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Abstract 

In 2012, the World Health Organization estimated that about 11% of the world’s 

population does not have access to clean water and about 1.6 million deaths are caused by 

contaminated water annually. Even though there are several drinking water treatment 

technologies available today, they are not widely distributed or suitable for all types of water 

contamination because they have different treatment efficiencies and costs. For instance, 

chemical precipitation for heavy metal removal is effective only when the metal concentration is 

low; while other methods require long contact times, are ineffective at low metal 

concentrations between 1-100 mg/L, and are, in most cases, expensive because they require 

energy or chemical product consumption.  Biological treatment methods, such as thermal, 

ozonation, and UV are expensive methods and therefore are not suitable for developing 

countries. The traditional disinfectants are cheaper, however, they produce carcinogenic 

disinfectant byproducts (DBPs). Thus, alternative economical and efficient methods for the 

removal of heavy metals and biological water contaminants are urgently needed. 

In the present study we compared the application of nanotechnology and biotechnology for 

water treatment. The nanotechnology investigation involved the following carbon based 

nanomaterials: graphene oxide (GO), graphene oxide functionalized with 

Ethylenediaminetetraacetic acid (GO-EDTA), and the nanocomposite GO-poly(N-vinyl carbazole) 

(GO-PVK). The results showed different anti-microbial properties for these nanomaterials in the 

following order PVK-GO>GO-EDTA>GO.  In the case of heavy metal removal, GO-EDTA was more 

efficient than GO. Additionally, none of these nanomaterials presented human toxicity against 

the human corneal epithelial cell line hTCEpi. The lack of toxicity to human cells makes these 

materials promising for water treatment. 
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The application of biotechnology for water treatment was investigated using an 

environmental consortium obtained from the metal-contaminated Tietê River sediment in São 

Paulo, Brazil. This investigation focused on heavy metal removal since several prior studies have 

demonstrated the application of microorganisms in filtration systems for pathogen removal 

from water, but little is known about their ability to remove heavy metals. The consortium, in 

the present study, was characterized by 16S rRNA metagenomics to determine its structure and 

diversity and evaluated for its copper and zinc removal functions. The combination of 

biodiversity analysis with metal removal function demonstrated that it is possible to use 

microorganisms from heavily contaminated environments as metal biosorbents to enhance 

current low-cost treatment methods. Additionally, this work demonstrated that biotechnology 

can potentially be more efficient than nanotechnology in certain heavy metal water treatment 

applications. 
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CHAPTER 1 RESEARCH HYPOTHESIS AND LITERATURE REVIEW 

1.1 CONTRIBUTION TO KNOWLEDGE 

Fresh water supply worldwide is becoming scarce due to the increasing demand and 

contamination by growing human population and industrialization [1].  For instance, more than 

half of all accessible surface fresh water is already being used [1]. This water deficit calls for 

conservation measures of such resources to achieve real sustainable solutions. Conservation 

measures, such as water reclamation and reuse, are promising solutions to produce acceptable 

water for consumers and the environment. Today, the current methods to treat water for 

reclamation and reuse are expensive or frequently not very effective [2]. Hence, studying new 

alternatives for water and wastewater treatment for water reclamation and reuse are urgently 

needed. The major requirements for water treatment for reuse are the removal of pathogens 

and toxic chemicals, such as heavy metals. 

Heavy metal water pollution is a critical environmental issue due to the toxicity towards 

humans and various organisms. Metal poisoning nowadays affects tens of millions of people 

worldwide [3], causing various urogenital system cancers, including urinary bladder and kidney 

cancer, as well as various neurodevelopmental problems [4],[3]. WHO estimates that in 2012, 

cancer was the leading cause of death worldwide, accounting for 8.2 million deaths [3]. The 

environmental contamination of heavy metals can come from endogenic (natural) and 

anthropogenic sources. The most common natural sources of heavy metals occur in soil parent 

materials, in forms that are usually not readily available for plant uptake; thus often these 

metals have low bioavailability and have a minimum impact on soil organisms [5]. Whereas, 

anthropogenic sources can include wastewaters from metallurgical industry [6], rinse waters 

from electroplating and metal finishing [7], manufacturing [8], mining operations [9], leachates [10], 
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untreated wastewater reuse for agricultural irrigation [11], fertilizers [12], and organic 

amendments added to agricultural soils [11].  

Microbial pollution remains the leading cause of death in many developing nations, 

therefore it is essential to include microbial remediation in water and wastewater treatment 

processes[4]. WHO estimates that in 2008, 2.5 million people died from diarrheal diseases. For 

children under five, this burden is greater than the combined burden of HIV/AIDS and malaria 

[13]. In developing countries, waterborne diseases are among the top five causes of morbidity 

and mortality, and it is where water reuse strategies are most needed. In the United States, the 

majority of sickness occurrences in 1991 and 1992 were from microbial pathogens, rather than 

chemical contaminants, even though the microbial quality of water in the US is considered good 

[14].  The main source of pathogenic organisms in wastewater is the feces excreted by human 

beings or animals who are carriers of a particular infectious disease. Many type of bacteria, for 

example, colonize the human intestinal track and are routinely expelled in the feces [15]. The 

pathogen carriers (both humans and animals) can be through the consumption or handling of 

water and food and/or through consumption of animal products that carry pathogens [16]. From 

a public health viewpoint, the disinfection part in water treatment is the most important step to 

inactivate microbial pathogens responsible for transmission of waterborne diseases. In addition, 

inadequate pathogen treatment of water results in poor water quality for reuse. 

1.2 HYPOTHESIS DEVELOPMENT 

Bacteria and heavy metal removal from water are critical in sanitation systems, hence, 

water treatment systems that are multifunctional have attracted much attention in recent 

years, particularly for water reuse [17]. In that context, this research focused on comparing two 

distinct technologies to treat heavy metals from water, namely biotechnology and 
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nanotechnology. The following activities were performed in this research: 1) nanotechnology as 

a new emerging technology was investigated for its impact to humans and microorganisms, as 

well as its potential application for water disinfection; 2) the potential application of 

nanotechnology for heavy metal removal was determined by investigating graphene-based 

nanomaterials as adsorbents; 3) the application of microorganisms to remove heavy metals 

from water was also investigated; 4) compare the heavy metal removal by microorganisms with 

nanotechnology.   

The main hypotheses in this study are: 

 Hypothesis 1: Synthetic systems, such as carbon-based nanomaterials, can serve as anti-

microbial agents but also as heavy metal adsorbents.  

 Hypothesis 2: Biological systems, such as biofilters, can be as effective as 

nanotechnological methods to remove heavy metals. 

This dissertation is divided into 5 Chapters. Chapter 1 includes a literature review of 

microbial and heavy metal toxicity, the traditional technologies for their treatment in water, and 

the mechanisms for heavy metal sorption by microorganisms. Chapters 2 and 3 encompass the 

synthesis and characterization of GO nanomaterials and nanocomposites, their antimicrobial 

applications in suspension and on coated surfaces, and their heavy metal removal capacity. 

Finally, Chapters 4 and 5 involve the attainment and identification of a microbial community 

obtained for heavy metal bioremediation, as wells as the development of a bioreactor for heavy 

metal removal.  
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1.3 ENSURING WATER QUALITY IN WATER REUSE 

Water scarcity and wastewater discharge regulations have been the motivating factors in 

the development of water treatment and reclamation projects. The limit for metals in drinking 

water and wastewater effluents is complex, as the water quality parameters, such as pH, organic 

matter, and hardness, can affect the metals toxicity [18]. Table 1-1 shows standards for effluents 

released to surface waters, as well as the recommended values for agriculture irrigation. Table 

1-2 lists the various components in drinking water quality standards, as determined by the US 

EPA. It is important to point out that even though drinking water standards are typically tighter 

for most constituents, various metals have stricter regulations for effluents used in long-term 

agriculture irrigation than for drinking water. This is the case of copper and zinc, which have 

limits of 1 mg/L and 5 mg/L in drinking water, respectively. However, for long-term irrigation 

using reclaimed water, these limits are 0.2 mg/L and 2 mg/L respectively. These tighter 

regulations for irrigation use are due to the nature of the metals and their potential 

accumulation in the soil increasing the metals bioavailability and contamination of groundwater, 

as will be discussed in subsequent sections. 

TABLE 1-1. Typical Concentration Limits of Various Metals in Efflu ents Released To Surface 
Water and Recommended Values for Agriculture Irrigation 

  EPA Water Quality Criteria for Surface Waters a EPA recommended levels for 
irrigation reuse b 

Element EPA 
Freshwater 

CMC* 

EPA 
Freshwater 

CCC** 

EPA 
Saltwater 
CMC*** 

EPA 
Saltwater 
CCC**** 

Long-term  Short-term 

 µg/L µg/L µg/L µg/L mg/L mg/L 
Arsenic 340 150 69 36 0.10 10.0 

Cadmium 2 0.25 40 8.8 0.01 0.05 
Chromium (III) 570 74   0.10 20.0 
Chromium (VI) 16 11 1100 50   

Copper 13 9 4.8 3.1 0.20 5.0 
Lead 65 2.5 210 8.1 5.0 20.0 

Nickel 470 52 74 8.2 0.2 2.0 
Zinc 120 120 90 81 2.0 10.0 

aAdapted from U.S. EPA (1992). 
bAdapted from U.S. EPA (2004). 
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*EPA Freshwater CMC: EPA Freshwater Criterion Maximum Concentration is an estimate of the highest 
concentration of a pollutant in freshwater, to which an aquatic community can be exposed briefly (acute 
limit) without resulting in an unacceptable effect.  
**EPA Freshwater CCC: EPA Freshwater Criterion Continuous Concentration is an estimate of the highest 
concentration of a pollutant in freshwater, to which an aquatic community can be exposed indefinitely 
(chronic limit) without resulting in an unacceptable effect.  
***EPA Saltwater CMC: EPA Saltwater Criterion Maximum Concentration is an estimate of the highest 
concentration of a pollutant in saltwater, to which an aquatic community can be exposed briefly (acute 
limit) without resulting in an unacceptable effect.  
****EPA Saltwater CCC: EPA Saltwater Criterion Continuous Concentration is an estimate of the highest 
concentration of a pollutant in saltwater, to which an aquatic community can be exposed indefinitely 
(chronic limit) without resulting in an unacceptable effect. 
 

TABLE 1-2.US EPA Drinking Water Standards 

Constituent b U.S. EPA 

drinking 

water 

standards 

Physical  mg/L 
  TOC – 
  TDS 500 
  Turbidity (NTU) – 
Nutrients   
  Ammonia-N – 
  Nitrate-N – 
  Phosphate-P – 
  Sulfate 250 
  Chloride 250 
  TKN – 
Metals   
  Arsenic 0.05 
  Cadmium 0.005 
  Chromium 0.1 
  Copper 1 
  Lead c 
  Manganese 0.05 
  Mercury 0.002 
  Nickel 0.1 
  Selenium 0.05 
  Silver 0.05 
  Zinc 5 
  Boron – 
  Calcium – 
  Iron 0.3 d 
  Magnesium – 
  Sodium – 
   

aAdapted from Asano et al[19] and CH2M Hill (1993), Lauer et al., (1991), Western Consortium for 
Public Health (1992). 

bNTU = nephelometric turbidity units; TDS = total dissolved solids; TKN = total Kjeldahl nitrogen; TOC 
= total organic carbon.      
All reported values with the exception of turbidity are expressed in mg/L. 
cLead is regulated according to a treatment standard. 
dNoncorrosive limit for iron. 
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TABLE 1-3. MICROORGANISM CONCENTRATIONS FOUND IN UNTREATED WASTEWATER AND 

THE CORRESPONDING MEDIAN INFECTIOUS DOSE 
Organism   Concentration in raw 

wastewater, MPN/100 
mL b 

Median infectious 
dose number (N50) 

Bacteria     
  Bacteroides 107 –1010   
  Coliform, total 107 –109   
  Coliform, fecal-c 105 – 108 106 – 1010 
  Clostridium perfringens 103 – 105 1 – 1010 
  Enterococci 104 – 105   
  Fecal streptococci 104 – 106   
  Pseudomonas aeruginosa 103 – 106   
  Shigella 100 – 103 10 – 20 
  Salmonella 102 – 104   
Protozoa     
  Cryptosporidium parvum oocysts 101 – 105 1 – 10 
  Entamoeba histolytica cysts 100 – 105 10 – 20 
  Giardia lamblia cysts 101 – 104 < 20 
Helminth     
  Ova 100 – 103   
  Ascaris lumbricoides   1 – 10 
Virus     
  Enteric virus 103  – 104 1 – 10 
  Coliphage 102  – 104   

 
aAdapted from Asano et al., 
bMPN = most probable number. 
cEscherichia coli (enteropathogenic). 

 
The limits of pathogenic microorganisms’ concentrations in treated municipal wastewater 

depends on a various factors including (1) the number of organisms in the untreated 

wastewater, (2) the level of treatment, (3) the treatment technologies employed, and (4) the 

regulatory requirements. Mark, W. and Kwok-Keung, A. (2004) discuss the various treatment 

techniques for pathogenic microorganisms, and their concentration limits in water [20]. Section 

1.5 in this study summarizes the pathogen treatment techniques. 

1.4 RELEVANCE TO THE PROTECTION OF HUMAN HEALTH AND THE ENVIRONMENT 

1.4.1 Microbial toxicity 
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Microorganisms can have beneficial and hazardous effects to health. The hazardous ones 

are frequently transmitted through contaminated water. Among the microorganisms of concern 

to water quality are viruses, bacteria, fungi, protozoa, and algae. Table 1-4 lists the most 

common diseases transmitted in drinking water by microorganisms. The information from Table 

1-4 was obtained from the Pan American Health Organization, Division of Environmental 

Health[14]. 

TABLE 1-4. DISEASES TRANSMITTED BY DRINKING WATER 
Disease Pathogen 
Amebiasis Entamoeba histolytica (protozoa) 
Balantidiasis Balantidium coli (protozoa) 
Campylobacter enteritis Campylobacter jejuni (bacteria) 
Cholera Vibrio cholerae (bacteria) 
Cryptosporidiosis Cryptosporidium parvum (protozoa) 
Cysticercosis larva of Taenia solium (larva of cestode) 
Drancunculiasis Dracunculus medinesis (nematode) 
Escherichia coli diarrhea Escherichia coli (bacteria) 
Giardiasis Giardia lamblia (protozoa) 
Hepatitis A Hepatitis A virus 
Leptospirosis Leptospira interrogans 
Shigellosis Shigella dysenteriae, flexneri, boydii, sonnei 

(bacteria) 
Thyphoid fever Salmonella typhi (bacteria) 

Adapted from the Pan American Health Organization, Division of Environmental Health[14] 

 
Even though disinfection and anti-microbial treatments can generally eliminate 

microorganisms, these microbes are capable to adapt to their environment over time. In this 

context, microorganisms can increase resistance to antimicrobial agents due to chromosomal 

changes or exchange of genetic material via plasmids or transposons [21].  For example, 

Streptococcus pneumoniae, Streptococcus pyogenes, and Staphylococci, organisms responsible 

for respiratory and cutaneous infections, as well as some Enterobacteriaceae and Pseudomonas, 

which cause diarrhea, urinary infection, and sepsis, have developed resistance and became 

emerging pathogens in the past decade, according to Neu [21]. It is then vital to understand 

current disinfection and microbial control methods to enhance their effectiveness and create 
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new alternatives to effectively combat pathogenic microorganisms. The development of new 

disinfection methods must meet and even surpass the efficiency of traditional methods to kill or 

inactivate the various forms of pathogenic microorganisms found in water. 

Microorganisms can be found in different forms in the environment, such as free swimming 

bacteria (planktonic stage) or as biofilms, i.e., as microbial aggregates surrounded by 

extracellular polymeric substances (EPS) [22]. The biofilm can have many beneficial applications, 

such as biocontrol agents by preventing infections in certain plants, in situ remediation, and 

breakdown of organics in wastewater treatment plants[23]. Yet, this microbial aggregation can 

also have harmful effects, such as trigger antibiotic-resistant infections, or block water 

distribution lines. Given the ubiquity of biofilms in aquatic environments, it is a critical to 

understand these communities and the potential toxic effects of contaminants on their 

development. As part of this study, the antimicrobial activity of the emerging nanomaterials 

was investigated against planktonic bacteria and biofilms to assess their potential use as 

disinfection agents in water treatment systems. 

1.4.2 Heavy metals Bioavailability and Toxicity 

Essential metals, such as copper and zinc have biological functions, but at very high 

concentrations they can become toxic. It appears that only a narrow margin exists between the 

nutritional requirements and the toxic levels of essential metals [24]. Toxic metals, such as arsenic 

and mercury, have no biological function and they can exert toxicity towards humans and many 

organisms, hindering vital biochemical pathways [25]. Essential metals have biological functions in 

enzyme catalysis, molecule transport, protein structure, charge neutralization, and control of 

osmotic pressure. These metals are transported into the cell via transport channels in the 

membranes. But at high levels, even essential metals can become toxic (such is the case of 



 
 

9 
 

copper, Cu). Toxic metals have no biological function; they exert their toxicity by disrupting the 

function of essential biological molecules, such as proteins (e.g., enzymes, and nucleic acids). 

They can also displace other metal ions necessary for important biological functions such as cell 

growth, division, and repair [25]. 

The heavy metals from anthropogenic sources generally are more toxic towards humans 

due to their higher bioavailability.5  Heavy metal bioavailability is the portion of the total metals 

that is available for incorporation into the biota or accumulated by organisms. Bioavailability is 

dependent on the water chemistry and biology.  

 

 

FIGURE 1-1- BIOACCUMULATION OF HEAVY METALS IN THE FOOD CHAIN. REF.: U.S. 
DEPARTMENT OF THE INTERIOR (2013)[26]. 

Generally the ionic form of a metal is more toxic, because it can form toxic compounds with 

other ions. Electron transfer reactions that are connected with oxygen can lead to the 
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production of toxic oxyradicals, a toxicity mechanism now known to be of considerable 

importance in both animals and plants. Some oxyradicals, such as superoxide anion (O2
-) and the 

hydroxyl radical (OH-), can cause serious cellular damage. The water chemistry is essential in the 

bioavailability of heavy metals in the environment. Some of the parameters that affect the 

water chemistry are pH, sulfate and nitrate ions, total hardness, redox potentials, electrical 

conductivity/salinity, solids, and organic matter.  

The pH can affect metals’ bioavailability and mobility. When the pH in water becomes more 

acidic, metal solubility increases and the metal particles become more mobile. For instance, 

water coming from draining mining areas is often very acidic and contains high concentrations 

of dissolved metals with little aquatic life [27]. In water with higher pHs, the heavy metals tend to 

precipitate as hydroxides, or as sulfides and carbonates depending on the sulfate concentration 

and hardness [28].  

In the presence of sulfates or a high total hardness in the water system, metal ions tend to 

precipitate typically as sulfides, sometimes sulfates, or carbonates. Toxicity studies with 

different heavy metals in water with different hardness demonstrated that the metals were less 

available to biological systems [29], [28]. Therefore, heavy metals were shown to be less toxic in 

soft waters. Additionally, changes from reducing to oxidizing conditions in aquatic systems, 

which involve transformation of sulfides and a shift to more acidic conditions have been shown 

to increase the mobility of heavy metals, such as Hg, Zn, Pb, Cu, and Cd. On the other hand, the 

mobility was shown to be reduced for Mn and Fe under oxidizing conditions [28]. 

In the case of salinity or ions in water, the effect of inorganic ligands on heavy metals’ 

mobility is usually determined from their respective stability constants [30]. In this respect, the 

influence of salinity will depend on the difference between the hydroxo- and chloro-complex 

http://www.lenntech.com/aquatic/definitions.htm#oxyradical
http://www.lenntech.com/aquatic/definitions.htm#anion
http://www.lenntech.com/aquatic/definitions.htm
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stabilities [30]. Another parameter that affects heavy metal bioavailability is the presence of 

solids or particles, such as silt and clay, in the water. These particles tend to complex with 

metals, and in some cases precipitate in the sediment, which would make the heavy metal less 

available to the biota[31].  

Finally, the organic matter present in the water is also one of the most important factors 

that control the accumulation, mobility, and bioavailability of heavy metals. Naturally dissolved 

organic matter, such as humic material or amino acids present in both fresh and salt water, has 

shown to affect very little the mobility of Cd, Ni, U, and Zn [32]. But, As, Cr, Cu, Pb, and V species, 

on the other hand, was markedly affected by natural organic chelators. The study indicated that 

the observed effects were associated with the formation of metal–NOM complexes [32]. It has, 

however, been suggested that upon biodegradation of the humic acid these metals can become 

again available. 

The environmental microbial communities play a crucial role in nutrient cycling and organic 

matter turnover [33],[34]. High heavy metal content may reduce the microbial diversity in the 

environment when the microorganisms are not resistant to metals [33]. However, research 

studies have shown that certain strains of yeasts [35],[36], algae [37, 38]-[39], and bacteria [40],[41],[42], are 

resistant to heavy metals. Functional groups present on the bacterial cell surfaces can become 

negatively charged to buffer the surrounding environment by donating protons[34]. Thus, the 

deprotonated functional groups can effectively bind metals. Because various types of 

microorganisms can effectively bind metals, the microbial consortia present in the environment 

can promote bioaccumulation of metals. In this context, the microbial community present in 

surface waters can also limit or enhance the bioavailability of metals.    
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The present study investigates the role of physicochemical parameters on the heavy metal 

removal by microorganisms and carbon-based nanomaterials as sorbents. The heavy metals 

investigated in this study were: lead, copper, and zinc. The rationale for the investigation of 

these heavy metals is described as follows: 

1.4.2.1 Copper 

Copper is both an essential micronutrient and a potential toxic metal. The U.S. National 

Research Council recommends that adults receive 0.7 to 1.3 mg of copper per day 

(Recommended Dietary Allowance- RDA) to prevent deficiencies[43], since a vital amount is 

required by several enzymes. It appears that only a narrow margin exists between its nutritional 

requirements and toxic levels [24]. For instance,  concentrations of copper between 4 and 6 mg/L  

produce gastrointestinal symptoms such as nausea, abdominal pain, diarrhea, and vomiting [44]. 

Other studies indicate that concentrations greater than or equal to 25 mg/L have been 

associated with acute gastroenteritis [45]. In addition, a total content of 100 mg/L per day in 

water is capable of producing poisoning in humans and lesions in the liver. Chronic copper 

toxicity is also caused by two well documented disorders- Wilson’s disease and childhood 

cirrhosis [24]. Concentrations above 2.5 mg/L give bitter taste to water. For fish, concentrations 

of 0.5 mg/L are lethal to trout, carp, catfish, goldfish, and other ornamental aquarium species 

[46]. The median concentration of copper in natural water is 4-10 μg/L[45], with its main source 

being natural runoff of copper from soil.  

1.4.2.2 Lead 

Lead is present in the air, tobacco, beverages, and food. It has wide industrial applications 

such as the manufacture of batteries, paint, polishes, insecticides, glass, and alloys. The 

presence of lead in water occurs by atmospheric deposition or through soil leaching [46]. In 
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certain geographic locations, lead piping is still present in water distribution systems. This lead 

pipes, when exposed to water with low pH, the metal concentration increases substantially [47]. 

Lead can affect almost every organ in the body, but the nervous system is the most sensitive for 

both adults and children. Acute exposure, approximately 2.3 to 3.3 mg Pb/day for one month 

can lead to severe intoxication [47]. Acute exposure causes intense thirst, gastrointestinal 

inflammation, vomiting, and diarrhea. Prolonged exposure causes damage to renal, 

cardiovascular, neurological, muscle, and bone systems, among others. Lead has a short 

residence time of about 30 days in blood, whereas its residence time in bone is 10 years [4]. Long 

term studies established that, even at concentrations below 10μg/dL, lead is associated with 

various neurodevelopmental problems [4]. The lethal dose for fish range from 0.1 to 0.4 mg / L, 

although some resist to 10 mg/L under experimental conditions [46].  

1.4.2.3  Zinc 

Zinc is also an essential element to humans in small quantities. The U.S. National Research 

Council’s RDA is 8 to 12 mg of zinc per day to prevent deficiencies [43]. However, zinc toxicity in 

humans may be based on zinc-induced copper deficiency, by causing an interference of copper 

absorption and impairing lymphocyte and neutrophil functions [48]. Clinical research has proven 

that zinc-induced copper deficiency caused neutropenia, or the reduction of neutrophils which 

serve as the primary defense against infections [49]. Thus, high levels of zinc interfere in the 

behavior of copper as an essential micronutrient in the immune system. Acute toxicity has been 

reported by amounts in pharmacological dosages (100-300 mg Zn/day), and amounts in self-

selected supplements (15-100 mg Zn/day) [50].  It is typically found in the manufacture of alloys, 

brass, galvanized steel, rubber as a white pigment, vitamin supplements, sunscreens, 

deodorants, shampoos, etc. The presence of zinc is common in natural surface water, generally 
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at concentrations below 10 g/L [46]. The activity of insulin and various enzymatic compounds 

depend on their presence.  Zinc only becomes injurious to health when ingested in very high 

concentrations and may accumulate in other tissues of the body. Manifestations of toxic 

symptoms will occur with extremely high zinc intakes and they are represented by nausea, 

vomiting, epigastric pain, lethargy, and fatigue [48].  

In animals, zinc deficiency can result in growth retardation [46]. Concentrations of zinc in 

surface water are usually less than 50µg Zn/L. However, near mining and industrial activities, the 

concentration may be as high as 50 mg Zn/L [51]. 

1.5 TECHNIQUES FOR PATHOGEN TREATMENT 

Pathogen treatment is generally developed in two ways: removal process and/or 

inactivation (disinfection). These treatment techniques are described below. 

1.5.1 Pathogen Removal by Physical Processes 

Many developing countries treat only a small proportion of the wastewater produced. In 

Latin America, for example, less than 15 per cent of the wastewaters collected is treated prior to 

discharge, and many times the reason is financial and due to an unawareness of low-cost 

wastewater treatment processes [52]. 

Biofilters can produce high quality effluents without using much land area or consuming 

massive quantities of electricity. Additionally, biofilters can be easily regenerated, which reduces 

the maintenance and operations costs as well. Because biofilters are a cost-efficient way to 

remove pathogens, they are typically implemented in developing countries. Typically, removal 

processes include a pretreatment consisting of coarse filters, made of gravel or sand to reduce 

turbidity since pathogenic populations are usually high on particles. The pretreatment is 

effective in reducing algae and protozoa concentrations.  Then, a clarification step follows by 
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means of flocculation, coagulation, and sedimentation. This second step achieves a reduction in 

viruses, bacteria, and protozoa [53].  

 

FIGURE 1-2- COST VS. EFFICIENCY ‘TYPICAL’ RELATIONSHIP OF PATHOGEN TREATMENT 
TECHNIQUES.  
Red line: physicochemical inactivation. Blue line: physical removal, such as biofilters. 

The bio-sand filter is a commercially available technology typically used as a point-of-use 

(POU) water treatment system, in which an upper layer of sand saturates with a biologically 

active layer. A biofilm develops in this layer and removes pathogens and suspended solids by 

mechanical trapping and adsorption [54]. Large scale biofilters include the trickling filters and 

rotating disk reactors. Trickling filters include a cylindrical structure with a layer of solid particles 

or synthetic support material for the biofilm and a rotating system of two or four horizontal 

tubes to distribute the wastewater [55]. Rotating disk reactors (RDR) include a support material 

where the biofilm is moved, instead of the water and air as in trickling filters and fixed-bed 

reactors. The biofilm grows on both sides of the circular parallel plates, which are submerged in 

a tank where the wastewater flows. 

Aerated lagoons are activated sludge units operated without sludge return, and remove 

about 90-95% of fecal bacteria [52]. Although this process includes the cost of electricity for 

aeration, in some cases the aerated lagoon can be cheaper than anaerobic ponds, when the 

annual electricity cost is less than the money spent on land for an anaerobic pond. 
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Microorganisms are well known to remove pathogens from water through these biofilters; 

however, their potential use to remove heavy metal is still in its infancy. So, in the present 

study, they are further studied as biosorbents of heavy metals, to enhance the robustness of 

the current biofiltration practice and provide incentives for additional functions. 

1.5.2 Pathogen Inactivation (Disinfection)- Physicochemical Processes 

The pathogen inactivation can occur through heat, ultra-violet (UV) radiation, or oxidative 

disinfection. The heat disinfection kills the pathogens by exceeding thermal tolerances. The UV 

disinfection severely damages the DNA, which leads to replication inhibition and cellular 

inactivation. In the oxidation reaction, the oxidant reacts with the cellular structure of the 

pathogen. Chemical disinfectants used as oxidants, such as free chlorine, chloramines, and 

ozone are the most commonly used in water treatment but these can react with various 

components in natural water to form disinfection byproducts (DBPs), many of which are 

carcinogens [56]. More than 600 DBPs have been reported in literature [57]. In 1974, Rook 

reported the production of trihalomethanes (THMs), potential carcinogens, during disinfection 

of drinking water with chlorine. Ever since, numerous studies have focused on identifying 

additional DBPs and assessing their toxicity levels. Recent studies have reported more than 50 

DPBs, including THMs, other halomethanes, a nonregulated haloacid, haloacetonitriles, 

haloketones, halonitromethanes, haloaldehydes, halogenated furanones, haloamides, and 

nonhalogenated carbonyls [57].  Thus, it is critical to consider alternative and innovative 

approaches for disinfection to enhance the reliability and robustness of current practices while 

avoiding DBP formation. In the present study we investigate the inactivation of 

microorganisms by using carbon-based nanomaterials as a means of pathogen inactivation. 
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1.6 ANTIMICROBIAL CARBON BASED NANOMATERIALS 

The traditional disinfection methods used in water treatment can effectively control 

microbial pathogens, but the dilemma between effective disinfection and DBP formation, as 

well as the increased microbial resistance towards traditional disinfectants, call for the 

development of new antimicrobial agents. With the rapid growth of nanotechnology, several 

nanomaterials have attracted significant interest to solve environmental engineering problems, 

such as microbial pathogenicity in water. This is the case of carbon based nanomaterials like 

fullerenes, carbon nanotubes, graphene, and carbon nanocomposites, which have gained 

significant interest for their antimicrobial properties and their multifunctional nature [58].  

Carbon based nanomaterials (CBNs) are particles of carbon origin ranging from 1 to 100 nm 

in size with similar bonding configuration to macroscopic carbon structures. These CBNs have 

unique thermal, mechanical, electrical, and biological properties. The physicochemical 

configurations of CBNs strongly related to carbon’s structural conformations and hybridization 

state dictate the properties of the nanomaterials. The carbon atoms can hybridize into different 

configurations, depending on the bonding relationships with neighboring atoms, and form CBNs 

with different structures [59]. The most studied carbon-based nanomaterials are single-walled 

carbon nanotube (SWNT), multi-walled carbon nanotubes (MWNT), fullerenes, graphene (G), 

and graphene oxide (GO) (Figure 1-3). In study, I will focus my discussion mostly on GO. 

1.6.1 Physicochemical Properties 

The size and shape, the stability in aqueous solutions, and the material purity of CBNs 

dictate their properties and their potential usage in diverse applications, such as biomedical, 

electronics, automotive, aerospace, and environmental fields. Therefore, these characteristics 
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are important physicochemical parameters to consider for the development of antimicrobial 

agents. 

 

 

FIGURE 1-3- EXAMPLE OF NANOMATERIALS AS POTENTIAL CANDIDATES FOR ANTIMICROBIAL 
AGENTS 

The size of CBNs defines the high aspect ratio of these materials. One of the most important 

characteristic of CBNs is their high aspect ratio, described by their narrow diameter and 

pronounced length in the case of CNTs or large surface area and low thickness in the case of 

graphene sheets. The result of such shapes is a high surface area to volume ratio, which makes 

them significantly more advantageous for many applications than macro or micro-scale 

materials [60], [59]. 

The stability of a material in aqueous solutions is another important property of the CBNs, 

and it depends on its dispersibility. The maximum dispersibility of a nanomaterial in solution 
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depends both on the solvent (pH and ionic strength) and the extent of surface functionalization 

[59]. 

Their endless functionalization possibilities can provide CBNs with great stability in various 

solvents. CBNs can thus be functionalized with polar groups on its surface to increase its 

dispersibility in polar solvents, such as water. The aggregation behavior is related to 

hydrophobicity, electrostatic and Van der Waals interactions among nanomaterials and/or 

between nanomaterials and other compounds in solution [60].  In acidic pH, a dissociation of the 

functional groups on the nanomaterial surface occurs and the aggregation is reduced. Whereas, 

increase in ionic strength (Na+, Ca2+) can reduce the electrostatic repulsions between the 

nanomaterials and therefore increase the aggregation [59, 60]. 

1.6.2 Antimicrobial Properties 

Antimicrobial properties of CBNs have been found to depend on their nanoscale size, shape, 

specific surface area, surface chemical composition, cell contact time with the nanomaterial, 

and nanomaterial concentration [58],[61],[62],[63]. These properties determine the suitability of CBNs 

as potential disinfection agents for pathogenic microorganisms. 

Nanoscale size has shown to be an important factor in the antimicrobial properties of CBNs. 

For instance, SWNTs was demonstrated to exhibit much stronger antibacterial activity than 

MWNTs, suggesting that CNT size (diameter) plays an important role in the inactivation of E. coli 

K12 cells [64]. 

Shape, specific surface area, and surface chemical composition have also shown to play key 

roles in microbial toxicity. Even though the availability of the surface area to the microbial cells 

is dependent on the solution chemistry and nanomaterial dispersion, various studies reported 

that the larger the surface area of a nanomaterial the larger the contact area with the microbial 
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cells, which may be translated into higher toxicity [65]. For instance, dispersed SWCNTs were 

found to have significantly more toxic effects to cells than the aggregates [61]. Shape can also 

determine the antimicrobial capability on CBNs, since they can be synthesized in tubes, sheets, 

spheres, and the shape can affect their interaction with microbial cells [65],[66],[58]. In that same 

context, the diameter of rod shaped nanomaterials like SWNT can affect their antibacterial 

properties [64]. Similarly, in the case of graphene or graphene oxide sheets, their sharp edges can 

disrupt microbial cellular walls and cause physical damage to bacterial cells [66]. 

The antimicrobial effects of nanomaterials are also time dependent, as demonstrated by 

various researchers with pure cultures and environmental bacteria [66],[61],[67]. In these studies, 

the antimicrobial properties of SWNT, G, GO, and their polymeric nanocomposites revealed 

significant increase in toxicity toward Gram-positive and Gram-negative bacteria with increase in 

contact time from 1 h to 3 h [61],[66]. Similarly, a soil microbial community exposed to 

functionalized SWNT showed major toxic effects after 3 days of contact, where the toxicity 

increased with a longer incubation [67]. 

Not only shape, size, surface chemistry, and contact time determine toxicity of CBNs 

towards microbial cells, nanomaterial concentration is another determinant factor in the 

antimicrobial activity of CBNs. Previous research with SWCNTs, for example, has demonstrated 

that the greater the SWCNT concentration, the higher the toxicity towards both Gram-positive 

and Gram-negative bacterial cells [61]. 

Most of the investigations up to date have included diverse groups of planktonic 

microorganisms including bacteria. Recent studies have shown that  CBNs have toxic effects to a 

variety of microorganisms, such as the Gram-negative bacteria E. coli [68],[69],[70],[71] and 

Pseudomonous aeruginosa (P. aeruginosa) [71]  and the Gram-positive Staphylococcus aureus (S. 
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aureus)[68],[69]. But very few studies focused on toxicity towards biofilms. Thus, one of my 

objectives was to investigate the toxicity of GO and its polymer nanocomposite against biofilms. 

The two most common hypothesized toxicity mechanisms for CBNs are physical damage of 

cell membranes and production of harmful reactive oxygen species [61],[66],[72],[73],[67],[68]. 

SWNTs, for example, are able to cause cell membrane damage by direct cell contact. In this 

mechanism, SWNTs can interact with cellular materials and cause cell injury and death [67],[61]. 

Likewise, sharp edges of G and GO can damage the bacterial cell membrane and induce cell 

death [66],[68].  

Oxidative stress is another hypothesized mechanism for toxicity. This mechanism of 

toxicity, suggests that CBNs can produce reactive oxygen species (ROS), like O2- and H2O2
[66]. 

Previous studies, have shown that excessive ROS can damage the cell wall permeability and 

oxidize the fatty acids in the cell membrane, affecting essential cell functions [74]. 

1.6.3 Graphene-based nanocomposites and CBNs derivatives as antimicrobial agents 

The surface functionalization and the development of nanocomposites has created a pool of 

infinite possibilities to achieve multiple functions within the same material, such as mechanical, 

electrical, thermal, and biological properties, combined with the high flexibility and low mass 

density of CBNs [75],[76],[77]. Typically, nanocomposites contain a mixture of a small weight 

percentage of CBNs in a bulk volume of polymeric materials, where the nanomaterials and their 

derivatives act as a filler [76]. CBNs can also have its surface functionalized with a diverse array of 

functional groups to increase their toxicity towards microbial cells [78],  dispersibility [79], cations 

adsorption capacity [80], and electrochemical properties [81]. 

The combination of nanomaterials with polymer matrices to create nanocomposites have 

attracted much attention due to the ability to produce polymer materials in large scale with 
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diverse functionality. Yet, major challenges still remain regarding the homogenous dispersion of 

the nanomaterials, the physical integrity of the nanomaterials after incorporation in the 

polymeric matrix, and changes in the functionality of the nanocomposite. Surface 

functionalization methods have been employed to achieve a better dispersion of the 

nanomaterials by maximizing the interfacial interaction between the CBNs and the polymeric 

matrix. Some of the most common polymers used in nanocomposite synthesis include 

polyacrylic acid (PAA), polyethylene glycol (PEG), polyethylene terephthalate (PET), 

polypropylene (PP), polyvinyl alcohol (PVA) and poly vinylidene fluoride (PVDF). 

Typical nanocomposite synthesis methods include solution blending, melt mixing, and in situ 

polymerization [76]. The solution blending is the most common method and it entails dissolving 

the polymer in an appropriate solvent and later blending the mixture with a well dispersed 

nanomaterial, such as GO or SWNT. Then, the solvent is removed from the suspension. In this 

process, the polymer wraps the nanoparticles but high power ultra-sonication is needed to 

accomplish the proper mixing [75]. The melt mixing process involves the liquefaction of the 

polymer at high temperatures and with high shear forces to mix it with the CBNs, allowing for a 

complete dispersion of the nanoparticles in the nanocomposite. However, this process can 

reduce the functional groups on the nanomaterial surface and it is limited to low concentrations 

due to the high viscosities of the composites at high concentrations [75],[76]. In the in situ 

polymerization process, CBNs are dispersed with monomers, followed by the polymerization of 

the mixture to produce the nanocomposite. This process allows for covalent bonding between 

the CBNs and the polymer matrix [76].  

The development of nanocomposites can bring new properties to nanomaterials. CBNs can 

significantly improve the mechanical strength and electrical conductivity of a polymer when 
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mixed as a nanocomposite. For instance, the incorporation of only 0.42 vol% graphene in 

polypropylene resulted in about 75% increase in yield strength and a 74% increase in the 

Young’s modulus of the nanocomposite, when compared to the polymer itself [82]. In general, 

the incorporation of small quantities of CBNs within a polymer matrix generates 

nanocomposites with improved electrical and thermal conductivity, mechanical strength and 

stability [75].  

In that context, the development of well dispersed nanocomposites and surface-modified 

CBNs for antimicrobial applications is still in its infancy. In this research, I focused on the 

antibacterial properties of graphene oxide (GO), the nanocomposite PVK-GO, containing well 

dispersed GO in polyvinyl-N-carbazole (PVK) matrix, and GO silanized with N-

(trimethoxysilylpropyl) ethylenediamine triacetic acid (GO-EDTA). 

1.7 NON- BIOLOGICAL TECHNIQUES FOR HEAVY METAL REMOVAL 

The mostly used remediation techniques for heavy metal removal are chemical 

precipitation, ion exchange resins, membrane filtration, and adsorption. These technologies are 

described below and shown in Figure 1-4. 

1.7.1 Chemical Precipitation 

Chemical precipitation is generally preferred in wastewater treatment because of its 

relatively simple operation, as only the addition of the alkali, sulfide, or coagulant is needed to 

bond with the metal ions and form the precipitate. Thus, the advantages of this method include 

the convenient self-operating and low-maintenance equipment, requiring only the replacement 

of chemicals. The major disadvantage of this technique, is that precipitation forms large 

quantities of sludge with high concentrations of metals, which increases its subsequent cost of 

handling and disposal. In addition, competing reactions between different metals and other 
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components in the water, and the variation in levels of water alkalinity makes the calculation of 

chemical dosages somewhat difficult. Since overdosing can restabilize the dispersion of the 

metals, the coagulant may become ineffective if proper dosages are not applied[83],[84].  

 

FIGURE 1-4- Techniques for Heavy Metal Removal from Water 

1.7.2 Ion Exchange Resins 

Ion Exchange Resins are composed of functional polymers, such as styrene – divinylbenzene 

copolymers. This technique is also very attractive for heavy metal removal processes. The resins 

that contain hydroxyl, thiol, amine, sulfonic, or carboxylic functional groups to bind metals 

electrostatically, such as the acrylamide crosslinked copolymers, are of great interest due to 

their high reactivity. Such functional polymers allow incorporation of diverse additional moieties 

[85],[86]. One of the main advantages of this technology is its selectivity for ionic species. 

Selectivity is achieved by the resins with specific affinity to a select metal ion or groups of 

metals. In most cases, ion exchange resins enable binding of the toxic ion to replace the toxic ion 
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by another one which is innocuous within the environment. For example, hydrogen ions in the 

sulfonic group or carboxylic group of the resin can serve as exchangeable ions with metal cations 

[87]. Furthermore, they provide a better chemical, thermal, and mechanical stability, which 

results in high efficiency and fast kinetics for metal binding [88]. This characteristic is important 

because the resins can achieve fast removal of metal ions. The resins are particularly useful 

when it is necessary to treat large volumes of diluted solutions[87]. However the sorption 

capacity of most commercial resins (meq metal removed/g resin) is usually lower when 

compared to natural biosorbents [89]. 

1.7.3 Ion Flotation 

Ion flotation is another method to remove heavy metals, which consists in the addition of 

surface active agents (surfactants) to complex with the metal ions and impair a hydrophobic 

behavior on the surfactant-metal compound. A surfactant molecule consists of a polar ionic 

head and non-polar hydrocarbon chain. Attachment of the polar head group to a metal ion 

exposes the non-polar, hydrophobic section of the surfactant into the solution. The metal-

surfactant compounds are then removed by air bubbles, where the micro-bubbles of air are 

attached to the hydrophobic hydrocarbon chains. The lower density agglomerates rise through 

the water and accumulate at the surface where they can be removed as sludge. The size of the 

bubbles is controlled by frothers, which are reagents, such as MIBC (methyl isobutyl carbinol), 

ethanol, methyl ethers, and polypropylene glycol that reduce the air/water interfacial tension. 

The successful metal removal is determined by accumulating a metal selectively in the froth 

phase to remove that metal. The optimum flotation conditions vary from one metal to another 

and are also dependent on the water chemistry; therefore different parameters need to be 

adjusted for optimal heavy metal removal. The parameters to be adjusted are airflow rate, 
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surfactant and frother concentrations. This technique is therefore challenging when the 

wastewater includes several metals to be removed, since the differences in flotation recoveries 

of the metals depend on the frothers used and the stability of the froth. Thus, if different 

frothers are required for each metal, the frother selection and process operation may be 

difficult [90]. 

1.7.4 Membrane Filtration 

Membrane filtration technologies are an alternative approach to metal removal from 

aqueous systems. There are several types of membrane filtration technologies capable to 

remove heavy metals, which are ultrafiltration, reverse osmosis, nanofiltration, and 

electrodialysis. These membranes have demonstrated very high removal efficiency, easy 

operation, and space saving. However, in the case of ultrafiltration, the retentate (concentrated 

solution of surfactants and metals retained in the membrane) accounts for a large portion of the 

operating costs, and potential secondary pollution if the surfactant and metals are not properly 

disposed [91]. The operating pressure for the ultrafiltration process is typically 2 to 8 bar [92]. The 

reverse osmosis process utilizes a semi-permeable membrane that allows water to pass 

through, while retaining the metal ions by using applied pressure to overcome osmotic pressure. 

The operating pressure ranges from 50 to 100 bar [92].  The major drawback of this process is the 

high power consumption to attain the required pressures, and the restoration of the 

membranes, both of which result in high costs [90], [91]. Finally, nanofiltration is a process that 

uses membranes with very small pores (<1 nm) and requires operating pressures in the 5 to 15 

bar range [92]. Some advantages of using nanofiltration over the reverse osmosis process include 

higher retention of divalent ions and lower rejection of monovalent ions, lower operating 

pressure, higher water flux, and lower energy consumption [93]. 
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1.7.5 Adsorption 

Adsorption is another physico-chemical treatment process where metals can be extracted 

from one phase and concentrated at the surface of the second phase. Heavy metals are 

removed from water (liquid phase) by adsorbents (solid phase), such as activated carbons and 

zeolites. A wide range of materials have been studied for adsorption of heavy metals, since 

adsorption offers flexibility in design and operation and will typically produce high-quality 

treated effluent. In addition, the reversibility of the process allows for adsorbents to be 

regenerated by a suitable desorption process. Coal-based activated carbon has been widely 

used as an adsorbent, but it has increased in price due to the depletion of the source material 

[91]. More recently, carbon-based nanomaterials (CBNs), CNTs and GO, have shown effective 

heavy metal adsorption capacities and may become the next generation of metal adsorbents [94]. 

The application of highly efficient adsorbent materials, however, are still limited by their high 

cost. More recently, biosorption also has been used as an adsorption technique to remove 

heavy metals.  

1.7.5.1 Graphene-based nanomaterials as heavy metal adsorbents 

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms densely packed in 

honeycomb crystal lattice, which originates from graphite. Graphene contains excellent  

properties, such as its electrical conductivity, mechanical flexibility, optical transparency, 

thermal conductivity, and low coefficient of thermal expansion [95]. However, most applications 

prevent the creation of single layer sheets due to the re-stacking of graphite caused by the high 

surface area, pi-pi stacking or van der Waals forces. Though, to create graphene, surface 

functionalization can be used to convert hydrophobic surfaces to hydrophilic surfaces [96, 97]. The 

presence of these groups prevents the aggregation by polar-polar interactions or by their bulky 
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size. The thickness of the graphene layer has been reported to be between 0.35 nm  and 1.0 nm 

[95]. 

Yet, pristine graphene is not suitable for many applications because they do not disperse 

well in various solvents, including water. Thus, further surface modifications are necessary, 

which can be attained by functionalization of graphene sheets [98]. Proper functionalization 

generally prevents the stacking and agglomeration of graphene sheets in aqueous systems and 

at the same time can retain the intrinsic properties of graphene. The graphene molecule 

functionalized with hydroxyl, epoxide, diol, ketone, and carboxyl functional groups [95], is called 

graphene oxide (GO). The functional groups added to the graphene sheets significantly change 

the van der Waals force and dispersion of this material in water and various organic solvents [98, 

99]. Among many chemical synthesis processes of GO from natural graphite, the modified 

Hummers method is the mostly widely used.  

Graphene-based nanomaterials, such as graphene oxide have recently shown excellent 

features as adsorbents of heavy metal due to their large specific surface area and the functional 

groups that can easily bind to the metals or can easily be modified with other functional groups 

to enhance heavy metal removal [17]. Graphene oxide offers great potential for application in 

high-performance, small scale, and large scale treatment systems. Chemical exfoliation and 

oxidation of graphite flakes offer an inexpensive and efficient way to produce large quantities of 

GO material. However, further modification with chelating agents can potentially enhance the 

removal of heavy metals by GO, therefore studies are needed to develop and test new materials 

to enhance the heavy metal adsorption capacity of GO. In this research, I examined the heavy 

metal removal capacity of the carbon-based nanomaterials, such as GO and GO-EDTA, and 

compared them with other carbon based materials such as MWCNTs. 
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1.8 BIOLOGICAL REMEDIATION TECHNIQUES 

 The most used bioremediation technique for heavy metals is biosorption. Biosorption can 

be defined as the removal of metal or metalloid species, compounds, and particulates from 

solution by biological materials [100]. Large quantities of metals can be accumulated through 

dependent or independent microbial metabolism. Both living and dead biomass as well as 

cellular products such as polysaccharides can be used for metal removal. In turn, the 

mechanisms of heavy metals removal by biosorption may include EPS sequestration, outer 

membrane adsorption, and intracellular sequestration [101]. Bioadsorption is a metabolism-

independent passive mechanism that involves the adsorption of metal ions onto the cell wall of 

dead or living microbes [34],[102]. Although few studies have focused on removal of metals by 

metabolically active bacterial cells, most researchers propose heavy metal removal by dead or 

metabolically-inactive cells of bacteria [103, 104],[105],[106],[107],[108]. 

The active uptake of metals by microorganisms is a metabolic-dependent mechanism where 

the metals are transported into the cell, transformed inside the cell by the cell metabolic cycle 

and accumulated intracellularly [109]. Bioaccumulation, using living cells, involves both the 

passive and active metal uptake. Live, metabolically-active cells, can undergo both 

bioadsorption and bioaccumulation of heavy metals [110]. For example, Mohamad, et al., (2012) 

confirmed that live cells of Mesorhizobium amorphae removed copper by both cell-surface 

biding and intracellular accumulation [111]. 

Frequently, the term biosorption has been used to describe either outer membrane 

adsorption or intracellular accumulation of metals by microorganisms, when the predominant 

mechanism of uptake is unknown. Although many studies do not make a clear distinction 

between the two, it is critical that future research aims to understand the portion of metals 
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adsorbed onto the cell surface in relation to the metal accumulated inside the cell [112]. This 

distinction will allow us to determine the principal mechanisms of removal to better design 

bioremediation systems.  

1.8.1 Mechanisms of Microbial metal remediation 

In non-active microorganisms, i.e. dead biomass, the mechanisms of metal remediation is 

usually through interactions of the heavy metal with functional groups present in cellular 

constituents. The ability of metabolically-active microorganisms to remediate heavy metals, on 

the other hand, depends largely on its heavy metal resistance or metabolism. In the literature, 

several microbial mechanisms of resistance have been suggested, such as metal 

oxidation/reduction, precipitation of heavy metals as metal salts, efflux pumps, intracellular 

sequestration, volatilization, outer membrane adsorption and EPS Sequestration. Although the 

mechanisms of resistance are well known to protect the microbial cells against heavy metal 

toxicity or to carry out cellular functions, not all are useful for bioremediation. The following 

sections discuss these mechanisms and their role in metal bioremediation (Figure 1-5).  

1.8.1.1 Metal Oxidation/Reduction 

Several microorganisms, particularly bacteria and archaea, are able to change the oxidation 

state of metals, such as iron, chromium, uranium, and arsenic, through various metabolic 

processes [113]. These metabolic processes involve generation of energy required for the 

microorganisms to live and replicate via aerobic or anaerobic respiration. 
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FIGURE 1-5- PROKARYOTIC MECHANISMS OF HEAVY METAL RESISTANCE 

Iron can be oxidized or reduced by archaea and bacteria. Lithotrophic Fe(II)-oxidizing 

microorganisms (FOM), such as the bacteria Chlorobium ferrooxidans, Rhodovulum robiginosum, 

Rhodomicrobium vannielii, Thiodictyon sp., Rhodopseudomonas palustris, and Rhodovulum spp., 

mediate the Fe(II) oxidation by using Fe(II) as electron donor to incorporate carbon as biomass. 

Heterotrophic Fe(III)-reducing microorganisms (FRM), such as Shewanella and Geothrix bacteria, 

use Fe(III) as terminal electron acceptor [114]. In methanogens, such as the archaea 

Methanosarcina barkeri and Methanococcus voltaei, low concentrations of Fe(III) increase the 

production of methane by using Fe(III) as a terminal electron acceptor in the methanogenesis 

process [115] ,[116]. Methanogenesis is the process that generates H+ and Na+ ion gradients across 

the membrane to drive ATP synthesis and produce methane [117]. Fe(III) is also reduced by the 

archaea Archaeoglobus fulgidus and Pyrococcus furiosus for cellular respiration [118]. The first 

iron reductase characterized from a thermophile microorganism was the ferric reductase from 
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A. fulgidus, which catalyzes the reduction of Fe(III)-EDTA and other Fe(III) complexes with NADH 

or NADPH as electron donors[119]. 

Chromium ions can also be reduced by eukaryotic and prokaryotic microorganisms through 

various mechanisms. Bacteria have played major roles in the reduction of chromate ions, Cr(VI), 

to insoluble trivalent chromium, Cr(III). Three reduction mechanisms have been suggested for 

the reduction of Cr(VI): 1) in aerobic conditions, chromate reduction happens through soluble 

chromate reductases that use NADH or NADPH as cofactors, (ii) in anaerobic conditions, Cr(VI) 

acts as an electron acceptor in the electron transport chain, and (iii) through chemical reactions 

with microbially generated compounds such as amino acids, nucleotides, sugars, vitamins, 

organic acids or glutathione that can effectively reduce chromium [120]. 

The first reduction mechanism, aerobic, may occur intracellularly or in the membrane, and 

as a two- or three-step process with Cr(VI) initially reduced to the intermediates Cr(V) and/or 

Cr(IV), and finally reduced to the thermodynamically stable end product Cr(III) [121]. The first 

aerobic bacterium found to be resistant to chromate was P. fluorescens LB300, and its resistance 

was attributed to chr genes in the plasmid pLHB1 [122]. The enzyme ChrR from the CHR protein 

superfamily was found to be responsible for the effective reduction of Cr(VI) in P. putida[123],[124], 

and the enzyme’s crystal structure was recently published by Eswaramoorthy et al, [125]. Other 

bacteria able to reduce chromate by the presence of chr in different plasmids include O. 

anthropi [126], E. coli [127], and C. metallidurans [128]. These bacteria are among the species with 

highest chromium resistance, as shown in Figure 1-7. For some aerobic species, the high level of 

resistance is owed to a combinations of various mechanisms. For example, Li et al, proposed a 

mechanism for the Cr(VI) uptake process of living O. anthropi, which entailed a bacterial surface 

enzymatic reduction of Cr(VI) to Cr(III). In this enzymatic reaction the reduced chromium 
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bonded with the functional groups on the bacterial surface or was partially released into the 

supernatant of the liquid culture medium. Another Cr(VI) reduction mechanism involved 

intracellular enzymatic reduction [126]. For other species, such as the Pseudomonas sp., the 

bacterial chromate resistance is owed to a combination of chromate reduction and chromate 

efflux [122]. Other reviews are available to detail the microbial chromium resistance of various 

species [120],[129],[121]. 

From the practical viewpoint, the principal factors that dictate the effectiveness of this 

removal mechanism in wastewater treatment are the dissolved oxygen concentration and 

temperature of the microbial growth medium. Evidently, different microbial species will 

consume oxygen at different rates. Because the dissolved oxygen concentration will diminish 

with increasing cellular respiration rates and cell density, care must be taken to design a 

sufficient continuous oxygen supply for the metal treatment process. In addition, temperature 

has been found to affect the effective reduction of the chromium. In Enterobacter cloacae HO1, 

for instance, the rate of reduction decreased by about 80% at 20°C, compared with the 

maximum rate at 37°C [130]. Thus, temperature controllers may aid in the design of the metal 

reduction treatment process by microorganisms. 

The second reduction mechanism, anaerobic, involves soluble and membrane-associated 

enzymes, where chromium is used as an electron acceptor in the respiratory chain for various 

electron donors, including carbohydrates, proteins, fatty acids, hydrogen, NADH, and NADPH 

[121]. For instance, the facultative anaerobe P. aeruginosa has been found to reduce chromium 

during anaerobic respiration [131]. Salamanca et al., found that P. aeruginosa can effectively 

reduce Cr(VI) to Cr(III) during anaerobic respiration with tryptone, citrate, glycerol, and D-xylose 

as electron donors, with an initial Cr(VI) concentration of 2400 mg/L [131]. This finding is key 
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because it implies that microbial anaerobic respiration can serve as a mechanism to reduce very 

high concentrations of chromium in industrial wastewaters. In addition, the anaerobic process 

may be more cost efficient in practical remediation applications than the aerobic process 

because it eliminates the need to continuously supply oxygen.  

The third mechanism occurs with extracellular reactions of microbially generated 

compounds. Chromate reduction in eukaryotic cells is primarily done through non-enzymatic 

reduction by ascorbate. Vitamin C, or L-ascorbic acid, is an important metabolite for most living 

organisms. This compound has shown effective capabilities to reduce chromate ions with or 

without light under a wide range of pH values [132]. This finding is particularly important, because 

Vitamin C is an important biological component that does not present toxicity towards humans, 

thus it has enormous potential for water treatment processes that involve human exposure. 

Since prokaryotic cells typically do not contain ascorbate, glutathione and the vitamin riboflavin 

derivatives, such as Flavin Adenine Dinucleotide (FAD) and Flavin Mononucleotide (FMN), are 

the essential coenzymes for chromate reducing flavoenzymes [120]. These riboflavin derivatives 

have also proven to reduce chromate ions [133].  

Uranium ions, U(VI), are also reduced by bacteria, such as the obligate anaerobe 

Desulfovibrio vulgaris and the facultative anaerobe Alteromonas putrefaciens, to the insoluble 

mineral uraninite, U(IV). Similarly to chromate reduction, this process is achieved by the 

production of reductase enzymes [134]. The sulfate-reducing bacteria (SRB) are also able to 

reduce uranium. Although reduction of the metal ions is not associated with growth in 

Desulfovibrio species, the Desulfotomaculum species has shown to grow in the presence of U(VI) 

and use it as an electron acceptor [135],[136]. 
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𝑆𝑂4
2− + 10𝐻+ → 𝐻2𝑆+ 4𝐻2𝑂 

Arsenic ions can also be reduced by bacteria and archaea. The reduction mediated by cells 

through resistance operons can be either chromosomal or plasmid encoded. These operons 

carry genes encoding the arsenic response regulator arsR, the As(III) transporter arsB, and the 

arsenate reductase arsC. The ArsC is the enzyme that reduces arsenate to arsenite to be actively 

removed from the cells [118]. Besides interacting with microbial resistance operons, arsenate is 

another metal that can be transformed by microbial species for essential biological functions. 

Similar to bacteria, many archaeal species have the ability to obtain energy from the reduction 

of a variety of metals either through aerobic or anaerobic processes. For instance, the anaerobic 

archaea Pyrobaculum arsenaticum that uses arsenate as terminal electron acceptor for growth. 

Other researchers also revealed that methanogenic consortium was able to reduce As(V) to 

As(III) and increased the mobility of arsenic [137]. The review by Bini summarizes the enzymes 

related to metal metabolism and resistance in various archaeal species [118].  

1.8.1.2 Precipitation as Metal Salts: 

The metal oxidation/reduction mechanism often overlaps with the metal precipitation 

mechanism since some metals are reduced to an insoluble state where they precipitate. Yet, not 

all microorganisms capable of reducing metals induce their precipitation [138]. Biological 

precipitation of metals has been widely considered for metal bioremediation in water [139], 

[140],[141], and the precipitation may be mediated by the production of hydrogen sulfide or by 

cellular respiration.  

The sulfate-reducing bacteria (SRB) are anaerobic heterotrophs that use organic substrates 

and SO42– as terminal electron acceptors to produce hydrogen sulfide by the following reaction: 

(1) .  
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The hydrogen sulfide produced from this reaction can in turn immobilize heavy metals through 

metal sulfide precipitation: 

(2) . 

A variety of microbes can produce hydrogen sulfide to aid in the immobilization of metals, 

and the majority falls within the phylum Proteobacteria [142]. These may be isolated from soils 

and anoxic sediment rich in sulfate. Among these bacteria are Desulfotomaculum 

auripigmentum [135], Desulfotomaculum thermoacetoxidans [143], Desulfoomaculum nigrificans 

[144], and other bacteria from the phylum Proteobacteria that contain the dsrAB genes [143]. The 

dsrAB are the genes that encode the siroheme dissimilatory sulfite reductases, which are the 

enzymes that catalyze the reduction of sulfite to sulfide.  

From a practical viewpoint, SRB consortia bioreactors have been studied for metal 

precipitation with hydrogen sulphide using permeable reactive barriers (PRB). Mixtures used in 

biological PRB typically include organic materials to sustain SRB growth and activity, gravel to 

improve barrier permeability, and limestone to increase pH, all of which tend to increase the 

metal precipitation [141]. In addition, species diversity has already been suggested as an 

important aspect of SRB bioreactors because SRB consortia have proven to be more effective 

than pure cultures for metal removal, owed to the greater production of EPS by consortium 

biofilms [145]. Additionally, in biological wastewater treatment, microbial consortia are commonly 

employed, since pure cultures are difficult to maintain in large-scale units and because microbial 

communities can easily adapt to environmental changes.  

Some anaerobic microorganisms also induce metal precipitation by using the metal or other 

compounds, such as fumarate, nitrate, and trimethylamine N-oxide as terminal electron 

acceptors in anaerobic respiration. Examples of these microbes are the bacteria Shewanella 

𝐻2𝑆 +𝑀𝑒2+ → 𝑀𝑒𝑆 ↓ +2𝐻+ 
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oneidensis (S. oneidensis) and Desulfovibrio desulfuricans [146]. S. oneidensis has particular 

respiration versatility because of its multicomponent branched electron transport system, 

composed of cytochromes, reductases, iron-sulfur proteins, and quinones [147]. All of these may 

potentially reduce metals by releasing electrons to insoluble metal oxides, which are reduced 

once in contact with the cell membrane. S. oneidensis genome sequence showed that this 

organism has more c-type cytochromes than V. cholera, E. coli, and P. aeruginosa, which are 

directly involved in metal reduction [147]. In addition, when the metal itself is used as the final 

electron acceptor, the metal ions are transported inside the cell by specific transporters. In the 

case of S. oneidensis, the genome sequence showed transporters for a range of transition metals 

including Fe2+, Fe3+, Cu+, CrO4
2-, Hg2+, Co2+, Mn2+, and Ni2+ [147]. 

1.8.1.3 Metal efflux pumps 

The metal efflux in microorganisms occurs through pumps that maintain low intracellular 

concentrations of potentially toxic ions. These pumps are P-type ATPases, which are a broad 

group of membrane proteins that transport a variety of monovalent and divalent metals out of 

the cells in bacteria, fungi, plants, and animals. For example, the P1B subfamily of these enzymes 

transports the metals Cu+, Ag+, Cu2+, Zn2+, and Pb2+, and appear predominately in bacteria and 

archaea [118],[148]. 

The efflux of chromate, Cr(VI), out of the cytoplasm has been extensively studied, 

particularly for the strain C. metallidurans [128],[120]. Chromate resistant gene chrA that encode 

the enzyme ChrA in the bacteria C. metallidurans has been identified in the plasmid pMOL28 

[128]. ChrA is a membrane protein, from the chromate ion transporter (CHR) protein superfamily, 

responsible for the metal efflux out of the cell. The ChrA works as a chemiosmotic pump that 

expels chromate from the cytoplasm using the proton motive force [149]. The proton motive force 
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is an electric potential across the plasma membrane created by bacterial metabolic activity. 

During aerobic metabolism, protons are pumped across the plasma membrane towards the 

outside of the cell. This force then moves protons back into the cell through plasma membrane 

ATPases, enabling electrical potential energy to be captured as a chemical potential energy in 

ATP. So, the ChrA functions as a transport system using the membrane potential as an energy 

source for the extrusion of chromate ions [150]. The ChrA enzyme, along with ChrB from the CHR 

family, has also been found in E. coli and P. aeruginosa. The ChrB functions as a regulator of the 

chromate resistance mediated by the ChrA enzyme [151]. Other chromate resistant genes that 

encode enzyme homologous to the ChrA have been identified in the green algae Ostreococcus 

tauri and Ostreococcus lucimarinus [151].  

The efflux of Cd2+ and Cu2+ is also mediated by ATPase pumps. Proteomic analysis of P. 

putida exposed to copper and cadmium revealed that the P-type ATPase CadA2 was associated 

with Cd2+ efflux, whereas the Cu2+ resistance was linked to the activation of the gene encoding 

the P-type ATPase transporter (pacS) and genes for metal-binding proteins in the outer 

membrane, the periplasmic and the cytosol (porD, copZ or pacZ, copA1, copA1, and copB1) [152]. 

These enzymes give P. putida a high level of resistance to survive in Cu2+ concentrations of up to 

200 ppm, as seen in Table 1. Chromosomal copper resistance in Enterococcus hirae is also 

attributed to copA and copB genes in the cop operon, which regulates the uptake and efflux P-

type ATPases for copper resistance [153]. Similarly, the P-type ATPase copA found in the archaea 

Archaeoglobus fulgidus was attributed to the transport of Cu2+ ions out of the cell [154]. 

The efflux pump mechanism is also used by microorganisms to expel arsenic out of the cell. 

The toxicity of arsenic towards microbes is mediated by a combination of two or more 

mechanisms, as described in the previous section, where the As(III) ATPase transporter is 
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encoded by the arsB gene. In addition, two other genes that encode the ATPase for transport of 

As(III), arsA and arsD, contribute in the resistance mechanism. The ArsD is a metallochaperone 

that sequesters As(III) to transport it to ArsA, and the ArsA functions as a catalytic subunit of 

ArsB. These can be found on separate operons or plasmids, both in archaea and in bacteria 

[155],[129]. 

Clearly, metalloproteins play an important role in integrating metals in the microbial 

metabolism and in providing cellular resistance against potentially toxic metals. Although this 

mechanism does not directly immobilize metals nor reduces the bioavailability of metals in 

water, it is directly responsible for the increased metal resistance of diverse microbial species, 

such as C. metallidurans. In that context, the role of metalloproteins in metal bioremediation is 

not necessarily beneficial for metal remediation. One of the best techniques for understanding 

the role of metalloproteins in metal bioremediation is proteomics because they can indicate the 

complete change in protein production in the cell before and after exposure to different metals 

[156]. Even though proteomics is utilized routinely in fields such as molecular microbiology, 

clinical chemistry, and bioinformatics, this technique remains to be utilized extensively in metal 

bioremediation studies. 

1.8.1.4 Intracellular Sequestration  

Intracellular sequestration of metals may occur in prokaryotes or eukaryotes. However, 

metal sequestration via transport or efflux pumps is commonly seen among prokaryotes as 

described previously [120],[118], whereas sequestration mechanisms are frequently used by 

eukaryotes [157]. The intracellular sequestration involves accumulation of metals inside vacuoles 

or by binding the metals to metal-binding proteins present in the cytoplasm, called 

metallothioneins (MT) [158]. Through this mechanism, the cells control intracellular metal 
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concentrations to prevent excessive concentrations of metal intracellularly that would 

potentially be toxic to the cell.  

The metallothioneins are low molecular weight, cysteine-rich, metal-binding proteins that 

occur in animals, plants, eukaryotic microorganisms, and some prokaryotes [158],[159]. MT usually 

sequester copper, cadmium, and/or zinc ions. The expression of these proteins is regulated by 

metal sensors present in the cytosol that can detect excess of metal ions. In bacteria, such as the 

Cyanobacterium sp. and Synechococcus sp., SmtB is able to sense the concentration of zinc and 

binds to the smtA operator-promoter when zinc concentrations are low. This binding will inhibit 

gene expression and stop the production of MT. But when the zinc concentration is above the 

threshold concentration, SmtB impairs DNA binding and allows MT production for Zn 

sequestration. Once the soluble zinc concentration is lowered by SmtA, SmtB again represses 

MT expression [159],[160]. MT, however, are more typically seen in eukaryotes. The gene sequence 

that encodes the metal-binding MT in the yeast Saccharomyces cerevisiae (S. cerevisiae) was 

first revealed in 1984 [161]. In that study, the authors found that yeast Cu-MT shares common 

features with the higher eukaryotic MT, with some prominent differences in their molecular 

weight and the number of cysteine residues [161]. Important findings with MT in genetic 

engineering have revealed that the more stable eukaryotic MT can be inserted in prokaryotic 

cells such as bacteria to enhance metal resistance and accumulation [162],[163],[164],[165]. Such is the 

case of the work by Berka et al., in which the CUPI gene locus from S. cerevisiae was expressed 

in E. coli leading to metal-binding capabilities both in vitro and in vivo [166]. This is an important 

finding because the rapid growth rate and short generation time of E. coli coupled with an 

enhanced metal resistance would allow the implementation of a biomass with higher metal 

affinity towards more efficient bioremediation techniques. 
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The vacuolar sequestration occurs in organisms that have vacuoles, such as plants, algae, 

and fungi, through phytochelatin transporters. Phytochelatins (PCs) are peptides, oligomers of 

glutathione that are enzymatically synthesized in the cytosol and form the PC-metal complexes. 

These complexes are also formed in the cytosol and are transported into vacuoles to prevent 

exposure of the metal-toxic-complex to essential cellular components [167].  The first vacuolar PC 

transporter, identified as Hmt1, was revealed in the yeast Schizosaccharomyces pombe (S. 

pombe), and is able to transport PC bound to cadmium (PC-Cd) complexes into the vacuole 

through genes that encodes PC synthase activity [168],[169],[170]. In some species of Candida and 

Rhodosporidium, the general mechanism of chromate resistance is also related to ion 

sequestration. PCs were later studied in algal species, such as the Chlamydomonas reinhardtii 

and Kappaphycus alvarezii [171]. With the well-recognized role of PCs in metal sequestration in 

eukaryotic cells, new studies have also genetically inserted PCs in existing bacterial species to 

increase their resistance against metal ions. For example, a recent study cloned and expressed 

the PCs from S. pombe into Pseudomonas putida KT2440 to increase in SpPCS mRNA expression, 

which resulted in enhanced bacterial Cd accumulation [172]. Such work demonstrated that 

genetic engineering techniques can improve microbial metal resistance and serve for metal 

bioremediation.  

1.8.1.5 Metal Volatilization 

Volatilization of mercury has been known to remove significant amounts of mercury from 

contaminated surface waters, wastewaters, and soils [173]. The metal volatilization mechanism 

has been well studied, particularly for plasmid-borne genes that provide mercury resistance in 

several bacterial species [174],[175],[176]. The three major forms of mercury in the environment are 

the inorganic oxidized Hg2+, the elemental form Hg0, and the particle bound mercury Hgp.  The 
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elemental mercury is relatively inert and it can easily volatilize at low temperatures, so microbial 

cells diffuse the elemental mercury out of the cell by reducing the divalent form of mercury to 

Hg0.  Another pathway for microbial cells to transform Hg2+ is methylation.  Through 

methylation, the mercury compounds can also diffuse away from the cell. However, this 

pathway generates toxic methylmercury (CH3-Hg+) or dimethlymercury ((CH3)2Hg) [177].  

In the reduction of Hg2+ to Hgo, an enzyme called mercuric reductase is involved. This 

enzyme is coded by the mer gene carried on distinct plasmids of E. coli [175], Bacillus sp. [178], P. 

aeruginosa [174], P. fluorescens [178], P. putida [179], Acinetobacter sp. [178], and S. aureus [174]. 

However, the mechanism of resistance against mercury is carried out by a combination of 

enzymes that transport the Hg2+ inside the cell, reduce the Hg2+ to Hg0, and transport the 

elemental mercury out of the cell. For example, studies have indicated that the mercury 

resistance in Pseudomonas strain K-62 is encoded by two plasmids pMR26 and pMR68 that 

contain two mer operons [180]. In Gram-negative bacteria, the enzyme MerR is a regulatory 

activator that controls the transcription of the mer operon [181], and the MerD is a co-regulator 

of the transcription [182]. A single cell or operon can contain more than one membrane transport 

protein and in the case of mercury resistance,  merT, merP, merA, and merB encode a 

membrane Hg2+-transport protein, a periplasmic Hg2+-binding protein, a mercuric reductase, and 

a organomercurial lyase [183], [184], [180].  

In the methylation process, the Hg2+ is up taken by active transport and methylated in the 

cytosol, then exported as CH3Hg+ out of the cell. This process, like the reduction of Hg2+ to Hgo, is 

also carried out by a wide variety of microorganisms, including  aerobic and anaerobic bacteria, 

yeasts, algae [185], and archaea [186]. The process is carried out by two genes, hgcA that encodes a 

putative corrinoid protein required for the CH3Hg+ production, and hgcB that encodes a putative 
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corrinoid ferredoxin-like protein. The methylated HgcA protein transfers the methyl group to 

Hg2+ and the HgcB protein is required for HgcA turnover [177]. These findings are important for 

metal bioremediation because it may allow the development of molecular markers that can 

detect and quantify the mercury methylation production or reduction of Hg2+ to Hgo to design 

better mercury remediation strategies. Additionally, the isolation and identification of plasmids 

carrying genes for reduction and volatilization of mercury can be employed to transform native 

bacteria adapted to the conditions in contaminated sites for a more efficient in situ remediation. 

1.8.1.6 Cell Wall Binding 

The outer membrane or cell wall binding mechanism is an adsorption process, where metal 

ions adsorb to cell surfaces. This adsorption process depends on the microbial species and the 

environmental conditions present. The microorganisms’ cell walls hold functional groups that 

can adsorb cationic species such as metals [34].  The metal ions can bind to functional groups on 

the cell surface by electrostatic interactions, van der Waals forces, covalent bonding, redox 

interactions, or a combination of these processes.  

Carboxyl, hydroxyl, phosphate, and amine groups are common functional groups 

responsible for the metal cell wall binding in prokaryotes (Figure 1-6). In bacteria, for example, 

these functional groups are commonly found in different biomacromolecules, such as 

peptidoglycan, teichoic acids, proteins, and lipoproteins, responsible for providing negative 

charges to the cell wall [110]. Bacteria are classified as Gram-positive or Gram-negative according 

to their cell wall characteristics, being the peptidoglycan thickness one of the main differences 

between the two. The peptidoglycan matrix contains glycan strands cross-linked by short 

peptides. The glycan strands are made up of alternating sugar derivatives, N-acetylglucosamine 

(GlcNAc) and N-acetylmuramic acid (MurNAc), joined by direct peptide bonds [187]. The Gram-
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negative cells contain typically a single monolayer of peptidoglycan and an outer membrane 

consisting of phospholipids, lipopolysaccharides, enzymes, and other proteins and lipoproteins. 

Whereas, the Gram-positive cells have 20-40 layers of peptidoglycan and no outer membrane 

[110]. The Gram-positive peptidoglycan may contain teichoic acids, polymers of glycerol or ribitol 

joined by phosphate groups, which have proven to participate in the metal binding. The binding 

occurs by the phosphoryl and/or by the carboxyl groups of the peptide chains [110]. The 

lipopolysaccharide and phospholipids provide the primary sites for metal interaction in Gram-

negative bacteria [188]. For instance, the outer membrane adsorption of copper onto 

Pseudomonas cepacia was attributed to the amine, carboxyl, and hydroxyl groups [111]. Several 

authors have focused on describing the cell wall composition of prokaryotes and functional 

groups that can act as heavy metal binding sites [129],[189],[190],[110]. 

The cell wall of eukaryotic cells, i.e., fungi and algae, differ in their chemical composition 

from prokaryotic cells. Many algae, as well as some plants, contain cellulose as their main cell 

wall component, which have shown to sorb various metals in Ulva lactuca [191]. But, many fungal 

cell walls include chitin as their major constituent. Chitin is a robust polysaccharide, comprised 

of N-acetylglucosamine residues, that forms the inner layer of the fungal cell wall. Zinc has 

shown to sorb to the chitin structure of Rhizopus arrhizus and other fungal species[192]. The 

amino, carboxyl, and hydroxyl groups are also present in the proteins and carbohydrate portion 

of the fungal cell wall and have also been described to effectively bind heavy metals[193]. 

1.8.1.7 EPS Sequestration 

Extracellular polymeric substances (EPS) are biosynthetic polymers formed by prokaryotic 

and eukaryotic microorganisms growing as single cells or in microbial communities. The EPS 

contains diverse high molecular weight organic macromolecules, e.g., polysaccharides, proteins, 
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nucleic acids, phospholipids, as well as other low molecular weight non-polymeric components. 

These molecules can be located at the surface (insoluble EPS) of the microbial cell or secreted to 

the environment (soluble EPS). The insoluble EPS usually forms a gelatinous matrix that 

functions to support aggregation between cells in biofilms, initial attachment of cells to surface, 

protection from desiccation, and resistance to toxic exogenous constituents, such as metals 

[194],[195]. The EPS are able to bind and immobilize metals due to its content of negatively charged 

molecules [194],[195]. Furthermore, since the EPS is a non-living sorbent, is many times preferred 

over living biosorbent cells due to its easy availability in the treatment process and because it 

avoids the pathogenicity problems of a living cell [196]. 

 
FIGURE 1-6- MAJOR BINDING GROUPS FOR CELL WALL-METAL BINDING. REF.: VOLESKY ET AL., 

(2007)[102]. PS=polysaccharides, UA=uronic acids, SPS=sulfated PS , CTO=chitosan, 
PG=peptidoglycan, AA=amino acids, TA=teichoic acid, PL=phospholipids, 
LPS=lipoPS. 
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Bacteria are among the most common microbial groups that produces EPS, particularly in 

biofilms. Biofilms are bacterial populations that develop on a surface in an aggregated manner 

and are surrounded by the EPS matrix [196]. The chemical and physical properties of the EPS vary 

greatly depending on the composition of the microbial community that produces the EPS [197].  

The EPS can include neutral macromolecules, polyanionic or polycationic substances, such as 

uronic acids or ketal-linked pyruvates [197]. The composition of the polysaccharides determines 

their primary structural conformation. This conformation consists of aggregated helices, where 

the backbone composition of the polysaccharides dictates the structure and linkage of the 

network. The EPS matrix is then held together mainly by two forces, the electrostatic 

interactions and hydrogen bonding, although ionic interactions may be involved [198],[197].  

The binding of metals to EPS occurs through electrostatic interactions with the negatively 

charged functional groups such as uronic acids, phosphoryl groups, or carboxylic groups of 

amino acids [196]. Metal ions can also bind to the EPS by ionic interactions with the negatively 

charged functional groups, or , for example, by forming salt bridges with carboxylate groups 

from two different polysaccharide chains in the EPS matrix [199]. The study by Perez et al., (2008) 

revealed the chemical composition of the EPS from the Gram-positive Paenibacillus jamilae with 

28% of the weight being uronic acids [199], while a similar uronic acid content (38%) was seen in 

the EPS from the Gram-positive Bacillus firmus [200]. The EPS from both of these strains played a 

key role in the heavy metal sequestration within the matrix. Similarly, the EPS formed in 

activated sludge collected from aeration tanks in wastewater treatment plants, which 

contained, as its major components, proteins, humic acids, uronic acids, and polysaccharides, 

was assessed for its ability to sequester metals. The study presented correlations among the 

different weight fractions of the components found in the EPS and the parameters of 
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complexation (number of sites and complexation constant) for copper, cadmium, and lead. Their 

results proved that the complexation of metal ions was linked to the composition of proteins, 

humic substances, and polysaccharides in the EPS [201]. 

Metal biosorption studies have indicated the key role of the EPS in metal remediation. Yet, 

because of the structural complexity of the EPS and its components and the large quantity of 

microbes that produce EPS, the complete EPS metal sequestration mechanisms are still unclear. 

Thus, it is critical to study in detail the basic mechanism(s) of EPS-metal sequestration, 

particularly the relative contribution of each EPS component to the binding of different metal 

ions, and the interaction between these components.  

1.9 TYPES OF BIOSORBENTS FOR HEAVY METAL RESISTANCE AND REMOVAL 

In the literature, there are several biosorbents described, they belong to the domain of 

bacteria, archaea, fungi, and plantae. Most of these studies were performed with pure culture, 

and lately, studies have also shown complex microbial communities as effective biosorbents 

[202],[141],[203]. This review is mainly focused on the most common genera from each microbial 

domain that have shown resistance to heavy metals. The detailed description of the different 

biosorbents and their state of knowledge is described below.  

1.9.1 Bacteria 

Bacteria have proven to be good metal biosorbents candidates because of their small size, 

and their short generation time coupled with a high growth rate. These traits facilitate rapid 

adaptation to a wide range of environmental conditions 9. Various review articles have devoted 

attention to bacteria as biosorbents of heavy metals in the last decade, particularly to elucidate 

the microbial cell structure and the kinetic models that describe the biosorption process 

[204],[190],[110],[102].   In this work, we included the heavy metal minimum inhibitory concentration 
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(MIC) of various bacterial species exposed to different metals to distinguish their level of metal 

resistance. 

The most common genus of bacteria found to resist high concentration of heavy metals are 

Pseudomonas sp., Ochrobactrum sp., Cupriavidus sp., Acinetobacter sp., Streptomyces sp,  

Mezorhizobium sp., and Micrococcus sp., as shown in Figure 1-7. Their MIC values as well as the 

MIC of other microorganisms described in the literature vary significantly and depend largely on 

the bacterial species and the culture medium used for the microbial growth. For instance, some 

studies found zinc MIC values of 654 ppm for Pseudomonas veronii [205] and Pseudomonas 

gladioli [206], and 523 ppm for Pseudomonas aeruginosa [207]. Although these zinc MIC values are 

relatively high, the pure cultures were grown in rich media containing salts and other 

components that are known to complex with the zinc ions that can result in higher MICs. 

Whereas, the species Pseudomonas aeruginosa, grown in a minimum media to simulate the 

chemistry conditions similar to the wastewater where it was collected, showed a lower MIC 

value (65 ppm) [208]. Thus, it is important to note that the bacterial growth conditions directly 

influence the level of metal resistance of each of the species, and care must be taken to find the 

optimum growth conditions to enable the removal of specific heavy metals. 

1.9.2 Archaea 

Archaea are prokaryotes that grow in extreme environments and represent a substantial 

fraction of the total microorganisms in the biosphere, with some estimates suggesting that 

archaea are the largest group of microbes in marine deep subsurface sediments[222]. They play 

an important role in biogeochemical cycle of numerous elements and nutrients in aquatic and 

terrestrial environments through enzyme catalytic redox reactions, for which they are believed 

to be key players in the cycling of metals [223]. Even though archaeal species are hardly chosen 
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for bioremediation studies due to the difficulty of cultivating them in laboratory settings, several 

researchers in other fields have demonstrated their level of resistance against metal toxicity. 

Most cultivated archaea are assigned to two major archaeal phyla, Euryarchaeota and 

Crenarchaeota. These two include the archaeal groups that have shown resistance to heavy 

metals. These two groups have microorganisms that are acidothermophiles, acidophiles, 

halophiles, and methanogens.  

Acidophiles are microbes that thrive in extreme acidic environments, while 

acidothermophiles can not only grow in extreme acidic environments but also at high 

temperatures. Such is the case of the four species of Sulfolobus sp. shown in Figure 1-8. 

Sulfolobus sp. are anaerobes analogous to the bacteria Acidithiobacillus ferroxidans because 

they both oxidize sulphur and/or iron for energy production [224].  Several factors can influence 

the survival of microorganisms over time when exposed to high levels of heavy metals, including 

the lateral gene transfer (LGT) between bacteria and archaea, which is believed to have 

increased the heavy metal resistance among prokaryotes [225],[226]. For this reason, it is critical to 

include more species from archaeal domain in metal bioremediation studies to further 

understand their metal resistance mechanisms and the genetic manipulation techniques needed 

to improve environmental remediation of metals. 

Haloarchaea require between 10% and 35% salt for optimum growth and are typically found 

in extreme saline environments. However, some low salt tolerant haloarchaea found in mixing 

zones between rivers and seawaters regulate the flux of metals and other elements into the 

ocean. Haloarchaea have developed various mechanisms of resistance against metal toxicity 

[227].  For instance, the haloarchaeon Halobacterium sp. strain NRC-1 has been found to contain 

ATPases, ABC transporters, transcriptional regulators, and certain metallochaperones, similar to 
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bacteria. Srivastava and Kowshik (2013) reviewed the mechanisms of heavy metal resistance in 

haloarchaea [228].  

 

FIGURE 1-7- TOXICITY OF VARIOUS HEAVY METAL IONS TO DIFFERENT BACTERIAL SPECIES, 
EXPRESSED AS THE MINIMUM INHIBITORY CONCENTRATION OF EACH METAL [202], 

[209],  [210],[211],  [212],  [213],  [214],  [215],  [216],  [217],  [218],  [219],  [206],  [205],  [208],  [207],  [220],  [221]. 
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Methanogens are strict anaerobes belonging to the archaea domain that produce methane 

as the major product of their metabolic reactions to conserve energy. This group of archaea is 

key because various metals have been shown to be important cofactors of many enzymes in 

methanogens [118]. For instance, the thermophilic methanogenic Methanocaldococcus jannaschii 

has shown to immobilize several metal cations (Fe3+, Ca2+, Pb2+, Zn2+, Cu2+) [229].  

 
FIGURE 1-8 TOXICITY OF VARIOUS HEAVY METAL IONS TO DIFFERENT ARCHAEAL SPECIES, 

EXPRESSED AS THE MINIMUM INHIBITORY CONCENTRATION OF EACH METAL [117],  

[230],  [231],  [232]. 

1.9.3 Fungi 

Fungi are eukaryotic organisms that may be classified into molds or yeasts based on the 

development of the thallus, which is the body of a fungus. Yeasts are unicellular fungi, whereas 

molds are long and branched fiber-like cells which may have macroscopic fruiting bodies [110].  

Fungal metabolism also transforms heavy metals in the environment. Both living and dead cells 

of fungi are able to uptake toxic and precious metals, which make them suitable for 

bioremediation of water and wastewater.  

Yeast, such as the Saccharomyces cerevisiae (S. cerevisiae), is a widely studied model 

eukaryotic microorganism and has extensively shown sequestration of heavy metals, e.g., 

uranium, copper, cadmium, zinc, and lead by both living and non-living cells [233],[193]. For 
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instance, Volesky et al., (1995) studied the S. cerevisiae maximum uptake capacity for various 

metal ions using both living and non-living cells grown aerobically and anaerobically. They found 

significant differences between living and dead cells metal uptake capacities, particularly 

between the different metal ions, as well as significant differences between aerobically and 

anaerobically grown cultures, as follows; non-living aerobic yeast: Zn > (Cd) > U > Cu; living 

aerobic yeast: Zn > Cu ~(Cd) > U; living and non-living anaerobic yeast: U > Zn > Cd > Cu;. The 

best biosorbent was the non-living S. cerevisiae grown aerobically with a maximum uptake 

capacity for Zn ions of 36.6 mg Zn2+/g of biosorbent. [233] This finding suggests that the culture 

growth conditions of yeast directly affect its metal uptake capacity. Similar findings have also 

been suggested for different bacterial strains. 

Other yeast strains isolated from metal-contaminated environments include Candida sp., 

Rhodosporidium sp., and Aspergillus sp. These yeasts have been shown to survive in higher 

concentrations of chromate than the most common S. cerevisiae, as seen in Figure 1-9. Candida 

albicans and Candida tropicalis are human pathogens known for high levels of resistance to 

many metal ions, such as Cu2+, Zn2+, Cr2+, Hg2+, Pb2+, Cd2+, As3+, and Se6+ [234],[235]. Other 

experiments have suggested that C. tropicalis biofilms are less susceptible to metal toxicity than 

planktonic cells. More specifically, C. tropicalis biofilms continued to grow in concentrations of 

Se6+ (125mM) that were nearly twice the concentration that was lethal to planktonic cells 

(approximately 50 mM). This behavior was attributed to the sequestration of cations in the 

extracellular matrix formed by mature C. tropicalis biofilms [235]. These findings suggest that 

resistance, expressed as the metal MIC, is directly influenced by the growth conditions of yeasts.  
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FIGURE 1-9- TOXICITY OF VARIOUS HEAVY METAL IONS TO DIFFERENT FUNGAL SPECIES, 

EXPRESSED AS THE MINIMUM INHIBITORY CONCENTRATION OF EACH METAL  [236],  [217], [237], [238],  

[238],  [239]. 

1.9.4 Algae 

Algae are eukaryotic phototrophic organisms that are classified according to their type of 

chlorophyll a: Prochlorophyta, Phaeophyta, Chlorophyta, Charophyta, Euglenophyta, 

Chrysophyta, Pyrrhophyta, Cryptophyta and Rhodophyta [240]. These different types of algae 

have important differences in their cell wall structure and some internal organelles. For 

instance, they all have different and complex polysaccharide contents in the algal cell wall [241]. 

Thus, the cell wall chemistry of the different algal species plays a key role in the number of 

electrostatic interactions and complexation with metal ions available for bioremediation. 

Although the metal MICs of different algal species are relatively low (Figure 1-10) when 

compared to bacterial, archaeal, and fungal species, non-living algal cells are typically used for 
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biosorption of different metal ions [242],[243]. Outer membrane adsorption or cell wall binding in 

live and dead cells has been shown as an important mechanism in algal metal biosorbents 

because of their large surface area-to-volume ratio available for contact with the metal-rich 

environment.[244] Most studies, however, have focused on dead algal cells and the effects of cell 

wall compositions on metal removal.  

Phaeophyta (or brown algae) contain alginate and fucoidan as the primary components of 

embedding matrix in the cell wall responsible for metal binding. The alginic acid is the common 

name given to a family of linear polysaccharides containing 1,4-linked β-D-mannuronic (M) and 

α-L-guluronic (G) acid residues organized irregularly in blocks. The conformation of these 

residues, as well as the M:G weight ratio, can cause variations in the affinity of various metal 

cations to alginates [240]. For example, previous research has shown that the affinity of alginates 

for Pb2+, Cu2+, Cd2+, and Zn2+ was higher with increasing guluronic acid content [245]. The main 

functional groups in alginic acid are the carboxylic acids, which have been demonstrated to bind 

metals once deprotonated. The second most abundant acidic functional group in brown algae, 

which can bind metals when deprotonated, is the sulfonic acid of fucoidan. Hydroxyl groups are 

also present in the polysaccharides, but are less abundant [240]. 

Chlorophyta (or green algae) have xylan and mannan polysaccharides in the embedding 

matrix, which contain hydroxyl and carboxyl functional groups. The green algae Chlorella 

pyrenoidosa, for instance, was demonstrated to sorb up to 95.6% and 90.9% of 20 mg/L Zn2+ and 

2 mg/L Cu2+ ions, respectively, and the metal binding occurred in the algal cell was, not at 

intracellular active sites [246]. Thus, the cell wall chemistry of green algae enables the adsorption 

for treatment of metal-contaminated water. 
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Rhodophyta (or red algae) contain sulfated galactans as the main constituents of the 

embedding matrix polysacharides. Galactans also contain primarily hydroxyl and carboxyl 

groups. However, other functional groups have also played important roles in the metal binding. 

For instance, the Rodophyta Gelidium showed a diverse surface functional groups, such as 

carboxyl, phosphate, imidazole, and amino groups, which suggests that there are many types of 

biosorbent-metal ion interactions [247]. In addition, Rhodophyta hold the largest amount of 

embedding matrix polysaccharides among all algal divisions [240], which combined with their 

well-known ability to bind metals, makes them very promising biosorbents. 

Other types of algae do not perform well as biosorbents. For instance, Cryptophyta does not 

have a cell wall, so it lacks the main functional groups present in other types of algae that can 

bind metals. The cell walls of some Pyrrhophyta are protected by cellulosic thecal plates, and in 

some cases the cell is absent. Therefore, these cellular structures do not allow effective metal 

sorption on the cellular surface [240]. 

 
FIGURE 1-10 TOXICITY OF VARIOUS HEAVY METAL IONS TO DIFFERENT ALGAL SPECIES, 

EXPRESSED AS THE MINIMUM INHIBITORY CONCENTRATION OF EACH METAL 
[248],  [249],  [246]. 
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1.10  ROLE OF MICROBIAL GROWTH IN THE HEAVY METAL REMOVAL 

The use of microorganisms for metal bioremediation requires a better understanding of 

their level of resistance to different metal concentrations, in order to provide the optimum 

conditions for the metal uptake process. The optimum heavy metal sorption can occur in 

different bacterial growth phases or as dead biomass, depending on the heavy metal and the 

microorganism [250],[251]. In order to develop efficient biosorption systems, it is critical to optimize 

the microbial growth conditions to achieve the highest metal removal, whether it is by 

metabolically active cells, resting cells, or inactive cells. For most metals, biosorption studies are 

very conflicting and depend largely on the type of cells used. 

A critical aspect of biosorption is that the different bacterial growth phases, as well as types 

of microorganisms, can achieve different metal sorption efficiencies. For instance, 

Mesorhizobium amorphae CCNWGS0123 achieves a higher copper removal in the late 

exponential phase [250], while dead cells of Pseudomonas stutzeri are more efficient as a copper 

biosorbent [251]. P. aeruginosa, for example, has been reported to have a higher copper sorption 

capacity for resting cells than for inactivated cells [252], while P. stutzeri showed a higher copper 

sorption capacity for inactivated cells[104] than for cells in exponential phase [253]. In the case of 

consortia, however, it is more difficult to determine the growth phase necessary to achieve a 

higher metal sorption because consortia are composed of different microbes; and these 

microbes have different levels of metal resistance. Studies, have shown that some microbial 

communities have not presented significant differences for metal removal at the different 

growth stages [254]. It is possible that some species of microorganisms can remove heavy metals 

better in the exponential phase, while others in the stationary or dead phase. Other findings 
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suggest that microbial consortia might not have a preferential growth phase for metal resistance 

as pure cultures [254]. 

In light of these findings, it is essential to assess microbial metal resistance to quantify the 

metal concentrations that affect the different growth phases. Researchers make microbial 

susceptibility assessments of the microorganisms to the metal by quantifying the metal’s 

Minimum Inhibitory Concentration (MIC) against a microorganism or consortia. The MIC of a 

metal against a microorganism is the lowest concentration of an antimicrobial agent that 

prevents visible microbial growth.[254] The quantification of the MIC also allows determining 

survival rates and stability of microbial communities. The metal MIC also allows a better 

understanding of the kinetics and metal selectivity with the aim of being able to enhance the 

efficiency of the biosorption process.  

1.11 APPLICATION OF MICROORGANISMS FOR HEAVY METAL REMOVAL  

Microbial remediation is considered a low-cost, effective approach for the removal of 

metals with low concentrations from contaminated water, but also for precious metal recovery. 

Microbial biomass in solution, however, consists of cells in suspension that has poor mechanical 

strength and little rigidity. Biosorption of heavy metals by microorganisms can be optimized 

using a support medium, which can serve as a process unit packing material with the right size, 

mechanical strength, rigidity, and porosity necessary for use in practical processes. [110] 

However, few investigations have focused on the applicability of live biosorbents, particularly 

microbial consortia, for real industrial effluents. The few attempts to scale-up biosorption 

processes for commercial purposes have not been successful, due to the lack of a reliable non-

living biomass feedstock in sufficient quantities [255]. 
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Immobilization of microorganisms on fixed beds with live microorganisms is a common 

procedure in some treatment systems, e.g., nitrifications systems using ammonia-oxidizing 

bacteria, anaerobic wastewater treatment processes, or atrazine and simazine degradation in 

surface water treatment [218], [256], [257]. Several researchers have investigated the immobilization 

of live and dead microbial biomass onto diverse support materials, such as dead seaweed 

Sargassum baccularia immobilized on polyvinyl alcohol (PVA) gel beads [258], live P. aeruginosa 

biofilm grown on polyvinyl chloride (PVC) conduits [259], and the dead fungus Trichoderma viride 

immobilized in sodium-alginate beads [260]. However immobilization of live or dead microbial 

consortia for heavy metal removal applications has not reached commercial stage yet. 

The first patents that used non-living microbial biomass as biosorbent of metals appeared as 

early as the 1980’s. Soon after, other patents followed with biomass immobilization processes, 

including encapsulation, chemical processing, hardening, and granulation[255],[261]. Several 

attempts of pilot and commercial scale units confirmed the capability of dead microbial biomass 

as biosorbents for heavy metal removal, including B.V. Sorbex Inc., Bio-recovery Systems Inc., 

and the U.S Bureau of Mines[262]. However, the lack of a constant supply of waste biomass, as 

well as the cost associated with the biomass pretreatment made these attempts ineffective for 

scale-up purposes[255]. Emerging technologies, however, include sorption of metals through 

metabolic mediated pathways, where live microorganisms with multiple mechanisms of metal 

resistance can be used for reactor designs. These include the use of live microbial consortia 

obtained from environmental sites that have shown increased resistance to heavy metals.  

The live or dead biomass immobilized in columns, once scaled-up to treat larger volumes, 

can be commercialized to serve as metal sorption units. In addition, the use of microbial 

biomass may be an economic alternative to traditional metal removal technologies, since the 
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biomass can often be reactivated and re-used in a manner similar to ion exchange resins and 

adsorption units in wastewater treatment. Other important applications of microbial 

biosorbents would be in moving bed biofilm reactors (MBBR) systems, which are now widely 

used to treat wastewater, but for sulfate reduction, denitrification, phosphorus removal, and 

methanogenesis[263]. MBBR processes can maintain a continuous active biofilm by continuously 

supplying nutrients. Thus, this process would enable the use of live cultures of microbial 

sorbents for heavy metal removal.  

1.12 MICROBIAL CONSORTIA FOR ENHANCED METAL REMEDIATION  

The choice of microbial species for metal removal is still a debated topic among researchers, 

because of the variety of mechanisms responsible for metal removal, the large quantity of 

species available, and the different metal removal capacities of the different species[101, 102]. 

Among prokaryotes, several studies have shown heavy metal removal capabilities of pure 

cultures of different bacterial species, including Bacillus [264], Pseudomonas [104], Cupriavidus [42], 

Enterobacter [265], Rhodococcus [266], Ochrobactrum [126], and Streptomyces [267], (Table 1-5) as well 

as acidophiles, acidothermophiles, haloarchaea, and methanogens in the archaea domain (Table 

1-6). Eukaryotes have also been proven to have effective heavy metal removal capabilities, 

among the yeast and chlorophyta in the fungal (Figure 1-9) and algal (Figure 1-10) kingdoms, 

respectively. Most of these studies have been focused on heavy metal treatment by pure 

cultures[110],[268],[269],[270]. The major issue of using pure cultures for heavy metal remediation is 

that it is not feasible to maintain pure cultures in large-scale treatment processes. Therefore, 

understanding metal removal processes of complex microbial communities is more relevant for 

real environmental engineering applications. Furthermore, the use of microbial communities for 

heavy metal bioremediation has an enormous, yet little explored, potential for environmental 
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engineering applications because: 1) the huge microbial diversity found in diverse ecosystems 

allows a selection of a microbial population more adapted to changing environmental conditions 

found in the water and wastewater treatment engineered ecosystems [271]; 2) the large number 

of microbial species found in natural ecosystems increase the chances of finding species with 

particularly important traits for metal removal; 3) a microbial community may contain species 

that, by themselves, have a small effect on metal removal, but play an essential ecological role 

in the abundance and functionality of species directly responsible for metal removal.[271]  

In the development of this review, 121 published research articles with maximum sorption 

capacity values of several microorganisms for various heavy metals were collected. This analysis 

included studies with pure cultures of bacteria, archaea, fungi, and algae, as well as consortia 

with either prokaryotes or eukaryotes, and consortia with both eukaryotic and prokaryotic 

microorganisms. The maximum sorption capacity values were sorted into two main groups: Pure 

Cultures (PC) and Consortia (C). An ANOVA statistical analysis test with STATISTICA 8.0 was done 

to determine which group had higher sorption capacity values. Figure 1-11 shows that the 

Consortia group presented statistically significant higher values than the Pure Cultures group, 

with a p < 0.00001 confidence level, even taking into account the different metal ions. Even 

though all the batch sorption studies from these previous studies were performed under 

different experimental conditions, i.e., composition of nutrients in the culture media, incubation 

temperature, aeration, and rotational speed, the confidence level of the statistical analysis 

suggests that in average, the microbial consortia have historically shown higher metal sorption 

capabilities than pure cultures. These results also demonstrate the importance of investigating 

complex microbial communities for the metal removal. 
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FIGURE 1-11- MAXIMUM HEAVY METAL SORPTION CAPACITY OF MICROBIAL PURE CULTURES 

(PC) AND CONSORTIA (C) OBTAINED FROM 121 RESEARCH STUDIES 

1.12.1 Communication between microbial cells: Quorum Sensing (QS) 

Microbial consortia have attracted attention among researchers to solve environmental 

remediation problems because they can execute complex functions that individual populations 

cannot. In addition, consortia have more homeostatic processes than pure cultures under 

fluctuations of environmental conditions. The efficient resource use by consortia is mainly given 

by two features. First, the individual microbes in a consortium can communicate with one 

another, through chemical interactions. This communication facilitates the second important 

feature, division of labor, where the functions are divided among the individuals of the 

consortium [272]. 

The communication through bacteria is performed through a process called Quorum Sensing 

(QS). QS is a generic regulatory mechanism utilized to sense and respond to microbial 

population density by expressing specific set of genes. The QS in bacteria has been identified to 
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occur with three classes of molecules: oligopeptides, N-acylhomoserine lactone (acyl-HSL), and 

the LuxS/autoinducer-2 (AI-2) [273].  

The mechanism of QS in Gram-negative bacteria, for example in Pseudomonas aeruginosa, 

consists of four components: a LuxI signal synthase, the acyl-HSL signal molecule, a LuxR-type 

signal receptor, and the target gene(s) that regulates the global transcription process [274],[275]. 

The acyl-HSL signals, produced by the LuxI enzyme, exit the cell, and enter the surrounding 

environment through diffusion. Thus, the concentration of these signals increases as the 

population density increases. At a specific population density, the signal concentration reaches 

the value needed to interact with the receptor molecule and develop a response to generate the 

expression of the target gene that regulates the transcription [274].  

QS has shown to trigger changes in gene expression in response to high levels of copper by 

the activation of oxidative stress pathways to increase the tolerance for copper [275]. Some 

metals, such as copper, can induce the creation of Reactive Oxygen Species (ROS) through auto-

oxidation or Fenton-like reactions. This process starts with the production of hydrogen peroxide 

intracellularly through the oxidation of NADPH, followed by the subsequent reaction with 

copper to produce ROS [276]. So, it was suggested that the activation of oxidative stress pathways 

by QS serves to increase tolerance of P. aeruginosa for metals [275]. Another resistance 

mechanism, shown in P. aeruginosa, is facilitated through QS of an acyl-HSL signal named 3OC12-

HSL. This signal is produced by the enzyme Las-I and it is recognized by the Las-R regulator, 

which directly binds to the cueR, the copper export regulator gene, to trigger its expression [275]. 

It is still unclear if quorum sensing can establish communication between different bacterial 

species to increase heavy metal resistance in the consortium. But, since certain species, such as 
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P. aeruginosa, have shown increased copper resistance in response to QS signals, future 

research must investigate the role of quorum sensing in consortia in response to metal stress. 

The communication in Gram-positive bacteria mainly occurs through oligopeptide signaling, 

wherein the oligopeptide is sensed by a transmembrane receptor component of a two-

component signal transduction module (TCS). The TCS then activates an intracellular response 

mechanism. The oligopeptide signals are highly specific, sometimes allowing distinct signaling 

within different strains of the same species. For instance, in Staphylococcus aureus this signaling 

is very specific and it is used for intraspecific competition and cooperative functions within the 

same species [277],[273].  

The QS is important to achieve complex functions that can facilitate cell differentiation and 

resistance against metal compounds. The QS not only helps cells to differentiate, but plays an 

important role in providing bacteria with the ability to respond phenotypically to environmental 

stimuli, such as specific metal concentrations [278],[196]. The response to metal concentrations may 

be given by metabolic variations in several community members, shifting the concentration and 

fate of dissolved metabolites, to perform complex functions. For example, the individuals in a 

consortium of cyanobacteria have switches that can alter metabolic capabilities to integrate 

daytime photosynthetic and aerobic respiration under hyperoxic conditions to fermentative 

metabolism under anoxia as evening approaches [279]. These microbial communities are thus 

able to respond to environmental stimuli to develop a “community metabolism” for more 

effective energy production. Thus, the division of labor is an important trait for environmental 

engineering approaches with microbial consortia used for biodegradation of co-contaminated 

environments, such as effluents contaminated with organic matter and heavy metals or 
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effluents with several heavy metal ions. For example, the bioremediation of organic matter and 

immobilization of heavy metals simultaneously by a metallophile consortium [209]. 

Microbial communities may also be more proficient at resisting invasion by other species or 

toxic compounds. Such is the case of the multispecies biofilm resistance against antimicrobial 

agents, reported by Burmølle et al.,[280] In addition, they might be more successful at 

withstanding periods of nutrient limitation due to the diversity of metabolic modes available to 

the mixtures of species combined with the capability to share metabolites within the 

community.[281] Hence, the nature of the chemical communication and the diversity of metabolic 

modes in consortia are important factors to take into account when studying and the interaction 

of consortia with metal ions. These are a particularly important traits in engineered systems, 

where flexibility of adaptation to a wide range of conditions is necessary for the microorganisms 

to survive changes in nutrient availability, temperature, pressure, pH, and other 

physicochemical parameters. Such is the case of water and wastewater treatment systems, 

where microbes may be used for biosorption in conjunction with coagulation, sedimentation, 

and clarification, where the physical and chemical composition of the water changes 

significantly.  

1.12.2 The Role of Horizontal Gene Transfer (HGT) in heavy metal resistant microorganisms  

Studying microbial consortia from environmental sites is vital for the discovery of unknown 

species that may hold key characteristics for metal removal. Even though about 106 microbial 

species exist, only several thousands have been isolated in pure culture, as few microorganisms 

from environmental samples grow on laboratory conditions [282].  Additionally, the horizontal 

gene transfer (HGT), which affects the evolution of cells, is known to increase the resistance 

against heavy metal ions [283]. HGT is the horizontal exchange of genes between different species 
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and it occurs mainly in prokaryotes, but in a few cases, can also occur in eukaryotes [284]. 

Therefore, the study of unknown genes in environmental microbial consortia may aid in the 

discovery of genes and plasmids that play important roles in metal biosorption processes. 

Global contamination of heavy metals in water bodies and sediment may also affect the 

HGT of genes responsible for metal resistance. The majority of cultivable strains from the 

environment are members of only four phyla: Proteobacteria, Firmicutes, Actinobacteria, and 

Bacteroidetes, all of which have shown resistance to heavy metals [122],214,[285],[286],[287]. 

Culture-independent techniques have shown that many microbial species that are difficult to 

cultivate, such as members of Acidobacteria, are particularly abundant in coastal water 

microbial communities. Water contaminated with heavy metals has proven to contain 

Acidobacteria, Chloroflexi, and Bacteriodetes, for example, through analysis of 16S rRNA gene 

sequences amplified from DNA directly extracted from environmental water samples [288]. These 

phyla are very rarely cultivable in laboratory settings, with few isolates as examples [289]. But, the 

majority of species from these phyla are currently uncultivable in the lab. In addition, no studies 

up to date have discovered genes of metal resistance among these phyla. So cultivation-

independent techniques are essential to study these phyla and to discover new species with 

metal resistance that are also uncultivable. These techniques are key because the diversity of 

the cultivable portion of the microbial community and the microbial diversity obtained by direct 

amplification of 16S rRNA genes from water may differ significantly. In fact, the cultivation-

independent technique of 16S rRNA sequencing often yields a higher diversity with unknown 

microbial species.  

For instance, the renowned C. metallidurans CH34, which contains the cobalt, nickel, and 

chromate resistance determinants located on plasmid pMOL28. Similarly, the czc cobalt–zinc–
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cadmium resistance determinant, located on plasmid pMOL30, replicated and was transferred 

to another microorganism by HGT [290]. These processes facilitated a better adaptation of strain 

CH34 to heavy metals, and allowed for identification of metal resistant genes. The strain C. 

metallidurans CH34 has therefore gained increasing interest as a model organism to study its 

metal resistant genes for its potential implication in HGT with other microbial species. In fact, 

Brown reviewed the role of the ancient HGT in genome evolution and summarized various HGT 

events. He studied the role of HGT between different domains, because of the importance of 

HGT in understating the universal tree of life and using emerging species in practical applications 

[284]. Thus, studying molecular microbial ecology has an enormous potential for the discovery of 

consortia among the uncultured majority of microorganisms in the environment with metal 

resistant genes. 

1.12.3 Relationship between Microbial Community Structure and Metal Remediation 

Function   

Studies of biodiversity are important for environmental bioremediation due to the 

relationship between microbial populations and function[291],[292]. In particular, species richness 

(the number of species within a community) and species evenness (the sizes of species 

populations within a community) have been studied to understand engineered ecosystems 

where microbial activity has important implications on bioremediation of polluted sites. Such is 

the case of studies that assess the correlation between biodiversity and the operational 

parameters of activated sludge treatment systems [293],[294], the stability of various bioreactors 

[295], or the dynamics of microbial community structure in heavy metal contaminated sites 

[296],[297],[298].  The impact of biodiversity in heavy metal biosorption processes, however, has not 

been fully explored with complex microbial communities [110]. 
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The relationship between microbial biodiversity and the operational parameters of metal 

biosorption units has not been fully explored. Community diversity and evenness indices are 

typically evaluated using the Shannon Index (H’), the Shannon effective number of species (eH’), 

the Simpson Index (1/D), the Berger-Parker index (1/d), the Shannon Evenness (J’), the Simpson 

Evenness (E1/D), and the Smith and Wilson Evenness (Evar), and are presented in Figure 1-8. The 

diversity indices include both species richness and relative abundance in a single number and so 

they are typically used as a first approach to approximate the biological variability of species [293]. 

These parameters can be good indicators of the effect of metal content on the number of 

species and the distribution of species abundance in metal biosorption reactors. Different 

concentrations of heavy metals may impose selection for specific microbial types. Previous 

research has shown that water microbial communities contaminated with up to 1159 mg/L zinc 

ions can induce changes in the evenness and shift the species dominance between metal-

sensitive and resistant individuals in the population significantly[299]. Therefore, microbial 

communities used in metal biosorption reactors may also encounter shifts in their community 

structure when exposed to changes in metal concentrations [300]. So, future research should 

address the incorporation of diversity and evenness indices in the development of metal 

biosorption units.  

The operational parameters of metal biosorption reactors will dictate the stability of such 

reactors by maintaining the community composition that is most resistant to metals. For 

example, the flux of nutrients and metabolites to the reactor will affect the enzymatic and 

respiration rates of the individual species in a community. Enzymatic and respiration rates will in 

turn affect the overall composition of resistant species, the metal sorption mechanisms, and the 

sorption capacity for different metals. Also, the initial metal(s) concentration of the 
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contaminated effluent to be treated may shift the dominance between metal-sensitive and 

resistant individuals in a community and it may change the community’s threshold for metal 

toxicity [302]. pH is another important parameter that can affect the overall community 

composition and the metal(s) sorption capacity. Many studies have found that pH can affect the 

biomass-metal affinity due to changes in the biomass surface charge [303]. pH, however, can also 

affect the growth of microorganisms that  are more stable in certain pH ranges. Such is the case 

of acidophiles, which grow in acidic environments (pH=2 or below) and have shown metal 

resistance [304]. Similarly, the operating temperature and pressure can affect thermodynamic 

parameters of the enzyme catalyzed reactions, which may yield variations in metabolic rates 

and community structure. Biodiversity analyses will then be strongly associated with the 

stability of bioreactors utilized for metal removal in future treatment applications.  

 

FIGURE 1-12- INDICES USED TO QUANTIFY THE DIVERSITY OF SIMULATED BACTERIAL 

COMMUNITIES AND THEIR ASSOCIATED COMMUNITY PROFILES. REF.: BLACKWOOD 

ET AL., (2007) [301]. 

Studying biodiversity in consortia collected from environmental sites contaminated with 

metals is also fundamental for the discovery of new metal resistant species that can be used for 

remediation. Identifying the function of environmental species and describing the role of 

cultivable and uncultivable species has been one of the greatest challenges in microbial ecology. 
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Uncultivable consortia are particularly challenging because their diversity must be analyzed 

without growing them in the laboratory. Hence, culture-independent techniques for biodiversity 

analysis have become important tools to discover microbial consortia present in environmental 

sites contaminated with heavy metals, as often they have shown evidence of adaptation and 

increased metal tolerance [297],[298],[305],[306].  

Initial studies using clone libraries have served to understand the community structure of 

prokaryotes known to resist various heavy metals [306],[307]. Yet, building clone libraries can be 

time consuming, labor intensive, and may involve issues with vector compatibility and biases in 

library construction, particularly for complex microbial communities. Thus, research has inclined 

towards the use of 16S rRNA metagenomics. This technology is still under explored for heavy 

metal resistant microbial communities with just 5 publications [308],[309],[310],[311],[312]. More 

frequently, researchers have used genetic fingerprinting methods to investigate community 

structure such as: Denaturing Gradient Gel Electrophoresis (DGGE) analysis, Terminal Restriction 

Fragment Length Polymorphism (T-RFLP), and Amplified Ribosomal DNA Restriction Analysis 

(ARDRA) of rRNA genes [291],[313],[314]. Several authors have reviewed the use of these tools for 

biodiversity analysis of microbial communities [291],[315]. 

Microbial removal of metals has proven an effective technology with a large variety of 

microorganisms and pretreatment. But microbial consortia have an enormous, yet little 

explored potential to serve as a novel treatment technology. The future of microorganisms for 

metal remediation will depend on the development of new ideas to integrate microbial ecology 

with optimal reactor designs through the collaboration of researchers of different scientific 

backgrounds.  
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CHAPTER 2 TOXICITY OF A POLYMER-GRAPHENE OXIDE COMPOSITE AGAINST 
BACTERIAL PLANKTONIC CELLS, BIOFILMS, AND HUMAN CELLS 

2.1 RATIONALE AND OBJECTIVES 

Industrial and biomedical applications of graphene-based nanomaterials have recently 

become significant topics of discussion, because of the antibacterial properties of such 

nanomaterials. To date, the use of graphene-based nanomaterials as antimicrobial agents is still 

limited due to their low dispersibility in most solvents, human cytotoxicity in pure form, and 

high production cost [17, 316]. Nonetheless, PVK-GO nanocomposite, containing well dispersed 

graphene oxide (GO) in polyvinyl-N-carbazole (PVK) matrix, has caught particular attention 

because of its low GO content (97:3 (wt%) PVK:GO) and its greater stability and dispersion in  

water [317], than the pristine GO [317],[68]. The high content of PVK in the PVK-GO nanocomposite is 

particularly appealing due to the low cost of PVK fabrication by an adiabatic bulk polymerization 

process [318].  In addition, PVK provides photoconductive properties, coupled with excellent heat 

resistance [319], which are key elements for the development of molecular electronic devices 

where the phenomena of photoconductivity, charge transport and charge recombination are 

utilized [320]. Above all, the PVK-GO nanocomposite shows promising antibacterial properties 

that may serve as a long-term solution for bioimplants and biosensors [317], coatings for medical 

devices [22], and bactericidal agent for water treatment systems [69].   

To date, studies on biomedical, industrial, and water treatment applications of graphene-

containing polymer nanocomposites have been focused on either its antimicrobial 

properties[17],[317],[68],[22],[70] or on its human cytotoxity [68],[321],[322],[323]. In order for these graphene-

based nanocomposites to be safely used, they need to have both low human toxicity and 

antimicrobial characteristics. Recent studies have shown that  graphene-based nanomaterials 

have toxic effects to a variety of microorganisms, such as the Gram-negative bacteria E. 
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coli[68],[69],[70],[71] and Pseudomonous aeruginosa (P. Aeruginosa)[71]  and the Gram-positive 

Staphylococcus aureus (S. aureus) [68],[69]. However, in the case of PVK-GO, no studies, as of right 

now, have shown cytotoxicity to human cells and only one study suggested that it had 

antimicrobial activity against Escherichia coli (E. coli) [317]. This toxicity result of PVK-GO towards 

E. coli does not necessarily imply that it is toxic to all types of bacteria (Gram+ and Gram-), since 

in the environment there is a huge diversity of bacterial species that may interact differently 

with PVK-GO. Furthermore, microorganisms can be found in different forms in the environment, 

such as free swimming bacteria (planktonic stage) or as biofilms, i.e., as an aggregate of 

microbes surrounded by extracellular polymeric substances (EPS) [22]. 

Planktonic bacteria in the environment or in engineering processes can form colonies on 

surfaces to create biofilms. These microbial aggregates called biofilms can be 10 to 10,000 times 

less susceptible to an antimicrobial substance than the same organism in suspension [324]. The 

microbial protection, conferred by biofilm matrix polymers, is therefore more prone to create 

antibiotic-resistant infections causing a public health problem in the medical field [325], 

contaminate water distributions systems [326], and contaminate food in industrial settings [327]. 

Thus, the purpose of this study was to elucidate whether PVK-GO is toxic to human cells, 

bacterial planktonic cells, and biofilms to determine its suitability as an anti-microbial agent in 

biomedical and industrial settings without any harm to human cells. Specifically, this study 

focused on (i) the anti-microbial properties of PVK-GO on planktonic Gram-positive and Gram-

negative bacteria, (ii) the inhibition of biofilm formation on PVK-GO-modified surfaces, and (iii) 

the cytotoxicity effect on NIH 3T3 human fibroblast cells.  

The bacteria used in this work were pure cultures of Bacillus subtilis (B. subtilis) (Gram-

positive), Escherichia coli (Gram-negative), Rhodococcus opacus (R. opacus) (Gram-positive), and 
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Cupriavidus metallidurans CH4 (C. metallidurans) (Gram-negative). The first two microorganisms 

are commonly utilized as model organisms for toxicity studies, and thus are important for 

comparison with other studies [328, 329]. R. opacus was isolated from highly contaminated sites 

with hydrocarbons and is able to degrade several petroleum hydrocarbons [330].  C. metallidurans 

CH4 tolerates high concentrations of heavy metals [331]. They were selected for this study 

because they are resistant to environmental toxic compounds and they are usually found in 

highly contaminated areas. The results show that all four microorganisms had different levels of 

inactivation when exposed to 10-1000 µg mL-1 of PVK-GO. Most importantly, the addition of PVK 

(97 wt%) to only 3 wt% GO resulted in an increased dispersion of the nanocomposite, therefore 

increasing the interaction and inactivation of bacteria by 30-57%. Furthermore, the lower 

amounts of GO (30-fold lower) in the PVK-GO nanocomposite achieved ~47% reduced toxic 

effect to human cells than the pristine GO. 

2.2 EXPERIMENTAL 

2.2.1 Microorganisms and growth conditions. 

The bacterial strains used in the present study were Escherichia coli K-12 MG1655, Bacillus 

subtilis 102, Rhodococcus opacus ATCC 51881, and Cupriavidus metallidurans CH4. For all four 

microorganisms, we used tryptic soy broth (TSB) as growth media (Oxoid Ltd., Basingstone, 

Hampshire, England). As a bacterial buffer, phosphate-buffered normal saline tablets (0.01 M 

PBS, pH=7.4 at 25°C, 0.0027 KCl, 0.137 NaCl, Fisher Scientific, USA) were used.  

For all experiments, a single isolated colony was inoculated in 5 mL of TSB to grow overnight 

at 35 °C. The grown bacterial culture was centrifuged at 3,000 rpm for 10 min, and the bacterial 

pellet was washed once and resuspended in PBS. The optical density (OD) of the suspension was 

adjusted to 0.5 at 600 nm, which corresponds to a concentration of 107 colony forming units per 
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milliliters (CFU mL-1). The concentration was determined based on plate counts for each bacteria 

using tryptone soy agar (TSA) (Oxoid Ltd.).  

2.2.2 Preparation of Graphene Oxide (GO) in solution. 

The graphene nanoplatelets (GNPs) (purity ≥ 99.5%) were purchased from XG sciences [317]. 

The graphene oxide (GO) was prepared and characterized according to our previously 

publication [317]. Briefly, 3.0 g of the GNPs were oxidized by mixing with 18.0 g KMnO4. A mixture 

(9:1 v/v) of concentrated H2SO4/H3PO4 (360:40 v/v) was added to produce an exothermic 

reaction, and then the mixture was stirred and maintained at 50°C for 12 h. After, the mixture 

was cooled at room temperature, it was then poured into 400 mL of ice with 30% H2O2. 

Following this procedure, the solution was sifted through 425 µm and 250 µm US Standard 

Testing Sieves, and the flow through was further centrifuged at 4,000 rpm for 4 h. The solids 

were further washed with 200 mL millipore water, while passing it through another sieve (425 

µm and 250 µm US Standard Testing Sieves), the mixture was then centrifugated at the same 

speed for 1 hr. The residue was washed with 400 mL of absolute ethanol, then coagulated with 

200 mL of ether, and finally placed in vacuum oven to dry overnight. The GO stock solution was 

mixed with deionized (DI) water to obtain a final concentration of 1000 µg mL-1. For the 

antibacterial assays, subsequent dilutions were prepared. The dispersions of GO in water (1000 

µg mL-1, 500 µg mL-1, 100 µg mL-1, 50 µg mL-1, and 10 µg mL-1) were then stored at room 

temperature. Prior to each experiment, the samples were sonicated and vortexed. The 

characterization of the nanocomposite was published elsewhere [317]. 

2.2.3 Preparation of PVK-GO nanocomposites in solution. 

The poly-N-vinyl carbazole (PVK) was purchased from Sigma-Aldrich Chemicals (USA) 

(MW=25,000-50,000 g mol-1). The PVK-GO was prepared according to a previously reported 
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procedure [332]. The preparation involves a solution mixing process, where the weight/volume 

ratio of PVK and GO was dispersed by sonication for 1 h in DI water to obtain a final 

concentration of 1000 µg mL-1 of the nanocomposite. Briefly, a PVK solution of 5 mg mL-1 was 

prepared by sonicating PVK in N-cyclohexyl-2-pyrrolidone (CHP). After, 1 mL of the PVK solution 

was diluted in 4 mL of DI water, making 1 mg mL-1 of PVK solution. Then, the GO stock solution 

and the PVK were slowly mixed to a PVK-GO wt% ratio of 97:3, followed by further sonication 

for 30 min. DI water was added to the PVK-GO stock solution to obtain a final concentration of 

1000 µg mL-1. For the antibacterial assays, subsequent dilutions were prepared. The dispersions 

of PVK-GO in water (1000 µg mL-1, 500 µg mL-1, 100 µg mL-1, 50 µg mL-1, and 10 µg mL-1) were 

then stored at room temperature. Prior to each experiment, the samples were sonicated and 

vortexed. The characterization of the nanocomposite was published elsewhere [317]. 

2.2.4 Toxicity of nanomaterials to bacterial planktonic cells  

2.2.4.1 Exposure of planktonic bacteria to GO and PVK-GO nanocomposite.  

Aliquots of 180 µL of bacterial suspensions at 0.5 OD600nm in PBS were placed in a 96-well 

plate containing 20 µL of different concentrations of GO or PVK-GO in DI water (i.e., 1000 µg mL-

1, 500 µg mL-1, 100 µg mL-1, 50 µg mL-1, and 10 µg mL-1). Three replicates were used for each 

nanomaterial concentration and controls. Positive control samples were prepared with 180 µL 

of bacterial suspensions and 20 µL of DI water. Negative controls were prepared with 200 µL of 

media with GO or PVK-GO only. The PVK interaction with bacteria was also measured at the 

highest concentration, 1000 µg mL-1.  The 96-well plate was shaken at 50 rpm for 3h at room 

temperature to allow bacterial exposure to the nanomaterials.  Aliquots of 20 µL of the bacteria-

nanocomposite suspension were transferred to another 96-well plate containing 200 µL of broth 

media (TSB) for each microorganism.  
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2.2.4.2 GO and PVK-GO antibacterial determination against planktonic cells by optical density 

measurements  

The toxicity of GO, PVK, and PVK-GO to bacteria was evaluated after 3 h of exposure to 

these nanomaterials by determining the bacterial survival with growth curve measurements at 

OD600 as previously described [61]. Briefly, after the 3 h exposure, the bacteria were transferred 

into 200 µL of fresh media (t=0) and the optical density was measured at 600 nm every hour for 

a period of 5 h with a Synergy MX Monochromator-Based Multi-Mode Microplate Reader 

(BioTek). This procedure was repeated thrice. Since three replicates were used for each 

nanomaterial concentration, means and standard deviations were determined for each one of 

them. The OD curves were generated by plotting the average OD values versus growth time. 

From these growth curves, the OD600nm at mid-log phase for each microorganism were plotted 

and presented in Figure 2-2. Statistical analyses (Two-sided t-Test, 95% confidence interval) 

were performed to determine whether the OD values of the samples with GO or PVK-GO were 

significantly different from the control. Same statistical analysis was also performed between 

OD values from GO and PVK-GO samples.  

2.2.4.3 Antibacterial activity of GO and PVK-GO to planktonic cells by plate count method 

The toxicity of GO and PVK-GO was also detemined by plating the bacteria after 3 h 

exposure to the highest concentration of the nanomaterials (1000 µg mL-1). The same procedure 

previously mentioned (“Exposure of planktonic bacteria to GO and PVK-GO nanocomposite”) 

was used to expose the bacterial cells to the  nanomaterials. A control sample with DI water was 

also tested with each bacterial strain. After the 3h exposure, a serial dilution was performed 

with the bacteria. Non-diluted samples and all dilutions were plated in TSA media and incubated 

overnight at 37 °C. The antibacterial activity was quantified by counting the colony forming units 
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(CFU) in each plate (CFU/ml). The tests were performed for E. coli, B. subtilis, R. opacus, and C. 

metallidurans in triplicates. Averages and standard deviations were calculated from three 

replicates. The percent toxicity was expressed as the percent of the ratio of the dead cells 

exposed to the nanomaterial to the control cells.  

2.2.4.4 Cell viability measurements.  

Fluorescence imaging was carried out to determine the number of total and dead cells 

exposed to PVK-GO, PVK, and GO. For this experiment, 180 µL of the bacterial suspension were 

mixed with 20 µL of sample solutions at the most toxic concentration: GO (1000 µg mL-1), PVK-

GO (1000 µg mL-1), and control (sterile deionized water). The nanomaterials concentrations 

were selected based on the highest level of toxicity observed for each bacterium in the section 

“GO and PVK-GO antibacterial determination against planktonic cells by optical density 

measurements”. Each nanomaterial-bacteria solution mixture was incubated for 1 h (without 

shaking) at room temperature. An aliquot of 3 µL was placed in a glass slide, stained, and 

imaged under fluorescent microscope. For each mixture of bacteria-nanomaterial, three 

replicates were done and six images were taken per each replicate to yield a total of 18 images 

per solution. The experiment was repeated three times.  

To determine the total amount of live and dead cells in the bacteria-sample suspension, the 

mixture was stained with Live/Dead Baclight bacterial viability kit (Invitrogen) as described by 

the manufacturer in their technical bulletin. The kit employs two nucleic acid dyes: SYTO 9 

(green) and propidium iodide (red). The kit stains all cells in green (SYTO9) and dead cells with 

damaged membranes in red (propidium iodide). The fluorescent images were taken on a BX 51 

Olympus Fluorescent Microscope (Leeds Instrument Inc.) equipped with a DP72 digital camera 

under a 100x objective and a Fluorescinisothiocyanate (FITC) filter. All images were acquired and 
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analyzed using Cell Sens Dimension digital imaging software (Olympus). The same software was 

used to count the cells for each of the 18 images during each trial. The percentage of inactive 

cells was expressed as the percent of the ratio of the total number of inactive (red) cells to the 

total number of bacteria (green) attached. Average and standard deviation values were 

calculated on the percentages based on that cell count. 

2.2.4.5 Scanning Electron Microscopy (SEM).  

The Scanning Electron Microscopy (SEM) images were taken for all bacteria in pure culture, 

GO, PVK-GO, PVK, bacteria - GO mixture, and bacteria - PVK-GO mixture. For the nanomaterial 

samples GO, PVK-GO, and PVK, a drop of the solution at a concentration of 1000 µg mL-1 was 

placed directly onto the lacey carbon film supported on a 200-mesh Cu grid (SPI applies, West 

Chester, PA.) and left to dry overnight. The bacteria, bacteria-GO, and bacteria-PVK-GO samples 

were prepared following the procedure described by Li, et al [17]. Briefly, the samples were fixed 

with 2% glutaraldehyde solution for 1 h. The post fixation involved washing the solution three 

times with sodium cacodylate buffer, and the dehydration step was done in an ethanol series 

(25, 50, 75, 95, 100% v/v). Finally, 1,1,1,3,3,3 Hexamethyldisilazine (98%, Acros organics) was 

added. A drop of this solution was placed on the grid, and dried overnight at room temperature. 

The samples were then analyzed under the SEM, a Hitachi S-4800-II ultrahigh resolution 

scanning electron microscope that is also equipped with a transmission electron detector (TE). 

Both the transmission and the scanning electron detectors were used during the experiments, 

and the accelerating voltage was set at 30 KV with an emitting current of 10 µA. The working 

distance between the samples and the objective lens was set at 6 mm.  

2.2.4.6 Metabolic Activity Assay. 

The metabolic activity of bacterial cells after 1 h exposure to nanomaterials was tested using 
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Vybrant Cell Metabolic Assay Kit (Molecular Probes). Briefly, to each well in a 96 well flat bottom 

plate (Costar 3370, Corning, NY) was added 180 μL of the bacterial solution containing E. coli 

and B. subtilis at a cell concentration of 107CFU/mL, and 20 μL of the nanocomposite solution in 

deionized water: PVK (1000 µg mL-1), PVK-GO (1000 µg mL-1), and GO (1000 µg mL-1). Each 

nanomaterial-bacteria mixture was prepared in triplicates. The control samples contained 20 µL 

of deionized water only with 180 µL of bacterial suspensions. The plates were then incubated at 

37°C and shaken at 50 rpm for 1h. After which, a 10 μL solution of C12-resazurin (10 μM) was 

added to each well and the plate was then incubated for 15 min at 37°C. After 15 min, 50 μL of 

the sample-bacterial mixture was transferred to a clear bottom black plates (Corning, VWR) and 

the viable bacteria was monitored using Synergy MX Microtiter plate reader (BioTek) by 

measuring the fluorescence intensity of the resorufin product at optical density of 587 nm. The 

results were reported in terms of % difference in metabolically active cells, which were 

calculated by taking the ratio of the fluorescence intensity acquired for each sample to the 

fluorescence intensity of the control multiplied by 100. 

2.2.5 Toxicity in Biofilms 

2.2.5.1 Biofilm growth inhibition assay.  

The bacterial cultures were exposed to nanocomposites for 48 h using the same procedure 

mentioned above with the 96-well plates, to allow biofilm formation. The bacterial culture in 

TSB was mixed with each nanomaterial concentration in the 96-well plates, and then they were 

incubated at 35oC for 48 h. The samples were treated according to the crystal violet staining 

method described elsewhere [333].  Briefly, supernatant from the wells in the plate were poured 

out and the plate was washed three times. For staining, 300 µL of 0.1% crystal violet was added 

in each well and incubated for 20 min at room temperature. After incubation, the staining 
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solution was poured out and washed three times. In each well, 300 µL of 80% ethanol with 20% 

acetone (v/v%) were added and the plate was read at OD540nm. Six replicates were done for each 

sample concentration. Averages of the OD540 measurements from wells without bacteria 

(blanks) were calculated and subtracted from the measurements from wells with bacteria. The 

standard deviations were also calculated for each sample. Statistical analyses were performed 

as described in the section "GO and PVK-GO antibacterial determination against planktonic cells 

by optical density measurements." 

2.2.5.2 Preparation of PVK-GO nanocomposite films.  

The preparation of the PVK-GO nanocomposite films were done according to previously 

reported procedure [317]. Briefly, indium tin oxide (ITO) (0.5 in x 0.5 in) was used as the substrate 

for PVK-GO nanocomposites and conducting polymer network (CPN) film fabrication. After 

thoroughly cleaning the surface, it was sonicated in deionized water, isopropanol, hexane and 

toluene, followed by a drying step in an oven or under a stream of N2. A drop of PVK-GO solution 

was then spin-coated onto the substrate to deposit a film in surface, and dried in a vacuum oven 

for 24 h at 700°C. Electrodeposition was then completed by using cyclic voltametry experiments 

with a three electrode set-up from a solution of 0.1 M tetrabutyl ammonium 

hexafluorophosphate (TBAH) dissolved in acetonitrile (ACN). 

2.2.5.3 Biofilm assays on coated ITO surfaces.  

The coated ITO surfaces with PVK-GO, PVK, GO films, and unmodified ITO substrate were 

individually placed in a 12 well-plate (Falcon). Each bacterial solution was exposed to a bare ITO, 

GO, PVK-GO, and PVK surfaces for 48 h in a 12-well plate. To each well, 3 mL of bacterial culture 

at 0.5 OD600nm in TSB were added. The surfaces were transferred to another 12 well-plate, fixed 

with 150 µL of 2% glutaraldehyde solution, and incubated at room temperature for 1 h. The 
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surfaces were dehydrated in an ethanol series (25, 50, 75, 100% v/v), and left to dry overnight at 

room temperature. Then, each surface was analyzed under the Atomic Force Microscope (AFM). 

The AFM Pico SPM II (PicoPlus Molecular Imaging-Agilent Technologies) was used in this study to 

investigate  biofilm formation and morphology on ITO surfaces coated with GO, PVK, and PVK-

GO nanocomposite. The AFM images were developed under the MAC Mode, in which the tip 

makes intermittent contact with the sample as the tip oscillates near its resonance frequency. 

The largest size scanner was used, with a range of 100 µm × 100 µm with a 7 µm z-range. Gram-

positive and Gram-negative bacteria were used for this experiment. 

2.2.5.4 The plate agar assay on coated and uncoated surfaces.  

For the plate agar test ITO modified and unmodified surfaces were incubated in a 12 well-

plate at 37 °C (without shaking) for 1 h. The film samples were removed and gently rinsed with 

PBS to wash any unattached bacteria to the surface. The surfaces were then transferred to TSA 

plates (with the coated side facing down onto the agar surface) and incubated overnight at 37 °C 

(without shaking). The antibacterial activity was quantified by measuring the diameter of 

bacterial growth around the ITO modified and unmodified surfaces. The tests were performed 

for E. coli and B. subtilis, in triplicates, and the growth values expressed in millimeters. Averages 

and standard deviations were calculated from three replicates. The percent toxicity was 

calculated from the bacterial growth on the plates (in millimeters), based on the following 

equation: 

     . 

2.2.6 Cytotoxicity assay on NIH 3T3 Fibroblast cells. 

The cytotoxicity of the PVK-GO, GO, and PVK nanocomposite sample solutions was 
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performed using CellTiter 96 AQueous (Promega) and was tested against NIH 3T3 Fibroblast 

cells. The NIH 3T3 Fibroblasts (gift from Dr. Albee Messing of the University of Wisconsin-

Madison) were cultured at 37 °C in a growth media containing 86% of Dulbecco’s modified 

Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), 1% antibiotic (penicillin-streptomycin), 

1% 4-(2- hydroxyethyl-1-piperazineethanesulfonic acid; HEPES, 1 M), 1% L-glutamine, and 1% 

minimum essential medium (MEM) nonessential amino acids solution 10 mM (100×; GibcoBRL). 

Fibroblast cells of passages 129 and 132 were harvested from culture flasks by 10-12 min 

incubation with 0.25% trypsin and were resuspended in the growth media. Cell number was 

determined using a hemacytometer.  The assay kits used contained 3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and an electron 

coupling reagent, phenazinemethosulfate (PMS). 

Cells were seeded onto a 96-well plate with a seeding density of 2.5x104 cells/100 μL. The 

plate was incubated at 37 °C and 5% CO2 in humidified air for 24 h. The cell culture medium was 

then aspirated from the wells and the plates containing cells were gently rinsed with DMEM to 

remove any non-adherent cells. After which, 100 μL of the 1000 μg mL-1 sample (PVK-GO, PVK, 

GO) was added onto each well containing cells and incubated for 24 h at 37°C with 5% CO2. After 

the incubation, the test sample solutions were aspirated and the wells were rinsed three times 

with DMEM.  The adherent cells were evaluated for their viability using MTS assay as described 

in the Promega technical bulletin. Briefly, MTS and PMS detection reagents were mixed, using a 

ratio of MTS/PMS 20:1, immediately prior to addition to the cell culture media DMEM at a ratio 

of detection reagents/cell culture medium 1:5. Then, the aspirated wells containing the samples 

were incubated for 2h at 37°C in a 5% CO2 atmosphere. A sample of culture medium was used as 

a “medium only” control. The untreated cell suspension was used as a negative control. For the 
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positive control, 4% paraformaldehyde in PBS buffer was added to the cell grown on the plate. 

The absorbance of the formazan was read using a Synergy MX Microtiter plate reader (BioTek) 

at wavelength of 495 nm. All experiments were done in triplicate. The results were averaged 

and standard deviations were calculated. 

2.3 RESULTS AND DISCUSSION 

The effect of PVK-GO on bacteria was studied for planktonic cells and biofilms, as shown in 

Figure 2-1- Stage 2. The planktonic Gram-positive and Gram-negative bacteria interaction with 

PVK-GO was evaluated by using five methods (live and dead assays, plate count method, 

bacterial metabolic activity, scanning electron microscopy (SEM), and optical density (OD) 

growth measurements).  Subsequently, we analyzed the inhibition of biofilm formation when 

exposed to PVK-GO.   The initial phase of biofilm formation was investigated in Stage 2-step 2, as 

shown in Figure 2-1. In this step, indium tin oxide (ITO) surfaces were coated with PVK-GO and 

the initial attachment of bacteria to PVK-GO coated surfaces was measured by agar plate test. 

Next, the mature biofilm formation was studied in step 3 (Figure 2-1) by measuring the 

inhibition of the mature biofilm on top of uncoated and coated surfaces with PVK-GO, GO, and 

PVK through atomic force microscopy (AFM) imaging with a Pico SPM II (PicoPlus Molecular 

Imaging-Agilent Technologies), under MAC mode  (A). In addition, we measured the ability of 

planktonic microorganisms to form mature biofilms in the presence of suspended PVK-GO by 

biofilm biomass quantification measurements (B). 

2.3.1 Determination of PVK-GO and GO toxic concentrations for planktonic bacteria 

Gram-positive and Gram-negative microorganisms in planktonic phase are commonly found 

in natural and engineered aquatic systems. Furthermore, planktonic cells are normally more 

sensitive to adverse environmental conditions and toxic materials than biofilms [334].  
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FIGURE 2-1- ANTIBACTERIAL MEASUREMENTS AT VARIOUS STAGES OF BACTERIAL CELL 
INTERACTION WITH THE PVK-GO NANOCOMPOSITE. 

TABLE 2-1- REPRESENTATIVE GO CONCENTRATIONS IN PVK-GO NANOCOMPOSITE SAMPLES 

[PVK-GO] (97:3 wt%) 
(µg mL-1) 

Representative [GO] 
(µg mL-1) 

10 0.3 
50 1.5 

100 3.0 
500 15 

1000 30 

 

As shown in Figure 2-1- Stage 2, the first step of bacterial interaction with the 
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nanocomposite PVK-GO is usually in the form of planktonic cells. Therefore, different 

concentrations (Table 2-1) of the nanocomposite were tested to determine the most toxic 

concentrations to both Gram-positive and Gram-negative microorganisms in planktonic stages. 

During this phase, the antimicrobial activity of different concentrations of PVK-GO was 

determined by growth measurements after 3h exposure to the nanomaterials (Figure 2-2).  

Results for each bacterium (Figure 2-2) showed that the highest concentration of GO (i.e., 30 

µg mL-1) in the PVK-GO nanocomposite was the leading antibacterial agent with 7 to 16% higher 

antimicrobial activity than GO alone, for E. coli, B. subtilis, and R. opacus. The symbols * + in 

Figure 2-2 correspond to statistically different results between the control and the different GO 

samples, respectively with a 95% confidence interval. Only C. metallidurans exhibited greater 

inactivation when treated with the highest concentration (i.e., 1000 µg mL-1) of GO, than with 

the highest concentration of PVK-GO (i.e., 1000 µg mL-1). However, among all the PVK-GO 

concentrations (Table 2-1) tested, 1000 µg mL-1 was still the most effective concentration 

against C. metallidurans. PVK, on the other hand, was not toxic to any of the bacterial strain 

used in this study. 

These results strongly suggest that different microorganisms have different levels of 

tolerance to GO and PVK-GO. As previously mentioned, the Gram-negative bacteria C. 

metallidurans was the only bacteria to exhibit greater inactivation (13% higher) when treated 

with the highest concentration of GO, than with the highest concentration of PVK-GO. Unlike 

the tested Gram-positive bacteria, which presented a percent inactivation of 7-12% higher with 

PVK-GO than with GO. Since the Gram-positive and Gram-negative microorganisms did not 

present the same inactivation level at the same concentrations of PVK-GO or GO, we attributed 

this behaviour to the differences in cell wall structure, their different ability to cope with 
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environmental stresses, and the protective effect of the outer membrane surface properties 

[335].   
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FIGURE 2-2- BACTERIAL GROWTH MEASUREMENTS AT MID-LOG PHASE AFTER 3H EXPOSURE TO 

DIFFERENT NANOMATERIALS.  

Furthermore, it can be inferred that toxic effects of GO and PVK-GO in these four 

microorganisms is concentration dependent, since all of them were sensitive to the highest 

concentrations of GO in the PVK nanocomposite. The most toxic concentration of PVK-GO 

observed in this study was 1000 µg mL-1, which contained 30 µg mL-1 of GO. This trend in the 

increase toxicity with the increase in nanomaterial concentration has been reported in several 

other studies with other carbon-based nanomaterials [70],[61]. 

2.3.2 Time dependent viability of planktonic cells exposed to GO and PVK-GO. 

To determine whether the cell survival is dependent on contact time, experiments exposing 

bacterial cells for 1 h and 3 h were performed with the highest toxic concentrations of GO and 

PVK-GO (1000 µg mL-1) using the live and dead assay and the plate count method (Table 2-2, 

Figure 2-3, Figure 2-4). The summary of the results for PVK-GO and GO exposure time assays are 

represented in Table 2.  
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TABLE 2-2- PERCENTAGE TOXICITY OF PLANKTONIC CELLS EXPOSED TO PVK-GO AND GO 

 PVK-GO 
(Representative 

[GO] = 30 µg mL-1) 

GO 
(1000 µg mL-1) 

Exposure Time 1h 3h 1h 3h 
E. coli 89.1±6.3 100%±0 62.0±5.4 100%±0 

85%±2 
92%±1 
89%±9 

C. metallidurans 92.3±5.6 100%±0 62.3±1.6 
B. subtilis 89.4±4.8 100%±0 75.3±2.3 
R. opacus 90.5±6.5 100%±0 78.6±5.7 

E. coli C. metallidurans R. opacus B. subtilis
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FIGURE 2-3- PLATE COUNT (CFU/ML) FOR E. COLI, C. METALLIDURANS, B. SUBTILIS, AND R. 
OPACUS. 

The results show that maximum anti-microbial activity against both Gram-positive and 

Gram-negative bacteria was achieved after 3h exposure to GO and PVK-GO at concentrations of 

1000 µg mL-1 (Table 2-2). If we define toxicity as the percent of total number of inactive cells 

after exposure to the nanomaterial divided by the total number of alive cells in the control 

sample,  the bacterial exposure to 1000 µg mL-1 of GO and PVK-GO nanocomposites for 1 h was 

toxic, but was much less toxic than the 3 h exposure. For instance, PVK-GO (1000 µg mL-1L) led 

to ~100% bacterial inactivation for all bacteria tested in this study (Table 2-2), while GO led to an 

inactivation of 85% to up to 100% after 3 h of exposure. These results suggest that the 

antibacterial activity of graphene-based nanomaterials is also time dependent.  This time 
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dependency of toxic effects of GO and PVK-GO on bacterial cells was also observed with other 

carbon-based nanomaterials [335],[61]. 

  

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2-4- REPRESENTATIVE FLUORESCENCE IMAGES OF B. SUBTILIS AFTER 1 H EXPOSURE TO 
GO AND PVK-GO. Green cells = total number of bacteria, and red cells = bacteria with 
compromised membrane. 

The possible reason for bacterial resistance to carbon-based nanomaterials at shorter 

exposure times is still in debate. The two most hypothesized mechanisms of toxicity for 

graphene-based materials are physical disruption of cell membrane and oxidative stress [70],[68]. It 

is possible that not all bacterial cells had enough time to be in contact with GO and PVK-GO to 

be fully inactivated, therefore they could still replicate and recover growth. However, in order to 

establish a comprehensive mechanism of nanomaterials toxicity toward bacteria more studies 

need to be conducted, as nanomaterials toxicity depends on concentration, size, exposure time, 



 
 

88 
 

and cell type [336]. 

It is also worth noting that even though the representative concentration of GO in the 

nanocomposite PVK-GO (30µg mL-1) was much smaller than the concentration of the sample 

with GO only (1000 µg mL-1), B. subtilis presented 14% higher loss of viability when exposed to 

PVK-GO than pure GO (Table 2-2). In the same way, after 1 h of exposure to the nanomaterials, 

E. coli, C. metallidurans, and R. opacus showed 27, 30, and 12% higher loss of viability after 

exposure to PVK-GO than GO alone. Additionally, these results demonstrated that the addition 

of PVK to the GO nanomaterial in suspension did not hinder its antibacterial property but 

showed an enhanced bacterial toxicity, compared to GO alone, for different types of 

microorganisms. In our previous study we demonstrated improved dispersion of GO in the 

presence of PVK in aqueous solution [317]. Therefore, we suggest tha the increase dispersion of 

GO in the nanocomposite led to the increase in the antimicrobial activity of GO in the 

nanocomposite, due to a better surface area contact of the nanomaterial with the bacteria. This 

increasing in anti-microbial property caused by a better dispersion of the nanomaterial in 

solution was observed previously with other nanomaterials [61]. 

2.3.3 Scanning electron microscopy (SEM) imaging of Planktonic cells exposed to 

nanomaterials 

The next step of our investigation involved the understanding of the interaction of the 

nanocomposite with the microorganisms through SEM imaging. The SEM images (Figure 2-5e 

and Figure 2-5f) showed that GO and PVK-GO seemed to be “wrapping around” the cells. In 

these figures, the cells still maintained their rod shape and cell integrity. These cell images show 

a different behavior than the cells exposed to single-walled carbon nanotubes (SWNTs), which 

were flattened and had their membranes completely disrupted as previously described in the 
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literature [64]-[337]. Similar SEM results were also obtained by Akhavan et al., with graphene 

nanosheets [68]. The authors suggested that the bacteria were trapped within the aggregated 

sheets of graphene, therefore they could not proliferate in the culture medium and consume 

the nutrients in their surrounding environment [338]. Hence, the lack of cell deformity observed in 

the present study indicates that GO and PVK-GO might have a different mechanism of toxicity,  

which involves ‘wrapping‘ of the bacterial cells and inhibtion of bacterial growth, instead of 

puncturing the cells, as previously suggested for carbon nanotubes and graphene oxide 

nanowalls (GONW)[68]. Figure 2-5f also shows that PVK-GO could wrap around the bacteria cells 

more completely and heavily than GO alone, possibly due to the polymer matrix.  

 
FIGURE 2-5- SEM IMAGES OF THE NANOMATERIALS AND B. SUBTILIS AFTER INTERACTION. a)  B. 

subtilis at 20k; b) GO at 40k; c) PVK-GO at 40k; d) PVK at 100k; e) B. subtilis - GO at 20k; f) B. 
subtilis – PVK-GO at 20k magnification. 
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FIGURE 2-6- BIOFILM BIOMASS MEASUREMENTS BY THE CRYSTAL VIOLET ASSAY AT 540NM.  

Biofilms of (a) E. coli, (b) C. metallidurans, (c) B. subtilis, and (d) R. opacus treated with GO 
and PVK-GO at different concentrations.  

2.3.4 Metabolic Activity Assay 

To confirm the results from the SEM image analyses that PVK-GO can disrupt the microbial 

growth by interrupting the metabolic activity (i.e., interrupt the nutrient metabolism) we 

performed the Vybrant Cell Metabolic Assay. This method measures the turnover of NADH 

and/or NADPH, which are involved in the metabolic biochemical reactions of viable cells 

[339],[340],[341]. Previous studies have shown that the carbon nanotubes’ toxicity on bacterial cell is 

related to the disruption of the intracellular metabolic pathway, which eventually leads to cell 

death [64], [342]. 

Figure 2-7 depicts the effect of the nanomaterial on the bacterial metabolic activity of 

bacteria after 1 h exposure to the nanomaterials. Clearly, lower percentages of metabolically 

active bacteria were observed for all bacteria exposed to GO-containing nanomaterials (GO, 

PVK-GO) while those exposed in PVK showed higher amounts of metabolically active bacteria. 

These results suggest that the nanomaterial and the nanocomposite disrupt the metabolic 
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activity of the bacteria possibly due to induced “encapsulation” of the cells by the nanomaterial, 

as observed in the SEM images. This finding differs from previous studies revealing destruction 

of bacterial membrane caused by GO [70].  
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FIGURE 2-7- PERCENTAGE METABOLIC ACTIVITY DIFFERENCE OF PLANKTONIC BACTERIA AFTER 

1H EXPOSURE TO 1000 µG ML-1 PVK-GO, GO, AND PVK. 

2.3.5 Biofilm growth inhibition assay exposed to nanomaterials 

The impact of related carbon-based nanomaterials (CBNs) on biofilm formation has been 

primarily studied for single[333] and multi-walled[343] carbon nanotubes. Although other studies 

have shown the antibacterial properties of pure GO to planktonic cells [68, 70, 344], the effect of GO 

and PVK-GO on the development of biofilms has not been evaluated. Therefore, this assay was 

performed to determine whether planktonic microorganisms in aquatic systems can, with time, 

still form biofilms in the presence of these toxic nanomaterials [324]. 
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TABLE 2-3- PERCENT OF BIOFILM GROWTH INHIBITION WHEN EXPOSED TO PVK-GO AND GO 

 PVK-GO 
(Representative 

[GO] = 30 μg mL-1) 

GO 
(1000 µg mL-1) 

Exposure Time 1h 48h 1h 48h 
Experiment Agar plate test OD540 Agar plate test OD540 

E. coli 42.1±8.4 93.6±4.5 19.6±7.6 67.7±7.9 
C. metallidurans - 95.3±5.2 - 37.9±4.8 

B. subtilis 53.6±5.1 97.0±4.8 20.8±5.9 60.9±4.3 
R. opacus - 73.3±4.1 - 42.8±6.3 

 

The development of mature biofilms from planktonic cells can take 24 h or more depending 

on the microorganism and on the environmental conditions [196]. In this study, we investigated 

toxic effects of PVK-GO and GO on biofilm formation for both Gram-positive and Gram-negative 

bacteria through the crystal violet methodology22, as seen on step 3 of Figure 2-1 [345]. Figure 2-6 

shows the results of Gram-negative and Gram-positive biofilms formed in the presence of GO 

and PVK-GO at different concentrations (The symbols * + correspond to statistically different 

results (95% confidence interval) between the control and the GO samples, respectively). These 

results demonstrated that the biofilm microbial inhibition in the presence of PVK-GO increases 

directly proportional to the concentration of the nanocomposite in the environment. It is worth 

point out that this effect was observed for both planktonic cells (Figure 2-2) and biofilms (Figure 

2-6) exposed to higher nanocomposite concentrations, being 1000 µg mL-1 the most toxic 

concentration. PVK-GO antibacterial effects were up to 30% (planktonic cells), and 57% 

(biofilms) higher than the antimicrobial effect of GO alone. 

For instance, the highest PVK-GO concentration (Table 2-3) showed inhibition of biofilm 

growth of E. coli cells by as much as 93.6 ± 4.5% relative to the control; while for the GO 

samples, only 67.7 ± 7.9% inhibition was observed. Similar studies with CBNs, such as SWNT, 

showed E. coli biofilm growth inhibition of up 50%, relative to the control [333]. C. metallidurans 

showed a maximum inhibition of 95.3 ± 5.2% when treated with PVK-GO and only 37.9 ± 4.8% 
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with GO. Similarly, the Gram-positive bacteria experienced a greater biofilm growth inhibition 

for PVK-GO than GO samples, i.e., B. subtilis and R. opacus showed up to 97.0 ± 4.8 and 73.3 ± 

4.1% inhibition respectively, for PVK-GO samples, whereas GO samples showed 60.9 ± 4.3 and 

42.8 ± 6.3% inhibition, respectively. These results suggest that long-term exposure of planktonic 

microorganisms to the nanocomposite do not recover and form biofilms on surfaces. Therefore, 

the nanocomposite has long-term anti-microbial property on planktonic cells.  

2.3.6 Biofilm formation on coated GO and PVK-GO surfaces 

The potential use of an antimicrobial agent as coating is limited by its ability to attach to the 

surface, and the retention of its antibacterial property. The well-dispersed nanocomposite PVK-

GO forms a conducting polymer network (CPN), which facilitates its electrodeposition to a 

surface without compromising its antibacterial activity, a property desirable in anti-microbial 

coatings [17]. 

 In order to determine the inhibition of biofilm formation on coated surfaces with the 

nanocomposite (PVK-GO) and GO, we evaluated the amount of cells deposited and the amount 

of cells that could proliferate on top of unmodified, GO, PVK-GO and PVK-modified surfaces by 

means of AFM imaging. The results show that the PVK-coated and uncoated surfaces showed 

similar behavior of biofilm growth for E. coli (Figure 2-8b,a). Additionally, the GO-modified 

surface (Figure 2-8c) presented a higher growth inhibition than both PVK and the bare ITO; and 

the modified PVK-GO showed an especially dominant antimicrobial activity compared to the 

unmodified surfaces and PVK films, as shown in Figure 2-8. Similar results were observed for the 

other microorganisms in this study. 

Further analyses using agar plate test were performed to determine the viability of the 

biofilm formed on top of the modified surfaces. The agar plate measures the radius of bacterial 
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growth around the coated surfaces incubated on the plates. Results showed that GO-modified 

surfaces were successful in inactivating E. coli and B. subtilis, by approximately 19.6 ± 7.6% and 

20.8 ± 5.9% respectively, whereas the PVK-GO modified surfaces showed inactivation of 42.1 ± 

8.4% and 53.6 ± 5.1%, respectively, as shown in Figure 2-8 and Table 3. 

Furthermore, when we compare the results obtained for planktonic versus biofilm growth 

inhibition after 1 h exposure to the nanomaterials (Table 2-3), we observed that planktonic cells 

have a higher loss of viability than biofilms for all bacteria.  This higher succeptibilty of 

planktonic cells to anti-microbial agents than biofilms has been previously observed for single-

walled carbon nanotubes and other anti-microbial chemicals [333]. Additionally, PVK-GO shows 

maximum growth inhibition for biofilms after 48h, thus after long term exposure the 

nanocomposite still presents a significant toxic effect to microorganisms.  

 

FIGURE 2-8- AFM IMAGES OF E. COLI BIOFILMS AFTER 48 H GROWTH ON A) BARE ITO, B) PVK-
MODIFIED, C) GO-MODIFIED, AND D) PVK-GO-MODIFIED 

2.3.7 Cytotoxicity assay on NIH 3T3 Fibroblat cells.  

The antimicrobial properties of CBNs open a window of opportunities for biomedical 

applications [346], particularly for graphene based nanocomposites. However, it is critical to 

evaluate the adverse effects of these nanomaterials to human health in order to develop safe 

medical devices.   

In humans, it has been shown that GO can generate reactive oxygen species (ROS)[347] and, 

depending on the human cell line, GO can be slightly toxic at concentrations varying from 50 µg 
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mL-1 [323] to 100 µg mL-1 [348]. However, when these nanomaterials are combined with other 

biologically compatible polymers (e.g., PEGylation), they exhibit negligible in vitro toxicity to 

many cell lines and animals, even at high concentrations up to 100 µg L-1 [349, 350].  Similar results 

were observed in animals [323, 350]. 

To investigate the cytotoxicity effects of the nanocomposite against human cells, NIH 3T3 

Fibroblast cells were exposed to the most toxic concentrations of GO, PVK-GO, and PVK (1000 

µg mL-1) for 24 h (Figure 2-9).  
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FIGURE 2-9- PERCENT CYTOTOXICITY OF NIH 3T3 FIBROBLAST CELLS AFTER 48 H OF EXPOSURE 

TO 1000 µG ML-1 OF GO, PVK-GO, AND PVK IN SOLUTION. The positive control 
includes the cells with 4% paraformaldehyde in PBS buffer.  

As shown in Figure 2-9, the nanocomposite PVK-GO with 30 µg mL-1 of GO showed a low 

toxicity of 7.3 ± 9.4% after exposure to the nanocomposite (* denotes statistically significant 

difference with respect to the control (p<0.001). In addition, the 1000 µg mL-1 of GO and PVK 

samples presented a toxicity of ~13.7 ± 6.2% and 9.9 ± 4.4%, respectively. These results 

presented a very low human toxicity, which make them very promising materials for 
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applications that involves human exposure. Furthermore, these results, showed that it is 

possible to reduce the concentration of GO to levels that are non-toxic to humans and animals 

and at the same time maintain the antimicrobial properties of GO by adding the PVK polymer. 

2.4 CONCLUSIONS 

Nanocomposites with efficient antibacterial properties and non-toxic to humans have an 

enormous potential for industrial, biomedical, and water treatment applications.  Most 

importantly, the recently developed nanocomposite PVK-GO has been demonstrated to have 

higher antimicrobial effects than GO alone, with 97% lower concentrations than the pure 

nanomaterial. In fact, PVK-GO antibacterial effects were observed to be up to 30% (planktonic 

cells), and 57% (biofilms) higher than the antimicrobial effect of GO alone. Tables 2-2 and 2-3 

summarize the percent toxicity of PVK-GO (30 µg mL-1 GO) and GO (1000 µg mL-1) against all 

microorganisms used in the study. Our findings confirm that the addition of the polymer PVK to 

the nanomaterial GO does not hinder the antimicrobial properties of the nanocomposite, but 

enhances them due to the increased dispersion caused by the polymer. Furthermore, the 

retention of the PVK-GO antimicrobial activity on ITO surfaces showed that this nanocomposite 

can also potentially be used as coating for medical devices. 

Additionally, we confirmed that human cells exposed to the nanocomposite PVK-GO have a 

higher percent viability than cells exposed to concentrations of GO 30-fold higher. Thus, the 

potential use of this nanocomposite in biomedical applications is enormous, because of its 

antimicrobial properties and low toxic effects to humans. The reduced composition of GO in the 

nanocomposite provides an incentive for its large scale production due to the relatively low-

cost, high-yield process to manufacture high molecular weight polymers. 
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CHAPTER 3 GRAPHENE OXIDE FUNCTIONALIZED WITH ETHYLENEDIAMINE 
TRIACETIC ACID FOR HEAVY METAL ADSORPTION AND ANTI-MICROBIAL 
APPLICATIONS 

Isis E. Mejias Carpio,  Joey D. Mangadlao, Hang Nguyen,  Rigoberto C. Advincula, and Debora F. 
Rodrigues  
 

3.1 RATIONALE AND OBJECTIVES 

The development of novel and multifunctional nanomaterials has attracted considerable 

attention over the past decade [68, 344, 351-360]. Yet, major challenges still arise when designing 

nanomaterials that hold antimicrobial and metal adsorption properties needed for biomedical 

[22, 361, 362],  catalytic [354, 363, 364], and environmental applications [365, 366]. Materials with metal 

adsorption capabilities can facilitate the production of  electrocatalysts capable of converting 

and storing energy [353, 367, 368], chemical sensors for medical diagnostics and food quality control 

[369], and adsorbents for water treatment systems [4, 370-372]. These applications may, however, be 

hindered by biofouling resulting in microbial pathogenicity towards humans or inhibition of the 

processes performed by these materials. Thus, it is important to develop materials that hold 

antimicrobial properties to prevent the growth and proliferation of microbes on surfaces to 

maintain their efficiency and to protect the public health. Carbonaceous nanomaterials, such as 

graphene oxide (GO), have the surface chemistries to function as adsorbents of heavy metals 

[373-376] and antibacterial agents [58, 61-63, 68, 72, 344].  Because of this dual functionality, GO offers 

numerous opportunities for its application in water treatment systems [58, 69, 377], in the 

development of graphene-metal sensors [378, 379], and the synthesis of non-biocorrosive materials 

for numerous catalytic applications [353, 354, 380]. Additionally, GO has huge potential for new 

applications because of the endless functionalization possibilities of its surface. In the present 

work, we functionalized GO with silanized N-(trimethoxysilylpropyl) ethylenediamine triacetic 

acid (GO-EDTA) and investigated its antimicrobial, human toxicity, and heavy metal adsorption 
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capacity. EDTA is a well-known chelating agent [381], and thus it was immobilized on GO surface 

to enhance  metal adsorption. The antimicrobial property of the novel GO-EDTA material with 

chelating capabilities, though, has never been investigated. 

Most studies on biomedical, industrial, and water treatment applications of graphene-

based nanomaterials have been focused on either their antimicrobial properties [58, 63, 66, 68, 69, 352] 

or their human cytotoxity [68, 382-385], and only one study has focused on both GO properties [63]. 

The antimicrobial studies have shown that GO has toxic effects to a variety of microorganisms, 

such as Gram-negative bacteria Escherichia coli (E. coli) [63, 66, 68, 69, 352], Cupriavidus metallidurans 

(C. metallidurans) [63], and Pseudomonous aeruginosa (P. aeruginosa)[352], and the Gram-positive 

bacteria Bacillus subtilis (B. subtilis)[63] and Staphylococcus aureus (S. aureus) [68, 69]. However, for 

nanomaterials to be safely used in biomedical and environmental applications they need to 

present both low cytotoxicity to human cells and antimicrobial characteristics [63].  

In the present study, we investigate for the first time the adsorption of Cu2+ and compare 

the Cu2+ adsorption with Pb2+ adsorption by GO-EDTA.  We also demonstrate for the first time 

that GO-EDTA is non-toxic to human cells and that it can present improved anti-microbial 

properties against Gram-negative Cupriavidus metallidurans CH4, and Gram-positive bacteria, 

Bacillus subtilis when compared to GO alone. These microorganisms were selected for this study 

because C. metallidurans CH4 tolerates high concentrations of heavy metals [331], and B. subtilis 

is commonly utilized as a model organism for toxicity studies [328, 329]. 

3.2 EXPERIMENTAL 

3.2.1 Synthesis of EDTA-functionalized graphene oxide (GO-EDTA) 

The silanization of GO was conducted based on reported literature, briefly the 

functionalization of GO to form GO-EDTA was done by reacting N-(trimethoxysilylpropyl) 
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ethylenediamine triacetic acid (EDTA-silane) with GO in an ethanol solution in a silylation 

process following by filtration and washing with methanol and water sequentially [386]. In the 

present study, the following modifications were done to the published protocol: 10 mg of GO 

was dispersed in 50 mL H2O through ultrasonication for 60 min, then 5 mL of 5.0 wt% of EDTA–

silane was added and stirred for 12 h at 75 oC ± 5, followed by room temperature - stirring for 6 

h. The product was washed with water several times until no traces of EDTA-silane could be 

detected. The EDTA-silane was monitored by spotting the supernatant on a thin layer 

chromatography (TLC) plate and placed in iodine chamber. Then GO-EDTA was finally washed 

with methanol, dried in a rotavap, and further dried in a vacuum oven. 

3.2.2 Characterization of GO-EDTA and GO 

Ultraviolet-Visible (UV-Vis) Spectroscopy, Attenuated Total Reflectance - Fourier Transform 

Infrared (ATR-FTIR) Spectroscopy, and X-ray Photoelectron Spectroscopy (XPS) were employed 

to determine the successful functionalization of GO and GO-EDTA. Atomic Force Microscopy 

(AFM) was used to ascertain the degree of exfoliation of GO sheets. Height profiles using AFM 

was also utilized to monitor the change in thickness after functionalization with the EDTA group. 

UV-Vis spectra were recorded from Agilent 8453 spectrometer. For ATR-FTIR, the spectra were 

collected on a Digital FTS 7000 equipped with an HgCdTe detector from 4000 cm-1 to 600 cm-1 

wavenumbers. All spectra were taken with a nominal spectral resolution of 4 cm-1 in absorbance 

mode. The measurements were obtained under ambient and dry conditions. For AFM studies, 

GO and GO-EDTA solutions in methanol were drop-casted on clean mica substrate, followed by 

vacuum-drying for 24 h. AFM imaging was done under ambient conditions with a piezo scanner 

from Agilent Technologies. Commercially available tapping mode tips (TAP300, Silicon AFM 

Probes, Ted Pella, Inc.) were used as cantilevers with resonance frequencies in the range of 290-
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410 kHz. The scanning rate was between 1-1.5 line/s. On the other hand, XPS measurements 

were conducted on a PHI 5700 x-ray photoelectron spectrometer equipped with 

monochromatic Al Kα x-ray source (hν = 1486.7 eV) incident at 90° relative to the axis of a 

hemispherical energy analyzer. Low and high resolution spectra were collected with pass 

energies of 23.5 and 187.85 eV, respectively, a photoelectron take off angle of 45° from the 

surface, and an analyzer spot diameter of 1.1 mm. 

3.2.3 Microorganisms, Human Cells, and Growth Conditions 

The bacterial strains used in the present study were Bacillus subtilis 102 and Cupriavidus 

metallidurans CH4. The growth medium used for both microorganisms was tryptic soy broth 

(TSB) (Oxoid Ltd., Basingstone, Hampshire, England). Phosphate-buffered solution (PBS) 

(0.01MPBS, pH = 7.4 at 25 ºC, 0.0027 KCl, 0.137 NaCl, Fisher Scientific, USA) was used as a buffer 

solution for bacterial suspensions and dilutions. For all experiments, a single isolated colony was 

inoculated in 5 mL of TSB to grow overnight at 35 ºC. The grown culture was centrifuged at 3000 

rpm for 10 min, and the bacterial pellet was washed once and resuspended in PBS. The optical 

density (OD) of the suspension was adjusted to 0.5 at 600 nm, which corresponds to a 

concentration of 107 colony forming units per milliliters (CFU mL-1). The concentration was 

determined based on plate counts for each bacterium using tryptone soy agar (TSA) (Oxoid Ltd.). 

Human corneal epithelial cell lines hTCEpi were obtained from the College of Optometry at 

the University of Houston. The cells were cultured at 37 oC  in 5% CO2 humidified incubator 

(NuAire, U.S.A) for 48 h with a KBM-2 complete media made from KGM-2 Bullet Kit (Lonza, U.S.A 

Catalog# CC-3107). Human corneal epithelial cells of passage numbers 50 and 53 were 

harvested from the cell culture flask by aspirating the old media and then adding 1 mL of Tryple 

(Gibco by life technology, U.S.A). The flask with Tryple and the cells were incubated for 10 min in 
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5% CO2 humidified incubator at 37 oC. After incubation and centrifugation, the cells were 

suspended into growth medium and were quantified with a hemocytometer. A density of 3.0 x 

104 cells per 100 µL was seeded to a sterile 96-well plate (Falcon, U.S.A) and incubated at 37 oC 

in the 5% CO2 humidified air incubator for 24 h. After, the media was aspirated from each well, 

all the wells were rinsed gently three times with 1X sterile phosphate buffer saline (PBS) (pH 7.4, 

10x sterile PBS, Gibco by life technology U.S.A). 

3.2.4 Antibacterial activity of GO and GO-EDTA to planktonic cells by plate count method. 

The toxicity of GO and GO-EDTA was determined by plating the bacteria after 1 h and 3 h of 

exposure to all concentrations of the nanomaterials (100, 500, and 1000 µg mL-1) as previously 

described [61]. Briefly, Aliquots of 180 µl of bacterial suspensions at 0.5 OD600 in PBS were 

pipetted in a 96-well plate containing 20 µl of different concentrations of GO and GO-EDTA in DI 

water (i.e., 1000 µg mL-1, 500 µg mL-1, and 100 µg mL-1). Positive controls consisted of 180µL of 

bacterial suspensions with 20 µL of DI water. Negative controls were prepared with 200 µL of 

media with GO and GO-EDTA only. All experimental samples and controls were prepared in 

triplicates. After the exposure time, a serial dilution was performed with the bacteria. Non-

diluted samples and all dilutions were plated in TSA media and incubated overnight at 37 ºC. 

The antibacterial activity was quantified by counting the colony forming units (CFU) in each plate 

(CFU per mL). Averages and standard deviations were calculated from triplicates. The percent 

toxicity was expressed as the percent of the ratio of the dead cells exposed to the nanomaterial 

to the control cells. In order to test for toxicity differences in nanomaterials with different 

concentrations, we performed t-tests using the raw CFU/ml values of the plate count analysis, 

and comparing each value to the control (bacteria without nanomaterials). The data was 

normalized using logarithm-base 10 values. 
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3.2.5 Scanning Electron Microscopy (SEM) Imaging 

A drop of a solution at a concentration of 1000 µg mL-1 of each nanomaterial was placed 

directly onto the lacey carbon film supported on a 200-mesh Cu grid (SPI applies, West Chester, 

PA.) and dried overnight. The bacteria, bacteria-GO, and bacteria-GO-EDTA samples were 

prepared following the procedure described by Li, et al [17]. All samples were analyzed under the 

scanning electron microscope (SEM), JSM 6010LA (Jeol, USA). The accelerating voltage was set 

at 10 Kev.  

3.2.6 Reactive Oxygen Species Assay: Thiol oxidation and quantification 

Ellman’s assay was used to quantify the fraction of glutathione (GSH) in reduced form, as 

previously described [387, 388]. Nanomaterial solution of 1000 µg mL-1 GO and 1000 µg mL-1 GO-

EDTA were used in this experiment. No bacteria were used in this experiment. In a 20 mL 

eppendorf, 225 L of GO or GO-EDTA (1000 µg mL-1) and 225 L of GSH (0.4 mM in 50 mM) 

containing bicarbonate buffer (NaHCO3, pH = 8.6) were mixed. Positive and negative controls 

were prepared with 225 L of GSH oxidized with H2O2 (30%) and 225 L of GSH without 

nanomaterials, respectively. Further preparation of the GSH solution was prepared following the 

manufacturer’s procedure. The absorbance of the GSH solution after the interaction with the 

nanomaterial was measured at 412 nm using Synergy MX Microtiter plate reader (Biotek, U.S.A). 

The loss of GSH in each sample was calculated using the following formula:          

%𝐺𝑆𝐻 𝑙𝑜𝑠𝑠 =
(𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒)

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥100. 

3.2.7 Cytotoxicity Assay on Human Corneal Epithelial Cells 

The human corneal epithelial cells and CellTiter 96 AQueous One Solution Cell Proliferation 

Assay kit (Promega, U.S.A) were used to investigate the cytotoxicity of GO and GO-EDTA, as 

described by the manufacturer [389], with cells exposed to 100 µL of fresh media and 100 µL of 



 
 

103 
 

each nanomaterial GO and GO-EDTA (1000 μg mL-1).  Separately, 100 µL of the nanomaterial and 

100 µL of media without cells were added in separate wells as controls. These solutions were 

used to subtract the absorbance of the media and the nanomaterials and eliminate the 

background. Untreated cells were used as negative controls. The positive control contained the 

cells in PBS with 10% paraformaldehyde to allow complete cell inactivation. The plate was mixed 

gently before placing into the humidified incubator for another 24 h. After incubation, the 

media was aspirated from the wells, and the wells were rinsed 3x with PBS. The plate was 

incubated in a humidified incubator containing 5% CO2 at 37 oC for 2 h. The absorbance of the 

formazan product, which is proportional to the number of living cells, was read at a wavelength 

490 nm using a microplate reader FLUOstar Omega (BMG Labtech, Germany). The results were 

expressed in terms of percentage of living cells, which was calculated by dividing the absorbance 

of formazan in the samples (nanomaterials + cells) by the absorbance of the negative control.  

3.2.8 Batch Adsorption Studies 

Stock solutions of Pb2+ (0, 5, 10, 20, 30, 40, 60, and 100 ppm) and Cu2+ (0, 5, 10, 20, 30, 40, 

60, and 100 ppm) were prepared by dissolving a lead standard for AAS (1000 mg L-1, Sigma 

Aldrich, St. Louis, MO) in de-ionized water. Adsorptions of 10 mL Pb2+ and Cu2+ ions were carried 

out by batch with 0.25 mL aqueous solution contained 1000 μg mL-1 of nanomaterial (GO-EDTA 

or GO), and agitated at 125 rpm at room temperature.  

To determine the equilibrium contact time, a 20 ppm solution of each metal was exposed to 

the nanomaterial as described above, and samples were taken every five minutes for 90 min. 

The samples were filtered through a 0.22 μm membrane filter, and the residual concentrations 

of Pb2+ and Cu2+ in the filtrates were determined by atomic absorption spectrometer (AAnalyst 

300 AA, PerkinElmer, USA) at a wavelength of 283.31 nm.  
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The influence of pH on Pb2+ and Cu2+ removal by GO-EDTA and GO was examined at pH 

values varying from 2 to 9. The pHs of these solutions were adjusted by adding HNO3 or NH4OH 

to the metal stock solutions. The solution pH was measured using a pH meter (HORIBA Model D-

21). The mixture of 1000 μg mL-1 GO-EDTA or GO and 20 ppm lead Pb2+ or Cu2+ in different pH 

values were agitated at 240 rpm in room temperature for 90 min, which was the equilibrium 

contact time. The effects of Pb2+ and Cu2+ concentrations on the adsorption capacity of the 

nanomaterial was investigated by varying the amount of metal in the solution (0, 5, 10, 20, 30, 

40, 60 and 100 ppm) for 90 min under optimum pH conditions for each metal. The Langmuir 

adsorption isotherm was used to model the experimental isotherm data:  

EQUATION 3-1    
𝐶𝑒

𝑞
=

1

𝑏𝑞𝑠
∗ +

𝐶𝑒

𝑞𝑠
∗ ,  

where Ce is the equilibrium concentration of the aqueous Pb2+ or Cu2+ ions in mg L-1, q is the 

amount of Pb2+ ions adsorbed per unit weight of GO-EDTA or GO at equilibrium concentration in 

mg g-1, qs
∗ is the maximum uptake capacity per unit volume of GO-EDTA or GO in mg g-1, and b 

is the Langmuir equilibrium constant related to the affinity of Pb2+  or Cu2+ ions to the binding 

sites, in L mg-1.  

3.2.8.1 Fourier transform infrared spectroscopy (FT-IR) and X-ray Photoelectron Spectroscopy 

(XPS) of adsorbed heavy metals 

Membranes covered with the nanomaterials and the adsorbed metals were analyzed on a 

Nicolet iS Mid Infrared FT-IR Spectrometer (Thermo Fischer Scientific) equipped with a ZnSe 

crystal. Data was obtained through Omnic 8 Software (Thermo Fischer Scientific). The same 

membranes were also analyzed with a PHI 5700 x-ray photoelectron spectrometer. The 

measurements were obtained under ambient and dry conditions. 
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3.3 RESULTS AND DISCUSSION  

3.3.1 Characterization of GO-EDTA  

To populate the surface of GO with Si-EDTA, we performed a reaction based on previously 

reported literature, [386] and carefully characterized the GO-EDTA surface with UV-Vis, ATR-FTIR, 

and XPS. GO contains numerous hydroxyl functional groups, which is also evidenced by FT-IR 

and XPS analyses (Figure 3-2 and Figure 3-3). In the GO-EDTA synthesis, the hydroxyl moiety 

reacted with Si-EDTA, which possessed a hydrolytically sensitive center, to form a covalent bond 

with GO.  Dehydration-condensation reaction resulted in the GO-EDTA product as shown in 

Figure 3-1.  

 

FIGURE 3-1- SCHEME. REACTION OF GRAPHENE OXIDE (GO) WITH N-(TRIMETHOXYSILYLPROPYL) 

ETHYLENEDIAMINE TRIACETIC ACID TRISODIUM SALT (SI-EDTA). 

The UV-Vis spectrum of GO exhibited two characteristic peaks that can be utilized as a 

means of identification. Figure 3-2a presents the UV-Vis profile of the as-synthesized GO 

solution showing a maximum peak at 231 nm and a shouldering feature at 300 nm which 

corresponds to the π-π* transitions of aromatic C=C bonds and the n- π* transitions of C=O 

moieties, respectively [390]. 
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FIGURE 3-2- UV-VIS (A) AND ATR-FTIR SPECTRA (C) OF GO AND GO-EDTA. SERIAL DILUTION OF 
GO-EDTA IN WATER 

The linkage of EDTA group to GO was attributed from the hydrolysis of the trialkoxy groups 

of silane-EDTA, which generates –Si-OH moieties that further reacts with the C-OH groups of 

graphene oxide, forming a Si-O-C bond [386]. Compared with GO, the absorption peak of GO-EDTA 

(Figure 3-2a) at 231 nm was red-shifted to 262 nm. The same is true for the shoulder band. The 

observed shift in the absorption band is consistent with the reported literature [386]. We also 

prepared a stable dispersion of GO-EDTA in water (Figure 3-2b), owing to the additional 

hydrophilic nature of EDTA. The identity of the as-synthesized GO was further confirmed by 

ATR-FTIR spectroscopy (Figure 3-2c) revealing characteristic bands at 1051 cm-1 (C-O stretching 

vibrations), 1239 cm-1 (C-OH stretching vibrations), 1608 cm-1 (skeletal vibrations of the 

unoxidized graphitic domains), 1723 cm-1 (C=O stretching from carbonyl groups) and a broad 

band centered at 3368 cm-1 (O-H stretching vibrations) [390]. The presence of a new band at 2975 

cm-1 in GO-EDTA corresponds to the stretching of the methylene groups from the silane-EDTA 

molecules while the new band at 1396 cm-1 is attributed to the ɣCH2 group of EDTA [386]. 
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FIGURE 3-3- X-RAY PHOTOELECTRON SPECTRA OF SURVEY SCAN (A) AND HIGH RESOLUTION 

SCAN (B) OF GO-EDTA. AFM TOPOGRAPHY IMAGE OF (C) GO AND (D) GO-EDTA. 
AFM HEIGHT PROFILE OF (E) GO AND GO-EDTA 

Additional evidence of the attachment of GO-EDTA groups was analyzed by XPS. The 

presence of the silicon, nitrogen and sodium signals on the GO-EDTA sample, confirms the 

successful synthesis of GO-EDTA. In Figure 3-3b, the Si-OH and siloxane (–Si–O–Si–) bonds are 

shown by the peak with binding energy of ~105 eV, resulting from the partial hydrolysis of the 

silane molecules during the silylation reaction [386]. The peak of Na1s at ~1072 eV from GO-EDTA 

corresponds to the Na ions that serve as counter ions for the EDTA group. The N1s peak of GO-

EDTA at ~402 eV, represents the amine moiety introduced to the GO surface.  
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Meanwhile, a graphene oxide sheet that appears to be 1 nm thick in AFM is considered a 

fully exfoliated graphene oxide [391]. Figure 3-3c shows fully exfoliated graphene oxide and this is 

further evidenced by the line profile (Figure 3-3e) showing approximately 1 nm thickness. On 

the other hand, the average thickness of GO-EDTA is roughly 1.5 nm. The increase in thickness is 

due to the grafted silane-EDTA molecules onto the surface of GO, further confirming the 

successfully tethered silane-EDTA group. 

3.3.2 Time dependent viability of planktonic cells exposed to GO-EDTA at different 

concentrations 

The antimicrobial activity of GO-EDTA on bacteria was investigated in planktonic phase to 

assess the effect of the nanomaterial’s concentration and exposure time to the microbial cells. 

Similarly, the GO inactivation was measured for comparison to evaluate if the functionalization 

enhanced the disinfection efficiency of the nanomaterial. First, the bacterial cells were exposed 

to different concentrations of both nanomaterials (100 µg mL-1, 500 µg mL-1, and 1000 µg mL-1) 

and the inactivation was evaluated by the plate count (Figure 3-4) (* refers to statistically 

significant different results between control and the corresponding sample). Figure 3-3 shows 

that, as the nanomaterials’ concentration increases the mean toxic effect towards the bacteria 

increases for both types of bacteria. C. metallidurans exposed for 1 h (Figure 3-4a) to the lowest 

concentration of GO-EDTA (100 µg mL-1) resulted in a 64.4±23.5% inactivation of the total cells, 

whereas the highest concentration (1000 µg mL-1) inactivated 71.7±30.8% of the total cells. This 

trend was also observed for GO (Figure 3-4a), which caused 72.9±26.4% and 81.5±25.2% cell 

death of the total C. metallidurans cells exposed to the lowest and highest concentrations, 

respectively. Likewise, B. subtilis cell death (Figure 3-4c and Figure 3-4d) increased with 

increasing nanomaterials’ concentration.  
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FIGURE 3-4- PERCENT OF CELLS INACTIVATED AFTER EXPOSURE TO ALL CONCENTRATIONS OF 
GO (1000 µG ML-1, 500 µG ML-1, AND 100 µG ML -1) AND GO-EDTA (1000 µG ML -1, 
500 µG ML-1, AND 100 µG ML -1). Control sample does not contain any 
nanomaterial. 

Similar findings were shown for the Gram-negatives E. coli and C. metallidurans and the 

Gram-positives B. subtilis and R. opacus exposed to GO, graphene, poly-N-vinyl carbazole (PVK)-

GO, and PVK-G for 1 h and 3 h, in our previous studies [63],[392]. Cell death of all microorganisms 

was greater with increasing nanomaterial concentration, with 1000 µg mL-1 of PVK-GO achieving 

100% cell inactivation. Other studies presented GO microbial inactivation values against E. coli 

of 49.1% (1h-exposure), 98.5% (2 h-exposure), and 100% (3 h-exposure) using GO 

concentrations of 80 µg mL-1 [66], 85 µg mL-1 [344], and 1000 µg mL-1 [63], respectively. Although 

these studies were performed by different research groups, it seems that these studies also 

show a similar trend to our study, since their toxicity values seem to escalate with the increasing 
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concentration of GO. Furthermore, these studies also suggest that the increasing exposure times 

increased the microbial inactivation. To confirm this trend, we performed plate count analyses 

after exposing the bacterial cells for 1 h and 3 h to GO and GO-EDTA (Figure 3-4). For the Gram-

positive B. subtilis, a longer exposure time did not increase significantly the cell inactivation, as 

83.3±18.1% of the cells were killed in 1 h and 91.0±7.2%  of the cells were killed in 3 h. For the 

Gram-negative C. metallidurans, exposure for 1 h to the highest concentration of GO-EDTA 

(1000 µg mL-1) achieved toxicity values of 71.8±30.8% while this same concentration killed 

99.7±0.5% after 3 h of exposure. In this case, GO-EDTA presented a 28% higher loss of cell 

viability with a longer exposure time than GO. In the same context, the functionalization of GO 

increased the inactivation of B. subtilis by 10.1% during the 3 h exposure, while for C. 

metallidurans cells this difference was 7.1%. The difference of cell inactivation between Gram-

positive and Gram-negative microorganisms may be attributed to their different thickness of 

peptidoglycan layer, their different ability to adapt to environmental stresses, and the 

protection conferred by the membrane surface properties [63, 69].  

The results indicate that the cell inactivation is also time dependent and that GO-EDTA 

becomes more efficient at inactivating the cells with longer cell exposures. The time 

dependency of GO and GO-EDTA inactivation on bacterial cells was also observed with other 

carbon based nanomaterials [61, 72, 73]. The bacterial resistance to carbon-based nanomaterials at 

shorter exposure times is still a topic of debate. The two most hypothesized mechanisms of 

toxicity for graphene-based materials are physical disruption of the cell membrane and oxidative 

stress [66, 68, 72]. Potentially, not all bacterial cells were in contact with the nanomaterial for 

enough time to be completely inactivated. Thus, they could still grow. Yet, more studies are 
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needed for a full understanding of inactivation mechanisms since the toxicity depends on 

concentration, nanomaterial size, exposure time, and cell type [73].  

3.3.3 Cell Membrane Damage of Bacteria Exposed to GO-EDTA 

To further understand the interaction of the nanomaterials with the microorganisms, we 

analyzed the changes in cell morphology with Scanning Electron Microscopy (SEM) before and 

after exposure to 1000 µg mL-1 of the nanomaterials. The SEM images (Figure 3-5) showed that 

while the cells exposed to GO maintained their rod shape and cell integrity (Figure 3-5b), the 

cells exposed to GO-EDTA had their membranes deformed (Figure 3-5c and Figure 3-5f). The 

pronounced membrane damage agrees with the Live/Dead Assay discussed in the supporting 

information. Other studies also suggested that bacterial cells can become trapped within 

graphene sheets while maintaining their cellular integrity [338], as observed with B. subtilis 

exposed to GO (Figure 3-5b). In such cases, the cells cannot proliferate in the media nor 

consume the nutrients in their surrounding environment [338]. This type of mechanism that 

inhibits cellular growth was also suggested for PVK-GO [63]. However, the deformity observed for 

the cells exposed to GO-EDTA in the present study suggests that GO and GO-EDTA might have 

different mechanisms of toxicity. The mechanism of toxicity to the cell may be directly related to 

membrane damage, as was also observed with other carbon-based materials, such as fullerenes 

[393], single-walled carbon nanotubes (SWNTs) [64, 337], and graphene nanosheets [68]. Alvarez et al., 

suggested that a lower membrane potential for B. subtilis was associated with its membrane 

damage after exposure to fullerenes, potentially preventing a membrane proton gradient and 

subsequent electron transport needed for oxidative phosphorylation [393].   
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FIGURE 3-5- SEM IMAGES OF A)  B. SUBTILIS AT 18K; B) B. SUBTILIS EXPOSED TO 1000 µG ML-1  

GO AT 20K; C) B. SUBTILIS EXPOSED TO 1000 µG ML-1 GO-EDTA AT 27K D) GO-
EDTA AT 1K E) C. METALLIDURANS AT 20K; F) C. METALLIDURANS EXPOSED TO GO-
EDTA AT 33K MAGNIFICATION. 

Additionally, chelating agents, such as chitosan and EDTA, have also been described to have 

anti-microbial properties due to sequestration of metal ions present in the cell wall molecules, 

which are crucial for cell wall stability and integrity [394-396].  It is possible that the distinct anti-

microbial properties observed between GO and GO-EDTA (Figure 3-5) could be caused by the 

synergistic anti-microbial properties of GO and EDTA. More research, however, is needed to 

determine the anti-microbial role of EDTA, if any, in the GO- EDTA nanoparticle. 

3.3.4 Oxidative Stress Induced by GO-EDTA 

Oxidative stress has been indicated as a potential antimicrobial mechanism for carbon based 

nanomaterials including graphite (Gt), graphite oxide (GtO), GO, reduced GO (rGO)[62, 66, 68, 69, 72, 

397] fullerenes [393], and CNTs [385, 398, 399]. Graphene-based nanomaterials have been described to 

generate reactive oxygen species (ROS), such as superoxide anion radical (O2•-), hydrogen 

peroxide (H2O2), and hydroxyl radical (OH-) [62, 66, 400].  In the present study, we analyzed the 

production of ROS, such as hydrogen peroxide, by measuring the glutathione (γ-L-glutamyl-L-
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cysteinyl-glycine, GSH) reduction after exposure to GO and GO-EDTA. The ROS production has 

been shown to alter microbial processes by oxidizing key cellular components and hindering 

their functionality. GSH is a tripeptide with a sulfhydryl group produced by cells that serves as an 

electron donor capable of reducing reactive oxygen species [401]. Because GSH acts as a cellular 

antioxidant, it can be used as an indicator of possible oxidative stress induced by the 

nanomaterials. The assay consists in exposing pure GSH, without bacterial cells, to the 

nanomaterial (Figure 3-6). 
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FIGURE 3-6- FREE GLUTATHIONE (GSH) LOSS BY 1000 µG ML-1 GO AND 1000 µG ML -1 GO-EDTA 

MEASURED AS A PERCENTAGE OF TOTAL GSH. Positive control shows the percent of 
GSH loss through its oxidization by H2O2. 

As shown in Figure 3-6, the maximum GSH loss is given by the positive control, or the 

oxidation caused by hydrogen peroxide. Graphene oxide presented a slightly higher mean value 

for the GSH loss than GO-EDTA, however this difference is not statistically significant. A previous 

study demonstrated that 80 µg mL-1 of GO achieved a GSH oxidation of 22±0.1%, where the GSH 

loss increased with incubation time and the concentration of GO in the sample to up to 

37±1.5%. Our findings show a GSH loss by GO and GO-EDTA greater than 85% at a concentration 
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of 1000 µg mL-1 of each nanomaterial, suggesting that both nanomaterials can induce oxidative 

stress towards the cells. 

3.3.5 Cytotoxicity Assay on Human Cells 

The antimicrobial properties of graphene-based nanomaterials have created a window of 

opportunities for biomedical, catalytic, and environmental engineering applications [58]. It is 

critical, however, to evaluate the adverse effects of these nanomaterials on human health in 

order to determine their suitability for applications that involve human contact. For instance, 

antimicrobial nanomaterials may potentially serve for decentralized or point-of-use water 

treatment and reuse systems [58]. Some nanomaterials, such as polyethylene glycol-GO, have 

also been shown to facilitate chemo-photothermal therapy [402]. Both of these may include direct 

exposure of the nanomaterials to human skin and eyes. In humans, it has been shown that GO 

can generate reactive oxygen species (ROS)[385] and, depending on the human cell line, GO can 

be slightly toxic at concentrations varying from 50 mg mL-1 [384] to 100 mg mL-1 [344]. However, 

when these nanomaterials are combined with other biologically compatible polymers (e.g., 

PEGylation), they exhibit negligible in vitro toxicity to many cell lines and animals [63], even at 

high concentrations up to 100 mg mL-1 [349, 403]. To investigate the cytotoxicity effects of the GO 

and GO-EDTA against eukaryotic cells, human corneal epithelial cells were exposed to the most 

toxic concentrations of GO and GO-EDTA (1000 μg mL-1) for 24 h. As shown in Figure 3-7, neither 

GO nor GO-EDTA were toxic towards the epithelial cells, as 99% of the cell culture was still alive 

after 24 h exposure to the nanomaterials. Previous research also confirmed a very small toxic 

effect of GO and PVK-GO towards NIH 3T3 fibroblast cells, with values of 9.9% and 7.4%, 

respectively [63]. 
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FIGURE 3-7- PERCENT LIVING HUMAN CORNEAL EPITHELIAL CELLS AFTER 24 H OF EXPOSURE TO 
1000 ΜG ML -1 OF GO AND GO-EDTA IN SOLUTION. The positive control includes the 
cells with 10% paraformaldehyde in PBS buffer.  

3.3.6 Copper and Lead Adsorption 

The metal binding capacity of GO is dictated by the oxygen-containing functional groups, 

such as hydroxyl, epoxide, carboxyl, and carboxylic groups, present in the nanomaterial. In this 

study, we functionalized GO with EDTA, a strong chelating hexadendate ligand that can bind to 

most metals, to increase the number of oxygen-containing functional groups in GO and 

therefore, increase the metal adsorption capacity of GO-EDTA. 

3.3.6.1 Effect of contact time 

The effect of contact-time was investigated to find the time required for the reaction to 

reach equilibrium. From Figure 3-8, it appears that the metal binding to the GO-EDTA sheets 

occurred within the first 5 min for both metals, since after that time, the removal remained 

relatively constant until the end of the experiment (90 min). Previous study showed 30 min as 

the equilibrium time for the adsorption of Pb2+ into GO-EDTA [404]. We attribute the rapid 

adsorption equilibrium (5 min) to the increased amount of EDTA in the GO-EDTA produced in 
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this study. Other carbon-based materials, such as multi-walled carbon nanotubes [405], Mn oxide-

coated carbon nanotubes (MnO2/CNTs) [406], and activated carbon [407] required 40 min, 2h, and 

~3 days respectively, to attain equilibrium. Thus, the equilibrium time for Pb2+ and Cu2+ 

adsorption onto GO-EDTA was shown to be exceptionally fast when compared to other 

adsorbents. This rapid adsorption has been attributed to the 2D structure of graphene sheets, in 

which EDTA is easily accessible by the metals [404], making the novel GO-EDTA a strong candidate 

for heavy metal removal. Yet, the effect of pH and initial metal concentration may also influence 

the adsorption efficiency of the nanomaterial. 
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FIGURE 3-8- EFFECT OF CONTACT TIME ON PB2+ AND CU2+ ADSORPTION ONTO GO-EDTA AT 
PH=6 AND PH=5, RESPECTIVELY. 

3.3.6.2 Effect of pH 

The adsorption of metal ions by chelation is dependent on the pH of the solution since it 

affects the adsorbent surface charge, and the degree of protonation of the functional groups 

[408]. Although a previous preliminary study has investigated the adsorption of Pb2+ ions onto GO-

EDTA [404], the effect of pH in the adsorption process has not been evaluated for metal 
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concentrations lower than 100 mg L-1. Additionally, the adsorption capacity of this material for 

other metals, such as copper, has not been previously analyzed.  Since pH can vary in different 

conditions [303], it is critical to evaluate the adsorption process within a wide range of pH, at 

concentrations below 100 mg L-1 with short contact times. The metal adsorption depends on the 

extent of protonation of the carboxylic and hydroxyl groups in the graphene sheets and carboxyl 

and carbonyl groups of the EDTA, given that an increase in pH reduces the competition between 

H+ and Pb2+ ions [409]. Figure 3-9 shows that the removal efficiency is lower in acidic media for 

both metals, increasing as the pH becomes basic. Although, at pH values higher than 4, the lead 

percent removal is higher, up to 96%, this higher removal is not only due to the adsorption of 

lead to the nanomaterial, but also due to precipitation of lead hydroxide formed at pH values 

above 4 [410, 411]. Similarly, copper starts to precipitate above pH = 6 [412], so sorption at lower pH 

values indicate that the nanomaterial is responsible for adsorption of the metal. This study aims 

to investigate the influence of adsorption on the metal removal process, therefore the pH = 3 

was selected for lead and the pH = 5 was selected for copper for further investigation of metal 

removal to avoid heavy metal precipitation conditions.  

3.3.6.3 Adsorption Isotherm. 

The GO-EDTA adsorption data was fitted into the Langmuir isotherm to evaluate the 

adsorption equilibrium between Cu2+ and Pb2+ ions and the GO-EDTA surface adsorption sites, 

assuming monolayer adsorption, as a first order reaction (Figure 3-10) [409]. 

 



 
 

118 
 

1 2 3 4 5 6 7 8 9 10 11
0

20

40

60

80

100

%
 M

e
ta

l 
R

e
m

o
v
a
l

pH

 Pb
2+

 + GO-EDTA

 Cu
2+ 

+ GO-EDTA

 Cu
2+

 Pb
2+

 

 

FIGURE 3-9- PH DEPENDENCY OF PB2+ AND CU2+ ADSORPTION ONTO GO-EDTA AT 20 MG L -1 
INITIAL METAL CONCENTRATION.  

The Langmuir parameters for adsorption of Pb2+ onto GO-EDTA, b and qs
∗, were determined 

to be 0.12 L mg-1 and 454.6 mg g-1, respectively. The same parameters for adsorption of Cu2+ 

onto GO-EDTA, b and qs*, were 0.07 L mg-1 and 108.7 mg g-1, respectively. The GO nanomaterial 

was also modeled with the Langmuir adsorption isotherm, with calculated b and qs* parameters 

of 1.06 L mg-1 and 303.0 mg g-1 for lead and 0.05 L mg-1 and 166.7 mg g-1 for copper, 

respectively. The adsorption capacity found for lead in this study exceeded values obtained by 

other materials previously studied for lead adsorption, such as activated carbon (16.61 mg g-1) 

[413], chitosan beads (32.9 mg g-1) [414], and others [415, 416]. Similarly, the GO-EDTA copper 

adsorption capacity exceeded values of materials previously tested for copper adsorption, such 

as fly ash (69.93 mg g-1)[370] and activated carbon above 40 ºC (mg g-1) [370].  
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FIGURE 3-10- THE LANGMUIR ADSORPTION ISOTHERM SHOWS THE PB2+ AND CU2+ IONS 

ADSORPTION, Q, BY GO AND GO-EDTA IN TERMS OF THE PB2+ OR CU2+ 
EQUILIBRIUM CONCENTRATION IN THE SOLUTION.  

The higher adsorption capacity of GO-EDTA for lead ions (454.6 mg g-1), when compared to 

its capacity for copper ions (108.7 mg g-1) can be attributed to a higher affinity for lead ions, 

which is also confirmed by the Langmuir constant, b. Previous research showed a maximum Pb2+ 

adsorption capacity of GO-EDTA of up to 479 mg g-1, based on the Langmuir model [404]. 

However, our study shows removal efficiencies above 90% with shorter contact time (5 min) 

than a previous study [417]. This behavior can be attributed to the increased EDTA content (5%) in 

the GO-EDTA synthesis. The difference in adsorption capacities between both metals onto GO-

EDTA depend on the thermodynamic parameters of each metal adsorption process, such as the 

enthalpies, entropies, and Gibbs free energy values of each reaction [418]. These parameters may 

be influenced by the formation of other soluble species in water, such as PbOH+, Pb(OH)3-, 

CuOH+, Cu(OH)3-, and would need to be assessed in future research. 
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3.3.6.4 Binding sites for the adsorbed metals to the nanomaterial GO-EDTA. 

The metal adsorption to the nanomaterials GO and GO-EDTA was confirmed by EDS and FT-

IR analysis of the nanomaterial-metal sample. Comparing the spectra of GO-EDTA and GO in 

Figure 3-11, we observed the presence of a peak at 1066 cm-1 in the GO-EDTA spectra, which 

corresponds to the Si-O-C stretching vibrations. Such vibration corresponds to the terminal Si-O 

present in the silanized EDTA that binds to the GO [419]. Furthermore, the C-O stretching 

vibration at 1280 cm-1 was much stronger for the GO-EDTA than for the GO spectra, owed to the 

increased number of carboxyl groups of GO-EDTA. This peak confirms the functionalization of 

GO-EDTA. This peak was also lowered after both metals (copper and lead) adsorbed to GO-

EDTA, as seen for the Pb2+-GO-EDTA and Cu2+-GO-EDTA spectra. Similarly, the 1640–1750 cm-1 

region does not show a strong C=O band for GO, as it does for the GO-EDTA spectra. The peak at 

1647 cm-1 was lowered after the metals adsorbed to the GO and GO-EDTA, as seen for the Pb2+-

GO, Pb2+-GO-EDTA, Cu2+-GO, and Cu2+-GO-EDTA spectra. This band suggests that GO-EDTA 

contains more carboxylic and carbonyl groups and that these were not reduced to C–OH. The 

strong peak at 842 cm-1 in the GO-EDTA spectra corresponds to the Si-O vibration present in the 

silanized EDTA, suggesting the presence of the silanized functional group. In the same way, 

metal adsorption reduced the height of this peak as shown in the Pb2+-GO-EDTA and Cu2+-GO-

EDTA. The peak at 3428 cm-1 present in GO and GO-EDTA spectra corresponds to hydroxyl (-OH) 

vibration, but did not change significantly after metal adsorption. Our results indicate that both 

the Pb2+ and Cu2+ ions bind primarily to the carboxyl and carbonyl groups present in both GO 

and GO-EDTA. Since EDTA contains an increased number of carboxyl and carbonyl groups, the 

GO-EDTA molecule presents increased binding sites for the metal cations. Other functional 
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groups typically found in GO, such as hydroxyl groups -OH (~3420 cm−1)[420] were not as strong 

binding sites as the carboxyl and carbonyl groups. 
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FIGURE 3-11- FT-IR SPECTRA OF THE NANOMATERIALS GO-EDTA AND GO, THE HEAVY METALS 
PB2+ AND CU2+, AND THE ADSORBED METALS ON THE NANOMATERIALS PB2+-GO-
EDTA, PB2+-GO, CU2+-GO-EDTA, AND CU2+-GO.  

Energy Dispersive Spectroscopy (EDS), Figure 3-12, also confirmed the metal adsorption by 

GO-EDTA. The absence of a lead peak on the GO-EDTA covered filter before adsorption (control) 

showed that the nanomaterial did not have any lead initially (Figure 3-12a). Whereas, the 

presence of the lead peaks on the GO-EDTA covered filters after the adsorption experiments 

confirmed lead uptake on the nanomaterial (Figure 3-12b). Similar results were obtained for 

copper. These results agree with the adsorption experiments, proving that GO-EDTA is able to 

bind metals. 



 
 

122 
 

 

FIGURE 3-12- ENERGY DISPERSIVE SPECTROSCOPY (EDS) ANALYSIS OF THE NANOMATERIAL A) 
GO-EDTA ONLY BEFORE ADSORPTION, AND B) GO-EDTA AFTER ADSORPTION OF 
LEAD AT A CONCENTRATION OF 20 PPM. 

 In addition to the EDS, the metal adsorption was confirmed through XPS analysis as shown 

in Figure 3-13. In Figures 3-13a and Figure 3-13b, the presence of Cu2+ signals on the GO-EDTA 

sample, at approximately 935 eV, confirms the successful adsorption of the metal. Similarly, the 

adsorption of Pb2+ ions was supported by the presence of the two peaks at 139 eV and 144 eV 

(Figure 3-13c and Figure 3-13d). XPS analysis was also done to prove the metal adsorption onto 

GO, and it is found in Figure 3-14. 

3.4 CONCLUSIONS 

Graphene-based nanomaterials, such as GO, have excellent heavy metal removal 

capabilities, due in part to their large specific surface area, and also because of the endless 

options to modify its surface chemistry. This study demonstrated that the novel GO-EDTA can 

effectively remove Cu2+ and Pb2+ ions, confirmed by FT-IR and EDS measurements. FT-IR analyses 

revealed that carboxyl and carbonyl functional groups were responsible for the metal binding.  

The 5% increase EDTA content in the GO-EDTA made possible to achieve removal with shorter 

contact time (5 min) than previous studies for both lead and copper. 
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FIGURE 3-13- X-RAY PHOTOELECTRON SPECTRA (XPS) OF SURVEY SCAN (A) AND HIGH 

RESOLUTION SCAN (B) OF GO-EDTA WITH CU2+ IONS ADSORBED, AND SURVEY 
SCAN (C) AND HIGH RESOLUTION SCAN (D) OF GO-EDTA WITH PB2+ IONS 
ADSORBED. 

Additionally, this study demonstrates, for the first time, that GO-EDTA has the capability to 

act as a multi-functional material. In our study, the highest microbial inactivation by GO-EDTA 

was 92.3±10% and 99.1±1.3% for B. subtilis and C. metallidurans for a 3h exposure time with 

1000 µg mL-1 nanomaterial concentration. The effect of GO and GO-EDTA on the bacterial cells 

was analyzed by GSH loss and found to be greater than 85% at 1000 µg mL-1. We demonstrate 

that both nanomaterials may induce oxidative stress towards the cells. Most importantly, GO-



 
 

124 
 

EDTA did not present any cytotoxicity to human corneal epithelial cells as more than 99% of the 

cells were still alive after exposure to the nanomaterials for 24 h. Thus, the dual functionality of 

the nanomaterials GO and GO-EDTA, as well as its safety towards human cells, offers enormous 

potential for biomedical, water treatment, and catalytic applications to attend the growing 

demand for materials that provide metal binding and microbial control capabilities. 

 

 

FIGURE 3-14- XPS OF SURVEY SCAN (A) AND HIGH RESOLUTION SCAN (B) OF GO WITH 
ADSORBED CU2+ IONS, AND SURVEY SCAN (C) AND HIGH RESOLUTION SCAN (D) OF 
GO WITH ADSORBED PB2+ IONS. 
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CHAPTER 4 16S RRNA METAGENOMICS AND FUNCTION OF A ZINC RESISTANT 
MICROBIAL CONSORTIUM OBTAINED FROM A HEAVY METAL CONTAMINATED 
SEDIMENT 

4.1 RATIONALE AND OBJECTIVES 

Microbial diversity and function are important parameters to be investigated for 

environmental bioremediation applications [291, 292]. In particular, species richness (number of 

species within a community) and species evenness (number of individuals of each species within 

a community) have been studied to understand engineered ecosystems where microbial activity 

has important implications on bioremediation of polluted sites. Studies that correlate 

biodiversity and operational parameters for biological treatments have been mainly investigated 

in activated sludge treatment systems [293, 294] and in bioreactors to determine their stability [295]. 

Few studies have investigated the dynamics of microbial community structures in heavy metal 

contaminated sites [296-298]. The impact of biodiversity in heavy metal biosorption processes, 

however, has not been fully explored with complex microbial communities obtained from 

environmental sites [110]. 

Heavy metal adsorption has caught the attention of researchers worldwide to alleviate the 

widespread and growing concern for environmental pollution of heavy metals and their toxicity 

towards humans, plants, and animals [421-423]. Previous studies have shown biosorbents as 

potential alternatives for the sustainable reduction of heavy metals in aqueous systems, 

including yeasts, algae, and bacteria [40, 41, 424]. Among these biosorbents, bacteria have been 

proven to be suitable metal biosorbents because of their small size and their short generation 

time coupled with high growth rates; traits that facilitate rapid adaptation to a wide range of 

environmental conditions [110]. They can also remove metals present at concentrations between 

1 and 100 ppm [240], are at least an order of magnitude (1/10) cheaper than traditional 
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technologies [102], and minimize the volume of chemical and /or biological sludge to be disposed 

[213]. Choosing the microbial species for sorption of metals, though, is still a debated topic among 

researchers, because of the variety of mechanisms responsible for biosorption, the large 

quantity of species available, and the different metal sorption capacities of the different species 

[101, 102].  Several studies have successfully demonstrated the ability of different pure cultures for 

heavy metal removal in contaminated sites [110, 268-270]. Yet, using pure cultures for heavy metal 

biosorption in a large-scale process is very difficult without getting contaminations [425]. 

Therefore, understanding metal biosorption processes of complex microbial communities is 

more relevant for real environmental applications. In addition, comparative community analysis 

of consortia obtained from environmental sites, to create novel metal biosorbents, is still in its 

infancy. 

This work investigates the structure, diversity, and metal sorption behavior of metabolically-

active cells of a consortium obtained from a heavy metal-contaminated sediment in Brazil. 

Specifically, the focus of this study was to: i) obtain a metal resistant microbial consortium using 

a growth medium that simulates the environment;  ii) identify the members of the consortium 

through 16S rRNA gene sequencing; iii) compare the diversity and structure of the consortium 

with the original environmental sample where the consortium was obtained, through 16S rRNA 

gene metagenomics; iv) determine its optimum growth conditions for Zn2+ sorption; v) 

understand the Zn2+ sorption mechanisms by the consortium. 

4.2 EXPERIMENTAL 

4.2.1 Water and Sediment Samples Collection and Characterization. 

Water and sediment samples were collected from ‘Barragem Pirapora de Bom Jesus’, 

23°23'31.81"S and 46°59'47.67"W, a dam located in the Metropolitan Region of São Paulo, 
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Brazil, which acts as one of the reservoirs for the Tietê River. This site is a source of drainage of 

effluents containing dissolved metals in concentration levels far above the levels permitted by 

law for discharge.  

The sediment and water samples were collected and stored in 500 mL sterile gorpak glass 

containers with lids at 4 °C until transferred to the laboratory, as previously described [426]. The 

water analysis was performed according to the Standard Methods and the USEPA Method 

3010A [427, 428]. The sediment sample was digested for analysis of metal concentrations according 

to the USEPA method 3050b [429]. The samples were then analyzed with an Inductively Coupled 

Plasma Atomic Emission Spectrometry (ICP-OES Optima 7000DV, Perkin Elmer, São Paulo, SP), 

for metal ions. The composition of the water, sediment and the P medium are presented in 

Table 5-1. The P medium was prepared with sediment extract and water from the contaminated 

dam as previously described [430].  

4.2.2 Environmental sample and consortium DNA extraction and purification.  

Genomic DNA from the Pirapora consortium was extracted from a volume of 50 mL of cells 

grown in the broth P medium at 30°C from the frozen glycerol stock at -80 °C. The ‘P medium’ 

preparation and the consortium growth conditions used in this study were the same as 

previously described [430, 431]. The grown consortium was centrifuged at 4,000 rpm for 30 min, 

and the pellet was collected and resuspended in fresh 10 mL of 'P medium'. The bacterial 

solution volume was divided into three eppendorf tubes and centrifuged again to collect the 

pellets. The consortium DNA was subsequently extracted using PureLink® Genomic DNA Mini Kit 

(Life Technologies) as described by the manufacturer. The total DNA from the dam was 

extracted from a 500 mg of wet sediment with the PowerSoil® DNA Isolation Kit (MO BIO 

Laboratories Inc., Carlsbad, CA, USA), following the manufacturer’s instructions [431]. The total 
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DNA concentrations for the consortium and the dam sample were quantified by using the 

NanoDrop ND-1000 (Thermo Scientific, USA).  

4.2.3 Sequencing and Phylogenetic Analysis of Pirapora community 

The bacterial 16S rRNA sequencing was done with a next generation sequencing (NGS) 

platform, Roche 454 pyrosequencing technology, at Chunlab (Seoul, Korea). The V1-V3 regions 

were used for the sequencing of 16S rRNA gene. The sequencing was carried out uni-

directionally from the universal forward primer B16S-F (adaptor-key-linker-target sequence): 5’-

CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-AC-GAGTTTGATCMTGGCTCAG-3’. All 16S rRNA 

sequences from the Pirapora consortium were trimmed to improve assembly accuracy using 

profiles of V1-V3, as previously described [432]. Raw sequence files were processed by 

demultiplexing, trimming primer sequence, quality filtering, sequencing error correction, 

taxonomic assignment, and detection of chimeras. Each sample was identified by a unique 

barcode in the demultiplexing step and low quality reads (average quality score <25 or read 

length <300 bp) were removed for further analysis. To correct sequencing errors, representative 

sequences in clusters of trimmed sequences were chosen and considered for taxonomy 

identification and plotted in the phylogenic tree as described below.  

Individual reads were assigned their taxonomic positions according to the highest pairwise 

similarity among the top five BLASTN hits against the EzTaxon-e database [433]. Chimera 

sequences were removed by UCHIME [434].  Taxonomic classifications were carried out using the 

criteria of ≥97% similarity for species, ≥94% for genus, ≥90% for family, ≥85% for order, ≥80% for 

class, and ≥75% for phylum. If the sequence similarity was below the criteria value, the 

sequence was assigned to “unclassified” at the corresponding taxonomic ranks [433]. Rarefaction 

curves for the consortium and sediment were obtained using the CLcommunity software version 
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3.31. The sequences obtained by pyrosequencing were deposited in the NCBI database. 

Closely related sequences from the RDP database (sequence identity >99%) to unique 

representative sequences (OTUs) obtained from the pyrosequencing were retrieved and 

imported into Mega 5.1 for alignment. The sequences were aligned with Multiple Sequence 

Comparison by Log-Expectation (MUSCLE) using the sequence alignment editor within the Mega 

program. The phylogenetic tree was built from these aligned sequences using a bootstrap 

analysis based on 1000 replications of the Neighbor-joining dataset, available within the Mega 

program.  

4.2.4 Assessment of Microbial Community Diversity.  

Microbial diversities of the consortium and the dam sample were determined based on OTU 

assignments. The cutoff value for determining operational taxonomic units (OTUs) used was 

97% sequence similarity. The consortium and environmental sample diversity indices were 

calculated using three different methods. The first method was Cluster Database at High Identity 

with Tolerance (CD-HIT) method, which defines OTUs [435]; the second method was Taxonomy-

based clustering method (TBC), which was used to calculate OTUs [436]. The first two methods are 

de novo clustering methods, which ignore the real taxonomic identification of each read. The 

third method used to finally determine the OTUs was Taxonomy-Dependent Clustering/ 

Taxonomy-Based Clustering (TDC-TBC) method. This method uses information on taxonomic 

identification, where each read is identified against the EzTaxon-e database, and unclassified 

reads at the species level (<97% similarity) are subjected to clustering as OTUs using the TBC 

method. Therefore, the TDC-TBC method is a combination of database-dependent and de novo 

clustering, and the reads determined by this method are considered real species and artificial 

OTUs. This hybrid approach can maximize the information on real species diversity in samples in 
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which the 16S rRNA similarity values between species are often higher than 97 %.  The alpha-

diversity indices were calculated with the Mothur package using the OTUs obtained by the TDC-

TBC method, as previously described [437], and downloaded from the CLcommunity software, to 

estimate species richness and evenness in the consortium and the dam sample. 

4.2.5 Determination of Minimum Inhibitory Concentration values.  

The minimum inhibitory concentration (MIC) of the consortium to zinc was determined by 

exposing the consortium to different concentrations of zinc (2.8, 8.8, 20, 26, 48, 71, and 93 

ppm), as previously described [430]. A 1000 ppm stock solution of Zn2+ was prepared by dissolving 

the hydrolyzed salt (CH3COO)2 Zn·2H2O  in sterile de-ionized water at pH = 5. After the exposure 

time, the bacteria were plated and incubated overnight at 37 °C in P medium agar without 

heavy metals to obtain the colony forming units per mL (CFU/mL) in each plate. The inhibitory 

activity was determined by the plate count method in triplicates [438]. Averages and standard 

deviations were calculated from the triplicates.  

4.2.6 Zn2+ batch sorption studies.  

Sorption of zinc was carried out by batch experiments. Stock solutions of 1000 ppm of Zn2+ 

were prepared by dissolving the hydrolyzed salt (CH3COO)2 Zn•2H2O in sterile 0.1 M NaCl at pH = 

5. Briefly, after inoculating the consortium in P medium, the harvested cells were rinsed 3 times 

with 0.1 M NaCl solutions and suspended in fresh 0.1 M NaCl solutions with 15 ppm zinc at 

OD600nm = 0.5 and pH = 5 [439].To determine the consortium sorption zinc equilibrium, the zinc 

concentration in the supernatant was measured every 15 min for 120 min by collecting the 

supernatant through centrifugation at 4000 rpm for 30 min. The influence of pH on the removal 

of Zn2+ by the consortium was examined by varying the pH from 2 to 7 by adding 0.1 M HCl or 

0.1 M NaOH to the 15 ppm zinc stock solution. The pH of the aqueous solutions was measured 
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using a pH meter (Orion 720A, Hexis). The effect of initial Zn2+ concentrations were studied by 

varying the amount of metal in the solution (2.8, 8.8, 20, 26, 48, 71, and 93 ppm) under the 

optimum conditions of pH = 5 and agitation period of 120 min. All samples were centrifuged at 

4,000 rpm for 30 min, and the supernatant digested according to the USEPA method 3010A [427]. 

The pellets were dried in an oven at 80 °C overnight and weighed.  

4.2.7 Determination of ‘Pirapora’ microbial consortium heavy metal binding functional 

groups.  

The Fourier transform infrared spectroscopy (FT-IR) was used to determine the heavy metal 

binding sites in the biomass exposed to 26 ppm of zinc, as described elsewhere [430]. The ATR-

FTIR spectra were collected on a Bomem MB100 equipped with a DTGS detector from 6500 cm-1 

to 350 cm-1 wavenumbers. All spectra were taken with a nominal spectral resolution of 4 cm-1 in 

absorbance mode. The measurements were obtained under ambient and dry conditions. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Structure analysis of environmental sample compared to Pirapora consortium 

In this study, we grew the dam microbial community in the ‘P medium’, which was originally 

designed to simulate the environmental conditions of the dam, since it contained water and 

sediment extracts from the contaminated site (Table 5-1). The main goal of the P medium was 

to obtain a consortium with the most diverse and representative population of the dam. The 

results show that the P medium was not able to obtain 100% of the microbial community found 

in the dam. It was, however, able to enrich about 10% of the OTUs found in the dam (Figure 4-

1). This number is higher than those reported in previous studies indicating that only 1% of the 

population can be recovered in laboratory conditions [282].  
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FIGURE 4-1- COMPOSITION OF PIRAPORA CONSORTIUM AND DAM SEDIMENT POPULATIONS, 
EXPRESSED IN PHYLA AND GENERA AMONG BOTH SAMPLES. (UC REFERS TO 
UNCULTURED GENERA) 
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FIGURE 4-2- RAREFACTION CURVE FOR PIRAPORA CONSORTIUM (RED) AND SEDIMENT (BLUE) 
SAMPLES, BASED ON TAXONOMY-DEPENDENT CLUSTERING/ TAXONOMY-BASED 
CLUSTERING (TDC-TBC) METHOD FOR DETERMINATION OF OTUS. 

The structure analysis of the environmental sample and the consortium (Figure 4-1) showed 

that the most abundant families of microorganisms were Carnobacteriaceae and Moraxellaceae. 
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The most abundant genus in both consortium and dam sample from the Moraxellaceae family 

was Acinetobacter. This genus represented 8.3% and 69.7% of the total species abundance in 

the consortium and in the dam, respectively (Figure 4-1). Acinetobacter was the only one 

presenting higher abundance in the dam than in the consortium.  

Rarefaction curves (Figure 4-2) were also obtained for each sample to determine whether 

the sequencing was enough to identify all or most of the OTUs in each sample. These curves 

indicate the rate of increase in the number of OTUs discovered as the number of sequences 

obtained increases [440]. Rarefaction curves (Figure 4-2) indicated that the number of OTUs 

obtained through the sequencing was sufficient to identify all OTUs present in the consortium 

sample, since the curve reached an asymptote. In the case of the environmental sample, the 

number of OTUs obtained for the sequences did not reach an asymptote, which indicates that 

the microbial population in the dam is very diverse and therefore not all OTUs present in the 

environmental sample were sequenced. 

The observations obtained from the rarefaction curve of the dam was further corroborated 

by the fact that the consortium presented several species from the family Enterobacteriaceae, 

such as, Escherichia, Enterobacter, Pseudomonas, Citrobacter, Salmonella, and Klebsiella, which 

were not detected in the sequences from the dam (Figure 4-1).  The presence of these 

microorganisms in the consortium is not surprising, since they are all enteric bacteria. Enteric 

bacteria have been extensively associated with sewage from domestic and industrial effluents 

[426]. The Barragem Pirapora de Bom Jesus receives effluents from the Tiete river, which is highly 

contaminated with sewage and industrial effluents [441]. Thus, the presence of these 

microorganisms in the consortium, but absence in the dam metagenomics data, and the non-

asymptotic rarefaction curve of the dam suggest that the consortium represented probably 
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more than 10% of the OTUs found in the environment. Additionally, these findings suggest that 

even though culture independent methods are extremely valuable, the combination of culture 

independent methods and culture dependent methods can be complementary to identify 

microorganisms and better understand their diversity and function in the environment. 

Furthermore, the simulation of environmental growth conditions in the laboratory allowed a 

better recovery of environmental species. 

4.3.2 Diversity analysis of dam compared to the Pirapora consortium 

In order to compare the diversity of the microbial population in the dam with the 

consortium, species richness and evenness analyses of the 16S rRNA gene metagenomics data of 

both samples were performed. The species Richness (S) of natural communities typically 

represents the number of species in the community [442]. The species Richness allowed us to 

compare quantitatively the diversity differences between the two groups of sequences: the 

consortium and the environmental sample. 

The species Richness was calculated based on the number of OTUs in the consortium and 

the environmental sample. A total of 503 OTUs were found in the dam, whereas the Pirapora 

consortium had a total of 157 OTUs. The microbial population diversity of the consortium and 

dam was determined with 9418 and 5618 sequences, respectively, of the 16S rRNA gene with 

approximately 500 base pairs. Although, a total of 503 OTUs were found in the dam, the 

Pirapora consortium had a total of 157 OTUs, which corresponds to about 31% of the OTUs 

found in the dam (Table 4-1). These numbers represent the observed Richness (Sobs) of the 

samples and they were expected since the observed species Richness in profiles of natural 

environments is typically higher than those communities grown in the laboratory [301]. Sobs, 

however, underestimates S, therefore statistical methods must be used to reduce the bias. The 
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most used non-parametric estimators of S, presented in Table 4-1, include Ace (Sace), Chao1 

(Schao1), and JackKnife (Sjack,k). These richness indices give more weight to species that have very 

few individuals than to those that have many individuals. The results of the Richness indices 

showed that the dam exhibited a 7.2 times higher Sace than the consortium (Table 4-1). Likewise, 

the dam had 5.4 times higher Schao1, and 6.6 times higher Sjack,k than the consortium, which is 

explained by a much higher number of OTUs in the environmental sample than in the 

consortium.   

In addition to these richness estimators, the community diversity of the Pirapora consortium 

and the dam were evaluated using the non-parametric Shannon Index (Ĥ), Shannon Index (H), 

Simpson Index (1/Dsimpson), Shannon Evenness (J’), and Simpson Evenness (E1/D) (Table 4-1). Some 

of these diversity indices include both species richness and their relative abundance, as well as 

evenness, therefore, they are typically used as a first approach to investigate the biological 

diversity in different samples [293]. The non-parametric Shannon (Ĥ) and Shannon (H) indices 

specify the comparative occurrence of different species. In this study, they were used to 

associate species abundance and relative richness amongst species. The higher number of the Ĥ 

and H in the consortium than in the dam indicates that the numbers of individuals of all species 

were more evenly distributed in the consortium than in the sediment sample. 

TABLE 4-1- DIVERSITY INDICES OF THE PIRAPORA COMMUNITY AND THE DAM SEDIMENT 

UNDER ZN2+ EXPOSURE, OBTAINED FROM OTU ASSIGNMENT BASED ON TDC-TBC 

CLUSTERING METHOD 

Sample 
OTUs 
Sobs 

Ace, 
Sace 

Chao1, 
Schao1 

JackKnife, 
Sjack,k 

NP 
Shannon, 

H’ 

Shannon, 
H 

Simpson, 
1/Dsimpson 

Shannon 
Evenness, 

J’ 

Simpson 
Evenness, 

E1/D 

Consortia 157 228 197 214 2.85 2.85 11.1 0.56 0.071 

Sediment 503 1649 1057 1406 2.50 2.24 2.2 0.40 0.004 
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The similarity of species' abundances in the environment is called evenness, and it can be 

described by J’ and E1/D. Although, the species richness of the environmental sample was higher 

than that of the consortium, as confirmed by Sace, Schao1, and Sjack,k,  the consortium had a more 

even distribution of species abundance over its total number of species. The species evenness in 

the consortium population generated 1.4 times higher J’ and 16 times higher E1/D than the dam 

sample.  

The Simpson (1/Dsimpson) diversity index is considered a dominance index because it weighs 

towards the abundance of the most common species. Hence, the higher Simpson diversity index 

observed for the consortium demonstrated that the consortium have a more even distribution 

of dominant species than the dam.  Based on the diversity indices, we can conclude, that the 

environmental sample has a higher richness, but a lower evenness than the consortium.  

The differences in diversity observed in the consortium and environmental samples can be 

attributed to different concentrations of heavy metals and other nutrients present in the P 

medium and in the sediment. The sediment obtained from the contaminated dam contained 

heavy metal concentrations (328 ppm) at least 100 times higher than the media where the 

Pirapora community was grown (2.8 ppm) and the water contained only 0.16 ppm of zinc (Table 

5-1).  Additionally, the concentrations of phosphorous, nitrogen and carbon sources in the P 

medium were not the same as the concentrations in the sediment and water (Table 5-1). The pH 

in the P medium was also slightly acidic than the pH in the environment; however the selection 

of the pH=5 for the P medium was necessary to avoid heavy metal precipitation. Therefore the 

different concentrations of heavy metals, pH and nutrients in the P medium probably led to a 

selection and enrichment of certain groups of microorganisms from the environment, which led 

to lower species richness but more evenly distributed populations.  
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4.3.3 Phylogenetic Analysis of the Consortium Microbial Community  

The 16S rRNA metagenomics analysis of the consortium showed that the consortium has 2 

phyla, 15 known bacterial genera, and 1 uncultured bacterium. The taxonomic affiliations of 

OTUs obtained for the consortium were determined by 95 to 100% similarity to reference 

sequences found in the NCBI database (Figure 4-3). The phylogenetic analysis of the Pirapora 

microbial consortium resulted in two major clusters supported by bootstrap results of 99% 

(Figure 4-3). The first cluster included 71.1% of the species present in the Pirapora consortium 

with high relatedness to the phylum Proteobacteria. The second cluster included 28.9% of the 

sequences and belonged to the phylum Firmicutes.  

Within the phylum Proteobacteria (Figure 4-3), species belonging to the genus Escherichia 

were represented by 58.5% of the total number of sequences in the consortium sample. Within 

the same phylum, 8.3% of the sequences belonged to Acinetobacter, 1.8% to Enterobacter, 1.0% 

to Pseudomonas, 0.7% to Klebsiella, 0.6% to Citrobacter, 0.1% to unidentified species of 

Moraxellaceae, 0.2% to Salmonella, and 0.1% to unidentified species of Enterobacteriaceae. 

Within the phylum Firmicutes, species belonging to the genus Bacillus were identified in 21.5% 

of the sequences. Similarly, 6.0% of the total sequences belonged to the genus Carnobacterium, 

1.3% to Leuconostoc, and 0.04% to Enterococcus. Unidentified species represented 0.04% of the 

total number of sequences. 
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FIGURE 4-3 NEIGHBOR-JOINING PHYLOGENETIC TREE OF 9414 IDENTIFIED 16S rRNA 
SEQUENCES OF THE PIRAPORA CONSORTIUM.  
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Some of the known species found in the Pirapora consortium have been previously 

described to be resistant to different metals [178, 200, 443]. Because the Pirapora sediment is 

contaminated with diverse types of heavy metals (Table 5-1), it is possible that different 

microorganisms in the community will have different detoxification mechanisms for various 

heavy metals. The most common mechanisms of heavy metal resistance in bacteria have been 

attributed to sequestration by Extracellular Polymeric Substances (EPS), metal volatilization, 

metal reduction, gene expression of efflux pumps, and/or horizontal genetic transfer of heavy 

metal resistant plasmids among the different species of natural communities [178, 443].  

In the Pirapora microbial community, the Gram-positive Bacillus spp. were identified. This 

Gram-positive genus have been previously described as being able to sequester heavy metals 

through EPS production, which contains negatively charged proteins, humic acids, uronic acids, 

and polysaccharides that can easily complex with heavy metal ions [200]. The second most 

abundant microorganism in the consortium was Acinetobacter spp, which was also present in 

the environmental sample. This Gram-negative genus has been shown to be very resistant to 

mercury since several species have been described to contain a plasmid that encodes the 

volatilization of mercury [178]. Another Gram-negative genus found in the consortium, 

Pseudomonas spp., has been previously described to be ubiquitously present in metal 

contaminated sites [444], as well as in pristine tropical glaciers [220]. Various Pseudomonas species 

have proven to be effective metal sorbents and present resistance to different metals [205, 270, 445]. 

For instance, P. putida has been extensively investigated for metal resistance, since it has at 

least four Zn/Cd/Pb efflux transporters to expel metal cations out of the cell [443]. Other Gram-

negative bacteria, such as Escherichia spp. [127],  have been shown previously to reduce chromate 

by the presence of chr gene in different plasmids. The enzyme ChrR, from the CHR protein 
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superfamily, which is responsible for the effective reduction of Cr(VI) has been also described in 

Pseudomonas spp., Enterobacter spp., and Escherichia spp. [123, 124, 130]. The genetic composition 

of the Pirapora community (71% of the sequences related to Gram-negative bacteria) is also 

supported by the FTIR results (Figure 4-7). The primary sites for the first metal interaction in the 

Gram-negative cell wall are the carboxyl and hydroxyl groups [104, 424], and were also attributed to 

be the main metal binding sites in the FTIR results of this study as described in a section below. 

Although it is well known that certain species, such as Pseudomonas sp., Escherichia sp., 

Bacillus sp., Acinetobacter sp., and Enterobacter sp. can effectively remove metals, it is still 

unclear how the biosorption process by specific bacterial genus is affected by the presence of 

other microorganisms. Furthermore, no studies to date have used a consortium with this diverse 

composition to estimate metal-biomass affinity or metal removal function.  

4.3.4 Consortium resistance and minimum inhibitory concentration in zinc-rich environment 

The potential use of microorganisms for metal bioremediation requires a better 

understanding of the growth effects of different metal concentrations on microorganisms. The 

growth ability of the Pirapora microbial consortium in planktonic phase was determined in the 

presence of increasing concentrations of zinc. The concentration below which the community 

grew, or MIC, was determined to be 48 ppm (Figure 4-4).The ability of the consortium to grow 

after exposure to 26 ppm zinc or higher concentrations was investigated by plating on metal-

free agar medium. The cells exposed to 71 ppm presented about one log growth reduction 

compared to the control. On the other hand, no growth on metal-free agar was observed after 

exposure to 93 ppm zinc in “P” broth (Figure 4-5). Previous studies have found zinc MIC values 

of 654 ppm for Pseudomonas veronii [205], and Pseudomonas gladioli [206], and 523 ppm for 

Pseudomonas aeruginosa [445]. Although zinc MIC values for these microorganisms exceeded the 
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MIC of the present consortium, these pure cultures were grown in rich media containing salts 

and other components that are known to complex with the zinc ions, which can results in higher 

MICs. The Pirapora consortium, on the other hand, was grown in a minimum medium prepared 

with water and sediment from the contaminated dam to try to simulate the chemistry 

conditions of the contaminated site. 

It is also worth pointing out that the concentration of zinc did affect the microbial growth. 

The results presented in Figure 4-4, shows a longer lag phase with increasing concentrations of 

zinc (Pearson's correlation r = 0.89; p < 0.001). These results suggests that the community can 

grow with zinc; however, as the zinc concentration increases, the microbial community will 

require a longer adaptation period, as previously suggested with other metal ions [202]. 
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FIGURE 4-4- ‘PIRAPORA’ MICROBIAL COMMUNITY GROWTH CURVE AFTER EXPOSURE TO 

(CH3COO)2ZN-2H2O AT DIFFERENT CONCENTRATIONS (2.8 PPM, 8.8 PPM, 20 
PPM, 26 PPM, 48 PPM, 71 PPM, AND 93 PPM) IN “P MEDIUM”. 



 
 

142 
 

𝜇 =
ln(𝑂𝐷2)− ln(𝑂𝐷1)

𝑡2 − 𝑡1
 

The lag phase duration of the consortium exposed to each zinc concentration was 

determined as the phase of zero growth before the consortium started growing exponentially 

based on the following growth rate equation:   

EQUATION 4-1 

              ,    

where μ is the net growth rate, OD2 and OD1 are the OD600nm at t2 and t1, respectively. Results 

show an increase in the consortium’s lag phase for zinc concentrations equal to or above 8 ppm 

(post hoc pairwise LSD tests, p<0.001 in all cases, Table 4-1). This result suggests that the 

community can grow with heavy metal; however, it may require a longer adaptation period as 

the metal concentration increases. 
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FIGURE 4-5- ‘PIRAPORA’ MICROBIAL COMMUNITY PLATE COUNT AFTER EXPOSURE TO 

(CH3COO)2ZN-2H2O 2.8 PPM, 26 PPM, 48 PPM, 71 PPM, AND 93 PPM IN “P 

MEDIA” FOR 45HRS. 

The duration of the lag phase of the ‘Pirapora’ community significantly increased with higher 

zinc concentrations (Pearson's correlation r = 0.89; p < 0.001), Table 5-1).  
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TABLE 4-2- LAG PHASE DURATION OF THE PIRAPORA CONSORTIUM EXPOSED TO DIFFERENT 

CU2+ CONCENTRATIONS 

[Zn2+] Lag Phase Duration 

 Time (hr) 

ppm Avg. Std. Dev 

2.8 0.00 0.0 

8 2.47 0.5 

20 4.50 0.5 

26 17.83 0.3 

48 19 1.0 

4.3.5  ‘Pirapora’ microbial community optimum growth phase for zinc removal 

Earlier findings have shown that optimum heavy metal sorption can occur in different 

bacterial growth phases or as dead biomass, depending on the heavy metal and the 

microorganism[250],[251]. A key aspect of biosorption is to optimize the growth conditions to 

achieve the highest metal removal, since biosorption may involve metabolically active cells, 

resting cells, or inactive cells. In the case of zinc, biosorption studies are very conflicting and 

depend largely on the type of cell used. For instance, live cells of P. putida in stationary phase 

achieved better zinc removal than the same cells inactivated [446]. Yet, Streptomyces 

ciscaucasicus strain CCNWHX 72-14, exhibited the opposite effect, as higher zinc removal was 

attained for dead than for alive cells. However, no previous studies described the optimum 

growth phase to achieve a better zinc sorption.  

The left axis (curve in red) in Figure 4-6 shows the growth curve at OD600nm in the presence 

of zinc. The right axis (black data points) shows the percent removal of zinc ions during each 

growth phase. In Figure 4-6, the community presents significant differences for zinc removal at 

the different growth stages, greater than 50 % zinc removal in the mid-log and early stationary 

phases but less than 50% in the late stationary phase. This might be explained by the diverse 
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microbial composition of the consortium. It is possible that some species of microorganisms in 

this consortium can remove heavy metals better in the exponential phase, while others in the 

stationary or dead phase. For instance, the maximum sorption capacity was 42.75 mg of Zn2+ 

removed/g (0.654 mmol/g) of living cells of S. ciscaucasicus, while the same cells inactivated 

achieved 54 mg of Zn2+ removed/g (0.826 mmol/g). Also, P. veronii 2E showed higher uptake for 

Cu, Cd, and Zn, during early stationary phase than during exponential phase [205]. P. putida CZ1 

also presented this difference, where living cells had a higher (26.1 mg/g) maximum uptake of 

metals, whereas non-living cells presented a lower maximum uptake rate (15.5 mg/g) [446]. It is 

worth noting that with pure cultures, this indistinct optimum growth phase for zinc removal has 

never been described. Our finding suggests that this microbial consortium does have a 

preferential growth phase for the zinc removal unlike pure cultures. This finding is essential for 

water and wastewater treatment of zinc contaminated effluents that constantly face changing 

environmental conditions that can affect microbial growth. Proper designs of large-scale 

biosorption units must consider the growth phase of the consortium used. 
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FIGURE 4-6- SORPTION OF 6 PPM ZN2+ BY ‘PIRAPORA’ BACTERIA AT DIFFERENT GROWTH 
STAGES: EXPONENTIAL (7H), EARLY STATIONARY (24H), AND LATE STATIONARY 
(43H) PHASES. 
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Live, metabolically-active cells, or log-phase bacteria can undergo both bioadsorption and 

bioaccumulation of heavy metals [110]. Although the mechanism of zinc removal by the Pirapora 

consortium is still unknown, our results suggests that the metabolism may play an more 

important role in zinc removal since metabolically active log-phase cells achieved a higher metal 

removal percentages than late-stationary-phase cells. Other researchers have proved that the 

metal removal by bacteria may require active metabolism of the cells. Radhika, et al., (2006), for 

example, confirmed that live cells of Desulfotomaculum nigrificans removed zinc by both cell-

surface biding and bioprecipitation induced by H2S production [144]. Thus, based on the results, 

the mid-log phase cells were selected for subsequent zinc sorption experiments. 

4.3.6 Mechanisms of zinc removal by the “Pirapora” microbial consortium 

In addition to determine the microbial ability to grow in the presence of different 

concentrations of zinc, we also investigated whether zinc could be removed through adsorption, 

as well as the adsorption mechanisms of zinc. In general, microbial sorbents first interact with 

metal ions through surface complexation, where functional groups in the cell surfaces adsorb 

the metal in aqueous phase [34]. 

Through the FT-IR spectra of the consortium grown in the native P medium with 2.8 ppm 

Zn2+ (black) and in medium with to 26 ppm of zinc (blue) (Figure 4-7), we identified the 

functional groups that were responsible for binding to the metal ions. The control showed a 

peak at around 1070 cm-1 which corresponds to the C-O stretching vibration of carboxyl groups. 

This band shifted and a new band appeared at 1117 cm-1 (blue), which correspond to the C-O 

stretching vibration of the carboxyl group linked to Zn2+ ions. The peak at 3414 cm-1 in the 

control represents the normal polymeric OH stretch, whereas the peak at 1400 cm-1 denotes a 

possible tertiary alcohol [447, 448]. The peak at 669 cm-1 may also been attributed to an OH 
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vibration [447]. While the peak at 3414 cm-1 and 1400 cm-1 did not significantly change. The peak 

at 669 cm-1 shifted to 636 cm-1, indicating partial complexation of Zn2+ to OH groups. Three new 

peaks appeared after the zinc sorption at 947 cm-1, 1007 cm-1, and 1024 cm-1. The peak at 947 

cm-1 may be attributed to phosphate groups, while the peaks at 1007 cm-1 and 1024 cm-1 may 

correspond to primary amine vibrations. Secondary and tertiary amine groups are indicated at 

1655 cm-1 and 1238 cm-1 in the control, respectively, and were also slightly shifted after the 

metal sorption. The minor change in such peaks may correspond to a weak binding of the N-H 

and C-N groups with zinc. The peak at 1541 cm-1 may relate to aliphatic or aromatic nitro 

compounds [447], but these may not present a significant role in the sorption process as the 

bands only shifted slightly.  
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FIGURE 4-7. FT-IR IMAGES OF ‘PIRAPORA’ BACTERIAL COMMUNITY EXPOSED TO THE NATIVE P 
MEDIUM WITH 2.8 PPM ZN2+ (BLACK- CONTROL); AND COMMUNITY EXPOSED TO 
THE P MEDIUM ENRICHED WITH 26 PPM ZN2+ DURING 4 DAYS (BLUE).  

Our results suggest that carboxyl and hydroxyl groups were the main functional groups 

responsible for the metal sorption process, although phosphate and amine groups also played a 

b 
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minor role. These functional groups are commonly found in different biomacromolecules in 

bacteria, such as peptidoglycan, teichoic acids, proteins, and lipoproteins, and have been proven 

to provide a negative charge to the cell surface [110]. The lipopolysaccharide and phospholipids, 

for example, can provide the primary sites for metal interaction in Gram-negative bacteria, 

while teichoic acids lead to negative charges on the surface of Gram-positive bacteria [188]. 

Similar stretching vibrations observed in Figure 4-7 were found in previous metal biosorbent 

surface characterization studies of Pseudomonas stutzeri [251, 449]. These FTIR findings are in 

agreement with the community analyses that show higher number of species from the Gram-

negative group.  

In addition, to adsorption, it is possible that some species in the consortium could be up 

taken zinc by other mechanisms. In the present study, we did not investigate the functional 

genes of the consortium, but previous studies have shown the presence of zinc efflux pumps in 

microorganisms. For instance, one of the most abundant genus found in the consortium, 

Escherichia spp., have been previously described to have the efflux transporters ZntA, ZitB, and 

the uptake proteins ZupT, ZntB, and ZnuABC [450].  The ZitB is a member of the cation diffusion 

facilitator (CDF) family [450], while ZntA is a P-type ATPase, both of which mediate efflux of zinc 

across the plasma membrane [451]. Therefore, further functional gene expression studies of this 

consortium will be necessary to better understand other potential mechanisms of microbial 

resistance and removal of heavy metals in the environment. 

Additional indication of copper sorption to microbial cells is presented by the EDS analysis 

(Table 4-3, Figure 4-8a and b), which presents direct detection of metals on the biomass. The 

results showed 2.18 wt% Zn2+ on the biomass that was exposed to zinc as opposed to the 
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control that presented only 0.8 wt% Zn2+. Therefore the Pirapora microbial community is able to 

bind heavy metal through adsorption. 

 

FIGURE 4-8- ENERGY DISPERSIVE SPECTROSCOPY (EDS) ANALYSIS OF THE ‘PIRAPORA’ 
BACTERIAL CONSORTIUM A) CONTROL (BACTERIA ONLY), AND B) THE BACTERIA 
AFTER INTERACTING WITH ZINC AT A CONCENTRATION OF 25 PPM. 

TABLE 4-3- ENERGY DISPERSIVE SPECTROSCOPY (EDS) ANALYSIS OF CONSORTIA EXPOSED TO 
ZINC 

 

 

4.3.7 Zinc sorption pH dependency 

The removal of metals by sorption onto the biomass has been described to be dependent on 

the pH of the solution, since pH affects the biomass’ surface charge, the degree of protonation 

of the cell surface functional groups [408], and the precipitation of metal ions in the solution [452]. 

Additionally, the pH in the environment can be variable; therefore it is critical to evaluate the 

sorption process within a wide range of pH values [303].  

The results show that the removal efficiency is lower in acidic media, increasing as the pH 

becomes basic (Figure 4-9). At 15 ppm, zinc starts to precipitate as zinc hydroxide roughly above 

 Control: Bacteria Bacteria + 25 ppm Zn2+ 

Element Mass % Atom % Mass % Atom % 

C* 97.13 99.45 61.68 0.10 

Cu* 2.07 0.4 30.14 0.59 

Zn* 0.80 0.15 2.18 0.50 

Total 100 100 100 100 
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pH = 7 [412], so sorption at lower pH values show microbial sorption effects, rather than 

precipitation. The optimal pH to evaluate zinc sorption by the microbial consortium was found 

to be 5, with a percent removal of about 45 %. The metal sorption is affected by degree of 

protonation of the carboxyl and hydroxyl groups in the cell surface, given that an increase in pH 

reduces the competition between H+ and metal ions [409] (Figure 4-9). The effect of pH in the zinc 

sorption can also be attributed to the metal’s degree of protonation (pure ionic or hydroxyl-

metal). The effect of pH in the zinc sorption process in this particular community has never been 

evaluated. Therefore, in this investigation, we observed that the maximum removal of zinc by 

the consortium was obtained at pH 5, which was used throughout this study. 
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FIGURE 4-9- PH DEPENDENCY OF ZN2+ SORPTION BY ‘PIRAPORA’ MICROBIAL COMMUNITY IN 

0.1M NACL SOLUTION AT DIFFERENT PH VALUES (2-7).  

4.3.8 Zinc sorption kinetics and isotherm 

The design of large-scale sorption treatment units requires a better understanding of 

biosorption parameters, such as mechanisms of sorption reactions and reaction pathways, 

which can be determined with batch dynamic experiments. The first parameter to be 

investigated is the metal sorption behavior as a function of time to estimate the equilibrium 



 
 

150 
 

reaction time of the sorption process for a specific biomass.  In the present study, the pseudo-

second order model was used to describe the kinetics of zinc by the Pirapora microbial 

community since it is often used to describe the kinetics of microbial biosorption [453, 454],[455],[456]. 

Correlation parameters were derived from the linear model in Equation 5-7 by plotting t/qt vs t 

(Figure 4-10), and are shown in Table 4-4. The model (Figure 4-11, Table 4-5) depicted an R2 of 

0.95, which indicates that the model explains most variance.  
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FIGURE 4-10- LINEAR PSEUDO-SECOND ORDER MODEL FOR TIME DEPENDENCY OF ZN2+ UPTAKE 

BY ‘PIRAPORA’ MICROBIAL COMMUNITY 

The pseudo-second order model was used to describe the kinetics of zinc by the Pirapora 

microbial community [453]. It was selected as a model as it is often used to describe the kinetics 

of biosorption [454],[455],[456]. Correlation parameters were derived from the linear model in 

Equation 4-6 by plotting t/qt vs t (Figure 4-10), and are shown in Table 4-4. The model (Figure 4-

11, Table 4-5) depicted an R2 of 0.95, which indicates that the model explains most variance.  
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TABLE 4-4- PSEUDO-SECOND ORDER KINETICS OF ZN2+ UPTAKE BY PIRAPORA MICROBIAL 

COMMUNITY 

 

 

 

 

The consortium, in the present study, presented an equilibrium reaction time of 120 min. In 

other studies, the equilibrium reaction time varied tremendously, for instance the metal uptake 

by E. coli expressing the zupT gene has indicated that ZupT is able to uptake zinc within 40 

minutes [457]. While, the zinc uptake by Streptomyces rimosus reached equilibrium after 200 

minutes, with a metal uptake rate of 69.4 mg/g [458].  Other species, such as Thiobacillus 

thiooxidans [459], achieved equilibrium for zinc sorption after 50 minutes. The equilibrium time, 

therefore, is influenced by the microbial species, their growth conditions, and the types of metal 

uptake mechanisms, e.g. through metabolic activity or adsorption. In a consortium, these 

parameters become more complex, because different microorganisms in a consortium can have 

different heavy metal removal mechanisms. 

TABLE 4-5- KINETIC DATA FOR THE BATCH ZINC SORPTION ONTO PIRAPORA MICROBIAL 

CONSORTIUM AT ZINC C0=11.83 MG/L 

  

% 

Removal 

% 

Removal 
Biomass 

Solution 

V 
qt Avg qt Std Dev t/qt 

Time Ct Average std dev grams ml mg/g mg/g 
min 

g/mg 

5 9.36 21.93 1.43 0.0010 15.0 38.9 2.5 0.128 

10 10.21 13.61 0.12 0.0010 15.0 24.2 0.2 0.414 

20 8.85 25.67 0.68 0.0010 15.0 45.6 1.2 0.439 

30 8.78 26.29 0.69 0.0010 15.0 46.7 1.2 0.643 

60 8.10 31.14 0.51 0.0010 15.0 55.3 0.9 1.086 

90 6.82 41.86 0.68 0.0010 15.0 74.3 1.2 1.212 

120 7.72 33.33 1.99 0.0010 15.0 59.2 3.5 2.029 

         
 

Metal Intercept Slope vo qe k R2 

   mg g-1 min-1 mg g-1 g mg-1 min-1  

Zn 0.16 0.014 6.2 69.4 0.0013 0.95 
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FIGURE 4-12- LINEAR LANGMUIR ISOTHERM MODEL FOR THE ZN2+ SORPTION ONTO THE 

BACTERIAL CONSORTIA. THE LANGMUIR MODEL SHOWS THAT IT DOES NOT FIT 

THE EXPERIMENTAL DATA. 

 

FIGURE 4-11- PSEUDO-SECOND ORDER KINETIC MODEL OF ZN2+ UPTAKE RATE BY ‘PIRAPORA’ 

MICROBIAL COMMUNITY AT INITIAL METAL CONCENTRATIONS OF 15 PPM, PH = 

5. RESULTS SHOW THAT THE ZINC EQUILIBIRUM UPTAKE RATE IS ACHIEVED 

AFTER 120 MIN. 
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In order to better understand the adsorption mechanisms of the consortium, equilibrium 

isotherm models were used to describe the solid-liquid equilibrium between the metal 

concentration bound to the bacteria and the metal concentration in the liquid phase. The 

equilibrium sorption behavior is important because the quality of any sorbent is determined by 

the model parameters obtained from the isotherms, which define the maximum sorption 

capacity and the metal-biomass affinity [102]. The equilibrium point also establishes a relationship 

between the metal contaminant and the surface of the biomass, needed to scale-up metal 

sorption units for water and wastewater treatment.  

We fitted the experimental data of the biosorption of zinc by the log-phase ‘Pirapora’ 

consortium into the most common models that describe single metal systems, the Langmuir and 

the Freundlich models [110]. The Langmuir model did not fit the data, as shown in Figure 4-12. 

The Figure 4-13 depicts the sorption isotherm for zinc by the log-phase Pirapora microbial 

consortium. Preliminary investigation of the consortium showed that the log phase had higher 

statistically significant removal capacity than the early and late stationary phases and therefore 

was used in the present study. Table 4-5 shows the experimental data modeled by the 

Freundlich isotherm, and the correlation parameters, which are also listed in Table 4-6. The 

Freundlich equilibrium isotherm model was able to explain most of the variance with an R-

squared of 0.89 (Table 4-6).  

In the present study, the Freundlich model indicated a relatively high Zn-biomass affinity 

(KF=1.81), higher than the non-living biomass of Pseudomonas putida for copper (KF=1.53) [460] 

and zinc ions (KF=1.47) [446], and the living cells of Pseudomonas aeruginosa AT18 for zinc ions 

(KF=0.002) [461].  The high Zn-biomass affinity was expected, since the FT-IR spectra for zinc 

depicted strong shifts for the carboxyl and the hydroxyl functional groups (responsible for the 
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metal binding). Although, the Freundlich model does not imply a saturation of the adsorptive 

biomass surface, it can be directly used to compare its parameters to the sorption models of 

other species. For instance, the Pirapora consortium also presented higher sorption intensity for 

zinc ions (n=0.68) than dead cells of Rhizopus arrhizus (n=0.60) [192]. The Pirapora consortium 

was also evaluated for copper sorption function in our previous study [430]. Both live and dead 

cells of pure cultures from most previous studies exhibited lower sorption capacity for copper 

ions than the Pirapora microbial community [430]. This study, along with the results of our 

previous study, implies that the use of bacterial communities obtained from environmental sites 

might be more efficient to adsorb heavy metals than the use of pure microbial cultures. 
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FIGURE 4-13- SORPTION ISOTHERMS OF ZN2+ REMOVAL AT PH=5 BY ‘PIRAPORA’ MICROBIAL 

COMMUNITY GROWN IN “P MEDIA. 
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TABLE 4-6- PARAMETERS OF LANGMUIR AND FREUNDLICH EQUILIBRIUM MODELS FOR THE 

SORPTION OF ZN2+ ONTO PIRAPORA COMMUNITY 

 

 

4.4 CONCLUSIONS 

This study indicated that diverse microbial communities can be obtained from the 

environment with modified medium that contains similar or close compositions to their original 

environment. Additionally, the results of this study demonstrated that it is possible to obtain 

microorganisms from heavily contaminated environmental sites for use as metal biosorbents. It 

is critical, however, in future studies, to understand the association between the diversity of 

microbial communities and their heavy metal resistance genes, which could potentially affect 

the operational parameters of the biosorption processes. 

 

 

 

 

 

 

 

 

 

 

 

 

Freundlich Parameters 

Metal KF n R2 

 L g-1 -  

Zn2+ 1.81 0.68 0.89 
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CHAPTER 5 COPPER REMOVAL USING A HEAVY-METAL RESISTANT MICROBIAL 
CONSORTIUM IN A FIXED-BED REACTOR 

Isis E. Mejias Carpio, Glaucia Santelli, Solange Sakata, Sidney Seckler Ferreira Filho, and Debora 
F. Rodrigues 
 
5.1 RATIONALE AND OBJECTIVES 

Heavy metal contaminated water is a growing concern because heavy metals accumulate in 

biological systems and can lead to severe poisoning [11]. Several industries, such as mining, 

electroplating, aerospace, energy and fuel production, and catalysis produce effluents 

containing various heavy metals. Most of the traditional  techniques used for removal of heavy 

metals from aqueous systems require expensive equipment, costly reagents and energy, and 

can generate large amounts of sludge that require disposal [409, 462, 463]. Some of these 

technologies also need a long contact time and are more efficient when the metals are present 

in concentrations higher than 100 ppm [464].  

Biosorbents, such as yeasts, algae, and bacteria are potential alternatives for the removal 

of heavy metals in aqueous systems [37, 38] [39],[41]. Also, biosorbents are at least one order of 

magnitude (1/10) cheaper than traditional technologies, and minimize the volume of chemical 

and/or biological sludge to be disposed [102, 240]. These properties make biosorbents a very 

promising solution to treat metal contaminated water.  

Bacteria can be economic and eco-friendly biosorbents for water and wastewater 

treatment processes due to their small size and short generation time, which facilitate rapid 

adaptation to a wide range of environmental conditions [110]. Such properties are important for 

engineered systems, where biosorption could be implemented in conjunction with coagulation, 

clarification, and disinfection to improve the overall efficiency of the treatment process. In 

biological wastewater treatment, microbial consortia are commonly employed, since pure 
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cultures are difficult to maintain in large-scale units and because microbial communities can 

easily adapt to environmental changes.  

In this study, we investigate the use of a metal-resistant microbial consortium immobilized 

in a fixed-bed column. Prior to the immobilization of the consortium in a fixed-bed column, we 

analyzed the survival and the mechanisms of copper removal by this microbial community in 

batch cultures. We also investigate whether the planktonic microbial community can form 

biofilm and persist in the presence of a metal-rich environment. Then, we investigated the 

consortium biofilm immobilization onto granular activated carbon (GAC) and its performance for 

copper removal in a fixed-bed column for future application in water treatment units. 

5.2 EXPERIMENTAL 

5.2.1 Sample collection and isolation of the ‘Pirapora’ microbial consortium.  

The consortium used in the present study was collected from sediment of a dam located in 

the Metropolitan Region of São Paulo, Brazil at 23°23'31.81"S and 46°59'47.67"W. The copper 

concentration in the dam sediment was determined to be 90.8 ppm by using Inductively 

Coupled Plasma Atomic Emission Spectrometry (ICP-OES Optima 7000DV, Perkin Elmer) after 

acid digestion as described in the USEPA Method 3050B [465]. The pH of the dam sediment and 

water were 6.8 and 7.2, respectively. The water total phosphorous, inorganic phosphorous, total 

kjeldahl nitrogen (TKN), and total organic carbon (TOC) were determined as described 

elsewhere [466] (Table 5-1).  

The consortium was obtained from the dam sediment by incubating 1 g of the sediment at 

30 °C under constant stirring (125 rpm) for 24 h with 40 mL of a growth medium prepared with 

the river water and the sediment extract ('P medium'). After pre-incubating the inoculum, an 

aliquot of the solution was transferred to fresh P medium and incubated again at 30°C under 
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constant agitation (125 rpm) for 48 h. Four transfers to fresh media were performed during 

subsequent days. Microbial consortium stocks with 25% sterile glycerol were stored at -80oC. 

TABLE 5-1- PHYSICOCHEMICAL PARAMETERS AND METAL CONCENTRATIONS OF SAMPLES COLLECTED AT 

THE PIRAPORA RESERVOIR OF THE TIETÊ RIVER 

Pirapora Reservoir (TIET 04160) 

 Water Sediment P medium 

Water depth (m) 1 1 - 

pH 7.2 6.8 5 

Cond (µS/cm) 513 - - 

DO (ppm) 0.86 - - 

Temperature air (oC) 22 - - 

Temperature water (oC) 19 - - 

Color Gray Black Amber 

Redox -306 -306 - 

Total Phosphorous (mg/L for liquids, mg/kg for sediment) 2.39±0.04 1253 6.31±0.06 

Inorganic (Soluble) Phosphorous (mg/L) 0.17±0.04 N/A 3.46±0.12 

Total Kjeldahl Nitrogen (TKN) (mg/L for liquids, mg/kg for 
sediment) 

3.64±1.20 2248 1.91±0.80 

Total Organic Carbon (TOC) (mg/L for liquids, wt% for 
sediment) 

11.3±0.5 1.71 428.2±40.3 

Metal Concentrations  ppm ppm ppm 

Al3+ 0.92 10203 ND 

Fe2+ 1.97 93238 1.1 

Cu2+ 0.02 91 ND 

Co2+ ND 5 0.3 

Cd2+ <0.005 0.93 ND 

Zn2+ 0.16 328 2.8 

Cr3+ <0.02 69 ND 

Mn2+ 0.21 255 0.4 

Pb2+ 0.003 44 4.6 

 

5.2.2 Growth conditions and medium preparation for enrichment of the ‘Pirapora’ microbial 

community: "P Medium".  

The growth medium (P medium) was prepared using the sediment and the water collected 

from the dam. First, 100 g of sediment were mixed with 1.4 L of the dam water, autoclaved for 

15 minutes at 121oC and 15 psi, and centrifuged at 4,000 rpm for 15 minutes. A volume of 500 
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mL of the supernatant was mixed with 500 mL of deionized water, 1 g of glucose, 0.5 g of yeast 

extract and 0.5 g of K2HPO4 [67]. The solution was autoclaved for 15 minutes at 121 °C and 15 psi.  

The metal concentration in the final P medium was analyzed with ICP-OES after digestion 

using the USEPA Method 3010A [427]. No Cu2+ ions were detected in the final P medium, 

however, the final medium presented 4.6 ppm of Pb2+ and 2.8 ppm of Zn2+ and other minor 

metal ions (Table 5-1). The final pH of the medium was adjusted to 5 to prevent metal 

precipitation. The total phosphorous, TKN, and TOC concentrations of the medium were 

6.31±0.06 mg/L, 1.91±0.80mg/L, and 428.2±40.3mg/L, respectively.  

For all experiments, 5 mL of cells grown in the broth P medium were grown overnight at 

30°C from a frozen stock at -80 °C. The grown bacterial culture was centrifuged at 4,000 rpm for 

30 min, and the pellet was washed three times with phosphate buffered saline solution (PBS) 

and resuspended in P medium to an optical density (OD) of 0.5 at 600 nm, which corresponds to 

a concentration of 108 colony forming units per milliliters (CFU/mL) [63]. The concentration was 

determined based on plate counts using P medium agar, which consisted of 1 L P medium with 

15 g of agar at pH value of 5.  

5.2.3 Determination of Minimum Inhibitory Concentration (MIC) for the Pirapora 

consortium.  

The MIC of copper for the consortium was determined by exposing the consortium to 

different copper concentrations. A 1000 ppm solution of Cu2+ was prepared by dissolving the 

hydrolyzed salt CuSO4·5H2O in sterile de-ionized water at pH = 5, filtered with 0.2 µm syringe 

filter, and mixed with sterile P medium at pH = 5. Further dilution in the P medium was done to 

obtain metal-rich media with different copper concentrations (0 ppm, 6 ppm, 17 ppm, 23 ppm, 

45 ppm, 68 ppm, and 90 ppm).  
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EQUATION 5-1 𝜇 =
ln(𝑂𝐷2)− ln(𝑂𝐷1)

𝑡2 − 𝑡1
 

After growing overnight the consortium in P medium without metals, as described in the section 

2.2, aliquots of 500 μL of this pre-inoculum at OD600nm = 0.5 were transferred under aseptic 

conditions into tubes containing 4.5 ml of P medium with different metal concentrations. The 

MIC was determined through absorbance readings at OD600nm taken at different time periods 

(0h, 7 h, 24 h, 48 h, 72 h, and 6 d). The lag phase duration of the consortium exposed to each 

copper concentration was determined as the phase of zero growth before the consortium 

started growing exponentially based on the following growth rate equation:  

                    ,  

where μ is the net growth rate, OD2 and OD1 are the OD600nm at t2 and t1, respectively. Each lag 

phase duration was analyzed with a post hoc pairwise LSD test using STATISTICA 8.0. 

The MIC, the bacteriostatic, and bactericidal effect of copper were determined after the 

consortium was grown for 45h in different concentrations of copper (23 ppm, 45 ppm, 68 ppm, 

and 90 ppm).  Plate counts of the cultures exposed to copper were determined on metal-free P 

medium agar at 30 °C. A control consortium grown in liquid P medium without metals was also 

plated. The CFU/mL of each condition was determined in triplicates. Averages and standard 

deviations were calculated from the triplicates.  

5.2.4 Determination of optimum growth condition for copper sorption.  

Sorption experiments were carried out at different growth phases: mid-logarithmic, early 

stationary, and late stationary phases, to determine the optimum metal removal. The 

consortium was grown overnight in 'P medium' without metals, as described in the section  4.9.2 

to set a constant cell density to 108 CFU mL-1. Then, aliquots of 2.5 mL of this pre-inoculum at 

OD600nm = 0.5 were transferred to flasks containing 22.5 mL of 'P medium' at pH = 5 with a 

concentration of 6 ppm of copper. The consortium was then incubated at 25 °C and 125 rpm for 
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48 h. Aliquots of 10 mL were then taken in the exponential phase (t = 3 h), early stationary 

phase (t = 21 h), and late stationary phase (t = 43 h). These aliquots were centrifuged at 4,000 

rpm for 30 min to remove the cells. Then the supernatants were digested to determine their 

metal concentrations. All experiments were performed in triplicate. The acid digestion was 

performed on a hot plate according to the USEPA Method 3010A, as previously described [467]. 

The metal concentrations were analyzed on an ICP-OES for Cu2+ ions. Copper standard curved 

were prepared at 1 ppm, 5 ppm, 15 ppm, 25 ppm, 50 ppm, 75 ppm, and 100 ppm. 

5.2.5 Mechanisms of copper removal by the ‘Pirapora’ microbial consortium.  

The Fourier transform infrared spectroscopy (FT-IR) was used to determine the heavy metal 

binding sites in the biomass. Aliquots of 10 mL of the consortium in P medium at OD600nm = 0.5 

were transferred into flasks containing 90 mL of P medium at pH = 5 with a concentration of 23 

ppm of copper. The solutions were incubated at 30 °C under constant agitation (125 rpm) for 72 

h. The samples were then centrifuged at 4000 rpm for 30 min and the pellets were collected. 

The pellets were freeze dried with a lyophilizer Labconco (Triad, Catalog No. 7400040 Missouri) 

overnight. The ATR-FTIR spectra were collected on a Bomem MB100 equipped with a DTGS 

detector from 6500 cm-1 to 350 cm-1 wavenumbers. All spectra were taken with a nominal 

spectral resolution of 4 cm-1 in absorbance mode. The measurements of the lyophilized cells 

were obtained under standard temperature and pressure (STP) and dry conditions. 

5.2.6 Effects of exposure time, pH and copper concentration on copper removal by the 

consortium.  

The effects of exposure time, pH and copper concentration on the ability of the consortium to 

remove copper was determined in batch cultures. Briefly, after inoculating the consortium in P 

medium as described in the section 4.9.2, the harvested cells were rinsed 3 times with 0.1 M 
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NaCl solutions and suspended in 0.1 M NaCl solutions with 15 ppm copper at OD600nm = 0.5 and 

pH=4 [439]. To determine the consortium’s copper sorption equilibrium, the copper concentration 

in the supernatant was measured every fifteen minutes for 120 minutes by collecting the 

supernatant through centrifugation at 4000 rpm for 30 min. The influence of pH on the removal 

of Cu2+ by the consortium was examined by varying the pH from 2 to 7 of a 15 ppm copper 

solution with 0.1 M HCl or 0.1 M NaOH. The pH of the aqueous solutions was measured using a 

pH meter (Orion 720A, Hexis). ANOVA statistical analysis with STATISTICA 8.0 was done with the 

removal percentages at different pH values. The effect of initial Cu2+ concentrations was 

investigated by varying the amount of metal in the solution (0, 5, 15, 30, 50, 75, 100 ppm) under 

the optimum conditions (pH = 4 and 100 min sorption equilibrium). All samples were 

centrifuged at 4,000 rpm for 30 min, and the supernatant was digested to mineralize any 

organic constituents according to the USEPA method 3010A prior to ICP-OES analysis [427].  

5.2.7 Effects of copper on the consortium biofilm formation 

Confocal microscopy was used to assess biofilm formation, thickness and mortality in the 

presence of copper. Two assays were performed, one assay was performed with biofilm grown 

with 20 ppm of copper and the other consisted in growing the biofilm in metal-free medium and 

exposing afterwards to copper for different time periods to determine biofilm detachment.  

To investigate biofilm formation in the presence of copper, the planktonic cells grown in P 

medium were washed once with PBS, and resuspended at OD600nm = 0.5 in fresh P medium 

supplemented with 20 ppm Cu2+. The biofilm was allowed to grow for 72 h at 30 °C in the 

presence of metals.  

The effect of copper exposure on the detachment of fully mature biofilm grown in P 

medium without metals was also determined for different time exposures. Briefly, in this assay 
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10 mL of PBS washed planktonic cells grown overnight in P medium without copper were 

transferred to petri dishes with metal-free media containing coverslips as a biofilm substrate. 

The consortium was then incubated under static condition for 72 h at 30 °C to allow the biofilm 

to grow. After incubation, the supernatant was removed and the biofilm was washed three 

times with PBS. Following the washes, the biofilms were then exposed to 0.1 M NaCl solution 

with 30 ppm of copper for 2 h, 3 h, and 4 h to observe microbial detachment in the presence of 

copper. The laser scanning confocal microscope used for these analyses was LSM 510 (Zeiss; 

Jena, Germany) with argon (458 nm, 488 nm, and 514 nm) and helium-neon (543 nm and 633 

nm) lasers. The confocal microscopy analysis and image acquisition of the biofilms were carried 

out using the Zeiss LSM 5 Image software.  

 

FIGURE 5-1- PREPARATION OF BIOFILM ON COVER SLIP FOR CONFOCAL MICROSCOPY IMAGING. 
A) THE BIOFILM WAS EXPOSED TO 30 PPM OF CU2+ IN 0.1 M NACL SOLUTION. B) 
THE COVERSLIP INVERTED AND PLACED ON TOP OF A GLASS SLIDE FOR IMAGING. 

For all biofilm assays, (attachment and detachment analysis), the biofilm grown on sterile 

square coverslips were placed on a glass slide to be analyzed by confocal microscopy. The glass 

slide was prepared with nail polish to create a space for the biofilm (Figure 5-1). A volume of 10 

μL of a fluorescent mounting medium (Vectashield H-1000) was added in the middle of the glass 

slide. The kit employs two nucleic acid dyes: SYTO 9 (green) and propidium iodide (red). The kit 

a b 
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stains all cells in green (SYTO9) and dead cells with damaged membranes in red (propidium 

iodide).  A volume of 2 μL of the red fluorescence dye was added on top of the mounting 

medium. The coverslip was then inverted and placed on top of the glass slide. To determine the 

total amount of live and dead cells in the biofilm, the cells were stained with Live/Dead Baclight 

bacterial viability kit (Invitrogen) as described by the manufacturer [468].  

For each slide, 3 sets of stack images were obtained from random positions. Images were 

acquired at intervals of approximately 0.76 µm from the top to the bottom of the biofilm, with 

the number of images obtained according to the thickness of the biofilm. The biofilm thickness 

for each slide was determined by multiplying the number of slices taken by the thickness of each 

slice. The thickness of each slice varied from 0.7 µm to 0.9 µm. The series of images were saved 

as tiff images and subsequently converted to grayscale 8-bit images using ImageJ software 

(National Institute of Health, USA). The total live and dead cells were calculated for all stack 

images. Then, the average percent mortality was obtained from the percent mortality of each 

stack image by dividing the number of dead cells by the number of total cells. For the percent 

mortality of inner layers, only the first 5 layers were used, while the percent mortality of outer 

layers represented the rest of the layers in the biofilm. The cell density was calculated by ImageJ 

for at least 8 random stack images for each grown biofilm, from which average and standard 

deviation values were obtained. A statistical paired t-test between each sample and the control 

was calculated using STATISTICA 8.0 to determine significantly different values. 

5.2.8 Preparation of fixed bed reactor with the consortium biofilm on granular activated 

carbon (BGAC) 

The biofilm was grown on GAC as a support medium to obtain a biofilm-covered GAC 

(BGAC) fixed bed reactor. The GAC, purchased from Calgon Carbon Co. (Pittsburgh, PA), was 
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sieved using 0.6 mm (ASTM 10) and 2 mm-diameter (ASTM 30) sieves (Bertel Industria 

Metalurgica Ltda. São Paulo). The specifications of the carbon are found in Table 5-2. 

TABLE 5-2- SPECIFICATIONS OF GAC 

Parameter Value 

Iodine Number (min) 900 mg/g 

Moisture (max%)  2 wt% 

Abrasion Number (min) 78 

Effective Diameter  0.9 mm 

Ash (max) 8 wt% 

Specific Mass (min) 1880 Kg/m3 

Uniform Coefficient 2.0 

Internal Porosity 0.55 

The carbon was washed with deionized water, sterilized in an oven at 120 oC for 24 h, and 

placed in a 150 mL Erlenmeyer flask connected to a vacuum pump containing sterile water to 

release the air inside the pores. Two glass columns (21 cm in height and internal diameter of 2.5 

cm) were filled with 51 g of GAC, to obtain an empty bed hydraulic residence time (HRT) of 20 

min. One column was set up as control (GAC only) and the other was used for biofilm growth 

(BGAC). The BGAC column had 9 L of P medium with the consortia at an OD600nm= 0.5 pumped 

through the column at a flow rate of 5 mL/min for 4 d to allow the biofilm growth. The control 

had deionized water pumped through the column at the same flow rate for 4 d. Finally, 

CuSO4·5H2O with a concentration of 15 ppm Cu2+ (C0) was prepared with deionized water.  

5.2.9 Breakthrough of BGAC fixed bed bioreactor  

The metal solution of 15 ppm Cu2+ (C0) in deionized water was passed through the BGAC 

column at a flow rate of 5 mL/min for 24 d. Effluent concentrations of Cu2+ ions (C) from the 

column were analyzed every day using ICP-OES. The experimental ratio of the effluent copper 

concentration to the influent copper concentration (C/C0) was plotted as a function of the 

number of bed volumes eluted. The number of bed volumes eluted is defined as 
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𝑚𝑖𝑛 =
𝑄𝐶0𝑡𝑡𝑜𝑡𝑎𝑙

1000
 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =
𝑚𝑠𝑜𝑟𝑏𝑒𝑑
𝑚𝑡𝑜𝑡𝑎𝑙

 

𝑚𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑚𝑖𝑛 −
𝑄

1000
 𝐶𝑑𝑡
𝑡=𝑡𝑡𝑜𝑡𝑎𝑙

𝑡=0

 

EQUATION 5-2 

EQUATION 5-3 

EQUATION 5-4 

EQUATION 5-5 

    

The total mass of Cu2+ ions passed through the column is given by 

          .  

The mass of Cu2+ ions sorbed to the column, msorbed (mg), for a fixed initial copper 

concentration and flow rate, is obtained by integrating the area above the plot (Figure 5-16) as a 

function of time. Therefore, the mass balance is given by 

                  ,   

where Q, C0, C, and ttotal are the volumetric flow rate (mL/min), the initial copper concentration 

(ppm), the copper effluent concentration measured (ppm), and the total flow time (min), 

respectively. So, the removal percent of copper is the ratio of the mass sorbed (msorbed) to the 

mass input into the column, and is given by 

        .     

5.2.10 Scanning Electron Microscopy (SEM) imaging of consortium exposed to copper.  

SEM images of the consortium exposed or not to 25 ppm of copper in both planktonic phase 

and biofilm were taken before and after its growth on the GAC.  For the planktonic cells, 10 mL 

aliquots at OD600nm = 0.5 were transferred to flasks containing 90 mL of 'P medium' with a 

concentration of 25 ppm of copper. The solutions were incubated at 30 °C under constant 

agitation (125 rpm) for 72 h. The samples were then centrifuged at 4000 rpm for 30 min and the 

pellets were collected. The pellets were freeze dried with a lyophilizer Labconco (Triad, Catalog 

No. 7400040, Missouri) overnight. The cells were resuspended in 'P medium' and the samples 

were prepared following the procedure described by Li, et al [17].  Briefly, the samples were fixed 

with 2% glutaraldehyde solution for 1 h. The post fixation involved washing the solution three 

. 
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times with sodium cacodylate buffer, followed by a dehydration step where increasing 

concentrations of ethanol were added (25, 50, 75, 95, 100% v/v). Finally, 1,1,1,3,3,3 

hexamethyldisilazine (98 %, Acros organics) was added. A drop of this solution was placed on a 

TEM grid, and dried overnight at room temperature. The samples were analyzed under the 

scanning electron microscope (SEM), JSM 6010LA (Jeol, USA). The accelerating voltage was set 

at 10 Kev. The BGAC was also depicted through SEM imaging before and after exposure to the 

metals. The three samples: GAC, BGAC, and BGAC+Cu2+ were prepared in triplicates. All carbon 

particles were also prepared following the methodology described by Li, et al., [17], with some 

modifications. Briefly, after the fixation and dehydration with ethanol, the samples were washed 

twice with propylene dioxide and frozen with liquid nitrogen to break-open the carbon particles. 

These were then dried in a vacuum oven and gold-coated before SEM analysis.    

5.3 RESULTS AND DISCUSSION 

5.3.1 Environmental consortium resilience in copper-rich conditions 

The use of microorganisms to treat heavy metal-contaminated water requires the 

assessment of the effect of different metal concentrations on cell growth. The ability of the 

‘Pirapora’ microbial community to growth and survive in increasing concentrations of copper 

was investigated in planktonic cells. The results show that the ‘Pirapora’ microbial community 

was able to grow in copper concentrations up to 68 ppm, which was determined to be the MIC 

for this consortium (Figure 5-2).  
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FIGURE 5-2- ‘PIRAPORA’ MICROBIAL COMMUNITY GROWTH CURVE AFTER EXPOSURE TO CUSO4-

5H2O AT DIFFERENT CONCENTRATIONS: 6 PPM, 17 PPM, 23 PPM, 45 PPM, 68 PPM, 
90 PPM IN P MEDIUM. 

Previous studies have found copper MIC values of 125 ppm [266], 190 ppm [469], and 127 ppm 

[445] for pure cultures of Ochrobactrum anthropi, Cupriavidus metallidurans, and Pseudomonas 

aeruginosa, respectively. Although these copper MIC values exceeded the MIC of the 

consortium used in this work, these pure cultures were grown in rich media containing salts and 

other components that are known to complex with metal cations, which would result in higher 

MICs [445]. Conversely, the ‘Pirapora’ consortium was grown in a minimum medium prepared 

with water and sediment from the contaminated dam to simulate removal of heavy metals 

under similar water chemistries to the contaminated site.  

The ability of the consortium to grow after exposure to 68 ppm copper or higher 

concentrations was investigated by plating on metal-free agar medium (Figure 5-3). The results 

show that cells exposed to 68 ppm presented about one log growth removal compared to the 

control.  
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FIGURE 5-3- PIRAPORA’ MICROBIAL COMMUNITY PLATE COUNTS AFTER EXPOSURE TO CUSO4-

5H2O AT 23 PPM, 45 PPM, 68 PPM, AND 90 PPM IN “P MEDIUM” FOR 45H.  

On the other hand, no growth on metal-free agar was observed after exposure to 90 ppm 

copper in “P” broth. This lack of growth in broth containing heavy metal, but high number of live 

cells after removing the heavy metal and plating in free-metal agar media could be attributed to 

a bacteriostatic or inactivation effect of the copper to some more sensitive species in the 

consortium [445].  

The concentration of metal also impacted the consortium lag phase. Microbial growth 

undergoes several phases: lag, exponential, stationary, and the death phase. The lag phase 

involves slow growth and a period of acclimation in which the bacteria is adjusting to a new 

condition in order to successfully grow [470]. The duration of the lag phase of the ‘Pirapora’ 

community increased with higher metal concentrations (Pearson’s correlation r=0.97; p<0.001), 

with an increase in its lag phase for copper concentrations equal to or above 6 ppm (post hoc 

pairwise LSD tests, p<0.001 in all cases, Table 5-3). This result suggests that the community can 

grow with heavy metal; however, it may require a longer adaptation period as the metal 

concentration increases.  
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TABLE 5-3- LAG PHASE DURATION OF THE PIRAPORA CONSORTIUM EXPOSED TO DIFFERENT CU2+ 
CONCENTRATIONS 

[Cu2+] Lag Phase Duration 

ppm Time (hr) 

 Avg. Std. Dev 

0 0.0 0.0 

6 0.5 0.0 

17 1.5 0.5 

23 7.0 1.7 

45 17.3 1.2 

68 78.0 0.0 

90 78.0 0.0 

   Plate counts of the consortium after 45 h exposure to different concentrations of copper 

confirm the toxic effect of the increasing metal concentrations (Figure 4-3). The consortium 

presented irreversible death when exposed to a copper concentration of 90 ppm. However, 

after exposing the consortium to 68 ppm copper and plating on metal-free agar medium, the 

number of CFU/mL reduced in about one log when compared to the control. It is possible that 

the one log microbial removal after exposure to 68 ppm was due to inactivation of more 

sensitive microbial species present in the consortium.  

After investigating the resistance of the planktonic microbial community to different 

concentrations of copper, we investigated the ability of these planktonic cells to form biofilm 

under copper-rich conditions (biofilm attachment) and also the resilience of fully mature 

biofilms grown without heavy metal followed by exposure to copper-rich solutions (biofilm 

detachment), as shown in Table 5-4. Both of these investigations were done by quantifying the 

biofilm viability and thickness.  
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TABLE 5-4 CONFOCAL MICROSCOPY DATA OF BIOFILM GROWTH FOR 72 H IN P MEDIUM WITH 
AND WITHOUT COPPER.  

Analysis Parameter Control 
(Avg ± Std 

Dev.) 

Exposed to Cu2+ 
(Avg ± Std Dev.) 

[Cu2+] 
(ppm) 

Exposure 
Time 

Attachment Biofilm Thickness (µm) 109.7±27.3 94.4±11.2 20 72h 

Attachment Percent Mortality (%)-Inner 
layers 

40.4±7.5 77.7±15.6** 20 72h 

Attachment Percent Mortality (%)-Outer 
layers 

42.1±5.8 82.2±13.1** 20 72h 

Attachment Cell density (cells/µm2) 26.3±3.1 56.1±2.6** 20 72h 

Detachment Biofilm Thickness (µm) 89.4±8.5 58.3±7.4* 30 2h 

Detachment Biofilm Thickness (µm) 76.1±26.7 32.5±3.3 30 3h 

Detachment Biofilm Thickness (µm) 120.1±28.2 40.3±7.42* 30 4h 

Detachment Percent Mortality (%)-Inner 
layers 

6.0±3.2 16.1±4.4** 30 4h 

Detachment Percent Mortality (%)- 
Outer layers 

13.6±3.3 16.2±1.1** 30 4h 

Detachment Cell density (cells/µm2) 0.14±0.01 0.13±0.02 30 4h 

The attachment analyses represent the biofilm grown with copper for 72h, while the detachment assay 
represents fully mature biofilm grown without copper with subsequent exposure to copper for 4h. 
Statistically significant differences with respect to the control of p<0.05 represented by *, and p<0.005 by 
** 

FIGURE 5-4- BIOFILM DETACHMENT ANALYSIS BY CONFOCAL MICROSCOPY. A) 3D 
COMPOSITION AND B) TOP LAYER OF BIOFILM GROWN FOR 72 H C) 3D 
COMPOSITION AND D) TOP LAYER OF BIOFILM GROWN FOR 72 H AFTER EXPOSURE 
TO 30 PPM CU2+ IONS  DURING 4 H. 

 

a b 

c d 
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The results of the biofilm detachment assays are shown in Figure 5-4a (control) and Figure 

5-4c (biofilm grown in metal-free solution and then exposed to 30 ppm Cu2+ ions for 4 h). The 

results of the fully mature biofilm exposed to copper show an increased percentage of dead 

cells (stained red) on the surface (t-test, p = 0.001) (Figure 5-4b and Figure 5-4d), and in the 

inner layers (t-test, p = 0.003) when compared to the control biofilms. The biofilm inner and 

outer layers had a 10.1% and 2.6% increase in the percentage of dead cells in the metal-rich 

environment, respectively (Table 5-4). However, the thickness of the biofilms exposed to copper 

were only significantly affected after 4 hours of metal exposure. Our results indicate that the 

metal content in the medium induced up to 16.1±4.4% and 16.2±1.1% death of inner and outer 

cells, respectively. 

The biofilm also presented higher tolerance to copper than the planktonic cells, as shown by 

the biofilms’ percentage of live cells in inner and outer layers after 4 hours of 30 ppm copper 

exposure. The planktonic cells exposed to a higher copper concentration, 45 ppm, did not show 

any growth until after 17 hours. (Figure 5-2) Teitzel et al., obtained similar results for P. 

aeruginosa biofilms exposed to copper, as they also saw a higher resistance in biofilms than in 

planktonic logarithmic growing cells. They attributed their findings to complexation and 

sequestration of divalent metal cations by the extracellular polymeric substance (EPS) matrix 

secreted by the biofilms [445].  

The thickness of the biofilms formed in the presence of copper (attachment) were not 

statistically different from the control (t-test, p = 0.42), but had an increased percent mortality 

of inner layers (77.7±15.6%), whereas the fully formed biofilms in heavy metal-free medium 

followed by a 4h exposure to metal (detachment assay) were significantly thinner than the 

control (p = 0.025) but the percent mortality for the inner layers was only 16.1±4.4%. In fact, the 
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mature biofilm (detachment) showed significantly lower cell mortality in both inner and outer 

layers than the early stage biofilm (attachment). The resistance of the mature biofilm, compared 

to the early stage biofilm, may potentially be attributed to the EPS already formed that works as 

a diffusion barrier that slows down the infiltration of metal ions [274, 471].  

The EPS contains diverse high molecular weight organic macromolecules, e.g., 

polysaccharides, proteins, nucleic acids, phospholipids as well as other low molecular weight 

nonpolymeric components, and it is located at the surface or outside the microbial cell surface. 

The EPS may also form a gelatinous matrix that functions to support aggregation between cells, 

initial attachment of cells to a surface, protection from desiccation, and resistance to toxic 

exogenous constituents, such as metals [194],[195]. Previous research has shown the high content 

(up to 38%) in uronic acids of the EPS, with carbonyl, carboxylic acid, and hydroxyl functional 

groups, as responsible for metal binding [200],[199]. Other studies also found that proteins, with 

negatively charged amino acids such as aspartic and glutamic acids, also constitute a significant 

portion of the EPS [195] and can effectively bind metal ions. 

The biofilm growth and maturation for 72h in the presence of copper and the control (Figure 

5-5c and Figure 5-5a) presented similar thickness, i.e., 94.4±11.2 µm and 109.7±27.3 µm, 

respectively (Table 4-4). Furthermore, the biofilm grown with copper presented a much higher 

number of cells with membrane compromised, 77.7±15.6 %, than the control, 40.4±7.5 %. Once 

again, it was observed that the majority of the dead cells in the biofilm were in the outer layers. 

A statistical paired t-test analysis was done between the control and the copper-exposed sample 

and the copper-exposed samples had a lower cell density in the attachment analysis (p=0.02) 

but not in the detachment analysis (p=0.95). 
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These findings and the better understanding of the behavior and sensitivity of the Pirapora 

microbial consortium in the presence of copper are essential to determine the optimum 

conditions needed to form a robust biofilm on the GAC surface for a better set up of the fixed-

bed bioreactors.  

5.3.2 ‘Pirapora’ microbial community optimum growth phase for copper removal 

Earlier findings have shown that optimum heavy metal sorption can occur in different 

bacterial growth phases or as dead biomass, depending on the heavy metal and the 

microorganism [250],[251]. A key aspect of biosorption is to optimize the growth conditions to 

achieve the highest metal removal, since biosorption may involve metabolically active cells, 

resting cells, or inactive cells. In the case of copper, biosorption studies are very conflicting and 

a b 

c d 

FIGURE 5-5- BIOFILM ATTACHMENT ANALYSIS BY CONFOCAL MICROSCOPY. A) 3D COMPOSITION 
AND B) TOP LAYER OF BIOFILM GROWN FOR 72 H C) 3D COMPOSITION AND  D) TOP 
LAYER OF BIOFILM GROWN FOR 72 H WHILE EXPOSED TO 20 PPM CU2+. 
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depend largely on the type of cell used. For instance, Mesorhizobium amorphae CCNWGS0123 

achieved better copper removal in late exponential phase when still showing cellular growth 

[250], while inactive lyophilized cells of Pseudomonas stutzeri were more efficient as a copper 

biosorbent [251]. However, no previous studies described the optimum growth phase necessary 

to achieve a better copper sorption for a microbial consortia.  
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FIGURE 5-6- SORPTION OF 6 PPM CU2+ BY ‘PIRAPORA’ CONSORTIUM IN “P MEDIUM” AT 

DIFFERENT GROWTH PHASES. 
Left axis (red symbols) = growth curve, right axis (black symbols) = % removal of metal 
ions. 

In Figure 5-6, the community does not present significant differences for copper removal at 

the different growth stages, achieving between 50 % and 65 % copper removal throughout the 

three phases. This might be explained by the diverse microbial composition of the consortium. It 

is possible that some species of microorganisms in this consortium can remove heavy metals 

better in the exponential phase, while others in the stationary or dead phase. For instance, P. 

aeruginosa has been reported to have a higher copper sorption capacity for resting cells than for 

inactivated cells [252], while P. stutzeri showed a higher copper sorption capacity for inactivated 

cells [104] than for exponential phase cells [253]. Also, P. veronii 2E showed higher uptake for Cu, 
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Cd, and Zn, during early stationary phase than during exponential phase [205]. P. putida CZ1 also 

presented this difference, where living cells had a higher (26.1 mg/g) maximum uptake of 

metals, whereas non-living cells presented a lower maximum uptake rate (15.5 mg/g) [446]. It is 

worth noting that with pure cultures, this indistinct optimum growth phase for copper removal 

has never been described. Our finding suggests that this microbial consortium does not have a 

preferential growth phase for the copper removal like pure cultures. This finding is very 

attractive for water and wastewater treatment of copper contaminated effluents that 

constantly face changing environmental conditions that can affect microbial growth.  

Live, metabolically-active cells, or log-phase bacteria can undergo both bioadsorption and 

bioaccumulation of heavy metals [110]. Although the mechanism of copper removal by the 

Pirapora consortium is still unknown, our results suggests that both bioaccumulation and 

bioadsorption may play a role in copper removal since log-phase cells achieved similar metal 

removal percentages as late-stationary-phase cells. Other researchers have proved that 

different metal sorption capacities are achieved for different bacterial growth stages using pure 

cultures. Mohamad, et al., (2012) confirmed that live cells of Mesorhizobium amorphae 

removed copper by both cell-surface biding and intracellular accumulation [111]. But only 

extracellular accumulation of copper was attributed to Pseudomonas cepacia, Pseudomonas 

fluorescens, and Pseudomonas testosterone grown during exponential phase [472]. Thus, based 

on the results that any of the three phases could effectively remove copper ions from water, the 

mid-log phase cells were selected for subsequent copper removal experiments. 
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5.3.3 Ability of the Pirapora microbial consortium to remove copper under different pH 

values 

In the previous section we showed that the Pirapora microbial community is very resistant 

to heavy metals and can successfully form biofilms that are resistant to high concentrations of 

copper. The second step was to determine whether this community is able to remove copper 

from water, so that it can be used in fixed-bed bioreactors for copper water treatment. 

Therefore, we used batch dynamic experiments for the present investigation. Batch experiments 

are critical for biosorption investigation because they provide insights into the mechanisms of 

sorption reactions and the reaction pathways.  

2 3 4 5 6 7 8 9
0

10

20

30

40

50

60

70

80

90

100
Cu

2+
 + bacteria

Cu
2+

%
 C

u
2

+
 R

e
m

o
v

a
l

pH

 

FIGURE 5-7- PH DEPENDENCY OF A) CU2+ SORPTION BY ‘PIRAPORA’ MICROBIAL CONSORTIUM 
IN 0.1M NACL SOLUTION AT DIFFERENT PH VALUES (2-7).  
Error bars represent standard deviation values. 

The availability of metals, as well as the adsorption capacity of an adsorbent, is directly 

dependent on the pH of the solution. The pH plays an essential role in the sorption of metal ions 

since it affects the sorbent surface charge, the degree of protonation of the surface functional 
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groups, and the precipitation of metal ions in the solution [408, 452]. In microbial biomasses,  

metal sorption depends on the extent of protonation of the carboxyl groups in the cell walls, 

given that an increase in pH reduces the competition between H+ and metal ions [409] (Figure 5-

7). It is critical to highlight that 15 ppm copper starts to precipitate at pH values above 6; hence 

sorption at lower pH values indicate microbial sorption effects (Lewis 2010). The ANOVA showed 

that overall the removal percentages are independent of pH from pH = 1 to pH = 5 (F(3,7) = 

2.9654, p = 0.107). In the present study, the pH =4 had an average percent removal of 57 % 

(Figure 5-7). This pH was chosen for subsequent studies of copper removal, even though the 

percent removal at this pH was not statistically different that those observed at other pH values 

less than 5.  

5.3.4 Mechanisms of copper removal by the Pirapora consortium 

Microbial sorbents first interact with ions dissolved in aqueous phase through surface 

complexation [34]. Functional groups present on bacterial cell surfaces can become negatively 

charged to buffer the surrounding environment by donating protons [34]. For instance, teichoic 

acids give the negative charge to the Gram-positive bacteria; while in the Gram-negative the 

lipopolysaccharide and phospholipids provide the primary sites for metal interaction [110]. Thus, 

deprotonated functional groups on bacterial surfaces can effectively bind metals.  

Through the FT-IR spectrum of the ‘Pirapora’ community grown in metal-free media 

(control) and in media with 23 ppm of copper (red), we identified the functional groups 

responsible for the metal sorption. In Figure 5-8, the control showed a peak at around 1070 cm-1 

which corresponds to the C-OH stretching vibration of carboxyl groups. These functional groups 

are commonly found in different biomacromolecules in bacteria, such as peptidoglycan, teichoic 

acids, proteins, and lipoproteins [110]. When the community was exposed to Cu2+ ions, another 
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peak at 1038 cm-1, which was also related to the C-OH of carboxyl groups appeared, suggesting 

that the counter ions associated with the carboxyl group had changed due to Cu2+ ions uptake 

[473]. These two peaks indicate that only a portion of the C-OH of the carboxyl groups are 

binding to the Cu2+ ions, since only one peak at 1038 cm-1 would be shown if all C-OH were 

bound to Cu2+. Similar stretching vibrations were found in previous biomass surface 

characterization studies along with amine, hydroxyl, and phosphate groups which are also 

responsible for copper sorption into Pseudomonas stutzeri biomass [251, 449]. 
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FIGURE 5-8- FT-IR SPECTRA OF ‘PIRAPORA’ BACTERIAL COMMUNITY EXPOSED OR NOT TO 23 
PPM OF COPPER. BLACK LINE CORRESPONDS TO THE CONTROL (NO HEAVY 
METAL). THE RED LINE CORRESPOND TO COMMUNITY EXPOSED TO 23 PPM CU2+ 
FOR 4 D.  

 

The peak at 3406 cm-1 in the control represents the normal polymeric OH stretch, whereas 

the peak at 1400 cm-1 denotes a possible tertiary alcohol [447, 448]. The peak at 669 cm-1 may also 

been attributed to an OH vibration [447]. These three peaks were slightly shifted after the metal 

sorption to the biomass, indicating complexation of Cu2+ to OH groups. Carboxyl and hydroxyl 
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groups are also main functional groups present in uronic acids of the EPS that can complex with 

metal ions [200],[199]. 

Additionally, secondary and tertiary amine groups are indicated at 1650 cm-1 and 1238 cm-1 

in the control, respectively, and were also changed after the metal sorption. The minor change 

in such peaks corresponds to the binding of the N-H and C-N groups with copper. Finally, the 

peak at 1541 cm-1 may relate to aliphatic or aromatic nitro compounds [447]. The EPS has also 

shown significant content of negatively charged amino acids such as aspartic and glutamic acids 

with amino a hydroxyl groups that can effectively bind metals [195]. 

Our results suggest that the carboxyl, hydroxyl, and amine groups of peptide chains 

provided a negative charge to the bacterial cell wall. However, among all the functional groups 

identified in the consortium, carboxyl and hydroxyl groups were the main functional groups 

responsible for the metal sorption process in the Pirapora microbial consortium. 

 

 

 

 

 

 

Further evidence of metal sorption by the Pirapora microbial community was revealed 

through SEM imaging. Figure 5-9 presents a cell from the consortium before (a) and after 

exposure to 25 ppm copper (b). Figure 5-9b shows spots deposited on the cell wall surface and 

increased cell size, when compared to the control (Figure 5-9a). Earlier studies presented similar 

results for Mesorhizobium amorphae CCNWGS0123 [111], suggesting that copper uptake was due 

a  

FIGURE 5-9- SEM IMAGES ONE CELL OF THE ‘PIRAPORA’ BACTERIAL CONSORTIA A) CONTROL AT 
10K MAGNIFICATION, AND B) AFTER INTERACTING WITH COPPER AT A 
CONCENTRATION OF 25 PPM AT 10K MAGNIFICATION 
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to both cell-surface binding and intra-cellular accumulation of Cu2+ [474], confirmed the presence 

of copper on cell mass and changes in cell morphology after copper biosorption by Desulfovibrio 

desulfuricans [474], attributing the changes to secretion of EPS during the sorption process. 

Additional indication of copper sorption to microbial cells is presented by the EDS analysis 

(Table 5-5, Figure 5-10a, and Figure 5-10b), which presents direct detection of metals on the 

biomass. The results showed 32.43 wt% Cu2+ on the biomass that was exposed to copper as 

opposed to the control that presented only 2.07 wt% Cu2+. Therefore the Pirapora microbial 

community is able to bind heavy metal through adsorption. 

 

FIGURE 5-10- ENERGY DISPERSIVE SPECTROSCOPY (EDS) ANALYSIS OF THE ‘PIRAPORA’ 
BACTERIAL CONSORTIUM A) CONTROL (BACTERIA ONLY), AND B) THE BACTERIA 
AFTER INTERACTING WITH COPPER AT A CONCENTRATION OF 25 PPM.  

 
TABLE 5-5- ENERGY DISPERSIVE SPECTROSCOPY (EDS) 

ANALYSIS OF CONSORTIA EXPOSED TO COPPER 

 

 

 

 

 

 

 

 Control: Bacteria Bacteria + 25 ppm 
Cu2+ 

Element Mass % Atom % Mass 
% 

Atom % 

C* 97.13 99.45 67.57 91.68 

Cu* 2.07 0.4 32.43 8.32 

Zn* 0.8 0.15 - - 

Total 100 100 100 100 
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𝑑𝑞𝑡
𝑑𝑡

= 𝑘(𝑞𝑒 − 𝑞𝑡)
2 EQUATION 5-6 

5.3.5 Pirapora Consortium Copper sorption kinetics and isotherm 

The design of a large-scale sorption treatment unit requires prior knowledge on the metal 

removal kinetics and sorption capacity of the adsorbent to achieve maximum metal removal.  In 

the present study, we used the pseudo-second order model to describe the kinetics of copper 

removal by the ‘Pirapora’ microbial community [453]. The non-linear model is expressed as 

          ,     

where qt and qe are the measured copper uptake rate (mg Cu2+/g dry cells) at time t and the 

calculated copper uptake rate at equilibrium (mg Cu2+/g dry cells), respectively; and k is the 

pseudo-second order rate constant (g/mg/min).  
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FIGURE 5-11- LINEAR PSEUDO-SECOND ORDER MODEL FOR TIME DEPENDENCY OF CU2+ UPTAKE 

BY ‘PIRAPORA’ MICROBIAL COMMUNITY 

In order to obtain the kinetic correlation parameters, we separated the variables in the 

Equation 5-6, and integrated for the boundary conditions t = 0 to t = t and d qt = 0 to qt = qt, 

which gives the linear model, Equation 5-7 [475]. Correlation parameters were derived from the 

linear model in Figure 5-12 by plotting t/qt vs t, and are shown in Table 5-6. This kinetic model is 

expressed as 
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𝑞𝑡 =
(𝐶𝑡 − 𝐶0)𝑉

1000𝑚
 

EQUATION 5-7 

 EQUATION 5-8 

      , 

where qt and qe are the measured copper uptake rate by the bacteria (mg Cu2+/g dry cells) at 

time t and the calculated copper uptake rate at equilibrium (mg Cu2+/g dry cells), respectively. 

vo=kqe
2, and k is the pseudo-second order rate constant (g/mg/min).  

 

TABLE 5-6 PSEUDO-SECOND ORDER KINETICS OF CU2+ 
UPTAKE BY PIRAPORA MICROBIAL COMMUNITY  

 

 

 

 

The uptake rate was calculated using Equation 5-8, from the data presented in Table 5-7: 

     ,    

where ct and c0 are the final and initial copper concentration in mg/l, v is the volume of the 

solution in ml, and m is the bacterial mass in grams. 

TABLE 5-7- KINETIC DATA FOR THE BATCH COPPER SORPTION ONTO PIRAPORA MICROBIAL 
CONSORTIUM AT COPPER C0=5.625 MG/L 

  

% 

Removal 

% 

Removal 
Biomass 

Solution 

V 

qt 

Avg 

qt Std 

Dev 
t/qt 

Time Ct Average std dev grams ml mg/g mg/g 
min 

g/mg 

5 4.03 28.6 0.25 0.00020 15.0 120.6 1.061 0.041 

10 3.40 39.8 0.26 0.00020 15.0 167.8 1.114 0.060 

20 3.68 34.2 0.49 0.00020 15.0 144.3 2.068 0.139 

30 3.77 33.0 0.10 0.00010 15.0 278.0 0.849 0.108 

60 2.88 48.8 0.05 0.00020 15.0 206.0 0.212 0.292 

90 3.42 39.4 0.19 0.00015 15.0 222.0 1.061 0.406 

120 3.53 37.4 0.28 0.00010 15.0 315.3 2.333 0.381 

This model is often used to describe the kinetics of biosorption [476],[477].  The model (Figure 

5-13, Table 5-6) depicted an R2 of 0.91, which indicates that the model explains most variance. 

Copper equilibrium uptake rate, qe, was achieved after 100 minutes at a pH = 4, which is also 

 Intercept Slope vo=kqe
2 qe k R2 

   mg g-1 
min-1 

mg g-1 g mg-1 
min-1 

 

Cu 0.0442 0.0033 22.62 303.03 0.000246 0.91 
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𝑞𝑡 =
𝑣0𝑞𝑒𝑡

𝑞𝑒 + 𝑣0𝑡
 

consistent with previous bacterial sorption studies. Lu et al.,, for example, modeled the sorption 

of copper by live cells of Enterobacter sp. J1, attaining an equilibrium metal uptake rate after 

100 min at a pH = 5 [476]. Although similar equilibrium times were attained by Enterobacter sp. J1 

and the Pirapora community, the metal uptake rate obtained during 100 min was higher for the 

Pirapora community, 303.03 mg/g, than for Enterobacter sp J1, 12.3 mg/g. The results suggest 

that the consortia used in this study may have a higher metal affinity than pure microbial 

cultures. This key finding implies that the use of bacterial communities isolated from 

environmental sites might be more efficient to remove heavy metals from water, than the use 

of pure microbial cultures. 
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FIGURE 5-12- PSEUDO-SECOND ORDER KINETIC MODEL OF CU2+ UPTAKE RATE BY ‘PIRAPORA’ 

MICROBIAL COMMUNITY AT INITIAL COPPER CONCENTRATION OF 15 PPM, PH=4. 

The simulation of this model is obtained from the non-linear equation, rearranged, is given as 

  . 

 

Equilibrium isotherm models describe the solid-liquid equilibrium between the metal 

concentration bound on the bacteria and the metal concentration in the liquid phase. The 
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equilibrium sorption behavior is important because the quality of any sorbent is determined by 

how much metal (mg) can be retained per gram of sorbent, or the metal uptake (mg metal/g dry 

biomass) [102]. We fitted the experimental data of the biosorption of copper by the log-phase 

‘Pirapora’ consortium into the most common models that describe single metal systems, the 

Langmuir and the Freundlich models [110] (Figure 5-14).  

Table 5-8 shows the data obtained for the sorption equilibrium studies used to calculate the 

Langmuir and Freundlich isotherm models:  

TABLE 5-8- EQUILIBRIUM DATA OBTAINED FOR BATCH STUDIES OF COPPER SORPTION ONTO PIRAPORA 

MICROBIAL CONSORTIUM 

Ce q 

mg/L mg/g 

2.03 61.72 

4.78 94.58 

20.17 257.27 

13.6 390 

34.65 432.25 

51.92 433.17 

73.32 430.45 

The Langmuir model assumes monolayer sorption and the same metal-sorbent affinity in all 

active sites [478] . The linear isotherm model is expressed as 

        , 

where q and qmax are the measured copper uptake rate by the bacteria (mg Cu2+/g dry cells) at 

time t and the calculated equilibrium copper uptake rate (mg Cu2+/g dry cells), respectively; ce is 

the equillibrium copper concentration (mg Cu2+/l), and KL is the calculated Langmuir equilibrium 

constant. Figure 5-13 shows the linear Langmuir equilibrium model obtained from Equation 5-

10. The correlations parameters, qmax and KL, where derived from the slope and y-intercept of 

 

maxmax

1

qKq

Ce

q

Ce

L

EQUATION 5-9 
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the plot Ce vs Ce/q (Figure 4-13), respectively, and are shown in Table 5-9.The non-linear 

Langmuir model is expressed as 

                  , 

where q is the metal sorption uptake at equilibrium (mg metal removed/g dry cells), Ce is the 

equilibrium metal concentration in the liquid phase, qmax is the maximum sorption capacity of 

the biosorbent (mg metal removed/g dry cells), and KL is the Langmuir constant that describes 

the metal affinity to the binding sites [110].  
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FIGURE 5-13- LINEAR LANGMUIR ISOTHERM MODEL FOR CU2+ SORPTION ONTO THE BACTERIAL 

CONSORTIA.  

TABLE 5-9- PARAMETERS OF LANGMUIR AND FREUNDLICH EQUILIBRIUM MODELS FOR THE 
SORPTION OF CU2+ ONTO PIRAPORA COMMUNITY 

 

 

 

The Freundlich model assumes heterogeneous sorption with different active sites [478]. The 

Freundlich model is expressed as 

 Langmuir  Freundlich  

Metal qmax 
(mg/g dry cells) 

KL 
 

R2 KF n R2 

Cu2+ 450.0 0.07 0.93 41.2 1.53 0.70 
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      , 

where q is the metal sorption uptake at equilibrium (mg metal removed/g dry cells), Ce is the 

equilibrium metal concentration in the liquid phase, KF is the Freundlich sorption equilibrium 

constant, representative of the sorption capacity, and n is the Freundlich constant indicative of 

biosorption intensity [110]. A plot of log(q) vs. log(Ce) was done to determine KF and n, from the y-

intercept and slope, respectively. The correlation parameters of these two models are listed in 

Table 5-9. 
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FIGURE 5-14- SORPTION ISOTHERM OF CU2+ REMOVAL AT PH=4 BY ‘PIRAPORA’ MICROBIAL 
COMMUNITY GROWN IN P MEDIUM.  
The ▲  symbol represents the fixed-bed column equilibrium point. 

The results show that the Langmuir model is able to explain most of the variance (R2 = 0.9) 

and presented a higher explanatory power than the Freundlich model (R2 = 0.7) based on the R2 

value. The Langmuir model indicates that the sorption capacity for copper was 450.0 mg/g. 

Previous studies have shown sorption capacities for Cu2+ ions by live, Thiobacillus thiooxidans, 

Mesorhizobium amorphae CCNWGS0123, P. aeruginosa PU21, and P. stutzeri of 39.8 mg/g, 

169.7 mg/g, 23.1 mg/g, and 22.9 mg/g, respectively [111, 252, 253, 459]. Although dead or inactivated 

pure cultures of bacteria typically have higher metal sorption capacities than live cells [110], our 

 n

eFCKq /1EQUATION 5-11 
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study indicates that the Pirapora microbial community has higher copper sorption capacities 

than dead cells of pure cultures, as depicted in Table 5-10. 

5.3.6 Copper removal by the Pirapora consortium biofilm in Fixed-Bed GAC.  

Biosorption of heavy metals by biofilms can be optimized using a support medium for the 

microorganisms, which can serve as a process unit packing material with the right size, 

mechanical strength, rigidity, and porosity necessary for use in practical processes [110]. 

Immobilization of microorganisms on fixed beds is a common procedure in some treatment 

systems, e.g., nitrifications systems using ammonia-oxidizing bacteria or anaerobic wastewater 

treatment processes [218, 256]. We used a GAC bed as support matrix for the immobilization of 

microorganisms, and analyzed the GAC surface before and after biofilm formation to determine 

the amount of time needed for the biofilm to form on this surface (Figure 4-15). This image is an 

example of a series of images taken from various locations of the GAC particle to confirm the 

presence of biofilm. 

The GAC, with the immobilized consortium biofilm, was used as a packing material for a 

fixed bed column to treat heavy metal contaminated water. The Figure 5-16 shows the 

breakthrough curves for copper sorption onto GAC and BGAC beds. The BGAC curve exhibits a 

broader leading edge than the GAC curve, which appears to have a greater sharpness, 

particularly during the initial number of bed volumes eluted. The BGAC curve also shows a 

broader trailing edge than the GAC curve. Potentially, the BGAC column presents slower intra-

particle diffusion within the surface pores before reaching the entire biomass attached to the 

surface, as previously suggested [483]. 
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TABLE 5-10- MAXIMUM METAL SORPTION CAPACITIES, QMAX, OF VARIOUS MICROBIAL STRAINS 

Physiological 
state 

Metal Bacteria qmax 

(mg/g) 
Reference 

Live Cu "Pirapora" Microbial 
Community 

450.0 This Work 

Live Cu Enterobacter sp. 32.5 Lu et al., (2006)[265] 

Live Cu Pseudomonas 
aeruginosa PU21 

23.1 Chang et al., (1997)[252] 

Live Cu Pseudomonas cepacia 65.3 Savvaidis et al., (2003)[270] 

Live Cu Pseudomonas stutzeri 22.9 Nakajima et al., (2001)[253] 

Live Cu Pseudomonas putida 29.9 Chen et al., (2005)[446] 

Live Cu Mesorhizobium 
amorphae CCNWGS0123 

169.71 Mohamad et al.,(2012)[111] 

Live Cu Thiobacillus thiooxidans 39.8 Liu et al., (2004)[459] 

Dead Cu Bacillus sp.  21 Lo et al., (2003)[479] 

Dead Cu Pseudomonas putida CZ1 96.6 Uslu and Tanyol (2006)[460] 

Dead Cu Bacillus firmus 381 Salehizadeh and Shojaosadati 
(2003)[200] 

Dead Cu Pseudomonas stutzeri 33.16 Oh et al., (2009)[104] 

Dead Cu Sphaerotilus natans  60 Beolchini et al., (2006)[480] 

Dead Cu Streptomyces coelicolor  66.7 Ozturk et al., (2004)[481] 

Dead Cu Rhodococcus opacus 32.2 Bueno et al., (2008)[482] 

Dead Cu Micrococcus luteus 33.5 Nakajima et al., (2001)[253] 

 

 

FIGURE 5-15- SEM IMAGING OF A) BGAC BEFORE BIOFILM GROWTH AT 2K MAGNIFICATION, B) 
BGAC AFTER BIOFILM GROWTH AT 4K MAGNIFICATION. 

The GAC bed exhibited complete breakthrough after 990 bed volumes. The BGAC 

approximate breakthrough occurred after 1429 bed volumes, but its C/C0 never reached a value 
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of 1 during sample collection. This longer saturation time exhibited by the BGAC can be 

attributed to the biofilm immobilized on the carbon’s surface. The confirmation of the presence 

of the biofilm on the GAC after exposure to the metal solution can be found in (Figure 5-17).  
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FIGURE 5-16- BREAKTHROUGH CURVES FOR COPPER ON A 2.5CM X 22CM GAC (BLACK) AND 
BGAC (RED) COLUMN. 

For an initial copper concentration of 15 ppm and a flow rate of 5 mL/min, the BGAC column 

retained 45% of the copper mass added at t=0h to the column, whereas the GAC column only 

removed 17% (Table 5-11). The BGAC was also modeled using the batch Langmuir uptake rate at 

15 ppm. The model showed a sorption capacity of 256.3 mg/g, which corresponds to 28% of the 

copper mass at t=0 (data point shown in Figure 4-14). The differences between the theoretical 

and experimental uptake rates may be attributed to the curve-fit errors of the model and 

analytical errors in the biomass weight calculation. The experimental breakthrough curve for 

BGAC column indicated that the C/C0 does not reach a value of 1, which shows a prolonged 

metal sorption over time, when compared to the GAC column due to actively growing microbial 

community. 
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Microbial immobilization on GAC can increase the metabolic rate of microorganisms, since 

both nutrients and dissolved oxygen (DO) are also adsorbed onto the GAC particles, and thus 

their availability increases for the microbial cells [484, 485]. Furthermore, the constant addition of 

contaminated fresh medium also provides constant source of nutrients and DO for the 

consortium to grow and generate more biomass that can adsorb to the heavy metals. Therefore, 

the increased metabolic rate and biomass production of the consortium will increase the overall 

biosorption of copper that in turn will result in higher initial column efficiency and longer 

breakthrough [486, 487]. In addition, the higher nutrient availability would also increase the 

metabolic rate observed in batch studies (Figure 4-6). 

TABLE 5-11- COLUMN PERFORMANCE BASED ON CU2+ REMOVAL 

Column Copper Removal % 
Initial Cu2+ 

concentration (ppm) 
Flow rate 
(mL min-1) 

GAC 17 15 5.3 

BGAC 45 15 5.2 

 

 
FIGURE 5-17- SEM IMAGING OF BGAC AFTER BIOFILM GROWTH AND 24 DAYS OF COPPER 

EXPOSURE AT 4K MAGNIFICATION 
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5.4 CONCLUSIONS 

The microbial community isolated from a heavy-metal-contaminated site in São Paulo, 

exhibited a two to three-fold higher uptake capacity for copper ions compared to previous 

studies with pure cultures. This is the first study utilizing a complex microbial community 

obtained from the environment for the removal of copper from water using a BGAC fixed bed 

column. Batch sorption studies with planktonic cells were developed first to understand the 

biomass-metal sorption process, and we found that equilibrium was achieved within 100 min 

with cells in exponential phase at pH value of 4. The biomass maximum sorption capacity for 

copper was determined to be 450.0 mg/g-dry-cells and the metal binding was attributed mainly 

to the carboxyl and hydroxyl functional groups present in the biomass. Prior to the development 

of the BGAC, we analyzed the biofilm formation and detachment in a metal-rich environment, in 

which 89% of the cells remained alive after the biosorption. The BGAC column showed a longer 

saturation time than the control; and retained 45% of the initial copper mass added to the 

column as opposed to the GAC column that removed only 17%. This study indicates that 

microbial communities isolated from heavily contaminated environmental sites have a strong 

potential as metal biosorbents for water treatment processes, and that environmental consortia 

can offer a way to enhance current biological filter systems in water and wastewater treatment 

plants in developing countries. 
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SUMMARY AND FUTURE DIRECTIONS 

The present work established that synthetic systems, such as carbon-based nanomaterials 

can serve as antimicrobial agents and heavy metal adsorbents for water treatment applications. 

GO, PVK-GO, and GO-EDTA can successfully function as antimicrobial agents, while GO and GO-

EDTA can also be utilized for heavy metal adsorption. Yet, biological systems, such as microbial 

consortia in bioreactors, can be as effective as nanotechnological methods to remove heavy 

metals but have a better application for low-income countries since biological systems have a 

relatively lower costs than nanomaterials. 

By embedding the nanomaterial GO into a PVK matrix, stable nanocomposite suspensions 

and coatings were formed. The presence of the PVK polymer in the nanocomposite allowed the 

dispersion of the nanomaterials and immobilization of a homogeneous film. The PVK-GO 

nanocomposite exhibited significantly higher toxicity towards bacteria than GO alone in 

planktonic and biofilm stages. On the other hand, GO was functionalized with EDTA to form GO-

EDTA, which also exhibited significant toxicity towards planktonic bacterial cells. The main 

mechanisms of bacterial inactivation were demonstrated to be through cell membrane damage 

and oxidative stress in the presence of GO and GO-EDTA nanomaterials. The application of the 

antimicrobial nanomaterials was further investigated for their safety concerning human 

exposure by testing the toxicity towards human and mammalian cells.   None of the 

nanomaterials and nanocomposites used in this study, i.e. GO, PVK-GO, and GO-EDTA, exhibited 

significantly cytotoxicity towards mammalian or human cells, which shows great promises for 

possible applications in drinking water treatment. 

The GO and GO-EDTA were further examined for heavy metal adsorption capabilities. The 

functionalization of GO with EDTA allowed for an increased number of negatively charged 
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functional groups. This study demonstrated that the novel GO-EDTA can effectively remove Pb2+ 

and Cu2 ions from water, with an adsorption capacity of 454.6 mg g-1 and 108.7 mg g-1, 

respectively, exceeding the capacity of traditional adsorbent materials such as activated carbon. 

The increasing amount of carboxyl functional groups on the GO-EDTA was responsible for the 

enhanced metal binding and reduction on the contact time for both lead and copper adsorption. 

In order to compare the use of nanotechnology with biotechnological techniques for heavy 

metal removal, a heavy-metal resistant microbial consortium was obtained from a heavy metal 

contaminated river in São Paulo, Brazil and utilized for the design of a fixed-bed column. Prior to 

the design of the fixed-bed bioreactor, the microbial consortium structure and diversity was 

identified and the copper and zinc removal capacities by the live consortium and the effects of 

the heavy metals in the consortium biofilm formation were investigated. The structure and 

diversity of the Pirapora microbial consortium obtained was investigated to determine the 

composition of the heavy-metal resistant community. In order to determine whether we were 

able to obtain a consortium representative of the contaminated site, the microbial community 

structure of the consortium and the sediment, where the consortium was obtained from, was 

compared based on 16S rRNA metagenomics analyses. Comparative metagenomic analyses of 

the microbial consortium and the sediment, that originated the consortium, demonstrated that 

the most abundant genera found in the sediment were also obtained in the consortium. 

However, only 10% of the OTUs present in the original sediment were also present in the 

consortium. Diversity indices revealed that the sediment had up to 7.2 higher species richness 

than the community and the consortium presented up to 1.4 higher evenness than the 

sediment. The consortium contained mostly species from the γ-proteobacteria, Firmicutes, and 

uncultured bacteria. 
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The sorption capacity of the consortium for Cu2+ was 450.0/per g of dry cells. The 

biosorption of copper and zinc into the microbial biomass was attributed to carboxyl, hydroxyl, 

phosphate, and amine groups present in the microbial biomass. Since, the consortium was more 

effective against copper ions, a fixed-bed bioreactor for removal of copper was designed by 

growing the consortium biofilm on a GAC column. The fixed-bed bioreactor was able to retain 

45% of the copper mass present in the contaminated influent. These findings suggest that native 

microbial communities in sites contaminated with heavy metals can be immobilized in fixed-bed 

bioreactors and function to treat metal contaminated water. Most importantly, these findings 

showed that the biological metal treatment process had a significantly higher maximum 

sorption capacity for Cu2+ ions than the synthetic system containing the GO-EDTA nanomaterial.  

Hence, this work demonstrated that microorganisms from environmental sites can serve as 

novel biosorbents through the enrichment of metal resistant microbial communities. In 

addition, this work demonstrated that novel biosorbents can be potentially more efficient than 

nanotechnology in heavy metal water treatment applications. This results is particularly 

important in the development of multifunctional treatment systems needed for water reuse. 

Future Directions: 

1. The antimicrobial capacities of GO, GO-EDTA, and PVK-GO in aqueous solutions need to 

be investigated with more complex microbial communities from water and wastewater 

effluents, since different environmental conditions, such as pH, temperature, organic 

load content, salinity, and other wastewater constituents may interact differently with 

the nanomaterials and potentially change the toxicity towards microorganisms. 
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2. The applicability of GO, GO-EDTA, and PVK-GO as disinfection agents must be also 

evaluated at in the water treatment process, to determine the nanomaterial dosage 

that will yield the most effective disinfection.  

3. Further cytotoxicity studies of GO, GO-EDTA, and PVK-GO must be done with other 

types of human cells, as the toxicity towards humans may vary depending on the cell 

line selected. 

4. The heavy metal sorption capacity of the Pirapora microbial consortium must be tested 

with other metals and with mixtures of several metals, as the sorption capacity may be 

affected by the competition between the metals for the biomass biding sites. 

5. The heavy metal sorption capacity and the diversity changes of the Pirapora microbial 

consortium must also be evaluated with different environmental conditions, since the 

pH, temperature, metal concentration, salinity, and organic load content may shift the 

diversity of the microbial population and affect the sorption capacity for specific metals.  
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