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Abstract 22 

Algae have several industrial applications that can lower the cost of biofuel co-23 

production. Among these co-production applications, environmental and wastewater 24 

bioremediation are increasingly important. Heavy metal pollution and its implications 25 

for public health and the environment have led to increased interest in developing 26 

environmental biotechnology approaches. We review the potential for algal biosorption 27 

and/or neutralization of the toxic effects of heavy metal ions, primarily focusing on their 28 

cellular structure, pretreatment, modification, as well as potential application of genetic 29 

engineering in biosorption performance. We evaluate pretreatment, immobilization, and 30 

factors affecting biosorption capacity, such as initial metal ion concentration, biomass 31 

concentration, initial pH, time, temperature, and interference of multi metal ions and 32 

introduce molecular tools to develop engineered algal strains with higher biosorption 33 

capacity and selectivity. We conclude that consideration of these parameters can lead to 34 

the development of low-cost micro and macroalgae cultivation with high bioremediation 35 

potential.  36 

 37 

Keywords: Algae biomass, biosorption capacity, heavy metals, bioremediation, biofuel. 38 
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Introduction  41 

The presence of heavy metal ions such as lead, copper, cadmium, zinc, and nickel 42 

as common contaminants in industrial wastewater leads to pollution of natural 43 

environment [1, 2]. Residual nutrients and heavy metal ions in domestic and agro-44 

industrial wastewaters are also responsible for the pollution of rivers, lakes, and seas 45 

[3]. Biosorption and accumulation of heavy metal ions in aquatic food chains can pass 46 

to humans causing major health problems [4]. Heavy metal ions even at low 47 

concentrations can be toxic to humans. For example, lead is highly toxic and can cause 48 

damage to the nervous system, kidneys, and disturbance of vitamin D metabolism, 49 

especially in children [5]. Nickel compounds are known to be carcinogenic [6], and 50 

long-term exposure to cadmium is associated with kidney damage, bone mineral loss, 51 

increased risk of bone fractures, and reduced lung function [7]. Exploring innovative 52 

means to effectively treat wastewater can further protect global freshwater resources 53 

and aquatic ecosystems. Over five decades of research on algal-based wastewater 54 

treatment and environmental biotechnology has a potentially valuable role to play both 55 

in industrial pollution remediation and research [8, 9]. 56 

To reduce the cost of treatment, the recovery of precious metals such as gold and 57 

silver from processed waters, and extraction of radionuclides such as uranium from 58 

aqueous solutions, may have some economic benefits [10]. However, treating 59 

wastewater containing heavy metal ions is a major economic challenge. The main 60 

physicochemical approaches to remove heavy metal ions from wastewaters include 61 

chemical precipitation [11], ion exchange [12], electrokinetic [13], membrane 62 

processing [14], and adsorption [15, 16]. The high costs of chemicals at industrial 63 

scales, and incomplete removal of the heavy metal ions are among the main limiting 64 
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factors in the development of physicochemical approaches. Moreover, increasingly 65 

stringent rules and restrictions on effluent discharge into the environment necessitate the 66 

use of alternative methods. Biosorption of heavy metal ions in wastewater using algae 67 

can offer an ecologically safer, cheaper, and more efficient means to remove metal ions 68 

from wastewater. Indeed algae can be used for sorption of toxic and radioactive metal 69 

ions [17], and also to recover precious metal ions like gold and silver [18, 19]. 70 

However, to achieve the desired level of treatment with live algal systems it is necessary 71 

to know the maximum autotrophic production, requiring detailed algal culture 72 

physiological characterization. 73 

The biosorption of heavy metal ions by various mechanisms such as ion 74 

exchange, complex formation, and electrostatic interaction takes place at the micro-75 

scale [20, 21]. Among these mechanisms, ion exchange is the most important 76 

mechanism in the biosorption of heavy metal ions by algal biomass [22, 23]. In this 77 

review article, we have focused on heavy metal ion bioremediation using algal biomass 78 

to treat wastewaters, and have critically assessed the potential venues of future research 79 

and application. We have also presented enhancements to the biosortion capacity of 80 

biosorbents and reviewed the effective parameters in the biosorption of specific heavy 81 

metal ions by algal biomass [24-26]. We have also discussed different approaches that 82 

can be used to reduce the cost of algae cultivation by linking biomass production with 83 

wastewater treatment in order to grow algae in wastewater for biological treatment of 84 

wastewater and simultaneous production of biofuel [27].  85 

 86 

 87 

 88 
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 89 

Industrial wastewater 90 

According to global statistics the distribution of water usage is 22% in industry, 91 

8% domestic and 70% in agriculture  [28]. A big fraction of this water is discharged into 92 

the environment as wastewater. For example in Germany  1534.6 million m3 wastewater 93 

was generated in 2010  [29]. Therefore, it is necessary to have a modern approach to 94 

treat the industrial effluents. 95 

Disposal of such huge effluent volumes to surface waters has major implications 96 

for the environment and freshwater sources has forced authorities to regulate standards 97 

for discharging industrial wastewater (IW). The initial composition of the IW largely 98 

determines the technical and economic requirements for treatment to meet regulated 99 

discharge criteria. O’Connell et al. [1] published details of a number of industries that 100 

produce IW with different heavy metal ions. Some IWs can be considered an enriched 101 

medium to cultivate highly productive algal strains with high biosorption capacity in 102 

order to remove heavy metal ions. However, the presence of some heavy metal ions in 103 

IWs may interfere with the growth of algae, although their influence can be moderated 104 

with dilution or mixing of IW with organic compounds [30]. Hence, characterization of 105 

the IW in order to determine the type of pollution and available nutrients is important as 106 

it directly influences the algae growth and IW treatment [31]. In living algae cells, the 107 

ability to treat IW is dependent on the growth rate; growth rate directly determines the 108 

biomass concentration, and it in turn influences the total biosortion capacity of metal 109 

ions. However, this review focusses on the uniqueness of using algae biomass (live and 110 

non-living) for bioremediation.  Detailed laboratory studies indicated that algae biomass 111 

(dead or alive) can actively remove various heavy metals. However, to date no detailed 112 
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economical feasibility on such process has been conducted. It is to be noted that 113 

reliability of any process that must be tested at pilot and demonstration scale prior to 114 

any commercialization. 115 

 116 

 117 

Bioremediation of heavy metal ions using algae 118 

Biosorption is considered an innovative technology to remove heavy metal ions 119 

from wastewaters using predominantly inactive biomass and non-living algae. There are 120 

few reports [32] of using live algae with a limited sorption capacity as the heavy metal 121 

ions often poison the living cells. Moreover, the sorption process shows large variations 122 

based on the growth phase of algae. More specifically, living algae are affected by 123 

several environmental factors which directly influence the metal ion biosorption 124 

capacity. Absorption mechanisms in living algae are more complex than non-living 125 

algae since absorption takes place during the growth phase and intracellular uptake of 126 

heavy metal ions occur. In contrast, non-living algae cells  absorb metal ions on the 127 

surface of the cell membrane and it is a kind of extracellular process [129]. Non-living 128 

algal biomass can be regarded as an assemblage of polymers (such as sugars, cellulose, 129 

pectins, glycoproteins, etc.) that are capable of binding to heavy metal cations as 130 

adsorbents with the potential for cost-effective wastewater treatment [43, 131] 131 

The toxic level of heavy metal ions in variant algal species can be highly strain 132 

specific, which consequently determines the potential remediation capacity using a 133 

specific algal strain. In other words, a heavy metal ion may exhibit a selective 134 

interaction with one specific algal strain, in addition to differences between similar 135 

species. For example, Monteiro et al. [33] investigated cadmium ion removal using two 136 
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strains of Desmodesmus pleiomorphus cells, and found a 25% difference between the 137 

capacity of cadmium biosorption using ‘L’ and ‘ACOI 561’ strains. In terms of species 138 

differences, Romera et al. [34] found the following macroalgal species possess differing 139 

copper sorption capacity: Fucus spiralis > Ascophyllum nodosum > Chondrus crispus 140 

> Asparagopsis armata > Spirogyra insignis > Codium vermilara. The 141 

physicochemical conditions affecting the maximum capacity of metal ion removal for 142 

different micro and macro algae strains are summarized in Table 1. This table shows 143 

that most metal ion uptake occurs at a low pH (3-5), and that dried algal biomass 144 

exhibits a greater metal ion biosorption capacity compared to live algae. The solution pH 145 

has a significant influence on dissociation of the surface functional groups of non-living 146 

algal biomass and the solution chemistry of the heavy metal ions [137, 138]. The impact of 147 

pH on metal uptake can be influenced by the surface functional groups on the biomass' cell 148 

walls, and the solution metal chemistry [139]. Table 1 also reports the optimal time for 149 

heavy metal ion sorption. Accordingly, biosorption capacity could usually reach to the 150 

acceptable level during the first 120 minutes.  151 

Heavy metal ion accumulation by microorganisms generally occurs in two phases 152 

[38, 39]. The first phase occurs on the cell surface and consists of fast inactive 153 

biosorption, which is completely independent of cellular metabolism. The second phase 154 

consists of active sorption of heavy metal ions into the cytoplasm of algal cells. This 155 

phase is dependent on cell metabolism and is known as intracellular ion uptake [40]. 156 

Intracellular ion uptake has a large contribution in heavy metal ions biosorption and 157 

detoxification [41, 42].  158 

Heavy metal ion biosorption capacity has been attributed to the presence of 159 

different types of binding groups on the algal cell surface i.e. hydroxyl, phosphoryl, 160 
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carboxyl, sulphuryl, amine, imidazole, sulphate, phosphate, carbohydrate, etc. [35]. The 161 

availability of active sites for heavy metal ion uptake in algal cells can be probed by 162 

FTIR spectroscopy [36]. The sorption capacity of an algae cell surface to a specific ion 163 

also depends on factors such as the number of functional groups in the algae cells, the 164 

coordination number of the metal ion to be sorbed, the accessibility of binding groups 165 

for metal ions, the complex formation constants of metal ion with the functional group, 166 

and the chemical state of these sites. Usually the presence of binding groups make the 167 

net charge of the cell surface negative, which is related to the deprotonation of carboxyl 168 

and phosphate groups on the cell surface [37].  169 

Figure 1 shows a schematic representation of the binding sites on the algal cell 170 

wall. Metal ions adsorbed by the algal cell wall acts as the first step in bioaccumulation. 171 

Different binding groups, such as OH-, SH -, COO- , PO4
3-, NO3- , RNH2

- , RS- and RO- 172 

promote the metal ion adsorption. These binding groups are present at the cell surface, 173 

in the cytoplasm, and especially vacuoles. If the mechanism of metal ion bioremediation 174 

is the uptake of ions by algal cells, cytosolic proteins mediate the transfer of metal ions 175 

into the cells [42]. Consequently, the vacuoles could be regarded as an organelle that 176 

accumulates metal ions. Table 2 presents a summary of the affinity between different 177 

metal ions and the cellular ligands, with R showing alkyl groups such as propyl, CH3-178 

CH2CH2-, and metal ions classified into classes A, B, and borderline. Class A tends to 179 

establish links with ligands in Group I through their oxygen atoms. Metal cations 180 

belong to class B tend to bridge with ligands in Groups II and III, and the borderline 181 

metal ions can be linked with different atoms of Groups I, II, and III[43]. Although 182 

metal-ligand complex formation is well classified into different Groups and Classes, but 183 

from the chemistry perspective it would have been more beneficial to include the 184 
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complex formation constants between the metal ions and the different ligands at the cell 185 

surface. This will enable the researchers decide on preferential metal ion biosoprption 186 

and the effects of interfering ions. According to the pKa of functional groups listed in 187 

Table 3, carboxyl groups, sulfonate, phosphate, and phosphodiester have the largest 188 

contribution in sorption capacity. Due to the relative abundance of each of these 189 

functional groups in different algal strains, each will exhibit a different capacity for 190 

metal ion biosorption. 191 

Algae cell walls are the first barrier against the biosorption of heavy metal ions. 192 

Polysaccharides and proteins present in algae cell walls have the most metal binding 193 

sites [44]. Due to the different distribution and abundance of cell wall compositions in 194 

different algal strains, the capacity of metal ions biosorption by the variant algal strains 195 

will vary. Romera et al. [45] introduced brown algae as a very good candidate for 196 

biosorbents of heavy metal ions based on the comparison of  different algal strains and 197 

biomass-metal ion affinity. Brown algae, with alginate in their cell wall composition has 198 

a high affinity for biosorption of lead ions [34]. Alginate polymers constitute the 199 

primary means of sorption of heavy metal ions in brown algae, and their biosorption 200 

capacity is directly related to the presence of binding sites on this polymer [45, 46].   201 

  202 

The main factors influencing heavy metal ion biosorption 203 

Biosorption of heavy metal ions by algae may be affected by several factors, 204 

including concentration of metal ions and algae biomass, pH, temperature, and the 205 

presence of competing ions. This section aims to review these factors and their possible 206 

effects on the metal ions biosorption. 207 

 208 
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The influence of initial metal ion concentration 209 

Heavy metal ion removal by algal biomass depends largely on the initial 210 

concentration of metal ions in the solution phase. Biosorption initially increases as the 211 

initial concentration of metal ion increases. In following, no more considerable increase 212 

in metal sorption is observed by a tandem increase of metal ions concentration [47]. 213 

This phenomenon could be used to increase biosorption capacity. For example, 214 

Monteiro et al. [48] reported a 5-fold increase in initial concentrations of Zn (II) (from 215 

10 to 50 ppm) boosted the metal ion sorption from 19 to 209.6 mg Zn (II)/g dry biomass 216 

of Scenedesmus obliqus. This leads to an increased biosorption capacity and a reduction 217 

in the removal yield of the metal ions. In other words, the higher the metal ion 218 

concentrations the lower the efficiency and removal yield would be [49]. At low metal 219 

ion concentrations removal takes place more efficiently than higher concentrations. For 220 

example, Mehta and Gaur [50]  reported that Chlorella vulgaris biomass is able to 221 

remove 69% and 80% of Ni (II) and Cu (II) cations in concentrations of 2.5 ppm, 222 

respectively. While increase in the initial concentration of Ni (II) and Cu (II) to 10 ppm, 223 

the metal removal rate was reduced only to 37 and 42%, respectively. This clearly 224 

shows that the increase in metail ion concentration from 2.5 to 10 ppm reduced the 225 

bioremoval rates by about half. Due to the toxicity of some heavy metal ions for live 226 

algal strains metal ions uptake will be reduced by destruction of algal cells, and an 227 

optimization of metal ion concentrations is necessary for the efficient growth of algae. 228 

Shanab and Essa [51] investigated the effects of concentrations of mercury, cadmium, 229 

and lead ions on the growth of Scenedesmus quadricauda. They observed that low 230 

concentrations of lead and cadmium ions (5-20 ppm) enhanced algae growth through 231 

increased chlorophyll content, while mercury ions had a toxic effect on the algal cells in 232 
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any concentration. Lamaia et al. [32]  continually increased the exposure time and 233 

concentrations of lead and cadmium ions to explore the toxicity in a common 234 

filamentous live green algae, Cladophora fracta. The main toxicity symptom of Pb and 235 

Cd ions to C. fracta was a relative decrease in culture productivity, with total 236 

chlorophyll content loss, reduced number of chloroplasts, and disintegrated cell walls 237 

responsible for cell death and reduced cell growth.  238 

To illustrate the interaction of live algal cells and toxic concentration of heavy 239 

metal ions, it is worth noticing that after biosorption of heavy metal ions to algal cells, 240 

they are transported to cell vacuole. During this step structural/binding proteins such as 241 

metallothioneins (MTs) bind to adsorbed ions and thus avoids inhibitory effects of 242 

accumulative concentration of metal ions in the host cells. This mechanism allows the 243 

normal biochemical activities to continue  in the presence of toxic/lethal concentrations 244 

of heavy metal ions [39]. However, the presence of excessive toxicity of heavy metal 245 

ions could lead to protein structure denaturation, replacing essential elements or damage 246 

to the oxidative balance of the live algae. Intensity of the stress on algal cells depends 247 

on the content of oxidized proteins and lipids in the algae cells. The protection response 248 

of algae cells against heavy metal ions is extremely dependent on their resistance to the 249 

oxidative damages [40, 52]. 250 

 251 

The influence of pH on sorption selectivity 252 

pH is one of the most important determining parameters of the capacity of metal 253 

ion uptake by algal biomass [19, 23, 53-56]. Dependence of metal ion uptake on pH is 254 

related to the metal ion complexation chemistry in solution, and behavior of many 255 

different functional groups present in the surface of algal cells as well as to complex 256 
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formation constants [36, 53, 57]. Han et al. [53] investigated the Cr (III) uptake by 257 

Chlorella miniata biomass and found that biosorption capacity in pH 3, 4 and 4.5, was 258 

14.17, 28.72 and 41.12 mg Cr (III)/g dried algae, respectively. Similar research by 259 

Gupta and Rastogi [58] on the uptake of Pb (II)  by Spirogyra sp. biomass showed that 260 

biosorption of Pb (II) at the pH<3, is very low. When the pH increased in the range of 261 

3-5, an increase in lead ions sorption was observed, with the maximum amount of 262 

sorbed ions being 140 mg/g at pH 5. Considering lead (II) hydroxide solubility product 263 

(KSP) to be 1.4x10-20, and assuming 1.4 µM lead ion concentration, the hydroxide ions 264 

from Ksp calculations would be KSP = 1.4x10-20 = (1x10-6)(OH-)2, or hydroxyl ion 265 

concentration of 10-7M and pH = 7. This implies that even at a micromolar 266 

concentration of lead ions, at pH 7 or higher, the lead(II) ions will precipitate as lead(II) 267 

hydroxide before biosorption by algae cells.  In the case of biosorption using living 268 

algal cells, it can be inferred that during photosynthesis the inorganic carbon content of 269 

the culture medium was depleted, and consequently the pH increased. Concurrently, the 270 

biosorption of some metal ions such as Pb (II) might increase. Thus, injection of CO2 271 

can be used to control the acidity of the culture medium [59, 60]. 272 

The absence of H+ ions increases the ability of establishing links between metal 273 

cations and ligands, leading to improved metal ion removal by algal biomass. 274 

Conversely, functional groups in acidic solutions are protonated and prevented from 275 

binding cations to functional groups [53, 58], resulting in a reduction of biosorption 276 

capacity. Therefore, finding the optimal pH for maximum metal ion removal by specific 277 

algae is paramount, as it strongly correlates with the biomass surface charge, degree of 278 

ionization, and absorbing sites.  279 
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The first step in the mechanism of biosorption and bioaccumulation of heavy 280 

metal ions is the diffusion of ions to the algae cell surface which is negatively charged 281 

from ionization of functional groups. The negatively charge surface will adsorb the 282 

counterions, ie heavy metal ions in this case, to have a double layer originated from the 283 

cell surface. The sorption of the metal ions causes the depletion of ions in media 284 

(growth media for live algae) and this depletion lowers the ionic strength of the media 285 

that causes the expansion of double layer thickness. Therefore, the biosorption of heavy 286 

metal ions is more efficient in dilute media [61] . 287 

The tendency for selective metal ion uptake at an optimized pH is useful in 288 

targeted biosorption in multi metal ion solutions. Aksu et al. [62] in a study on C. 289 

vulgaris biomass, determined the optimal Cu (II) and Cr (VI) biosorption at pH 4 and 2, 290 

respectively. The optimal pH for these metal ions is related to their chemical interaction 291 

with the algal cells. In an investigation by Cimino et al. [63] the influence of pH on the 292 

distribution of Cr(VI) in solution showed that for pH values under 3.0 the HCrO4
- and 293 

Cr2O7
2- ions species were predominant and efficiently absorbed on the protonated cell 294 

binding sites. At pH values over 5.0 the total chromium bioremoval was negligible since 295 

increasing pH shifted HCrO4
- to CrO4

2-. Therefore, increasing pH negatively affected 296 

the final capacity of chromium bioremoval.   297 

Due to the various chemical forms of metal ions found in IW, pH adjustment 298 

could play an important role in biosorption capacity [41]. Usually NaOH and  HCl [64], 299 

H2SO4 [24], HNO3 [26], or the buffer [65] are used for adjusting pH of IW solutions. 300 

Based on the properties of metal ions, suitable acids, bases, or buffers should be chosen 301 

to adjust the pH. For example, in biosorption of lead due to the formation of the PbSO4 302 

precipitates, H2SO4 should not be used. Buffering interferences with metal ions in the 303 
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solution is also important and should be considered. For example, Ni (II) and Cd (II) 304 

concentrations when using a phosphate buffer to adjust the pH may result in the 305 

formation of phosphate precipitate. 306 

 307 

The influence of biomass concentration  308 

The amount of metal ions removed from a solution phase is dependent on the 309 

algae biomass concentration, and increasing biomass concentrations reduces metal ion 310 

uptake per gram of biomass [50, 66-68]. In practical terms, increased biomass 311 

concentrations positively increases final bioremoval, although it negatively affects 312 

biosortion capacity of heavy metal ions [69]. Electrostatic interactions between cells 313 

have a significant effect on metal ion uptake by algal biomass, with high biomass 314 

concentrations having a ‘shell effect’ on the outer structure of biomass and avoiding 315 

functional group binding to metal ions [34, 70]. The shell effect enables the control of 316 

complex formation by adjusting pH to the isoelectric point. Mehta and Gaur [69] found 317 

out that a 100-fold increase in biomass concentration of C. vulgaris is accompanied by a 318 

significant increase in removal of Ni (II) and Cu (II). In a similar study on Scenedesmus 319 

abundans by Terry and Stone [71], competition between Cu (II) and Cd (II) for binding 320 

sites was observed, and higher concentrations of biomass prevented such competition. 321 

There is also a variable effect of biomass concentrations on the metal ion biosorption 322 

capacity This was investigated by Romera et al. [34] using different algal strains and 323 

metal ions, and was reported that maximum biosorption efficiency could be obtained at 324 

the lowest biomass concentration. 325 

 326 

The influence of temperature 327 
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Biosorption efficiency of each metal ion is different for each algae species with 328 

different response to the temperature [33, 72]. Although metal ligand complex 329 

formation constants are primarily a function of temperature, some previously published 330 

studies claimed that increased algal culture temperatures could potentially increase 331 

metal ion biosorption capacity [58, 73-77], with no consideration of formation constants 332 

changes by temperature. The possible reasons for increasing temperatures to result in 333 

increasing metal ion biosorption include: (1) An increased number of active sites 334 

involved in metal ion uptake; (2) an increased tendency of active sites to absorb metal 335 

ions [37]; (3) a reduction in mass transfer resistance in the diffusion layer by a reduction 336 

of the thickness of the diffusion boundary layer around the adsorbent groups [78], and 337 

(4) change of complex formation constant with temperature [79, 80]. However, other 338 

studies suggest that metal ion uptake by some algae is exothermic and uptake capacity 339 

increases with decreasing temperature [72, 81]. There is also observation that indicate 340 

temperature has no significant influence on the metal ion uptake by algal cells [56, 82, 341 

83], and similarly several studies have determined temperature-linked changes in metal 342 

ion uptake by living algal cells [23, 84]. These seemingly incompatible results may be 343 

resolved by noting that optimum temperatures is usually a narrow range for active 344 

biological reactions in living cells, and temperature variations cause different 345 

biosorption behaviors in various algal strains with different metal ions. Most 346 

importantly is the change of complex formation constant with temperature which is 347 

apparently been neglected by most researchers. The biosorption capacity of cadmium 348 

ions increase with decreasing temperature for specific algae because of the exothermic 349 

nature of cadmium ion bioremoval [85-88]. Similarly, research by Aksu [85, 89] 350 

investigated the effect of temperature on the C.vulgaris biomass for biosorption of Cd 351 



16 
 

(II) and Ni (II). They observed the maximum biosorption for Cd (II) and Ni (II) 352 

occurred at 20 and 45 0C, respectively. 353 

Temperature also influences biosorption of metals by non-living algal biomass as 354 

the adsorption equilibrium is determined by the exothermic or endothermic nature of the 355 

process. A number of studies on the effect of temperature on adsorption isotherms, 356 

metal uptake, and also biosorption thermodynamics parameters have been performed 357 

[90-92]. Due to intracellular absorption and enzymes in the transfer of ions into the 358 

living algae cell, increasing temperature might have a greater impact on the absorption 359 

capacity as compared with non-living algae. Altogether, these factors will lead to 360 

reduced absorption capacity of the living algae more than non-living algae. 361 

 362 

The influence of contact time 363 

Heavy metal ion biosorption is highly dependent on contact time. Based on the 364 

previously published reports discussing the kinetics of heavy metal ion biosorption on 365 

algae cell surface, the mechanism of biosorption is algae strain specific [26]. 366 

Biosorption takes place in two stages, where; (1) for algae biomass, ions adsorb to cell 367 

membrane passively and biosorption of metal ions occurs rapidly within the first 368 

minutes, and; (2) for live algae, active sorption occurs as heavy metal ions slowly 369 

uptake into the algal cell. Vogel et al. [93] investigated the uptake of uranium by non-370 

living C. vulgaris and observed that more than 90% of the dissolved uranium adsorb 371 

during the first 5 minutes. In another study, Tüzün et al. [94] showed that the  biomass 372 

of Chlamydomunas reinhardtii microalgae rapidly adsorbed free ions of Hg (II), Cd (II) 373 

and Pb (II), with the biosorption equilibrium achieved in 60 minutes. Mata et al. [19] 374 

reported the amount of Au (III) adsorbed at a pH of 7 on the biomass of Fucus 375 
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vesiculosus macroalgae, after 1 and 8 hours were 28.95 mg/g and 74.05 mg/g of dry 376 

algae, respectively. This demonstrates that biosorption of heavy metal ions is a passive 377 

process that occurs relatively rapidly, even when algal cells are non-living. In living 378 

algae contact time has a greater effect on the biosorption capacity. For example, Lamai 379 

et al. [32] measured the uptake of cadmium and lead ions by Cladophora fracta, 380 

separately harvested after 2, 4, 6, and 8 days, and  found while the algal growth rate 381 

decreased over time, a greater biosorption capacity was obtained in older cultures. 382 

These results suggest that while passive heavy metal biosorption commences swiftly in 383 

the first moments of contact, a greater level of IW heavy metal bioremoval can be 384 

achieved with longer contact times using living algae. The issue with ‘older’ cultures 385 

from chemistry point of view is the gradual depletion of nutrients and reduction of the 386 

ionic strength of the growth media with time. This will affect the biosorption capacity of 387 

heavy metal ions onto the algae cell surface.  388 

 389 

The influence of multi metal ion systems 390 

 The type, combinations, and concentrations of heavy metal ions vary greatly 391 

among wastewaters. For example, electrolytic effluent contain a mixture of metal ions 392 

such as Hg, Mn, Ni, Pb, and Cu ions [95]. Bioremoval of multiple metal ions in solution 393 

is a common situation rather than relatively simple single metal ion solutions. Despite 394 

investigation of single metal ion solutions being routinely surveyed in the research 395 

literature, the real situation for IW treatment is more complicated due to the presence of 396 

multiple metal ions that needs further investigations. The presence of multiple heavy 397 

metal ions in the algal growth media imparts major physiological and biochemical 398 

consequences [96, 97]. In multi-metal ion systems metal ions compete for binding to 399 
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algal ligands, and the presence of some cations significantly influence the uptake of 400 

other metal ions by algal cells [98, 99]. Aksu and Dönmez  [100] studied the effect of 401 

cadmium ions on the removal of nickel ions and vice versa, and found simultaneous 402 

biosorption of nickel and cadmium ions significantly repressed the total biosorption 403 

capacity in comparison to the single ion solutions. Table 4 presents heavy metal ion 404 

uptake in binary solutions. In general all binary solutions show a decrease of metal ion 405 

biosorption. There are several studies showing that the role of light metal ions on the 406 

toxicity of heavier metal ions biosorption is very small [73, 74]. However, high 407 

concentrations of monovalent cations of Na+ and K+, could increase the ionic strength of 408 

wastewater, leading to a reduction in biosorption capacity of biomass [101, 102]. In 409 

water contaminated with multiple heavy metal ions, competition among the metal ions 410 

to bind to the active sites of cell surface is directly influenced by the concentration of 411 

each ion and their properties, primarily electronegativity and ionic radius [98, 103]. For 412 

example, aluminium ions  can interfere with biosorption of copper ions preventing 413 

access to the binding sites at the cell surface[104], while the copper ions in the solution 414 

had no significant effect on Al+3 ion biosorption [105]. Similar research by Kaewsarn et 415 

al. [106] showed the effect of interfering anions including ethylenediaminetetraacetic 416 

acid (EDTA), SO4
2-, PO4

3- and CO3
2- ions on the biosorption of Cu (II). They reported 417 

that the biosorption of copper relatively decreased in the presence of EDTA, SO4
2-, 418 

PO4
3-, and CO3

2-, respectively.  419 

 420 

The influence of other factors 421 

Growth rates, level of dissolved nitrates, and light intensity can contribute to the 422 

removal of heavy metal ions by algae. Nitrate is a primary nutrient for algae growth, 423 
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and changing in initial nitrate concentration can influence algae growth and biomass 424 

production [107]. Nitrate depression results in algae producing high amounts of lipids or 425 

low amounts of biomass, and therefore, low metal ion biosorption [108]. 426 

The effect of light intensity on metal ion uptake is largely unknown. The metal ion 427 

biosorption is proposed to be metabolism-independent for algal biomass and a two 428 

phase of metabolism-independent and metabolism-dependent for living algae [109], the 429 

former is slow and the latter is fast. The initial metabolism-independent step, commonly 430 

valid for biosorption of metal ions on biomass is indepdent of light and temperature. 431 

However, research by Subramanian et al. [110] found biosorption of Zn (II) in the dark 432 

regions is slightly higher than that in light regions. Culture medium dissolved gas 433 

concentration is also another factor that affects the growth rate of biomass and its 434 

contents. For example, Ota et al. [111] investigated the effect of dissolved oxygen on 435 

lipid synthesis in Chlorococcum littorale, and found that the lipid production can be 436 

limitated by dissolved oxygen in photoautotrophic culture. The numerous variations in 437 

growth conditions affecting the availability of binding groups also influence the 438 

characteristics of the algal biomass, resulting in changes to relative heavy metal ion 439 

biosorption capacity. 440 

 441 

Metal ion sorption by pretreated algae biomass 442 

Increased heavy metal ion uptake by algal biomass can be enhanced by several 443 

physical/chemical treatments that change the algal cell surface properties to provide 444 

additional binding sites. Algal biomass physical treatments such as heating/boiling, 445 

freezing, crushing, and drying usually lead to an enhanced level of metal ion 446 

biosorption. These treatments influence the important role of the cell wall in biosorption 447 
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of metal ions, as non-living cell membrane destruction provides more surface area to 448 

increase the biosorption capacity [112] and release the cell contents for possible 449 

increase in binding cell components to metal ions. The most common algal 450 

pretreatments are CaCl2, formaldehyde, glutaraldehyde, NaOH, and HCl. Pretreatment 451 

by CaCl2 causes calcium binding to alginate that plays an important role in ion 452 

exchange [113, 114]. Formaldehyde and glutaraldehyde help strengthening the 453 

crosslinking between functional groups, especially hydroxyl groups and amino groups 454 

[115, 116]. NaOH increases the electrostatic interactions of metal ion cations, and 455 

provides optimum conditions for ion-exchange, while HCl replaces light metal ions with 456 

a proton and also dissolves polysaccharides of cell wall [45], or  denatures proteins 457 

[117], and increase bonding sites to improve biosorption. 458 

Arica et al. [118] investigated the effect of heat and acid treatment on the uptake 459 

of Cr (VI) by the biomass of Chlamydomunas reinhardtii. The Cr (VI) biosorption 460 

capacity for the treated biomass was 25.6 and 21.2 mg/g, respectively; significantly 461 

higher than the untreated dried biomass (18.2 mg/g). Table 1 summarizes the effect of 462 

different physicochemical treatments on the biosorption capacity of different algal 463 

strains, enabling a comparison of implemented treatments on biosorption capacity. In 464 

order to increase biosorption of Cu(II) and Ni(II), Mehta and Gaur [50] treated chlorella 465 

vulgaris  biomass by HCl, HNO3, and NaOH, and observed  Cu(II) and Ni(II) 466 

bioremoval were higher than the control sample. Several studies indicated that CaCl2 is 467 

a cost-effective treatment to increase the metal ion sorption by algal biomass. For 468 

example, in order to increase biosorption of Pb (II), Rincon et al. [113] treated Fucus 469 

vesiculosus macroalgal biomass by CaCl2, HCl, and formaldehyde, and observed the Pb 470 

(II) biosorption capacity of CaCl2 treated biomass was higher than the control sample. 471 



21 
 

The effectiveness of implemented treatments in metal ion biosorption is directly 472 

dependent on the type of active sites present on the cell surface. In an study,  Zhao et al. 473 

[119] investigated the effects of different treatments (HNO3, HCl, NaOH, acetone and 474 

water, 60°C) on the biosorption of variant metal ions such as Pb, Cu, Zn, Cd, Cr, Mn, 475 

Ni, Co, Hg, Au, and Ag using six species of marine algae. They found that to varying 476 

extents all treatments successfully increased the ability of biomass to bind metal ions 477 

and improve biosorption capacity. Other chemical treatments (such as phosphorylation) 478 

can enhance the biosorption of radioactive ions from aquatic environments [120]. For 479 

example, Pohl and Schimmack [17] performed phosphorylation of Laminaria japonica 480 

and two species of cyanobacteria biomass to increase the biosorption capacity of 481 

radioactive nuclei (134Cs, 85Sr, 226Ra, 241Am). However, chemical pretreatments do not 482 

always produce predictable results, and may even cause opposite effects. For example, 483 

Zhang et al. [121] observed a decrease in uranium uptake by Scenedesmus obliqus after 484 

treatment with HCl, NaOH, NaCl, and diluted ethanol. Modification of the growth 485 

media (i.e. introducing supplements such as glucose, ammonium sulfate, phosphate, 486 

etc.) can potentially improve the metal ion uptake by the biomass [122]. The goal of all 487 

these growth media treatments are improving the conditions to favor contact between 488 

functional groups and metal ions through additional binding sites or improved linkage 489 

between the chains of biopolymers [113, 123].  490 

 491 

Macro vs micro algae 492 

Seaweed, green macroalgae and their alginate derivatives exhibit high affinity for many 493 

metal ions [124]. The passive removal of toxic heavy metals by biological materials is 494 

an emerging potential known as biosorbents.   495 
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To investigate the biochemical properties of the brown algae a comprehensive review 496 

was previously published [46]; A detailed description of cellular structure, storage 497 

polysaccharides, cell wall and extracellular polysaccharides were discussed in terms of 498 

their potential role in metal biosorption in brown macroalgal strains. Alginate plays a 499 

critical role in metal biosorption by brown algae. Alginate participate in ion-exchange 500 

and complexation result in binding of heavy metals by this polymer. The adsorption 501 

capacity of the brown algae is directly related to the alginate content, availability and its 502 

specific macromolecular conformation. Alginate comprises a significant component up 503 

to 40-45% of the dry weight of Sargassum biomass [125]. The affinity of alginates for 504 

divalent cations such as Pb2+,Cu2+,Cd2+ and Zn2+ donate 227, 51, 79 and 78 mg g-1 metal 505 

uptake [46]. Sargassum packed columns was investigated to be used in flow-through 506 

column systems. Implementation of such packed bed columns inactively adsorb and 507 

detoxify heavy metals bearing industrial wastewater [126]. Algal biomass 508 

immobilization techniques will be further discussed in the next section. 509 

To reply to the question about finding suitable freshwater filamentous algae that possess 510 

a high metal ion removal capability, Lee and Chang [127] evaluate the Pb(II) and Cu(II) 511 

bioremoval capacity in two green  macroalgae species, Spirogyra and Cladophora, the 512 

results indicated that although the functional groups of these two genera of algae were 513 

similar, but the adsorption efficiency of Spirogyra spp. for Pb(II) and Cu(II) were 514 

superior to those of Cladophora spp.. (87.2 and 38.2 mg g-1  for Spirogyra and 45.4 and 515 

13.7 mg g-1   for Cladophora, respectively). Further example of biosorption capacity of 516 

different heavy metal ions using diverse macroalgal strains under varying 517 

physicochemical conditions are summarized in Table 1.  518 
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Comparison of living and non-living algal species will be comprehensively 519 

reviewed in the next section from other standpoints. Microalgae usually step further in 520 

contamination bioremoval. In more details, denitrification, dephosphorylation and COD 521 

reduction beside heavy metal biosorption are well established in microalgae wastewater 522 

treatment [128].  523 

 524 

Living vs non-living algae 525 

Although clear differences exist between accumulation of metal ions onto living 526 

algae cells and biosorption of metal ions onto non-living algae biomass, the process 527 

with the largest contribution in both living and non-living algae is the ion exchange 528 

process [39]. Since the influence of operating parameters such as pH, temperature and 529 

contact time have been previously discussed, herein the efficiency and also the 530 

applicability of living and non-living algae in the removal processes of metal ions will 531 

be introduced. While metabolic processes in living algae generally contribute to heavy 532 

metal bioremediation [130], using non-living algae has recently gained popularity for 533 

biosorption of heavy metal ions from solutions.. Non-living biomass biosorption 534 

advantages include a heavy metal biosorption several times greater in non-living algae 535 

as compared to living algae [37, 132, 133]. Moreover,the possibility to recycle non-536 

living algal biomass is a unique characteristic dealing by dead biomass [134]. For 537 

example, metal ions bound to the algal cell wall may be removed by washing the 538 

biomass with deionised water and desorption agents (HCl, NaOH, CaCl2) [135], 539 

whereas living algae have a low mechanical and chemical resistance to physical and 540 

chemical treatments for recycling. It is worth quoting that the non-living algae can be 541 

easily treated using physical and chemical protocols to enhance adsorption capacity 542 
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[118]. The use of non-living algal biomass also removes the risks of exposures to highly 543 

toxic environments, and do not require intensive management or addition of further 544 

growth nutrients [52, 136]. Nonetheless, several environmental factors influence non-545 

living algae heavy metal ion biosorption. For example, changes in pH impact living algae to 546 

a greater extent than non-living algae as most algae grow in neutral or slightly alkaline 547 

mediums  [140], and acidic media can affect the algae growth rate, and basic media 548 

might cause precipitation of the metal ions [141, 142]. Heavy metal removal in 549 

solutions with an extreme pH favors non-living algae over living algae, as using live 550 

algae adds complexity to culture medium chemistry management that might lead to 551 

unwanted metal ion precipitation and bioremediation interference.  552 

Regarding to the summarized data in Table 1, meaningful differences could not be 553 

tracked among removal efficiency of living and non-living algae; in more details, 554 

different living and non-living samples of C. vulgaris presented the same ion removal 555 

efficiency for U4+ [93]  and Ni2+ [151] biosorption. In summary, the living cells having 556 

metabolic activities possibly present higher uptake of metal ions compared to dead 557 

biomass. They could also adsorb more diverse range of ions (Doshi, 2007), However, 558 

non-living cells present faster uptake kinetics. The dead biomass materials could be 559 

successfully reused in successive adsorption–desorption cycles [64]. Finally, low cost 560 

and ease of use in non-living cells have developed this technology as a serious candidate 561 

for bioremediation of for IW in large scale. Consequently, to achieve the highest 562 

removal efficiency, interaction between algal strains, dead or live cells and pollutants 563 

should be optimized.  564 

Immobilized algae  565 
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Techniques such as flocculation, adsorption on surfaces, covalent binding to 566 

carriers, crosslinking of algal cells, and entrapment of algae in polymeric matrix are 567 

used for cell/biomass immobilization [143, 144]. For immobilization of biomass, natural 568 

biopolymers (such as agar and alginate) or synthetic compounds (such as silica gel and 569 

polyacrylamide) can be used as supporting materials. Natural polymers are often 570 

preferred to synthetic polymers due to non-toxicity to biomass, and for this reason 571 

calcium alginate has been widely used for immobilization of algal cells and many other 572 

biomass sources [69, 145, 146]. Among synthetic polymers, polyacrylamide has been 573 

most extensively used [18, 147], as it is more resistant than calcium alginate, although 574 

its application for immobilization processes is limited by its high cost and toxicity to 575 

living cells. Table 5 presents research where immobilized algae has resulted in an 576 

increase in biosorption capacity relative to free algal cells, and prevented loss of 577 

biomass during the biosorption cycle [148]. Biomass immobilization enhances 578 

photosynthetic capacity [149] and reduces toxicity of some substances [150]. It also 579 

facilitates repetitive use of algal cells during successive sorption/desorption cycles of 580 

metal ions bioremoval from aqueous solutions. Enhanced surface sorption in the 581 

immobilized powdered algal cells result in a 2-fold increase in nickel removal in 582 

comparison to the free non-living C. vulgaris cells [151]. The same observation was 583 

reported by Murugesan et al.  [152] on the potential of immobilized algal cells of 584 

Spirulina platensis in cadmium ion biosorption. While algae immobilization has a high 585 

potential for removing toxic metal ions from IW, it requires an ideal cost effective 586 

method.  587 

 588 

Metal ion biosorption enhancement using molecular tools 589 
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Exploiting biological mechanisms at the molecular level to produce engineered 590 

organisms with higher biosorption capacity and selectivity for specific metal ions can be 591 

used to develop new biosorbents. The high cost of conventional technologies to reduce 592 

toxic metal ions concentrations in IW to acceptable regulatory standards has prompted 593 

exploitation of genetic and protein engineering approaches to produce cost effective 594 

‘green’ biosorbents. One emerging area of research is the design and development of 595 

novel algae strains with increased affinity, capacity, and selectivity for biosorption of 596 

heavy metal ions. Many genes are involved in metal-uptake, detoxification, or tolerance 597 

[153]. Cysteine-rich peptides such as glutathione (GSH), some lipopolysaccharides, 598 

phytochelatins (PCs), and metallothioneins (MTs) bind metal ions (Cd, Cu, Hg etc.) and 599 

enhance metal ions bioaccumulation [154]. For example, tripeptide GSH as a typical 600 

low molecular weight thiol has a significant role in detoxification of metal ions. 601 

Moreover, it acts as a storage form of endogenous sulfur and nitrogen [155]. Cell 602 

surface treatment technologies have been recently used to improve the performance of 603 

biomass in metal ion removal from aqueous solutions, and cell surface MTs or PCs 604 

could increase metal ion accumulation capacity. For example Kuroda et al. [156] 605 

expressed a histidine hexapeptide on the cell surface of engineered yeast S. cerevisiae. 606 

Furthermore, the introduction of surface exposed MerR (a metalloregulatory protein 607 

with high affinity and selectivity toward mercury engineered to strains of E. coli) can 608 

increase the  capacity of  Hg (II) sorption six-fold higher than the wild-type [157]. 609 

Genetic and protein engineering can also create artificial proteins with 610 

fundamentally new molecular activities and/or imitative functions [158]. A novel 611 

protein with both high metal-binding and pre-programmed properties for heavy metal 612 

ion removal in theory can be located in any specific cellular compartment [159]. Bae et 613 
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al. [157] researching recombinant E. coli strains harboring synthetic fusion genes 614 

encoded outer membrane peptides with the general structure of (Glu-Cys) nGly, 615 

resulting in a doubling of accumulated Cd (II). Outer membrane expression involves 616 

nonviable cells in metal ion accumulation with efficient metal ion bounding [160]. A 617 

recombinant E. coli strain expressing MT fused to the outer membrane of a maltose 618 

protein (LamB) showed a 15-20-fold increase in Cd (II) binding compared to the control 619 

sample [161]. The efficiency of MT heteroproteins could be enhanced according to the 620 

specific role of metal ion membrane transporters.  For example, fusion of  glutathione S-621 

transfers to MT lead to a 3-fold increase in Ni (II) accumulation in comparison to cells 622 

expressing MT with no transporter in transgenic E. coli strains [162]. Cytoplasmic 623 

expression of metal-binding polypeptides such as PC were evaluated as an effective 624 

system for cellular detoxification of some metal ions [163]. A combined approach was 625 

investigated in a recombinant E. coli by a fusion plasmid harboring mercury transport 626 

system and strong intracellular accumulator system. Immobilized cells were able to 627 

remove mercurial contamination from wastewater repeatedly [164].  628 

Transgenic plants which detoxify/accumulate cadmium, lead, mercury, arsenic, 629 

and selenium ions have been transformed by PCs, MTs, metal chelators, and transporter. 630 

For example, the MT-transformed plants can grow normally in the presence of 0.1 mM 631 

cadmium chloride [165]. The responsible genes for detoxification functions have their 632 

highest diversity in bacteria and fungi. Rhizosphere strongly participates in contaminant 633 

detoxification. Root exudates increase soil microbial growth and in turn translates into 634 

greater metal ion detoxification. Genetic manipulations of mycorrhizal communities 635 

associated with woody plants could improve the capacity of woody plants in 636 

remediation purposes [165]. 637 
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To date little attention has been paid to investigate the recombinant microalgal 638 

strains for metal ion biosorption, and it remains highly prospective for engineered algae 639 

achieving higher sorption capacities and specificity for targeted metal ions. However, 640 

without detailed analyses and targeted strategies, wide-scale implementation of 641 

molecular tools has the potential for ecological harm that genetically modified algal 642 

strains could possibly threaten the sustainability of a host ecosystem. To mitigate the 643 

impacts of such risks one strategy may include further processing downstream from 644 

bioremediation activities, or the use of hybrid technologies to obtain a byproduct/biofuel 645 

from produced algal feedstock.  646 

 647 

Coupling wastewater treatment and biofuel production  648 

Costly chemical-based treatments to remove very high concentrations of nutrients 649 

and toxic metal ions from wastewater is the major problem with most wastewater 650 

applications [166]. The potential of algae to efficiently remove heavy metal ion, 651 

candidates them as an extremely promising tools for sustainable and low cost 652 

wastewater treatment [3, 167]. Capital, operation, and maintenance costs for microalgal 653 

biofuel production can be significantly reduced by using wastewaters for biomass 654 

production  [168]. Hybrid wastewater treatment and algae cultivation systems could 655 

decrease unit costs of energy by 20-25%, and largely eliminate the cost of nutrient and 656 

freshwater supplementation [169]. Coupling of the production of biofuel-directed 657 

microalgae with bioremediation of wastewaters provides a pathway to combat 658 

eutrophication and industrial pollution in conjunction with the renewable energy 659 

production [27]. 660 
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Bioremoval of heavy metal ions using microalgae has been considered as an 661 

environmentally and economically sustainable approach to remove toxic metals from 662 

wastewaters [170]. On the cost side, the need to reduce requirements for chemical 663 

remediation of wastewaters, minimizes freshwater consumption, enhances the suitability 664 

of algal introduction in the wastewater treatment process [27, 171-173]. Besides, a wide 665 

range of valuable by-products (such as bioethanol and biodiesel), valuable nutrients and 666 

bioactive compounds can be extracted from the produced biomass [168]. Integrated 667 

algal-based treatment of wastewater and biofuel production can not only reduce the 668 

inputs and costs of algal biomass production, but also efficiently remove potentially 669 

hazardous contamination such as residual nutrients, toxic metal pollutants, and even 670 

transgenic algae from wastewaters [3, 174]. The coupled system is a useful approach 671 

where nutrient and heavy metal ion removal is required prior to wastewater discharge. 672 

Moreover, production of biofuels could also decrease the final cost of CO2 sequestration 673 

from industrial sources or power plants [60]. However, to achieve the proposed 674 

potentials of a coupled algal systems, maximizing autotrophic production is of primary 675 

importance. It could be applicable through using high rate algal ponds (HRAPs), which 676 

play an efficient and cost-effective role for the conventional wastewater treatment 677 

widely used in industrial scale globally [175]. HRAPs in comparison to the traditional 678 

wastewater methods has lowered the capital and operating costs, does not need 679 

advanced technology to operate, while providing all the benefits of coupled systems to 680 

produce biofuel [169, 175].  681 

 682 

Conclusion 683 
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Low-cost cultivation, high metal ion uptake, and metal selectivity, and suitable 684 

mechanical properties for large scale production makes algae a suitable candidate for 685 

wastewater bioremediation. A complete characterization of biochemistry of microalgal 686 

substrates and its environmental benefits will be necessary to credibly emphasize the 687 

advantages of algal biosorption over conventional ion-exchange resins and routine 688 

chemical treatments. Further research at both fundamental and field-scales will assist 689 

optimization of final biosorption capacity to improve the economic sustainability and 690 

practicalities of large-scale implementation of algal heavy metal bioremediation. To 691 

achieve implementation of algal biosorption technology in industrial and environmental 692 

remediation requires a better understanding of influencing parameters, including initial 693 

concentrations, physico-chemical conditions, and also contact times, in addition to other 694 

parameters discussed in this review article. Successful biosorption processes require 695 

inexpensive biomaterials display high metal uptake and selectivity based on 696 

biochemical constitution, as well as suitable mechanical properties for applied 697 

remediation procedures. Based on the high biomass productivity of wastewater-grown 698 

algae, it is an attractive dual-use algae cultivation for wastewater treatment coupled with 699 

other downstream or hybrid production systems. However, life-cycle assessment, 700 

techno-economic analysis and energy intensity of any utility-connected algae systems 701 

should be precisely determined prior to implementation. 702 
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Table 1. Biosorption capacity of 14 different heavy metal ions using variant micro and macroalgal strains under optimal 

conditions. (The potential of macroalgal vs. microalgal strains and living vs. non-living cells are summarized). 

Metal  Algae species  Treatment 
 

Max. 
sorption 
(mgg-1) 

Optimal  
pH 

Initial metal 
conc.  

(mgL-1) 

Biomass 
conc.  
(gL-1) 

Temp 
(C°) 

Time  
(hour) 

References 

Al(III) Laminaria japonica # CaCl2 75.27 4.5  1  30 [104] 

As(III)  Ulothrix cylindricum  67.2 6 10   20 1 [81] 

Au(III)  Fucus vesiculosus #  74.05 7 100 1 23 8 [19] 

Cd(II) Ascophyllum nodosum #  87.7 6 50 0.5  2 [34] 

 Asparagopsis armata #  32.3 6 50  0.5  2 [34] 

 Chlorella vulgaris  85.3 4 200 0.75 20 2 [85] 

 C. vulgaris  86.6 4 150 1 25  [100] 

 Chondrus crispus #  75.2 6 50 0.5  2 [34] 

 Cladophora fracta*  4.08 5 8  25 192 [32] 

 Chlamydomonas reinhardtii*  42.6 6    25 1 [94] 

 C. reinhardtii  145 7 989.21  23  [176] 

 Codium vermilara  21.8 6 50 0.5  2 [34] 

 Laminaria japonica # CaCl2 136.1 4.5   1  30  [104] 

 Fucus spiralis #  114.9 6 50   2 [34] 

 F. vesiculosus #  125.9 6  0.25  2 [113] 

 Spirogyra insignis  22.9 6 50 1  2 [34] 

  Ulva lactuca #  29.2 5 10  20 1 [177] 

Cr(II) Laminaria japonica # CaCl2 94.103 4.5  1  30 [104] 
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Table 1. continued 

Metal Algae species Treatment 
 

Max. 
sorption 
(mgg-1) 

Optimal  
pH 

Initial metal 
conc.  

(mgL-1) 

Biomass 
conc.  
(gL-1) 

Temp 
(C°) 

Time  
(hour)  

References 

Cr(III) Chlorella miniata*  41.12 4.5 100  25 24 [53] 

 C. sorokiniana  58.8 4  1 25  [178] 

 Rhizoclonium  
heiroglyphicum # 

HCl 11.81 4    2 [179] 

 Spirogyra condensate HCl      14.82 5    2 [179] 

 Spirogyra sp. HCHO      28.81 5 50  25 3 [114] 

 Spirogyra sp. NaOH      29.15 5 50  25 3 [114] 

 Spirogyra sp. CaCl2      30.21 5 50  25 3 [114] 

Cr(VI) Chlorella vulgaris       140 1.5 250       1   25  [66] 

 Chlamydomonas reinhardtii*  18.2 2  0.6 25 2 [118] 

 C. reinhardtii  25.6 2  0.6 25 2 [118] 

 C. reinhardtii  HCl 21.2 2  0.6 25 2 [118] 

 Dunaliella sp.1*  58.3 2 100 1 25 72 [180] 

 Dunaliella sp.2*  45.5 2 100 1 25 72 [180] 

 Scenedesmus incrassatulus*  4.4 8.9   25 24 [181] 

  Spirogyra sp.  14.7 2 5   18 2 [54] 
 Spirogyra sp. HNO3 265 4  1 30 2 [26] 

 Ulva lactuca #  10.61 1  2 25 2 [182] 

Cu(II) Ascophyllum nodosum #  58.8 4 50 0.5  2 [34] 

 Asparagopsis armata #  21.3 5 50  0.5  2 [34] 

 Chlorella vulgaris*  89.19 3.5  0.005 25 0.5 [50] 

 C. vulgaris  14.48 3.5  0.1 25 0.5 [50] 

 C. vulgaris  420.67 3.5 31.77  25 3 [183] 

 C. vulgaris HCl 714.892 3.5 31.77  25 3 [183] 
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Table 1. continued. 

Metal Algae species Treatment 
 

Max. 
sorption 
(mgg-1) 

Optimal 
pH 

Initial metal 
conc.  

(mgL-1) 

Biomass 
conc.  
(gL-1) 

Temp 
(C°) 

Time 
(hour) 

References 

 Chondrus crispus #  40.5 4 50 0.5  2 [34] 

 Cladophora fascicularis #  102.309 5  2 25  [73] 

 C. crispate #  57.5 4.5 200 1 25 0.5 [184] 

 Cladophora sp. #  13.7 5 100  25 1 [127] 

 Codium vermilara #  16.9 5 50 0.5  2 [34] 

 Fucus. spiralis #  70.9 4 50 0.5  2 [34] 

 F. vesiculosus #  61.63 5  0.25  2 [113] 

 F. vesiculosus #  105.48 5   23 2 [20] 

 F. vesiculosus # CaCl2 85.15 5  0.25  2 [113] 

 Laminaria japonica # CaCl2 101.038 4.5  1  30 [104] 

 Sargassum sp. #  72.5 5.5  1 22 3 [185] 

 Sphaeroplea sp.   140.43 4  1 33 1.5 [117] 

 Sphaeroplea sp. HCl 216.535 4  1 33 1.25 [117] 

 Spirogyra insignis  19.3 4 50   2 [34] 

 S. neglecta  115.3 4.5 100 0.1 25 0.16 [186] 

 S. neglecta urea-HCHO 30.17 4.5 50  25  [187] 

 Spirogyra sp  38.2 5 100  25 1 [127] 

 Ulothrix zonata  176.2 4.5  0.1 20 2 [188] 

 Ulva fasciata #  73.5 5.5  1 22 3 [185] 

Hg(II) U. lactuca #  149.25 7   25 2 [55] 

 Chlamydomonas reinhardtii*  72.2 6   25 1 [94] 
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Table 1. continued 

Metal 
 

Algae species Treatment 
 

Max. 
sorption 
(mgg-1) 

Optimal 
pH 

Initial metal 
conc.  

(mgL-1) 

Biomass 
conc.  
(gL-1) 

Temp 
(C°) 

Time 
(hour) 

References 

Ni(II) Ascophyllum nodosum #  43.3 6 50 0.5  2 [34] 

 Asparagopsis armata #  17.1 6 50 0.5  2 [34] 

 Chlorella miniata*  1.367 7.4    24 [189] 

 C. sorokiniana  48.08 5 200 1 25 0.33 [190] 

 C. vulgaris*  0.641 7.4     24 [189] 

 C. vulgaris*  15.4 5 100 2.5 25 2 [151] 

 C. vulgaris*  23.47 5.5  0.005 25 0.5 [50] 

 C. vulgaris  15.6 5 100 2.5 25 2 [151] 

 C. vulgaris  20.23 5.5  0.1 25 0.5 [50] 

 C. vulgaris  58.4 4.5 150 1 25  [100] 

 C. vulgaris  59.29 4.5 5   1 [69] 

 C. vulgaris  264.7 5.5 29.34 0.1 25 3 [183] 

 C. vulgaris HCl 437.84 5.5 29.34  25 3 [183] 

 Chondrus crispus #  37.2 6 50 0.5  2 [34] 

 Codium vermilara #  13.2 6 50 0.5  2 [34] 

 Fucus spiralis#  50 6 50 0.5  2 [34] 

 F. vesiculosus #  46.95 5  0.25  2 [113] 

 Sphaeroplea sp  199.55 6  1 33 1.16 [117] 

 Sphaeroplea sp HCl 244.85 6  1 33 1 [117] 

 Spirogyra insignis  17.5 6 50 1  2 [34] 
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Table 1. continued 

Metal Algae species  Treatment 
 

Max. 
sorption 
(mgg-1) 

Optimal 
pH 

Initial metal 
conc.  

(mgL-1) 

Biomass 
conc.  
(gL-1) 

Temp 
(C°) 

Time 
(hour) 

References 

Pb(II) Ascophyllum nodosum #  178.6 3 50   2 [34] 
 Asparagopsis armata #  63.7 4 50 0.5  2 [34] 
 Chondrus crispus #  204.1 4 50   2 [34] 
 Cladophora fascicularis#  198.5 5  2 25 1.5 [74] 
 C. fracta*  61.400 5 80  25 192 [32] 
 Cladophora sp#  45.4 5 100  25 1 [127] 
 Chlamydomonas reinhardtii*  96.3 5   25 1 [94] 
 Codium vermilara#  63.3 5 50 0.5  2 [34] 
 Fucus spiralis #  204.1 3 50    2 [34] 
 F. vesiculosus #  211.34 5    23 2 [20] 
 F. vesiculosus #  215.48 5  0.25  2 [113] 
 F. vesiculosus # CaCl2 259 5  0.5  2 [113] 
 Laminaria japonica #  250.71 5.3   25 2 [191] 
 L. japonica #  KMnO4 319.08 5.3   25 2 [191] 
 L. japonica1# C3H5ClO2 335.66 5.3   25 2 [191] 
 L. japonica3# C3H5ClO 346.02 5.3   25 2 [191] 
 L. japonica# CaCl2 348.09 4.5  1  30 [104] 
 Spirogyra insignis  51.5 5 50 0.5  2 [34] 
 S. neglecta  116.1 5 100 0.1 25 0.33 [186] 
 Spirogyra sp  87.2 5 100  25 1 [127] 
 Spirogyra sp  140 5 200 0.5 25 1.66 [58] 
 Ulva lactuca  34.7 5 10  20 1 [177] 

Se(IV) Cladophora hutchinsiae#  74.9 5  8 20 1 [192] 
U(VI) Chlorella vulgaris*  14.3 4.4 23.8 0.76  0.08 [93] 

 C. vulgaris*  26.6 4.4 23.8 0.76  96 [93] 
 C. vulgaris  27 4.4 23.8 0.76  96 [93] 
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Table 1. continued 
Metal Algae species Treatment 

 
Max. 

sorption 
(mgg-1) 

Optimal 
pH 

Initial metal 
conc.  

(mgL-1) 

Biomass 
conc.  
(gL-1) 

Temp 
(C°) 

Time 
(hour) 

References 

Zn(II) Ascophyllum nodosum #  42 6 50 0.5   [34] 

 Asparagopsis armata #  21.6 6 50 0.5  2 [34] 

 Chondrus crispus #  45.7 6 50 0.5  2 [34] 

 Cladophora crispate#  31.06 5 100 1 25 2 [193] 

 Codium vermilara#  23.8 6 50 0.5  2 [34] 

 Fucus spiralis#  53.2 6 50 0.5  2 [34] 

 laminaria japonica # CaCl2 56.88 4.5  1  30 [104] 

 Scenedesmus. obliqus(ACOI598)*  429.6 6-7 75 0.02 25 24 [48] 

 S. obliqus(L)*  836.5 6-7 75 0.02 25 24 [48] 

 S. obliqus(L)  209.6 6-7 50 0.02 25 1.5 [48] 

 Spirogyra insignis  21.1 6 50 1  2 [34] 
*: living algae   #: seaweed/macroalgae       
(1): washing with 2-propanol 20%      (2): Epichlorohydrin       (3): washing with 2-propanol 70%
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Table 2. Functional groups in biological systems and three types of metals. 

Metal classes Ligands  Ligand class  

Class A: Li, Be, Na, Mg, K, Ca, Sc, Rb, Sr, Y, Cs, 
Ba, La, Fr, Ra, Ac, Al, 
Lanthanides, actinides 

F-, O2-, OH-, H2O, CO3
2-, SO4

-  
ROSO3

-, NO3
-, HPO4

2-, PO4
3-, ROH  

RCOO-, C=O, ROR 

I: ligands  
Preferred to  
Class A  

Borderline ions: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
Ga, Cd, In, SN, Sb, As  

Cl-, Br-, N3
-, NO2

-, SO3
2-, NH3, N2,   

RNH2, R2NH, R3N, =N–, –CO–N– 
R, O2, O2

-, O2
2- 

II: Other  
Important  
ligands  

Class B: Rh, Pd, Ag, Lr, Pt, Au, Hg, Ti, Pb, Bi  H-, I-, R-, CN-, CO, S2-, RS-, R2S, R3AS  III: Ligands  
Preferred to  
Class B  

(Adapted from Wang and Chen (2009), with permission) 
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Table 3. Important functional groups involved in metal ion biosorption.  

Occurrence in  
selected biomolecules  

Ligand  
atom  pKa  

Structural  
formula  Binding group  

PS, UA, SPS, AA O 9.5–13 –OH Hydroxyl  

Peptide bond O – C=O>  Carbonyl (ketone) 

UA, AA  O  1.7–4.7  
–C=O 

| 
OH 

Carboxyl  

AA  S  8.3-10.8  –SH  Sulfhydryl (thiol)  

SPS  O  1.3  

O  
||  

–S=O 
|| 
O  

Sulfonate  

AA  S  –  S     >  Thioether  

Cto, AA  N  8–11 –NH2  Amine  

Cti, PG, Peptide bond 
  

N  13  >NH  Secondary amine  

AA N  –  
–C=O 

| 
NH2 

Amide  

AA  N  11.6–12.6  =NH Imine  

AA  N  6.0  
–C-N-H       

||   >CH    
H-C-N             

Imidazole  
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PL  O  0.9–2.1 
OH 
|    

–P=O 
|    
OH  

PHospHonate  
PL O 6.1–6.8 

TA, LPS  O  1.5  
>P=O 

| 
OH  

Phosphodiester  

PS = polysaccharides; UA = uronic acids; SPS = sulfated PS; Cto = chitosan; PG = peptidoglycan; AA = amino acids; TA = teichoic acid; PL = 

phospholipids; LPS = lipoPS. (Adapted from Ref. Volesky 2007 with permission)
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Table 4. Comparison of biosorption capacity of metal ions using algal biomass in the binary solution vs. sole systems. 

Type of algae Metal ion Binary solution 

Maximum  

sorption (mgg-1) Reference 

Sole Binary 

Chlorella vulgaris  Cd (II) 
Cd, Ni  

86.60 68.5 

[100] 
Cd(II) 

C. vulgaris  Ni(II) 
Cd, Ni 

58.4  28.3 

  

C. vulgaris  Ni(II) 
Cu, Ni 

264.69 25.82 
[183] Ni(II) 

C. vulgaris  Cu(II) Ni, Cu 420.67 17.84 
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Table 5. Comparison of biosorption capacity of metal ions using immobilized algal biomass vs. living algae. 1 

Algae species 
Immobilization 

system 

Initial metal 
ion conc. 

(mgL-1) 

Metal 
ion 

Max. sorption 

(mgg-1) 
References 

Living 
algae 

 
Immobilized 

algae 

Chlamydomonas reinhardtii Ca - alginate 500 Cd(II) 28.9 79.7 [145] 

Chlorella sorokiniana Loofa spong 300 Cr(III) 58.80 69.26 [178] 

Scenedesmus quadricauda Ca - alginate 600 Cu(II) 35.9 75.6 [146] 

C. reinhardtii 
Ca - alginate 

500 Cu(II) 35.9 106.6 [145] 
 

C. sorokiniana Loofa spong 200 Ni(II) 48.08 60.38 [190] 

C. vulgaris Blank alginate 100 Ni(II) 15.6 28.6 [151] 

S. quadricauda Ca – alginate 600 Ni(II) 9.7 30.4 [146] 

C. reinhardtii Ca – alginate 500 Pb(II) 230.5 308.7 [145] 

S. quadricauda Ca – alginate  Zn(II) 20.2 55.2 [146] 
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Figure 1.  

 

  

  

 

Figure Legends 

 

Figure 1. Metal ion sorption by the algal cells. Different binding groups, i.e. OH-, SH -, 

COO- , PO4
3-, NO3- , RNH2

- , RS- , RO- and etc. promote the metal ion biosorption. 
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