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Tiivistelmä 

Teollisuudessa syntyy paljon pieniä määriä epäpuhtauksia sisältäviä jätevesiä, joiden puhdistaminen 

nykymenetelmiin verrattuna voisi olla kannattavampaa. Kaivos- ja metalliteollisuus synnyttävät paljon 

raskasmetallipitoista sekä metsäteollisuus ja maatalous typpi- ja fosforipitoista jätevettä. Epäpuhtauksien poistaminen 

vain pieniä pitoisuuksia sisältävistä vedestä on perinteisin menetelmin joko kallista tai epätarkkaa. Tästä syystä uusia 

mahdollisuuksia tutkitaan jatkuvasti. Biosorption avulla pienten epäpuhtauspitoisuuksien poiston 

kustannustehokkuutta voitaisiin mahdollisesti parantaa.  

 

Työn tavoite oli tutkia Suomessa tuotettujen sivuvirta- ja jätemikrobibiomassojen käyttömahdollisuuksia kotimaisen 

teollisuuden jätevesien käsittelyssä biosorption avulla. Tutkimuksessa keskityttiin erityisesti raskasmetallien 

talteenottoon inaktivoiduilla mikrobisolumassoilla, mutta sivuttiin myös nitraattien poistoa muiden biopolymeerien 

avulla. Työssä pyrittiin selvittämään, miten teollisuus suhtautuu omien sivuvirtojensa käyttöön biosorptiossa. Työssä 

käytettiin aineistona aiempia tutkimuksia, julkisia aineistoja sekä kotimaassa toimivien yritysten haastatteluita, joiden 

pohjalta tehtiin kirjallisuusselvitys.  

 

Suomessa tuotetaan suuria määriä raskasmetalli- ja typpipitoista jätevettä, jonka puhdistamisessa biosorptiota 

voitaisiin hyödyntää. Biosorptio perustuu pintakemialliseen reaktioon, adsorptioon. Tästä syystä biomassojen 

soluseinämillä esiintyvät yhdisteet, kuten peptidoglykaani, selluloosat, kitiini, proteiinit ja rasvahapot olivat 

tutkimuksessa suuressa osassa. Selvityksen perusteella adsorptioreaktioon liittyviä ilmiöitä ovat kelaatio, 

koordinaatio/kompleksaatio, ioninvaihto, sähköinen vuorovaikutus ja mahdollisesti metallilajien muodonmuutos 

olosuhteista riippuen. Tunnettujen adsorptioisotermien perusteella voidaan puolestaan määritellä biomassojen 

pintavarauksen jakautuminen. Homogeeninen jakautuminen on tärkeää biosorptiotehokkuuden parantamiseksi. 

Biosorptioon huomattiin eniten vaikuttavan soluseinämällä sijaitsevien funktionaalisten ryhmien protonaatio ja 

soluseinämän rakenne, joita seurasivat prosessiolosuhteet. Tästä syystä biosorptioon liittyvät tutkimukset ovat 

panostaneet selkeästi esikäsittelyyn ja sen vaikutuksiin. 

 

Tulosten perusteella kustannustehokkaan biosorptioprosessin tulisi sisältää ainakin seuraavat piirteet: (1) Edullinen 

adsorbentti, kuten sivuvirta teollisuusprosessista. (2) Edullinen esikäsittely, joka sisältää vähintään kuivauksen, 

jauhamisen ja seulonnan sekä tarvittaessa kemiallisen esikäsittelyn. (3) Adsorptiotehokkuutta parantava 

immobilisaatiomenetelmä. (4) Lämpötilan ja pH:n optimointi sidottavan metallilajin perusteella. (5) 

Prosessitehokkuuden maksimointi jäteveden virtausnopeutta säätämällä. (6) Solumassa-metallisuhteen optimointi 

prosessitehokkuuden maksimoimiseksi. (7) Mahdollisimman monta tehokasta adsorptio-desorptiosykliä, joilla 

voidaan kompensoida esikäsittelystä ja immobilisaatiosta aiheutuvia kuluja. 

 

Tässä työssä keskityttiin mikrolajeihin, joita käytetään Suomen teollisuudessa. Näistä lajeista kaikki sitoivat 

paremmalla tehokkuudella lyijyä ja kadmiumia kuin nikkeliä ja sinkkiä. Tulosten perusteella kukin lajeista voisi olla 

edullinen sitoja biosorptionsovellutuksiin ainakin Etelä-Suomen alueella, mikäli esikäsittely ja solumassan 

kiinnittäminen alustaansa kyetään toteuttamaan kustannustehokkaasti. S. cerevisiae olisi tutkimuksen mukaan 

kiinnostavin vaihtoehto biosorptiosovellukselle sen tehokkaiden lyijyn, kadmiumin ja nikkelin adsorptio-

ominaisuuksien ja potentiaalisen biomassan suuren määrän vuoksi.  
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Abstract 

Finnish industries produce large volumes of wastewater containing only ppm amounts of heavy metals. Mining and 

metal industries produce a lot heavy metal containing wastewater, while forestry and agriculture produce wastewaters 

containing nitrogenous compounds. Removal of impurities in ppm quantities is either expensive or ineffective with 

conventional methods. This has led to search for novel technologies. Removal of these low quantity impurities might 

be more cost-effective via biosorption. 

 

Aim of this research was to study domestically produced residual microbe biomasses as biosorbents for industrial 

wastewater treatment. Focus was on the recovery of toxic metals via non-viable biomasses, but removal of 

nitrogenous compounds via other biopolymers was also studied. Study aimed to find out the advantages from 

utilization of biosorption in industrial perspective. Information was collected from previous studies, public documents 

and interviews from biotechnological industry, which were used as basis for a literature review. 

 

There are large amounts of heavy metal and nitrogen containing wastewaters produced in Finland. Biosorption could 

be utilized in their treatment. Biosorption is based on surface chemical reaction, adsorption. Thus substances such as 

peptidoglycan, celluloses, chitin, proteins and lipids present in the biomass cell walls were on the main focus of this 

study. According to previous studies phenomena such as chelation, coordination/complexation, ion-exchange, 

electronic attraction and possible metal speciation are involved in the adsorption. Sorption isotherms are used to 

define the distribution of net surface charge of biomasses. To increase the efficiency of biosorption homogenic 

distribution of sorbent is important.  

 

Cost-efficient biosorption process should possess at least following traits. (1) Low-cost feedstock such as residual 

microbial waste stream. (2) Low-cost pretreatment, which includes drying, crushing and sieving, and optional 

chemical treatment. (3) Immobilization method, which promotes adsorption. (4) pH and temperature optimized for 

respective metal species. (5) Flow-rate, which allows maximum biosorption. (6) Adsorbent-adsorbate ratio, which 

allows maximum biosorption. (7) As many efficient adsorption-desorption cycles as possible to cover costs of 

pretreatment and immobilization.  

 

According to his study the largest effect on the biosorption process comes from the protonation state and structure of 

microbial cell wall, followed by process conditions. Therefore pretreatment methods have gained a lot of attention in 

conducted biosorption studies. This study focused on microbial species that are used in Finnish industry. All of the 

studied species presented good biosorption capacities for Pb and Cd and clearly lower capacities for Ni and Zn. Each 

species could provide a low-cost biosorbent feedstock for Pb and Cd removal from industrial wastewaters present at 

least in the Southern Finland, if immobilization and pretreatment can be achieved cost-effectively. S. cerevisiae is the 

most attractive candidate due to its good adsorption capacities for Pb, Cd, and Ni and large quantity of produced 

waste biomass.  

 

 

Additional Information 
 



 

PREFACE 

Primary aim of this Master’s thesis was to study microbial and fungal waste as biomass 

sources from Finnish industrial sector and to evaluate their applicability in toxic heavy 

metal biosorption.  Also biopolymers were studied for removal of nitrogenous 

compounds from wastewaters. Biosorption is a well-known and studied approach on 

binding valuable and toxic metals as well as radionuclides from various wastewaters. 

Biofuel, brewing and enzyme industries were included as biomass sources for 

biosorption application. Bioprocess industry and parts of mining, and wood industries 

are included as target industries for new wastewater treatment applications. Subject was 

chosen due to attractiveness of microbe biomass as a binding material in industrial scale 

water treatment. 

Subject was studied in cooperation with experts from university of Oulu and Aalto 

university. Research was conducted at university of Oulu in the Bioprocess engineering 

group. Study was funded by Sakatti Mining Oy, Bioeconomy Research Community at 

University of Oulu and Maa- ja vesitekniikan tuki ry (MVTT). 

Oulu, 30.1.2014 Olli-Pekka Haapalainen 
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1 INTRODUCTION  

In general biosorption utilizes surface – surface interactions to bind specific ions or 

compounds such as metals, metalloids, or compounds onto biomasses. Biomasses can 

be derived from variety of fields such as industrial or agricultural waste streams, 

forestry, marine or terrestrial plants or micro-organisms. Subject has been widely 

studied in the last two decades and continues to raise attraction. 

Heavy metals belong to the most problematic pollutants at various industrial sectors. 

They cause a wide variety of health problems due to their accumulation in the food-

chain (Amini et al. 2008). Conventional methods for heavy metal removal such as 

chemical precipitation, electrochemical treatment, membrane separation, and adsorption 

on activated carbon have been proposed. Each of these methods introduces problems 

when treating large amounts of wastewaters with very low concentrations of polluting 

heavy metals. Problems such as ineffectiveness, production of large amounts of 

complexly treatable sludge, and high costs have been encountered. Biosorption with 

non-viable biomasses propose an attractive option for heavy metal removal from large 

quantities of industrial wastewaters containing only ppm concentrations of pollutants. 

(Volesky 2001.) 

Nitrogen-derived compounds such as NO3ˉ and NO2ˉ from agricultural, mining, 

construction and wood industries propose another problem due to eutrophication of 

nearby water systems. These compounds cause cancer via direct and allergic reactions 

via indirect exposure. Biopolymers derived from micro-organisms, industrial processes, 

or waste streams have been proposed for binding of nitrogenous compounds (Bhatnagar 

& Sillanpää 2011). Leiviskä et al. (2012) proposed biopolymers in general as a pre-

treatment step before the biological wastewater treatment. Biopolymers have better 

biodegradability and lower costs compared to conventional synthetic polymers. 

Biopolymers do not cause a toxic influence on microbes due to their natural occurrence. 

Therefore biological treatment will not be negatively affected. 

This study focused on domestically operating corporations that use microbes in their 

processes. Aim was to find microbial species produced domestically at industrial scale 
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to be used in in situ wastewater treatment. Microbial waste biomasses are produced in 

food, brewing, biofuel, pharmaceuticals, wood processing and enzyme manufacturing 

industries and are usually further processed to low-valued animal feed. Non-viable 

microbial biomasses were evaluated as potential biosorbent material. Certain benefits 

for utilization of non-viable microbe biomasses are lower costs due to unnecessary 

nutrient addition and exclusion of poisonous effects to biomasses caused by heavy metal 

residuals in wastewaters. 

Subject was studied due to attractiveness of the low-value waste biomass as an option to 

improve feedstock resource utilization efficiency and therefore processing value. Waste 

biomass could provide low-cost feedstock for heavy metal and nitrogenous compound 

removal. Pretreatment of these biomasses on the other hand may have tremendous affect 

in the cost-factor. Binding and recovering of toxic and value-added materials present in 

wastewaters would increase the efficiency of feedstock utilization and reduce the 

environmental pollution. 
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2 BACKGROUND 

2.1 Motivation 

Heavy metal containing waste waters are conventionally treated by methods such as 

chemical precipitation, electrochemical treatment, membrane separation, and adsorption 

on activated carbon. Conventional methods nonetheless have significant issues. When 

treating large amounts of wastewaters with very low concentrations of polluting heavy 

metals, problems such as ineffectiveness, production of large amounts of complexly 

treatable sludge, and high costs of ligands and membranes arise. Biosorption with non-

viable biomasses propose an attractive option for heavy metal removal from large 

quantities of industrial waste waters. (Volesky 2001.) A lot of studies concerning 

biosorption has been conducted in the past few decades. Still no commercially available 

biosorption system have been introduced even though biosorption produces excellent 

results from R&D angle. This study focuses on microbial species such as Aspergillus, 

Bacillus, Saccharomyces, Streptomyces and Trichoderma produced in domestically 

operating companies. Viable and non-viable microbial species such as 

Corynebacterium, Micrococcus, Penicillium, Pseudomonas, Staphylococcus, etc. and 

many algal species have been studied, but are not described in this study. Review 

studies presented by Wang & Chen (2006) and (2009) introduce long lists of results of 

conducted studies describing biosorption utilizing other species. 

2.2 Biosorption phenomena 

Biosorption can be defined as a process where biomasses bind metal or metalloid 

species, compounds or particles from solutions. Biomasses can be viable or non-viable 

in the biosorption process, which is the property that defines the main characteristics of 

biosorption. Viable micro-organisms uptake metals in their metabolism and their 

binding is due to bioaccumulation, which usually results to lysis. Non-viable cells on 

the other hand passively bind positively charged cations onto their cell surface due to 

negative net surface charge on their cell wall mainly at acidic pH. Binding of cations 

occurs mainly via electric attraction and ion-exchange since cell surfaces of micro-

organisms are naturally negatively charged. Binding of metals onto biomass cell surface 
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can be endothermic or exothermic. Biosorption mechanisms are not fully understood, 

but they include at least diffusion, chelation, complexation, ion-exchange and attraction. 

Functional groups present in biomasses and likely to be involved in biosorption process 

are categorized in table 1. (Talaro & Talaro 2002.)  

Table 1. Functional groups present in biomasses. 

Formula  Name Compound type 

 Hydroxyl 
Alcohols and 

carbohydrates 

 

Carboxyl 
Fatty acids, proteins 

and organic acids 

 

Amino 
Proteins and nucleic 

acids 

 

Ester Lipids 

 

Sulfhydryl Cysteine and proteins 

 

Terminal end 

carbonyl 

Aldehydes and 

polysaccharides 

 

Internal carbonyl 
Ketones and 

polysaccharides 

 

Phosphate 
DNA, RNA, ATP and 

peptidoglycan 

Ak: Alkyl radical, such as CH2- or CH3CH2- etc. 
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2.3 Heavy metals 

Heavy metals can be categorized by specific weight from other metals. Specific weight 

of heavy metals is usually over 5.0g/cm
3
. Heavy metals can be divided into three 

categories as toxic metals (As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sn, Zn, etc.), precious metals 

(Ag, Au, Pd, Pt, Ru, etc.), and radionuclides (Am, Ra, Th, U, etc.) demonstrating the 

reasons why they must be removed from waste waters. (Wang & Chen 2006.) This 

study focuses mainly on toxic metal removal. Biosorption of precious metals and 

radionuclides have also been widely studied by bacteria, yeasts, fungi, and algae (Wang 

& Chen 2009). Table 2 illustrates another valid categorizing system for heavy metals in 

terms of binding efficiency to certain ligands. (Wang & Chen 2009). Metal affinities to 

certain ligand classes can be explained by Hard and Soft Acid Base Principle (HSAB 

principle) introduced by Ralph Pearson 1963. Metals from class A bind to ligands 

included in class I with hydrogen bonding forming a stable and strong bond. Hard ions 

from metal class A, which bind strongly Fˉ form stable bonds with O-containing ligands 

in the class I. Class B metals form a strong bonding with ligands from class III, but also 

with ligands from class II. Soft ions from class B form strong bonding with N- and S-

containing ligands from ligand class III & II. Borderline metals can be bound to each 

ligand classes with alternating affinities. Table 2 presents weighted arrows, which 

demonstrate the metal affinity to bind to specific ligand class.  
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Table 2. Metal classification and ligands present in biological systems. 

Metals included Metal class Ligand class Ligands included 

Ac, Al, Ba, Be, Ca, 

Cs, Fr, K, La, Li, 

Mg, Na, Ra, Rb, Sc, 

Sr, Y, Actinides, 

and Lanthanides. 

A I Fˉ, O
2-

, OHˉ, H2O, 

CO3
2
ˉ, SO4ˉ, 

AkOSO3ˉ, NO3ˉ, 

HPO4
2
ˉ, PO4

3
ˉ, 

AkOH, AkCOOˉ, 

C=O, and Ak-O-

Ak. 

Ag, Au, Bi, Hg, Lr, 

Pb, Pd, Rh, and Tl 

B II Clˉ, Brˉ, SO3
2
ˉ, N3ˉ, 

NO2ˉ, NH3, N2, 

AkNH2, R2NH, 

R3N, =N-, -CO-N-

Ak, O2, O2
2
ˉ, and 

O2
3
ˉ.

 

As, Cd, Co, Cr, Cu, 

Fe, Ga, In, Mn, Ni, 

Sb, Sn, Ti, and V 

Borderline III Hˉ, Iˉ, Akˉ, CNˉ, 

CO, S
2
ˉ, AkSˉ, 

Ak2S, and Ak3As. 

Ak: Alkyl radical, such as CH2- or CH3CH2- etc. 

 

Heavy metals present in industrial wastewaters originate from various industries such as 

fuel processing, energy production, metallurgy, mining, smelting, surface processing 

etc. Table 3 presents the amounts of wastewater and class B heavy metals contamination 

in aquatic cultures in Finland 2012. Table 4 presents the amount of borderline metals 

contamination in Finland 2012. (SYKE 2013.) Tables 3 and 4 present that metals in 

Finnish wastewaters can be arranged in decreasing order as follows, Fe >> Zn >> Ni > 

Cu > Cr > As > Pb > Co > Cd > Hg. Accordingly, Fe constitutes over 80% of 

domestically produced heavy metal contamination in industrial wastewaters. 
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Table 3. Amounts of wastewater and class B heavy metals contamination in Finland 

2012.  

Industry Wastewater 

[1000m
3
/y] 

Hg
2+

  

[t/y] 

Pb
2+

  

[t/y] 

Pulp and paper 612781 0.02 0.8 

Chemical 76489 0.004 0.0 

Mining 17466 0.003 0.0 

Metal production 198873 0.002 0.3 

Metal products 430 - 0.0 

Power production 5112 0.0 0.0 

Other 146 - 0.0 

Total 911297 0.029 1.1 

 

Table 4. Amount of borderline heavy metal contaminations in Finland 2012. 

Industry As
3+/5+ 

[t/y]
 

Cd
2+

 

[t/y] 

Co
2+

 

[t/y]
 

Cr
6+

 

[t/y] 

Cu
2+

 

[t/y] 

Fe
3+

 

[t/y] 

Ni
2+

 

[t/y] 

Zn
2+

 

[t/y] 

Pulp and 

paper 

0.8 0.227 - 1.6 8.3 0.0 3.2 45 

Chemical 0.1 0.021 0.4 0.3 0.1 193 1.4 3.5 

Mining 0.5 0.007 0.0 0.0 0.3 109 5.2 3.3 

Metal 

production 

0.3 0.02 0.0 1.1 1.4 34 1.2 2.6 

Metal 

products 

- 0.0 0.0 0.0 0.0 6 0.0 0.1 

Power 

production 

0 0.001 0.0 0.0 0.0 2 0.0 0.0 

Other - 0.001 0.0 0.0 0.0 - 0.0 0.0 

Total 1.7 0.277 0.4 3.0 9.9 344 11.0 54.5 
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2.4 Nitrogenous compounds 

Nitrogenous compounds in aquatic systems are derived from agriculture, mining, 

infrastructure construction and forest industries as well as urban runoff. Intensive use of 

fertilizers have led to increase in NO3ˉ and NO2ˉ concentrations in surface and ground 

water sources. Figure 1 presents the nitrogen loading in wastewater in Finland 2012 

(SYKE 2013). Total nitrogen loading in wastewaters was 61570t without fallout and 

natural runoff. 

 

Figure 1.  Nitrogen loading in Finland 2012. 

2.5 Cell wall structures 

2.5.1 Eukaryotic cell wall 

Fungi, higher plants, algae, protozoa and animals are eukaryotes. Eukaryotic cells have 

compartments for cell organelles and true nuclei, a membrane-enclosed nucleus 

containing genome consisting of several linear DNA bundles, chromosomes. Typical 

eukaryotic cell diameter varies between 2–200µm, although even larger cells have been 

met. (Madigan & Martinko 2006). Cell wall composition of fungi will be discussed in 

Pulp and paper 
industry; 3,89% 

Other industries; 
1,44% 

Fish farming; 1,00% 

Fur farming; 0,70% 

Peat production; 
1,04% 

Agriculture; 64,15% 

Urban settlement; 
18,44% 

Dispersed 
settlements; 4,06% 

Forestry; 5,28% Nitrogen 
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most detail due to their presence in Finnish industry. Eukaryote species present many 

similarities in their cell wall structure and embedding matrices. Cellulose, chitin and β-

glucan abundantly present in eukaryotic cells walls are presented in figure 2 at the end 

of this chapter.  

Fungi can be both unicellular and multicellular organisms. Unicellular fungi include 

yeasts and multicellular fungi filamentous species such as Aspergillus and Trichoderma 

spp. (Tortora et al. 2013), all described in this study. Madigan & Martinko 2006 

described that basic components of filamentous fungi cell wall include β-glucans, 

mannoproteins (galactomannan etc.) and chitin, which are also present in the yeast cell 

wall. Chitin is a linear polymer of β-1,4-N-acetylglucosamine, also present in 

peptidoglycan. Primary units of chitin polymer is 2-deoxy-2-(acetyl-amino) glucoses, 

which are combined by β-1,4-glucosidic linkages, forming a long chain of polymer. 

Nevertheless a fungal cell wall contains substantially more chitin than yeast cell wall. 

Fungal cell wall contains ca. 10–15% chitin, while yeast cell walls contain only 1–2%. 

The most abundant cell wall component for both filamentous fungi and yeast is 1,3-β-

D-glucan. Mature form of 1,3-β-D-glucan is branched with 1,6-β-linkages at the 

branching points and chitin chains and cell wall 1,6-β-glycosylated mannoproteins are 

covalently linked to 1,3-β-D-glucan. This network forms a supra-molecular complex, 

which improves cell wall rigidity. Feofilova (2010) introduced another view of the 

structural constituents of fungal cell wall. Fungal cell wall consists of a system of 

microfibrils embedded in the amorphous matrix. Microfibrils form a rigid backbone 

consisting of cellulose, chitin, chitosan, or glucan depending on specie. Amorphous 

matrix consisting of proteins, lipids, polysaccharides and pigments is linked to 

microfiblir backbone via ionic or covalent bonding. 

Higher plant cell wall constitutes mainly from cellulose (40–80%), hemicellulose (20–

30%) and lignin (10–25%) associated with starch and pectin. Cellulose is a polymerized 

homopolysaccharide, composed of D-glucopyranose units linked together with β-1,4-

glucosidic bonds. Hemicellulose is a complex amorphous polymer, composed of various 

pentose and hexose sugars depending on plant type. (Sjöström 1993.) Hardwoods are 

mainly composed of pentoses and softwoods hexoses. Lignin is a highly branched, 

substituted, mononuclear aromatic polymer, composed mainly of coniferyl alcohol in 
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softwoods, coniferyl and sinapyl alcohol in hardwoods and coumaryl alcohol in non-

wood plant biomass. Small amounts of coumaryl alcohol occur also in woody biomass. 

(Evans et al. 1986.) 

Algae are considered as micro-organisms even though a number of algae are clearly 

macroscopic and growing to over 30m in length. Algal cell wall constitutes mainly from 

a multilayered network of cellulose fibrils interspersed with amorphous material 

consisting of glycoproteins. Usually algal cell wall consists of at least two layers, where 

outer layer is the embedding matrix attached to inner layer via hydrogen bonds. Other 

polysaccharides, lipids, and sometimes chitin are also associated with algal cell wall. 

(Madigan & Martinko 2006.) 

Cellulose 

 

Chitin 

 

1,6-β-glucan 

 

Figure 2.  Structures of cellulose, chitin and β-glucan. 
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2.5.2 Prokaryotic cell wall 

Bacteria and archaea are prokaryotic organisms. Due to industrial relevance, this study 

focuses on bacteria. Prokaryote cells do not have compartments for cell organelles and 

have nucleoid, a free-existing genome consisting of at least a single DNA molecule. 

Prokaryotic cell diameters vary between 0.5–1.0µm, but some are even wider than 

50µm. Most bacteria can be divided into gram-positive or gram-negative groups by their 

cell structure i.e. response to gram-staining. Cell surface, structurally and chemically, is 

more complex in gram-negative bacteria, because surface in gram-positive bacteria is 

composed mostly from peptidoglycan. (Madigan & Martinko 2006.) Gram-negative and 

gram-positive cell wall structures are presented in figure 3.

 

 

Figure 3.  Cell wall structures of gram-negative and gram-positive bacteria. 

 

Peptidoglycan, the main material in the outer cell wall in all gram-positive bacteria 

constitutes usually 80–90% of their cell weight. Gram-positive bacteria lack the outer 

membrane constituting of lipopolysaccharides and proteins, and thus peptidoglycan is 

much thicker. Peptidoglycan consists of linear chains of glycan, regularly alternating N-

acetylglucosamine and N-acetylmuramic acid held together by β-(1-4)-glycosidic 

linkages. β-(1-4)-glycosidic linkages are cross-linked together by the carboxyl groups of 

muramic acid residue amide linkages with N-terminal amino acids of short peptides. 

Peptides present in peptidoglycan are alternating D- and L- forms as presented in figure 

4. Thus glycan having multiple peptide substituents is able to form vast networks of 

glycan chains generating peptidoglycan in the wall.  
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Figure 4.  Peptidoglycan subunit schematic. 

 

Peptidoglycan is similar in all bacteria. It is present as 20–80nm thick homogenous core 

layer containing 20–40 interlayers in gram-positive bacteria. A two-dimensional array 

of proteins or glycoproteins can be associated with gram-positive cell wall 

peptidoglycan. (Madigan & Martinko 2006.) Peptidoglycan in gram-positive bacteria 

includes also teichuronic, teichoic, and lipoteichoic acids. Teichuronic acids contain 

charged carboxyl groups, while teichoic acids contain charged phosphate groups and 

usually charged amino groups due to D-alanyl ester substituents. These anionic 

polymers have great effect on bacteria surface charge as well as to specific surface 

properties. Their proportions are dependent on culture conditions and especially on 

phosphate supply. Teichuronic and techoic acids are covalently bound to peptidoglycan, 

while lipoteichoic acids are diacylglycerol anchored. These acids generate more 

available binding sites on the cell surface due their respective functional groups. 

(Harwood 1989.)  

Gram-negative cell wall is composed of three layers including cell envelope, 

peptidoglycan layer and plasma membrane. Cell envelope is the outer layer protecting 

gram-negative bacteria, it is followed by peptidoglycan monolayer or bilayer, which is 

only 2–7nm thick. Peptidoglycan layer is followed by plasma membrane. Outer layer in 

gram-negative bacteria is generally composed of phospholipids, lipopolysaccharides, 

enzymes, and other proteins such as lipoproteins. S-layers can also be associated with 

N-acetylmuramic acid N-acetylglucosamine 

acid 
D-Lactic acid 

L-Alanine 

D-Glutamic acid 

Meso-

Diaminopimelic acid 

D-Alanine 

D-Alanine carboxyl terminal may be 

connected to another tetrapeptide chains 

diaminopimelic acid or to peptide 

interbridge. 
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gram-negative bacteria cell wall lipopolysaccharides. Teichoic acids are not present in 

the cell wall of gram-negative bacteria. (Madigan & Martinko 2006.) 

2.6 Isotherms and diffusion models in biosorption 

2.6.1 Sorption isotherms 

Langmuir’s and Freundlich’s models are widely used for adsorption rate calculations. 

Both models are valid for low-pressure calculations and are mainly affected by 

adsorbate and adsorbent concentrations in the observed systems. Models suggest a 

monolayer sorption, which means namely that adsorbate ions concentrate only on the 

outer layer of the adsorbent. Thus adsorbates do not penetrate the outer layer, but active 

sites are located there. According to Langmuir model there are no interactions between 

adsorbate molecules, and sorption sites and energies are homogeneously distributed 

over the monolayer. Langmuir’s model is confirmed to be valid for low concentrations. 

Equation (1) describes the Langmuir model: 

 aC

aC
qqmet




1
max

,    (1) 

where qmet is the monolayer coverage fraction of adsorbate relative to biomass [mg/g], 

 qmax is the maximum coverage that adsorbate can achieve with optimal C [mg/g], 

 a is the Langmuir adsorption constant related to the affinity [L/mg] and 

 C is concentration [mg/g]. 

 

Freundlich’s model assumes a heterogeneous distribution of energies over the 

monolayer due to diversity of adsorbate metal ions and/or sorption sites. It also assumes 

a lateral interaction between adsorbate molecules on the surface. Freundlich’s model is 

confirmed to be valid for moderate concentrations and partial pressures. Freundlich’s 

model is described by equation (2): 

 
n

met kCq /1 ,    (2) 

where k is the Freundlich sorption coefficient [mg/g] and 

 n is an empirical exponent. 
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2.6.2 Diffusion models 

Diffusion models are a vital part of adsorption kinetics calculations. There are three 

phenomena mainly affecting sorption kinetics in metal binding. The three phenomena 

have been introduced by Fritz et al. (1981), Hand et al. (1983) and McKay (1984).  

Figure 5 presents a rough graphical demonstration of these three phenomena. (1) Metal 

ion, free or hydrolyzed, transfers from boundary film of adsorbent to its surface. 

Boundary film mass transfer resistance is the limiting rate of transfer. (2) Next metal ion 

transfers to intraparticle active site from the surface of the adsorber.  (3) Last is a rapid, 

non-limiting phase of diffusion, when active site uptakes metal ion via complexation, 

sorption and intraparticle phenomena. Many models have been proposed to demonstrate 

diffusion in the biosorption models, but they are not considered further in this study. 

 

Figure 5.  Graphical presentation of diffusion models. 

2.7 Biomasses used for biosorption applications 

This chapter presents studies dedicated on biosorption. The sorption ability of biomass 

both in plant and microbial biomasses is based on pore structure and surface functional 

groups. Pore structure and functional groups vary between each species, thus making 
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biosorption more complex. Biomass characteristics are versatile and each species has to 

be studied separately for reasonable comparison. 

2.7.1 Biosorption of heavy metals 

Adsorption of heavy metals onto biomass and waste surfaces have been widely studied. 

This study focuses only on biomasses since wastes are usually derived from industries 

other than bioprocesses. This chapter presents some studies conducted on biosorption 

with variety of species. Table 5 in the end of this chapter presents mainly non-viable 

heavy metal biosorbents gathered from the exemplary studies shown below and review 

literature (Wang & Chen 2006, Wang & Chen 2009) in order of descending biosorption 

capacity with specific metal cations.  

Chitosan is a cationic biopolymer derived from chitin by N-deacetylation. Chitin is 

present in the cell walls of fungi and exoskeleton of crustaceans. Johnson & Peniston 

(1980) described a chitosan manufacturing process from chitin by utilization of 40% 

NaOH for deacetylation at 70˚C. N-deacetylation of chitin, 2-deoxy-2-(acetyl-amino) 

glucoses results to chitosan, 2-deoxy-2-aminoglucoses with high molecular weight. 

Chitin is isolated from crustaceans by protein dissolution and extraction utilizing mild 

alkali followed by calcium carbonate and phosphate utilizing dilute acids. Nwe et al. 

(2010) stated the advantages of chitosan derived from fungal mycelia over the chitosan 

derived from waste crustaceans. Traditionally chitosan is converted from crustacean 

waste. Advantages such as lower degree of acetylation, availability of identical batches, 

lower molecular weight, and more uniform and stable charge distribution are obtained 

from fungal cell walls. Study focused on Gongronella butleri, which had a highest yield 

of chitosan out of studied Zygomycetes. Isolation of chitosan from fungal cell wall was 

successful by 13h 11M NaOH treatment followed by 5h 0.35M acetic acid treatment at 

95˚C, and by 3h Termamyl or α-amylase treatment at pH 4.5 and 65˚C with mediate 

shaking. After treatments a large amount of precipitate and clear supernatant was 

obtained. Precipitate, assumed to consist of glucan was removed, and supernatant pH 

adjusted to 9. The resulted precipitate was dissolved in 0.35M acetic acid once again. 

Solution was apparently glucan-free chitosan. 
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Kapoor & Viraraghavan (1998) studied removal of heavy metals from aqueous 

solutions using immobilized A. niger in continuous mode. Non-viable biomass was 

pretreated with NaOH, dried, powdered, and sieved to 75µm particles for the 

experiment. Beads with porous structure consisting of biomass, polysulfone, and 

N,N.dimethyl-formamide (DMF) were manufactured and DMF was allowed to diffuse 

out. Majority of the produced beads were in size range of 0.84–2.00mm with with 

surface area of 3.40m
2
/g. Beads were dried and screened to separate irregular particles. 

A column containing 4.7g of immobilized biomass beads was used with metal loadings 

and flow rates of 10 and 3 for Cd
2+

, 10 and 3 for Cu
2+

, 6 and 1.8 for Ni
2+

, and 10mg/l 

and 3ml/min for Pb
2+

 solutions to study biosorption capacity of the beads. pH varied 

between metal adsorption studies and was adjusted at 6.0, 6.0, 7.0, and 5.0 for Cd
2+

, 

Cu
2+

, Ni
2+

, and Pb
2+

, respectively. Amounts of adsorbed metal ions were 3.6, 2.9, 1.1, 

and 10.1mg/g of Cd
2+

, Cu
2+

, Ni
2+

, and Pb
2+

, respectively. Adsorbed metal ions were 

easily eluted from the column with 0.05N citric acid and no visible effects in physical 

properties were observed.  

Selatnia et al. (2004c) introduced dead, crushed and NaOH-pretreated Str. rimosus 

biomass for lead biosorption application. Str. rimosus was an attractice candidate due to 

its cell wall structure, which consists mainly from peptidoglycan linked with teichoic 

acids and variety of polysaccharides. Functional groups such as secondary amines (-

NH), carboxylate anions (-COOˉ), hydroxy (-OH), and others (-C-N), (-C-O), (-C-H), (-

C=O) are therefore present in the cell wall. Experiment conditions consisted of 100mg/l 

Pb
2+

 and 3g/l biomass with moderate stirring rate. Absorbed Pb
2+ 

level reached its 

maximum of 98% after three hours in the solution. Study results show that Pb
2+

 can be 

adsorbed by Str. rimosus up to 135mg/g. 

A study utilizing waste beer yeast for copper and lead ion adsorption has been 

conducted by Han et al. (2006). Biomass was dried and sieved to uniform particle sizes 

between 125 and 150µm. Study utilized batch adsorption at pH 5 and 20˚C with a little 

slower stirring rate than on the other studies. Biomass dosage was 8g/L, and Cu
2+

 and 

Pb
2+

 loading 0.315 and 0.393mmol/l, respectively. Equilibrium was nearly reached in 

60min contact time with rapidly increasing biosorption for the first ten minutes. 

Competitive study with addition of sodium chloride (NaCl) or calcium dichloride 
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(CaCl2) resulted to decrease in biosorption capacity for both metal ions. Another 

competitive study with Cu
2+

 and Pb
2+

 both present in the solution provided information 

about binding affinities of these metals on yeast cell wall. Cu
2+

 showed lower binding 

affinity than Pb
2+

, which can be explained by covalent index. Cu
2+

 covalent index is 

5.67, while Pb
2+

 has 11.1, which is almost twice as large. Results still show that metal 

binding from bimetal solution is applicable with waste beer yeast. Effect of temperature 

was different for both metal ions, while increase in the temperature from 20 to 50˚C led 

to increase in the Cu
2+

 biosorption and decrease in the Pb
2+

 biosorption. This indicates 

that Cu
2+

 biosorption is an endothermic and Pb
2+

 biosorption is an exothermic process. 

Maximum adsorptive quantities for Cu
2+

 and Pb
2+

 were 0.0228 and 0.0276mmol/g, 

respectively. 

Amini et al. (2008) optimized biosorption of Pb
2+

 in an aqueous solution with non-

viable A. niger. Study was conducted with moderate stirring rate and experiment time of 

4h at 30˚C. Optimization was done using rotatable central composite design (CCD) and 

surface response method (RSM). Non-viable biomass was pretreated with NaOH, which 

resulted to reduction of biomass by 40%, but also 4.5 times higher ion-exchange 

capacity. Experiments and optimization studies were carried out with three variables in 

screening: pH, initial lead and biomass concentrations. Biomass reacted vigorously to 

the pH variations in solutions. Optimal pH and biomass quantity in the experiment were 

found to be 3.76 and 3.44g/l, respectively. 103mg/g adsorption of Pb
2+

 was obtained. 

Optimum capacity of 96.21% was found at pH value 4.27 with 2.17g/l biomass dosage. 

Final conclusion was that A. niger has a potential for heavy metal removal from 

wastewater effluents. Microbe cell surfaces have to be clean and provided with high 

porosity, which can be enhanced with NaOH addition. 

Ghorbani et al. (2008) optimized biosorption of ionic Cd
2+

 in an aqueous solution with 

non-viable S. cerevisiae. Study was conducted with moderate stirring rate and 

experiment time of 4 h at 25˚C with 700g/l ethanol pretreated biomass. Optimization 

was done using CCD and RSM. Results were fitted in the Langmuir isotherm assuming 

both monolayer and intraparticle diffusion. This indicates that S. cerevisiae biosorption 

is more likely monolayer adsorption than heterogenous surface. Most suitable pH was 

found at 5.0 and Cd
2+

 sorption occurred rapidly in 50min time period. Optimum 
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conditions with RSM were found at initial Cd
2+

 concentration of 30mg/l and biomass 

dosage of 1.6g/l, leading to biosorption capacity of 8.56mg/g.  

Fang et al. (2009) studied biosorption by comparing cell wall structures of gram-

positive B. thuringiensis and gram-negative E. coli bacteria. Cells used in this study 

were non-viable with uniform cell sizes due to autoclaving and milling preprocessing. 

Study compared biosorption capacities of native cells, cells with esterified carboxylic 

acid groups and cells with deprotonated carboxylic acid groups. Carboxylic acid 

functional groups of native cells were first esterified followed by suspension to 99.9% 

acidic methanol. Hydrolysis by NaOH to produce deprotonated carboxyl groups for 

heavy metal binding was also evaluated. Experimental was conducted with mediate 

stirring rate for 2h at 28˚C. Infrared (IR) spectroscopy of bacteria surfaces revealed 

many functional groups, such as carboxyl, hydroxyl, amino and phosphate groups, 

which contribute to the biosorption process. IR spectrum showed that functional groups 

responsible for adsorption of Cd
2+

 and Cu
2+

 on B. thuringiensis cell wall are amido and 

hydroxyl groups and possibly carboxylic acid groups. The functional groups on the E. 

coli cell wall were only amido and hydroxyl groups, but not carboxylic acid groups. 

Titration experiment results revealed the presence of at least three proton exchanging 

functional groups on the cell walls of both bacteria at three sites in pH range of 3–11.5. 

Acidic sites in pH range of 3–4.5 include carboxyl and phophodiester groups, neutral 

sites at pH 7 include phosphomonoester groups and basic sites in pH range of 8–11.5 

include hydroxyl and amine groups. Maximum adsorption rates for B. thuringiensis and 

E. coli were achieved with hydrolyzed cells. Results were only slightly better than those 

of native cells, but almost twice as high as those of esterified cells. This could be 

explained by the high affinity sorption sites of carboxyl groups controlling the 

biosorption process. Maximum adsorption capacities of Cd
2+

 and Cu
2+

 for B. 

thuringiensis were 0.43 and 0.62 and for E. coli 0.21 and 0.53mmol/g, respectively.   

Equilibria study of biosorption, conducted by Fereidouni et al. (2009), evaluated S. 

cerevisiae and R. eutropha cells for Cd
2+

 and Ni
2+

 adsorption. Study was conducted 

with moderate stirring rate and experiment time of 4 h at 25˚C with 700g/l ethanol 

pretreated biomass. Optimization of the results was done by CCD and RSM. Both 

cultures were inactivated, pretreated with 70% ethanol and powdered into monotonous 
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powder. Biosorption efficiency of both metals proved pH sensitive and optimum pH 

values were found at 7.1 and 5.0 for S. cerevisiae and R. eutropha, respectively. 

Optimum results respective to pH were obtained with biomass dosages of 4.04 and 

2.32g/l,  Cd
2+

 loadings for both 37mg/l and Ni
2+

 loadings of 16 and 28mg/l, respectively 

to S. cerevisiae and R. eutropha. Optimum removal efficiencies were 66.5% for Cd
2+

 

and 43.4% for Ni
2+

 with S. cerevisiae and 52.7% for Cd
2+

 and 50.1% for Ni
2+

 with R. 

eutropha. Experimental data was in good agreement with model prediction data with 

less than 3% deviation. 

Comparative biosorption study for Pb
2+

 removal was conducted by Çolak et al. (2011) 

where two heavy metal resistant Bacillus strains were studied in batch and fixed-bed 

operating systems. Study operations were carried out by B. pumilus and B. cereus batch 

and fixed-bed studies were conducted with alternating pH, biomass dosage, Pb
2+

 dosage 

and time. Optimum conditions for batch-operating system biosorption of Pb
2+

 were 

obtained at pH 6 with 1g/l biomass and 75mg/l Pb
2+

 at 25˚C with mediate stirring rate. 

Maximum biosorption rates in batch system were 28.06 and 22.1mg/g for B. pumilus 

and B. cereus, respectively. Fixed-bed system were operated at same pH, temperature 

and biomass dosage as batch system combined with Pb
2+

 dosage 100mg/l flowing in 

0.5ml/min. 4.4 and 5.4h of biosorption were observed for B. pumilus and B. cereus, 

respectively. Maximum biosorption capacities for B. pumilus and B. cereus were 66.03 

and 59.24mg/g, respectively. No indication of direct relationship between heavy metal 

resistance and biosorption capacity for B. pumilus and B. cereus were found in the 

study.  

Bulgariu & Bulgariu (2012) studied the biosorption of Pb
2+

, Cd
2+

, and Co
2+

 on green 

algae waste biomass. Green algae biomass is frequently used for the extraction of oil in 

biofuel and cosmetics industries, but discarded after extraction. It possesses good metal 

binding capacity due to presence of polysaccharides, proteins, and lipids on the cell wall 

surfaces. Study proved that marine algal Ulva lactuta waste biomass has a good 

biosorption capacity even after oil extraction and could be used as a low-cost adsorbent. 

Biomass was first dried, crushed and sieved to particle sizes between 1.0 and 1.5mm in 

diameter. Chemical composition of biomass was 48.93% oxygen, 24.23% carbon, 

4.98% sulphur, 4.75% nitrogen, 3.25% chlorine, 3.12% hydrogen, 2.96% calcium, 
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2.54% magnesium, 1,34% sodium, 1.10% aluminum, 0.75% potassium and 2.05% other 

elements. Maximum amounts of heavy metals were adsorbed at pH 5 and 10˚C in 

shaker batch system within 1h. Biomass loading was 8g/l and heavy metal loadings for 

Pb
2+

, Cd
2+

, and Co
2+

 were 0.64, 0.60, and 0.62, respectively. U. lactuta presented 

rapidly increasing biosorption rates up to 0.5h contact time, which would make it 

suitable for continuous flow water treatment systems. Maximum biosorption capacities 

were 0.27, 0.26, and 0.19mmol/g for Pb
2+

, Cd
2+

, and Co
2+

, respectively. Experimental 

data fitted well Langmuir isotherm combined with pseudo-second order kinetic model 

best describing it. 

Table 5. Reviewed heavy metal biosorbents. 

Adsor

bate 

Max./av. 

sorption 

[mg/g] 

Adsorbent Reference 

Cd
2+

 9.9–86.3 

(Cmet=0.1–

1g/l) 

S. cerevisiae Vasudevan et al. 2003 

 85 B. lentus Vianna et al. 2000 

 71 S.cerevisiae (Baker’s) Volesky et al. 1993 

 66 S.cerevisiae (Brewer’s) Volesky et al. 1993 

 63.3 Str. rimosus
 

Selatnia et al. 2004a 

 48.3 B. thuringiensis Fang et al. 2009 

 36.5 B. lentus Vianna et al. 2000 

 29.2 U. lactuta Bulgariu & Bulgariu 2012 

 28 A. oryzae Vianna et al. 2000 

 24.6 S. cerevisiae Fereidouni et al. 2009 

 23.6 E. coli Fang et al. 2009 

 23 S.cerevisiae (Baker’s) Volesky et al. 1993 

 22 A. oryzae Vianna et al. 2000 

 20 S.cerevisiae (Brewer’s) Volesky et al. 1993 

 19.5 R. eutropha Fereidouni et al. 2009 

 16.8 Str. rimosus
 

Selatnia et al. 2004a 
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 15.6 S. cerevisiae Göksungur et al. 2005 

 14.0 S. cerevisiae Zhao & Duncan 1997 

 11 S. cerevisiae Göksungur et al. 2005 

 10.5 S. cerevisiae Göksungur et al. 2005 

 8.6 S. cerevisiae Ghorbani et al. 2008 

 8 S. cerevisiae Vianna et al. 2000 

 7 S. cerevisiae Göksungur et al. 2005 

 3.6 A. niger Kapoor & Viraraghavan 1998 

 3.4 A. niger Kapoor et al. 1999 

 3 S. cerevisiae Vianna et al. 2000 

Cu
2+

 381–860 

(Cmet=0.5–

2g/l) 

B. firmus (Separated 

polysaccharide) 

Salehizadeth & Shojaosadati 2003 

 65 S. cerevisiae 

(selectivity over K
+
, 

Na
+
, Ca

2+
, and Mg

2+
) 

Yu et al. 2008 

 48.4 Str. coelicolor A3(2) Özturk et al. 2004 

 39.4 B. thuringiensis Fang et al. 2009 

 33.7 E. coli Fang et al. 2009 

 30.5 Str. rimosus Chergui et al. 2007 

 30 B. lentus Vianna et al. 2000 

 28.7 A. niger Dursun 2006 

 26.6 Str. rimosus Chergui et al. 2007 

 16.3 Bacillus sp. 

(not identified) 

Tunali et al. 2006 

 12.5 S. cerevisiae Vianna et al. 2000 

 12 A. oryzae Vianna et al. 2000 

 8.0 S. cerevisiae Zhao & Duncan 1997 

 5.7 S. cerevisiae Bustard & McHale 1998 

 2.9 A. niger Kapoor & Viraraghavan 1998 

 2.7 A. niger Kapoor et al. 1999 

 1.5 S. cerevisiae Han et al. 2006 
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Co
2+ 

11.2 U. lactuta Bulgariu & Bulgariu 2012 

Cr
6+

 61.5 B. thuringiensis Sahin & Özturk 2005 

 60.5 B. licheniformis Zhou et al. 2007 

 54.7 B. thuringiensis Sahin & Özturk 2005 

 39.9 B. coagulans Srinath et al. 2002 

 32.6 S. cerevisiae Özer & Özer 2003 

 30.7 B. megaterium Srinath et al. 2002 

 
29 Str. rimosus Chergui et al. 2007 

 23 Str. rimosus Chergui et al. 2007 

Fe
3+

 122 Str. rimosus Selatnia et al. 2004b 

 16.8 S. cerevisiae Bustard & McHale 1998 

Ni
2+

 46.3 S. cerevisiae Özer & Özer 2003 

 41.8 B. thuringiensis Özturk 2007 

 32.6 Str. rimosus Selatnia et al. 2004d 

 29.2 B. thuringiensis Özturk 2007 

 18.8 S. coelicolor A3(2) Özturk et al. 2004 

 16.3 Str. rimosus Selatnia et al. 2004d 

 
14.0 R. eutropha Fereidouni et al. 2009 

 12.3 S. cerevisiae Padmavathy et al. 2003a 

 9.8 S. cerevisiae Padmavathy 2008 

 6.9 S. cerevisiae Fereidouni et al. 2009 

 1.1 A. niger Kapoor & Viraraghavan 1998 

 1.0 A. niger Kapoor et al. 1999 

Pb
2+

 467–1103 

(Cmet=0.5–

2g/l) 

B. firmus 

(Separated 

polysaccharide) 

Salehizadeth & Shojaosadati 2003 

 
270.3 S. cerevisiae Özer & Özer 2003 

 
192.3 S. cerevisiae 

(selectivity over K
+
, 

Na
+
, Ca

2+
, and Mg

2+
) 

Yu et al. 2008 

 
189 S. cerevisiae Bustard & McHale 1998 

 
135 Str. rimosus Selatnia et al. 2004c 
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 103 A. niger Amini et al. 2008 

 92.3 Bacillus sp. 

(not identified) 

Tunali et al. 2006 

 66.0 B. pumilus Çolak et al. 2011 

 59.2 B. cereus Çolak et al. 2011 

 55.9 U. lactuta Bulgariu & Bulgariu 2012 

 32.6 A. niger Dursun 2006 

 28.1 B. pumilus Çolak et al. 2011 

 22.1 B. cereus Çolak et al. 2011 

 17.5 S. cerevisiae Göksungur et al. 2005 

 15.6 S. cerevisiae Göksungur et al. 2005 

 14.2 S. cerevisiae Göksungur et al. 2005 

 10.1 A. niger Kapoor & Viraraghavan 1998 

 7.8 S. cerevisiae Göksungur et al. 2005 

 7.2 A. niger Kapoor et al. 1999 

 5.7 S. cerevisiae Han et al. 2006 

Zn
2+ 

418–722 

(Cmet=0.5–

2g/l) 

B. firmus (separated 

polysaccharide) 

Salehizadeth & Shojaosadati 2003 

 80 Str. rimosus Mameri et al. 1999 

 30 Str. rimosus Mameri et al. 1999 

 29.6 Str. rimosus Chergui et al. 2007 

 23.5 Str. rimosus Chergui et al. 2007 

 16.9 S. cerevisiae Bustard & McHale 1998 

 13 B. lentus Vianna et al. 2000 

 12.5 A. oryzae Vianna et al. 2000 

 7.1 S. cerevisiae Zhao & Duncan 1997 

 6 S. cerevisiae Vianna et al. 2000 

 

Pb
2+

 and Cd
2+

 seem to be the two most studied adsorbates followed by Cu
2+

, Ni
2+

, Zn
2+

 

and Cr
6+

 while Fe
3+

 and Co
2+

 have not raised interest for more studies. It is clearly 



 

 

31 

notable that a novel polysaccharide separated from B. firmus by Salehizadeth & 

Shojaosadati (2003) had a highest biosorption capacity to Cu
2+

, Zn
2+

, and Pb
2+

. S. 

cerevisiae had highest biosorption capacities of Cd
2+

 and Ni
2+

 and very good capacity of 

Pb
2+

. Bacillus sp. had highest capacity to Cr
6+

 and Str. rimosus to Fe
3+

. Aspergillus spp. 

seems to be the least attractive candidates when comparing the results. 

2.7.2 Biosorption of nitrogenous compounds 

Nitrogenous compound biosorption onto plant biomass, microbe-derived biomass and 

other non-biomass compounds has also been a widely studied field. Table 6 presents the 

NO3ˉ and NO2ˉ adsorbing capacities of plant biomass and biopolymers derived from 

microbes from the reviewed literature in order of descending biosorption. Table 6 also 

lists additional pretreatment methods.  

Orlando et al. (2002) studied the conversion of lignocellulosic material into anion-

exchangers. Lignocellulosic material included agricultural waste streams, namely 

sugarcane bagasse (BG) and rice hull (RH) with pure cellulose (PC) and pure alkaline 

lignin (PL) used as reference. BG and RH consisted of 51.2% and 19.8% of alpha-

cellulose, 5.7% and 34.5% of hemicelluloses, 21% and 19.3% of lignin, 20.4% and 

4.6% of extractives and 1.7% and 21.8% of ash, respectively. Biomasses were first 

treated with epichlorohydrin and dimethylamine in the presence of pyridine and an 

organic solvent DMF. Epoxy and amine groups were then introduced to biomasses. It is 

notable that amino group incorporation reduced with increasing presence of water in 

solution mixture and increased with increased reaction time and increased catalyst 

content. Experiment was carried out 48h at 30 ˚C. Adsorption rates reached equilibrium 

after 1h of reaction time. Adsorption rates of NO3ˉ for BG, RH, PC and PL respectively 

were 1.41, 1.32, 1.8 and 1.34mmol/g. Highest yield from PL can be explained by the 

fact that lignin has a lot easily accessible hydroxyl groups, where epichlorohydrin and 

dimethylamine can be attached. Also the lower yield of RH compared to BG can be 

explained due to lower lignin and higher ash content, which determine the availability 

of binding sites. 

Afkhami et al. (2007) studied the adsorption efficiency of carbon-cloth for NO3ˉ and 

NO2ˉ removal in neutral solutions. Carbon-cloth consists of activated carbon and its 
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advantage is very large specific surface area and in situ treatment possibility. Activated 

carbon can be produced from any carbonaceous feedstock such as wood, peat, coconut 

shells or straws. Its surface consists mainly from oxygen, nitrogen, hydrogen, sulphur 

and phosphorus, which are in the forms of functional groups, such as ketones, 

carboxyls, phenols, ethers, lactones, or nitro groups. Functional groups have a 

significant effect on the acidity, chemical character and degree of hydrophobicity of the 

carbon surface. Carbon-cloth was treated with H2SO4 to produce positive sites on 

surface and to modify porous structure. Acid treatment significantly increased 

adsorption capacity of the carbon-cloth. In 1h experiment adsorption capacities of 

untreated and sulphuric acid treated carbon-cloth for NO3ˉ and NO2ˉ were 1.01 and 

0.05, and 2.02 and 0.38mmol/g, respectively. Results fitted to Langmuir isotherm 

proposing a monolayer adsorption. Effect of ammonia, sulphate, phosphate, chlorine 

and carbonate addition was also evaluated. It is notable that phosphate and carbonate 

interfered with NO3ˉ removal, while phosphate, chlorine and carbonate interfered with 

NO2ˉ removal.  

Raw (RWS) and chemically modified wheat straw (MWS) were studied as anionic 

sorbents for NO3ˉ adsorption by Wang et al. (2007). Raw wheat straw consisted of 

32.1% cellulose, 29.2% hemicellulose, 16.4% lignin, 17.5% extractives and 4.8% ash. 

Pretreatment for the sorbent was same as described earlier in the study of Orlando et al. 

(2002). Study included both static adsorption and competitive adsorption experiments. 

Static experiment solution consisted of potassium nitrate (KNO3) with 50–500mg NO3/l 

concentrations and 0.2g of adsorbent. Competitive adsorption experiment solution 

consisted of KNO3, potassium nitrite (KNO2), potassium sulphate (K2SO4) and 

potassium phosphate (KH2PO4) mixed in same solution with 10–50mg/l anion 

concentrations and 0.2g adsorbent. Kinetic rates for adsorption increased with 

increasing amounts of NO3ˉ in the solution. Both experiments were conducted in a 

thermostat for 1.5h with continuous shaking. Adsorption reaction reached equilibrium in 

20min with 80% of the NO3ˉ adsorbed in less than 10min. Scanning electron 

microscopy revealed a smoother surface for MWS compared to RWS, which enhances 

adsorption rate since NO3ˉ can aggregate as particulate matter on the adsorbent surface. 

MWS experiment data fitted better on the Freundlich isotherm, which determined a 

heterogeneous surface after modification on MWS. RWS data did not fit either 
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isotherms, which revealed its lack of adsorption capacity on nitrate. Maximum 

adsorption capacities for RWS and MWS were 0.144 and 2.08mmol/g, respectively. 

Competitive adsorption experiment revealed that adsorption tendency for MWS is 

higher for greater valence and bigger atomic number of the adsorbate. Thus adsorption 

preferred SO4
2
ˉ > PO4 ˉ > NO3ˉ > NO2ˉ. Noticeable was that NO3ˉ adsorption rate 

decreased by 50% in the competitive experiment. 90% of the MWS could be 

regenerated in alkaline solution. 

A comparative study of NO3ˉ removal from aqueous solution with powder activated 

carbon (PAC) and carbon nanotubes (CNTs) was conducted by Khani and Mirzaei 

(2009). Experiment conditions included 1h adsorption time and pH value below 5.0. 

Adsorption capacities of PAC and CNTs were 10 and 25mmol/g, respectively. 

Chatterjee & Woo (2009) studied chitosan hydrobeads for NO3ˉ adsorption. Study 

conditions included moderate stirring rate and 24h experiment time at 30˚C. Decrease in 

the solution pH value resulted in increase of NO3ˉ adsorption rate, which is due to 

protonation of chitosan amine group. This led to enhancement of electrostatic forces 

between positively charged amine group and negatively charged NO3ˉ group. 

Temperature also had a significant effect on the adsorption rate. Maximum NO3ˉ 

adsorption rate was 92.1mg/g at 30˚C and decreased when temperature was increased to 

50˚C even though the Gibbs free energy value suggested otherwise. It indicates that 

NO3ˉ adsorption onto chitosan beads is an exothermic reaction. It could also be due to 

damage on the active binding sites on chitosan beads or increasing tendency of NO3ˉ 

desorption back to solution. Data fitted well on the Langmuir isotherm suggesting a 

monolayer adsorption and no interactions between NO3ˉ due to distance between active 

binding sites. Kinetic modeling suggested that NO3ˉ adsorption on chitosan hydrobeads 

is both adsorption and intraparticle diffusion rate limited due to increased adsorption 

rates with increased initial NO3ˉ concentration. Desorption study showed that 87% of 

adsorbed NO3ˉ can be desorbed at solution with pH values from 11 to 12. Chatterjee et 

al. (2009) also studied adsorption of NO3ˉ with epichlorohydrin cross-linked chitosan 

beads and non-cross-linked chitosan beads, both with and without sodium bisulfate 

(NaHSO4) conditioning. Batch experiment was carried out with 1g of chitosan beads, 

50ml of KNO3 solution at 30˚C with mediate stirring rate. Maximum adsorption 
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capacities were obtained at pH 5.0 with values of 104mg/l for conditioned and cross-

linked, 103.1mg/l cross-linked, 93.6mg/l for conditioned non-cross.linked and 90.7mg/l 

for non-cross-linked chitosan hydrobeads. Results show that conditioning had greater 

effect on non-cross-linked chitosan hydrobeads, but cross-linking has clear advantages 

for NO3ˉ adsorption. 

Leiviskä et al. (2012) studied the use of chitosan as binding agent for lipophilic 

extractives in debarking plant wastewater treatment. Study focus was on the adsorption 

enhancement by kaolin insertion in the chitosan coagulant. Two types of kaolin were 

used on the experiment, fine and coarse kaolin with size fractions of <0.063mm and 

<2mm, respectively. Kaolin was found to improve adsorption rate of lipophilic 

extractives with chitosan from dilute water samples. Insertion also improved the settling 

rates of chitosan flocculants thus saving time. 

Table 6. Reviewed nitrogen biosorbents. 

Adso

rbate 

Max./av. 

sorption 

[mg/g] 

Adsorbent Additional info Reference 

NO3ˉ 1550 CNTs Untreated Khani & Mirzaei 

2009 

 620 PAC Untreated Khani & Mirzaei 

2009 

 129 MWS Same as for PC. Wang et al. 2007 

 125.2 C-cloth Sulphuric acid 

pretreatment. 

Afkhami et al. 2007 

 111.6 PC Pretreatment with 

epichlorohydrin and 

dimethylamine in the 

presence of pyridine 

and an organic solvent 

N,N-

dimethylformamide. 

Orlando et al. 2002 

 104 Chitosan 

hydrobeads 

Cross-linked with 

epichlorohydrin and 

pretreated with 

NaHSO4. 

Chatterjee et al. 

2009 
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 103.1 Chitosan 

hydrobeads 

Cross-linked with 

epichlorohydrin. 

Chatterjee et al. 

2009 

 93.6 Chitosan 

hydrobeads 

Pretreated with 

NaHSO4. 

Chatterjee et al. 

2009 

 92.1 Chitosan 

hydrobeads 

Untreated Chatterjee & Woo 

2009 

 90.7 Chitosan 

hydrobeads 

Untreated Chatterjee et al. 

2009 

 87.4 BG Same as for PC Orlando et al. 2002 

 83.1 PL Same as for PC Orlando et al. 2002 

 81.8 RH Same as for PC Orlando et al. 2002 

 62.6 C-cloth Untreated Afkhami et al. 2007 

 8.9 RWS Untreated Wang et al. 2007 

NO2ˉ 17.5 C-cloth H2SO4 pretreatment Afkhami et al. 2007 

 2.3 C-cloth Untreated Afkhami et al. 2007 

 

Results from the studies of converting residual materials into ion-exchangers able to 

capture NO3ˉ and NO2ˉ have proven that capture is effective in laboratory scale. NO3ˉ 

has significantly higher tendency to bind on reviewed ion-exchangers than NO2ˉ. 

Residual biomasses propose an interesting alternative for NO3ˉ removal from 

wastewaters and seep waters produced in various fields. 
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3 INDUSTRIES AND RESPECTIVE BIOMASSES 

Microbial biomasses are used in various industries in Finland. Cell wall composition 

and structure presented in chapter 2 are strongly affected by growth conditions. Cell 

wall stress in exponential growth phase has been noted to thicken cell wall structure in 

ascomycetous yeasts as well as in filamentous fungi (De Groot et al. 2005). Biofuel, 

brewing, and enzyme industries produce a varying amount of microbe waste biomass 

potentially applicable for biosorption. This chapter describes the processes that utilize 

microbial biomasses and introduces the respective microbes. 

3.1 Preliminary contacting of industries 

Gathering of background information from scientific articles, textbooks, company web-

pages and environmental licenses provided by Centre of Economic Development, 

Transport and the Environment (ELY) was the first part of this study. Information on 

the environmental licenses combined to the information presented in yearly reviews of 

companies determined the companies, which were selected for interviewing. Second 

part was to design of the interview sheet for the selected companies. Third part was 

contacting companies and their respective contact persons. Environmental managers or 

other contact persons of selected companies were approached by phone or e-mail for 

interview.  

Interview sheet was sent to total of eleven companies. Four of the selected companies 

replied to the interview. All of the approached companies wished to remain anonymous. 

Results imply that at least 450t dry weight of microbial waste is annually produced in 

Finland from industrial scale operations. Many of the approached companies had 

outsourced wastewater treatment or the microbial waste was already down-streamed to 

feed industry. Some companies saw issues with intellectual property rights (IPR) or 

genetic modification of microbes utilized in production process to conflict with the 

possible use of their microbes in biosorption. Figure 6 presents a map of producers or 

expected producers of microbial waste biomasses in Finland. Production units are 

located in Hamina, Hanko, Hämeenlinna, Iisalmi, Jokioinen, Jämsänkoski, Kajaani, 
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Kerava, Laitila, Lappeenranta, Naantali, Närpiö, Porvoo, and Vantaa and three units in 

Lahti. 

 

Figure 6.  Production plants producing or expected to produce microbial waste 

biomasses. 

3.2 Description of processes 

3.2.1 Biofuel production 

Bioethanol is currently the only microbially produced biofuel in Finland. Figure 7 

presents a schematic of bioethanol production process. Production of bioethanol from 

lignocellulosic, or organic agricultural, municipal or industrial waste feedstocks 

includes four parts namely, pretreatment, hydrolysis, fermentation, and distillation. 

Feedstock preparation (FP) begins with physical (size reduction) and/or thermochemical 

methods (disruption of the recalcitrant material present in the lignocellulosic biomass) 

to increase substrate porosity and thus maximize enzyme activity. Pretreatment (P) 

methods depend mostly on feedstock species and lignin content of the feedstock. 

Several pretreatment methods such as dilute acid, hot water, lime, ammonia fiber 

explosion, ammonia recycle percolation, steam explosion with catalyst, organosolv, 
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sulfite pretreatment to overcome recalcitrance, ozone, alkaline wet oxidation and fungal 

bioconversion were listed by Limayam & Ricke (2012). 

Hydrolysis (H) part is an essential step since it determines the availability of free 

monomer molecules in the fermentation process. Hydrolysis of polymer sugars is 

commonly achieved by dilute acid or concentrated acid hydrolysis. It involves 160–

240˚C temperature combined with H2SO4 treatment. Biological hydrolysis with fungi 

such as T. reesei or A. niger has not been widely accepted due to technical difficulties 

such as inhibitory effect of glucose and cello-biose on degrading enzymes and slow 

bioconversion process. Many approaches to avoid inhibitory effects have been 

introduced. Simultaneous saccharification and fermentation (SSF) has been of interest 

since 1970s. Fermentation (F) part utilizes usually S. cerevisiae, which is also used by 

brewing industy. Due to high ethanol tolerance of S. cerevisiae ethanol concentrations 

of 15% can be achieved in anaerobic conditions. Separate hydrolysis and fermentation 

(SHF) has been traditionally used in bioethanol production (Limayam & Ricke 2012).  

Distillation and drying (DD) part is utilized to separate ethanol and from water based on 

their different volatilities. Boiling points of ethanol and water are ca. 78 and 100 ˚C, 

respectively. Ethanol is recovered as distillate and residues including water, recalcitrant 

lignin, yeast cells and other components are recovered at the bottom of the column. 

Residue is further dried in the recovery unit (R) and can be combusted or gasified (C/G) 

into energy and CO2 for internal energy circulation. (Limayam & Ricke 2012.) Cells and 

residue removed as solid-phase if not utilized in the energy production are the focus of 

this study. 

Neste Oil has studied the production microbe oil production process in cooperation with 

Aalto University since 2007. Today a pilot-scale production plant is in operation at 

Porvoo. Process is still under development. Microbe oil is produced via accumulation of 

lipids to fungal cells utilizing plant biomasses as feedstocks. Aim of this novel process 

is to use lignocellulosic biomasses, such as agricultural harvest waste, energy crops, 

residual streams from wood and paper industries, and waste papers. (Aalto-yliopisto.)  
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Figure 7.  Schematic of bioethanol production. 

3.2.2 Brewing 

Brewing process, presented in figure 8, is essentially a biochemical process where 

starch and proteins usually from barley malt are converted into carbonated alcoholic 

beverages via fermentation by S. cerevisiae. Brewing process can be divided into three 

main parts namely, Boiling (1–6), Fermentation and filtration (7–10), and Bottling (10–

12). 

(1) Germination stage. Barley malt requires germination to produce α- and β-amylases 

for starch fragmentation. Germination process occurs in controlled conditions at mild 

temperature (12–16˚C) until barley malts have achieved right moisture content of 45%. 

Malts are then kilned and separated from germs and stored for suitable amount of time. 

(2) Milling and kilning stage. Germinated barley malts are milled and purified after 

kilning to obtain homogenized malt and to exclude impurities from storage. (Aittomäki 

et al. 2002). (3) Mashing stage. Malts are wetted to stimulate enzyme activity of 

amylases and heated to 52˚C for 15–20min to stimulate protease and glucanase 

activities. Temperature is further increased to 65˚C for 30min to obtain optimal 

saccharification conditions for amylases. Temperature is once again increased to 78˚C 

to inactivate most of the enzymes present in the mashing process. (4) Separation stage. 

Excess water is added to inactivated medium and spent grains are separated in a lauter 

tun or mash filter to obtain sweet wort. (5) Boiling stage. Hops are added and wort is 

boiled for 30–60min to fix wort composition. (Eskin & Shahidi 2012.) (6) Clarification 
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and cooling stage. Wort is clarified and cooled down for fermentation stage (Aittomäki 

et al. 2002). 

(7) Fermentation stage. Process normally takes 6–8 days at 5–10˚C for yeast to convert 

sugars into ethanol. (8) Yeast separation and cooling stage. Yeast is separated from raw 

beer by lauter tun or membrane filtration, then raw beer is further cooled down for 

maturation stage, which takes about two weeks. This study focuses on residual yeast 

extracted at this stage. (9) Maturation stage. Raw beer is matured at 0–10˚C to remove 

flavor components such as diacetyl, which gives beer a buttery taste. (10) Filtration or 

pasteurization stage. Beer is either sterile filtrated or pasteurized to remove all the 

microbe from the product. (11) Bottling stage. Beer is bottled or kegged in sterile bottles 

or kegs and delivered to consumers. (Aittomäki et al. 2002.) 

 

Figure 8.  Schematic of brewing process. 

3.2.3 Enzyme manufacturing 

Microbial intra and extracellular enzymes are produced by fermentation. Fermentation 

conditions are strictly controlled due to sensitivity enzyme encoding genes. Enzyme 

synthesis is due to metabolism of microbes. Microbes make an ideal candidate for 

enzyme production since they can produce their native enzymes as well as foreign 

enzymes, called recombinant enzymes. In a nutshell the production of recombinant 

enzymes involves a transfer for a part of genetic code from foreign specie. Genetic code 

can describe a promoter, inhibitor or even gene to encode certain enzyme. Genetic code 

is separated from chosen microbial specie by primer digestion and copied in sufficient 
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amounts by polymerase chain reaction and inserted to host specie by other primers. 

(Illanes 2010). Enzyme production process is presented in figure 9. Red arrows present 

extracellular enzyme production and blue arrows present the production of intracellular 

enzymes. This study focuses on cells extracted in solid-liquid separation (S/L) units. 

Enzyme production can be divided into three parts namely, Fermentation and recovery, 

Purification, and Drying and formulation. (Ferm.) Batch, fed-batch, continuous flow, 

and solid-state (SSF) fermentations have been introduced for enzyme production. Batch 

fermentation operates under static conditions, since medium, and inoculate are 

incubated until enzymes have been synthesized to maximum level. Incubated solution is 

then transferred to (S/L). Fed-batch fermentation is similar to batch fermentation with 

the exception of regulated nutrient addition during incubation. Continuous flow 

fermentation is operated with continuous addition of fresh medium and continuous 

product harvest during incubation. Continuous flow fermentation is not widely adapted 

to industrial processes due high contamination and mutation risks of the operating state. 

(Illanes 2010). Mitchell et al. (2006) described a SSF as process where usually aerobic, 

filamentous micro-organisms, but sometimes bacteria or yeasts, are incubated on moist 

solid particles. Spaces between particles are filled mainly by gas-phase, but some water 

droplets form due to moisture content in the fermentation process. 

(S/L) This stage involves the recovery of produced enzymes by centrifugation or dead-

end filtration. If enzymes are intracellular then medium is discarded and enzymes are 

recovered from solid-phase. Solid-phase enzymes are transferred to concentration (C), 

where i.e. vacuum evaporation or ultrafiltration is applied. If enzymes are extracellular 

cells are discarded and enzymes are recovered in liquid-phase. Liquid-phase enzymes 

are transferred to cell extraction stage (E). Intracellular enzymes are mainly recovered 

by cell rupture techniques involving mechanical forces or by cell permeabilization 

techniques involving detergents or solvents and possibly osmotic rupture. After freeing 

the enzymes, cells will be discarded (S/L) and liquid-phase enzymes transferred to 

purification stage (P). (Illanes 2010). 

Purification differs to a great extent between intra and extracellular enzyme production. 

Intracellular enzyme extract contains proteins, nucleic acids, and other cell constituents, 
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while extracellular extract contains only small amounts of extracellular proteins and 

low-weight solutes due to undisrupted cell membrane. Purification stage usually 

involves a sequence of specific purification units thus resulting to optimized product 

purity. Purification may involve step such as ion-exchange, precipitation, diafiltration, 

and size-exclusion chromatography. After purification enzymes are transferred to drying 

stage (D), where water is excluded from the enzymes. 

Final stage of enzyme production process is formulation (Form.). Enzymes are polished, 

stabilized and standardized. Polishing refers to removal of trace-contaminants, and salts 

and to pH adjustment. Stability of enzymes are enhanced by certain additives to prevent 

microbial contamination and to preserve enzyme structure. Standardization refers to the 

point that each enzyme batch must fulfil the requirements of quality and compatibility 

of its intended use. After this stage enzyme products are delivered to consumers. 

 

Figure 9.  Schematic of enzyme production process. 

3.3 Industrial microbe biomasses in Finland and their properties in terms 

of biosorption 

3.3.1 Aspergillus spp. 

Aspergillus spp. are a genera of filamentous fungi that belong to the group of 

Deuteromycetes. They are important for the nature as for enzyme industry. Aspergillus 
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spp. can produce extra-cellular cellulases to break-down cellulose structure of plant 

material thus playing an important role in organic carbon mineralization. (Madigan & 

Martinko 2006). Figure 10 presents a microscopic image of A. niger (Wikipedia.org). 

 

Figure 10.  Microscopic image of A. niger. 

 

A. foetidus is utilized by Genencor to produce transglucosidase at small scale and 

xylanase at industrial scale. Roal Oy produces xylanase, pectinase, and proteases for 

acidic conditions at industrial scale via A. foetidus. A. niger is utilized by Genencor to 

produce glucoamylase and glucose oxidase at small scale and xylanase at industrial 

scale. Roal Oy produces these enzymes and pectinase, and proteases for acidic 

conditions at industrial scale via A. niger. A. oryzae is utilized by Genencor to produce 

proteases and α-amylases at small scale and xylanase at industrial scale. Roal Oy 

produces α-amylases at industrial scale using A. Oryzae. (Korhola & Uusikylä 2011.) 

Table 7 in the end of this chapter presents biosorption capacities and respective process 

conditions for Aspergillus spp. Studied Aspergillus spp. presented a preference of Pb > 

Cu > Cd > Zn > Ni on heavy metal binding.  

Fungal cell walls contain typically 80-90% polysaccharides and additionally proteins, 

lipids, polyphosphates and inorganic ions. Cellulose is also present in cell walls of 

certain fungi. However, most fungi cell walls contain chitin, although in some cases 

chitin is replaced with mannans, galactosans or chitosans in the fungal cell wall. 

(Madigan & Martinko 2006.) De Groot et al. (2005) pointed out that several Aspergillus 

spp. have been observed to have bi-layered structure with electron-dense skeleton of 
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1,3-β-glucan and chitin and electron-transparent outer layer of soluble cell surface 

proteins. The general structure of galactomannan in the cell wall outer layer of 

filamentous fungi is similar to N-glycan structure in ascomycetous yeasts, which 

suggests that galactomannan is responsible for anionic charge of fungi cell wall. Study 

of A. fumigatus cell wall structure presented a striking amount of similarities in the 

chemical structure between yeasts and filamentous fungi (Fontaine et al. 2000). 

Interactions of fungal cells to other cells as well as surfaces are closely related to 

glycosylphophatidylinositol-anchored cell wall proteins (GPI-CWPs). GPI-CWPs are 

attached to 1,3-β-glucan or the chitin part of the fungal cell wall. They are detached if 

contacted with β-glucanases or hydrofluoric acid. (Damveld et al. 2005.) Exclusion of 

GPI-CWPs in purification process would certainly affect the surface charge of the 

microbes due to decrease of active binding sites.  

There are five 1,3-α-D-glucan synthase-encoding genes in A. niger. These five genes 

encode two kinds of α-glucan, nigeran and pseudonigeran. These polymers are formed 

from alternating 1,4-1,3-α-D-glucan and 1,3-α-D-glucan with 3-10% 1,4-α-D-linkages, 

respectively. Amount of α-glucan increases during cell wall stress, which leads to spore 

germination. (Damveld et al. 2005.) It may affect the negative surface charge of the 

cells. Amini et al. (2008) determined that weak acidic carboxyl (R-COOˉ) and 

phosphate and amino groups were responsible of biosorption of heavy metals at A. niger 

cell wall.  

Table 7. Biosorption capacities and process conditions of Aspergillus spp. (mesh = 

particle size according to BSS mesh-scale;  Q = quantity of adsorbate removed; Cmet 

= metal concentration in solution; Cb = biomass concentration in the solution) 

Source or form and 

pretreatment 

(mesh) 

Q 

[mg/g] 

Metal 

specie 

 

Cmet 

[mg/l] 

(Flow) 

[ml/ 

min] 

Cb 

[g/l] 

pH T 

[˚C] 

Ref. 

A. niger, NaOH 

pretreated (100) 

103 Pb
2+

 30 3.44 3.76 30 Amini et al. 

2008 
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A. niger, NaOH 

pretreated 

32.6 Pb
2+ 

250 1 4 35 Dursun 2006 

A. niger, NaOH 

pretreated 

28.7 Cu
2+ 

250 1 5 35 Dursun 2006 

A. oryzae, ferm. 

waste (85) 

28 Cd
2+ 

180 2 4.5 - Vianna et al. 

2000 

A. oryzae, ferm. 

waste, HCl 

pretreated (85) 

22 Cd
2+

 200 2 4.5 - Vianna et al. 

2000 

A. oryzae, ferm. 

waste, HCl 

pretreated (85) 

12.5 Zn
2+

 220 2 4.5 - Vianna et al. 

2000 

A. oryzae, ferm. 

waste, HCl 

pretreated (85) 

12 Cu
2+

 480 2 4.5 - Vianna et al. 

2000 

A. niger, Beads 

(Polysulfone, DMF, 

(200) cells, NaOH 

pretreated), fixed-

bed (8-18) 

10.1 Pb
2+

 10 

(3.0) 

4.7 in 

co-

lumn 

5 - Kapoor & 

Viraraghavan 

1998 

A. niger, NaOH 

pretreated (200) 

7.2 Pb
2+

 10 1.33 5 22 

±2 

Kapoor et al. 

1999 

A. niger, Beads 

(Polysulfone, DMF, 

(200) cells, NaOH 

pretreated), fixed-

bed (8-18) 

3.6 Cd
2+

 10 

(3.0) 

4.7 in 

co-

lumn 

6 - Kapoor & 

Viraraghavan 

1998 

A. niger, NaOH 

pretreated (200) 

3.4 Cd
2+

 10 1.33 6 22 

±2 

Kapoor et al. 

1999 
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A. niger, Beads 

(Polysulfone, DMF, 

(200) cells, NaOH 

pretreated), fixed-

bed (8-18) 

2.9 Cu
2+

 10 

(3.0) 

4.7g 

in co-

lumn 

6 - Kapoor & 

Viraraghavan 

1998 

A. niger, NaOH 

pretreated (200) 

2.7 Cu
2+

 10 2 6 22 

±2 

Kapoor et al. 

1999 

A. niger, Beads 

(Polysulfone, DMF, 

(200) cells, NaOH 

pretreated), fixed-

bed (8-18) 

1.1 Ni
2+

 6 

(1.8) 

4.7g 

in co-

lumn 

7 - Kapoor & 

Viraraghavan 

1998 

A. niger, NaOH 

pretreated (200) 

1.0 Ni
2+

 10 2 7 22 

±2 

Kapoor et al. 

1999 

 

3.3.2 Bacillus spp. 

Species belonging to Bacillus genus are aerobic, endospore-forming, rod-shaped, gram-

positive bacteria. Bacillus belongs to one of the most diverse and useful groups of 

micro-organisms in the planet. Bacillus spp. is widely utilized in the field of 

biotechnology, but mainly in the production of commercial enzymes, antibiotics, fine 

biochemical and insecticides due to variety of attractive traits. (Harwood 1989.) Figure 

11 presents a microscopic image of gram-stained B. subtilis (Wikipedia.org). 

 

Figure 11.  Microscopic image of gram-stained B. subtilis. 
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B. amyloliquefaciens is utilized by Genencor for production of proteases and xylanase at 

industrial scale and α-amylases with lower temperature optimal at small scale. B. 

licheniformis is utilized by Genencor to produce α-amylases, which are stable in acidic 

conditions, have good temperature stability and endure oxidizing conditions at small 

scale. It is also used to produce proteases, pullulanase and alkali xylanases. Roal Oy 

uses B. licheniformis to produce α-amylases and xylanase at industrial scale. B. subtilis 

is utilized by Genencor to produce proteases at small scale and cellulases at industrial 

scale. Roal Oy produces xylanase and acid- and alkali-resistant cellulases at industrial 

scale using B. subtilis. (Korhola & Uusikylä 2011.) Table 8 in the end of this chapter 

presents biosorption capacities and respective process conditions for Bacillus spp. 

Studied Bacillus spp. presented a preference of Pb > Cd > Ni > Cr > Cu > Zn on heavy 

metal binding.  

Peptidoglycan constitutes approximately half of the cell weight of Bacillus spp. Usually 

with Bacillus L-alanine is connected to muramic acid residue carboxyl group with 

amide linkage and its carboxyl group is to the amino acid group of D-glutamic acid. The 

γ-carboxyl group of glutamic acid is connected to the amino group at the L-center of 

diaminopimelic acid. The carboxyl group of L-center is then linked to D-alanyl-D-

alanine. Amidation of varying carboxyl groups of different peptides brings forth 

differences in the cell wall structure between Bacillus spp. This amidation in i.e. B. 

licheniformis and B. subtilis lowers the overall charge density in the peptidoglycan. 

(Harwood 1989.) 

Teichoic acids such as 1,3-poly(glycerol phosphate) with and without O-ester-bound 

residues of partially N-acetylated D-alanine as well as poly(glycosylglycerol phosphate) 

have been found on B. licheniformis cell surface with NMR spectroscopy. Acid 

hydrolysates of these glycerol teichoic acids contain galactose, glycerol and trace 

amounts glucose. (Streshinskaya et al 2012.) B. licheniformis walls contain teichuronic 

acids in addition to teichoic acids. Teichuronic acids are composed of linear chains of 

repeating disaccharide units of glucuronic acid and N-acetylgalactosamine. (Harwood 

1989.) 
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Harwood 1989 reported that B. subtilis peptidoglycan contain teichoic acids consisting 

of 1,3-poly(glycerol phosphate), poly(glycosyl-N-acetylgalactosaminyl-1-phosphate), or 

an additional galactosamine containing polymer. B. subtilis grown in batch culture 

contained same teichuronic acids as B. licheniformis. Shashkov (2009) also studied 

teichoic acids of B. subtilis using NMR spectrometry and found similar results with 

additional O-ester-bound residues of partially N-acetylated D-alanine as well as α-D-

glucosamine residues carried by 1,3-poly(glycerol phosphate).  

Table 8. Biosorption capacities and process conditions of Bacillus spp. (mesh = 

particle size according to BSS mesh-scale;  Q = quantity of adsorbate removed; Cmet 

= metal concentration in solution; Cb = biomass concentration in the solution) 

Source or form and 

pretreatment 

(mesh) 

Q 

[mg/g] 

Metal 

specie 

Cmet 

[mg/l] 

(Flow) 

[ml/ 

min] 

Cb 

[g/l] 

pH T 

[˚C] 

Ref. 

A novel 

polysaccharide from 

B. firmus 

467-

1103 

Pb
2+ 

0.5-2 1.5 4.5 25 Salehizadeth & 

Shojaosadati 

2003 

A novel 

polysaccharide from 

B. firmus 

381-

860 

Cu
2+

 0.5-2 1.5 4 25 Salehizadeth & 

Shojaosadati 

2003 

A novel 

polysaccharide from 

B. firmus 

418-

722 

Zn
2+

 0.5-2 1.5 6 25 Salehizadeth & 

Shojaosadati 

2003 

Unidentified, 

powdered (100) 

92.3 Pb
2+

 250 2 3 25 Tunali et al. 

2006 

B. lentus, ferm. 

waste (85) 

85 Cd
2+

 320 2 4.5 - Vianna et al. 

2000 

B. pumilus, soil 

sample, fixed-bed 

66.0 Pb
2+ 

100 

(0.5) 

- 6 25 Çolak et al. 

2011 

B. cereus, soil 

sample, fixed-bed 

59.2 Pb
2+

 100 

(0.5) 

- 6 25 Çolak et al. 

2011 
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B. thuringiensis, 

spore-crystal 

mixtures 

41.8 Ni
2+ 

266 1 6 35 Özturk 2007 

B. coagulans, acid 

pretreated (14) 

39.9 Cr
6+ 

100 2 2.5 28 

±3 

Srinath et al. 

2002 

B. lentus, ferm. 

waste, HCl 

pretreated (85) 

36.5 Cd
2+

 170 2 4.5 - Vianna et al. 

2000 

B. megaterium, 

H2SO4 pretreated 

(14) 

30.7 Cr
6+

 100 2 2.5 28 

±3 

Srinath et al. 

2002 

B. lentus, ferm. 

waste, HCl 

pretreated (85) 

30 Cu
2+ 

200 2 4.5 - Vianna et al. 

2000 

B. thuringiensis, 

vegetative cells 

29.2 Ni
2+

 292 1 6 35 Özturk 2007 

B. pumilus, soil 

sample 

28.1 Pb
2+

 75 1 6 25 Çolak et al. 

2011 

B. pumilus, soil 

sample 

22.1 Pb
2+

 75 1 6 25 Çolak et al. 

2011 

Unidentified, 

powdered (100) 

16.3 Cu
2+ 

200 2 5 25 Tunali et al. 

2006 

B. lentus, ferm. 

waste, HCl 

pretreated (85) 

13 Zn
2+ 

420 2 4.5 - Vianna et al. 

2000 

 

3.3.3 S. cerevisiae sp. 

S. cerevisiae is eukaryotic micro-organism species that is classified in the kingdom 

fungi. Commonly known as baker’s or brewer’s yeast, it is utilized in baking industry as 

leavening agent and in fermentation processes to produce ethanol. S. cerevisiae has high 

resistance for ethanol, effective glucose metabolism route to ethanol due high 
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conversion rates of hexose sugars in anaerobic conditions, and fast cultivation rates. 

These traits make it suitable for fermentation process. Brewing and biofuel industries 

use S. cerevisiae for fermentation.  S. cerevisiae is also widely used in studies of 

eukaryotic cell metabolism. Figure 12 presents a microscopic image of S. cerevisiae 

(Wikipedia.org). 

 

Figure 12.  Microscopic image of S. cerevisiae. 

 

Klis et al. (2002) studied dynamics of S. cerevisiae cell wall structure. The cell wall 

consists of electron-transparent inner layer and electron-dense outer layer. Inner layer 

consists of chitin (1-2%) and β-1,3-glucan and outer layer of heavily glycosylated 

mannoproteins. Numerous negative charges at physiological pH at the cell surface 

origin from the carbohydrate side chains. These contain multiple phophodiester bridges 

in O- and N- linked mannosyl side chains thus resulting to hydrophilic properties of the 

cell wall surface. Also these N-glycan side chains give yeast its uniform anionic surface 

charge (De Groot et al. 2005). On the other hand the attraction of positively charged, 

cytosolic proteins from lysed cells is due to presence of these mannosyl phosphate 

groups. Non-viable cells have only meshes of 20–60nm due to non-extended state, but 

living cells are bound to have a lot larger meshes on their cell surface. On the other hand 

non-viable cells do not require supplement nutrient addition and are insensitive to 

operating conditions such as temperature (Ghorbani et al. 2008). 
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De Groot et al. (2005) presented the most common complexes in the cell wall of 

ascomycetous yeasts such as S. cerevisiae to comprise of GPI-CWP – 1,6-β-glucan – 

1,3-β-glucan or ASL-CWP – 1,3-β-glucan or GPI-CWP – 1,6-β-glucan – chitin, where 

ASL-CWP linkages are unknown, but the other two are formed via glycosidic linkages. 

ASL-CWPs are alkali-sensitive linkaged cell wall proteins belonging to proteins with 

internal repeats (Pir) –family, which are sensitive to even mild alkalis. The formation of 

the third complex is most highly expressed during cell wall stress due to 1,6-β-glucan – 

chitin –bond rigidity. 

According to Ghorbani et al. (2008) pretreatment of S. cerevisiae as well as R. eutropha 

increased accessible space within chitin-β-1,3-glucan inner layer and generated a new 

micro-porous structure. Pretreatment clearly reduced irregularity of biomass surface 

resulting to quite clean surface with many thin sheets and some rudimentary pores due 

to impurity removal from cell surface.  

A review by Wang & Chen (2006) presented a competitive biosorption study using S. 

cerevisiae. Specific selectivity, advantages as biosorbent, biosorption capacity and 

forms of S. cerevisiae were used as competitive factors for binding various metals. It 

has been proven that S. cerevisiae can remove toxic metals, recover precious metals and 

clean radionuclides in various extents from aqueous solutions. Table 9 presents 

biosorption capacities and respective process conditions for S. cerevisiae studies. S. 

cerevisiae presented a preference of Pb > Cd > Ni > Cr > Cu > Zn on heavy metal 

binding according to this study. 

Table 9. Biosorption capacities and process conditions of S. cerevisiae. (mesh = 

particle size according to BSS mesh-scale;  Q = quantity of adsorbate removed; Cmet 

= metal concentration in solution; Cb = biomass concentration in the solution) 

Source or form and 

pretreatment 

(mesh) 

Q 

[mg/g] 

Metal 

specie 

Cmet 

[mg/l] 

Cb 

[g/l] 

pH T 

[˚C] 

Ref. 

Dried 270.3 Pb
2+ 

200 1 5 25 Özer & Özer 

2003 

Baker’s, heat and 

HCl pretreatment 

86.3 Cd
2+

 1000 1 6.5 27 Vasudevan et 

al. 2003 
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Baker’s, commercial, 

fresh exp. growth  

71 Cd
2+

 200 - 4.5 - Volesky et 

al.1993 

Brewer’s, 

commercial, fresh 

exp. growth  

66 Cd
2+

 200 - 4.5 - Volesky et 

al.1993 

Dried 46.3 Ni
2+ 

200 1 5 25 Özer & Özer 

2003 

Dried 32.6 Cr
6+ 

200 1 1 25 Özer & Özer 

2003 

Ethanol pretreated, 

powdered (230) 

24.6 Cd
2+

 37 4.04 7.1 25 Fereidouni et 

al. 2009 

Baker’s, commercial, 

dried 

23 Cd
2+

 200 - 4.5 - Volesky et 

al.1993 

Brewer’s, 

commercial, dried 

20 Cd
2+

 200 - 4.5 - Volesky et 

al.1993 

Waste baker’s yeast, 

ethanol pretreated 

(>12) 

17.5 Pb
2+

 25 1 5 30 Göksungur et 

al. 2005 

Waste baker’s yeast, 

ethanol pretreated 

(>12) 

15.6 Cd
2+

 25 1 6 30 Göksungur et 

al. 2005 

Waste baker’s yeast, 

heat pretreated (>12) 

15.6 Pb
2+

 25 1 5 30 Göksungur et 

al. 2005 

Waste baker’s yeast, 

NaOH pretreated 

(>12) 

14.2 Pb
2+

 25 1 5 30 Göksungur et 

al. 2005 

ferm. waste, HCl 

pretreated (85) 

12.5 Cu
2+ 

420 2 4.5 - Vianna et al. 

2000 

Heat and HCl 

pretreated 

12.3 Ni
2+ 

980 1 6.8 27 Padmavathy et 

al. 2003a 

Waste baker’s yeast, 

heat pretreated (>12) 

11 Cd
2+

 25 1 6 30 Göksungur et 

al. 2005 
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Waste baker’s yeast, 

NaOH pretreated 

(>12) 

10.5 Cd
2+

 25 1 6 30 Göksungur et 

al. 2005 

Heat and HCl 

pretreated 

9.8 Ni
2+ 

400 1 6.8 27 Padmavathy 

2008 

Ethanol pretreated 

(350) 

8.56
C 

Cd
2+ 

30 1.6 7.2 25 Ghorbani et 

al. 2008 

ferm. waste (85) 8 Cd
2+ 

240 2 4.5 - Vianna et al. 

2000 

Waste baker’s yeast, 

untreated (>12) 

7.8 Pb
2+

 25 1 5 30 Göksungur et 

al. 2005 

Waste baker’s yeast, 

untreated (>12) 

7 Cd
2+

 25 1 6 30 Göksungur et 

al. 2005 

ethanol pretreated, 

powdered (230) 

6.9 Ni
2+ 

16 4.04 7.1 25 Fereidouni et 

al. 2009 

ferm. waste, HCl 

pretreated (85) 

6 Zn
2+

 550 2 4.5 - Vianna et al. 

2000 

Waste brewer’s 

yeast, HCl pre-

treated (100-120) 

5.7
C 

Pb
2+ 

145 8 5-6 20 Han et al. 

2006 

ferm. waste, HCl 

pretreated (85) 

3 Cd
2+

 450 2 4.5 - Vianna et al. 

2000 

Waste brewer’s 

yeast, HCl pre-

treated (100-120) 

1.5
C 

Cu
2+ 

44.5 8 5 50 Han et al. 

2006 

C: calculated 

3.3.4 Streptomyces spp. 

Williams et al. (1983) introduced Streptomyces spp. as aerobic, spore-forming, gram-

positive Actinomycetes. They do not have a layer consisting of α-(1,3)-glucan, which 

categorizes them as chemotype I yeast cells. These highly oxidative, extensive branch 

forming Actinomycetes are a rich source for antibiotics such as streptomycin. 
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Streptomyces produce spores containing diaminopimelic acid and glycine in their cell 

wall, but no distinctive sugars (Williams et al. 1983). Therefore diaminopimelic acid 

containing wall of aerial mycelia spores suggest that bacterial cell wall structure is quite 

similar as in Bacillus spp. Figure 13 presents a microscopic image of Str. 

(Wikipedia.org). 

 

Figure 13.  Microscopic image of unidentified Str. spp. 

 

S. lividans is utilized by Genencor to produce glucose- and xylose-isomerases and 

cellulases at industrial scale. Roal Oy produces only cellulases both acid- and alkali-

resistant at industrial scale by S. lividans. S. rubiginosus is utilized by Genencor to 

produce glucose-isomerase at small scale. (Korhola & Uusikylä 2011.) Table 10 below 

presents biosorption capacities and respective process conditions for Streptomyces spp. 

Streptomyces spp. presented a preference of Pb > Fe > Cd > Cu > Ni > Zn > Cr 

according to this study. 

Table 10. Biosorption capacities and process conditions of Streptomyces spp. (mesh = 

particle size according to BSS mesh-scale;  Q = quantity of adsorbate removed; Cmet 

= metal concentration in solution; Cb = biomass concentration in the solution) 

Source or form and 

pretreatment (mesh) 

Q 

[mg/g] 

Metal 

specie 

Cmet 

[mg/l] 

Cb 

[g/l] 

pH T 

[˚C] 

Ref. 

Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

135 Pb
2+ 

500 3 8.9 - Selatnia et 

al. 2004c 
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Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

122 Fe
3+ 

500 3 10 - Selatnia et 

al. 2004b 

Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

63.3 Cd
2+

 200 3 8 - Selatnia et 

al. 2004a 

Str. coelicolor A3(2), 

dried 

48.4 Cu
2+ 

221 1 5 25 Özturk et 

al. 2004 

Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

32.6 Ni
2+ 

500 3 8 - Selatnia et 

al. 2004d 

Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

30.5 Cu
2+ 

100 3 6 25 Cherqui et 

al. 2007 

Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

29.6 Zn
2+

 100 3 6 25 Cherqui et 

al. 2007 

Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

29 Cr
6+

 100 3 6 25 Cherqui et 

al. 2007 

Str. rimosus, ferm. 

waste, (100-300) 

26.6 Cu
2+

 100 3 6 25 Cherqui et 

al. 2007 

Str. rimosus, ferm. 

waste, NaOH pretreated 

(100-300) 

26.6 Ni
2+

 100 3 6.5 - Selatnia et 

al. 2004d 

Str. rimosus, ferm. 

waste, (100-300) 

23.5 Zn
2+

 100 3 6 25 Cherqui et 

al. 2007 

Str. rimosus, ferm. 

waste, (100-300) 

23 Cr
6+

 100 3 6 25 Cherqui et 

al. 2007 

Str. coelicolor A3(2), 

dried  

18.8 Ni
2+

 256 1 8 25 Özturk et 

al. 2004 
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Str. rimosus, ferm. 

waste, untreated (100-

300) 

16.8 Cd
2+

 100 3 8 - Selatnia et 

al. 2004a 

Str. rimosus, ferm. 

waste, untreated (100-

300) 

16.3 Ni
2+

 100 3 5 - Selatnia et 

al. 2004d 

 

3.3.5 T. reesei sp. 

T. reesei cell wall structure after normal cultivation conditions presents many 

similarities to other fungal species. Over 30% of the cell wall is constituted of 

carbohydrates, namely 24.3% alkali-soluble β-1,3-glucan, 4.4% alkali-soluble β-1,6-

glucan, 2.9% alkali-insoluble β-1,6-glucan, and 0.6% chitin. Large number of O- and N-

glycosylated mannoproteins are also present in the T. reesei cell wall as well as secreted 

proteins on the cell surface. (Górka-Nieć et al. 2010.) Prieto et al. (1997) studied 

carbohydrate constituents of T. reesei cell wall. Results presented a terminal 

galactofuranose, manno and glucopyranosides, and substituted galactofuranose, 

mannopyranoside. Structure of the cell wall polysaccharides was described as 

mannopyranoside backbone with 2-O, 5-O, and 6-O substituted galactofuranose, and 6-

O, 2,6-di-O, and 3,6-di-O substituted mannopyranoside, and glucopyranoside. 

Glucopyranoside was present in the T. reesei cell wall with smaller proportions. Figure 

14 presents a microscopic image of T. reesei obtained from Bioprocess engineering 

group at university of Oulu. 
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Figure 14.  Microscopic image of T. reesei.  

 

T. reesei is utilized by Genencor to produce xylanases and cellulases at industrial scale. 

Roal Oy produces phospholipases, mannanase, xylanase, pectinase and cellulases at 

industrial scale. (Korhola & Uusikylä 2011.) Unfortunately studies on biosorption using 

T. reesei  have not been reported. 
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4 PROCESS CONDITIONS FOR BIOSORPTION USING 

NON-VIABLE RESIDUAL BIOMASSES 

Biosorption is affected by quite many factors, which make optimization of the process 

challenging. Factors affecting biosorption are introduced in the following chapter. Table 

11 presented in the end of this chapter summarizes all the introduced factors and their 

mutual relations. Achieving of cost-efficient biosorption process is based on 

optimization of all the affecting factors. Several studies dedicated on computational 

optimization with central composite designs have been reviewed in this thesis. 

Optimization is attainable by such approaches.  

4.1 Cultivation 

Cultivation conditions have been proven to affect the structure of microbial cell walls. 

α- and β-glucan contents have been noticed to increase in microbe cell wall when harsh 

cultivation conditions, such as dramatical pH changes, high pressure, low or high 

temperature are experienced during exponential growth phase. At stationary phase 

cultivation conditions will not have as substantial effect on the cell wall structure as in 

exponential growth phase. (Wang & Chen 2006.) Nitrogen content of the culture media 

have been noted to have effect on chitin-glucan ratio. Higher amounts of nitrogen 

increase the chitin content on mycelial cell walls (Feofilova 2010.)  

4.2 pH 

Pretreatment of microbial biomass with alkaline solution has been proven to enhance 

adsorption capacity. At least three hypotheses have been proposed to justify this 

phenomenon. Selatnia et al. (2004c) studied lead biosorption by Str. rimosus biomass 

and concluded that ion-exchange sites are more available for the exchange of Na
+
 to 

Pb
2+

 when protonated. Biosorption depends mainly on the protonation or unprotonation 

state of the functional groups, not from initial solution pH. Initial pH affects ionic forms 

of the metal and the electrical charge of the biomass in the solution. Bierley (1991) and 

Fourest & Roux (1992) have hypothesized that pretreatment also increases the number 
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of available sites for metal ions and subsequently alkalizes reaction environment. 

Ghorbani et al. (2008) and Fereidouni et al. (2009) pretreated their respective biomasses 

with 70% ethanol, which increased the amount of anionic sites in the biomass cell wall. 

Bhatnagar & Sillanpää (2011) also pointed out that cost-factor of pretreatment should 

not be ignored with these low-cost biomasses. Large amounts of low pollutant 

concentration wastewater involves substantial amounts of chemicals in the pretreatment 

process, which can contribute over a half of the price of biosorption.  

Solution pH is a very important factor in the biosorption process. Microbial and plant 

biomasses have a zero-point-of-charge, which is a boundary value of pH where net 

negative surface charge is zero. At lower pH values, a positive charge is formed on the 

biomass surface. It results to lower adsorption rates of positively charged ions due to 

their competition of active binding sites with excess H
+
 ions. Higher pH values lead to 

increase in active sites and negative surface charge. This promotes positively charged 

ion adsorption due to increased electrostatic attraction forces. Net negative surface 

charge can be measured as zeta potential where negative values present the attraction 

forces for cationic particles. (Çolak et al. 2011.) pH values higher than 6 in biosorption 

may lead to metal speciation, i.e. changes in physical or chemical form of an element of 

heavy metal species, which decreases their binding affinity. (Bulgariu & Bulgariu 

2012). Changes in coordination, oxidation state and stoichiometry can affect to the 

binding affinity of metal species to functional groups present in the cell wall of 

biomasses.  

4.3 Temperature 

Temperature of biosorption process does not affect the cell wall of non-viable micro-

organisms, but rather on reaction rate of heavy metal adsorption. Since binding of heavy 

metals can be either exothermic or endothermic reaction depending on metal and 

biomass species, optimal temperature is usually determined between 10–50˚C. 

Exothermic reaction occurs more favorable at low temperatures and endothermic at 

higher temperatures. I.e. Özer A & Özer D (2003) presented a comparative study of 

Pb
2+

, Ni
2+

, and Cr
6+

, which determined that biosorption of these metals onto S. 
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cerevisiae cell wall is an exothermic reaction. Dursun (2006) concluded that Pb
2+

 and 

Cu
2+ 

biosorption on A. niger cell wall is an endothermic reaction. 

4.4 Homogenization 

Vortex should be avoided in biosorption process to avoid reduction in maximum 

adsorption capacity. Medium stirring speed maintains the homogeneity of the solution 

and vortex phenomena does not occur. (Selatnia et al 2004c.) Homogeneity of the 

biomass should also be increased via physical forces such as crushing by milling, and 

drying. Pretreatment will increase surface area of biosorbents and expose intracellular 

components. More surface binding sites will also be available due to destruction of cell 

membranes. Biosorption capacity rates of biomasses can be increased by such methods. 

4.5 Adsorbent concentration 

Adsorbent concentration in the solution should be optimized respective to metal 

concentration to avoid agglomeration, which reduces the availability of binding sites 

(Selatnia et al 2004c). Ghorbani et al. (2008) noticed also that biosorption capacity of S. 

cerevisiae decreased when increasing amount of biomass from 1.6 to 6.0g/l with 

optimum biosorption rate at 3.8g/l. Similar results were observed in the study by Han et 

al. (2006). Increase in the amount of adsorbent respective to adsorbate resulted to 

unsaturation of adsorption sites in the reaction. Decrease in the biosorption capacity of 

the adsorbent is due to massive increase of adsorption sites compared to available metal 

ions. Drying method of biomasses varied significantly in the reviewed literature, which 

has effect on the results. Drying time should be extended until the weight of the 

adsorbent is stabilized to obtain easily comparable results. Drying time and temperature 

varied between 8–24h and 60–110˚C.  

4.6 Adsorbate concentration 

Increase of the metal ion concentration affects biosorption efficiency to the certain 

point. Metal ion uptake in cells increases due to fact, that metal ions surround active 

sites in biomass cell wall thus occupying them more effectively. (Ghorbani et al. 2008.) 
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This suggests that removing ppb-to-ppm concentrations of polluting metals should be 

slower than removal of substantial amounts of pollutants. Increase in NO3ˉ 

concentration had a similar effect in study by Wang et al. (2009). Solutions that include 

various metals simultaneously have been reported to decrease specific biosorption 

capacities of microbial species. (Selatnia et al. 2004c, Tunali et al. 2006 and 

Salehizadeh & Shojaosadati 2003). Studies should be conducted with effluent 

concentrations mimicking real wastewater effluents. Boundary values for heavy metal 

concentrations in the wastewaters are defined in the environmental legislation. 

4.7 Operation method 

Biosorption has been studied in both batch and continuous fixed-bed systems. Batch 

system is appropriate for studying kinetics and process conditions of biosorption. Fixed-

bed system can achieve higher biosorption rates and will propably be utilized if 

biosorption process is commercialized as waste water treatment method (Bulgariu & 

Bulgariu 2012).  Sag (2001) studied biosorption capacity of R. arrhizus by four different 

operating methods at exactly same conditions. Biosorption capacity decreased as 

follows: packed column (fixed-bed) reactor (PCR) > three batch stirred-tank reactors in 

series (BSTRS) >> continuous flow stirred-tank reactor (CFST) > batch stirred-tank 

reactor (BSTR) with over two-fold decrease from 0.738 to 0.353mmol/g between 

BSTRS and CFST.  

Determination of the polymeric matrix to be used in biosorption process is vital. 

Polymeric matrix determines mechanical strength and chemical resistance of the final 

biosorbent particle. Biosorbent should be physically and chemically rigid to sustain 

itself in sorption-desorption cycles. Ross (2012) presented a method for fungal structure 

production. Utilization of these fungal structures might be applicable for immobilization 

of non-viable cells to achieve right size, porosity, rigidity, and mechanical strength 

without losing their uniform net negative surface charge. Utilization of such structures 

could also increase the availability of binding sites for heavy metal adsorption due to the 

binding sites available on fungal cell surface. 
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4.8 Adsorption-desorption cycles 

Wang & Chen (2009) concluded that commercial utilization of biosorption technology 

is dependent on the efficiency of the regeneration of biosorbent after metal sorption. 

The efficiency of desorption is often expressed by solid-to-liquid (S/L) ratio, where high 

values present good efficiency. Study of non-damaging, environmental-friendly, 

effective and sufficiently cheap non-specific and metal-specific eluents are necessary in 

the near future to improve cost-effectiveness of biosorption. Chergui et al. (2007) could 

not desorb and regenerate S. rimosus without significant decreases in biosorption 

capacities towards Cu
2+

 and Zn
2+

. Interestingly enough, no decrease in biosorption 

capacity towards Cr
6+ 

was observed. Yu et al. (2008) utilized EDTAD-modified baker’s 

yeast in biosorption of Pb
2+

 and Cu
2+

 and could effectively desorb used biomass by 

ethylenediaminetetraacetic acid with just little loss of the adsorption capacity. 

Biosorption of Cd
2+

, Cu
2+

, and Zn
2+

 was studied by Zhao & Duncan (1997). Desorption 

metal cations from formaldehyde cross-linked S. cerevisiae was effective with 0.1M 

HCl for Cu
2+

 and Zn
2+

, while Cd
2+

 was not tested. Kapoor et al. (1999) was able to 

desorb at least 98.9% of adsorbed metals Cd
2+

, Cu
2+

, Ni
2+

, and Pb
2+

 from A. niger cell 

wall with 0.05N HNO3.  
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Table 11. Process conditions affecting biosorption and their roles. 

Process variable Role (preferred values) 

Cultivation conditions Dependent on species. 

pH Minimum value is dependent on zero-

point-of-charge and maximum value is 

varies between metal species.  

(Usually 4.5–8) 

Temperature Dependent on rate-limiting diffusion 

method and pollutant species. (10–50˚C) 

Homogenization Extent of homogenization depends on the 

quality of biosorbent feedstock. 

(Preferably low extent) 

Biomass dosage Dependent on pollutant dosage.  

(Max. rates with 10: 0.5–1) 

Pollutant dosage Dependent on upstream treatment 

methods. (ppm) 

Flow velocity Dependent on the rate-limiting phenomena 

of biosorption. (Low, if intra-particle 

phenomena and high, if film diffusion) 

Amount of desorption 

cycles 

Dependent on polymeric matrix and rate 

of desorption. (As many as possible) 
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5 DISCUSSION 

Cultivation conditions, such as phosphate limitation, can have significant effect on the 

biosorption capacity of gram-positive bacteria. Teichoic acids present in the gram-

positive bacteria cell wall contribute to the binding efficiency by introducing more 

negatively charged functional groups in the cell wall. Since teichoic acids have 

phosphate, their proportion in the cell wall would decrease in the event of phosphate 

limitation. Availability of nitrogen during cultivation has also been determined to affect 

the chitin-glucan ratio in fungal cell wall. 

Pretreatment has varying effects on different biomasses. It increases the biosorption 

capacity of adsorbents, but also includes an additional cost to the process. Storage, 

chemicals, and energy consumed in the pretreatment process have to be included in the 

cost-efficiency calculations. Reviewed literature presented small to significant increases 

in biosorption efficiency have been accomplished in laboratory scale. Biomass needs to 

be dried, crushed and homogenized to achieve optimal biosorption capacities. 

Additional treatment with alkali solution such as NaOH or ethanol treatment increases 

the amount of negatively charged functional groups present in the microbial cell walls, 

while acidic treatments such as H2SO4 increases the amount of positively charged 

functional groups.  

Suitable pH needs to be evaluated for each biosorption process individually to achieve 

higher adsorption capacities. Lower borderline pH value of the biosorption process is 

dependent on zero-point-of-charge of biosorbent material. pH value needs to be adjusted 

over that point value to increase the amount of active binding sites on the biomass 

surface. It should be noted that pH value cannot increase over the saturation point of 

metals. According to this review biopolymers have been mainly studied for removal of 

nitrogenous compounds due their cationic surface charge. Microbes have been studied 

for removal of positively charged heavy metal ions due to their net negative anionic 

charge. Surface charge can be altered with changes in process pH. Elevated pH values 

increase the net negative charge due to protonation of functional groups and lower pH 

values increase the positive surface charge due to increase in the amount of hydrogen 

ions in the cell surface. pH curves in the reviewed studies have presented maximum 
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biosorption capacities in single metal solutions with suitable pH. Real effluents 

consisting of various contaminants point obvious problems in pH optimization. Optimal 

pH value has to be located where single solution curves are closest to each other. 

Temperature in the biosorption process is dependent on thermodynamics of the binding 

reaction. Binding can be either endothermic or exothermic, which determines the scale 

of operating temperatures. Endothermic binding reaction favors higher temperatures and 

exothermic lower temperatures, respectively. Since real effluents may consist of metals 

with both exothermic and endothermic binding reactions, a decision has to made to 

separate the most harmful contaminant. This is the case if process is operated in single 

reactor. Operation in multiple reactors allows separation of metals each in their optimal 

temperatures, thus increasing the biosorption rates, but also raising additional costs.  

Agitation and shear stress should be optimized to avoid vortex and minimize the energy 

consumed in the stirring. When biosorption process is operated on the fixed-bed system 

flow-rate of inlet waste water should be adjusted according to rate-controlling step of 

the biosorption process. When intra-particle phenomena are the rate-controlling step 

flow-rate should be low and when film diffusion is the rate-controlling step flow-rate 

should be higher. 

The amount of adsorbent has to be calculated precisely in terms of adsorbate quantity in 

the wastewater to avoid agglomeration. Agglomeration decreases the amount of active 

binding sites significantly thus lowering the overall efficiency of the biosorption 

process. Another problem arising from high biomass dosage is the unsaturation of the 

binding sites due to massive increase in the amount of binding sites compared to 

available adsorbate. Specific binding affinities of heavy metals combined to knowledge 

of functional groups present in varying biomasses introduce a good groundwork for 

adsorbent selection. Significant variations in drying time and temperature in the 

reviewed studies might have had effect on the results, therefore standardization of 

drying methods would help comparison. 

It could be assumed that industrial scale biosorption processes are operated in 

continuous fixed-bed systems and not in batch systems. Massive amounts of wastewater 
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containing low concentrations of alternating pollutants would be wise to treat 

continuously. Fixed-bed systems could also result to higher biosorption capacities due 

to stabilized and high enough concentrations of pollutants. In batch system 

concentration of pollutants decrease due to binding process and therefore binding 

efficiency decreases simultaneously. Fixed-bed system seems to improve biosorption 

capacity of the adsorbent due to availability of metal ions throughout adsorption. 

Availability of metal ions raises the probability of metal ion to bind on active binding 

site. 

There are over 450 tons of dry microbial biomass wastes produced annually by brewing 

industry. Waste yeast is mainly used for feed or biofuel production. Enzyme industry 

produces even larger amounts of waste streams, but there are issues of IPR, and 

genetically modified species complicating the utilization process of these waste streams. 

Transportation of biosorbents produced from microbial waste streams, cultivated cells, 

or biopolymers reduces the cost-effectiveness of biosorption process. Most of microbial 

waste streams are located in the Southern Finland and therefore should be utilized there.  

Overall biosorption capacities of different microbial species are extremely hard to 

compare since so many factors have significant effect on the process. Studies would 

have to be conducted in the same conditions with same equipment for reasonable 

comparison. Therefore it is impossible to point out the best candidate for specific 

biosorption process. All the studied species presented very alternating adsorptive 

efficiencies toward studied adsorbents. Still it is certain that utilization of residual 

microbial waste streams could provide a good source of biosorbents for Pb and Cd 

removal. Each of the presented species had both of these metal cations in their most 

preferred adsorbates.  



 

 

67 

6 CONCLUSIONS 

Cost-efficient biosorption process should possess at least following traits: 

1) Low-cost feedstock such as residual microbial waste stream. 

2) Low-cost pretreatment, which includes drying, crushing and sieving, and 

optional chemical treatment. 

3) Immobilization method, which promotes adsorption. 

4) Metal species dependently optimized pH and temperature. 

5) Flow-rate, which allows maximum biosorption. 

6) Adsorbent-adsorbate ratio, which allows maximum biosorption. 

7) As many efficient adsorption-desorption as possibly can to cover costs of 

pretreatment and immobilization. 

Adsorbent evaluation: 

1) Protonation state and structure of the microbial cell wall were determined to 

have most effect on the biosorption efficiency. 

2) Process conditions had the second biggest effect. 

3) All the studied microbial species presented good biosorption capacities for Pb 

and Cd and clearly lower capacities for Ni and Zn. 

4) Each species could provide a low-cost biosorbent feedstock for Pb and Cd 

removal from industrial wastewaters present in the Southern Finland, if 

immobilization and pretreatment can be achieved cost-effectively. 

5) Real effluent-based screening approach is necessary to actually compare these 

biosorbent candidates for commercial process. 

6) S. cerevisiae is the most attractive candidate due to its good adsorption 

capacities for Pb, Cd, and Ni and waste biomass is produced in large quantities 

over the globe. 
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7 SUMMARY 

Aim of this study was to evaluate microbial and fungal waste as biomass sources from 

Finnish industrial sector and their applicability in toxic heavy metal biosorption.  Also 

biopolymers derived from plant and microbial biomasses were studied for removal of 

nitrogenous compounds from wastewaters. This study was conducted by reviewing 

literature and public documents and interviewing domestically operating companies that 

produce microbe waste streams.  

Biosorption can be defined as a process where biomasses bind metal or metalloid 

species, compounds or particles from solutions. This study focused mainly on 

applications where heavy metal cations are bound on cell surfaces of non-viable 

domestically utilized biomasses such as Aspergillus, Bacillus, Saccharomyces, and 

Streptomyces spp. Biosorption mechanisms are not fully understood, but at least 

diffusion, chelation, complexation, ion-exchange and electronic attraction are present in 

the binding process. Cell surfaces of prokaryotic and eukaryotic species consists mainly 

varying polysaccharides, carbohydrates and lipids, which each possess specific 

functional groups that define the net negative surface charge of the adsorbents. Process 

conditions also have significant effect on the efficiency of the biosorption process. Each 

variable has to be studied separately with according relations to other process variables. 

All the studied microbial spp. presented good biosorption capacities for Pb and Cd and 

clearly lower capacities for Ni and Zn. Each species could provide a low-cost biosorbent 

feedstock for Pb and Cd removal from industrial wastewaters present in the Southern 

Finland, if immobilization and pretreatment can be achieved cost-effectively.  

Results from the studies of converting residual materials into ion-exchangers able to 

capture NO3ˉ and NO2ˉ have proven that capture of NO3ˉ is effective in laboratory 

scale. NO3ˉ has significantly higher tendency to bind on reviewed ion-exchangers than 

NO2ˉ. Residual biomasses propose an interesting alternative for NO3ˉ removal from 

wastewaters and seep waters produced in various fields. 
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