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Abstract  

Syngas derived from gasification of abundant difficult-to-degrade materials such as 

lignocellulosic residues and MSW is a versatile product that can be converted into biofuels and 

carboxylic acids by fermentation. The ash residues of the gasification process contains heavy 

metals that are useful to the microorganisms when available in low amounts with higher 

concentrations leading to inhibition of the biological processes. In the present work, an 

investigation was done in order to find the suitable and limiting concentrations of Zn, Cu and 

Mn compounds during syngas fermentation. In the first test, cells encased in polyvinylidene 

difluoride (PVDF) membranes appeared to have a faster accumulation of CH4 in reactors 

containing fermentation medium dosed with 5 mg/L of each heavy metal compared to the free 

cells. Moreover, this experiment indicated a possibility of the metals acting synergistically 

resulting in higher H2 gas production on the 3rd day. The second test revealed that total 

inhibition of H2 production occurred in medium containing 5 mg/L Cu, 30 mg/L Zn and 140 

mg/L Mn while the most suitable metal concentration level was 0.1 mg/L Cu, 0.6 mg/L and 2.8 

mg/L Mn. In addition, less than 1 g/L of total VFAs was detected in all the samples after the 

fermentation process while significant consumption of the heavy metals, higher than a factor of 

10, was established. A comparison test revealed that for the most suitable metal concentration 

in the medium, rate of performance at pH 6 and 7 was higher than at pH 5. 
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1. Introduction  

A viable option to mitigate the challenge of the rising demand in energy and the growing need 

to replace non-renewable energy resources, due to their undesirable environmental effects, is 

the utilization of waste materials. Lignocellulosic biomass is the most abundant type of biomass 

on earth and is available in waste streams such as agricultural and forest residues. However, 

because of its rigid structure, this biomass type is very difficult to degrade through biochemical 

routes (Hendriks & Zeeman 2009). Another category of waste is the municipal solid waste 

(MSW) whose generation continues to rise rapidly globally (World Bank 2010).  

Gasification is an efficient conversion method for these difficult-to-degrade wastes (Yan et al. 

2009, Luque & Speight 2015). During this process, the feedstock is transformed into a gaseous 

product called syngas which consists mainly of CO and H2. Syngas can then be converted to 

useful biofuels such as biomethane and biohydrogen.  

There are two methods of converting syngas into CH4 and H2. The commercially established 

Fischer–Tropsch and water-gas-shift processes use metal catalysts under certain temperature 

and pressure conditions. However, these methods are affected by the H2:CO ratio, are prone to 

noble metal poisoning and require high capital investment to acquire special reactors that can 

withstand high temperature and pressure conditions. An alternative approach is the use of 

microorganisms as biocatalysts for syngas fermentation. This method overcomes the stated 

drawbacks of the chemical processes (Munasinghe & Khanal 2010). 

During the gasification process, ash is formed and rejected at the bottom of the gasifier. This 

waste material could be used in biological processes for the production of valuable products. 

However, heavy metals that are toxic to the microbes are present in the ash and could hinder 

the fermentation process at certain concentrations. The effect of these metal compounds to the 

syngas fermentation has not been studied until now. Therefore this work aims at investigating 

the effect of co-fermentation of syngas and heavy metals towards a more environmentally-

friendly gasification-fermentation process. More specifically, commercial syngas was digested 

with Zn, Cu and Mn compounds in different concentrations and pH. 
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2. Background 

2.1 Difficult-to-degrade materials  

Materials that are hard to degrade by biological means are available in abundance. One type of 

these materials is lignocellulosic biomass which is the most plentiful renewable energy 

resource with an average worldwide annual production of 1x1010 MT in 2008 (Sanchez & 

Cardona 2008). Examples of lignocellulosic materials are organic wastes, agricultural and 

forest residues. These materials are made up of cellulose, hemicellulose and lignin. Cellulose 

forms the major fraction (40–50%) and is a water-insoluble glucose polymer. On the other 

hand, hemicellulose which constitutes about 25–35% of the material, consists almost 

exclusively of C5 and C6 sugars (McKendry 2002).  Lastly, 15–20% of these materials consist 

of the lignin fraction which is the most resistant part to chemical and biological degradation 

(Zheng et al. 2014).  

Another category is the municipal solid waste (MSW) which is derived from homes, industries 

and institutions and poses environmental and public health risks if it’s not well managed 

(Taherzadeh & Richards 2015). As the living standards continue to rise due to the current 

human advancement, generated waste is intensifying in quantity and complexity (Luque & 

Speight 2015). It is estimated that annual global MSW generation stood at approximately 1.3 

billion tons in 2010 and is expected to increase to approximately 2.2 billion tons by 2025 

(World Bank 2010). Principally, MSW is heterogeneous in nature, containing different waste 

types which are usually classified into two; organic and inorganic. The organic type (containing 

carbon) consists of some difficult-to-degrade materials such as paper, textile and wood wastes 

while inorganic type (inert and without carbon) consists of glass and metals (Arafat 2015). 

Landfilling is a common MSW disposal method which has come under criticism in some parts 

of the world mainly due to environmental concerns. This is because of the potential for 

uncontrolled production of CH4 gas by organic wastes, which is a strong greenhouse gas. There 

is also a likelihood of rainwater and snowmelt carrying the chemical constituents of waste from 

landfills into the groundwater table through leaching (Luque & Speight 2015). The waste 

management hierarchy framework has been adopted in countries like Sweden and proposes 

energy recovery from waste as more preferred treatment method compared to landfilling 

(Taherzadeh & Richards 2015). 
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2.2 Generation of biofuels from difficult-to-degrade materials 

The use of biofuels has been proposed as a viable strategy for reducing our dependence on 

finite fossil fuels as well as reducing the environmental impact associated with the latter. There 

are three types of biofuels; first, second and third generation biofuels. Mohammadi et al. (2011) 

defined first generation biofuels as those derived from starch, sugar, vegetable oil and animal 

fats. These have however elicited debate over their sustainability since they compete with food 

production and require the use of arable land. The third generation category is relatively new 

and is derived from microalgae which grow in water and marine environments (Alam et al. 

2015). 

Second generation biofuels, mainly from lignocelluloses, are synthesized either through bio-

chemical or thermo-chemical routes. The bio-chemical route entails use of microorganisms to 

degrade the material through biological processes such as fermentation and anaerobic digestion. 

Although the bio-chemical platform achieves high selectivity and conversion efficiency, it 

would require a very slow process when lignocelluloses are considered. For this reason there is 

an initial step of pretreating the material in order to improve its digestibility. Moreover, this 

pretreatment increases the overall cost of the process. Several pretreatment methods have been 

proposed and are classified as either physical, chemical or biological. These techniques include 

extrusion, irradiation, catalysed steam-explosion, wet oxidation and fungal pretreatments 

(Taherzadeh & Karimi 2008). Moreover, some portion of MSW consists of lignocelluloses and 

other non-biodegradable carbon-based products such as plastics (Arafat 2015). Gasification has 

therefore been suggested as the most suitable route for lignocellulosic materials from due to its 

high conversion efficiency (Alauddin et al. 2010).  

As a waste treatment technique, gasification of MSW allows for the volume and mass reduction 

of the waste of up to 90% and 80% respectively (Arena 2012). Costs associated with disposal 

and landfill management can therefore be eliminated, since the waste will serve as a feedstock 

for the gasification process (Luque & Speight 2015). Compared to waste incineration which is 

operated in an oxygen-rich environment, waste gasification offers a key advantage of product 

flexibility. This is because, while incineration plants are mainly used as a source for district 

heating and for power production using steam turbines (combined heat and power- CHP), the 

CO and H2 generated after the gasification process can be used directly in gas engines or for 

synthesizing a wide range of valuable chemicals and fuels (Arena 2012). 
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2.3 Basics of biomethane, volatile fatty acids and biohydrogen production 

2.3.1 Biomethane  

Methane from biomass is produced through a process known as anaerobic digestion (AD) or 

dark fermentation. This is a biological process whereby organic matter is degraded into a final 

product (biogas) consisting mainly of CH4 and CO2 in an oxygen-free environment. A series of 

reactions by different groups of microbes take place. These reactions occur in four stages 

namely; hydrolysis, acidogenesis, acetogenesis and methanogenesis. The products of one stage 

provide the substrate for the succeeding stage as illustrated in Figure 2.1 (Jankowska et al. 

2015). 

 

Figure 2.1 Schematic diagram showing the four stages of anaerobic digestion of organic matter (Li et al. 2011) 

 

In the hydrolysis stage, organic material is broken down in to smaller molecules. In particular 

lipids are converted into fatty acids, polysaccharides into monosaccharides while proteins are 

broken down to amino acids. Acidogenic bacteria covert these products to organic acids, CO2 

and H2 during the second stage. Acetogenic bacteria then produce mainly acetic acid although 

others such propionic and butyric acids are also produced.  
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The fourth and final step is methanogenesis where methanogenic archaea reduce simplistic 

substances such as H2, acetate and formate to form CH4, H2O and CO2 (Chang et al. 2010). 

Acetate is usually split to produce CH4 and CO2 while H2 is combined with CO2 to produce 

CH4. Some possible reactions involved in this stage are given below: 

4H2+ CO2 → CH4+2H2O                                                                                                 (eq. 2.1) 

CH3COOH→CH4+CO2                                                                                                     (eq. 2.2) 

Some substrates utilized in this last stage are given in Table 2.1. It is highly acknowledged that 

acetate and H2 are the main substrates consumed by methanogens (Gerardi 2003).  

One of the factors that impacts on the enzymatic activities in AD processes is the pH level. This 

is because each enzyme has a specific and narrow pH range at which it functions optimally. A 

neutral pH range highly favors the methanogenesis step. Methanogens have been reported to 

work best at pH levels between 7–7.2 (El-Mashad et al. 2004). 

 

Table 2.1 Methane- forming archaea and their substrates 

Species of Microorganism Substrate Reference 

Methanobacterium 

formicium 

CO2, formate, H2 (Gerardi 2003) 

Methanobacterium 

thermoantotrophicum 

H2, CO2, CO (Gerardi 2003) 

Methanococcus frisius H2, methanol, methylamine (Gerardi 2003) 

Methanococcus mazei Acetate, methanol, methylamine (Gerardi 2003) 

Methanosarcina bakerii Acetate, CO2, H2, methanol, 

methylamine 

(Gerardi 2003) 

Methanosarcina acetivorans CO (Oelgeschlager & Rother 2008) 

 

2.3.2 Volatile fatty acids (VFAs)  

Volatile fatty acids (VFAs) are key intermediate products in anaerobic digestion systems. They 

are defined as aliphatic monocarboxylic acids containing between 2-7 carbon atoms. Their 

presence in a system usually indicates microbial activity (Fernández et al. 2015). In a typical 

AD system, they are synthesized during the acidogenic stage. Common VFAs and their 

structural formulas are given in Table 2.2. In addition to production of biogas in an AD system, 



6 

 

VFAs provide alternative carbon source for other processes such as phosphorous removal and 

denitrification of wastewater (Zhang & Angelidaki 2015). 

Table 2.2 Volatile fatty acids and their structural formulas (Fernández et al. 2015) 

Name Structural formula 

Acetic acid CH3-COOH 

Propionic acid CH3-CH2-COOH 

Butyric acid CH3-(CH2)2-COOH 

Valeric acid CH3-(CH2)3-COOH 

Caproic acid CH3-(CH2)4-COOH 

Enanthic (heptanoic) acid CH3-(CH2)5-COOH 

 

VFAs are essential building blocks of numerous organic compounds such as alcohols, 

aldehydes, esters and olefins. They can also function as a substrate for microbial fuel cells for 

generation of electric power as well as production of biopolymers known as 

polihydroxyalkanoates (PHAs) which could replace petrochemical-based plastics (Fernández et 

al. 2015, Jankowska et al. 2015).  

2.3.3 Biohydrogen  

Existing industrial H2 production techniques include steam reforming of methane (SRM), non-

catalytic partial oxidation of fossil fuels, coal gasification and water electrolysis. These 

procedures are however either energy intensive requiring very high temperatures of about 

850˚C or involve use of fossil resources which are unsustainable from an environmental 

viewpoint. Biohydrogen production, on the other hand, can be achieved by utilizing anaerobic 

and photosynthetic microorganisms (Kapdan & Kargi 2006). These processes primarily depend 

on the presence of H2-producing enzymes such as nitrogenase, Fe-hydrogenase and NiFe-

hydrogenase which catalyze the chemical reaction 2H+ + 2e− ↔ H2 (Manish & Banerjee 2008). 

One technique for biohydrogen production is a modified version of the anaerobic digestion 

process known as dark fermentation. The biological process is usually stopped right before the 

methanogenic phase allowing H2 to be retrieved as the main product. This is usually done by 

inactivating methanogenic archaea either by lowering the pH below 6 and/or heat treating the 

seed culture. A typical reaction involved when glucose is used as the feedstock is shown by 

equation 2.3 where 1 mole glucose produces 4 moles H2, 2 moles acetate and 2 moles CO2 

(Manish & Banerjee 2008). 
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C6H12O6 +2H2O →2CH3COOH +4H2 +2CO2                                                                        (eq. 2.3) 

Photosynthetic processes of biohydrogen production are relatively in early development stages. 

Compared to dark fermentation, photosynthetic microbes achieve higher H2 yield. Direct 

biophotolysis involves splitting of water molecules to H+ ion and O2 via photosynthesis by use 

of algae. The H+ ions are then converted into molecular H2 by the strictly anaerobic Fe-

hydrogenase enzyme. The overall reaction of this process is shown in equation 2.4. Indirect 

biophotolysis is achieved by use of cyanobacterial strains such as Anabaena cylindrica which 

utilize CO2 in the air as a carbon source to produce cellular substances (eq. 2.5). These end 

products are then converted to H2 (eq. 2.6) using solar as the energy source (Manish & 

Banerjee 2008). There also exists certain photo-heterotrophic bacteria which consume organic 

acids to synthesize H2 and CO2  by use of the nitrogenase enzyme through a process known as 

photo-fermentation represented in equation 2.7 ( Foglia et al. 2011). 

2H2O + ‘light energy’→ 2H2 + O2        (eq. 2.4)                                                                                                                                                                 

12H2O + 6CO2 + ‘light energy’→ C6H12O6 + 6O2      (eq. 2.5) 

C6H12O6 + 6H2O + ‘light energy’→ 12H2 + 6CO2       (eq. 2.6) 

CH3COOH  2H2O  4H2  2CO2         (eq. 2.7) 

Several factors affect the metabolic balance in biohydrogen production systems. Optimum yield 

of H2 can be achieved at pH values between 5.0-6.0. Lower pH values would hinder the activity 

of Fe-containing hydrogenase enzyme which is crucial in the metabolic processes (Kapdan & 

Kargi 2006). The partial pressure of H2 is also a significant factor for continuous H2 synthesis. 

H2 production metabolic pathways are subject to end-product inhibition. This is because a rise 

in H2 concentrations reduces further H2 synthesis as the pathways shift to generate more 

reduced compounds such as lactate, ethanol and butanol (Kisielewska et al. 2015). 

2.4 Gasification technology 

Gasification is a thermochemical process that transforms any carbon-based material into 

gaseous products without burning it (Luque & Speight 2015). H2, CO, CO2 and CH4 are the 

main constituents of this raw gas which can then be transformed to other valuable chemicals 

and fuels. Gasification takes place at elevated temperatures (≥ 1200 ̊C) in a reducing 

environment with O2 being added in quantities much less than necessary to induce combustion 

(Arvidsson et al. 2015).  
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The final product of gasification at temperatures lower than 1000°C is referred as product gas 

which is a low heating value gas blend of CO, H2, CO2, CH4, N2 and a trace of other low 

molecular weight hydrocarbons. It is used to produce heat, electricity and synthetic liquid fuels. 

At higher temperatures (>1200°C), syngas is produced with much higher CO and H2. The term 

‘syngas’ is a short form of ‘synthesis gas’ and it can be used for the production of fuels and 

chemicals (Bain & Broer 2011).   

Gasification offers an important benefit of feedstock flexibility. Among the materials that can 

be gasified are biomass, industrial waste, municipal solid waste, sewage sludge, black liquor, 

plastics, coal and petroleum coke.  In addition to higher efficiencies achieved by gasification 

plants, the syngas produced offers a wide range of applications unlike the limited heat and 

power production in incineration plants. Syngas can be heated directly in gas engines to 

produce heat and power or can be converted to fuels such as CH4, H2 and ethanol as well as 

high value chemicals such as ammonia (Gershman 2013). 

 

2.4.1 Steps involved in biomass gasification 

Bain and Broer (2011) cited heating and drying, pyrolysis, gas-solid reactions and gas-phase 

reactions as the steps of biomass gasification. The first step rids the biomass of the moisture 

content and is usually complete at 300˚C. During pyrolysis, the biomass is decomposed at 

temperatures ranging from 400-500˚C in complete deprivation of oxygen. This process is 

accompanied by the release of volatile compounds and production of char, tar and pyrolysis 

gases which comprise of CO, CO2, H2, CH4 and H2O. The gas-solid reactions, two of which are 

exothermic while the other two are endothermic, involve conversion of the solid char to 

gaseous products and involves four distinct reactions: 

C+ O2↔1/2CO                                                   ∆HR= -110.5 MJ/kmol 

C+ H2↔CH4                                                                                 ∆HR= -74.8 MJ/kmol 

C+CO2↔2CO                                                    ∆HR=172.4 MJ/kmol 

C+ H2O ↔CO+H2                                                                  ∆HR=131.3 MJ/kmol 

The gas-phase reactions are exothermic and are mainly water- gas shift and methanation shown 

below: 

CO+ H2O ↔ H2+ CO2                                       ∆HR= -41.1 MJ/kmol 

CO+3H2↔CH4+ H2 O                                       ∆HR=-206.1 MJ/kmol    
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2.4.2 Gasification reactors 

There are two major categories of reactors: fixed bed and fluidized bed. Under the fixed bed 

category there are updraft and downdraft gasifiers shown in Figure 2.2. The design of the 

updraft type allows for the air to be introduced from the bottom while the material is fed from 

the top such that the combustion zone is at the bottom. For the downdraft type, both the 

feedstock and the air are fed from the top and is preferred when low tar content in the final 

product is desirable (Lan et al. 2015).   

 

Figure 2.2 Fixed bed gasification reactors: (a) downdraft gasifier (b) updraft gasifier (Navarro et al. 2009) 

 

The fluidized bed gasifiers shown in Figure 2.3 offer the advantage of uniform temperature 

distribution inside the reactor and high conversion rate. Bubbling bed gasifiers fall under the 

fluidized bed category whereby the material is fed from the side while the bed holds some inert 

material, which is blown upwards rapidly to cause ignition (E4Tech 2009). The other 

subcategory is known as the circulating fluidized bed, which is similar to the bubbling bed type 

with the slight difference in the fact that the former operates at higher velocities than the latter. 

This forces the solid particles up with the gas and thus a cyclone is provided to separate the 

solid particles which are recycled (Siedlecki, De Jong & Verkooijen 2011). Lan et al. (2015) 

suggested the circulating fluidized bed technology to be an ideal method of gasifying biomass 

due to economic and environmental benefits. 

The last subdivision, which is distinct from the fixed and fluidized types, is the entrained flow 

gasifier in which the material to be gasified is pulverized and fed pneumatically along with the 

gas stream as illustrated in Figure 2.4. Moreover, it provides short residence times and operated 

under pressures between 20-50 bar. 
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Figure 2.3 Fluidized bed gasification reactors: (a) bubbling bed gasifier and (b) circulating fluidized bed gasifier 

(Erakhrumen, 2012) 

 

Figure 2.4 Entrained flow gasifier (Zhang et al. 2010) 

 

2.5 Syngas fermentation 

Syngas fermentation involves the use of microorganisms to transform syngas constituents to 

valuable biochemicals and biofuels. The microbes can be categorized as either autotrophs or 

unicarbonotrophs. The former utilize H2 as their energy source while the C1 compounds such as 

CO and CO2 provide the carbon source and the latter utilize C1 compounds as their only carbon 

and energy source (Mohammadi et al. 2011). Table 2.3 gives a summary of valuable liquid and 

gaseous products that can be synthesized from syngas by different types of microorganisms.  



11 

 

Table 2.3 Different species used in syngas fermentation and their products 

Microbe  Product Reference 

Acetobacterium woodi Acetate 

2CO2 + 4H2→ CH3COOH + H2O 

(Bertsch & Muller 2015) 

Clostridium ljungdahlii Ethanol  

6CO + 6H2→ 2CH3CH2OH + CO2 

(Sakai et al. 2004) 

Butyribacterium 

methylotrophicum 

Butanol  

12H2 + 4CO2→ C4H9OH + 7H2O 

(Mohammadi et al. 2011) 

 

Methanospirillum 

hungatii 

Methane 

4CO + 2H2O → CH4 + 3CO2 

(Klasson et al. 1992) 

Rhodospirillum rubrum Hydrogen 

CO + H2O → CO2 + H2 

(Younesi et al. 2008) 

 

Syngas fermentation offers a number of advantages compared to the chemical conversion 

processes. First, cost reduction is realized since biological processes are operated at relatively 

low temperatures and ambient pressure. Thus, specialized equipment such as those used in 

Fischer-Tropsch and water-gas-shift processes are not necessary. Moreover, the bioconversion 

is not influenced by the H2:CO ratio in syngas and the process is free from noble metal 

poisoning caused by traces of H2S present in syngas contrary to the chemical conversion 

processes (Munasinghe & Khanal 2010). Lastly, syngas is considered one of the most 

economical and flexible substrates for the biological fermentation processes in addition to 

giving higher yields than chemical conversion processes (Rittmann et al. 2015). 

Some drawbacks encountered in the biological conversion processes are the low mass transfer 

of the gas to the liquid phase and the cell washout in continuous processes. Previous works 

have proposed solutions to overcome these challenges and include application of hollow fiber 

membranes and adequate agitation in the reactors for enhanced mass transfer (Rittmann et al. 

2015). Moreover, the encapsulation of cells in flat sheet membranes for higher cell density in 

continuous processes has been suggested as a possible solution to the cell washout problem 

(Youngsukkasem et al. 2015). 

 



12 

 

2.5.1 Syngas biomethanation 

Syngas can be utilized directly as a fuel in gas engines. However, according to Luo et al. 

(2013), the volumetric energy density of syngas is low; approximately 50% that of CH4. The 

conversion of syngas to methane is therefore an important step to meet the increasing demand 

for the latter. Many countries have advanced natural gas infrastructure and could benefit from 

additions to the grid of methane derived from syngas. 

According to Kimmel et al. (1991), CO, CO2, and H2 present in syngas can be converted to 

methane in two ways: CH4 production through acetate as an intermediate or through CO2/H2 as 

intermediates. The first mechanism follows equations 2.8 and 2.9 below using bacterial strains 

such as Peptostreptococcus productus, Acetobacterium woodii and Eubacterium limosum: 

4CO + 2H20 → CH3COOH + 2CO2                                                                             (eq. 2.8) 

2CO2 + 4 H2 → CH3COOH + 2H20                                                                             (eq. 2.9) 

Acetate is then converted to CH4 using Methanosarcina barkeri or Methanothrix soehngenii as 

shown in the equation: 

CH3COOH→ CO2 + CH4                                                                                              (eq. 2.10) 

 In utilizing the H2/CO2 pathway, CO is first converted to CO2 by use of Rhodospirillum 

rubrum via the water-gas-shift equation: 

CO + H2O →CO2 + H2                                                                                                  (eq. 2.11)                                                                                                                                    

The H2 and CO2 produced can then be synthesized to CH4 by methane archaea according to the 

equation: 

4H2 + CO2 → CH4 + H20                                                                                               (eq. 2.12) 

Methanosarcina acetivorans can utilize CO via the metabolic pathway shown in Figure 2.5 to 

produce CH4 and acetate as the end products. The enzymes involved in the biological reactions 

are methyl-tetrahydrosarcinapterin:HSCoM methyltransferase (4), methyl-CoM reductase (5), 

carbon monoxide dehydrogenase/acetyl CoA synthase (CODH/ACS) (6, 1), 

phosphotransacetylase (7) and acetate kinase (8). Intermediate products from this process 

include formate and methyl-thiol (Oelgeschlager & Rother 2008).  
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Figure 2.5 M. acetivorans metabolic pathway for consumption of CO to produce CH4 and acetate (Oelgeschlager 

& Rother 2008). 

 

2.5.2 Hydrogen production via biological water-gas-shift reaction 

Biological water–gas shift reaction involves oxidation of CO by H2O to produce H2 and CO2 by 

means of microorganisms, using CO as an electron donor. One key benefit of the biological 

platform compared to the metal-catalytic method is the operation at low temperatures which is 

thermodynamically favorable for the conversion of CO (Henstra & Stams 2011). In this 

process, hydrogenogenic carboxydotrophs conserve the metabolic energy. Carbon monoxide 

dehydrogenase (CODH) is responsible for providing electrons and protons for CO as shown in 

equation 2.13. Electrons released by the oxidation reaction are then transferred to an energy 

converting hydrogenase (ECH). This enzyme reduces the protons to molecular H2 (eq. 2.14) 

(Henstra et al. 2007). 

CO + H2O → CO2 + 2e− + 2H+                                                                                       (eq. 2.13) 

H+ + 2e− →H2                                                                                                                  (eq. 2.14)                                                                                                     

In addition to mixed cultures, specific strains that perform the biological water-gas-shift 

reaction include Carboxydothermus hydrogenoformans, Desulfotomaculum carboxydivorans 

and Rubrivivax gelatinosus CBS (Liu et al. 2016). Figure 2.6 gives a summary of the metabolic 

reactions involved in the H2 formation from CO. 
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Figure 2.6 Metabolic reactions involved in formation of H2 from CO (Henstra et al. 2007) 

 

Another C1 compound that can be biologically converted to H2 is the formate, which is an end 

product of mixed acid fermentation via pyruvate formate lyase (PFL). It can also be generated 

as an intermediate in several metabolic pathways. The H2 formation relies on the formate H2 

lyase (FHL) system, which oxidizes the formate ion and comprises of a formate dehydrogenase 

and membrane-associated hydrogenases. Some wild and engineered strains capable of this 

conversion are Cupriavidus necator ATCC 17699, Citrobacter amalonaticus, Enterobacter 

aerogenes, and Enterobacter asburiae (Rittmann et al. 2015). The overall reaction is: 

HCOO− + H2O → HCO3
− + H2          ΔG°′ = + 1.3 kJ/mol 

2.6 Membrane technology application in syngas biomethanation 

Membranes are commonly used for separation of submicron particles by selectively allowing 

some to pass through their pores while retaining others. The selectivity may depend on the 

particles’ diffusion rate through the membrane or splitting of the particles between the 

membrane and the adjacent phase (Cardew & le 1999). Table 2.4 summarizes the various 

separation processes that can be performed by membranes and their driving forces. Membranes 

are made of diverse materials based on the nature of the feed and the separation aim. These 

materials include organic polymers, metals, ceramics or combination of these materials as 

composites (Zhang et al. 2012).   
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Table 2.4 Separation processes performed by membranes (Cardew & le 1999) 

Separation process Driving force 

Reverse osmosis, nanofiltration, 

microfiltration, ultrafiltration 

Pressure gradient 

Pervaporation, membrane distillation Temperature gradient 

Electrosynthesis, electrodialysis Potential gradient 

Dialysis, gas contacting Concentration gradient 

 

A membrane bioreactor is described as a blend of a membrane process such as microfiltration 

with a suspended growth bioreactor. They have been broadly applied in cell retention, 

principally in the municipal and industrial wastewater treatment. Badani et al. (2005) found 

MBR to perform perfectly to treat textile wastewater. Moreover, Kanai et al. (2010) utilized a 

submerged anaerobic membrane bioreactor in anaerobic digestion of food wastes and reported 

that MBR enhanced the degradation of wastes as well as rejection of toxics.   

2.6.1 Enhancement of syngas biomethanation using PVDF membranes 

The methanogenic archaea require a long retention time as their growth rate is very slow. They 

are also very sensitive to the process conditions and are therefore easily washed out from the 

digester at high dilution rates in a continuous process. The decrease in the population size of 

the microbial cells consequently leads to decreased methane production. Additionally, 

fermentation processes with low cell density would require long start-up periods as well as 

larger reactors for optimum operation which translates to higher capital cost (Kang & Cao 

2014).  

For this reason, a reverse membrane bioreactor (RMBR) employing PVDF membranes was 

used to enclose the microbial cells.  From the study, it was established that retaining 

microorganisms was a viable approach for syngas biomethanation as the encased cells in the 

RMBR enhanced the methane productivity (Youngsukkasem et al. 2015).  

2.7 Ash contents in biomass 

The inorganic component of a fuel that remains after a thermal process is termed as ash 

(Rajvanshi 1986). The elemental constituents of the ash depends on the particular fuel used as 

well as the different environments within the conversion equipment (Pels et al. 2005). 
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2.7.1 Composition of ash from biomass gasification  

Though differing in amounts, the fractions of the various ash constituents from biomass 

gasification have been reported to be in the form of oxides and chlorides (Liao et al. 2007, 

Tafur-Marinos et al. 2014). Table 2.5 gives a summary of metal components found in ash 

residues after gasification of some lignocellulosic materials. 

 

Table 2.5 Summary of inorganic residues from lignocellulosic biomass gasifiers (mg/kg) 

Biomass Zn Cu  Mn K Ca Mg Reference 

Foliolean eucalyptus 28.9 14.2 610.7 7586.8 5714.8 760.6 (Liao et al. 2007) 

Bagasse 16 18 9 2682 1518 6261 (Kirubakaran, et al. 2009) 

Coconut shell 9 5 1 1965 1501 389 (Kirubakaran, et al. 2009) 

Wheat straw 18 7 25 28930 7666 4329 (Kirubakaran, et al. 2009) 

 

The contents in ashes originating from waste-to-energy (W-t-E) plants could have either 

beneficial or detrimental effects on the production of biomethane and biohydrogen. This is 

because ashes contain important metals and nutrients as well as pH adjustment capability. 

Previous studies have revealed the potential advantages of addition of the metal species in 

certain anaerobic digestion (AD) systems. 

 

2.7.2 Application of ashes in fermentation processes  

According to Grady et al. (2011), the pH range needed for methanogens to operate optimally is 

6.8-7.4, and for satisfactory operation a range of 6.4-7.8 is proposed. Bottom ash obtained from 

W-t-E plants consists of metals such as Ca, K, Mg, Na, Al, and Fe. Some reactors have been 

reported to have their alkalinity enhanced, which resulted in improved digestion process, due to 

controlled addition of Ca, Na, K, Mg ions found in the ashes (Banks & Lo 2013).  

In another study, an improvement in biogas production was observed when MSW was co-

digested with municipal solid waste (MSW) incineration fly ash. The rate of gas production 

was improved from 4 l/day /kg volatile solids (VS) to 6.5 l/day/kg VS by addition of the right 

amount of ash. It was further reported that the levels of conductivity, alkali metals and volatile 

solids were greater in the ash-added bioreactors (Lo et al. 2009). 
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2.7.3 Effect of heavy metals on biomethane and biohydrogen production 

Mudhoo and Kumar (2013) defined heavy metals as those metals and metalloids with densities 

greater than 5 g/cm3. They are usually necessary in small amounts by microorganisms for 

activation and functioning of some enzymes and co-enzymes. Table 2.6 gives the various 

important functions carried out by heavy metals in biological processes. On the other hand, 

heavy metals can chemically bind to the enzymes and microorganisms causing disruption of 

enzymatic structure and functions. This leads to alteration of the optimum biochemistry and 

performance of the system. In some instances, high amounts may lead to formation of 

unspecific compounds resulting in cytotoxic effects on the microorganisms. Some metal species 

such as Fe, Mn and Mo have been reported to have significant positive effects on 

microorganisms in small amounts and at the same time have relatively low toxic effect at 

slightly higher amounts. Other metals such as Pb, Cd and Hg are however not very useful for 

the cells even at extremely low concentrations and have very high toxic effects when present in 

low amounts (Mudhoo & Kumar 2013). 

 

Table 2.6 Roles of various heavy metals in microbial activities (Oleszkiewicz & Sharma 1990) 

Heavy metal Function 

Manganese (Mn) Stabilizing methyltransferase. 

Involved in electron transfer reactions. 

Nickel (Ni) Synthesis of coenzyme A. 

Stabilizing RNA and DNA. 

Copper (Cu) Essential part of superoxide dismutase (SODM) and hydrogenase in 

facultative anaerobes.  

Zinc (Zn) Essential part of formate dehydrogenase (FDH) and dehydrogenase for 

sulphate reducing bacteria (SRB) and methane producing bacteria 

(MPB) 

 

Atlas (2009) studied the toxic effect of heavy metals on the production of CH4 from 

wastewater containing glucose by use of anaerobic granular sludge. The results revealed the 

inhibitory effect of four heavy metals in the order of magnitude as Zn>Cr>Ni≈Cd. It was 

further revealed that the yielding capacity of the sludge decreased when the heavy metal 

concentrations were raised above 32 mg/L and although the sludge showed low ability to 

withstand metal toxicity, it had the ability to recover after some time. 
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The impact of heavy metal ions on biohydrogen synthesis has also been studied. In essence, the 

metals influence H2 production potential, production rate, lag-phase time and soluble microbial 

products depending on type of metal and the concentration. It has been reported that Zn at a 

concentration of 0.24 mg/L can be utilized as a nutrient supplement in H2 production while 3 

mg/L Cu and 15 mg/L Cr caused a 10–20% increase in H2 yield with sucrose being utilized as a 

carbon source. However, the optimum concentrations have been established as 4 mg/L Cu and 

25 mg/L Cr above which the stimulation capacity decreased. In addition, the study revealed 

heavy metal toxicity levels to fermentative H2 production followed the order Zn>Cu>Cr with a 

decrease in production by 50% reported in a system containing with 4.5 mg/L Zn, 6.5 mg/L Cu 

and 60 mg/L Cr (Lin & Shei 2008).  

In another experiment, the inhibition capacity on biohydrogen production from wastewater 

containing sucrose followed the order: Cu >Ni≈Zn > Cr > Cd > Pb. A decrease in production 

by 50% was caused by 30 mg/L Cu, 1600 mg/L Ni and Zn, 3000 mg/L Cr, 3500 mg/L Cd, and 

5000 mg/L Pb. It has also been suggested that H2-producing microbes exhibit higher resistance 

to metal toxicity than methanogenic archaea (Li & Fang 2007). However, the effect of heavy 

metals on H2 production via the biological water-gas-shift process has not yet been studied. 

Membranes have been applied in bioprocesses to protect cells from the harmful impact of 

unwanted substances. Ylitervo et al. (2013) cited the use of membranes in protecting yeast from 

toxic compounds in the medium by means of encapsulation in order to enhance production of 

ethanol. This was done by enfolding the yeast cells inside spherical hydrophilic alginate 

membranes which prevented hydrophobic inhibitors such as limonene to access the cells and 

cause inhibition. Further, a study by Youngsukkasem et al. (2013) revealed that encasing 

methane-producing microorganisms in polyvinylidine fluoride (PVDF) membranes protected 

the cells from the harmful effect of limonene and thus improved biogas production. This points 

to a potential of the use of membranes in AD bioreactors to protect the cells from the toxic 

heavy metals present in ashes which can be explored. 

 

2.8 Biomethane and biohydrogen applications and market analysis 

Biomethane has been identified as a high-quality energy carrier. It is the only biofuel that is 

entirely miscible and exchangeable from a combustion perspective with its fossil equivalent 

natural gas, making distribution networks of ‘green gas’ easily implementable. The areas of 

applications include power generation in combined heat and power (CHP) plants, heating (of 

buildings or in industry applications), as motor fuel in natural gas vehicles (NGVs) as well as 

non-energy applications as a raw material for the chemical industry. In addition, its generation 
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gives an economic advantage to the producing country as the costs of importing natural gas are 

reduced. There is also an increased employment and revenue in the gas production chain 

especially in rural areas.  

Between 2007 and 2011, there was a tremendous growth in the NGV market, standing at 20% 

annually with a total of 14.5 million vehicles at the end of 2011. Demonstration projects have 

been set up all in several countries around the world such as India, Canada, Thailand, Estonia, 

China, New Zealand, South Korea, South Africa and Brazil. Europe has been reported to have a 

more mature market of biomethane as a drop-in fuel in the existing NGV market (Svensson 

2013). Sweden, for example, has made a remarkable progress in the natural gas vehicle market 

reaching about 1% share of the total market in 2013 and this has consequently led to greater use 

of biomethane facilitated by joint efforts of public and private industry players. The public 

transport sector has a significant influence in the market since gas-fuelled buses cover close to 

50% of the sales volumes (Bowe 2013). In addition, the Swedish NGV market has enjoyed the 

benefits of a number of market incentives such as investment grants for refuelling stations as 

well as free parking in some cities. Moreover, there was until 2013 tax exemption and taxation 

reduction for company cars facilitating the introduction of light-duty vehicles (LDVs) to the 

NGV market (Svensson 2013).  

There are however some key obstacles in this market. One major challenge facing biomethane 

grid injection stated by Urban (2013) is cost. The technical aspects allowing for the use of 

biomethane through the natural gas grid are capital intensive. Despite these challenges, the 

growing need for environmental protection and reduction on oil reliance are stated as crucial 

factors pushing for sustainable energy solutions such as biomethane production (Svensson 

2013). 

H2 is considered as one of the most promising future energy source. Conversion processes of 

H2 as a fuel either electrochemically or through combustion do not cause carbon-based 

emissions that result in environmental pollution.  In addition, it has the highest gravimetric 

energy density of 120 MJ/Kg compared with other fuels which have much lower values as seen 

in Table 2.7. Some barriers however exist in this industry mainly in its storage, transmission 

and distribution technology domains that need to be overcome (Levin 2004).  

 One key aspect under intense research to solve the stated challenges is the advancement of the 

fuel cell (FC). This is an electrochemical device that converts chemical energy of a fuel into 

direct current (DC) (Becherif et al. 2015).  Fuel cells are very similar to conventional “primary” 

batteries and rechargeable “secondary” batteries. A primary battery ceases to operate after the 

zinc casing is exhausted while a secondary battery must be occasionally recharged. FCs on the 
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other hand, will run as long as the fuel is supplied similar to a gasoline engine. A single FC unit 

is described as an “electrochemical sandwich” with a positively charged cathode on one end, a 

negatively charged anode on the other and an electrolyte in the middle. In a H2-O2 type FC, H2 

is supplied on the anode side where electrons are stripped out of the H2 molecules. These 

electrons, which provide the electric current, flow from the anode through a conductor to the 

cathode. The positively charged H+ ions migrate to the cathode through the electrolyte layer, 

where they combine with O2 to form H2O (Hoffmann 2014). Various types of FCs under 

investigation include molten carbonate FC, alkaline FC, phosphoric FC and polymer electrolyte 

membrane FC (Becherif et al. 2015).  

 

Table 2.7 Energy densities of selected fuels (Becherif et al. 2015) 

Fuel Energy density (MJ/Kg) Fuel  Energy density (MJ/Kg) 

H2 120 Automotive diesel 45.6 

Methane 55 Liquefied natural gas 54.4 

Automotive gasoline 46.4 Methanol 19.7 

 

Currently, H2 has an established market in the petrochemical, glass manufacturing, food 

processing and electronics industries. However, H2 is yet to become competitive as an energy 

source rather than as a chemical. The main drivers likely to lead to growth of H2 as a major 

player in the energy sector include its ability to be generated and stored locally, the 

advancement of the FC technology and its environmental benefits. In fact, use of renewable H2 

energy can decrease the susceptibility to volatile oil prices as well as providing avenues for use 

of surplus electric power from other renewable sources such as wind, hydro and solar through 

electrolysis and from abundantly available biomass (Hordeski 2008). 

 

2.9 Ethical and social aspects 

Energy is an indispensable element in human advancement since it stimulates and maintains 

economic growth and development. The proposed technique of H2 and CH4 synthesis from 

syngas would therefore contribute to socio-economic status of a society. For instance, injection 

of CH4 into a nation’s natural gas grid could lead to reduction of the dependence of imported 

fuels as well as create more employment opportunities for its local citizens. Furthermore, H2 is 

a very clean gas with high energy content which is deemed to become commercially 

competitive as an energy source in the future (Hordeski 2008).  
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The conventional sources of energy, particularly coal, oil and natural gas are a leading cause of 

the environmental contamination (Omer 2012). Indeed a significant portion of the carbon 

emissions, approximately 98%, result from combustion of these fossil fuels (Demirbaş 2006). 

Hence, alternative renewable fuels such as biohydrogen and biomethane derived from syngas 

fermentation would have a considerable contribution in reducing these high levels of pollution.  

Moreover, landfills have potential to release gases containing between 40-60% of CH4 and CO2 

which contribute to global warming (Kumar & Sharma 2014). Through use of gasification as a 

preferred waste treatment method, the waste amounts would be reduced significantly and 

therefore landfilling would be avoided (Arena 2012). Furthermore, this study also proposes the 

use of heavy metals in syngas fermentation. Both syngas and heavy metals are toxic substances. 

However, through the action of the biocatalysts, these two materials are used to generate useful 

bioproducts. At the end of the fermentation process, it is expected that the concentration levels 

of the metals would reduce making the fermentation liquid safer for disposal. 

The commercially established biofuels have elicited debate as they are derived from substrates 

that could also be used as human food, such as corn and sugarcane. One key challenge arising 

from widespread ‘agrofuel’ production is its negative influence on food prices. A rise in the 

prices consequently leads to countless people especially from poor nations to suffer from 

hunger (FAO 2008). The synthesis of H2 and CH4 proposed here is more sustainable than from 

an ethical viewpoint. This is because the primary raw materials of the gasification process are 

not used as human food as they consist of abundant waste residues such as abundant 

lignocelluloses and MSW (Mohammadi et al. 2011, Arafat 2015).  
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3. Materials and methods 

3.1 Inoculum and medium preparation 

The inoculum used in this work was obtained from a 3000 m3 thermophilic municipal 

anaerobic sludge digester (Borås Energy and Environment AB, Sweden). The sludge was 

incubated for 4 days (at 55°C) prior to the start of the experiment in order to remove any 

nutrient source. Then it was sieved in two steps using 1 mm and then 0.5 mm pore sized sieves 

to remove large particles. Thereafter, it was centrifuged for 10 min at 4300 rcf using a Heraeus 

Centrifuge Megafuge (ThermoFisher Scientific, Sweden). The supernatant liquid was disposed, 

and the precipitate used for seeding the reactors. This inoculum contained 14.4% DM and 

14.4% VS.   

The recipe of the medium was adopted from (Osuna et al. 2003) and is given in Table 3.1. It 

contained essential macro- and micro-nutrients to ensure optimum performance of the 

microorganisms. The only carbon source used in this work was CO from syngas. 

Table 3.1 Concentration of macro- and micro-nutrients in the fermentation medium (Osuna et al. 2003) 

Compound mg/L of basal medium 

NH4C1 280 

K2HPO4.3H2O 330 

MgSO4.7H2O 100 

CaCI2.2H2O 10 

FeCl2.4H2O 2 

H3BO3 0.05 

ZnCl2 0.05 

MnCl2.4H2O 0.5 

CuCl2.2H2O 0.038 

CoCl2.6H2O 2 

NiCl2.6H2O 0.142 

Na2SeO3.5H2O 0.164 

 

For this experiment, three stock solutions containing 0.25g of each ZnO, CuO and MnCl2.4H2O 

powders was prepared to provide the respective metal ions in the fermentation medium. Each 

of them was dissolved in 20 ml 2% HNO3, transferred to a 500 ml volumetric flask which was 

filled with deionized water to make a 500 mg/L solution and a total concentration of 0.08% 

HNO3 in the stock solutions. The results obtained were those attributed to the added metal 

concentrations in the fermentation medium similar to previous works (Lin & Shei 2008).            
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3.2 Membrane encasement and reactor seeding 

Modified hydrophilic flat sheet PVDF membranes (Merch Millipore, Germany) with properties 

given in Table 3.2 were used in this work. Each membrane was folded in the middle and 

rectangular sachets measuring 3 cm by 6 cm were made.  

 

Table 3.2 Properties and description of the membrane 

Property   Description  

Type  Hydrophilic Polyvinylidene Flouride (PVDF) 

Trade name Durapore® 

Identification number VVVLP09050 

Filter color White 

Maximum operating temperature 85 ̊C 

Refractive index 1.42 

Pore size 0.1 µm 

Porosity % 70% 

Filter surface Plain 

Thickness 125 µm 

Filter diamter 90 mm 

 

The ends were joined by means of heat sealing as illustrated in Figure 3.1 (a) using a HPL 450 

AS (Hawo, Germany) heater. Moreover, one narrow end was left open to feed 3g of the 

inoculum and was later sealed for 4 seconds to form a capsule as shown in Figure 3.1 (b). The 

heat-sealed area was allowed to cool for about 5 seconds and it was ensured that there were no 

air bubbles present on the sealed area after cooling.   

 

Figure 3.1  (a) Heat sealing process of the PVDF sachets (b) The encased cells before placing in the reactor 
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3.3 Batch experiment with syngas and heavy metal ions 

The design of batch experiment carried out is summarized in Table 3.3, which gives the 

parameters, response variables and factors. Thermophilic conditions (55 ± 0.2°C) were 

maintained by the use of shaking water bath set at 100 ± 1 rpm.  

The performance of free cells compared to enclosed cells in PVDF membranes in reactors 

containing different combinations of Zn, Cu and Mn compounds was investigated. The 

response variables were the daily levels of CO, CO2, H2 and CH4, which were measured using 

gas chromatographs, the pH levels, VFA concentrations and metal concentrations at the end of 

the experiment using a pH meter, liquid chromatograph and microwave plasma spectrometer 

respectively. 

 

Table 3.3 Experimental design of the batch experiment 

Parameters Temperature (55 ± 0.2°C) 

Response variables Volumes of CO, CO2, H2 and CH4, pH values, concentration of VFAs, 

final heavy metal concentrations 

Factors Syngas, amounts of Zn2+, Cu2+ and Mn2+ ions, use of PVDF 

membranes 

 

2% HNO3 and NaHCO3 powder were used to adjust the pH of the solutions to 7 ± 0.5 prior to 

the experiment, while 2M HCl was used for adjustment to pH 5 ± 0.3and 6 ± 0.2 (Xiao & Liu 

2009). The fermentation medium (40 ml) was transferred to bottle reactors having a total 

volume of 118 ml leaving a headspace of 78 ml.  

 

 

Figure 3.2 Bottle reactors at the beginning of the experiment containing: (a) Free cells (b) Encapsulated cells in 

PVDF membranes 
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The anaerobic culture (3 g) was fed into 16 of the reactors and sealed with aluminum gas-bottle 

caps and appeared as shown in Figure 3.2 (a). Encapsulated cells were carefully placed to the 

remaining 16 bottle reactors and sealed as illustrated in Figure 3.2 (b). The headspace for 16 of 

the reactors was later purged with nitrogen (99.9% N2 bottle tank. AGA, Sweden) while the rest 

of the reactors were purged with syngas (55 % CO, 20 % H2 and 10 % CO2 bottle tank. AGA, 

Sweden) for 3 minutes. The reactors were then placed in the shaking water baths (Grant OLS 

200, Grant Scientific, UK) inclined at an angle of 45˚ to ensure that cells in the membranes had 

contact with the liquid medium. The values of pH of the fermentation liquid at the end of the 

experiment period were measured using a pH meter (Jenway 3520, Bibby Scientific Ltd., UK). 

 

3.4 Determination of optimum metal concentration range for hydrogen production 

From the first test, it was noticed that there was a significant amount of H2 produced in the 

reactors dosed with heavy metals on day 3 by the free cells. The generation of H2 by CO-

consuming microorganisms takes place via the water-gas-shift reaction. Initially, various metal 

concentrations were tested in order to find the optimum conditions for H2 production. In this 

experiment, a fixed ratio of Cu:Zn:Mn was selected as 1:6:28 which is typical in ashes from a 

wooden pellets gasifier (Liao et al. 2007). Table 3.4 shows the list of heavy metal 

concentrations tested in 8 different levels using only free cells.  

Table 3.4 Levels of the heavy metal concentrations in the medium in the preliminary H2 production test 

Level Concentration of heavy metals (mg/L) 

 Cu Zn Mn 

1 0.1 0.6 2.8 

2 0.625 3.75 17.5 

3 1.25 7.5 35 

4 2.5 15 70 

5 5 30 140 

6 20 120 560 

7 30 180 840 

8 50 300 1400 

 

The suitable level of concentrations would then be used in the design of the next set of 

experiments. This test was also expected to depict the concentrations that would completely 

hinder the microbial activities. 



26 

 

3.5 Investigating the effect of heavy metals on biological water-gas-shift process in 

repeated batch mode 

This experiment was designed with 7 different levels of metal concentrations within the 

established suitable range plus extreme levels containing 5 mg/L Cu, 30 mg/L Zn and 140 

mg/L Mn and 10 mg/L Cu, 60 mg/L Zn and 280 mg/L Mn to assess the limiting conditions. 

The new levels are listed in Table 3.5. The first period was set up as described previously at pH 

7 with free cells. For the subsequent periods, once the CO was consumed, the reactors were 

opened. The liquid and the cells were transferred to a 50 ml tube and centrifuged at 4300 rcf, 

12˚C for 10 minutes. The supernatant was transferred to an empty tube and pH values 

measured. Same fresh fermentation medium (40 ml) was poured in the tube containing the cells 

and carefully mixed using a vortex mixer (Scientific Industries, Inc., USA). After the pH 

measurement, the liquid samples were kept in a freezer (-23°C) for VFA and metal analysis 

later. The mixture was carefully transferred to the respective reactor and the headspace purged 

with syngas as described earlier. For pH levels 5 and 6, only levels 0 1, and 2 of metal 

concentrations were tested.  

Table 3.5 Levels of the heavy metal concentrations in the medium used in the H2 production test 

Level Concentration of heavy metals (mg/L) 

 Cu Zn Mn 

0 - - - 

1 0.1 0.6 2.8 

2 0.625 3.75 17.5 

3 1.25 7.5 35 

4 1.5 9 42 

5 5 30 140 

6 10 60 280 

 

For optimum yields, biohydrogen production processes are usually operated at pH values lower 

than 7 (Wang & Wan 2009). A test on the impact on generation of H2 from CO at pH 5 and 6 

was therefore performed and the results for systems containing metal concentration levels 0, 1 

and 2. 
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3.6 Analytical methods 

3.6.1 Gas and liquid chromatography  

Chromatography is a physical separation technique in which the constituents of the sample are 

distributed between two phases; stationary phase and the mobile phase. The sample is normally 

vaporized and carried by the mobile gas phase through a column. Samples partition into the 

stationary phase depending on their solubilities at the given temperature while the individual 

components separate from one another based on their affinities for the stationary bed and 

relative vapor pressures. When the mobile phase is a gas, the process is referred to as gas 

chromatography (GC) and when a liquid is used, it is called liquid chromatography (LC). 

In a GC system, an inert carrier gas flows continuously through the injection port, the column 

and the detector. The sample is injected with a syringe into the heated injection port, where it is 

vaporized and carried into the column coated on the inside with a thin (0.2 μ m) film of high 

boiling liquid (the stationary phase). The injection temperature is usually about 50 °C hotter 

than the boiling point of the sample to ensure enough heat is supplied to vaporize the sample. 

This temperature range is also considered low enough to avoid thermal decomposition or 

chemical rearrangement. In the column, the sample partitions between the mobile and 

stationary phases.  Column temperature is typically maintained at a wide variety of 

temperatures (ambient to 360˚C) in the oven to ensure good separation takes place in a 

reasonable amount of time. The carrier gas and sample pass through a detector after the column 

which measures the amounts of the different components of the sample and creates an electrical 

signal. The detector temperature plus its connections from the column exit must be high enough 

to avoid condensation of the sample and the liquid phase. The flame ionization detector (FID) 

is a very popular type due to its high sensitivity, linearity, and simplicity. Other common 

detectors are the thermal conductivity cell (TCD) and the electron capture detector (ECD). The 

generated signal goes to a data system (a computer) which in turn generates the visual and 

numerical record of analysis known as a chromatogram (McNair & Miller 2009).  

Figure 3.3 shows one GC instrument (Perkin-Elmer, USA) used for this thesis project showing 

the injection port, the oven which contains the column and the data collection system. The 

amounts of CO2, CH4, H2 and CO were analyzed every 24 hours for experiments 1, 2 and 3 

while for experiments 4 and 5 analysis was done every 12 hours. A 0.25 ml syringe (VICI, 

Precision Sampling Inc., USA) was used to inject the samples into the instruments at an 

injection temperature of 200˚C. The instruments were fitted with a packed column 

(CarboxenTM 1000, SUPELCO, 6’x1.8” OD, 60/80 Mesh, USA) and a thermal conductivity 
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detector (Perkin-Elmer, USA). The carrier gas was nitrogen, with a flow rate of 39 ml/min at 

75˚C for 2 minutes. 

 

Figure 3.3 Gas chromatograph system 

 

The high performance liquid chromatograph (HPLC) (Waters 2695, USA) equipped with a 

refractive index (RI) detector used for VFA analysis is shown in Figure 3.4. In this instrument, 

the column is packed with a stationary phase (Aminex® HPX-87 Ion Exchange Exclusion 

Column, Bio-Rad, USA) while a mobile phase (5 mM H2SO4) is passed through the column. 

The sample is injected into the flow path of the mobile phase and separates into individual 

analyte bands as it passes through the column. The individual bands are detected and a 

chromatogram is generated. The peak of each sample constituent is generated depending on its 

retention time in the column. 

 The 1.25 ml frozen samples (at -23°C) were thawed in the 6°C cold room 24 hours prior to the 

VFA analysis. The liquid samples were centrifuged (Heraus Fresco 21 Micro centrifuge, 

Thermo Fisher Scientific Inc., USA) at 15 ×G at 5°C for 10 min. 1ml of each sample was then 

placed in the HPLC instrument for analysis. 
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Figure 3.4 High performance liquid chromatograph system 

 

3.6.2 Microwave plasma-atomic spectrometer (MP-AES) 

The heavy metal concentrations in this work were determined using the microwave plasma-

atomic spectrometer (Agilent 4200, Agilent Technologies, USA) shown in Figure 3.5. The 

instrument consists of a magnetron which generates electromagnetic waves at 2.5 GHz which is 

guided to a wave guide assembly. The wave guide then focuses and contains the energy around 

the torch creating a nitrogen plasma. The nitrogen is supplied by the nitrogen generator which 

contains a carbon molecular sieve to eliminate other components in air.  

The sample is introduced to the system using the auto sampler and pumped by a peristaltic 

pump to the spray chamber. In this chamber, a sample aerosol is formed and directed to the 

plasma torch which is a high temperature excitation source. Here the aerosol is dried, 

decomposed and atomised and as the atoms return to low energy states, they emit light at 

characteristic wavelengths of each element in the sample. The wavelengths then enter the 

manochromator which transmits the selected wavelengths onto a solid state Charge Coupled 

Detector (CCD) where spectra and background are measured. The processed results are 

obtained from the data collection system.  
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Figure 3.5 Microwave plasma-atomic spectrometer instrument 

 

To test the intake of the heavy metals in solution by the microbes after the fermentation 

process, samples were prepared by transferring 1 ml of the fermentation liquid which was 

filtered by a 0.2 µm filter and diluted by a factor of 10 with deionized water. The samples were 

placed on the auto-sampling racks and run on the plasma spectrometer. 
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4. Results and discussions 

Initially, a fermentation broth containing  of Zn, Cu and Mn and basal medium was placed in 

empty reactors, purged with syngas (without inoculum) in order to check any possible 

interaction of the substrates. Then, the heavy metals and syngas were fermented by an 

anaerobic thermophilic culture in order to test the product profile and the overall process. 

Moreover, the heavy metal concentration limits for efficient biohydrogen production were 

investigated. Thereafter, the co-fermentation of heavy metals at various concentration levels 

with syngas was studied at different pH (5-7).  

4.1 Investigation of possible interaction of heavy metal ions with syngas  

During the Fisher-Tropsch procedure, the CO bond splitting takes place at the metal catalyst 

surface and the C combines with H2 to form hydrocarbons (Lausche et al. 2013). It was 

therefore necessary to investigate the interaction of H2, CO and CO2 in syngas with dissolved 

heavy metal ions without the microbes at thermophilic conditions. The daily measured amounts 

of H2, CO and CO2 were plotted in a graph given in Figure 4.1.  

 

 

Figure 4.1 Levels of (a) CO (b) H2 and (c) CO2 in the batch experiment for free cells without inoculum 
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It was clearly observed that the levels of all the gases remained the same throughout the 

experiment period with no observable production of CH4. It was therefore concluded that no 

reaction of the heavy metals in solution with syngas took place at the set conditions. Any 

changes in the amounts of the different gases for the other tests in this work were therefore 

solely attributed to biological processes.  

 

4.2 Co-fermentation of heavy metals and syngas in a batch mode  

4.2.1 Gas analysis 

The goal of this experiment was to investigate the effect of heavy metal ions on syngas 

fermentation and to determine the effect of PVDF membranes in such a process. The amounts 

of CO, H2, CH4 and CO2 obtained from the analysis are shown in Figures 4.2, 4.3, 4.4 and 4.5 

respectively for systems containing different combinations of 5 mg/L of Cu, Zn and Mn.  

 

 

Figure 4.2  Levels of CO during the batch experiment in reactors containing (a) free cells and (b) encased cells 

 

As seen in Figure 4.2 (a), CO was consumed at a faster rate in the reactors dosed with Zn only 

for free cells compared to the rest, with entire depletion taking place by the 4th day. On the 
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contrary, encased cells in reactors containing all the heavy metal combinations as well as the 

one without any metal dosage (syngas only) exhibited slow consumption rate by depleting the 

entire CO on the 7th day as seen in Figure 4.2 (b). A similar trend in CO consumption was 

observed by Youngsukkasem et al. (2015) during syngas fermentation in similar conditions 

without heavy metals. In their study, total CO consumption took 2 days for free cells and 7 

days for the encased ones. This trend in performance by the encapsulated microbes could be 

attributed to the barrier created by the membranes around them. In that case, even with the 

availability of the substrate in the liquid phase, the cells are not able to utilize it as fast as their 

free counterparts. 

Figure 4.3 gives the profile of the levels of H2 during the fermentation process. There was a 

notable increase in the amounts of this gas on the 2nd day for reactors without heavy metals, and 

on the 3rd day for the reactors dosed with the metals for free cells as seen in Figure 4.3 (a). This 

corresponds to the depletion of CO previously observed in Figure 4.2 (a) and could therefore be 

a result of the biological water-gas-shift reaction (Henstra & Stams 2011). 

 

 

Figure 4.3 Levels of H2 during the batch experiment for (a) free cells and (b) encased cells 
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The highest production of H2 occurred in reactors with the medium containing Zn, Cu and Mn 

with a total production of approximately 24 ml. This gas was then rapidly consumed and 

completely depleted on the 5th day. This trend could be an indication of synergistic effect of the 

metals on the H2-producing enzymes in the system (Oleszkiewicz & Sharma 1990). This is 

because the cells seem to be stimulated to synthesize higher amounts of H2 when all the metals 

are provided in the medium. However, availability of Zn seemed to have a greater effect on 

biosynthesis of H2 (approximately 16 ml) than a combination of Zn and Cu (approximately 10 

ml). This is perhaps a result of antagonistic tendencies of the combination of these two metals 

to H2-producing enzymes (Oleszkiewicz & Sharma 1990).  

From Figure 4.3 (b), it can be observed that encased cells followed similar pattern in H2 

consumption as with CO. No difference could be seen among the various combinations. The 

possible cause for this could be the previously discussed effect of the membrane barrier. 

 

 

Figure 4.4 Accumulation of CH4 in the batch experiment for (a) free cells and (b) encased cells 

 

Figure 4.4 illustrates the accumulation of CH4. Considering the previous profiles of CO and H2, 

it is clear that the CH4-producing microbes utilize these two gases for their microbial activity. 

There was a lag phase of about 3 days for free cells with a significant accumulation taking 

place between the 3rd and 5th day for free cells. This corresponds to the decline in the H2 levels.  
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Compared to the free cells, the encased ones appeared to have a faster accumulation of CH4 

especially in the first 4 days. At the end of the run on the 7th day however, total CH4 generated 

by encapsulated cells was nearly equal to that produced by free cells (23 ml). This could be an 

indication that the passive diffusion of the heavy metal ions through the membranes is 

sufficient to allow their contact with the cells just as is the case with free cells during the 7 day 

period. Furthermore, the PVDF membranes used in this experiment were hydrophilic and could 

therefore easily pass the dissolved metal ions.  

Same amounts of CO2 (7 ml) were detected in the reactors containing free and encased cells by 

the end of the fermentation period as seen in Figure 4.5. The trends in the production of this gas 

seems to be closely linked to the levels of CO, H2 and CH4 discussed earlier as it is a by-

product during syngas biomethanation process. There seems to be little production in reactors 

with free cells until the third day. A steady rate of production was however noted in systems 

with encased cells.  

 

 

 

 

Figure 4.5 Levels of CO2 in the batch experiment for (a) free cells and (b) encased cells 
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4.2.2 Final metal concentrations 

As seen in Table 4.1, there was a significant reduction in all metal concentrations from the 

initial 5 mg/L in all reactors compared to the final amounts in the effluent. It can also be seen 

that Cu was entirely consumed while very little concentrations of Mn were detected. This test 

also revealed that Zn ions were not completely consumed though the final concentrations 

showed a reduction by nearly a factor of 10. This shows that there was significant consumption 

of the metals by the microbes. 

Table 4.1 Final metal concentrations in bioreactors 

Metal 

combination 

Metal conc. 

mg/L 

Contents in 

reactor 

Metal conc. 

mg/L 

Free cells  Encased cells  

 Cu Zn Mn  Cu Zn Mn 

Zn 0 0.40 ± 0.00 0 Zn 0 0.55 ± 0.05 0 

Zn + Cu 0 0.30 ± 0.00 0 Zn + Cu 0 0.35 ± 0.05 0 

Zn + Cu + Mn 0 0.50 ± 0.00 0.10 ± 0.00 Zn + Cu + Mn 0 0.45 ± 0.05 0.10 ± 0.00 

 

4.2.3 VFA concentrations 

Table 4.2 gives the total VFA concentrations detected in the samples from the fermentation 

liquid after a period of 7 days. All the amounts detected were below 1 g/L with acetate being 

the most abundant individual component and its presence could suggest the microbes followed 

the H2/CO2 metabolic pathway (Kimmel et al. 1991). It was observed that the reactors without 

heavy metal dosage produced slightly higher VFAs for both free and encased cells, with 0.69 

g/L and 0.89 g/L respectively. On the other hand, the effluent from the reactors having the 

combination of Zn, Cu and Mn had the least amounts with the free cells producing about 0.19 

g/L and encased cells yielding about 0.27 g/L.  

Table 4.2 Total VFA concentrations at the end of fermentation period 

Metal combination Total VFAs Metal combination Total VFAs 

Free cells  Encased cells  

Syngas only  0.69±0.17 Syngas only  0.85±0.12 

Syngas + Zn  0.44±0.07 Syngas + Zn  0.37±0.12 

Syngas + Zn + Cu  0.26±0.08 Syngas + Zn + Cu  0.40 ± 0.12 

Syngas + Zn + Cu + Mn  0.19±0.05 Syngas + Zn + Cu + Mn  0.27±0.02 
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4.2.4 pH values  

The pH values of the effluent measured at 23 ± 1°C are given in Table 4.3. From these results, 

it appeared that there was an insignificant change in the pH values between the start and the 

end of the experiment for the medium in all reactors and probably the values remained constant 

throughout the fermentation period. The values from the reactors with encased cells however 

were slightly higher than those from reactors with free cells.  

 

Table 4.3 pH values at the end of fermentation period 

Metal combination      pH Metal combination      pH 

Free cells  Encased cells  

Syngas only  7.52 ± 0.01 Syngas only  7.88 ± 0.10 

Syngas + Zn  7.53  ± 0.07 Syngas + Zn  7.66 ± 0.29 

Syngas + Zn + Cu   7.52 ± 0.14 Syngas + Zn + Cu  7.65 ± 0.39 

Syngas + Zn + Cu + Mn   7.44 ± 0.17 Syngas + Zn + Cu + Mn  7.57 ± 0.41 

 

 

4.3 Investigation of optimum heavy metals concentration for syngas fermentation 

The levels of CO, H2, CO2 and CH4 which were monitored daily are given in Figure 4.7 in this 

pre-lab test. Of the 8 tested levels (refer to Table 3.4), only three seemed to have a positive 

impact on the formation of H2. The cells in medium containing 1.25 mg/L Cu, 7.5 mg/L Zn and 

35 mg/L Mn (level 3) consumed CO most rapidly as shown in Figure 4.6. They were followed 

by those in reactor containing 0.625 mg/L Cu, 3.75 mg/L Zn and 17.5 mg/L Mn (level 2) while 

the reactor dosed with 0.1 mg/L Cu, 0.6 mg/L Zn and 2.8 mg/L Mn (level 1) displayed the 

slowest rate of consumption. These 3 levels were selected as the basis of the experimental 

design of the subsequent tests.  

In Figure 4.6, it can also be seen that the measured H2 amounts in the 3 reactors was 

approximately 23ml, 20ml and 18ml respectively. The highest peaks for the H2 were observed 

on day 3 after which it was consumed after 1, 2 and 3 days for levels 1, 3 and 2 respectively. 

This consumption was consequently followed by production of CH4. 

The accumulated CH4 amount was almost the same for the 3 levels which was approximately 

20 ml. It was also noticed that although cells in the medium containing 2.5 mg/L Cu, 15 mg/L 

Zn and 70 mg/L Mn (Level 4) did not utilize more than half of CO, they consumed all the H2 

present in syngas to produce about 10 ml CH4 by day 7. The amounts of CO2 in the reactors for 
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levels 1-3 rose by about 7 ml on day 3 with the rise in H2 amounts which was associated with 

the water-gas-shift reaction stoichiometry.  

 

 

Figure 4.6  Levels of CO, H2, CH4 and CO2 for the pre-lab test (metal levels described in Table 3.4) 

 

4.4 Syngas fermentation with various heavy metals concentrations at pH 7 

4.4.1 Gas analysis 

The amounts of CO, H2, CH4 and CO2 in the reactors measured every 12 hours for all periods 

are given in Figures 4.7-4.11. The description of the ‘level’ of metal concentrations in the 

figures is given in Table 3.5. It was clear that the reactors with the highest metal concentration 

levels had the slowest performance for all periods.  

For period I (Figure 4.7), cells in reactors containing levels 0, 1 and 2 needed 96, 108 and 120 

hours respectively for total consumption of CO while levels 4 and 5 took 132 hours. The 

reactors containing levels 0 and 1 showed production of CH4 as a consequence of CO and H2 

consumption. The cells in reactor containing the level 2 of the metal concentrations had the 
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fastest CO consumption rate. This was followed by a production of H2 until the 84th hour which 

seemed to be consumed partly by methanogens for CH4 production (Kimmel et al. 1991).   

 

Figure 4.7 Amounts of CO, H2, CO2 and CH4 in period I at pH 7 (metal levels described in Table 3.5) 

 

During period II, there was no CH4 produced and all the cells produced H2 after consuming CO 

as seen in Figure 4.8. The order of rates of CO consumption for the metal concentration levels 

was level 1, 0, 2, 3 and 4. About a total of 33 ml  of H2 was produced for all cases and 

approximately 44 ml CO was consumed. Among all the cycles performed, this period had the 

shortest retention time for cells in levels 1 and 0.  

For period III seen in Figure 4.9, similar performance was observed in reactors containing 

levels 0, 1 and 2. The entire CO was used up on the 60th hour. In addition, cells in reactors 

containing level 4 of metal concentrations used up the entire CO on the 180th hour while cells 

in reactors with level 3 had only consumed about 10 ml by the 216th hour. 

As seen in Figure 4.10, the systems dosed with levels 3 and 4 took very long to consume the 

CO. Therefore, only cells in reactors having metal levels 0, 1 and 2 were analyzed in period IV. 

During this period, the cells in reactors with levels 0, 1 showed similar performance by 

consuming the available CO by the 84th hour with those in level 2 consuming it 48 hours later. 
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Figure 4.8 Amounts of CO, H2 and CO2 in period II at pH 7 (metal levels described in Table 3.5) 

 

 

 

Figure 4.9  Amounts of CO, H2 and CO2 in period III at pH 7 (metal levels described in Table 3.5) 
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Figure 4.10 . Amounts of CO, H2 and CO2 in period IV at pH 7 (metal levels described in Table 3.5) 

 

Figure 4.11 Amounts of CO, H2 and CO2 in period V at pH 7 (metal levels described in Table 3.5) 
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The performance of the cells during the last period is showed in Figure 4.11. The fastest 

substrate consumption rate was observed in the reactors containing level 0 metal concentrations 

(96 hours), closely followed by level 1 (108 hours). In both cases, a longer retention time was 

recorded compared to period IV. It was also noted that cells in level 3 had not used up the CO 

by the 132nd hour of the cycle. It was also observed that same amounts of CO2 (7 ml) were 

produced in all the reactors during the H2 and CH4 production from CO. 

The microbial performance appears to be highly influenced by the heavy metal concentrations 

for syngas fermentation process operated at pH 7. Generally, lower concentrations seem to 

improve the rate of CO consumption and H2 production while higher levels reduce this rate. 

The trends observed in the rates of H2 production could be a result of the different heavy metal 

dosage in the fermentation medium. As suggested by Lin and Shei (2008), right amounts of 

heavy metals can enhance biohydrogen production rate or yield. From their study, 3 mg/L Cu 

and 0.24 mg/L Zn were found to improve H2 yield from sucrose by up to 20% while 6.5 mg/L 

Cu and 4.5 mg/L Zn led to 50% inhibition. Another study by Li and Fang (2007) revealed that 

50% inhibition on H2 production from wastewater containing sucrose took place in a system 

containing 30 mg/L Cu and 1600 mg/L Zn. Moreover, improvement of the H2 production rate 

occurred at metal levels of between 50–100 mg/L Cu and at 10–250 mg/L Zn when glucose 

was used as the carbon source. The inhibition threshold in this test was 200 mg/L and 500 mg/L 

of Cu and Zn respectively (Zheng & Yu 2004).  

From the current study, the optimum metal concentrations found to improve biohydrogen 

production rate from CO at pH 7 was 0.1 mg/L Cu and 0.6 mg/L Zn while the inhibitory level 

was established as 5 mg/L Cu and 30 mg/L Zn. It seems, therefore, that the microbes’ 

sensitivity to these two metals is higher when CO is used as the substrate relative to glucose 

and sucrose. However, the impact Mn has on the system has not been considered. It has been 

reported that this metal plays an important role in the enzymatic activities and poses little 

inhibition even at high concentrations and could therefore be a possible cause of the improved 

production rates (Mudhoo & Kumar 2013).  

 

4.4.2 Final metal concentrations 

The final metal concentrations of the fermentation liquid after each period are given in Table 

4.5. There was a significant reduction in the metal concentration for reactors indicating that the 

cells had consumed the metal ions. Only small amounts of Cu (0.05 mg/L) were detected in the 
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liquid initially having the highest concentration (level 6) while all other levels there was no 

Cu+2 ion detected for all periods. In addition, small quantities of Zn+2 were only present at the 

end of the period V for level 1 concentration. This metal was however present in all other levels 

for all periods in concentrations ranging between 0.4-0.23 mg/L with a reduction factor ≥15. 

Mn had the highest concentration and was detected with a reduction factor ≥12 with values 

ranging between 0.02-0.7 mg/L. 

 

Table 4.4 Initial and final heavy metal concentrations in the fermentation liquid 

Level Period Initial concentration 

mg/L 

Final concentration 

mg/L 

  Cu Zn Mn Cu     Zn      Mn 

1 I 0.1 0.6 2.8 0      0      0 

 II 0       0       0.02 ± 0.00 

 III 0            0     0.10 ± 0.05 

 IV 0 0     0.20 ± 0.00 

 V 0 0.04 ± 0.03 0.22 ± 0.10 

2 I 0.625 3.75 17.5 0 0.08 ± 0.0.3 0.12 ± 0.03 

 II 0 0.10 ± 0.00 0.20 ± 0.05 

 III 0 0.13 ± 0.03 0.27 ± 0.15 

 IV 0 0.15 ± 0.00 0.27 ± 0.08 

 V 0 0.15 ± 0.00 0.52 ± 0.23 

3 I 1.25 7.5 35 0 0.15 ± 0.00 0.38 ± 0.24 

 II 0 0.15 ± 0.00 0.32 ± 0.10 

 III 0 0.17 ± 0.03 0.32 ± 0.21 

4 I 1.5 9 42 0 0.18 ± 0.03 0.30 ± 0.13 

 II 0 0.17 ± 0.03 0.35 ± 0.09 

 III 0 0.17 ± 0.03 0.38 ± 0.08 

5 I 5 30 140 0 0.23 ± 0.04 0.68 ± 0.18 

6 I 10 60 280 0.05 ± 0.00 0.25 ± 0.00 0.70 ± 0.22 
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4.4.3 VFA concentrations 

The amounts of total volatile fatty acids measured at the end of each period are shown in Table 

4.6. The results indicated low production of VFAs in all reactors with the highest amounts, i.e.  

0.65 g/L, being detected in samples from the liquid having level 1 metal concentration. 

Generally, the concentrations were reduced as the periods progressed and there was no 

detection of the acids in the last two periods. The highest values were found in the samples 

measured after the first period which ranged between 0.2-0.7 g/L. As observed in the previous 

test, acetate concentration was the highest among all the volatile compounds tested in the 

samples.   

 

Table 4.5 Total VFA concentrations at the end of each period  

Level Initial metal conc. 

            mg/L 

Period 

Total VFAs 

 Cu Zn Mn         I        II       III IV V 

0 - - - 0.49 ± 0.08 

 

0.09 ± 0.02 0 0 0 

1 0.1 0.6 2.8 0.65 ± 0.09 

 

0.04 ± 0.02 0.01 ± 0.00 0 0 

2 0.625 3.75 17.5 0.43 ± 0.07 

 

0.03 ± 0.01 0.01 ± 0.00 0 0 

3 1.25 7.5 35 0.47 ± 0.08 

 

0.08 ± 0.01 

 

0   

4 1.5 9 42 0.26 ± 0.07 0 0   

5 5 30 140 0.18 ± 0.03 

 

    

6 10 60 280 0     

 

 

4.4.4 pH values 

Table 4.7 gives the measured pH values at 23 ± 3°C. The values ranged from 6.0-7.2 for levels 

1-5. There was a gradual decrease in the pH values as the periods progressed in these five 

levels which were still suitable for methane and H2 production.  It was however noted that the 

samples taken from reactors with higher concentrations of the metals had higher pH values of 

approximately 8.2. 
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Table 4.6 pH values at the end of each period 

Level            Metal 

            mg/L 

Period 

pH value 

 Cu Zn Mn         I        II       III        IV        V 

0 - - - 7.17 ± 0.01 6.83 ± 0.37 6.39 ± 0.04 6.33 ±0.03 6.08±0.05 

1 0.1 0.6 2.8 7.16 ± 0.11 6.52 ± 0.01 6.33 ± 0.04 6.18±0.08 5.97±0.05 

2 0.625 3.75 17.5 7.68 ± 0.15 6.56 ± 0.01 6.56 ± 0.01 6.38 ± 0.01 6.25±0.02 

3 1.25 7.5 35 7.06 ± 0.05 6.76 ± 0.05 6.47 ± 0.02   

4 1.5 9 42 7.21 ± 0.18 6.82 ± 0.13 6.63 ± 0.5   

5 5 30 140 8.27 ± 0.03     

6 10 60 280 8.24 ± 0.06     

 

 

4.5 Syngas fermentation with low metal concentrations at pH 5 and 6  

4.5.1 Gas analysis 

The trends in consumption of CO, production of H2, as well the production of CH4 and CO2 

were very similar to the observations made at pH 7. As in the previous section, the description 

of the ‘level’ of metal concentrations in the figures is given in Table 3.5. 

The first period for both pH 5 and 6 was dominated by consumption of both CO and H2 to yield 

CH4 and CO2. In Figure 4.12, complete consumption of CO to generate H2 and CO2 in reactors 

with syngas only as well as those dosed with level 1 concentration of the metals took place at 

the 48th hour at pH 5 in period II. The reactor containing level 2 metal concentrations depicted 

slowest performance by depleting the substrate in the 60th hour. At pH 6, the order of the rate of 

performance, from highest to lowest, levels was 1, 0 and 2 as seen in Figure 4.13. 
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Figure 4.12 Amounts of CO, H2 and CO2 for period II at pH 5 (metal levels described in Table 3.5) 

 

 

Figure 4.13 Amounts of CO, H2 and CO2 for period II at pH 6 (metal levels described in Table 3.5) 
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The microbial performance in period III is illustrated in Figures 4.14 and 4.15.  The level with 

the highest rate of consumption of CO was observed in reactors containing 0.625 mg/L Cu, 

3.75 mg/L and 17.5 mg/L Mn at the 60th hour while the reactors in the other metal 

concentration levels followed at the 84th hour for pH 5.  

 

Figure 4.14 Amounts of CO, H2 and CO2 for period III at pH 5 (metal levels described in Table 3.5) 

 

Figure 4.15 Amounts of CO, H2 and CO2 for period III at pH 6 (metal levels described in Table 3.5) 
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For pH 6 however, the fastest performance was seen in reactors containing level 1 of the metals 

at the 60th hour, followed by level 0 at the 96th hour. The slowest rate was depicted in reactors 

containing metals at level 2 in which the substrate had not been completely consumed at the 

228th hour. 

 

 

Figure 4.16 Amounts of CO, H2 and CO2 for period IV at pH 5 (metal levels described in Table 3.5) 

 

The perfomance in period IV was generally slower than in the previous periods for all levels at 

pH 5 as seen in Figure 4.16. The rate of consumption of CO, production of H2 and CO2 

followed the order, from the highest to lowest, levels 1, 2 and 0. For pH 6 however, only cells 

in levels 0 and 1 were analysed in period IV with the former needing 108 hours and the latter 

72 hours for complete CO depletion as shown in Figure 4.17. 

The last period had only reactors with levels 1 and 2 for pH 5 (Figure 4.18) and level 1 for pH 6 

(Figure 4.19) with complete consumption of CO taking place at the 120th, 144th and 120th hours 

respectively. This was followed by production of approximately 32 ml and 7ml of H2 and CO2 

respectively. 
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Figure 4.17 Amounts of CO, H2 and CO2 for period IV at pH 6 (metal levels described in Table 3.5) 

 

 

Figure 4.18 Amounts of CO, H2, and CO2 for period V at pH 5 (metal levels described in Table 3.5) 
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Figure 4.19 Amounts of CO, H2, and CO2 for period V at pH 6 (metal levels described in Table 3.5) 

 

4.5.2 Comparison of microbial performance at pH 5, 6 and 7 

A comparison was done to establish the performance of the biocatalysts at the different pH 

values to determine the optimum level. This was done by observing the trend in the rate of H2 

production from period II in reactors containing level 1 of the metal concentrations (0.1 mg/L 

Cu, 0.6 mg/L Zn and 2.8 mg/L Mn) which was optimum for high H2 production rate in this 

study. A summary of the amount of time taken in each period for complete substrate 

consumption as well as the total amount of time taken at the different pH at this level is given 

in Table 4.14.  

The total time that the microbes needed to completely consume CO during period II to V at pH 

6 and 7 was 288 hours, while the total amount at pH 5 was 408 hours. This could suggest that 

faster rates of H2 production from CO in medium containing appropriate amounts of heavy 

metals take place at higher pH values. 
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Table 4.7 Comparison of the time (h) taken for total substrate consumption at different pH  

Period II III IV V Total 

pH 5 48 84 132 144 408 

pH 6 36 60 84 108 288 

pH 7 36 60 72 120 288 

 

In conclusion, it was noted that the consumed carbon compound (CO) was greater than the 

produced carbon compounds (CO2 and VFAs) in all cases. Besides, from the liquid and gas 

analysis no extra carbon product was detected. This means probably that the carbon amounts 

missing from the carbon balance were stored intracellularly for synthesis of biopolymers such 

as polihydroxyalkanoates (PHAs) (Jankowska et al. 2015).  

 

4.5.3 Final metal concentrations 

The final metal concentrations measured at the end of each period are given in Tables 4.8 and 

4.9. A significant reduction from the initial dosage was realized meaning that the microbes 

indeed consumed the metal ions during the fermentation process. The reduction in the metal 

concentration was between factors of 10-56 at both pH levels for Zn and Mn. The amounts of 

Cu were found to have been completely consumed during the fermentation process. 

Table 4.8 Final metal concentrations in medium after fermentation at pH 5 

Level Period Initial concentration 

mg/L 

Final concentration 

mg/L 

  Cu Zn Mn Cu Zn Mn 

1 I 0.1 0.6 2.8 0 0 0.05±0.00 

 II 0 0 0.10±0.00 

 III 0 0.05±0.03 0.20±0.00 

 IV 0 0.05±0.03 0.23±0.04 

 V 0 0.10±0.00 0.30±0.07 

2 I 0.625 3.75 17.5 0 0.10±0.00 0.15±0.00 

 II 0 0.13±0.04 0.20±0.00 

 III 0 0.10±0.00 0.48±0.11 

 IV 0 0.13±0.04 0.68±0.04 

 V 0 0.15±0.00 0.68±0.18 
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Table 4.9 Final metal concentrations in medium after fermentation at pH 6 

Level Period Initial concentration 

mg/L 

Final concentration 

mg/L 

  Cu Zn Mn Cu Zn Mn 

1 I 0.1 0.6 2.8 0 0.10 ± 0.03 0.08 ± 0.03 

 II 0 0.05 ± 0.00 0.10 ± 0.00 

 III 0   0.13 ± 0.03  0.18 ± 0.04 

 IV 0 0.15 ± 0.00 0.25 ± 0.08 

 V 0 0.10 ± 0.03 0.28 ± 0.04 

2 I 0.625 3.75 17.5 0 0.15 ± 0.00 0.18 ± 0.04 

 II 0 0.15 ± 0.00 0.25 ± 0.00 

 III 0 0.10 ± 0.03 0.40 ± 0.14 

 

4.5.4 Volatile fatty acids 

The amount of total VFAs measured in the liquid samples after fermentation is given in Table 

4.10 and 4.11. Very low amounts of acids, below 0.2 g/L, were detected in the samples in the 

first three periods. In addition, acetate concentration was the highest among all the volatile 

compounds tested in the samples as observed previously, with the samples from reactors 

containing syngas only depicting slightly higher values.  

 

Table 4.8 Total VFA concentrations at the end of each period at pH 5 

Level Initial metal conc. 

            mg/L 

Period 

Total VFAs 

 Cu Zn Mn I II III IV V 

0 - - - 0.19 ± 0.03 

 

0.01 ± 0.00 0 0  

1 0.1 0.6 2.8 0.13 ± 0.02 

 

0.02 ± 0.01 0 0 0 

2 0.625 3.75 17.5 0.15 ± 0.03 

 

0.01 ± 0.00 0 0 0 

 



53 

 

Table 4.9 Total VFA concentrations at the end of each period at pH 6 

Level Initial metal conc. 

            mg/L 

Period 

Total VFAs 

 Cu Zn Mn I II III IV V 

0 - - - 0.20 ± 0.07 

 

0 0 0  

1 0.1 0.6 2.8 0.18 ± 0.03 

 

0.01 ± 0.00 0 0 0 

2 0.625 3.75 17.5 0.12 ± 0.07 

 

0.01 ± 0.00 0.01 ± 0.00   

 

 

4.5.5 pH values 

Tables 4.12 and 4.13 give the pH values at the end of each fermentation period. It was noted 

that the values had increased from the initial set levels of 5 and 6 to values between 5.9-7.4. 

This is different from the final values in the previous test which were lower than the initial 

value of 7. Besides, a reduction in the pH has also been reported in previous studies which is 

usually associated with production of VFAs (Shi et al. 2009, Li et al. 2008). The amounts of 

VFAs produced in the present work were however very low, just as in the preceding test. Hence 

there wasn’t a reasonable explanation for this decline in the effluent pH. There was however a 

similarity in the decreasing trend in the values with successive periods and the lowest values 

were detected in the last period as observed in the system at initial pH 7. 

 

Table 4.10 Final pH values at the end of each period from initial pH 5 

Level            Metal 

            mg/L 

Period 

pH value 

 Cu Zn Mn         I        II       III        IV        V 

1 - - - 7.32 ± 0.05 6.47 ± 0.02 6.25 ± 0.00 6.02 ± 0.02  

2 0.1 0.6 2.8 7.11 ± 0.06 6.57 ± 0.10 6.26 ± 0.04 6.15 ± 0.04 5.94 ± 0.13 

3 0.625 3.75 17.5 7.21 ± 0.05 6.53 ± 0.03 6.27 ± 0.07 6.14 ± 0.04 5.94 ± 0.03 
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Table 4.11 Final pH values at the end of each period from initial pH 6 

Level            Metal 

            mg/L 

Period 

pH value 

 Cu Zn Mn         I        II       III        IV        V 

1 - - - 7.25 ± 0.07 6.51 ± 0.03 6.31 ± 0.01 6.00 ± 0.01  

2 0.1 0.6 2.8 7.19 ± 0.02 6.47 ± 0.03 6.28 ± 0.09 6.15 ± 0.06 6.15 ± 0.02 

3 0.625 3.75 17.5 7.23 ± 0.00 6.44 ± 0.04 

 

6.19 ± 0.07   
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5. Conclusions and recommendations 

The results obtained showed that low concentrations of the heavy metals (0.1 mg/L Cu, 0.6 

mg/L Zn and 2.8 mg/L) improved the rate of the biological water-gas-shift reaction in repeated 

batch syngas fermentation. On the contrary, concentrations above 5 mg/L Cu, 30 mg/L Zn and 

140 mg/L Mn were found to cause total inhibition of the process. Additionally, the 

concentrations of the metals in the mediums after fermentation were found to be significantly 

low, meaning that the cells had consumed them during the process. The VFA amounts for all 

the tests were also found to be very low (< 0.1 g/L) and detected only in the first 3 periods of 

the experiment. This study also revealed that for the suitable metal concentrations and 

considering the total amount of time required for H2-producing cycles, there was faster rate of 

production at pH 6 and 7 than at pH 5. 

This study focused on examining 3 heavy metals found in ashes from a lignocellulosic-biomass 

gasifier. Other metals such as Fe and Ni are also available in these ashes and could also be 

tested in future studies. It is also recommended that real ash be used under continuous 

conditions to test the viability of applying the technique in a setting closer to industrial mode. 

In addition, the effect of operating at temperatures lower than 55˚C could be tested for the 

biological water-gas-shift process because it could increase the syngas diffusivity in the 

medium and therefore improve the overall process. Future studies could also focus on 

investigating the intracellularly stored carbon amounts which could reveal synthesis of more 

valuable products thereby making the proposed technique more attractive.  
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