration. Generally, metal uptake capacity 

increases with increasing initial metal concentration. This is due to fact that initial concentration 

provides a driving force to overcome all mass transfer resistances of the metal ions transport 

between the solution and the surface of the biomass. Hence, a high initial concentration provides 

a high driving force for the adsorption process. On the other hand, increase in initial 

concentration leads to faster saturation of the biomass.  El-Sayed et al. (2010) shows that the 

metal uptake of Ni
2+ 

and Cd
2+ 

 binary by biosorption onto rice straw increased as the initial 

concentration increased from 40 to 1000 mg.L
-1

. They reported that the adsorption capacity of 

Ni
2+

 increased from 3 mg/g to 19 mg/g as initial concentration increased from 40 to 1000 mg.L
-1

.  

2.4.4 Effect of presence of other ions  

Generally, wastewater contains more than one type of metal ions. Studies indicated that the 

presence of different ions would generally impact the ions of interest accumulation (Suh and 

Kim, 2000). This is due to competitive adsorption of heavy metals on the surface of the biomass.  

Suh and Kim (2000) showed that Pb
2+

 uptake capacity by Saccharomyces. cerevisiae was 

reduced significantly from 0.22 to 0.02 mmol Pb
2+

 g
-1

 as the concentration of Hg
2+

 increased.  

Similarly, Önal et al. (2007) compared competitive biosorption of Cr
6+

, Cd
2+

 and Co
2+

 by 

Chryseomonas luteola TEM 05 cells to single metal ion adsorption. Results showed the metal 

uptake of single metals ions was always higher in multi-components systems.  
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2.5 Wastewater treatment using a fixed-bed column reactor  

Most of the earlier investigations on heavy metal biosorption were restricted to batch equilibrium 

studies. Metal removal in a batch operation generally led to an inefficient utilization of the 

adsorption capacity of the adsorbent. This is due to the decrease of the solute (metal) 

concentration as the adsorption process progresses (Kotrba et al., 2011). However, in a 

continuous operation the adsorbent is permanently in contact with fresh metal solution, and 

therefore, highly efficient utilization of the adsorbent is generally achieved (Da Costa et al., 

1996; Saha et al., 2012). Continuous adsorption of metal ions from a solution can be 

accomplished by employing different types of reactor configurations, including: 1) fixed bed 

column, 2) fluidized bed column and 3) completely mixed sorption column (Volesky, 2003). 

Among them, fixed bed column has been more extensively used, owing to its high operational 

yield and the relative ease of scaling up procedures to industrial capacities (Vieira and Volesky, 

2000; Vijayaraghavan and Yun, 2008). Additionally, a fixed bed column is an effective unit for 

cyclic sorption/desorption process (Vijayaraghavan et al., 2005b).  

2.5.1 Breakthrough curve concept  

Continues biosorption dynamics in a fixed-bed column can be described by a breakthrough curve, 

which is usually a plot of the concentration ratio (C/Co) versus the treatment time. A typical 

sketch of breakthrough curve is presented in Figure 1. The biosorption performance is 

represented by the area above the curve. Where, C is the concentration of the adsorbate in the 

effluent, Co is the concentration of the adsorbate in the influent. In the breakthrough curve, the 

breakthrough time or biosorption service time (tb) represents the duration of an ongoing 

biosorption process until the effluent concentration (Cb) reaches its set effluent concentration, 

typically a maximum permissible discharge level. The point correlating with the column 
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breakthrough is defined as breakthrough point (Hatzikioseyian et al., 1999; Volesky, 2003). In 

the present study, the defined sorbate concentration in the effluent is 2 ppm. Biosorption 

performance usually evaluated based on biomass metal uptake or biosorprion service time 

(Volesky, 2003). Once the biosorbent in the column is saturated with the metal ions, the effluent 

concentration would be the same as the influent concentration; this condition is known as the 

column exhaustion stage (saturation time = ts (min)).  

 

In continues adsorption process, when a contaminated water is passed through the bed of 

adsorbent, a mass transfer zone (MTZ) is formed where continues adsorption of the solute into an 

adsorbent in the bed occurs. The solute is rapidly adsorbed on the first layer of the bed until the 

amount adsorbed is in equilibrium with influent contaminate concentration. At this time, the 

adsorbent is loaded to its maximum capacity, and that portion of bed is exhausted. The overall 

performance of a flow through sorption column is strongly related to the length of the ion-

exchange zone that develops during the solid-liquid contact (Hatzikioseyian et al., 1999;
 
Chu, 

2004; Srivastava and Goyal, 2010).  

 

http://www.springerlink.com/content/?Author=Shalini+Srivastava
http://www.springerlink.com/content/?Author=Pritee+Goyal
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Figure 1: A typical breakthrough curve showing the movement of the adsorption zone, 

breakthrough and saturation time 
(Chu, 2004)

 

 

2.6 Factors affecting biosorption in a fixed-bed  

In view of a fixed-bed adsorption column, there are several factors affecting the performance of 

continue biosorption, including: 1) volumetric flow rate, 2) biosorbent particle size and 3) bed 

depth. 

2.6.1 Effect of volumetric flow rate 

Volumetric flow rate is an important parameter affecting biosorption of heavy metals in a fixed-

bed column. Generally, metal uptake of absorbent increases with increases flow rate through the 

columns. While, the service time decreases with increases flow rate. This behaviour is mainly due 

to fact that at a low rate of influent, the solute in wastewater has more time to contact with 

biomass which results in higher service time of heavy metals in column. The increase in 

adsorption capacity may be explained on the basis of mass transfer fundamentals. The reason is 
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that at higher flow rate the rate of mass transfer would increase, i.e. the amount of heavy metals 

adsorbed onto unit bed depth (mass transfer zone) with an increasing flow rate leads to higher 

metal uptake (Ko et al., 2000). Many studies reported similar observation (Dursun and Aksu, 

2000; Valdman et al. 2001; Texier et al., 2002).  

 

Han et al. (2006b) used chaff to adsorb Cu
2+

 and Pb
2+

 binary from aqueous solution in a fixed-

bed column. It was shown that breakthrough curve occurred faster and service time reduced 

significantly as the flow rate increased from 3.6 to 8.3 ml.min
−1

, while uptake capacity increased.  

2.6.2 Effect of biosorbent particle size 

Wang et al. (2006) investigated the impact of rice bran length particle size on biosorption of zinc. 

The result indicated that sorption capacity increased from 10.56 to 21.07 mg/g with decreasing 

particle size from 125-250 to <74 µm. This may be due to the fact that as the particle size 

decreased the overall surface area for the mass transfer increased (Slejko, 1985). However, if the 

column packed with extremely small particles, it may reduce the void space inside the biosorbent 

bed. This would induct poor contact between the influent solution and biosorbent, increase in 

pressure drop, and further increase risk of clogging (Slejko, 1985).  

2.6.3 Effect of bed depth 

Column bed depth can be defined as the length of the column packing filled with the biosorbent. 

It is usually considered as one of the critical factors in a fixed bed biosorption process. Many 

researches confirmed that the service time would increase with an increase in bed depth this is 

because at a longer bed depth, more binding sites are available for sorption. Similarly, metal 

uptake increases with increases bed depth. This increase in the adsorption capacity with that in 

the bed depth can be due to the increased surface area of the sorbent, providing a greater amount 
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of availability binding sites for biosorption (Low et al., 1999; Zulfadhly et al., 2001; Texier et al., 

2002). Vijayaraghavan et al. (2005a) showed that the service time for adsorption of copper, 

cobalt and nickel increased as the bed depth increased from 15 to 25 cm. 

 

2.7 The Bed Depth Service Time (BDST) model 

Many researchers are trying to describe the experimental breakthrough curves using 

mathematical models. Most of developed models require a preliminary determination of the 

isotherm and mass transfer parameters (i.e. surface diffusion), which requires additional 

experimentation and a non-linear curve fitting (Tien, 1994). The mathematical complexity and/or 

the need to know many parameters from different experiments make these models rather 

inconvenient for practical use. For that reason, various mathematical empirical models have been 

developed to predict the dynamic behaviour of the column. In this study, the Bed Depth Service 

Time (BDST) was used to evaluate the adsorption performance of a fixed-bed column. It is 

important to note that this model requires no detailed data concerning the characteristics of 

adsorbate, the type of adsorbent and the physical properties of adsorption bed.    

 

In the fixed bed systems, the main design criterion is to predict how long the adsorbent material 

will be able to sustain removing a specified amount of impurity from solution before regeneration 

is needed. This period of time is called the biosorption service time. Hutchins (1973) proposed a 

simple approach to a fixed bed adsorber to correlate a relationship between bed depth (Z) and 

service time (tb), in terms of solute concentrations and adsorption parameters (k and No). The 

model is termed as the bed depth service time (BDST) model.  

    
  

   
   

 

   
   

  

  
                                                  (2-1) 
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Where, tb is the biosorption service time (min), Z is the bed depth (m), Co is the initial 

concentration of solute (mg.L
-1

), Cb is the set solute concentration in the effluent (i.e., 2 mg-Zn-

Ni/L), No is the adsorption capacity at tb (mg.L
-1

), k is the BDST adsorption rate constant (L.mg
-

1
.min

-1
), and v is the superficial velocity of liquid through the column (m/min). By plotting the 

service time against the bed depth, the rate constant and the adsorption capacity can be calculated 

from the intercept and slope of the plot, respectively. Once the model coefficients are known, the 

model can be used to predict the service time for varied bed depths and solute concentrations in 

effluent of a large-scale bio-adsorber. The BDST has been widely applied in continues adsorption 

(Zhao and Duncan, 1998; Jusoh et al., 2007). It is important to note that the BDST typically 

apply to express the effect of bed depth on breakthrough curves.   
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2.8 Desorption 

Recovery of heavy metals from the sorbents is usually studied with the metal biosorption process. 

This process is called ‘desorption’. This step is to recover bounded metal species for recycling. 

Also, the metal-laden sorbent can be regenerated for reuse in further treatment cycles. Thus, it 

helps in reducing the biosorbent replacement cost. In general, the desorption process should: 

i. Yield metals in a concentrated form 

ii. Restore the biosorbent close to the original conditions for effective reuse 

iii. No physical change or damage on sorbing sites  

 

While the regeneration of biosorbent might be accomplished by washing the biomass with an 

appropriate solution, the type, strength and flow rate of the desorbing solution needed to be 

determined. Generally, the desorbing agents are classified into three major categories: (i) 

complexing agents; (ii) competing counter cations; and (iii) proton exchangers (Davis et al., 

2000; Hammaini et al., 2007). The metal desorption abilities of the complexing agents depend on 

their chelating power while counter cations usually act as ion-exchangers to displace the bound 

metal cations from biosorbents. Similar to the counter ions, proton exchangers donate their 

protons to recover the bound metal species. Chun-Chiu (2010) studies on recovery of copper ions 

from wastewater by Micrococcus luteus showed that mineral acids (i.e. sulphuric acid) were more 

efficient in copper recovery in the fixed-bed desorption process. The effectiveness of desorbing 

agents in copper recovery was in the following order: 

Proton ex-changer (HCl, HNO3, H2SO4,) > complexing agents (Na2(EDTA) and Na5P3O10) > 

Counter calcium ions (CaCl2 and Ca(NO3)2) > Counter sodium ions (NaCl and Na2SO4) 
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Similar observations were also reported by other researchers, including: Saeed and Iqbal (2003) 

and Akhtar et al. (2008).  

 

Fagundes-Klen et al. (2010) carried-out three adsorption/desorption cycles in a fixed-bed column 

to remove and recover copper ions using 0.1 mol/L hydrochloric acid as a desorbing agent. The 

results showed that an increase in the number of cycles led to a reduction in the adsorption 

capacity of the alga Sargassum filipendula. This may be due to damages on sorbing sites because 

of the acidity of desorbing agent as the sorption/desorption cycles continued.  
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2.9 Electroplating of Zn
2+

 and Ni
2+

  

The electro-deposition of zinc alloys with group eight metals (Ni, Co and Fe) has attracted 

interest because of their high corrosion resistance and mechanical properties compared to pure 

zinc coating (Roventi et al., 2000). In particular, developing and studying of Zn-Ni alloy coatings 

for improving the corrosion resistance of steel has been growing worldwide, and it is considered 

as a substitute for toxic and high cost cadmium coating (Bajat et al., 2000; Beltowska-Lehman et 

al., 2002).  

Furthermore, since mid-17
th

 century, the electro-deposition process has been practiced for 

recovery of concentrated heavy metals from aqueous solutions (Chen, 2004; Lehmberg et al., 

2005). The aim of this part of the present research is to recover the concentrated heavy metals 

from desorption step, using electro-deposition process.  

2.9.1 Working principle of electro-deposition 

A typical electro-deposition cell consists of two electrodes (cathode and anode), electrolyte, 

external wiring and loads. Each electrode may become either the anode or the cathode depending 

on the direction of current through the cell (Jüttner et al., 2000; Chen, 2004). When an electrode 

is immersed in an electrolyte solution, either ions from the electrode will go into the solution or 

the ions from the solution will deposit onto the electrode. This will be continuing until 

equilibrium is reached. The potential difference between the electrode and the electrolyte is 

called galvanic potential (Paunovic and Schlesinger, 1998). Since, the galvanic potential of a 

single electrode cannot be measured, standard hydrogen electrode is usually used as the reference 

electrode and its potential is arbitrarily assumed to be zero. The list of the standard electrode 

potentials of common half-cell reactions in aqueous solution at 25
o
C is given in Appendix C 

(Table C-1) (Bret and Bret, 1993).  
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2.10 Anomalous and normal co-deposition 

Depending on the solution composition, different reactions can occur at cathodes and anodes of 

an electrochemical cell. In the present study, following reactions were likely to take place within 

the electro-cell since the recovery of binary metal ions from the regeneration step was performed 

by using electro-deposition technology: 

 

(1) Metal deposition at the cathode: 

                                           

                                                 

(2) Side reactions at the cathode surface such as water hydrolysis decomposition, oxygen 

reduction and hydrogen evolution: 

                                      

                                        

                                  
                     

Generally, during a normal co-deposition of two metals, the metal with a higher standard 

reduction potential would deposit on the cathode more than the other metal with a lower standard 

reduction potential. According to the standard half-cell potential of Zn
2+

 (-0.76V) and Ni
2+ 

(-

0.23V) (Appendix C, Table C-1), Ni
2+

 should deposit on the cathode more readily than Zn
2+

. 

However, many researchers who studied the electrolytic co-deposition of zinc and nickel from a 

solution noticed that the less noble metal, zinc in this case, deposited more readily than the more 

noble metal (Elkhatabi et al., 1999; Roventi et al., 2000). This behaviour is called anomalous co-

deposition (Brenner, 1963).  

 



27 
 

Although the anomalous co-deposition of Zn-Ni alloys has been known since 1907, the co-

deposition mechanisms are not well understood and there is still no universally accepted theory. 

Several researchers have attempted to interpret the mechanism of the anomalous co-deposition. 

The first attempt was proposed by Brenner (1963), which was called the “additional agent 

theory”. This theory suggested that the additionally agent is produced by the cathode reaction 

only when the current density is high enough to increase significantly the pH of the cathode 

diffusion layer. A thin layer of zinc hydroxide at the cathode surface inhibits formation of Ni 

deposits. This layer is formed due to a rise in pH in the cathode layer, caused by hydrogen 

evolution during the deposition process. 

 

A second theory was introduced by Dahmas and Croll (1965), who conducted a comprehensive 

investigation on the role of pH at the cathode surface and its effect on anomalous co-deposition 

of iron-nickel alloys. They demonstrated that when the rate of hydrogen evolution increased at 

pH higher than the critical pH at the cathode surface resulting in the formation of ferrous 

hydroxide. A layer of ferrous hydroxide at the cathode blocked nickel deposit but permitted a 

high rate of iron deposit. After Dahms and Chroll introduced their theory, other researchers used 

the hydroxide suppression theory to explain the co-deposition for other systems like zinc and 

cobalt (Higashi et al., 1981).  

 

Although the anomalous co-deposition is mostly expected to take place with Zn-Ni deposition, 

but it is not always the case. Changing the operational parameters, especially the current density, 

has a significant effect on the behaviour of the deposition process. Fedrizzi et al. (1992) reported 

that at low current densities, transition from anomalous to normal co-deposition occurred. This 

may be due to the fact that at a high current density, more water would be hydrolyzed according 
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to reaction (R3), producing OH
-
 for the formation of zinc hydroxide at the cathode surface. This 

would limit the sites on the electrode that are available for Ni
2+

 deposition. On the other hand, at 

low current density, metals in the solution would be in their ionic forms since the critical pH for 

the formation of both zinc hydroxide and nickel hydroxide was not reached. Thus, Ni
2+

 would be 

deposited more favourably than Zn
2+

 due to its higher standard reduction potential (Bret and Bret, 

1993; Crow, 1998). Similar results were also observed by other researchers (Benballa et al., 

2000).  
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Chapter Three: Experimental methods 

 

This section is divided into four parts: biosorbent pre-treatment, biosorption, desorption and 

electro-deposition processes. The equipment requirements for the processes are listed separately.  

3.1 Biosorbent pre-treatment 

 

Wheat straw was obtained from a farm in King City, North of Toronto, Ontario, Canada. The raw 

wheat straw was cut into four particle sizes of 0.5, 1.0, 1.5, and 2.0 inches (1.27, 2.54, 3.81 and 

5.08 cm). Before being used in the experiments, wheat straw was pre-treated using the following 

steps. This pre-treatment step was recommended for the biosorption of heavy metals using plant 

sorbent as reported in the literature (Muhamad et al., 2009; Alam et al., 2012).  

1. Washing wheat straw with distilled water about 5 minutes 

2. Drying wheat straw at 60
o
C until the wheat straw weight was unchanged 

3. Immersing dried wheat straw into a 0.1N sulphuric acid (H2SO4) solution for a half an 

hour 

4. Washing the treated sample with distilled water until the residual pH was about 7.0  

5. Drying the neutralized sample at 60
o
C until achieving a constant weight.  

  

3.2 Biosorption in a fixed-bed column 

Continuous biosorption experiments were carried out using two equal-length columns of a 0.0508 

m inner diameter and a 1.5 m height, as shown in Figure 2. A 3-cm thick fiber meshes were 

placed on top and bottom of the packed beds of wheat straw in the columns for better flow 

distribution. In order to maintain a consistent packing porosity in the columns, the columns were 

packed with 65 g of wheat straw for every 0.5 m of the column height. The metal ion solution 

was continuously pumped from a feed tank to bottom of the column. Zinc sulphate and Nickel 

sulphate (VWR, Mississauga, ON, Canada) were used to prepare Zn
2+

 and Ni
2+

 binary mixture 

used in the experiments. The volumetric flow rate of the liquid was measured by a flow-meter (F-
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440 Polysulfone Flow-meter, 0.05-1 L/min). The treated wastewater samples were collected at 5 

minutes interval for the first 2.5 hours, and 30 minutes for the rest of the experiment. The residual 

metal concentrations in the samples were measured using an atomic adsorption 

spectrophotometer (model Analyst 800, Perkin Elmer, Massachusetts, USA). The experiments 

were performed at room temperature (23
o
C) with the solution pH adjusted to 7.0 using a 0.1N 

potassium hydroxide (KOH) (Doan et al., 2008; Baig et al., 2009). The total run time for each 

experiment was 7 hours.  

 

The quantity of metal adsorbed (Mad) was calculated by multiplying the area above the 

breakthrough curve with the liquid volumetric flow rate and initial concentration. The total 

amount of metal ions that entered the column was calculated as below:  

                                       (3-1)  

Where Co is initial concentration, Q is liquid volumetric flow rate and ts is saturation time (min), 

which is defined as when C/Co =1 in the breakthrough curve. The percentage metal removal was 

then calculated as: 

            
   

      
                 (3-2) 
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Figure 2: Biosorption experimental setup: 1) pump, 2) valve, 3) flow meter, 4) adsorption columns, 

5) metal ion solution feed tank, 6) desorbing agent feed tank, 7) by-pass valve for desorption process  

 

3.2.1 Biosorption and experimental design 

Biosorption efficiency in a continuous system depends on numerous factors, such as: initial metal 

concentration, volumetric flow rate, bed depth and biosorbent particle size. Practically, in a 

wastewater treatment system each factor and interactions of the factors may influence the 

biosorption performance (Kumar et al., 2009). However, treating each factor separately would be 
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very time-consuming. To overcome this difficulty, response surface methodology (RSM) can be 

employed to determine the best operational conditions of a fixed-bed column performance with 

minimum experimental runs. The RSM is a collection of mathematical and statistical techniques 

useful for the modeling and analysis of problems in which a response of interest is influenced by 

several variables and the objective is to determine the best operational conditions (Montgomery, 

2005). The RSM has already been successfully applied in several fields, such as: food processing, 

biochemical engineering and adsorption processes for optimization (Bahadir and Rauf, 2008; 

Frišták et al., 2012).  

 

In this study, Central Composite Faced-center (CCF) model, which is the standard RSM, was 

established on the basis Design Expert Software (Stat Ease, Version 8.0.1) for determination the 

best set operational conditions of a fixed-bed column. The objective was to maximize the 

biosorption service time for Zn
2+

 and Ni
2+

 binary solution, which service time is defined as the 

length of time to reach a specific effluent concentration. In this study, 2 mg/L is the limit for the 

heavy metal discharge. The CCF design is highly recommended design for pilot plant and full 

scale investigations, particularly widely applied in continuous adsorption research (Box and 

Draper, 1987; Eriksson et al., 1999-2008). 

 

To improve biosorption process, several parameters, including: bed depth (0.5-2 m), volumetric 

flow rate (0.1 -0.5 L/min), initial metal concentration (10-50 mg/L) and biosorbent particle size 

(0.5-2 inch) were studied. However, the effect of the particle size was investigated separately 

from the other factors. Therefore, in the present study three most profound factors, bed depth, 

volumetric flow rate and initial metal concentration were used in the CCF design. Table 9 

presents the selected interval of each factor (the minimum and maximum) used in the 
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experimental design. The three factorial CCF design consists of 20 experiments with the first 15 

experiments organized in a factorial design and experiments 16 to 20 involving the replication of 

the central point. 

Table 9: Experimental factors and levels for the RSM model 

Code Name of Factor Factor Levels 

-1 0 1 

A Bed depth (m) 0.50 1.25 2.00 

B Volumetric flow rate (L.min
-1

) 0.10 0.30 0.50 

C Initial concentration (mg.L
-1

) 10 30 50 

 

3.3 Biosorbent regeneration studies  

After the best conditions for the adsorption had been determined from a series of adsorption 

experiments, those conditions were used in the adsorption step prior to desorption (biosorbent 

regeneration) of metal-laden biosorbent. The major factors, which influence the desorption 

process in a fixed bed are the type, strength and flow rate of the desorbing solution. In this study, 

the effect of hydrochloric acid, nitric acid and sulphuric acid, mineral acids, as desorbing agents 

at varied concentration (0.1 to 0.5 M) and flow rates (0.05 to 0.1 L.min
-1

) on the biomass 

regeneration was investigated.  

  

The acid solution was pumped to the top of the column. Prior to the regeneration, in order to 

remove the residual metal solution in the columns, they were washed with distilled water at a 

flow rate of 0.1 L.min
-1

 until the effluent pH was about 7.0. During the biosorbent regeneration 

step, wastewater samples were collected every 5 minutes until no trace of Zn
2+

 and Ni
2+

 ions 

detected from the column effluent. The concentrations of Zn
2+

 and Ni
2+

 binary mixture in the 

samples were measured by using an atomic adsorption spectrophotometer. After the completion 
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of the biosorbent regeneration, distilled water was used to wash the bed until the pH in the 

washing effluent stabilized near 7.0 before it was put back to the next adsorption/desorption 

cycle. A number of adsorption/desorption experiments were carried out at different conditions to 

determine the best conditions for the biosorbent regeneration.  

In order to determine the reusability of the biosorbent, the cycle of sorption followed by 

desorption was repeated five times, using the recycled biosorbent and the best conditions 

previously obtained. The sorption capacity of the biosorbent was evaluated after each cycle. To 

determine the biosorbent weight loss after five cycles, the biosorbent was washed with distilled 

water, dried at 60
o
C overnight and weighed (Chun-Chiu, 2010).   

 

The mass of desorbed metal (Md) can be calculated from the area below the elution curve (metal 

concentration at the outlet versus time) multiplying with the liquid volumetric flow rate. The 

elution efficiency (E) was defined as: 

      
  

   
                   (3-3) 

3.4 Metal recovery by electro-deposition process 

A laboratory-scale electro-cell is shown in Figure 3. In this part of the study, electro-deposition 

technology was used to recover the heavy metals from the regeneration step. The electro-cell was 

a plate-in-tank cell of 25 cm length, 20 cm wide and 5.5 cm high. In the electro-cell three 316-

stainless steel anodes and two aluminum cathodes, 18cm × 5cm each were installed. The gap 

between each anode and cathode was set at 1.5 cm. A liquid distributor with 0.5 cm holes was 

placed at the bottom of the electro-cell to spread out liquid evenly at the cell inlet. An amp-meter 

(Model 052-0060-2, Master Craft) was placed in series in the electric circuit to monitor the 

current. A feed tank was filled with an electrolyte solution (the concentrated Zn-Ni metals 
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solution from biosorbent regeneration), and 1000 ppm of potassium chloride was added, as a 

supporting electrolyte, to enhance the electric current flow. The electrolyte pH was maintained at 

5.5 - 6.0 over the experiment duration (Simonsson, 1984; Orhan et al., 2002; Doan et al., 2003). 

Before each run, the electrodes were cleaned by immersing them in a 0.1M sulphuric acid 

solution for half an hour and rinsing them with distilled water. Each experiment run took 72 

hours. Liquid samples were collected every 10 minutes for the first 12 hours and 30 minutes until 

the end the experiment. The metal content of the collected samples were analyzed using the 

atomic adsorption spectrophotometer. The effect of the current density and the liquid flow rate on 

the metal ion deposition was investigated. The current density and the liquid flow rate were 

adjusted by controlling the supplied voltage (Model H Filtered D.C. Power Supply) and the by-

pass valve on the liquid inlet line, respectively. 

 

Figure 3: Experiment set up for electro-deposition: (1) pump, (2) by-pass or recycle valve, (3) main 

stream valve, (4) liquid distributor, (5) water bath, (6) electro-cell, (7) electrode spacer, (8) feed tank 
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3.5 Laboratory equipment 

 

A list of the instrumentation and laboratory equipment used in this study is shown in Table 10.   

Table 10: List of the equipment used in this research 

Instrument Model Precision (unit) 

Balance Model EL-200S, Setra Systems Inc + 0.001 (mg) 

pH meter 
Model PH 2100e, Mettler Toledo, 

Germany 
+0.01 

Atomic adsorption 

Spectrophotometer 

Medel-800, Perkin Elemer 

Transversely, Massachusetts, USA 
--- 

Pump 

Pulsafeeder
 
Mechanical 

Diaphragm Pumps, 115/230V, w/ 

Mpc Controller 

+ 0.02 (L/min) 

Flow-meter 
F-440 Polysulfone Flow-meter, 

0.05-1 LPM 
+0.01 (L/min) 

Power Supply 
Model H Filtered D.C. Power 

Supply 
--- 

Amp-meter Model 052-0060-2, Master Craft +1 (mA) 

Thermometer 
VWR Thermometer GNPRP -

20/110C 
+0.1 ( 

o
C ) 

 

 The pH of the wastewater was measured by using a pH meter. It was calibrated on a daily 

basis using buffer solution of 4, 7 and 10 pH. During any experimental run, adjustment to 

the pH of the wastewater was done by addition of 0.1 N potassium hydroxide (KOH).   

 The metering-pump used in biosorption and desorption experiments, had a flow meter in a 

range from 0.01 to 5 L/min, which was used along with a flowmeter (F-440 Polysulfone 

Flow-meter, 0.02-1 LPM). The metering pump’s flow-meter was calibrated on a daily 

basis according to the pump instruction manual.   

 

 

 

 

https://www.vwrcanlab.com/catalog/product/index.cgi?catalog_number=61066-104&inE=1&highlight=61066-104
https://www.vwrcanlab.com/catalog/product/index.cgi?catalog_number=61066-104&inE=1&highlight=61066-104
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Chapter Four: Results and Discussion  

4.1 Effect of biosorbent particle size  

The metal removal rates (for the first 60 minutes at which the biomass was just saturated) for 

different biosorbent (wheat straw) particle sizes (length) from 0.5 to 2 inches, under a set bed 

depth of 2 m, volumetric flow rate of 0.5 L/min and initial metal concentration of 50 mg-Zn-Ni/L 

is presented in Figure 4. Average adsorption rate is defined as the ratio of the metal uptake to the 

operational time of 60 minutes. As can be seen in Figure 4, the biosorbent particle size did not 

affect the removal rate of both heavy metals significantly. Similar results were also observed at 

varied bed depth, volumetric flow rate and initial concentration (Figure A-1 and A-2; Appendix 

A-1). This may be attributed to the fact that wheat straw particles are hollow cylinders with a 

very thin wall. The surface of the ends of the particle is very small as compared with that of the 

cylindrical-side surface of the particle. The total surface area of the particle is thus mainly from 

the cylindrical side. Therefore, the specific area (area per unit mass) of wheat straw didn’t change 

significantly for particle sizes from 0.5 to 2.0 inches. Similar results were also observed by Doan 

et al. (2008) on biosorption of Zn
2+

 and Ni
2+

 binary ions by wheat straw. In this part of study, the 

0.5 inch particle size was selected to use in the subsequent fixed-bed studies. 
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Figure 4: Effect of particle size on biosorption of binary solution (Zn
2+

 and Ni
2+

) in fixed-bed at bed 

depth = 2 m; volumetric flow rate = 0.5 L/min; initial concentration [Zn
2+

]o=[Ni
2+

]o= 50 ppm (60 

minutes operation time) 
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4.2 Biosorption and experimental design 

The CCF design matrix and the experimental service times for Zn
2+

 and Ni
2+

 in binary systems 

are given in Table 11. The standard deviation (σ) was calculated for Zn
2+

 and Ni
2+

 (Appendix A, 

A-2), as +0.09 and +0.09 for Zn
2+

 and Ni
2+

, respectively, indicate a good precision of the 

experimental data.  

Table 11: CCF experimental design for adsorption of Zn
2+

 and Ni
2+

 binary ions 

 Factors (independent variables)  Service Time* (min) 

Exp. No Bed depth (A) 

(m) 

Volumetric flow 

rate (B)  

(L/min) 

Initial 

concentration (C) 

(mg/L) 

Zn
2+ 

(Y1) 

Ni
2+

 

(Y2) 

1 0.5 0.1 10 18 12.2 

2 2 0.1 10 87.4 67.1 

3 0.5 0.5 10 4.88 3.12 

4 2 0.5 10 23.87 16.33 

5 0.5 0.1 50 15.3 5.4 

6 2 0.1 50 33.6 16.2 

7 0.5 0.5 50 1.6 0.6 

8 2 0.5 50 13.7 5.8 

9 0.5 0.3 30 10.0 4.0 

10 2 0.3 30 32.2 10.6 

11 1.25 0.1 30 35.0 15.4 

12 1.25 0.5 30 9.2 2.8 

13 1.25 0.3 10 47.6 19.5 

14 1.25 0.3 50 6.3 2.1 

15 1.25 0.3 30 18.2 7.5 

16 1.25 0.3 30 18.3 7.5 

17 1.25 0.3 30 18.4 7.4 

18 1.25 0.3 30 18.5 7.3 

19 1.25 0.3 30 18.4 7.5 

20 1.25 0.3 30 18.3 7.3 

* Service time: The time span to reach a specific effluent concentration; Cb = 2 mg/L Zn
2+

 or Ni
2+ 
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Bases on Table above, the influence of different bed depth, liquid flow rates and inlet metal 

concentrations on biosorption service time of Zn
2+

 and Ni
2+

 can be evaluated.  

4.2.1 Effect of bed depth 

In this study, the pre-treated wheat straws were packed in the fixed bed columns with bed depth 

(Z) ranging from 0.5 to 2 m. By comparing experiments 9, 10 and 15 in Table 11, the bed depth 

had a positive effect on the service time for both Zn
2+

 and Ni
2+

 binary biosorption. This is mainly 

due to a higher number of binding sites available for sorption of metal ions with a taller bed, 

which would lead to a longer service time. 

 

The breakthrough curves for experiments 9, 10 and 15 in Table 11 are displayed in Figures 5 and 

6 for Zn
2+

 and Ni
2+

, under initial concentration [Zn
2+

]o=[Ni
2+

]o= 30 ppm and volumetric flow rate 

of 0.3 L/min. As shown in Figures 5 and 6, when the bed depth was increased, the curve becomes 

less stiff and the biosorbent takes a longer time to reach the saturation. Table 12 summarizes the 

performance of biosoption at varied bed depths. The results showed that as bed depth increased 

from 0.5 m to 2.0 m, the service time for Zn
2+

 and Ni
2+

 increased from 10 min to 32.2 min and 4 

min to 10.6 min, respectively. However, the metal uptake per unit mass of wheat straw decreased 

as bed depth increased. This might due to fact, the concentration potential (∆C) in upper section 

of the bed will decrease significantly as the taller bed depths, which lead to lower overall transfer 

of metals ions to biomass. Thus, the metal uptake per unit mass reduced as bed depth increased.   

 

Vijayaraghavan et al. (2005a) observed similar results and they reported that the service time for 

copper, cobalt and nickel ions increased as the bed depth was increased from 15 to 25 cm. Wu 
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and Yu (2008) showed that the breakthrough time of 2,4-dichlorophenol by immobilized 

Phanerochaete chrysosporium increased with the bed depth. 

 

 

Figure 5: Effect of bed depth on adsorption of Zn
2+

 in binary solution at volumetric flow rate = 0.3 

L/min; initial concentration [Zn
2+

]o=[Ni
2+]

o= 30 ppm 

 

 
 

Figure 6: Effect of bed depth on adsorption of Ni
2+

 in binary solution at volumetric flow rate = 0.3 

L/min; initial concentration [Zn
2+

]o=[Ni
2+

]o= 30 ppm  
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Table 12: Zn
2+

 and Ni
2+

 biosorption performances at varied bed depths 

Experimental conditions Zn
2+

 Ni
2+

 

Bed 

depth 

(m) 

Liquid 

flow rate 

(L.min
-1

) 

Inlet 

concentration 

(mg.L
-1

) 

Service 

time
1
 

(min) 

Removal 

percentage
2
 (%) 

Metal 

uptake
3
 

(mg.g
-1

) 

Service 

time 

(min) 

Removal 

percentage 

(%) 

Metal 

uptake 

(mg.g
-1

) 

0.5 0.3 30 10.0 45.9 4.5 4.0 39.6 2.4 

1.25 0.3 30 18.2 49.8 3.4 7.5 42.3 1.9 

2.0 0.3 30 32.2 51.5 2.5 10.6 43.5 1.5 
1
 Service time: The length of time to reach a specific effluent concentration; Cb = 2 mg/L Zn

2+
 or Ni

2+
 

2 The time step for % removal = ts (min); ts is saturation time 

3 The time step for metal uptake = ts (min) 

 

4.2.2 Effect of liquid flow rate 

Volumetric flow rate significantly affects the service time of Zn
2+

 and Ni
2+

 binary solutions. This 

independent factor had a negative effect on service time of Zn
2+

 and Ni
2+

 ions, as seen in Table 

11 (exp. 11, 12, and 15). Figures 7 and 8 represent the trend of the variation in the effluent zinc 

and nickel concentration against time for the flow rates 0.1, 0.3 and 0.5 L/min at the fixed initial 

concentration of 30 mg/L and bed depth of 1.25 m.  

 

When the flow rate was increased from 0.1 to 0.5 L.min
-1

, the breakthrough curves developed 

faster. Table 13 shows the results obtained from experiments 11, 12 and 15 for Zn
2+

 and Ni
2+

 

binary mixture. The service time decreased by about 73% and 81% with increases in flow rate for 

Zn
2+

 and Ni
2+

, respectively. The reduction in the zinc and nickel service time at higher flow rates 

is due to the unavailability of sufficient retention time for solute to interact with the sorptive sites 

of the biomass. On the other hand, the metal uptake per unit mass of wheat straw increased with 

increasing flow rate. The increase in the zinc and nickel metal uptake at higher flow rates is due 

to increase in the rate of mass transfer of the solute adsorbed onto unit bed depth.   
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A similar trend was also observed by other researchers. Han et al. (2006b) used chaff to adsorb 

Cu
2+

 and Pd
2+

 in a fixed-bed column. The authors reported that as the flow rate was increased 

from 3.6 to 8.3 ml.min
−1

, the service time declined. Similarly, Kumar and Bandyopadhyay (2006) 

reported an increase in metal uptake with increase in the flow rate.  

 

 

Figure 7: Effect of liquid flow rate on adsorption of Zn
2+

 in binary solution at bed depth = 1.25 

L/min; initial concentration [Zn
2+

]o=[Ni
2+

]o= 30 ppm 

 
Figure 8: Effect of liquid flow rate on adsorption of Ni

2+
 in binary solution at bed depth = 1.25 

L/min; initial concentration [Zn
2+

]o=[Ni
2+

]o= 30 ppm 
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Table 13: Zn
2+

 and Ni
2+

 biosorption performances at varied inlet flow rate 

Experimental conditions Zn
2+

 Ni
2+

 

Bed 

depth 

(m) 

Liquid 

flow rate 

(L.min
-1

) 

Initial 

concentration 

(mg.L
-1

) 

Service 

time
1
 

(min) 

Removal 

percentage
2
 (%) 

Metal 

uptake
3
 

(mg.g
-1

) 

Service 

time 

(min) 

Removal 

percentage 

(%) 

Metal 

uptake 

(mg.g
-1

) 

1.25 0.1 30 35.0 54.4 1.4 15.4 50.3 0.9 

1.25 0.3 30 18.2 49.8 3.4 7.5 42.3 1.9 

1.25 0.5 30 9.3 45.5 4.2 2.8 36.1 2.2 
1
 Service time: The length of time to reach a specific effluent concentration; Cb = 2 mg/L Zn

2+
 or Ni

2+
 

2 The time step for % removal = ts (min) 

3 The time step for metal uptake = ts (min) 

 

4.2.3 Effect of inlet concentration 

The initial concentration also plays an important role in biosorption of Zn
2+

 and Ni
2+

 binary 

solutions. Similar to the volumetric flow rate, the inlet metal concentration had a negative effect 

on the service time for both Zn
2+

 and Ni
2+

. The breakthrough data for different initial 

concentrations of Zn
2+

 and Ni
2+

 at fixed flow rate of 0.3 L/min and bed depth of 1.25 m are 

presented in Figures 9 and 10, respectively, according experiments numbers 13 to 15. At the 

lowest influent concentration (Co = 10 mg-Zn-Ni/L), the most dispersive breakthrough curve 

were displayed, whereas the slopes of the curve at the highest concentration (50 mg-Zn-Ni/L) 

were the steepest. Similar trends were also reported in the column studies using immobilized C. 

vulgaris (Aksu, 1998) and immobilized Pseudomonas aeruginosa (Texier et al., 2002). 

 

Seen in Table 14, as the inlet concentration was increased from 10 to 50 mg.L
-1

, the service time 

decreased from 47.6 to 6.3 min and 24.7 to 2.1 min for Zn
2+

 and Ni
2+

, respectively. This is 

mainly due to the number of available binding sites relative to the metal ion concentration. At a 

low metal concentration, more binding sites are available for adsorption of ions; hence, more 

metal ions were adsorbed resulting in a lower metal concentration at the outlet and a longer 

service time. On the other hand, at a higher concentration, the number of ions competing for the 
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available binding sites would be higher. The biosorbent would get saturated faster; hence, the 

service time becomes shorter. Furthermore, the results also indicated that initial concentration has 

a strong positive effect on adsorption uptake capacity. This is due to fact that initial concentration 

provides the driving force to overcome all mass transfer resistances of the metal ions transport 

between the solution and the surface of the biomass. Hence, a high initial concentration provides 

a high driving force for the adsorption process.   

 

Zulfadhly et al. (2001) examined the effect of the initial concentration of lead, copper and 

cadmium on their adsorption in a fixed-bed of the macro fungus Pycnoporus sanguineus and 

found that the service time decreased with increase in initial concentrations. Likewise, Blázquez 

et al. (2010) observed an increase in the service time and decrease in metal uptake as the inlet 

chromium concentration was reduced from 100 to 10 mg.L
-1

. 

 

 

Figure 9: Effect of the inlet concentration on adsorption of Zn
2+

 in binary solution at bed depth = 

1.25 L/min; volumetric flow rate = 0.3 L/min 
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Figure 10: Effect of the inlet concentration on adsorption of Ni

2+
 in binary solution at bed depth = 

1.25 L/min; volumetric flow rate = 0.3 L/min 

Table 14: Zn
2+

 and Ni
2+

 biosorption performances at varied initial concentration 

Experimental conditions Zn
2+

 Ni
2+

 

Bed 

depth 

(m) 

Liquid 

flow rate 

(L.min
-1

) 

Initial 

concentration 

(mg.L
-1

) 

Service 

time 

(min)
1
 

Removal 

percentage 

(%)
2
 

Metal 

uptake 

(mg.g
-1

)
3
 

Service 

time 

(min) 

Removal 

percentage 

(%) 

Metal 

uptake 

(mg.g
-1

) 

1.25 0.3 10 47.6 51.9 1.4 19.5 43.06 0.83 

1.25 0.3 30 18.2 49.8 3.4 7.5 42.31 1.99 

1.25 0.3 50 6.3 48.8 4.5 2.1 36.65 2.37 
1
 Service time: The length of time to reach a specific effluent concentration; Cb = 2 mg/L Zn

2+
 or Ni

2+
 

2
 The time step for % removal = ts (min) 

3
 The time step for metal uptake = ts (min) 

 

4.3 Best conditions of Zn
2+

 and Ni
2+

 binary biosorption system   

The results showed that breakthrough service time of the biosorption columns (Cb = 2 mg-Zn-

Ni/L) increased with increasing bed depth, while decreased with increasing influent 

concentrations and flow rates, as expected. The maximum experimental service time for Zn
2+

 and 

Ni
2+

 were 87 min and 67 min at the bed depth of 2 m, liquid flow rate of 0.1 L.min
-1

, initial 

concentration of 10 mg.L
-1

 and biomass particle size of 0.5 inch. Thus, the best performance in 

biosorption of Zn
2+

 and Ni
2+

 binary solutions was at smallest biosorbent particle size (0.5 inch), 

highest bed depth (2 m), lowest flow rate (0.1 L.min
-1

) and smallest initial concentration (10 

mg/L), at which the outlet concentration of both metal ions were ≤ 2.0 ppm for about 67 min. In 
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order to maintain the concentration of Zn 
2+

 and Ni
2+

 < 2 mg.L
-1 

at the biosorber outlet, the 

biosorbent needed to be regenerated every 67 min. 

 

4.4 Bed Depth Service Time (BDST) model 

 

The BDST model correlates the bed depth and the service time. Figures 11A and 11B show the 

plots of the service time against the bed depth at different flow rates for Zn
2+

 and Ni
2+ 

binary 

mixture at a fixed inlet concentration of 10 mg.L
-1

. The correlation coefficients (R
2
) as well as the 

model constants k and No, were estimated according to Equation (2-1), shown in Table 15. The 

values of correlation coefficient (R
2
) are close to 1 indicating a good fit of the BDST model to 

experimental data. Hence, the model can be used to predict the service time of a large-scale bio-

adsorber. The BDST model parameter, k, increased with change in flow rate. This could be the 

consequence of increased mass transfer of solute in the liquid phase to the solid phase as liquid 

flow rate increased. Likewise, the results indicated increase in adsorption capacity (No) with 

increasing flow rate.  

 

 

Table 15: The BDST model parameters obtained from fitting of breakthrough data to the model at 

fixed binary initial concentration [Zn
2+

]o=[Ni
2+

]o= 10 ppm  

 Zn
2+

 Ni
2+

 

Flow rate 

(L/min) 

k 

(L/mg.min) 

No 

(mg/L) 
R

2
 

k 

(L/mg.min) 

No 

(mg/L) 
R

2
 

0.1 0.0372 22.8 0.99 0.0294 17.6 0.99 

0.3 0.0629 26.2 0.99 0.0542 21.7 0.99 

0.5 0.0976 31.6 0.99 0.0828 26.1 0.99 

 

    

Ghasemi et al. (2011) used the BDST model to correlate the data obtained for biosorption of 

Uranium (VI) from aqueous solutions by Ca-pretreated Cystoseira indica alga. Likewise, the 
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applicability of the BDST model was shown in biosorption of lead using immobilized Aeromonas 

hydrophila biomass (Hasan et al., 2010).
 
 

  

A) 

  
B) 

 
Figure 11: BDST model for (A) Zn

2+
 and (B) Ni

2+
 at different flow rates for at given binary initial 

concentration [Zn
2+

]o=[Ni
2+

]o= 10 ppm  

*For better evaluation the BDST model extra experiments were conducted at varied bed depths of 1 and 

1.5 m  
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4.5 Competitive biosorption of Zn
2+

 and Ni
2+

 onto wheat straw   

Although, real wastewater contains more than one type of heavy metals, more attention has been 

paid to the biosorption of single-ion systems. In multi-component systems, the sorption of heavy 

metal ions depends not only on the specific surface properties of the biomass and on the 

physicochemical parameters of the solution, i.e., temperature, pH and initial metal-ion 

concentration, but also on features of those components, as well as the number of different metal 

ions competing for binding sites and ratio of metal concentration (Li et al., 2004). The objective 

of this part of study is to investigate the competition of Zn
2+

 and Ni
2+

 binary mixture at varied 

ratios. As well as, examine the performance of fixed-bed biosorption at best operation conditions 

under single-ion (Zinc and Nickel) systems. 

 

4.5.1   Effect of competitive ions on the sorption 

Figure 12 shows the metal uptake of Zn
2+

 and Ni
2+

 binary mixture at the given bed depth of 2 m 

and volumetric flow rate of 0.1 L/min and varied ratio metal concentration (Co-Zinc/Co-Nickel) of 

0.25, 0.5, 1, 1.5 and 2. According to Figure 12, at equally initial Zn
2+

 and Ni
2+

 concentrations (Co-

Zinc/Co-Nickel = 10ppm/10ppm = 1), the uptake capacity of zinc was higher than nickel.  

 

Among various factors that affect the sorption preferences of a sorbent, binding of metal ions on 

material depends on physic-chemical properties of the metals (i.e. atomic weight and electro-

negativity), as well as the solubility of the solute. It has been reported that the affinity of sorption 

between the sites and the metal ion increases with the greater the atomic weight and electro-

negativity of the heavy metal, while decreases with its solubility. The explanation of each factor 

is shown below: 
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 Atomic weight: The movement of metals with a higher atomic weight can generate higher 

momentum energy, which may promote the biosorption of the metal by increasing the 

probability of effective collision between the metal and the biosorbent surface. Hence, a 

higher atomic weight leads to a higher biosorption preference by the biosorbent (Hassle, 

1974; Sağ et al., 2002).  

 Electro-negativity: A general rule in heavy metal biosorption is that the higher charged 

the ions, the higher the affinity. In other words, more electronegative metal ions will be 

more strongly attracted to the surface (Kotrba et al., 2011). 

 Solubility: The more soluble compound generally adsorbed less than the insoluble 

compound because the more soluble compound has stronger affinity with the solvent than 

does the less soluble one (Benefield et al., 1982). 

 

According to results obtained, the selectivity order for metal ions towards wheat straw is: 

Zn
2+

 > Ni
2+

 

This might due to the fact that 1) zinc has a higher atomic weight (atomic weight = 65.38 Da) 

than nickel (58.69 Da) and 2) Zn
2+

 has a lower aqueous solubility than Ni
2+ 

(Fraile et al., 2005). It 

is important to note that even though the electro-negativity of Zn
2+

 (1.65 χ) is lower than Ni
2+

 

(1.9l χ), it seems it had a miner impact on the Zn
2+

 and Ni
2+

 binary competition adsorption. This 

order was also observed by Sheng et al. (2004), Saeed et al. (2005b) and Hanif et al. (2007). 

 

Furthermore, even though zinc has a higher affinity toward wheat straw than nickel, as initial 

concentration of zinc was doubled from a ratio of 1 (Co-Zinc/Co-Nickel = 10/10) to a ratio of 2 (Co-

Zinc/Co-Nickel = 20/10), the uptake capacity only increased slightly about 5% in bed depth of 2 m 
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(Figure 12). This might be due to fact that there was an abundance of sorbing sits on biomass 

surface in the tall bed of 2 m high while the concentration of Zn
2+

 and Ni
2+

 in the influent to the 

adsorber was low.  

 

For the observation of the competition adsorption of a binary mixture of Zn
2+

 and Ni
2+

, further 

experiments were conducted with the reduction of bed depth from 2 to 0.5 m, volumetric flow 

rate of 0.1 L/min and increasing the influent concentration based on varied Co-Zinc/Co-Nickel 

concentration ratios (0.25, 0.5, 1, 1.5 and 2) with Co[Ni] = 100 mg/L (Figures 12 and 13). The 

results indicated that Zn
2+

 uptake increased by more than 80% as the concentration ratio was 

increased, while the uptake of Ni
2+

 decreased by 50% (Figure 13). The breakpoint ratio is at 0.65, 

beyond which the preferred metal ions; Zn
2+

 in this case, would displace the less preferable 

species from the biosorbent. This would lead the two different metal species would compete with 

each other for the limiting amount of binding sites available in the short bed. It is important to 

note that despite the fact the bed depth was reduced from 2 m to 0.5 m, in Figure 12, at given 

Co[Ni] = 10 mg/L the competition of Zn
2+

 and Ni
2+

 in adsorbtion is not obvious. This indicated 

that the influent concentrations of Zn
2+

 and Ni
2+

 overlook the competitive adsorption in this part 

of study. It is relevant to note that the maximum metal uptakes of both Zn
2+

 and Ni
2+

 remained 

relatively constant for all concentration ratios used in the experiments.  
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Figure 12: Comparison of metal uptakes of Zn
2+

 and Ni
2+

 in binary-metal systems at different 

Co[Zn] for a given Co[Ni] = 10 mg/L; volumetric flow rate of 0.1 L/min; and bed depths of 2 and 0.5 

m. 

 

Figure 13: Comparison of metal uptakes of Zn
2+

 and Ni
2+

 in binary-metal systems at different 

Co[Zn] for a given Co[Ni] = 100 mg/L; volumetric flow rate of 0.1 L/min and bed depth of 0.5 m.  
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4.5.2 Biosorption of single component heavy metal solution  

The fixed-bed biosorption in the single component were also investigated. Similar to Section 3.2, 

experiments were carried out by introducing the single-metal influent solutions into the fixed-bed 

columns with 2 m bed depth at 0.1 L/min inlet upward flow rate. Zinc sulphate and Nickel 

sulphate were used to prepare Zn
2+

 and Ni
2+

 single-metal influent solutions at pH 7.0. The 

concentration of each metal species was fixed at 10 mg/L. The breakthrough curves of the Zn
2+

 

and Ni
2+

 in binary and single ions systems at bed depth of 2 m, volumetric flow rate of 0.1 L/min 

and initial concentration of 10 mg/L are presented in Figures 14 and 15, respectively.  

 

 

Figure 14: Comparison breakthrough curves of biosorption of Zn
2+

 in single-metals and binary 

solutions 
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Figure 15: Comparison breakthrough curves of biosorption of Ni
2+

 in single-metals and binary 

solutions 

 

These two figures illustrate that service times increased for both heavy metals in single-metal 

solutions compared with the binary-metal systems. This was due to less competition for the 

binding sites for the target metal ions. Table 16 summarizes the adsorption capacity, percentage 

removal and service time in single and binary systems. The results indicated that adsorption 

capacity and removal percentage for the binary mixture was lower than that for the single 

component system. For instance, in case where Zn was set as a primary component, the 

adsorption capacity increased by about 9% by changing the systems from binary to single 

component.  
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). Similarly, Sengil and Ӧzacar (2009) studied the 
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2+
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2+

 and Zn
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uptake capacity and percentage removal of one metal ion were reduced by the presence of the 

other metal ion.   

 

Table 16: Comparison uptake capacity, percentage removal and service time of Zn
2+

 and Ni
2+

 ions 

in single and binary-metal systems 

Metal 

ion 
Single-metal systems Binary-metal systems 

Service 

time 

(min) 

Removal 

percentage 

(%) 

Uptake 

capacity 

(mg/g) 

Service 

time 

(min) 

Removal 

percentage 

(%) 

Uptake 

capacity 

(mg/g) 

Zn (II) 94 72.5 0.414 87 66.7 0.385 

Ni (II) 73 67.6 0.351 67 62.2 0.324 
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4.6 Zn
2+

 and Ni
2+

 binary desorption studies  

The development of metal biosorbents should not concentrate only on evaluating their 

biosorption characteristics. Regeneration and reuse of the biosorbent should be considered too.  

Before the desorption step was carried out, the biosorption step was done with 2 m bed depth, 10 

mg/L equally Zn
2+

 and Ni
2+

 binary influent concentrations, a 0.1 L/min inlet upward flow rate 

and 0.5 inch particle size. 

 

In this part of the present study, experiments were carried out to examine the effectiveness of the 

type, concentration and flow rate of the desorbing agent for desorption process. These studies 

were carried out in the fixed-bed system.  

 

4.6.1 Effect of the type of desorbing agent and concentration  

Among different desorbing agents, mineral acids like hydrochloric acid, nitric acid and sulphuric 

acid have been proven to be more effective than other elute chemicals (Stirk and Staden, 2002; 

Kuczajowska-Zadrożna et al., 2004). This part of the present study investigated the effect of 

hydrochloric acid, nitric acid and sulphuric acid as desorbing agents on wheat straw regeneration 

process at varied concentrations from 0.1 to 0.5 M at given flow rate of 0.1 L/min. Table 17 

summarizes the effect of desorbing agents in the three biosorption/desorption cycles. The results 

in Table 17 show that the elution efficiency decreased significantly when the concentration was 

increased from 0.1 to 0.5 mol.L
-1

. This might be due to the precipitation of metal ions with 

dissociated anions of the acid. For example, sulphuric acid was dissociated into sulphate anions 

and hydrogen ions. The metal sulphate precipitate deposited on the biosorbent, and hence, 

couldn’t be desorbed to the solution. Figures 16 and 17 demonstrate desorption curves for Zn
2+

 

and Ni
2+

 at varied acid concentration of sulfuric acid as desorbing agent. At higher acid 
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concentration, the metal concentration in the desorbed solution dropped faster and sharper during 

Zn
2+

 and Ni
2+

 desorption process. Desorption curves for Zn
2+

 and Ni
2+

 solution at given 

electrolyte flow rate of 0.1 L/min for hydrochloric acid, nitric acid are shown in Figures B-1, B-2, 

B-3 and B-4 (Appendix B-1). 

 

Addour et al. (1999) used HCl as a desorbing agent for the regeneration of Streptomyces rimosus 

biosorbent laden with Zn
2+

. They recovered about 90% Zn
2+ 

at the concentration of 0.1 mol.L
-1

 

while about 50% at a high concentration of 0.5 mol.L
-1

. 

 

Furthermore, the effect of the type of desorbing agent on biomass regeneration was also 

examined and shown in Table 17. For the first cycle, hydrochloric acid gives the highest elution 

efficiency followed by sulfuric acid. However, as the cycles continued the elution efficiency with 

hydrochloric acid decreased more substantially compared to the other desorption agents. This 

may due to the acid strength of the desorbing agent. Hydrochloric acid has the highest acid 

strength (pKa = -6.3) followed by sulfuric acid (pKa = -3) and nitric acid (pKa = -1.4) (Hill and 

Petrucci, 1996). Therefore, hydrochloric acid would cause more damage to sorbing sites or 

accessibility to the binding sites than other desorbing agents as the cycles progressed (Volesky et 

al., 2003). Consequently, sulfuric acid (H2SO4) at 0.1 M was chosen for the fixed-bed desorption 

process since it showed a better performance in zinc and nickel recovery throughout the three 

cycles. 
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Table 17: Elution efficiency of zinc and nickel solution after three biosorption/desorption cycles 

using different desorbing agents at flow of 0.1 L/min 

  Elution efficiency (%)-Zinc Elution efficiency (%)-Nickel 

Desorbing 

agent 

Acid 

concentration 

(M) 

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 

Hydrochloric 

acid (HCl) 

0.1 87.3 75.9 63.1 86.1 74.9 62.2 

0.3 73.3 60.1 46.9 72.2 59.2 46.2 

0.5 67.4 53.2 39.4 66.5 52.5 38.9 

Sulfuric acid 

(H2SO4) 

0.1 83.1 80.6 76.6 82.4 79.9 75.9 

0.3 69.7 64.8 58.3 68.2 63.4 57.1 

0.5 64.1 57.7 50.2 63.7 57.3 47.8 

Nitric acid 

(HNO3) 

0.1 80.9 78.4 74.5 79.9 77.4 73.5 

0.3 66.4 60.4 53.7 66.7 61.3 54.0 

0.5 60.9 52.9 44.9 59.9 53.3 42.9 

 

 

Figure 16: Effect of sulfuric acid concentration on desorption of Zn
2+

 at flow rate of 0.1 L/min 
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Figure 17: Effect of sulfuric acid concentration on desorption of Ni
2+

 at flow rate of 0.1 L/min 

 

4.6.2 Effect of desorbing agent flow rate  

The effect of flow rate in the range of 0.05 to 0.1 L.min
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 was investigated. Table 18 summarizes 
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2+ 
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+
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biosorption and desorption of Cu
2+

 and Pb
2+

 using chaff by Han et al. (2006b). The authors 

reported that as the flow rate was decreased from 2.6 to 1.2 mL.min
-1

, the metal desorbed and the 

elution efficiency increased.  

 

Figures 18 and 19 show the desorption profiles of Zn
2+

 and Ni
2+

 binary under various flow rate 
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-1

). The elution curves for both metal ions exhibited a similar trend, a sharp 
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decrease in the beginning followed by a gradual decrease. The desorbing agent concentration and 

flow rate had significant influences on the overall desorption efficiency and the metal ions 

recovery. The highest desorption efficiency was observed at the lowest concentration of 0.1 M 

and the flow rate of 0.05 L.min
-1

. Therefore, the flow rate (0.05 L.min
-1

) together with 0.1 M 

H2SO4 were chosen for the following desorption studies.  

 

Table 18: Effect of the acid flow rate on desorption of Zn
2+

 and Ni
2+

 

 Zn
2+

 Ni
2+

 

Eluent Flow rate 

(LPM) 

Metal 

desorbed 

(mg) 

Elution 

efficiency 

(%) 

Metal 

desorbed 

(mg) 

Elution 

efficiency 

(%) 

0.1 49.0 83.1 46.3 82.4 

0.07 54.1 92.4 51.1 91.0 

0.05 56.5 96.4 54.4 95.2 

 

 

Figure 18: Effect of flow rate on desorption of Zn
2+

 at 0.1M (H2SO4) acid concentration 
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Figure 19: Effect of flow rate on desorption of Ni
2+

 at 0.1M (H2SO4) acid concentration 
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sorption/desorption cycles. Even though some biomass weight loss was observed at end of five 

cycles, the wheat straw retained its zinc and nickel uptake capacity in all the five cycles 

examined. The sorption breakthrough curves for Zn
2+

 and Ni
2+

 binary solutions in five 

biosorption/desorption cycles are presented in Figures 20A and 20B. As seen in Figure 20A and 

20B, the breakthrough time decreased and the effluent concentration increased with the number 

of cycles. The elution curves of zinc and nickel at best operation conditions in all the five cycles 

is shown in Figures 21A and 21B. The elution curves observed in all the cycles for both metal 

ions exhibited a similar trend, a sharp decrease at the beginning followed by a gradual decrease. 

Therefore, the reusability of wheat straw for Zn
2+

 and Ni
2+

 removal at set operational conditions 

is viable. The biosorption/desorption process effectively converted about a simulated wastewater 

at 10 mg/L of Zn
2+

 and Ni
2+

 each to a concentrated Zn
2+

 and Ni
2+

 desorption effluent at about 342 

ppm each. Such effluent can be recovered using an electro-deposition process.  

Table 19: Sorption and elution process parameters for five sorption–desorption cycles 

Metal 

(Ions) 

Cycle no. Uptake 

Capacity
1
 

(mg/g) 

Metal 

removal 
2
 

(%) 

Elution 

efficiency 

(%) 

Zinc 1 0.227+ 0.001 98.2 96.9+0.2 

 2 0.223+ 0.001 96.6 95.4+0.4 

 3 0.220+ 0.001 95.8 93.6+0.4 

 4 0.218+ 0.001 94.9 92.3+0.4 

 5 0.216+ 0.001 93.2 91.3+0.5 

     

Nickel 1 0.220+ 0.001 95.2 95.8+0.3 

 2 0.219+ 0.002 94.4 94.4+0.3 

 3 0.216+ 0.001 93.7 92.9+0.3 

 4 0.215+ 0.001 93.1 91.6+0.3 

 5 0.213+ 0.001 92.4 90.2+0.5 

1
 The time step for metal uptake = 55 (min) 

2
 The time step for % removal = 55 (min) 
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A) 

 

 
B) 

 
Figure 20: Breakthrough curves for A) zinc and B) nickel by wheat straw for five 

biosorption/desorption cycles (bed depth = 2 m; volumetric flow rate = 0.1 L/min; [Zn
2+

]o=[Ni
2+

]o= 

10 ppm) 
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 A) 

 

 
B) 
Figure 21: Elution curves for A) zinc and B) nickel by Wheat straw for five biosorption/desorption 

cycles 
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4.8 Recovery of desorbed zinc and nickel: electro-deposition 

In the integrated treatment (Section 4.7), the results showed good efficiency in zinc and nickel 

recovery throughout the five sequential cycles. The concentrated Zn
2+

 and Ni
2+

 binary solutions 

from the desorption step were introduced into an acid Zn-Ni alloy plating bath as electrolyte 

solutions. Table 20 shows zinc and nickel binary concentrations from the integrated treatment.  

 

Table 20: Characteristics of integrated wastewater treatment 

Metal Ion Unit 

Zinc 342.68 ppm 

Nickel 323.43 ppm 

 

4.8.1 Zn-Ni electro-deposition recovery process 

There are several factors that affect the performance of an electro-deposition process. The 

electrolyte pH is one of the most important factors that have a crucial effect on the metal 

removal. Doan et al. (2003) studied the effect of the electrolyte pH on Zn
2+

 and Ni
2+

 binary 

electro-deposition. The data indicated that the best metal deposition occurred at an electrolyte pH 

of about 6.0. Simonsson (1984) also reported the highest rate of zinc recovery was accomplished 

at the solution pH of about 6.0, and increasing pH lead to chemical precipitation of zinc 

hydroxide. Likewise, Orhan et al. (2002) studied nickel deposition from an aqueous solution. 

They reported that the highest nickel deposition was at the bulk pH of about 5.5 – 6.0. Therefore, 

in the current study, the pH value of the electrolyte was set at 5.5-6.  

 

In the current study, the effect of current density and liquid flux on electro-deposition 

performance was studied.  
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4.8.2 Effect of current density 

Current density is one of the critical factors controlling the deposition rate. In this study, the 

effect of the current density in a range of 3.75 to 27.50 mA.cm
−2 

on the electro-deposition of Zn
2+

 

and Ni
2+

 binary solutions was investigated. Shown in Tables 22 and 23, as the current density 

was increased from 3.75 to 27.50 mA.cm
−2

, Zn
2+

 removal increased about 3.4 times. On the other 

hand, a significant decrease in Ni
2+

 removal was observed.  

 

According to the standard half-cell potential of Zn
2+

 (-0.76V) and Ni
2+ 

(-0.23V), Ni
2+

 should 

deposit on the cathode more readily than Zn
2+

. As shown in Tables 21 and 22, at the lowest 

current density (9.75 mA.cm
−2

) normal co-deposition occurred, but as the current density was 

increased, anomalous co-deposition took place. This may be due to the fact that at a high current 

density, more water would be hydrolyzed according to reaction (R3) (Section 2.9.4), producing 

OH
-
 for the formation of zinc hydroxide at the cathode surface. This would limit the sites on the 

electrode that are available for Ni
2+

 deposition. On the other hand, at low current density, metals 

in the solution would be in their ionic forms since the critical pH for the formation of both zinc 

hydroxide and nickel hydroxide was not reached. Thus, Ni
2+

 would be deposited more favourably 

than Zn
2+

 due to its higher standard reduction potential (Bret and Bret, 1993; Crow, 1998). Abou-

Krisha et al. (2007) studied co-deposition of Zn-Ni alloy using sulphate electrolytes. The authors 

reported that the percentage of nickel in the deposited Zn-Ni alloy decreased from 82.9% to 

11.5% while the Zn content increased from 17.1% to 88.5% with increases in the current density 

from 1.0 to 30 mA.cm
−2

. Similar results were also observed by other researchers (Fedrizzi et al., 

1992; Roventi et al., 2000; Lehmberg et al., 2005).  
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The effect of current density on the effluent metal ions is presented in Figure 22A and 22B. As 

the current density increased, Zn
2+

 concentration decreased more quickly from the initial 

concentration of 342.7 mg.L
-1

 to the effluent concentration limit of 2 mg.L
-1

. The times to reach 

the concentration limit at current densities of 3.75, 9.30, 19.94 and 27.50 mA.cm
−2 

were 55.6, 26, 

20 and 17.5 hours, respectively. On the other hand, the effluent concentration limit for Ni
2+

 could 

not be reached over 72 hours when the current density was set at 9.30 mA.cm
−2 

or higher. 

Therefore, the current density of 3.75 mA/cm
2
 was selected to use in the rest of the electro-

deposition study. 

 

In this study, two forms of deposit were observed: a layer of gray metallic deposit and a pale 

green deposit, which was spongy and loosely attached to the cathode surface. At a high current 

density, zinc-nickel deposits had grayish appearance which consists of mainly metallic zinc and 

some metallic nickel and zinc hydroxide. While, the pale green loose deposit is mainly nickel 

hydroxide with some zinc hydroxide. Similar observation was reported by Abibsi et al. (1991) 

and Sheela et al. (2002). On the other hand, at low current density (nickel-rich), the gray deposit 

was semi-bright.  

  

Table 21: Removal of Zn
2+

 at 12 hours of electro-deposition at a flow rate of 9.88 L.min
-1

  

Concentration 

(ppm) 

Current Density 

(mA.cm
−2

) 

Removal 

Percentage (%) 

342.7 3.75 25.9 

9.30 50.0 

19.94 75.2 

27.50 89.1 
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Table 22: Removal of Ni
2+

 at 12 hours of electro-deposition at a flow rate of 9.88 L.min
-1

 

Concentration 

(ppm) 

Current Density 

(mA.cm
−2

) 

Removal 

Percentage (%) 

323.4 3.75 59.2 

9.30 29.8 

19.94 19.2 

27.50 4.90 

 

 

A) 

 
B) 

 
Figure 22: Effect of current density on (A) Zn

2+
 and (B) Ni

2+
 electro-deposition at 9.88 L.min

-1
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4.8.3 Effect of volumetric flow rate 

The liquid flow rate is another important parameter that needs to be controlled during the electro-

deposition process. Varied flow rates from 0.90 to 9.88 L.min
-1

 (0.0015 to 0.0165 m
3
.m

-2
.s

-1
) 

were used in this study while maintaining the bulk pH at 5.5-6 and current density of 3.75 

mA/cm
2
. Figure 23 presents the effect of the electrolyte flow rate on the percentage removal of 

Zn
2+

 and Ni
2+

 binary solutions over 24 hours of operation. The results indicate that Ni
2+

 removal 

increased slightly about 11% as the flow rate was increased while the percentage removal of Zn
2+

 

increased more substantially about 17%. This is because of as flow increased, the mass transfer of 

metal ions from the bulk liquid to the cathode increased. Additionally, since there was a higher 

initial concentration of Zn ions than Ni ions in electrolyte solution originally, hence, a high initial 

concentration provides a high driving force for the deposition process. 

 

Similar trend was reported by Doan and Saidi (2008) for electro-deposition of Zn
2+

 and Ni
2+

 

binary at varied flow rates from 0.0021 to 0.017 m
3
.m

−2
.s

−1
. The metal electro-deposition curves 

at varied flow rate are presented in Figures 24A and 24B. The results indicated that as the flow 

rate was increased, the required time to reduce the effluent heavy metal concentration down to 

the discharge (2 ppm) limit decreased. Therefore, the best operation conditions to maintain the 

concentration of Zn
2+

 and Ni
2+

 < 2 mg.L
-1

 is at the current density of 3.75 mA.cm
−2

 and the flow 

rate of 9.88 L.min
-1

 for a total treatment time of 60 hours. 
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Figure 23: Effect of flow rate on the removal of Zn
2+

 and Ni
2+

 at given current density of 3.75 

mA.cm
−2

 (24 hour) 
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A) 

 
 

B) 

 
Figure 24: Effect of volumetric flow rate on A) Zn

2+
 and B) Ni

2+
 reduction during 72 hours of 

treatment 

 

4.9 Electro-deposition kinetics 

In the present study, the variation of the metal concentration with the treatment time exhibited an 

exponential decay (Figures 24A and 24B), indicating that the removal of the ions followed a first-

order kinetics that can be expressed as:  
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Integrating Equation (4-1) gives:  

  (
 

  
)                 (4-2) 

Where k (min
-1

) is the first-order rate constant and r (mg/L.min) is the removal rate.  

 

As can be seen in Figures 25 and 26, the values of the coefficient of determination for both Zn
2+

 

and Ni
2+

 are closed to 1, indicating that first-order model is suitable to describe the kinetics of 

Zn
2+

 and Ni
2+

 deposition. The values of k were found to increase from 0.0005 to 0.0008 min
-1

 for 

Zn
2+

 and 0.001 to 0.0014 min
-1

 for Ni
2+

 with increases in the flow rate from 0.90 to 9.88 L.min
-1

. 

This is comparable to the data obtained for deposition of Zn
2+

 by Doan and Saidi (2008). 

However, the rate constant of Ni
2+

 was about 5 times higher than their reported values. This may 

be due to the fact that in Doan and Saidi’s work the solution also contained LAS (a contaminate) 

that might compete with metal ions for electrons at the cathode. LAS compound was not present 

in the solution used in the present study. 
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Figure 25: Ln(C/Co) versus time for Zn
2+

 depositions at different flow rates 

 

Figure 26: Ln(C/Co) versus time for Ni
2+

 depositions at different flow rates 

 

Furthermore, for design and performance evaluation of an electro-deposition process, the mass 

transfer coefficient is required. The mass transfer coefficient, kc, can be estimated using the 

following equation (Bird et al., 2002).  
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                                                                                                                            (4-3) 

where rm is the mass transfer rate of metal ions from the bulk liquid to a flat plate cathode 

(cm
3
.mg/L.min), Cs is the metal concentration at the cathode surface (mg.L

-1
) and A is the 

cathode surface area (cm
2
). Cs could be assumed to be zero since the metal deposition is a very 

fast reaction (Treybal, 1987). By combining Equations (4-1) and (4-3), the mass transfer 

coefficient, kc, can be expressed as below: 

    
 

 
              (4-4) 

where V is the volume of electrolyte (L). From kinetic rate constant values obtained from the 

experimental data, values of the mass transfer coefficient can be calculated from Equation (4-4). 

Apparent rate constants, k, and average mass transfer coefficients, kC, are summarized in Tables 

23 and 24.   

 

Table 23: Apparent first order rate constants for zinc ion reduction and average mass transfer 

coefficients during 72 hours of treatment 

Volumetric Flow 

Rate  

(LPM) 

Apparent rate 

constant, k  

(min
-1

) 

Average mass 

transfer 

coefficient, kc 

(cm.min
-1

) 

0.90 0.0005 0.972×10
-2

 

3.60 0.0006 1.173×10
-2

 

7.20 0.0007 1.362×10
-2

 

9.88 0.0008 1.555×10
-2

 

 
 

Table 24: Apparent first order rate constants for Nickel ion reduction and average mass transfer 

coefficients during 72 hours of treatment 

Volumetric Flow 

Rate  

(L/min) 

Apparent rate 

constant, k  

(min
-1

) 

Average mass 

transfer 

coefficient, kc 

(cm.min
-1

)  

0.90 0.0010 1.943×10
-2

 

3.60 0.0012 2.334×10
-2

 

7.20 0.0013 2.531×10
-2

 

9.88 0.0014 2.722×10
-2
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Furthermore, the dimensionless JD factor for mass transfer is often used to correlate the 

experimental data. The JD factor can be expressed as: 

   
  

        
              (4-5) 

or  

   
    

            
             (4-6) 

 

Where Sh is the Sherwood number (
    

   
), Re is the Reynolds number (

     

 
), Sc is the Schmidt 

number (
 

     
), L is the characteristic length (in the present study, it is the hydraulic diameter of 

the opened-channel electro-cell, L = 0.086 m), DAB is the diffusivity of the metal ion in liquid, u 

is the fluid superficial velocity, μ and ρ are fluid viscosity and density, respectively. The physical 

and transport properties of the electrolyte used in the calculations are given in Table 25. The 

values of the JD factor for mass transfer obtained are plotted with the Reynolds number in Figure 

27. The correlations for the JD factor can thus be written as: 

 

                                                JD = 7.08 Re
-0.815

 for Zn
2+

                                                        (4-7) 

                                                JD = 20.01 Re
-0.864

 for Ni
2+

                                                       (4-8) 

 

By equating Equations (4-6) and (4.7) and rearranging the resultant equation with Re placed in on 

side of equation, one can see that the mass transfer coefficient, kc, for Zn
2+

 is proportional to 

Reynolds number, hence, the liquid velocity in the electrochemical cell to the exponent of 0.18 

(equation (4-10)). Similarly, by combining Equations (4-6) and (4-8), the mass transfer 

coefficient for Ni
2+

 appear to be dependent to liquid velocity (kc ∝ u
0.14

) (equation (4-11)). The 

correlations in Equations (4-10) and (4-11) allow estimations of the mass transfer coefficient at 

varied the liquid velocity in the electrochemical cell. 
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         for Zn

2+
                                                      (4-9) 

or  

    
    

         
   

     

 
      for Zn

2+
                                                 (4-10)                                                      

    
    

            
     

 
      for Ni

2+
                                                 (4-11) 

 
                                                 
Table 25: Physical properties of the electrolyte solution at 25 ◦C 

 Zn
2+

 Ni
2+

 

Density, ρ (kg.m
-3

)
1
 946 946 

Viscosity, µ (kg.m
-1

.s
-1

)
1
 0.000964 0.000964 

Diffusion coefficient, DAB (m
2
.s

−1
)

2
 7.02×10

−10
 6.13×10

−10
 

1
measured values using a pycnometer for density (VWR Canada, Mississauga,Ontario) and a viscometer 

(model V-2000 Series II, Cannon Instrument Co., PA, USA) 
2
esminated values (Bird et al., 2002) 

 

 

 

Figure 27: JD factor at various Reynolds number for the transfer of Zn
2+

 and Ni
2+

 binary in the 

electro-cell 
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Economic evaluation 

 

In the last three decades due to increasing in environmental awareness and concerns, high number 

of research was conducted on using living or non-living microorganisms as adsorbents for 

removal of low concentration metal-bearing wastewater (Modak and Natarajan, 1995). While 

many researchers consider biosorption as an alternative solution to remove heavy metals at low 

concentration from wastewater, the process has not been applied in full scaled as yet. This part of 

study is to evaluate the economic feasibility of this study comparative to chemical precipitation 

process.    

Currently, chemical precipitation is widely used for the removal of metals from industrial 

wastewater. The metal removal and recovery can be accomplish by addition of appropriate 

chemicals, followed by conventional solid-liquid removal that could be by sedimentation, 

flotation, filtration, in extreme cases even by more expensive centrifugation (EPA., 2000). There 

are certain disadvantages of this type of water treatment, including leaving behind “hazardous 

sludge” which needs to be safely disposed. This adds to the overall cost of the wastewater 

treatment (Park et al., 2010). Iron Mountain Mine Shasta County, California, reported that the 

operational cost (i.e. chemical usage and handling sludge generation) was estimated as $ 0.067/L 

for removal of the heavy metals, practically zinc and nickel at range 0-30 ppm, using chemical 

precipitation. The average wastewater flow rate of the plant is 230 L/min (USEPA Iron Mountain 

Mine Superfund Site, 2009). Similar cases have been reported at varied wastewater treatment 

plants that use chemical precipitation, including Leviathan Mine Site Alpine County, California 

(EPA Hardrock Mining Innovative Technology Case Studies, 2006). 
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In this study, the economic evaluation of recovery of Zn
2+

 and Ni
2+

 binary from wastewater using 

integrated biosorption and electro-deposition was performed using best operational conditions in 

all biosorption, desorption and electro-deposition processes. All economic parameters (e.g. price) 

used in this evaluation are referred to Canada market in 2009. The cost of wheat straw is $ 24 per 

ton biomass (Alberta Agriculture and Rural Development, 2009). The cost of each individual 

processes has been estimated as, $ 0.0044, $ 0.0044 and $ 0.0085 per liters for biosorption, 

desorption and electro-deposition, respectively. The total cost of operation is estimated as $ 

0.0173 per Liter. Therefore, the recovery of the heavy metals using Integrated Biosorption and 

Electro-deposition has great advantages from both technical and economical perspectives over 

the chemical precipitation technology. 

   

It is important to note that despite the relative simplicity and cost-effectiveness of biosorption 

process, the technology based on it is as yet unproven and for its field success it requires 

continued research and development effect. Development of such a technology would require 

filling in a number of gaps in knowledge concerning metal sorption by biomass, such as a better 

understanding mechanism of metal biosorption. Furthermore, despite the fact that industrial 

effluents contain several metal ions simultaneously, little attention has been given to sorption of 

metals from multi-metal solutions. It is essential to realize that industrial effluents can differ from 

each other a great deal even though the technological processes where they originate may be 

turning out similar end-products. Therefore, biosorption is still is in its early development stages 

and further improvements in both performance and cost-effectiveness can be expected (Volesky, 

2003; Kotrba et al., 2011). 
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Conclusion 

 

The study presented in this thesis aimed at the development an effective wastewater treatment 

process from removal and recovery of Zn
2+

 and Ni
2+

 binary mixture from wastewater. A central 

composite face-centered (CCF) method was used to obtain best operational conditions for 

biosorption of Zn
2+

 and Ni
2+

 binary solution in a fixed bed column packed with wheat straw as 

biosorbent. The effect of bed depths from 0.5 to 2.0 m, liquid flow rates from 0.1 to 0.5 L.min
-1

, 

biosorbent particle sizes of 0.5 to 2 inches and initial concentrations from 10 to 50 mg L
-1

 on 

biosorption performance was investigated. The results showed that the breakthrough service time 

of the biosorption columns (Cb = 2 mg-Zn-Ni/L) increased with increasing bed depth, while 

decreased with increasing influent concentrations and flow rates, as expected. The best 

operational conditions were found as follows: a 2 m bed depth, 10 mg-Zn-Ni/L binary influent 

concentrations, a 0.1 L/min inlet upward flow rate and 0.5 inch length particle size.   

The BDST model was applied in this study to predict the breakthrough curves of Zn
2+

 and Ni
2+

 

binary mixture biosorption in a fixed bed of wheat straw. The BDST provided a good correlation 

between the bed depth and service time at varied flow rates. 

 

For biomass regeneration, the effect the type of desorbing agent, the concentration and the flow 

rate on recovery of Zn
2+

 and Ni
2+

 binary mixture was investigated. The effect of hydrochloric 

acid, nitric acid and sulphuric acid as desorbing agents on wheat straw regeneration process at 

varied concentrations from 0.1 to 0.5 M and flow rate ranging from 0.05 to 0.1 L/min was 

investigated. The results indicated that hydrochloric acid was poor desorbing agents. The best 

performance was observed at a H2SO4 concentration of 0.1M and a flow rate of 0.05 L.min
-1

. 
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To test the reusability of wheat straw fixed-bed column, a total of five successive 

biosorption/desorption cycles were performed. The biosorption runs were conducted up to the 

breakthrough point (Cb = 2 mg-Zn-Ni/L). Desorption processes were ceased when no trace of 

Zn
2+

 and Ni
2+

 ions detected in the column effluent. The results showed that wheat straw retained 

its zinc and nickel uptake capacity in all the five cycles examined.  

 

Lastly, electrode-position was used to recover metals from the concentrated zinc and nickel 

binary solution from the desorption step. In this study, the impact of the current density (3.75 to 

27.50 mA/cm
2
) and the electrolyte volumetric flow rate (0.90 to 9.88 L/min) was investigated. 

The results showed that a normal co-deposition of Ni-Zn at a low current density (3.75 mA.cm
−2

) 

while an anomalous co-deposition at higher current densities. The most suitable operational 

conditions were determined at the current density of 3.75 mA/cm
2
 and the volumetric flow rate of 

9.88 L/min with an operational time of approximately 60 hours to reduce both metal ion 

concentrations to below 2 ppm.  
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Recommendation 

 

The following recommendations are made for future studies: 

1. As the mechanism of biosorption on wheat straw is complex phenomenon. It would be 

useful to investigate the structure of wheat straw using different methods, (i.e. Scanning 

Electron Microscopy (SEM))  to find out the chemical groups on structure; 

2. Explore the potential application of wheat straw to wastewater from industrial effluents; 

3. Explore spectroscopic techniques (i.e. Atomic Force Microscopy (AFM)) and some 

industrial standard methods to investigate deposit characteristics of Zn-Ni plating and 

evaluate the feasibility of Zn
2+

 and Ni
2+

 binary reuse through electro-plating; 
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Appendix A: Biosorption studies 

 

A-1. Effect of biosorbent particle size 

 

 

Figure A-1: Effect of particle size on biosorption of binary solution (Zn
2+

 and Ni
2+

) in fixed-bed at 

bed depth = 0.5 m; volumetric flow rate = 0.1 L/min; initial concentration [Zn
2+

]o=[Ni
2+

]o= 10 ppm 

(60 minutes operation time) 

 

 

Figure A-2: Effect of particle size on biosorption of binary solution (Zn
2+

 and Ni
2+

) in fixed-bed at 

bed depth = 1.25 m; volumetric flow rate = 0.3 L/min; initial concentration [Zn
2+

]o=[Ni
2+

]o= 30 ppm 

(60 minutes operation time) 
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A-2. Standard deviation calculation 

The calculation of the standard deviation for zinc and nickel binary mixture (Table 11) 

                   √
 

 
∑  ̅      
 

 

 

Sample calculation of standard deviation of zinc, based on experimental numbers 15-20 from 

Table 11: 

                        
                             

 
       

                 

  √
 

 
∑                                                                                    

                                    

Standard deviation of nickel: 

                        
                       

 
      

                 

  √
 

 
∑                                                                        
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A-3. The bed depth service time calculation 

Bed depth service time (BDST) equation:  

   
  

   
   

 

   
   

  

  
             

By using the equation above, which it is represented by a straight line as; 

 Slope = 
  

   
 

 Intercept =   
 

   
   

  

  
    

According to Figure 11-A at 0.1 L/min for Zn
2+

 ions:  

y = 46.572x - 3.725 

 Slope = 46.572 

 Intercept = 3.725 

Equilibrium sorption capacity of bed (mg/L) 

         
   

 
      

 

   
         

             

Kinetic rate parameter (L/mg.min) 

 

(  
  
 )   

  [
   

  
  

  
  
  

  ]        
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Appendix B: Biosorbent regeneration studies  

 

B-1. Effect of desorbing agent flow rate and concentration on biomass regeneration 

 

 

Figure B-1: Effect of hydrochloric acid concentration on desorption of Zn
2+

 at flow rate of 0.1 L/min 

 

Figure B-2: Effect of hydrochloric acid concentration on desorption of Ni
2+

 at flow rate of 0.1 L/min 
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Figure B-3: Effect of nitric acid concentration on desorption of Zn
2+

 at flow rate of 0.1 L/min 

 

 

Figure B-4: Effect of nitric acid concentration on desorption of Ni
2+

 at flow rate of 0.1 L/min 
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Appendix C: Electro-deposition studies  

 

Table C-1: Standard reduction potentials in aqueous media at 25
o
C (Bret and Bret, 1993) 

  

Cathode (reduction) Half-reduction Standard Potential E
o
(V) 

                 -3.04 

                 -2.98 

               -2.93 

                 -2.92 

                   -2.91 

                   -2.89 

                   -2.76 

                 -2.71 

                   -2.38 

                   -1.66 

                   -1.19 

                   -0.76 

                   -0.74 

                   -0.41 

                   -0.40 

                   -0.28 

                   -0.23 

                   -0.04 

                  0.00 

                    0.16 

                   0.34 

                1.23 
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C-2: Average mass transfer coefficient 

Sample calculation 

According to Figure 25, at volumetric flow rate of 9.88 LPM and current density of 3.75 mA/cm
2
 

, the equation representing Ln(C/Co) vs. time for Zn
2+

 binary deposition can be written as; 

y = -0.0008x + 0.0221 

Where, Apparent rate constant, k = 0.0008 (min
-1

) 

 

The average mass transfer coefficient, kc can be obtained as below: 

 

    
 

 
 

Where, V (volume of the electrolyte) = 7 Liter, A (Cathode surface area) = 360cm
2
  

   
             

   
                           

Calculation the dimensionless mass transfer coefficient (JD) 

The JD factor is defined as: 

   
  

        
 

Calculation Reynolds number  

Reynolds number:     
     

 
 

D is hydraulic diameter of the electro-deposition cell, which can be calculated from following 

equation; 

 

   
     

      
 

 

Where, x = 0.055 m and y = 0.2 m as the height and width of the reactor 

   
          

           
      

 

By using data available in Table 23, Reynolds number can be calculated easily at given flow rate 

of 0.0165 m
3
.m

-2
.s

-1
: 
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(   

  
  )  (

        

    
)          

        
  
   

 

         

Calculation of Schmidt number: 

Schmidt number:     
 

     
 

    
         

  
    

(   
  
  )              

  

  
 

Sc = 1451.61 

Calculation of Sherwood number 

L is the hydraulic diameter of the opened-channel electro-cell = 0.086 m 

Sherwood number:     
    

   
 

    
(     

      
   

)                

(           
  

 )            
 

 

           

 

Thus, mass transfer coefficient (JD) can be calculated as: 

   
  

        
 

   
        

                   
 

JD = 0.022 
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Appendix D: Economic evaluation 
 

All cost for the recovery of Zn
2+

 and Ni
2+

 binary from wastewater using integrated biosorption 

and electro-deposition under best operational conditions for biosorption, desorption and electro-

deposition processes are presented in Table D-1. 

Table D-1: Summary of operational cost per liter wastewater under the best experimental 

operational conditions 
 Biosorption Desorption Electro-deposition 

Wheat straw cost per 

liter wastewater 

($/liter) 
[1]

 

9.2×10
-4

 --- --- 

Chemical costs per 

liter wastewater 

($/liter)
[2][3]

 

3.5×10
-3

 4.4×10
-3

 8.5×10
-3

 

Energy costs per liter 

wastewater ($/Liter) 
9.67×10

-8
 9.65×10

-8
 4.03×10

-6
 

Total operation cost 

per liter wastewater 

($/Liter) 

4.4×10
-3

 4.4×10
-3

 8.5×10
-3

 

Net operation cost per 

liter wastewater 

($/Liter)  

1.73×10
-2

 

[1]
 The cost of wheat straw is $ 24 per ton biomass (Alberta Agriculture and Rural Development, 

2009). 
[2]

 The list of chemicals used in this study includes, sulphuric acid, zinc sulphate, nickel sulphate, 

potassium chloride, potassium hydroxide, and so on.  
[3]

 The chemicals were purchase from VWR for the chemicals in reasonable price (VWR a-e, 

2013).  
 

The pump power and electrical cost calculated is based on the following equation (Girdhar, 

2008): 

   
       

 
 

Where, P the power (W), ρ is density (Kg/m
3
), Q is the flow rate (m

3
/s), H is the total dynamic 

head (m-water), g is the gravitational constant (9.81 m/s
2
) and   is the pump efficiency.  
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Sample calculation for biosorption process: 

Total dynamic head calculation (Orion Fittings, 2013): 

The difference between pumping level and feed tank: 0.25 m or 9.84 inch  

Friction head loss based on 90
o
 elbows and pipes:  

1/2 inch 90
o
 standard elbow = 1.6 ×3 elbow = 4.8 inch = 0.12 m 

1 m of 1/2 inch plastic pip: (2.08’ friction loss/39.37 inch pipe) ×9.84 in = 0.41 inch = 0.01 m 

Total head loss = 0.25+0.12+0.01 = 0.38 m-water 

 

Calculation the pump power and electrical cost:  

 Flow rate = 0.1 L/min = 1.67×10
-6

 m
3
/s 

 ρ = 1000 kg/m
3
 

 H (total dynamic head) = 0.38 m-water 

 Pump efficiency = 95% (The efficiency of diaphragm pump ranges from 94-97%, so an 

efficiency of 95% will be assumed (Girdhar, 2008)).   

 g = 9.81 m/s
2
 

 

 

   
                        

    
                              

The price electricity rate in Toronto is 8.7 ¢/kwh (Toronto Hydro, 2012), and the time required to 

pump 1 liter at the given flow rate is 0.17 hour. Electrical cost is calculated by multiply this time 

by the calculated power which yield the amount of energy required to pump that specific amount 

of fluid. This energy figure is then multiplied by the cost per energy value input by the user.  

 

The electrical cost is calculated as $ 9.67×10
-8 

per litre wastewater.  

 
 

 

 

 


