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ABSTRACT 
 

 
Arsenic (As) is a common occurring environmental pollutant. This metalloid is well 

known for its carcinogenic and teratogenic effects.  The U.S. Environmental Protection 

Agency (USEPA) enacted a new and stricter regulation for arsenic in drinking water.  

Small drinking water suppliers from regions with high arsenic backgrounds levels, such 

as the Southwest of the United States will need to remove arsenic from drinking water in 

order to meet the new standard.  The proposed treatment by the USEPA is the oxidation 

of arsenite (AsIII) to arsenate (AsV) followed by the adsorption onto metal oxides (e.g. 

granular ferrihydrite (GFH)).  Large amounts of arsenic-bearing solid waste will be 

generated and disposed in municipal landfills based on EPA’s recommendation since the 

material is classified as non hazardous according to the toxicity characteristic leaching 

procedure (TCLP), a test used to determine whether solid wastes are considered 

hazardous.  The acidic and anaerobic conditions in the assay are contradictory with the 

alkaline and anaerobic conditions prevailing in mature landfills.  This combined with the 

high content of organic matter and the microbial activity typical of mature landfill could 

play an important role in the biotransformation and mobilization of sorbed arsenic in 

landfills. 

The new standard highlights a national concern on the health effects of arsenic.  

The extensive use of organoarsenical compounds such as pesticides in agriculture has 

become an emerging source of arsenic contamination in the environment.  Roxarsone (4-

hydroxy-3-nitrophenylarsonic acid) is an organic As-containing compound supplemented 

in the poultry feed to enhance growth by controlling coccidian parasites.  Chickens 

mostly excrete the roxarsone without changes in its chemical structure.  Land application 

of chicken manure in agricultural fields is a common practice.  Based on broiler 

production and roxarsone feed dosage, approximately 900 metric tons of roxarsone is 

estimated to be released into environment in the U.S. annually, equivalent to 250 metric 



 

 

17

tons of arsenic.  The environmental impact is significant when considering that these 

quantities of arsenic are spread onto relative small land areas in the direct vicinity of 

poultry houses. 

The aim of this study is to evaluate the role of anaerobic bioconversion on the fate 

and mobility of inorganic and organic arsenic compounds. This dissertation work is 

divided in three sections: 

 

A. The impact of anaerobic microbial activity on the biotransformation and 

mobilization of sorbed AsV from drinking water residuals (Chapters 2 and 3) was 

evaluated. AsV adsorbed onto GFH was placed in continuous flow through 

columns and subjected to microbial conditions prevailing in landfills.  

B. The biotic and abiotic mechanisms of roxarsone transformation were studied 

utilizing anaerobic batch experiments (Chapter 4). 

C. The methanogenic toxicity (Chapters 5 and 6) of inorganic and organic arsenicals 

were evaluated utilizing short- and long-term batch bioassays. 

 

The results indicated that arsenic sorbed onto GFH is susceptible to biological 

mobilization under simulated landfill conditions.  Arsenic mobilization was significantly 

enhanced by microbial activity and by the presence of organic substrates. Inoculated 

columns supplemented with organic substrates showed higher As mobilization that was 

many-fold more than non inoculated columns.  High rates of arsenic release from a fully 

packed GFH column was delayed by more than 150 days. Arsenic release from the fully 

packed column was predominantly in the form of AsV sorbed onto colloids; however 

15% of the arsenic was released in the soluble form, mostly made up of AsIII. In a second 

column study with lower GFH concentrations mixed into a sand bed, the delay time for 

arsenic release was significantly shorter and fine colloids were filtered by the sand bed. 

Consequently, the predominant form of arsenic release was soluble AsIII in the samples.  

The results taken as a whole suggest that arsenic in drinking water residuals is susceptible 
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to enhanced mobilization due to anaerobic microbial activity, and therefore As 

mobilization should be expected in mature landfills. Measure which reduce the microbial 

activity in the vicinity of the residuals such segregated disposal of residuals in cells 

without organic wastes would reduce the threat of remobilizing arsenic. 

Roxarsone was readily biotransformed by a methanogenic consortium to its 

corresponding amino compound, 4-hydroxy-3-aminophenylarsonic acid (HAPA) after 12 

days incubation under methanogenic and sulfate reducing conditions.  The 

biotransformation rate was accelerated by the presence of external donating substrates. A 

fraction of the HAPA went on to be converted to inorganic arsenicals (mostly AsIII) after 

long term incubations of 120 days    Similar observations were made during the anaerobic 

biodegradation of p-arsanilic acid.  Therefore, land application of roxarsone-containing 

wastes to water logged soils or near aquatic environments could potentially lead to the 

formation of more toxic and mobile forms of arsenic (e.g. AsIII) which will have negative 

impact on the environment. 

Methanogenic activity was inhibited by the presence of inorganic and organic 

arsenic species.  Trivalent As (e.g., arsenite (AsIII) and monomethylarsonous acid 

(MMAIII)) were the most toxic species to methanogens.  The inhibitory effect of 

roxarsone and the structurally related p-arsanilic acid towards methanogens increased as 

the exposure time increased indicating either the possible formation of more toxic 

metabolites or a delayed toxic response. The methanogenic toxicity of HAPA greatly 

increased when it was subjected to oxidative conditions, indicating that one of HAPA’s 

autooxidation products was highly toxic. The results suggest that microbial and chemical 

transformation of roxarsone and roxarsone intermediates in the environment could have a 

serious impact on their toxicity. 

A detailed description of the information contained in each chapter is presented in 

the dissertation overview section. 



OBJECTIVES 
 

Aim 

 

The goal of this research is to evaluate the impact of microbiological processes on the 

mobilization and transformation of inorganic and organic arsenic compounds, so as to 

better understand the mobility, toxicity and fate of arsenic in anaerobic environments.  

 

Specific objectives 

 

The objectives of this Ph.D. research work are divided in three parts: 

 

1. Microbial mobilization of arsenic in drinking water residuals disposed into 

municipal mixed waste landfills.  

 
a. Evaluate the extent of mobilization and biotransformation of arsenate 

(AsV) sorbed onto granular ferrihydrite (GFH) in flow-through columns 

simulating the conditions that prevail in mature landfills. 

b. Evaluate the impact of organic substrates in supporting enhanced rates of 

microbial-catalyzed release of arsenic from GFH. 
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c. Evaluate the role of dissimilatory iron (FeIII) reduction on the mobilization 

of sorbed AsV. 

d. Evaluate the impact of humus-like substances on the reductive dissolution 

of GFH and the release of sorbed arsenic. 

 
2. Biotic and abiotic conversion of the organoarsenical pesticide, roxarsone (4-

hydroxy-3-nitrophenylarsonic acid) 

 
a. To study the microbial transformation of roxarsone in anaerobic 

environments. 

b. Investigate the role of readily available electron donating substrates on 

roxarsone reduction. 

c. Identify the major metabolites accumulating in the environment from the 

bioconversion of roxarsone. 

d. Evaluate the anaerobic biotransformation of roxarsone metabolites by 

methanogenic sludge in long-term bioassays. 

e. Evaluate the abiotic conversion of roxarsone by bulk reducing agents, 

such as ferrous iron and sulfides present in anaerobic environments. 
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3. Inhibitory effect of inorganic and organic arsenic species towards acetate-utilizing 

and hydrogen-utilizing methanogens. 

 
a. Evaluate the inhibitory effect of AsV and arsenite (AsIII) to 

methanogenesis. 

b. Assess the inhibitory effect of several methylated arsenic compounds (i.e., 

monomethylarsonic acid (MMAV), dimethylarsinic acid (DMAV) and 

monomethylarsonous acid (MMAIII) and aromatic arsenical compounds 

(i.e., 4-hydroxy-3-nitrophenylarsonic acid (roxarsone), phenylarsonic acid, 

4-amino-phenylarsonic acid (p-arsanilic acid) and 4-hydroxy-

3aminophenylarsonic acid (HAPA) ) to methanogenesis. 

c. Compare the microbial toxicity of phenylarsonic acids in short term versus 

long term assays. 

d. Since the main biotransformation product of roxarsone is 4-hydroxy-3-

aminophenylarsonic acid (HAPA), which is a compound sensitive to 

oxidation in the presence of air, the microbial toxicity of autooxidation 

products was evaluated by pre-incubating HAPA with air for selected 

lengths of time. 
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DISSERTATION OVERVIEW 
 

 

This dissertation work is divided in seven chapters.  A brief overview of the content in 

each of the chapters is given below. 

 

Chapter 1.  Introduction 

This chapter presents a general introduction on the topic of arsenic and provides the 

motivation to perform this research work.  A brief background section on the importance 

of arsenic in the environment and the main microbial processes implicated in the 

transformation and mobilization of this metalloid is also included. 

 

Chapter 2.  Biologically Catalyzed Mobilization and Transformation of Arsenic sorbed 

onto Granular Ferrihydrite in Continuous Anaerobic Flow-Through Columns 

Assessment of the impact of microbial processes on the mobilization and 

biotransformation of arsenate sorbed onto granular ferrihydrite under simulated mature 

landfill conditions is presented in this chapter.  The study utilized methanogenic flow-

through columns packed completely with GFH.  The research results from this chapter 

will be submitted for publication. 
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Chapter 3.  Biotransformation and Mobilization of Arsenate Adsorbed on Granular 

Ferrihydrite in Continuous Flow Methanogenic Sand Bed Columns 

This chapter investigated the role of microbial activity on the mobilization and 

biotransformation of arsenate sorbed onto granular ferrihydrite (GFH) under simulated 

landfill conditions utilizing packed sand bed columns that were operated under 

methanogenic conditions.  The mass ratio of sand to GFH utilized was 17.5:1 (w/w) in 

order to arrange a significantly higher ratio of electron donor to GFH ratio compared to 

that used in Chapter 2.   In this section the significance of the higher flux of electron 

donor per unit of Fe on the rate and extent of microbial-catalyzed mobilization of arsenic 

was assessed. Furthermore, the impact of a redox mediator compound, anthraquinone-

2,6-disulfonate (AQDS) on the microbial reduction of GFH was evaluated. AQDS is a 

model of the quinone electron shuttle substructures in humic substances. The research 

results from this chapter will be submitted for publication.  

 

Chapter 4.  Anaerobic Biotransformation of Roxarsone  

The microbial transformation of roxarsone and other N-substituted phenylarsonic acid 

derivatives under methanogenic, denitrifying and sulfate-reducing conditions is presented 

in this section.  The results of this research work were published as a paper entitled 

“Anaerobic Biotransformation of Roxarsone and Related N-Substituted Phenylarsonic 

Acids” by Cortinas, I.; Field, J.A.; Kopplin, M;. Garbarino, J.R;. Gandolfi J.A.; Sierra-

Alvarez, R.. Environmental Science and Technology. 2006. (40):2951-2957. 
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Chapter 5.  Methanogenic Inhibition by Arsenic Compounds 

The inhibitory effect of inorganic arsenic species (AsIII and AsV) and organic arsenic 

compounds (monomethylarsonic acid (MMAV), dimethylarsinic acid (DMAV), 

monomethylarsonous acid (MMAIII), 4-hydroxy-3-nitrophenylarsonic acid (roxarsone), 

4-amino-phenylarsonic acid (p-arsanilic acid) and 4-hydroxy-3aminophenylarsonic acid 

(HAPA)) towards acetate- and hydrogen-utilizing methanogens are presented in this 

chapter.  This section was published as a paper entitled “Methanogenic Inhibition by 

Arsenic Compounds” by Sierra-Alvarez, R.; Cortinas, I.; Yenal, U.; Field J.A.. Applied 

and Environmental Microbiology. 2004. 70(9): 5688-5691. 

 

Chapter 6.  Methanogenic Inhibition by Organo Arsenical Compounds. 

In this chapter the inhibitory effect of roxarsone, and other aromatic arsenic pesticides to 

acetate- and hydrogen-utilizing methanogens was evaluated.  The toxicity results from  

short-term and long-term assays were compared. One compound considered, 4-hydroxy-

3-aminophenylarsonic acid (HAPA) is sensitive to autooxidation in air.  The toxicity of 

autooxidation products was evaluated by subjecting HAPA to different aeration times.  

The research results from this chapter will be submitted for publication.  
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Chapter 7.  Conclusions 

The environmental significance and main conclusions from this dissertation are 

highlighted in this chapter. 
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Chapter 1 
 

Introduction 

 

1.1.  Environmental significance 

 

Arsenic (As) is a ubiquitous element in the environment, which is well known for its 

potential toxic, teratogenic, and carcinogenic properties (1).  Arsenic contamination 

problems are frequent in regions with geological formations rich in arsenic.  Leaching of 

arsenic from the parent mineral due to biotic and abiotic processes can lead to 

groundwater contamination.  This problem is of particular importance in the Southwest of 

the United States where the high background levels of As combined with microbial and 

chemical interactions has lead to pollution of groundwater.  Mining operations represent 

another potential source of As.  Arsenic in ores is mostly associated to sulfides minerals 

(2).  The disposal of mine tailing at promotes the oxidation and leaching of sorbed As.  

Historically, arsenic compounds have been used as pesticides, which have resulted in the 

contamination of many agricultural soils.  Arsenic is also present in many of the 

Superfund sites in the United States.  Since arsenic is also a common contaminant in coal, 

localized contamination can occur around coal-burning facilities.  In addition, soil may be 
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contaminated within a few centimeters of wood structures treated with copper, chromium 

and arsenic preservatives.  

In the next section of this work a more detailed description of the arsenic sources, 

speciation and microbial interactions will be prompted. 

 

1.2.  Sources of arsenic 

 

Arsenic occurrence in the environment can be due to natural processes and to 

anthropogenic activities.  A brief description on the main sources of arsenic is given in 

the follow paragraphs. 

 

1.2.1.  Natural sources of arsenic 

 

Arsenic is an undesired pollutant that naturally occurs in aquatic and terrestrial 

environments (3).  According to the US Environmental protection Agency (USEPA) the 

concentration of arsenic in soil ranges from 0.1 to 1000 mg/kg, in fresh water 0.4 ppb, sea 

water 2.6 ppb, atmospheric dust 50 to 400 ppm, and marine animals (fish and mussels) 

0.001 to 0.3 mg/g dwt mass.  

Arsenic is found naturally in water, air, biota, soil and in different minerals such 

as iron sulfides (e.g. arsenopyrite, realgar and orpiment), manganese oxides, sulfides (e.g. 
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orpiment), copper (e.g. enargite), silver, (e.g. proustite), iron (e.g. loellingite) gold and 

lead.  Weathering, dissolution and erosion of those minerals can contribute to release As 

to groundwater or surface water.  Volcanic activity, geothermal waters, hot springs and 

forest fires are also natural sources of arsenic. 

 

1.2.2.  Antropogenic sources of arsenic 

 

The main anthropogenic sources of arsenic are the smelting of sulfides ores, 

semiconductor, electronic, glass and lumber preservation industries as well as oil or coal 

production (4). Wood treated with chromated copper arsenate preservatives (5) and 

landfill/waste leaching (6,7) also contribute to anthropogenic emissions of arsenic. 

Arsenic is also present in insecticides and herbicides (monosodium arsenate, 

dimethylarsinic acid) (8).  Most of the agricultural uses of inorganic arsenic have been 

banned in the U.S.  However, organic As is a constituent in herbicides, currently applied 

to cotton fields (8). Organic arsenic compounds are also used a feed additive in the 

poultry and swine industry and appear to concentrate in animal wastes (9,10). 
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1.3.  Arsenic speciation and properties 

 

Arsenic is a metalloid that occurs in five different oxidation states: -3, 0, +1,+3 and +5. 

Arsenic species in the environment can be found as inorganic or organic.  When carbon is 

present within the chemical structure of the compound it is classified as an organic As 

species.  Figure 1-1 presents the chemical structures of some inorganic and organic As 

species relevant for this study. 

 

1.3.1.  Inorganic arsenic species 

 

The dominant arsenic species depend on pH end redox conditions. Arsenate (AsV) is the 

predominant inorganic As form under aerobic or oxidizing conditions 

(thermodynamically stable at Eh values grater than –100 mV at pH 8 and greater than 

300 mV at pH 4).  The AsV species predominant in aqueous solution are: H3AsO4, 

H2AsO4
-, HAsO4

-2 and AsO4
-3.  The pKa values for those species are 2.3, 6.8 and 11.6. 

Arsenite (AsIII), a more toxic and mobile form of arsenic, is mainly found in anaerobic 

environments (AsIII is thermodynamically stable at Eh values less than –100 mV at pH 8, 

and less than 300 mV at pH 4).  AsIII exists as H3AsO3, H2AsO3
- and HAsO3

-2 in aqueous 

solution with pKa values of 9.2 and 13.1.  Elemental arsenic is rarely found under natural 

conditions (11,12).  
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Microbial activity can influence the oxidation state of As in water, and can 

mediate the methylation of inorganic arsenic to form organic arsenic compounds (13).  

 

1.3.2.  Organic arsenic species 

 

 Some organic arsenic compounds result from biological transformations and are 

classified as methylated compounds, sugars and lipids. Microbial production of 

methylated arsenicals such as methylarsonic acid (MMAV), dimethylarsinic acid 

(DMAV), methylarsonous acid (DMAIII) and dimethylarsinous acid (MMAIII) are thought 

to result from a bacterial mechanism for arsenic detoxification (14). MMAV, DMAV (also 

known as cacodylic acid), trimetylarsine (C3H9As) and trimethylarsonic oxide 

(C3H9AsO) are organic arsenic compounds that are associated to terrestrial settings, 

however, some are found in surfaces water at detectable levels (15).  Methylarsenicals are 

found in natural waters as a result of biotic transformation or as excretory products of the 

biota present in the system (16).  

Arsenosugars and arsenolipids are mainly found in marine organisms although 

some of these compounds have also been found in terrestrial species. Organo arsenical 

compounds are also produced industrially and used extensively as pesticides. MMAV and 

DMAV are used in herbicides formulations, which are currently applied to cotton fields 

(8).  Roxarsone (4-hydroxy-3-nitrophenylarsonate) and p-arsanilic acid (4-



 

 

31

aminophenylarsonic acid) are examples of aromatic arsenicals compounds. Roxarsone is 

used in the poultry industry as a fed additive to enhance growth by controlling coccidian 

parasites. p-arsanilic acid is used for the same purpose in less amount.  Roxarsone is 

mostly recovered in the chicken manure, which is used for land application.  It has been 

estimated than the annual emission of roxarsone into the environment in the United States 

is 900,000 kg per year (9). In anaerobic environments aromatic arsenic compounds can 

be subjected to microbial transformations.  Published literature indicates that during 

aerobic composting roxarsone is converted to unidentified compounds and subsequently 

to AsV (9). A recently study demonstrated that roxarsone was anaerobically 

biotransformed to its corresponding amino aromatic compound (3-amino-4-

hydroxybenzene arsenic acids) and further mineralized to AsIII by Clostridium sp. strain 

OhILAs (17). 

Therefore, a negative impact should be expected in anaerobic ecosystems where 

aromatic arsenical compounds are present.  Nonetheless, little information is available on 

this subject and more studies are required for a better understanding of the fate of these 

compounds in the environment.   
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Figure 1-1.  Chemical structure of inorganic and organic arsenic species of relevant 

importance for this study. 
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1.3.3.  Properties of arsenic 

 

Arsenic is a cause of concern due to its potential toxic and teratogenic effects (18).  The 

toxicity of AsV is due mainly to its similar structure and properties with phosphate.  AsV 

can replace phosphate in important biological reactions e.g. AsV substitutes phosphate in 

the sodium pump and the anion exchange transport system of the human red blood cell 

(19). AsV also depletes the formation of adenosine-5’-triphosphate (ATP) by a 

mechanism known as arsenolysis (20).  AsIII toxicity is caused due to its binding to thiols 

or vicinal sulfhydryls groups within enzymes, receptors or coenzymes (21). MMAIII is the 

most toxic arsenic species.  The methylated trivalent arsenic compound is a more potent 

inhibitor of the enzymatic activity of pyruvate dehydrogenase and thioredoxin reductase 

than inorganic AsIII (20).  Based in several epidemiological studies inorganic arsenic is 

classified as a human carcinogen by the International Agency for research on Cancer (22) 

and by the Environmental Protection Agency (23). 

The toxicity of arsenic compounds to bacteria is of great environmental concern.  

The inhibitory effect of arsenic species depends to a great extent on the phylogenetic 

affiliation of the microorganisms.  Microorganisms have developed mechanisms of As 

detoxification and can tolerate high As concentrations (3,24,25).  Toxicity assays indicate 

than inorganic AsIII is more toxic for bacteria than AsV and DMAV (26).  Therefore, some 

chemolitoautotrophic organisms use AsIII as an energy source (27).  Information about 

the microbial toxicity of organic arsenical, is lacking.  
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Due to the negative effect of arsenic to human health and to the environment it is 

important to gain a better understanding of the different microbiological processes 

involved in the mobilization and transformation of this metalloid.  

 

1.4.  Microbial transformations of arsenic 

 

 Microbial activity plays an important role dictating the fate of arsenic in the 

environment, as shown in Figure 1-2. Arsenic reduction, oxidation and methylation are 

major microbial transformation pathways of ecological importance (28).  The respiratory 

reduction of AsV is a ubiquitous energy yielding process carried out by a diverse group of 

bacteria and archaea provided with a suitable electron donating substrate (3). A common 

gene responsible for the dissimilatory reductase (arrA )was recently identified (29) and 

was demonstrated to be a relevant mechanism of AsV reduction in the environment. AsV 

reduction is also associated with specific detoxification mechanisms utilized by 

prokaryotes and eukaryotes (30). An arsenate reductase (ArsC protein) catalyzes the 

reduction of AsV to AsIII , then reduced AsIII is transported out of the cell by a secondary 

uniporter (ArsB) (31).  The microbial oxidation of AsIII is of considerable environmental 

importance because it can impact the mobility and speciation of As in the environment 

oxidation of AsIII can be performed by heterotrophic and chemolithoautotrophic arsenite 

oxidizers (HAOs and CAOs, respectively).  AsIII oxidation by HAOs is utilized as a 
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detoxification mechanism (24), and it is catalyzed by the periplasmic enzyme arsenite 

oxidase, which transfers electrons to the periplasmic electron carriers amicyanin or 

cytochrome c (25).  CAOs utilize arsenite as electron donor in the reduction of oxygen or 

nitrate or ferric iron to fix CO2 (27 ,28).  Also chemolithoautotrophic bacteria are known 

to gain energy from the oxidation of AsIII.  The only autotrophic arsenite oxidase (Aro) 

that has been characterized belongs to the dimethyl sulfoxide reductase family of 

molybdoenzymes (25).  Lastly, arsenic species are also subject to a variety of methylation 

reactions leading to the formation of methylated pentavalent and trivalent arsenic species 

and volatile arsines.  The methylated arsenicals in turn can be mineralized back to AsV 

(20) even under anaerobic conditions (32).  The proposed mechanisms involve oxidative 

methylation of trivalent species to methylated AsV species.  This mechanism is known as 

the Challenger mechanism (14). Thus the formation AsIII is probably a prerequisite to 

methylation of arsenic.  A common occurring prokaryotic gene, ArsM, was recently 

identified and found to be responsible for the methylation of AsIII (33).  Little is known 

about the microbial degradation of aromatic arsenicals and more research studies need to 

be done in this area.  In a recent study, AsIII was detected to be a metabolite from the 

anaerobic biotransformation of roxarsone (17).  
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Figure 1-2.  Schematic representation of the role of microorganisms in arsenic cycling in 

the environment (Field, unpublished). 

 

1.4.1.  Arsenite oxidation 

 

The microbial oxidation of AsIII is of considerable environmental importance because it 

can impact the mobility and speciation of As in the environment.  Oxidation of AsIII can 

be performed by heterotrophic (HAOs) and chemolithoautotrophic arsenite oxidizers 

(CAOs).  AsIII oxidation by HAOs microorganisms is utilized as a detoxification 

mechanism, and occurs in the cell’s outer membrane. (24).  AsIII oxidase genes have been 

characterized for the following microorganisms Alcaligenes faecalis, Agrobacterium 

tumefaciens (34), Cenibacterum arsenoxidans (35) and Thermus thermophilus strain HB8 

(36). The arsenite reductase (Aso) shows two sub-units, a larger 88-kDa polypeptide 
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containing the Mo-pterin, a HiPIP 3Fe-4S center, and a smaller 14-kDa subunit with the 

Rieske 2Fe-2S center.  The Aso enzyme of is located on the outer surface of the inner cell 

membrane (37). CAOs utilize arsenite as electron donor to fix CO2 for growth.  Oxidation 

of AsIII coupled to the reduction of oxygen (38,39), nitrate to nitrate (28) or nitrate to 

nitrogen gas (27) has been reported.  The only AsIII oxidase (Aro) that has been 

characterized is from strain NT-26.  The enzyme is induced by AsIII and is located within 

the periplasma. AroA (98 kDa) is a molybdenum-containing α-subunit and AroB 

(14 kDa) is the small subunit (25).  According to Oremland, (28), thirty identified strains 

corresponding to nine genera are known that can oxidize AsIII (Figure 1-3). 

 

1.4.2.  Arsenate reduction 

 

There are two main mechanisms responsible for reduction of AsV to AsIII: AsV reduction 

as a detoxification pathway or by the dissimilatory reduction of AsV. 

 

1.4.2.1.  Arsenate reduction as a detoxification mechanism 

 

Similarly to AsIII oxidation, reduction of AsV is implicated in mechanisms of 

detoxification developed by a wide variety of microorganisms.  A well studied 

mechanism of detoxification is the ArsC system developed in Escherichia coli and 
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Staphylococcus aureus (40).  ArsC is an enzyme that reduces AsV to the more toxic AsIII 

in the cytoplasm.  Reduced glutathione serve as electron donor for the AsV reduction.  

Although AsIII is more toxic, it serves as substrate for the ArsB transport protein. AsV 

conversion seems counter-productive, but is a mechanism to differentiate AsV from PO4
-3 

and avoid extrusion of PO4
-3 from the cell.  ArsC activity is coupled with efllux from the 

cells (41,42).  The AsIII produced is pumped out from the cytoplasm trough an adenosine 

5’-triphosphate (ATP)-dependent arsenite transported formed by Ar-SaB (28). ArsC is 

also found in many other strict anaerbic bacteria like Clostridium sp. and Desulfovibrio 

sp.  Macur (43), reported reduction of pentavalent arsenic in aerobic bacteria isolated 

from mine tailings.  

 

1.4.2.2.  Dissimilatory arsenate reduction 

 

Although arsenic is normally associated with poisoning and death, this metalloid also 

serves to support bioenergetic reactions in certain types of microorganisms.  As it was 

described above, many microorganisms have evolved mechanisms of resistance involving 

redox reactions to protect them from the negative effect of arsenic (44).  Some, anaerobic 

bacteria and archaea can actually conserve the energy gained via the oxidation of organic 

compounds or H2 coupled to the reduction of AsV to AsIII.  This process is termed 
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dissimilatory arsenate reduction, and it is a means of anaerobic respiration that supports 

the growth of a number of microorganisms (45). 

Studies performed by Yamamura (50) demonstrated the ability of Bacillus sp. 

strain SF-1 to carry out the dissimilatory reduction of AsV using lactate as electron donor 

(Figure 1-3).  In this study the initial concentration of AsV was 1mM and complete 

dissimilatory reduction was reached after 6 h. AsIII was the only metabolic product.  The 

total concentration of arsenic remained constant after prolonged incubation. 

 

The stoichiometry of arsenate reduction by lactate as electron donors is showed 

below. More detail information about this topic can be found in Zobrist, 2000; Leverman, 

1995 and Stolz, 1999 (3,46,47). 

 

Lactate- + 2HAsO4
2- + 2H+ →  Acetate- + 2H2AsO3

- + HCO3
-    ΔG = - 172 kJ/mol lactate 

 

Bacterial dissimilatory reduction of arsenate was also observed in the stratified 

water column of alkaline and hypersaline Mono Lake, California in where arsenic 

concentration can be as high as 200 μM (Figure 1-4) (51).  A radiolabel assay was 

devised to measure the reduction of 73AsV to 73AsIII and tested using cell suspensions of 

the AsV respiring Bacillus selenitireducens, which completely reduced the 73AsV in 

approximately 20 hrs using lactate as electron donor.  The 73AsV concentration remained 
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constant in sterile medium indicating that the reduction occurred only by microbial 

activity (51). 

Microbial respiration of AsV is carried out by terminal reductases (AsR).  

Arsenate reductase have been characterized for some microorganisms e.g. 

Staphylococcus aureus (24), Chrysiogenes arsenatis (48), Geospirillum barnessi (49)  

and Bacillus arsenicoselenatis (3).  Masalarn (29) identified a gene for a dissimilatory 

arsenate reductase arrA and showed that microbial respiration of As is a more important 

mechanism for AsV reduction in the environment. 

 

 

 
 

Figure 1-3.  Course of arsenate reduction and arsenite accumulation by Bacillus sp. strain 

SF-1. Cultures were incubated with 20 mM lactate. Symbols: diamonds, total arsenic, 

solid circles, arsenate, open circles, arsenite (50). 
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Figure 1-4.  Reduction of 73AsV to 73AsIII by Bacillus selenitrireducens (cell density, 108 

/ml; medium contained 5 mM arsenate). Symbols: live cells, (open circles); sterile 

medium, (closed circles) (51). 

 

1.4.2.3.  Electron donors and microorganisms involved in the dissimilatory reduction of 

arsenate 

 

Organic and inorganic substrates can be oxidized in the dissimilatory reduction of AsV. 

Examples of electron donors and the bacteria capable of respire arsenate are show in 

Table 1-1.  
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Table 1-1.  Organic electron donors utilized by arsenate respiring bacteria (46,52,53). 

Electron donor Microorganisms 
Malate, lactate Bacillus arsenicoselenatis 
Lactate, Pyruvate Bacillus selenitireducens 
Acetate Chrysiogenes arsenatis 
Glucose Clostridum sp. 
Lactate Desulfomicrobium sp. 
H2, H2+acetate, pyruvate, lactate Desulfotomaculum aurigimentum 
Lactate Desulfovibrio sp. 
Lactate Geospirillum arsenophilus 
Lactate Geospirillum barnseii 
H2+acetate, lactate, pyruvate Sulfurospirillum arsenophilum 
Lactate Sulfurospirillum barnesii 
  

 

Arsenate respiring bacteria can be found in a wide variety of environments. In 

fact, biological AsV reduction has been shown in chemically extreme conditions (3). 

Figure 1-5, presents a schematic representation of the phylogenetic diversity of 

prokaryotes and archaea with the capacity of metabolize arsenic. Biochemical capability 

for dissimilatory arsenate reduction is widely distributed through the bacteria domain 

(Figure 1-5). 
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Figure 1-5.  Phylogenetic diversity of representative arsenic-metabolizing prokaryotes.  

Dissimilatory arsenate-respiring prokaryotes (DARPs) are indicated by circles, 

heterotrophic arsenite oxidizers (HOAs) are indicated by triangles, and chemoautotrophic 

arsenite oxidizers (CAOs) are indicated by squares.  In some cases (e.g., Thermus sp 

HR13), the microbe has been found able to both respire AsV and oxidize AsIII (28). 
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1.4.3. Arsenic methylation 

 

Arsenic can be biomethylated by algae, fungi and a wide variety of bacteria mainly as a 

detoxification mechanism.  Volatile (methylarsine, dimethylarsine and trimethylarsine) 

and non-volatile arsenic compounds (mainly MMAV and DMAV) are formed by 

biomethylation.  Volatile arsenic compounds can be produced aerobically or 

anaerobically.  Aerobically by bacteria such as Staphylococcus aureus and Escherichia 

coli, and anaerobically by Methanobacterium,, Pseudomonas and Alcaligenes (14).  The 

mechanism of As methylation in microorganisms is very similar to the methylation 

mechanism developed in mammals.  Basically it involves alternating reduction of AsV to 

AsIII, and oxidative methylation by addition of a carbonium ion to AsIII.  Reduced 

glutathione is believed to be the main reducing agent (10). 

Microbial methylation is a process that has been reviewed recently and it will not 

be considered on detail in this study. However a proposed mechanism for microbial 

arsenic methylation is illustrated in Figure 1-6. 
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Figure 1-6. Microbial formation of trimethylarsine from inorganic arsenate (24). 

 

1.5. Microbial mobilization of sorbed arsenic  

 

 Recently, a stricter standard for arsenic in drinking water (maximum contaminant level 

or MCL = 10 μg/L) has been enforced in the USA.  This new regulation will have an 

impact in many small drinking water suppliers that will need to treat the water before its 

distribution.  As a result, high amounts of As-bearing solid waste will be generated and 

disposed by EPA recommendation into municipal landfills.  

The recommendation is based on EPA’s assessment of the hazard of As-laden 

adsorbent residuals with the Toxicity Characteristic Leaching Procedure (TCLP). The 

protocol was originally developed as a challenging short-term abiotic extraction of 
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cationic metals from solid waste using acetic acid buffer under acidic conditions (pH 

4.95). In contrast to the TCLP, landfills become mildly alkaline upon maturation, have 

reducing conditions due to elevated anaerobic microbial activities and long hydraulic 

residence times (54).  The reducing conditions and the high microbial activity typical of a 

mixed municipal waste landfills have the potential to promote the microbial reduction 

AsV to AsIII a more toxic and mobile of arsenic, and thus, they are more conductive to the 

extraction of arsenic compared to the TCLP.  A diverse population of anaerobic bacteria 

including methanogens, fermentative bacteria, and sulfate- and iron reducers is supported 

in landfill leachates (54-56).  Additionally the leachates containing organic substrates and 

thus electron equivalents to sustain the reductive biotransformation of AsV. High 

biological oxygen demand (BOD) levels in leachates values are accounted for largely by 

volatile fatty acids (VFA). VFA was show to be responsible for 33 to 89% of the 

dissolved organic carbon in various leachate samples (57). 

A suitable treatment technology to remove arsenic from contaminated waters is 

the oxidation AsIII to AsV followed by the sorption of AsV into metal-oxide adsorbents. 

Activated alumina and granular ferrihydrite, also know as granular ferric hydroxide 

(GFH) is widely used in the treatment of arsenic contaminated waters.  

Arsenic can be mobilized from the sorbent matrix by two key mechanisms.  When 

the sorbent matrix is subject to biological, physical and chemical transformation (58) or 

generally by the direct reduction of the most strongly adsorbed AsV to AsIII, which is a 

more mobile and toxic form.  Extended X-ray absorption fine structure spectroscopy 
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(EXAFS) data indicate that AsV is adsorbed predominantly onto aluminum oxides by 

strong inner sphere complexes with a bidentate binuclear configuration.  In contrast, AsIII 

is adsorbed to alumina by both inner-sphere and weaker out-sphere complexes (59), thus 

microbial reduction of aqueous AsV in equilibrium with sorbed AsV would clearly shift 

the equilibrium towards the aqueous phase.  However, AsIII and AsV sorbed equally by 

ferryhydrite at neutral pH (60).  Therefore the reduction of sorbed AsV does not 

necessarily results on the release of AsIII.  Figure 1-7 illustrates the direct reduction of 

AsV sorbed onto aluminum hydroxides.  Microorganisms oxidize electron-donating 

substrates coupled to the reduction of sorbed AsV, with formation of more mobile AsIII. 

 

 

 

Figure 1-7.  Biotransformation and mobilization of sorbed AsV onto aluminium 

hydroxides (61). 
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Arsenic sorbed onto iron hydroxides can be mobilized under anaerobic conditions by the 

reductive dissolution of FeIII-oxide sorbing phases, allowing release of AsV into the 

aqueous phase, followed by a rapid reduction of aqueous AsV to AsIII via either biotic or 

abiotic pathways.  Alternatively, AsV may be reduced to AsIII on the surface, then 

released up on reductive dissolution of the FeIII-oxide phase (61,62).  Figure 1-8 shows 

the two key mechanisms that contribute to AsV mobilization from iron oxides either by 

transformation of the sorbent matrix (Figure 1-8A) or by direct reduction of sorbed AsV 

in iron oxides (Figure 1-8B).  

 

Figure 1-8. Microbial pathways for the mobilization of arsenic sorbed onto iron 

hydroxides. A. Reductive dissolution of iron hydroxide. B. Bioreduction of sorbed 

arsenate to arsenite (61). 

A B 
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1.7.  Dissimilatory iron reduction 

 

Dissimilatory iron reduction (DIR) implies the microbial oxidation of an energy source, 

commonly organic substrates, coupled to the reduction of ferric iron.  DIR is an important 

process that could have potential environmental impacts, e.g. the release of toxic metals 

which adsorb onto ferric oxides (63) or changes in water quality due to the increase of 

FeII from the reduction of FeIII (64). 

In anaerobic environments FeIII reduction occurs before sulfate reduction and 

methanogenesis and the processes is inhibited by the presence of nitrate, AsIII and AsV 

(63,65).  In Table 1-2 a comparison of free energy release from the oxidation of organic 

carbon (glucose) using different electron acceptors is given. 

 

Table 1-2.  Comparison of different electron acceptors coupled to the oxidation of 

glucose (adapted from Luu et al. (66)). 

Electron acceptor Free energy (kJ/mol glucose) 
Oxygen -3190 
Nitrate -3030 
FeIII (hematite) -1410 
FeIII (goethite) -1330 
Sulfate -380 
CO2 -350 
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1.7.1.  Microorganisms involved in the dissimilatory iron reduction 

 

Dissimilatory iron reducers are present in a variety of environments, e.g. Shewanella alga 

BrY and Ferribacterium limneticum have been isolated from contaminated sediments 

(67,68), Geovibrio ferrireducens  (69) was isolated from hydrocarbon contaminated 

sediments, Geobacter metallireducens was obtained from a mining site (40); Geobacter 

sulfureducens (70) was collected from petroleum contaminated soils, 

Thermoterrabacterium ferrireducens and Moorella glycerini sp. (71,72) was isolated 

from a hot spring, and the facultatively anaerobic gram-negative rod Strain BrY isolated 

from estuarine sediments (73).  

 

1.7.2.  Electron donors for dissimilatory iron reduction 

 

A wide variety of microorganisms isolated from different environments have shown 

capable of carrying dissimilatory iron reduction utilizing different organic and inorganic 

electron donors (Table 1-3). 
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Table 1-3.  Microorganisms and electron donating substrates involved in dissimilatory 

iron reduction. 

Microorganism Electron donor 
Geothrix fermentants Citrate (74) 
Geobacter sulforeducens  Acetate and fumarate (70,74) 
Themoterrabacterium ferrireducens  Glycerol (72); 
Shewanella alga  
Geobacter metallireducens   

Acetate (75-77) 

Rodoferax ferrireducens   
Thermoanaerobacter siderophilus  
Methanosarcia barkeri  
Methanococcus voltaei 

H2 (78,79).  

Geobacer bemensis  
 Geobacter pelophilus   

H2, formate, acetate, pyruvate, succiante, 
fumarate and ethanol (80) 

Desulforumonas palmitatis long chain fatty acids (81); 
Ferribacterium limneticum Organic acids and acetate (68); 
 

1.7.3. Mechanisms of microbial iron reduction 

 

Iron is an abundant but not very soluble compound in the environment. Insoluble FeIII 

oxides are mostly present in sediments. Luu (66) reported the following microbial 

mechanisms developed by microorganisms to use FeIII as an energy source: 

1. Transfer of electrons by direct contact between the cell and the iron oxides. 

2. Solubilization the iron and delivery of iron to the electron transport chains. 

Solubilization can be catalyzed by the presence of siderophers. 

3. FeIII oxide reduction can be also catalyzed by available electron shuttles such as 

humic substances present in the environment. 
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Chapter 2 
 

Biologically Catalyzed Mobilization of Arsenic from Granular 
Ferric Hydroxide in Continuous Anaerobic Flow-Through 

Columns 
 

2.1.  Abstract  

 

As a result of a stricter arsenic (As) drinking water standard in the U.S.A., As-laden 
residuals generated during drinking water treatment will be disposed into landfills.  This 
study evaluates the fate of arsenate AsV adsorbed onto granular ferric hydroxide (GFH) in 
continuous anaerobic columns that are extracted with a model landfill leachate.  The 
release of As is compared in biologically active and abiotic control columns.  After 400 
days of operation, 19% of the As was mobilized as identified species in the biologically 
active column, which was 25.5-fold greater than that of the abiotic control column.  
Small colloidal particles (<0.45 μm) accounted for approximately 60% of the As released 
and the colloidal As was predominantly in the AsV form.  Freely soluble As accounted for 
approximately 15% of the As released and it was primarily represented by arsenite (AsIII). 
Dimethylarsinic acid (DMAV) and to a lesser extent monomethylarsonic acid (MMAV) 
were also observed as metabolites.  More than 150 days of incubation were required 
before noteworthy As release occurred.  The delay was most likely due to sequestration 
of arsenic by residual GFH and newly formed secondary FeII-containing minerals.  
During column operation, approximately 30% of the iron (hydr)oxide mass was lost. 
Although leaching of Fe was demonstrated, most of the mass loss was attributed to 
changes in iron mineralogy.  The results indicate that As-laden GFH residuals from 
drinking water treatment would be subject to mobilization in municipal landfills 
containing organic wastes. 
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2.2.  Introduction 

 

The new standard for arsenic (As) in drinking water (10 μg/L) established by the United 

States Environmental Protection Agency (USEPA) has recently become effective.  This 

new primary maximum contaminant level was motivated in part by the cancer risks 

associated with chronic exposure to low levels of As (1).  Arsenic in groundwater 

predominantly occurs in two forms, either in the oxidized form, arsenate (AsV) or the 

more toxic and mobile reduced form, arsenite (AsIII).  Due to the new USEPA standard, 

many small-scale water utilities will be required to remove As from the drinking water.  

These utilities will rely mostly on adsorbent based technologies involving the sorption of 

AsV after an oxidation pretreatment to convert arsenite AsIII to AsV.  The EPA 

recommends that spent AsV-laden adsorbent residuals from small drinking water utilities 

can be disposed of in non-hazardous waste landfills (1).  The recommendation is based 

on EPA's assessment of the hazard of As-laden adsorbent residuals with the Toxicity 

Characteristic Leaching Procedure (TCLP).  The protocol was originally developed as a 

challenging short-term chemical extraction of cationic metals from solid waste using an 

acetic acid buffer under acidic conditions (pH 4.95).  In contrast to the TCLP, landfills 

become mildly alkaline upon maturation, have reducing conditions due to elevated 

anaerobic microbial activities and long hydraulic residence times (2).  These conditions 

are expected to be more conducive to the extraction of As compared to the TCLP (3). 
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Numerous microorganisms are implicated in the biologically catalyzed reduction 

of AsV to AsIII (4).  AsV is also readily reduced to AsIII in methanogenic sludge (5).  The 

biological reduction of AsV in landfills is expected to impact the adsorption 

characteristics and the mobility of As from AsV-laden drinking water residuals.  A simple 

model study demonstrated the ability of an AsV-reducing bacterial isolate to convert AsV 

sorbed onto alumina oxides to more weakly sorbed AsIII, facilitating As dissolution into 

the aqueous phase (6).  Likewise, the dissimilatory reduction of ferric iron will ultimately 

enable the release of AsV adsorbed to the iron oxide matrix.  This possibility was 

demonstrated with an iron reducing bacterium (incapable of AsV-reduction), which could 

release AsV adsorbed onto hydrous ferric oxides (7).  Therefore, dissimilatory reduction 

of iron oxide sorbents will greatly impact the mobilization of As in landfills.  Granular 

ferric hydroxide (GFH) is an important sorbent used by water utilities to remove AsV 

from drinking water (8-10).  

The aim of this study was to evaluate the role of biological activity in the 

mobilization and biotransformation of AsV adsorbed on GFH (AsV-GFH) wastes 

generated in drinking water treatment, in biological active landfills.  GFH was 

equilibrated with AsV at a soluble As concentration comparable with those prevailing at 

drinking water facilities just prior to GFH replacement.  Laboratory columns packed with 

the As-laden GFH were fed with a synthetic landfill leachate containing a mixture of 

volatile fatty acids (organic matter) and the characteristic amount of bicarbonate and 

ammonia found in mature landfills.  A consortium of anaerobic microorganisms was used 
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as inoculum.  The microbial mobilization of As was monitored by measuring As species 

in the effluent a fully biological column in comparison with control columns. 

 

2.3.  Material and methods 

 

2.3.1.  Microorganisms 

 

A stable methanogenic consortium was obtained in the form of a granular sludge from an 

industrial anaerobic treatment plant treating recycled paper wastewater (Industriewater, 

Eerbeek, The Netherlands).  The content of volatile suspended solids (VSS) and total 

suspended solids (TSS) in the Eerbeek sludge was 11.82% and 16.59%, respectively.  

The specific methanogenic activity of the granular sludge on acetate was 259 mg CH4-

COD /g VSS/d (COD refers to chemical oxygen demand).  The ash content was 28.31% 

of the sludge dry wt.  
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2.3.2.  Granular ferric hydroxide 

 

Granular ferric hydroxide (GFH) (U.S Filter, Ames, Iowa) was loaded to equilibrium 

with a final aqueous arsenate concentration of 27.2 μg As/L at pH 7.0.  The conditions for 

arsenic loading on GFH was experimentally predetermined by conducting isotherms for 

this material in serum flask of 160 ml supplied with 10 g GFH dry wt, 15 g/L of NaHCO3 

and 20 ml of AsV containing solutions ranging in concentrations between 30-3000 mg/L.  

The actual GFH loading was 1570 g GFH of 54.23% moisture mixed with 1.44 l of a pH 

7 AsV-solution containing 3000 mg/L.  As (supplied as Na2HAsO4•7H2O) and 15 g 

NaHCO3/L was shaken at 150 strokes per minute under an atmosphere of 80:20% 

N2:CO2 for 48 h at 30°C.  The final concentration of dissolved As in solution was 

determined after 48 h of incubation.  The adsorbed concentration of AsV was 4.69 mg As 

per gram dry weight of GFH after eluting fines, accounting for 5.35% of the GFH dry 

weight and 11.88% of the adsorbed As.  

 

2.3.3.  Flow-through columns 

 

Arsenic mobilization under transport conditions was investigated in three columns (each 

270 ml) continuously fed with synthetic landfill leachate.  All the reactors were packed 

with 100.5 g dry weight of GFH.  Two of the columns, R1 and R2 were inoculated with 
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3.71 g VSS (5.18 g TSS) of anaerobic sludge.  A third column, R3, was not inoculated 

and served as a control.  A simulated landfill leachate formulated was used to feed 

column R1 and consisted of (mg/L): NH4Cl (668); NaHCO3 (2000); MgSO4•7 H2O (10); 

KH2PO4 (37); CaCl2•2H2O (10); MgCl2•6H2O (68); yeast extract (20) and 1 ml/l of a 

trace element solution containing (in mg/L):  FeC13.4 H20, 2000; CoCl2. 6 H20, 2000; 

MnCl2•4 H20, 50; AlCl3•6 H20, 90; CuCl2•2H20, 30; ZnCl2, 50; H3BO3, 50; 

(NH4)6Mo7O2•4 H2O, 90; Na2SeO3•5 H2O, 100; NiCl2•6 H20, 50; EDTA, 1000; HCl 36% 

(1 ml).  The R1 feed also contained 2.5 g COD/L of a mixture of volatile fatty acids 

(VFA) as an electron donating substrate and carbon source consisting of (in mg/L): 

acetate (576); propionate (193), butyrate (423); valerate (163), caproate (233).  The pH of 

the influent was adjusted to 8.0 with NaOH or HCl, as required.  The feed for R2 and R3 

was prepared similarly to that of R1, except that volatile fatty acid mixture and yeast 

extract were omitted.  The synthetic leachate was designed using the average composition 

of major organic and inorganic species found in actual landfill leachate samples 

(2,11,12).  Column operation was divided into 4 periods labeled I, II, III and IV and 

covering days 50-150, 150-271, 271-353 and 353-400, respectively.  During period II of 

R1, the synthetic leachate was supplemented with a humic model compound, 

anthraquinone-2,6-disulfonate (AQDS), at a concentration of 50 μM.  During period II of 

R2, 50 μM of AQDS was added from day 164 to 173.  On day 171 there was an 

incidental exposure to 500 μM AQDS in R1 and R2.  All three reactors received 500 μM 
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of AQDS in period IV.  AQDS evaluated since it is reported to be an extracellular 

electron shuttle (13,14), promoting the reduction of FeIII. 

The columns were operated at a temperature of 30±2˚C with an empty bed 

hydraulic retention times averaging 30.4 h.  Samples of effluent were filtered through a 

0.45 μm membrane filter either before or after acidification with 6 drops of 69.7% w/w 

HNO3 per 5 ml sample (final concentration in sample of 0.25 M HNO3).  Acidification 

was performed to dissolve colloidal and suspended iron so as to release adsorbed As.  

The samples filtered prior to acidification are referred to as “soluble” samples; whereas, 

samples filtered after acid addition are referred to as “acidified” samples. The soluble and 

acidified samples were analyzed for arsenic speciation, total arsenic, FeII and Fe total.  

Filtered samples were also analyzed for COD and pH.  

 

2.3.4.  Estimation of final biomass 

 

In order to accurately predict the mass of GFH lost during reactor operation, the 

residual mass, measured gravimetrically, had to be discounted for the final biomass.  The 

final biomass in the columns was estimated assuming a decay rate of 0.02/d, an ultimate 

biodegradability of active biomass of 73%, a cell yield of 0.042 g VSS/g COD removed 

and a VSS to TSS ratio of 0.9 for active biomass (15,16).  The initial ash content of the 

sludge was partitioned into inorganics associated with the active biomass ((VSS/0.9)-
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VSS) and the remaining ash was assumed to be conservative mineral precipitates not 

associated with the active biomass. 

 

2.3.5.  Analytical methods 

 

Inorganic and organic arsenic species AsIII, AsV, methylarsonic acid (MMAV), 

dimethylarsinic acid (DMAV), methylarsonous acid (MMAIII) and dimethylarsinous acid 

(DMAIII) in liquid samples were analyzed by high performance liquid chromatography 

(HPLC)/inductively coupled plasma (ICP)/mass spectrometry (MS) using an adapted 

method (17).  The HPLC system consisted of an Agilent 1100 HPLC (Agilent 

Technologies, Inc., Palo Alto, CA) with a reverse-phase C18 column (Prodigy 3u 

ODS(3), 150x4.60 mm, Phenomenex, Torrance, CA).  The mobile phase (pH 5.85) 

contained 4.7mM tetrabutylammonium hydroxide, 2mM malonic acid and 4% (v/v) 

methanol at a flow rate of 1.2 ml/min.  The column temperature was maintained at 50 C. 

An Agilent 7500a ICP-MS with a Babington nebulizer was used as the detector.  The 

operating parameters were as follows: Rf power 1500 watts, plasma gas flow 15 l min-1, 

carrier flow 1.2 L/min, and arsenic was measured at 75 m/z.  The injection volume was 

10 μl. The detection limit for the various arsenic species was 0.1 μg/L.   

The total concentration of arsenic in liquid samples was determined using an 

ASX500 autosampler (CETAC Technologies, Omaha, NE) that injected samples directly 
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into the Agilent 7500a ICP-MS.  The analytical system was operated at a Rf power of 

1500 W, a plasma gas flow of 15 L/min and a carrier gas flow of 1.2 L/min.  The 

acquisition parameters used were: arsenic measured at m/z 75; terbium (IS) measured at 

m/z 159; 3 points per peak; 1.5 s dwell time for As, 1.5 s dwell time for Tb; number of 

repetitions ¼ 7. 

All liquid samples were membrane filtered (0.45 μm) immediately after sampling, 

diluted with MQ water and stored in polypropylene vials (2 ml).  The samples were then 

stored at -20°C until analysis was performed in order to avoid changes in arsenic 

speciation.  Other parameters (e.g., pH, VSS, COD, colorimetric analysis of FeII with 

phenanthroline were determined according to Standard Methods (18).  Methane 

production was measured by liquid displacement in a 1.3 L mariotte flask filled with 

2.5% NaOH to scrub CO2. 

The arsenic content in the material recovered at the end of the experiment (i.e. the 

mixture of biomass and GFH in column 1 and 2 and GFH in column 3) was measured 

following extraction of the samples with 10 ml of HCl (6.75 N) in a microwave digestion 

system (MDS2100, CEM corporation, Matthews, NC) for 35 min. 
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2.3.6. Estimation of As associated with small colloidal particles 

 

The filtered fraction contains freely soluble identified arsenic species, freely soluble 

unidentified species as well as adsorbed arsenic on small colloidal particles which passed 

through the 0.45 μm pores of the filter.  The identified arsenic species associated with 

small colloidal particles was defined as follows: 

 
If As acid Σsp ≥ As sol tot; then As Colloidal ID = As sol tot - As sol Σsp 
 
If As acid Σsp < As sol tot; then As Colloidal ID = As acid Σsp - As sol Σsp 

 
Where: 
 
As Colloidal ID= Identified arsenic species associated with small colloidal particles (< 
0.45μm); 
 
As sol Σsp = sum of identified arsenic species (HPLC-ICP-MS) in freely soluble form; 
 
As sol tot = freely soluble total arsenic (direct injection into ICP-MS); 
 
As acid Σsp = sum of identified arsenic species (HPLC-ICP-MS) in acidified samples. 
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2.4.  Results 

 

2.4.1  Arsenic mobilization  

 

The first column, reactor 1 (R1), was the fully biologically active column.  The second 

column, reactor 2 (R2), was inoculated but lacked organic substrate in the leachate.  The 

third column, reactor 3 (R3) was the abiotic control.  The columns were operated for a 

period of 400 days. R1 operated under fully methanogenic conditions.  The COD removal 

averaged 91.6 ± 7.1%.  Based on daily liquid displacement measurements, the methane 

production accounted for 96.4% ± 24.3% of the COD fed to the column.  The median pH 

values in the three columns were 8.07, 8.19 and 8.27 for columns R1, R2 and R3, 

respectively. 

The cumulative release of identified As species in acidified effluent samples from 

the three columns is illustrated in Figure 2-1.  The figure illustrates the sum of six species 

monitored with the HPLC-ICP-MS of which only four were detected as follows:  AsV, 

AsIII, MMAV and DMAV.  After 400 days of operation, 19.09, 5.77 and 0.75% of the 

initial As added to the columns was recovered in acidified effluent samples of columns 

R1, R2 and R3, respectively.  The cumulative release of identified As species was 7.7-

fold and 25.5-fold greater in R2 and R1, respectively compared to R3, indicating that 

inoculation of the columns with anaerobic sludge clearly enhanced As mobilization.  
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Moreover, the greater release of As from R1 compared to R2 indicates that the 

mobilization was further enhanced by inclusion of exogenous electron donating substrate 

(VFA) in the leachate.  The net release of As in acidified effluent samples, was composed 

almost exclusively of identified species because the net release of total As was similar in 

value (Table 2-1).  Figure 2-1 and Table 2-1 indicate that large releases of As occurred in 

periods II, III, and IV, while the release in period I was minor.  This observation indicates 

a remarkable delay of approximately one-half year before large releases of As began.  

Figure 2-2 illustrates the concentration of freely soluble As and As in acidified effluent 

samples. In R1, the As concentrations increased dramatically starting on day 171 to levels 

in the range of 250-1000 µg/L for freely soluble As and 1000-3000 µg/L in acidified 

effluent samples. 

Table 2-1 compares the quantity of As released in a freely soluble form with the 

As release measured in acidified effluent samples in each of the four different periods of 

reactor operation.  In each case the sum of identified species (HPLC-ICP-MS) is 

compared with total As (ICP-MS).  The quantity of identified freely soluble As species 

released was much lower than the quantity of freely soluble total As.  The identified As 

species in the acidified samples accounted for a large part of this discrepancy.  This 

observation indicates the presence of small colloidal iron particles that pass through the 

0.45 μm filter and are registered as total As in the soluble samples.  The small colloidal 

iron particles with associated adsorbed As are dissolved in acidified samples releasing As 

which could subsequently be speciated by the HPLC.  The fraction of mobilized As 
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associated with the small colloidal particles was large.  Depending on the period, the As 

adsorbed on the small colloidal iron particles accounted for 50 to 70% of the arsenic 

released from R1 and for 41 to 61% of the arsenic released from R2.  The highest 

percentages occurred in period II. 

Humic substances are known to act as redox shuttles between microorganisms 

and iron oxides (13,14,19).  The quinone, AQDS, has been used as model of redox active 

subunits in humus.  Therefore AQDS was evaluated for its ability to increase the 

mobilization of As adsorbed on GFH.  The inclusion of 50 μM AQDS in the medium of 

R1 during period II, appeared to coincide with an increased mobilization of As starting 

on day 171 (Figure 2-2).  However, cessation of AQDS addition at the end period II was 

not associated with a decrease in the release of As in period III.  All three reactors 

received 500 μM AQDS in period IV, but this addition was not associated with a 

dramatic increase in the As release.  In R2, AQDS was only added from day 164 to 173 

during period II yet the increase in As mobilization had already started on day 152 

(Figure 2-2).  The cessation of AQDS addition at day 173 did not coincide with a lasting 

decrease in As concentrations.  
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Figure 2-1.  The cumulative release of identified arsenic species in acidified effluent 

samples.  Legend: Biological column (R1), inoculated and fed leachate with volatile fatty 

acids (filled circles); Endogenous substrate control column (R2), inoculated and fed 

inorganic leachate (open squares); Abiotic control column (R3), not inoculated and fed 

inorganic leachate (open triangles).  Roman numerals between vertical lines indicate 

period designations.  The first measurements of arsenic in acidified samples took place on 

day 50 (the cumulative release at that point was estimated bu multiplying the average 

concentration from day 50 through 60 by the total flow up to day 50).  Freely soluble 

arsenic was measured during the first 50 days and the cumulative production on day 50 

accounted for between 0.03 to 0.04% of the Asin in for R1, R2 and R3. Period 1 = day 50-

150, no AQDS addition; Period 2 = day 150-271, for R1 AQDS was added (50μM, 

except one incident of 500 μM on day 171) for R2 AQDS was added only between day 

164-172 (50μM, except one incident of 500 μM on day 171); Period 3 = day 271-353, no 

AQDS added; Period 4 = day 353-381, AQDS added (500 μM) to R1, R2 and R3. 
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Table 2-1.  Release of arsenic in each period as percentage of As initially placed in 

columns. 

Period  Reactor 1  Reactor 2 

  Soluble  Acidified  Soluble  Acidified 

  Σsp Tot  Σsp Tot  Σsp Tot  Σsp Tot 

   
--------------- % of As in ------------

---  --------------- % of As in --------------- 

I  0.21 0.70  0.63 0.63  0.17 0.16  0.42 0.51 

II  1.58 8.39  9.78 7.74  1.01 3.42  3.68 2.34 

III  1.13 8.51  5.64 7.27  0.20 1.42  1.08 1.55 

IV  0.70 3.60  3.04 4.67  0.14 1.06  0.58 1.06 

all   3.61 21.19  19.09 20.32  1.52 6.06  5.77 5.46 

  

(Asin). Soluble samples refer to samples passed through a 0.45 μm membrane  

filter. Acidified samples refer to samples acidified with 0.25 M HNO3. Sum of identified species 

(Σsp) was measured by HPLC-ICP-MS and total arsenic (Tot) was measured by direct injection 

into ICP-MS. 
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Figure 2-2. Sum of identified arsenic species in freely soluble (open triangles) and 

acidified effluent samples (filled circles).  Panel A corresponds to the biological column 

(R1), inoculated and fed leachate with volatile fatty acids.  Panel B corresponds to the 

endogenous substrate control column (R2), inoculated and fed inorganic leachate.  

Roman numerals refer to period designations (described in Figure 2-1 caption).  Dashed 

mark on upper line each graph refers to the day when there was an incidental addition of 

500 μM AQDS. Dashed lines in Panel B refer to the period when AQDS was added to 

R2.
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2.4.2.  Arsenic speciation 

 

The speciation of freely soluble As and As in acidified effluent samples is shown in 

Figures 2-3 and 2-4.  The graph illustrates that the freely soluble arsenic was 

predominantly in the AsIII form during periods I, II and III in R1 and during periods I and 

III in R2.  In contrast, the most important As species in the acidified effluent samples was 

AsV.  The little AsIII that was present in the acidified samples, could be accounted for 

almost entirely by the freely soluble AsIII.  These results indicate that As adsorbed to 

small colloidal iron particles was predominantly in the AsV form.  In R1, AsV accounted 

for 92.3 to 98.1% of the As species adsorbed to the small colloidal iron during periods II, 

III and IV. In R2, AsV accounted for 93.1 to 100% of the As species adsorbed to the 

small colloidal iron during all periods.  However, dissolved AsV is readily biologically 

reduced since AsIII accounted for over 70% of the soluble arsenic in periods II and III. 

Figures 2-3 and 2-4, also illustrate that in all periods there is an important 

production of DMAV.  In period I of R1, DMAV accounted for a large proportion 

(approx. 40%) of both the freely soluble As as well As in the acidified effluent.  In period 

I of R1, DMAV and AsV accounted for 50.3 and 41.5% of the As adsorbed to the colloidal 

iron.  However, the mass of DMAV released was similar in period I and II in R1 and was 

greater in period II compared to period I in R2.  The DMAV concentration in R1 effluent 

averaged 22.5 and 33.5 µg As/L and in R2 effluent averaged 4.1 and 5.1 µg As/L for 

freely soluble and acidified effluent samples, respectively; over the period of reactor 
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operation from day 50 to 400.  The MMAV effluent concentration in R1 averaged 8.3 and 

0.7 µg As/L and in R2 effluent averaged 1.1 and 5.2 µg As/L for freely soluble and 

acidified effluent samples.  The soluble methylated species are lower than those found in 

the acidified samples indicating that a large fraction of the methylated species was sorbed 

on fine colloidal material.  This fraction was 41 and 91% of the released DMAV and 

MMAV in R1, respectively. 
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Figure 2-3.  Speciation of arsenic in the effluent from the full biological reactor, R1, 

during different periods of operations.  Upper panel shows the speciation of the freely 

soluble arsenic.  Lower panel shows the speciation of the arsenic after sample 

acidification (HNO3) to dissolve colloidal iron.  Legend: black = arsenate (AsV);  gray = 

arsenite (AsIII) and white = dimethylarsinic acid (DMAV). Note: Methylarsonic acid 

(MMAV) was always less than 0.8% and is not shown. Period designations are provided 

in Figure 2-1 caption. 
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Figure 2-4.  Speciation of arsenic in the effluent from the biological endogenous control 

reactor, R2, during different periods of operations.  Upper panel shows the speciation of 

the freely soluble arsenic.  Lower panel shows the speciation of the arsenic after sample 

acidification (HNO3) to dissolve colloidal iron.  Legend: black = arsenate (AsV);  

Chequered = arsenite (AsIII); white = dimethylarsinic acid (DMAV) and spotted = 

monomethylarsonic acid (MMAV). Period designations are provided in Figure 2-1 

caption.  
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2.4.3.  Mass balance 
 

A mass balance comparing the dry weight of the mixture of GFH and sludge (R1 and R2) 

or the GFH (R3) at day 0 and day 400 is presented in Figure 2-5.  The graph illustrates 

that the dry mass in R1, R2 and R3 decreased by 29.2, 25.6 and 3.5%, respectively during 

the course of reactor operation.  Based on the estimated final biomass, the predicted loss 

of GFH mass in R1 and R2 is 31.3 and 24.0%, respectively; whereas the loss was only 

3.5% in R3.  The greater loss of GFH mass in the biologically active columns was 

reflected by the higher concentration of iron in the effluents.  The acid solublized FeII 

measured in the effluents of columns, R1 and R2 averaged 3.12 and 0.89 mg/L, 

respectively; whereas it was only 0.20 mg/L in the abiotic reactor, R3.  The truly soluble 

FeII was lower and only averaged 0.41 and 0.11 mg/L in the effluents of columns R1 and 

R2, respectively.  Therefore a large fraction (approximately 87%) of the measured iron 

released occurred as colloidal material that was dissolved by acidification of the effluent 

samples. 

The final material collected at the end of the experiment was extracted with 6.75 

N HCl in a microwave.  The residual concentration of total As in the material collected 

from R1, R2 and R3 was 2.01±0.24, 3.08±0.11 and 4.47±0.40 mg As g dry wt.  When 

taking into account the mass of residual material recovered, this accounted for 31.9, 51.3 

and 92.0% of the initial As placed in the R1, R2 and R3 columns, respectively.  When 
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combined with the cumulative total As released from the columns via the effluent, the 

total mass balance of As was 52.2, 56.7 and 92.8% for R1, R2 and R3, respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 2-5.  Mass balance of column packing at the start and end of the column 

experiment.  Legend: Iron (hydr)oxide sorbent = black; biomass = spotted; and inert ash 

= white. 
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2.5.  Discussion 

 

2.5.1.  Microbial activity as the main factor contributing to As mobilization 

 

The drinking water treatment residual, AsV-GFH, was placed in an anaerobic flow-

through column and subjected to a leachate with a composition representative of a mature 

municipal landfill.  After an experimental period of approximately 400 days, a large 

fraction of the arsenic was mobilized, accounting for approximately 20% of the arsenic 

initially placed in the column with the GFH.  High levels of arsenic release (49%) were 

also observed from AsV-GFH mixed into a bench-scale landfill composed of compost, 

paper and anaerobically digested sludge and operated for 900 days (20).  A landfill 

leachate plume at a field-site was also shown to mobilize arsenic from sediments 

containing arsenic associated with poorly crystalline iron oxides (21).  A large number of 

factors have been suggested to account for the mobilization of arsenic in iron oxides 

disposed of into landfills.  Circumneutral to alkaline pH, competitive anions, low redox 

conditions and microbial activity are some of the more common factors suggested to 

account for a greater arsenic extraction in landfills compared to conditions in the TCLP 

(3,22-24).  In this study we have identified that of all these factors, the primary cause 

contributing to the mobilization of arsenic from GFH is anaerobic microbial activity.  

This study conclusively demonstrates that the mobilization of arsenic from the control 
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column lacking inoculum (R3) was 25-fold lower compared to the fully biological active 

conditions (R1).  Likewise withholding exogenously added volatile fatty acids (used as 

microbial substrates) from an inoculated control column (R2) accounted for a 3-fold 

decrease in the arsenic released.  Previously we have shown that the microbial reduction 

of AsV to AsIII was the primary factor contributing to the release of arsenic sorbed on 

activated alumina packed into flow through columns exposed landfill leachate (25). 

There are several accounts in the literature, which demonstrate that mobilization 

of arsenic and iron from As-containing sediments is dependent on microbial activity.  

Addition of microbial substrates to sediments containing iron oxides with sorbed arsenic 

has repeatedly resulted in greatly enhanced release of dissolved arsenic associated with 

the microbial reduction of ferric iron (26-29).  The importance of microbial activity was 

also confirmed by comparing sterile and nonsterile incubations (29) or by adding iron 

reducing bacteria to the sediments (7,27).  Anaerobic microbial activity has also been 

shown to increase the release of arsenic from water treatment sludges generated by co-

precipitation of FeIII with AsV (24) as well as from the mineral scorodite (FeAsO4⋅2H2O) 

(7). 
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2.5.2.  Biological processes contributing to arsenic speciation and mobilization 

 

The results indicate that most of arsenic was released as AsV on fine colloidal particles.  

However, 15% of the arsenic released occurred as dissolved species.  In contrast to the 

fine colloidal fraction, the dissolved fraction was primarily in the form of AsIII.  The 

formation of AsIII can be accounted for by microbial reduction of AsV (4,30). 

Methanogenic sludge, similar to that used as an inoculum on this study, rapidly catalyzed 

the reduction of soluble AsV (5).  Two mechanisms of microbial AsV reduction are well 

established and both have broad phylogenic distribution among prokaryotes.  One 

mechanism is associated with a common arsenate detoxification system, involving the 

intracellular reductase, ArsC.  The conversion of AsV to AsIII by ArsC is required to 

prepare arsenic for transport by an efflux pump (30).  The second mechanism is 

dissimilatory reduction of AsV as a terminal electron acceptor to support anoxic 

respiration.  Recently a common gene for dissmiliatory reductase, arrA, has been 

identified (31) and was shown to be the ecologically more relevant mechanism of 

arsenate reduction.  DMAV and to a lesser extent MMAV were regularly observed as 

species occurring both in soluble and colloidal phases.  Methylation of arsenic is known 

to be carried out by methanogens and sulfate reducing bacteria (32,33).  The suggested 

mechanism involves oxidative methylation of trivalent species (eg., AsIII to methylated 

AsV species) known as the Challenger mechanism (34).  Thus the formation AsIII is 
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probably a prerequisite to methylation of arsenic.  A common occurring prokaryotic gene, 

ArsM, was recently identified and found to be responsible for the methylation of AsIII 

(35).  The cloned gene product catalyzed the methylation of AsIII to several methylated 

products, including DMAV.  The occurrence of the DMAV and MMAV on the colloidal 

fraction is consistent with the sorption of these methylated species by ferrihydrite and 

goethite (36). 

Ubiquitously occurring dissimilatory iron reducing microorganism (37,38) are 

implicated in the mobilization As by catalyzing the reductive dissolution of iron oxides.  

Iron reducing bacteria can convert FeIII in poorly crystalline iron (hydr)oxides (e.g. 

ferrihydrite) to FeII (6,39-41).  The iron reducing bacterium Shewanella putrefaciens was 

used to study the reduction of FeIII and elution of FeII from flow-through columns packed 

with either ferrihydrite, goethite or hematite (41).  After 16 days, 25, 5, and 1%, o the 

FeIII was reduced respectively. Of the iron reduced, only 13% was eluted from the 

ferrihydrite column.  In batch experiments, generally less than 10% of the FeII produced 

by dissimilatory iron reduction of ferrihydrite is actually freely soluble (40).  Therefore 

most of FeII produced from ferrihydrite is sequestered by adsorption or formation of 

secondary minerals (40,42,43). 
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2.5.3.  Mechanisms of arsenic mobilization 

 

Two common hypotheses are often offered to explain the enhanced mobility of arsenic 

due to anaerobic microbial activity.  One of these is that AsIII resulting from the reduction 

of AsV is more mobile compared to AsV.  The weaker adsorption of AsIII compared to 

AsV by aluminum oxides (44,45) support this. However, when considering adsorption 

isotherms of AsIII or AsV with ferrihydrite and other iron oxides, the sorption of both 

species is similar at circumneutral pH (46-48). Consequently reduction of AsV to AsIII 

would not be anticipated to result in a greater release arsenic from iron (hydr)oxides 

based sorption equilibria alone.  Nonetheless, kinetic desorption data from flow-through 

columns indicates that AsIII presorbed onto ferrihydrite is eluted 2-fold faster compared to 

AsV presorbed onto ferrihydrite (48). Experimental evidence demonstrates that when 

dissimilatory arsenate reducers catalyze the reduction of an AsV-ferrihydrite 

coprecipitate, most of the AsIII formed remains sorbed (6).  Likewise AsIII sorbed onto 

iron oxides has been observed in anoxic reservoir sediments (49). 

The second hypothesis is that the dissolution of iron (hydr)oxides by iron 

reducing bacteria will result in a loss of the sorbent mass and subsequent release of bound 

AsV (50).  Several studies have demonstrated that this is not always the case.  Firstly it 

should be noted that ABSR are generated when the iron (hydr)oxides are discarded 

coinciding with the moment they are equilibrated with low concentrations of arsenic at or 
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slightly exceeding the maximum contaminant level (10 to 20 μg/L).  The arsenic 

concentration ranges from 6000 to 26,000 μg/L1 as the isotherms approach their 

maximum adsorption capacity (46,48).  Thus there is considerable residual sorption 

capacity of the iron (hydr)oxide for arsenic even if some of the sorbent mass is lost to 

iron reduction.  During the chemical reduction of the iron (hydr)oxides, ferrihydrite or 

goethite presorbed with AsV, AsV remained adsorbed to the surface and was not released 

until the surface area became very small.  Secondly, the formation of FeII leads to the 

formation of new minerals phases which also have the capacity to sequester arsenic.  

Addition of iron reducers to flow-through ferrihydrite coated sand columns was even 

associated with a decrease in the release of arsenic from the columns in short term 

experiments (48,51). Spectroscopic evidence indicates that AsV or AsIII presorbed onto 

ferrihydrite is converted by a iron reducing bacteria to magnetite with adsorbed AsV or 

AsIII (52).  AsV is additionally integrally incorporated into the newly formed magnetite 

(52).  Incubating iron reducing bacteria with soluble FeIII-citrate and AsV resulted in the 

formation of Fe(II) minerals vivianite (Fe3(PO4)2⋅8H2O) and siderite (FeCO3) which 

sequestered both AsV and AsIII (43). 

The experimental results in this study indicate there is a long delay of more than 

150 days before there is any noteworthy release of arsenic from AsV-GFH. Although 

GFH is subject to microbial reduction, the long delay in arsenic mobilization may reflect 

the formation of secondary FeII minerals which can sequester arsenic species as well as 

the capacity of GFH to retain a high sorption capacity during the initial stages of sorbent 
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mass loss.  Over the longer term, GFH is expected to slowly be quantitatively converted 

to more mature crystalline minerals such as goethite and magnetite (42,43,52).  As the 

minerals mature the specific surface area is expected to decrease (53) and thus the surface 

sites for sorbed arsenic will decrease (46). 

After approximately 400 days of operation, gravimetric evidence combined with 

an estimate in the biomass changes indicates that 31% of the original GFH mass was lost.  

On the other hand, the cumulative release of iron (based on acidified effluent samples) 

only accounted for 0.83% of the Fe originally placed in the column.  Therefore the mass 

change can only be accounted for by a change in mineralogy.  GFH incubated with the 

methanogenic sludge inocuum and acetate for 113 days resulted in the conversion of the 

ferrihydrite to lepidocrocite based on X-ray diffraction (results not shown).  Likewise X-

ray diffraction analysis of iron oxides recovered from a AsV-GFH column operated in a 

similar fashion as that used in this study (except that the GFH was supplied as mixture in 

sand), demonstrated that the amorphous GFH was converted to crystalline hematite and 

mixed valence minerals (e.g. magnetite).  If GFH were converted stoichiometrically to 

lepidocrocite, goethite, hematite or magnetite the theoretical mass loss would be 16.8, 

16.8, 25.3 or 27.8%, respectively.  These changes are similar to the observed mass loss of 

the iron hydr(oxide).  The changes in mineralogy would also account for a loss in specific 

surface area.  Hematite has 30 to 60 fold less specific surface area compared to 2-line 

ferrihydrite and hydrous ferric oxide (53).  The loss in specific surface area would 
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contribute to significant losses in sorption capacity that might represent a reasonable 

mechanism for the release of arsenic as soluble species. 

Approximately 60% of the arsenic released from the biologically active columns 

in our study was associated with fine colloids.  These observations are consistent with a 

recent report indicating that the iron reducing bacterium, Geobacter metallireducens 

catalyzed the deflocculation of As(V)-GFH to ferrihydrite nanoparticles (54). The 

deflocculation was accounted for by an alteration of the ferrihydrite surfaces to a more 

negative charge. The iron colloids generated from As(V)-GFH by G. metallireducens had 

an average particle size of 21 nm which is in agreement with the As(V) containing 

colloids observed in our study passing through a 0.45 μm filter. 

 

2.5.4.  Implications 

 

Microbial activity under anaerobic conditions is the main factor contributing to the 

mobilization of arsenic from GFH. The results clearly indicate that preventing microbial 

activity can significantly reduce the release of arsenic.  Microbial activity can be 

prevented by ensuring that organic substrates do not come into contact with ABSR. 

Separate disposal of ABSR in cells without organic waste would be a simple measure to 

greatly reduce the risk of arsenic mobilization.  The results of this study also demonstrate 

the need for long-term evaluation of iron based sorbents to fully understand their fate in 
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landfills.  In this study, noteworthy arsenic mobilization only occurred after a long delay 

of more than 150 days.  Since GFH has a high sorption capacity and freshly formed 

secondary minerals of FeII can sequester arsenic, initial biotransformation of GFH does 

not lead to the immediate release of arsenic.  The release can only be anticipated after a 

significant supply of electron donor has occurred in comparison to the electron 

equivalents in the iron to cause major changes iron mineralogy and specific surface area 

of the matrix as well as particle size of the deflocculated fragments. 



 

 

89

2.6.  Conclusions 

 

• Arsenate sorbed in drinking water residuals can be mobilized and further 

transformed to more toxic arsenic species e.g. AsIII under mature landfill conditions. 

 

• In this study was demonstrated that biological activity noteworthy increase the 

amount of As leaching from the flow up trough reactors.  The rate of As leached out 

of the columns was enhanced by the addition of external electron donor in the form 

of volatile fatty acids.  

 

• As mobilization was mainly due to microbial activity since little As mobilization 

was observed in non inoculated reactors. 

 

• AsIII was the principal arsenic specie recovered in the soluble samples.  The 

presence of this trivalent As specie indicate the microbial reduction of AsV occurred 

in the columns. 

 

• A significant fraction (Up to 70%) of the arsenic released from the columns was 

associated with small colloid particles (less than 0.45 μm).   
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• The long delayed (150 days) in As mobilization from the reactors, suggest the 

formation of more crystalline forms of iron with capacity to sequester arsenic or the 

presence of available surface sites in the GFH that can reabsorb As.  However, after 

long incubations, changes in GFH mineralogy can lead to the formation of iron 

minerals with less surface area leading to As leaching. 

 

• The addition of the humic model compound anthraquinoe-2, 6-dissulfonate 

(AQDS), an electron shuttle that catalyze iron reduction in anoxic environments, 

did not have a significant effect on the mobilization of As from the columns. 

 

• Three mechanisms were responsible for the mobilization of sorbed arsenate under 

simulated landfill conditions, including: 1. The microbial reductive dissolution of 

ferric hydroxides; 2 microbial reduction of arsenate to the more mobile AsIII, and 3. 

formation of more crystalline forms iron oxides while less sorption capacity.   
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Chapter 3 
 

Biotransformation and Mobilization of Arsenate Adsorbed on 
Granular Ferrihydrite in Continuous Flow Methanogenic Sand Bed 

Columns Simulating Mature Landfill Conditions 

 

3.1.  Abstract 

 

Arsenic-containing solid residuals generated in the treatment of drinking water will be 
disposed in municipal landfills.  The effect of microbial activity on the mobilization and 
biotransformation of arsenate (AsV) sorbed onto granular ferrihydrite (GFH) was 
evaluated in continuous packed sand bed columns experiments simulating landfill 
conditions.  Arsenic mobilization was significantly stimulated by biological activity 
resulting in a total release of arsenic of 38% of the As initially loaded in 350 days.  The 
microbial-mediated As mobilization in the fully biological active columns accounted for 
9.0 to 4.2 folds higher release than in the abiotic control column after 206 and 350 days 
of operation respectively.  Biological reduction of AsV to AsIII as well as FeIII to FeII was 
demonstrated.  However the main factor contributing to the release of AsV sorbed on 
solid (GFH) was the formation of more crystalline iron oxides with less sorption capacity 
for arsenic.   
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3.2.  Introduction 

 

The US Environmental Protection Agency (USEPA) adopted 10 μg/L as the new 

standard for arsenic (As) in drinking water.  January, 2006 was set as the date by which 

systems must comply with the new regulation (1).  As a result, small drinking water 

suppliers from regions with high geological As backgrounds are required to remove As 

from the drinking water.  A recommended treatment technology to remove As from 

groundwater consists of oxidation of arsenite (AsIII) to arsenate (AsV) followed by the 

adsorption of AsV onto solid media.  Iron (hydro)oxides, in particular granular 

ferrihydrite (GFH), is one of the most important sorbents considered by drinking water 

utilities (2).  USEPA has approved the disposal of AsV-bearing solid residuals (ABSR), 

generated in the treatment of drinking water in non hazardous landfills (1).  The 

recommendation is based on EPA's assessment of the hazard of As-laden adsorbent 

residuals with the Toxicity Characteristic Leaching Procedure (TCLP).  The assay was 

originally developed as a test for short-term chemical leaching potential of cationic 

metals from solid waste using an acetic acid buffer under acidic conditions (pH 4.95).  In 

mature landfills the pH tends to be slightly alkaline, together with the reducing conditions 

resulting from the high microbial activity.  These characteristics combined with long 

hydraulic retention times will tend to make sorbed AsV more extractable compared to the 

TCLP. 
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In addition to As-containing solid residuals, soil used to cover landfill cells on a 

daily basis known as daily cover, is a potential source of As in landfills.  Arsenic 

concentration in soils range from 0.1 to a few hundreds mg/Kg (3,4).  Lastly, another 

significant and growing source of arsenic in landfills results from the disposal of wood 

treated with chromated copper arsenate (CCA) (10,11). 

AsIII and AsV comprise the bulk of the inorganic speciation encountered in natural 

waters and sediments.  AsIII predominates under anaerobic conditions, and AsV is the 

dominant species found in aerobic environments (12).  Iron and aluminum oxides play an 

important role in the mobility and sorption of As in soils (13-18).  Lixiviation of landfill 

leachates has also contributed to the augmentation of biological and geochemical 

processes in areas surrounding landfills.  As a consequence, transformation of As-

containing minerals has resulted in mobilization of As and further ground water 

contamination (6,14,19,20).  

Microorganisms capable of reducing AsV to AsIII are widespread in the 

environment  (21).  Two mechanisms for the biological reduction of AsV have been 

recognized.  Firstly, AsV is reduced as part of a detoxification pathway by an arsenate 

reductase (ArsC protein) that catalyzes the reduction of AsV to AsIII, then the reduced 

AsIII is transported out of the cell by a secondary uniporter (AsrB) (22,23).  Secondly, 

dissimilatory AsV reduction is a process by which bacteria use AsV as a terminal electron 

acceptor under anaerobic conditions, gaining energy for growth.  A number of bacteria 

capable of respiring AsV have been isolated., e.g. Desulfotomaculum auripigmentum (24), 
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Desulfomicrobium strain Ben-RB, Desulfovibrio strain Ben-RA (25),  Sulfurospirillum 

arsenophilum and Sulfurospirillum barnesii (21) Sulfurospirillum arsenophilum , 

Desulfotomaculum auripigmentum and Chrysiogenes arsenatis. (12).  AsV reduction 

readily occurs in the environment.  A common gene for the dissimilatory arsenate 

reductase (arrA) has recently been identified and was demonstrated to be a more 

important mechanism for arsenate reduction in the environment (61).  The AsV reduction 

has been also carried out by methanogenic sludge (26).  Microbial activity in landfills is, 

therefore, likely to affect As speciation of AsV-bearing drinking water residuals. 

Arsenic associated with amorphous iron oxides may be released to the aqueous 

phase as a result of the dissimilatory iron reduction catalyzed by bacteria (6,27-30).  

Dissimilatory reduction is an important process that would lead to the dissolution of iron 

(hydr)oxide sorbents and greatly impact the mobilization of AsV in landfills.  Free AsV 

can be subjected to further reduction resulting in the formation of the more mobile and 

toxic specie AsIII. 

Dissimilatory iron reducers are present in a variety of environments, e.g. 

Shewanella alga BrY and Ferribacterium limneticum have been isolated from 

contaminated sediments (31,32), Geovibrio ferrireducens (33) was isolated from 

hydrocarbon contaminated sediments, Geobacter metallireducens was obtained from a 

mining site (34), Geobacter sulfureducens (35) was collected from petroleum 

contaminated soils, Thermoterrabacterium ferrireducens and Moorella glycerini sp. 

(36,37) was isolated from a hot spring, and Strain BrY was a facultatively anaerobic 
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gram-negative rod isolated from estuarine sediments (38).  Therefore the mobilization 

and transformation of sorbed As will be dictated by the presence of biological processes 

in anaerobic environment. 

High microbial activity, abundant exogenous organic substrates and anaerobic 

conditions are anticipated to significantly contribute in increasing the mobility of sorbed 

As from drinking water treatment residuals in landfills.  Continuous columns experiments 

were used to represent the disposal conditions in a mature mixed landfill receiving both 

inorganic and organic wastes.  Volatile fatty acids (VFA) represent the organic content in 

landfill leachate.  In the previous study (Chapter II),  the effect of simulated 

methanogenic landfill conditions was evaluated in anaerobic flow-through columns fully 

packed with GFH.  Noteworthy mobilization of arsenic was delayed by more than 150 

days and the extent of mobilization was 19% after 400 days.  Most of the arsenic released 

was in the form of small colloids with AsV speciation; however 15% of the arsenic was 

released in the soluble form, predominantly as AsIII.  The long delay in arsenic release 

was attributed to sequestration of arsenic by the residual sorption capacity of GFH as well 

as by new secondary minerals formed. In practical settings, the arsenic bearing solid 

residuals (ABSR) concentration in the landfill solids will be relatively small compared to 

the municipal waste solids.  Therefore it is anticipated that the ratio of organic electron 

donors to iron (hyr)oxides will be much higher than that modeled by a column fully 

packed with GFH.  The hypothesis is that with less GFH packed in the flow-through 
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columns, the GFH will be subjected to a greater intensity of microbial conversions by 

virtue of the higher ratio of electron donor equivalents per unit of Fe. 

The objective of the present study is to evaluate the biotransformation and 

mobilization of AsV sorbed on GFH mixed into sand bed columns with a sand:GFH dry 

mass ratio of 17.5.  The study aims to confirm the results of Chapter II demonstrating that 

anaerobic microbial activity is a key component in the mobilization and 

biotransformation of AsV sorbed onto granular ferrihydrite.  Secondly, the study aims to 

demonstrate that with a lower concentration of GFH, a higher intensity of 

biotransformation will take place per unit mass of Fe, resulting in a greater release of 

arsenic.  Four columns were compared.  Columns 1 and 2 are the fully biologically active 

columns simulating the landfill conditions entering the mature phase with continued 

release of leachates containing VFA.  Column 1 was additionally supplemented with a 

quinone model compound, anthraquinone-2,6-disulfonate (AQDS), to evaluate the impact 

of redox active substructures in humic substances on the mobilization AsV from GFH. 

The electron shuttling capacity of AQDS was postulated to improve the 

dissimilatory reduction of FeIII in GFH.  Column 3 represents the endogenous substrate 

column which would correspond to a landfill with stabilized organic matter (in the form 

of stable microbial biomass) in which there is no VFA accumulation in leachate.  Column 

4 corresponds to the abiotic control.  It would also represent the conditions anticipated in 

a segregated landfill cell (receiving only inorganic wastes) in which only physiochemical 

processes predominate.  
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3.3.  Material and methods 

 

3.3.1.  Arsenate-granual ferryhidrite preparation 

 

The amount of AsV loaded to GFH (U.S.Filter; Sturbridge, MA) was experimentally 

determined by developing equilibrium isotherms.  Serum flask (500 ml) supplied with 

102.3 g of GFH dwt, 15g/L of NaHCO3 final concentration and 94 ml of a AsV solution 

containing 3653 mg As/L (as Na2HAsO4•7 H2O).  The pH of the liquid media was 7.0. 

The head space in the flasks was flushed with a gas mixture of N2:CO2 (20:80% v/v) and 

shaken at 150 rpm for 48 hours at 30°C.  The final equilibrium concentration in the liquid 

was 28.9 μg/L and the adsorbed AsV concentration was 5.61 mg AsV per gram dry weight 

of GFH. 

 

3.3.2.  Anaerobic inocula 

 

The consortium used to inoculate the columns was an anaerobic methanogenic sludge 

obtained from industrial anaerobic treatment plants treating recycled paper wastewater 

(Industriewater, Eerbeek, The Netherlands).  The content of volatile suspended solids 

(VSS) in the Eerbeek sludge was 12.9%.  The maximum specific acetoclastic 

methanogenic activity was 240 mg of CH4-chemical oxygen demand / g VSS-day. 
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3.3.3.  Experimental set up 

 

Continuous columns (250 ml) were used to evaluate the impact of microbial activity on 

the mobilization and biotransformation of As under landfill conditions.  The columns 

were operated for 350 days with a hydraulic retention time averaging 33.6 h at a 

temperature of 30±2˚C.  Methanogenic conditions were established in the columns.  

Four continuous up flow columns were packed with a sand:AsV-GFH ratio of 9:1 

v/v.  The masses of AsV-GFH (dwt) and sand loaded to the columns were 15 g and 262 

gr respectively.  Sand (Standard Ottawa 30-40 mesh) was utilized to simulate the inert 

matter present in landfills.  The total mass of As loaded to the columns was 80 mg AsV 

per column. 

Three columns C1, C2 and C3 used as biological reactors and were inoculated 

with 10g VSS/L of anaerobic sludge. C4 used as an abiotic control was not inoculated.  

The reactors were continuously fed with a synthetic landfill leachate prepared to obtain 

the average composition of major organic and inorganic species found in actual landfill 

leachate samples (39).  The media used as a feed contained the following (mg/L): NH4Cl 

(668); NaHCO3 (2000); MgSO4•7H2O (10); KH2PO4 (37); CaCl2•2H2O (10); 

MgCl2•6H2O (68); yeast extract (20) and 1 ml/L of a trace element solution containing 

(in mg/L): FeC13.4 H20, 2000; CoCl2. 6 H20, 2000; MnCl2•4 H20, 50; AlCl3•6 H20, 90; 

CuCl2•2H20, 30; ZnCl2, 50; H3BO3, 50; (NH4)6Mo7O2•4 H2O, 90; Na2SeO3•5 H2O, 100; 

NiCl2•6 H20, 50; EDTA, 1000; HCl 36% (1 ml).  The feed for C1 and C2 feed contained 
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a mixture of volatile fatty acids (2.5 g COD/L) as an external electron donating substrate 

and carbon source consisting of (in mg/L): acetate (576); propionate (193), butyrate 

(423); valerate (163), caproate (233).  For C1, 500 μM of the humic model compound, 

anthraquinone-2,6-disulfonate (AQDS) was added. AQDS was tested as an extracellular 

electron transfer (40,41), promoting the reduction of ferric iron.  The pH of the influent 

was adjusted to 8.4, with NaOH or HCl.  

 

3.3.4.  Batch bioassay 

 

Formation of more crystalline forms of granular ferrihydrite was evaluated in batch 

bioassays at 30±2˚C.  Serum flasks (160 ml) were supplied with 50 ml of basal mineral 

medium (pH 7.2) containing (in mg/L): NH4Cl (280); NaHCO3 (2700); K2HPO4 (250) 

KH2PO4 (37); CaCl2•2H2O (5); MgCl2•6H2O (83) and 1 ml/L of the trace element 

solution described above.  The methanogenic inhibitor 2-bromoethane sulfonate (30 mM) 

was also added the media.  Acetate as sodium acetate (2.56 g/L) was the electron 

donating substrate in the assay.  The head space of the bottles was flushed with a mixture 

of N2/CO2 (80%/20% v/v).  Treatments were incubated at 30±2˚C for 113 days. At the 

end of the experiment, the liquid media was drained and the solid material was dryed at 

room temperature for 3 days.  Dried samples were analyzed by X-ray diffraction (XRD) 

to identify changes in mineralogy of GFH. 
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3.3.5.  Sampling procedures  

 

As-species and total As were analyzed in liquid samples  taken directly from the reactor 

and prepared for analysis immediately after sampling to minimize exposure to the 

atmosphere.  

As soluble species were measured in samples passed through Whatman cellulose 

nitrate membrane filters (0.45μm). Arsenic species were also measured in acidified 

samples to account for As species contained on colloid material.  Acidification was 

conducted by adding 6 drops of HNO3 to 5 ml sample (0.254M final concentration).  

Samples for arsenic speciation were further diluted 2.6 fold with a solution of malonic 

acid 20mM, pH 2.25 in order to have the same matrix as that used during analysis for 

arsenic speciation.  Samples were stored in polypropylene vials (2 ml) to reduce 

adsorption of arsenic species to the vial.  Filtered samples were then stored at -20°C till 

analysis was performed in order to reduce changes in arsenic speciation. 

Ferrous (FeII) and total iron (FeII + FeIII) were also measured in filtered and non-

filtered samples.  Filtration was conducted to measure soluble iron or fine iron colloidal 

material.  Non filtered samples accounts for solube iron and iron present as a fine and 

larger colloidal material. 

Consumption of organic substrates was monitored by the difference on the 

chemical oxygen demand (COD) in the influent and effluent of the columns.  Methane 

production was also measured as an indication of the microbial activity in the columns.  
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The methane produced was measured by liquid displacement of a sodium hydroxide 

solution 0.5 M. 

 

3.3.6. Analytical techniques 

 

Inorganic and organic arsenic species (AsIII, AsV), methylarsonic acid (MMAV), 

dimethylarsinic acid (DMAV), methylarsonous acid (MMAIII) and dimethylarsinous acid 

(DMAIII) in liquid samples were analyzed by high performance liquid chromatography 

(HPLC)/inductively coupled plasma/ mass spectrometry using an adapted method (42).  

The HPLC system consisted of an Agilent 1100 HPLC (Agilent Technologies, Inc., Palo 

Alto, CA) with a reverse-phase C18 column (Prodigy 3u ODS(3), 150x4.60 mm, 

Phenomenex, Torrance, CA).  The mobile phase (pH 5.85) contained 4.7 mM 

tetrabutylammonium hydroxide, 2 mM malonic acid and 4% (v/v) methanol at a flow rate 

of 1.2 ml/min.  The column temperature was maintained at 50 C. An Agilent 7500a ICP-

MS with a Babington nebulizer was used as the detector. The operating parameters were 

as follows: Rf power 1500 watts, plasma gas flow 15 L/min, carrier flow 1.2 L/min, and 

arsenic was measured at 75 m/z.  The injection volume was 10 μl.  The detection limit for 

the various arsenic species was 0.1 μg/L.  

The total concentration of arsenic in liquid samples was determined using an 

ASX500 autosampler (CETAC Technologies, Omaha, NE) and an Agilent 7500a 
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ICPMS.  The analytical system was operated at a Rf power of 1500 W, a plasma gas flow 

of 15 L/min and a carrier gas flow of 1.2 L/min. The acquisition parameters used were: 

arsenic measured at m/z 75; terbium (IS) measured at m/z 159; 3 points per peak; 1.5 s 

dwell time for As, 1.5 s dwell time for Tb; number of repetitions = 7.  

Changes in GFH mineralogy was monitored by X-ray Diffraction (XRD) analysis 

was achieved with a Scintag XDS 2000 model XRD operated at 10 - 70° at 2q, a 

continuous scan rate of 2°C/min, 40mM, 40kV. Peaks were analyzed with International 

Center for Diffraction Data (ICDD Swarthmore, PA) cards.  

The total As content in the solid matrices e.g. As in GFH used to initially load the 

columns and the material (GFH, sand and sludge) recovered at the end of the experiments 

was measured by an acid extraction. GFH, sand and sludge collected from columns were 

homogenously mixed to form a “final paste”. Approximately 0.1 g of the final paste were 

extracted with 10 ml of HCl (6.75 N) for approximately 2 hrs.  Samples were taken from 

the acid and diluted as require to be measured by ICP-MS. 

Other parameters (e.g., pH, VSS, COD, colorimetric analysis of FeII with 

phenantroline) were determined according to Standard Methods (43).
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3.4.  Results 

 

3.4.1.  Arsenic mobilization 

 

Methanogenic activity predominated in the columns since the average COD elimination 

was 85±12% for C1 and 91±11% for C2 and the average methane production 

corresponded to 95 ±15% of COD in the influent for the fully biological columns (C1 and 

C2).  The average hydraulic residence time was 34 hrs and a median pH of 8.4 was 

measured.  The operation conditions in the inoculated columns supplemented with a 

exogenous substrate were representative of methanogenic phase in a mature landfills (39)  

Figure 3-1 shows the cumulative mass of As leaching from the columns (data 

from soluble arsenic species) as a percentage of the initial amount of As loaded.  The 

pattern of As mobilization from the columns greatly depended on the treatment.  For the 

two fully biological reactors (C1 and C2) there was a lag phase followed by a more rapid 

As release.  A longer lag phase (51 days) was observed in C2.  The lag period was shorter 

(18 days) in C1 with the AQDS supplementation.  Nevertheless AQDS had no significant 

effect on the overall As release after the entire experiment. 

At the end of the experiment, arsenic mobilized from inoculated reactors was 3.7, 

4.2 and 1.9 fold higher than the control column lacking inoculum for C1, C2 and C3, 

respectively.  The greater release of As from C1 and C2 compared to C3 indicates that the 
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mobilization was further enhanced by inclusion of exogenous electron donating substrate 

in the leachate (VFA).  However, even in C3, mobilization of adsorbed AsV was still 

feasible due to the slow endogenous decomposition of sludge.  The differences between 

the columns were most pronounced at the end of the most active period of arsenic release 

on day 206.  At that time, the arsenic mobilized from the inoculated reactors was 7.4, 9.0 

and 3.1 fold higher than the control column lacking inoculum for C1, C2 and C3, 

respectively.  

The behavior of As release changes over time.  Different periods could be 

recognized based on the behavior of As release.  Initially slow release (identified as 

period I and comprising days 0-51 for C1 and 0 to 81 for C2, C3 and C4) followed by a 

more rapid release in period II.  Period II includes days from 52-206 for C1 and 82-206 

for C2, C3 and C4.  In this period rates of As release were faster in C1 and C2 compared 

to C3 indicating that in period II, the supply of electron may have been rate limiting in 

C3.  Finally the rate of release slowed down in period III, during this final time period 

rates of release form C1, C2 and C3 were comparable, which means that the rate of 

electron donor supply in C3 was no longer rate-limiting.  Period III covers days from 207 

to 350 in all reactors.  The highest As mobilization for the two fully biological columns 

occurs in period II accounting for 53% (C1) and 56 (C2)% of the soluble As released 

during the entire experiment.  Columns C3 and C4 had the highest As releases in Period 

III. 
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The global percentage of soluble arsenic species released with respect to the 

initial amount of AsV loaded was 33.4% (C1), 37.9% (C2), 17.2% (C3) and 9% (C4) after 

350 operational days.  The data clearly indicates that microbial processes significantly 

increased the amount of arsenic released since all the inoculated columns release had 

greater amounts of As compared to the abiotic control. 

Total arsenic mobilized in soluble samples was quantified by direct injection into 

the ICP-MS.  Total As and As species were measured in parallel in acidified samples.  

Similar percentages of As mobilized where observed for both approaches (Table 3-1), 

suggesting that no significant fraction of unidentified species were present in the samples, 

likewise there is no evidence of fine colloidal As which passed through the filter (< 0.45 

μm). 
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Figure 3-1.  The cumulative arsenic mobilization in continuous flow up through columns. 

Symbology: biological column supplement with AQDS and VFA (□); biological column 

complemented with VFA (■); biological control column (▲) and abiotic column (ο). 

Result derived from soluble arsenic speciation data. 
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Table 3-1.  Summary of the arsenic mobilized from the columns. Results acquired from 

soluble and acidified (species and total) data.  

 
Arsenic soluble mobilized 

(%)a 
Arsenic acidified mobilized 

(%)b 
Column 

Speciationc Totald Speciationc Totald 
C1 33.0 26.6 31.9 28.0 
C2 37.9 30.6 35.9 31.4 
C3 17.2 15.0 16.0 15.5 
C4 9.0 8.5 8.54 7.9 

a. Arsenic quantified in filtered samples (0.45μm) 
b.Arsenic measured in samples acidified with HNO3. 
c. Cumulative sum of As species measured by IC-ICP-MS  
d.Cumulative total As measured by ICP-MS  

 

3.4.2. Arsenic speciation 

 

AsIII, DMAV, MMAV and AsV were the four out of six species detected by IC-ICP-MS.  

During the three operational periods, the principal species detected in all columns were 

AsIII and AsV.  The main As species identified in the fully biological reactor 

supplemented with AQDS (C1) was AsV, accounting for more than 84% of the As 

released during the experiment.  In C2 (no AQDS added) AsIII predominated in all the 

operational periods counting for 71%, 83% and 67% in periods I, II and III respectively. 

In the inoculated column lacking organic substrate addition, AsV and AsIII were 

present in similar quantities.  Arsenic as DMAV and MMAV was detected in small 

amounts in C1, C2 and C3.  The methylated species accounted for 0.003% (C1) and 

0.01% (C2) and 0.02% (C3) of the total arsenic loaded.  The highest concentration 
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measured in the inoculated columns was 2.1, 1.35 and 1.53 μg/L for C1, C2 and C3, 

respectively. The maximum amount of As released in the abiotic column (C4) was 

reached in period III possibly due to microbial contamination or due to the formation of 

crystalline structure in the iron oxides/hydroxides.  AsIII accounted for 57.7 %, AsV 

42.2% and DMAV 0.1%.  The maximum As-DMAV concentration detected was 11.8 

μg/L in C3.  MMAV was not detected in C4.  A summary of the soluble As species 

detected in each of the operational periods is presented in Table 3-2. 
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Table 3-2.  Arsenic soluble speciation mobilized during the three operation periods.  

     a.  Period I cover days from 0 to 51 for C1 and from 0 to 81 for C2, C3 and C4. 
     b.  Period II comprise days from 52to 206 for C1 and days 82 to 206 for C2, C3 and C4. 
     c.  Period III covers days 206 to 350 for all columns. 
     d.  Percentage of As species normalized to the arsenic mass released in the corresponding period. 
   *  Results are expressed as As-DMAV and As-MMV. 

 

 
Period Ia 

(%)d 

Period IIb 

(%)d 

Period IIIc 

(%)d 

Columns AsIII DMAV* MMAV* AsV AsIII DMAV* MMAV* AsV AsIII DMAV* MMAV* AsV 

C1 
14.9 0.9 0.1 84.1 6.4 1.6 - 92 8.6 3.6 - 87.8

C2 71 1.9 - 27.1 82.5 0.9 - 16.6 67.4 1.4 - 31.1

C3 56.7 0.6 - 42.6 53.2 0.1 - 46.7 41.6 0.4 0.1 57.9

C4 62 0 - 37.9 54.1 0.1 - 35.8 55.5 0.2 - 44.3
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3.4.3.  Iron mobilization 

 

Reduction and dissolution of As-sorbing iron minerals is hypothesized to be a primary 

route leading to As leaching.  Microbial activity is a key factor affecting changes in iron 

speciation and consequently As releasing from the columns.  The pattern of iron 

mobilization strongly depends on the nature of the treatments (Figure 3-2).  Like the 

pattern observed in As mobilization, a small lag phase and subsequent more rapid release 

rate occurred in fully biological reactor lacking AQDS (C2).  However in the reactor 

supplemented with AQDS (C1), the rapid release started at the beginning of the 

experiment.  Nonetheless, addition of AQDS did not increase the cumulative iron 

mobilization.  The endogenous control column (C3) was characterized by a slow time 

course of iron release.  The abiotic column (C4) presented low Fe release up to day 288 

when accelerated iron mobilization was observed.  The cumulative mass of nonfiltered 

total iron (FeII+ FeIII) mobilized was 6.8, 8.2 and 2.5 fold higher for C1, C2 and C3 

respectively compared to the mass of iron released in C4 up to day 288.  The results 

indicate that biological catalyzed iron reduction was occurring in the inoculated reactors. 
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Figure 3-2.  The cumulative iron mobilization in continuous flow up through columns. 

Symbology: biological column supplement with AQDS and VFA (□); biological column 

complemented with VFA (■); biological control column (▲) and abiotic column (●). 

Result derived from non filtered total (FeII+FeIII) iron data. 

 

3.4.4.  Iron speciation 

 

Iron speciation was evaluated to gain understanding in the microbial processes 

contributing to As release. Total iron (FeII + FeIII) and ferrous (FeII) iron were quantified 

in filtered and non-filtered samples.  FeII in samples was measured starting on day 147 to 

confirm whether most of the iron coming out from the columns was in the form of FeII. 
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In filtered samples, FeII was the predominant iron species identified in the two 

fully biological reactors (C1 and C2) accounting for more than 90% of the total iron.  FeII 

accounted for 74% and 100% in C3 and C4 respectively.  In unfiltered samples, FeII was 

also the predominant species mobilized from C1, C2 and (more than 90%).  52% and 

54% of the total iron measured was FeII for C3 and C4 respectively, indicating that some 

iron was discharged out of the columns as colloidal or suspended material.  Biological 

iron reduction was clearly an important mechanisms for iron mobilization in the fully 

biological reactors since most of the iron released was detected in the ferrous iron 

 

3.4.5.  Changes in iron mineralogy 

 

Although iron mobilization was attributable to microbial iron reduction, the amount of 

iron released did not comprise a significant fraction of the Fe placed in the columns.  The 

amount of Fe released with respect to the amount of iron loaded to the columns was 

3.5%, 4.4%, 1.5% and 1.5% for C1, C2, C3 and C4 respectively.  Change in GFH 

mineralogy, such as maturing of GFH to more crystalline iron oxides with less specific 

surface area (and thus less sorption capacity) for As may perhaps contribute to the 

mobilization of this metalloid.  The XRD results clearly indicate a change in mineralogy 

in all the columns in the material recovered at the end of the experimental period (Table 

3-3). 
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 Iron oxide in the form of Fe3O4 and hematite, iron carbonate as siderite 

(Fe(CO3)) and mixed valence iron mineral were identified in the four columns. Hematite, 

Fe3O4, Fe(CO3) and Fe31.34O32  presented the higher peaks for C1.  A high peak for 

Fe(CO3)  and small peaks of  Fe31.34O32 were detected for C2 compared to C1.  Hematite 

and Fe31.34O32 were detected in lower extent in C3.  Fe(CO3) was the only mineral not 

detected in C4.  Changes in GFH mineralogy where also observed in batch bioassays, 

where GFH and granular sludge were incubated for 113 days under anaerobic conditions. 

The external electron donor used was acetate. Results from batch assays corroborate 

findings in continuous experiments since hematite, siderite were formed.  Unlike the 

continuous experiments, formation of iron oxide hydroxide as lepodocrocite also 

occurred in the batch experiment.  Iron oxide as hematite and iron carbonate as siderite 

were also detected in the samples (results no shown).   
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Table 3-3.  Changes in iron mineralogy on the material (mixture of AsV-GFH, granular sludge and sand) recovered 

from the columns after 350 days of operation (results from X –ray diffraction analysis). 

Area  
Iron minerals 

C1 C2 C3 C4 

Pick 1 Hematite (Fe2O3) 78.03 62.30 69.89 78.19 

Pick 2 Iron oxide (Fe3O4) 130.86 ND ND ND 

Pick 3 Siderite (Fe(CO3)) 50.77 49.50 ND ND 

Pick 4a  109.67 49.50 ND ND 

Pick 5 Hematite (Fe2O3) 197.47 85.93 161.77 203.37 

Pick 6 Mixed valent iron (Fe21.34O32) 135.27 91.10 114.07 108.50 

Pick 7 Mixed valent iron (Fe21.34O32) 107.27 176.83 160.93 127.80 

Pick 8b  97.47 ND ND ND 

Pick 9 Siderite (Fe(CO3)) 132.99 82.13 110.00 104.50 

Note: Picks corresponding to SiO2 were also detected since the columns were loaded with a mixture of sand:AsV-GFH 

ND = Not detected 
a  Pick 4 correspond to hematite, iron oxide or siderite  
b  Pick 8 correspond to hematite or iron oxide. 
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3.4.6.  Mass balance 

 

At the end of the experiment, the contents of the columns (iron sorbent, sand and sludge) 

was recovered and homogenized to form a final “paste”.  This paste was extracted with 

acid (HCl, 6.75 N) to determine the residual concentration of As remaining in the 

columns.  A reference “paste” material was prepared with the initial ingredients used to 

prepare the columns, using the same approach as that used to prepare the final paste.  The 

measured As content in the reference paste material was 0.618 mg AsV/g dry paste.  The 

recovered values in samples from the columns were normalized against the reference 

material as show in the mass balance (Table 3-4).  The cumulative soluble species of As 

released from the columns combined with the values recovered in the end paste indicate 

an overall As recovery ranging from 85 to 88% (Table 3-4). 
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Table 3-4.  Arsenic mass balance from soluble species released in the columns effluent 

and residual arsenic in GFH, sand and sludge mixture at the end of the experiment. 

 
Residual arsenic in final 

pastea 
Cumulative soluble arsenic 

species mobilized 
Total As 
recovery 

%  referenceb   

 
Column 

Avgc Stdc   
C1 51.6 3.2 33.0 84.6 
C2 50.5 4.9 37.9 88.4 
C3 69.5 1.6 17.2 86.7 
C4 78.3 5.5 9.0 87.3 

 
a. Final paste is the AsV-GFH + granular sludge and sand recovered at the end of the 

experiment. 
b. Percentage based in the extraction efficiency in a reference material prepared in 

the same fashion than the final paste. 
c. Average of triplicate samples 
d. Standard deviation of triplicate samples. 
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3.5.  Discussion 

 

 3.5.1.  Arsenic mobilization 

 

The identification of critical factors affecting the biogeochemical cycle of arsenic has 

been an issue of extensive research in order to prevent the release of arsenic into water 

bodies (13,28,30).  Occurrence of reducing conditions can result in the dissimilatory 

reduction of iron minerals and consequently mobilization of adsorbed arsenic.  

Dissimilatory reduction of iron activity has been reported to occur in anaerobic sediments 

resulting in arsenic mobilization (6,28,30,44,45). 

The literature reports indicate two principal mechanisms for the microbial 

mobilization of AsV from the metal oxides:  The first mechanisms is related to the 

dissolution of the iron oxide sorbent material catalyzed by dissimilatory iron reduction 

bacteria resulting in the release of AsV (34,46).  

The second mechanism contributing to As mobilization is the direct biological 

reduction of AsV to AsIII.  Nevertheless, there is compelling evidence suggesting that AsIII  

and AsV are equally sorbed by GFH (62).  AsV and AsIII are both absorbed by strong 

inner sphere complexes (47,48).  Therefore, this mechanism is not important for the 

mobilization of sorbed arsenic from iron oxides.  However, iron oxides can be subjected 

to dissimilatory metal reduction (49) contribution to As leaching. 
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The two mechanisms for As mobilization commonly reported in the literature 

therefore do not fully explain our findings.  Alternative explanations must be sought. 

Change in GFH mineralogy enhanced by biological activity could be a possible 

explanation.  The formation more crystalline iron minerals with less specific surface area 

and thus less sorption capacity could potentially contribute to the enhanced As leaching 

observed in this experiment.  This would be consistent with the finding that the mass of 

iron released from the columns accounted for a minimum percentage of the total Fe 

placed in the column.  The loss of sorbent mass was small and thus in itself not 

significant enough to account for large losses is sorption capacity. 

 

3.5.2.  Changes in iron mineralogy 

 

FeIII, FeII and FeIII/FeII iron mineral can be formed or transformed by (bio) geochemical 

processes.  Biocatalyzed iron transformation are often faster than the respective chemical 

reaction, therefore microbial activity is a key factor in the iron cycle and in determining 

the fate of contaminants in the environment, e.g., poorly crystalline iron oxides, such as 

ferrihydrite, play an important role in controlling the mobility and availability of arsenic. 

Phase transformation of ferrihydrite to more crystalline iron minerals with lower 

sorption capacity can potentially contribute to the mobilization and fate or sorbed arsenic. 

Biological transformation of ferrihydrite to goethite was reported by Kappler and Straub 
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2005 (29).  Lepidocrocite and magnetite were also formed from ferrihydrite 

transformation (46).  The literature shows that AsV sorption capacity decrease in the order 

goethite > lepidocrocite > hematite at pH values greater than 7 (5).  Roden 2003, 

demonstrated that all iron oxides have the same sorption capacity for As per unit surface 

area, however as the degree of mineral maturation increases the specific surface area 

decreases resulting in less sorption capacity (63). 

In this study XRD analysis of the solid phase recovered at the end of the 

experiment clearly indicated the transformation of ferrihydrite to more crystalline iron 

minerals such as hematite, lepocrodite and siderite. Therefore, biogeochemical 

transformations of ferrihydrite that took place in the columns may have been responsible 

for the enhanced As mobilization from the columns.  Our findings match with previous 

studies and support a hypothesis that transformation of GFH to crystalline iron oxides 

with less sorption capacity was an important mechanism contributing to As mobilization 

from GFH.  

 

3.5.3.  AQDS as electron shuttle 

 

Electron shuttles are compounds that facilitate the transfer of electrons from or to 

microorganisms in other to catalyze the biodegradation and or biotransformation of 

oxidized compounds (50-54).  Electron shuttles facilitate the transfer of electrons from 



 

 

109

the electron donor to the electron acceptor without the consumption of the “shuttle” itself, 

this is an important characteristic that allow having small quantities of those compounds 

to accelerate the overall reaction.  Examples of electron shuttles are humic acids, 

quinones, phenazines, and thiol-containing molecules such as cysteine (50). 

Anthraquinone sulfonate AQDS is a quinone model compound used to represent the 

humus quinone moieties present in soils. Quinones are able to act as terminal electron 

acceptors supporting the anaerobic degradation of  many substrates (55).  Humus can also 

act as a redox mediator catalyzing the reductive biotransfomation of contaminants such as 

azo dyes, metals, nitroaromatics, radionuclides and phenolic compounds (55-58).  Iron 

reducing bacteria is one of many groups or microorganisms that are involve in quinone 

respiration (51,59).  Therefore catalyzed bioreduction of ferrihydrite in the fully 

biological column supplemented with AQDS (C1) is expected to accelerate the As 

mobilization rate.  Iron release form C1 started since the beginning of the experiment 

while in C2 (fully biological reactor lacking of AQDS) a slower release was observed by 

81 days.  The role of AQDS was probably more important for the FeIII reduction or 

changes in mineralogy on GFH than for the AsV reduction.  However AQDS did not 

significantly increase the cumulative iron release over the entire experiment. 
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3.5.4.  Arsenic speciation 
 
 

A distinctive arsenic speciation in soluble samples occurred in the two fully biological 

reactors.  Arsenate resulted to be the predominant specie in the fully biological reactor 

supplemented with AQDS (C1) accounting for more than 85% of the soluble As released.  

Unlikely in C1, AsIII was the main specie recovered in the fully biological reactor with 

out AQDS (C2) accounting for more than 80% of the soluble arsenic measured.  The 

change on speciation from AsV to AsIII can be attributable to the microbial reduction of 

AsV (64,65).  Bioreduction of AsV in prokaryotes occurs basically by two pathways: the 

firs pathway is as a detoxification mechanism where an arsenate reductase (ArsC protein) 

is responsible for the reduction of AsV to AsIII, which is further extrude our of the cell  by 

a secondary uniporter ArsB (60).  The second pathway is the dissimilatory arsenate 

reduction where bacteria gains energy for growth when AsV is used as a terminal electron 

acceptor in anaerobic respiration (12).  In previous studies facile AsV reduction was 

demonstrated to occur in the same methanogenic sludge used in this assay (26).  
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3.5.5.  Colloid material  

 

Fine colloid material has been reported to contribute in great extent to the mobilization of 

sorbed arsenic from granular ferrihydrite (15).  In previous experiments conducted in the 

same fashion that the experiment described in this study 70% of the As mobilized was 

sorbed in fine colloids (less than 0.45 μm).  In this study, the amount of As released in 

fine colloids was not significant since the mass of arsenic recovered in soluble and 

acidified samples were very similar. A factor contributing to prevent colloid material was 

the sand that could possibly act a filter for fine colloid material. 

 

3.5.6.  Importance of the study 

 

The results of this study clearly indicate that microbial processes play a major role in the 

mobilization of sorbed As from GFH. Four fold higher mobilization of As was observed 

in fully biological active columns compared to “abiotic” control column. The effect was 

even more pronounced after the most the period of highest release ended on day 206, at 

which time the fully biological column had released 9-fold more arsenic than the abiotic 

control column. Microbial activity is responsible for reduction of AsV to AsIII.  The 

addition of exogenous organic electron donating substrate in the form of volatile fatty 

acids (VFA) further stimulated the release of As.  VFA are the main organic substrate 
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found in mature landfills, which are expected to promote AsV and FeIII reduction.  Since 

6.7-fold less GFH mass was used in this study compared to the study in Chapter II (where 

the columns were fully packed with GFH), it was expected that the electron donating 

equivalents supplied as VFA should have a greater impact as well. This was indeed the 

case, since in this study the arsenic release was 38% after almost 350 days; which is 2-

fold higher than in chapter II where 19% release was observed after 400 days.  Factors 

implicated in the enhanced As release include reduction of FeIII in GFH combined with 

maturation of amorphous GFH to crystalline iron oxides. 
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3.6.  Conclusions 

 

• Arsenic sorbed onto solid residuals generated in the treatment of drinking water can 

be mobilized and biotransformed under landfill conditions. 

 

• Biological activity promoted biotransformation and extensive mobilization of AsV 

from granular ferrihydrite (GFH), since abiotic columns resulted in only minor 

mobilization. 

 

• The addition of an external donating substrate in the form of volatile fatty acids 

significantly increased the mobilization rate of As.  The higher ratio of electron donor 

equivalents per unit of Fe in this study promoted an earlier and higher As leaching 

compared to the reactors than reactors described in Chapter 2.  

 

• AsIII was found to be the main soluble As species in the biological reactor indicating 

that biological reduction of AsV to AsIII occurred in the columns. 

 

• The addition of electron shuttle antraquinone-2,6-disulfonate (AQDS) supported the 

reduction of FeIII or changes in iron mineralogy accelerating the rate of AsV 
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desorption at the beginning of the experiment and it promotes the release of a very 

large fraction of AsV.  

• Changes in iron mineralogy suggest that modification of the sorbent matrix might 

have contributed to mobilized arsenic out of the columns. 

 

• The microbial reductive dissolution of ferric hydroxides;  microbial reduction of 

arsenate to the more mobile AsIII, and formation of more crystalline forms iron oxides 

while less sorption capacity were the three mechanisms responsible for the 

mobilization of sorbed arsenate under mature landfill conditions. 
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1Chapter 4 
 
 

Anaerobic Biotransformation of Roxarsone 

 

4.1.  Abstract 

 

Large quantities of arsenic are introduced into the environment through land application 
of poultry litter containing the organoarsenical feed additive roxarsone (3-nitro-4-
hydroxyphenylarsonic acid).  The objective of this study was to evaluate the 
bioconversion of roxarsone and related N-substituted phenylarsonic acid derivatives 
under anaerobic conditions.  The results demonstrate that roxarsone is rapidly 
transformed in the absence of oxygen to the corresponding aromatic amine, 4-hydroxy-3-
aminophenylarsonic acid (HAPA).  The formation of HAPA is attributable to the facile 
reduction of the nitro group.  Electron-donating substrates, such as hydrogen gas, 
glucose, and lactate, stimulated the rate of nitro group reduction, indicating a microbial 
role.  During long-term incubations, HAPA and the closely related 4-aminophenylarsonic 
acid (p-arsanilic) were slowly biologically eliminated by up to 99% under methanogenic 
and sulfate-reducing conditions, whereas little or no removal occurred in heat-killed 
inoculum controls.  Arsenite and, to a lesser extent, arsenate were observed as products of 
the degradation.  Freely soluble forms of the inorganic arsenical species accounted for 
19-28% of the amino-substituted phenylarsonic acids removed. This constitutes the first 
report of a biologically catalyzed rupture of the phenylarsonic group under anaerobic 
conditions. 

                                                 
1 A modified version published in Environmental  Science and Technology, 40: 2951-2957. 
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4.2.  Introduction 

 

The recent enactment of a stricter norm of arsenic in drinking water (1) highlights an 

increasing national concern for the health effects of arsenic.  In this context, the large-

scale use of organoarsenicals in agriculture should also be carefully evaluated.  

Roxarsone (3-nitro-4-hydroxyphenylarsonic acid) is utilized in the broiler poultry 

industry as a feed additive to promote growth and control coccidial intestinal parasites. 

Approximately 70% of broiler chickens produced in the U.S. are fed roxarsone 

(2), which is excreted largely unaltered into the manure (3).  Approximately 900 metric 

tons of roxarsone are released annually into the environment in the U.S. (4).  The arsenic 

content of poultry litter ranges from 14 to 48 mg/kg (4-7). The environmental impact of 

land applying poultry litter is potentially significant when considering that this arsenic-

laden material is spread onto relatively small land areas in the direct vicinity of poultry 

houses.  Soil samples from field sites having received broiler poultry litter for years 

contain significantly higher concentrations of water extractable arsenic, as compared to 

similar soils with no history of poultry litter addition (8).   

Roxarsone is highly water soluble, triggering concerns that it would be mobile in 

the environment, leading to transport of arsenic to groundwater and surface water (4, 5).  

Several studies have begun to address changes in arsenic speciation during storage and 

composting of poultry litter (4, 5) as well as changes occurring after land application to 
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soil (8).  Poultry litter contains roxarsone and arsenate (AsV) with smaller amounts of 

arsenite (AsIII) and dimethylarsinic acid (DMAV) (4-6).  Fresh poultry litter was also 

shown to contain 4-hydroxy-3- aminophenylarsonic acid (HAPA), a reduced 

biotransformation product of roxarsone, accounting for 12-25% of the species identified 

(3, 5).  AsV is formed during composting of poultry litter and during incubation of 

roxarsone with soil (4, 8).  Since heat-sterilized and poisoned controls did not convert 

roxarsone to AsV, the conversions are attributed to biological reactions (4, 8).  The 

speciation studies so far have been conducted in aerobic environments; however, 

roxarsone may also occur in anaerobic environments, such as anaerobic zones in compost 

and anaerobic sediments.  

The objectives of this study were to evaluate the bioconversion of roxarsone and 

related N-substituted phenylarsonic acid derivatives under anaerobic conditions. 
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4.3.  Materials and Methods 

 

4.3.1.  Microorganisms 

 

Anaerobic methanogenic sludge was obtained from an industrial upward-flow anaerobic 

sludge blanket treatment plant treating recycled paper wastewater (Eerbeek, The 

Netherlands).  The volatile suspended solids (VSS) content of Eerbeek sludge was 

12.9%.  In one experiment, aerobic activated sludge was obtained from the Ina Road 

Municipal Wastewater Treatment Plant in Tucson, AZ.  

 

4.3.2.  Biotransformation Assays. 

 

Biotransformation of roxarsone, 4-hydroxy-3-aminophenylarsonic acid, and 4-

aminophenylarsonic acid (p-arsanilic, also known as 4-arsanilic acid) under different 

redox conditions was evaluated in short- and long-term incubation periods.  Assays were 

conducted in 165 mL serum flasks supplied with 65 mL of basal mineral medium.  The 

basal medium contained the following components (mg/L): NaH2PO4•2H2O(795), 

K2HPO4 (600),NH4-Cl (280), MgCl2•6H2O(91.56), and 1mL /L of a trace element 

solution.  The trace element solution contained (in mg /L) FeC13•4H2O (2000), 

CoCl2•6H2O (2000), MnCl2•4H2O (50), AlCl3•6H2O (90), CuCl2•2H2O (30), ZnCl2 (50), 
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H3BO3 (50), (NH4)6Mo7O2•4H2O (50), Na2SeO3•5H2O (100), NiCl2•6H2O (50), EDTA 

(1000), HCl 36% (1 mL), and resazurin (200).  The final pH of the medium was adjusted 

to 7 with HCl or NaOH as required.  NaHCO3 (4000 mg/L) was also added to the 

medium as part of the CO2/NaHCO3 buffering system.  The bioassays were supplied with 

1 mM of the corresponding N-substituted phenylarsonic acid and inoculated with 1.5 g 

VSS/L of anaerobic sludge.  When HAPA was used, it was added from a stock solution 

containing 200 mg/L ascorbic acid via a syringe to the sealed culture bottles that were 

preincubated overnight to avoid its oxidation by dissolved oxygen.  One experiment was 

inoculated by 10% v/v aerobic activated sludge. Selected treatments were supplemented 

with either sulfate (1500 mg/L) or nitrate (1500 mg/L) to create sulfate-reducing or 

denitrifying conditions, respectively.  In experiments in which the effect of different 

electron donors was investigated, the medium was supplied with lactate (10 mM); acetate 

(10 mM); glucose (10 mM); a mixture of volatile fatty acids containing acetic (1.00 mM), 

propionic (4.06mM), butyric (3.40mM), valeric (2.94mM), and hexanoic (2.58 mM) 

acids; or H2 (1.2 atm in the headspace).  In one experiment, roxarsone (1 mM) was 

incubated abiotically in the buffered mineral basal medium with either 6 mM FeSO4 or 3 

mM Na2S in the presence and absence of heat-killed sludge. 

To maintain anaerobic conditions, the medium and headspace were flushed with a 

mixture of N2/CO2 gas (80:20, v/v).  In bioassays utilizing H2, the bottles were flushed 

first with N2/CO2; subsequently, 1.5 atm of H2/CO2 (80:20, v/v) was added to the 

headspace of each bottle.  In bottles receiving oxygen, the headspace was flushed with 
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air, and subsequently, 0.2 atm of CO2 was injected into the headspace.  Bottles were 

incubated in the dark at 30 °C.  Experiments were incubated statically unless the use of a 

reciprocal shake table is indicated in the figure captions.  Each experiment included 

several controls.  Abiotic controls were prepared without adding microbial inoculum.  

Killed sludge controls were prepared by adding inoculum and subsequently placing the 

bottles in an autoclave for two successive treatments of 20 min at 120 °C, separated by 1 

day.  An endogenous substrate control was included in the experiment evaluating 

different electron donors. 

 

4.3.3.  Analytical Methods 

 

A high performance liquid chromatograph (Hewlett-Packard 1090 HPLC) with a diode 

array detector (DAD) was used to measure roxarsone, HAPA, and p-arsanilic. The 

chromatograph was equipped with an Ion Pac-AS14 analytical Dionex column (4 x 250 

mm) and an Ion-Pac-AG14 Dionex precolumn (4 x 50 mm).  In the roxarsone and HAPA 

biodegradation assays, samples were diluted 1:1 with ascorbic acid (3000 mg/L) to avoid 

oxidation of HAPA with air or dissolved oxygen.  Samples were centrifuged for 10 min 

at 10 000 rpm.  The eluent utilized was a phosphate buffer (10 mM, pH 7.2), pumped to 

the system at a flow rate of 2 mL/min.  Roxarsone and HAPA were detected at 450 and 

300 nm, respectively.  The injection volume was 5 μL.  Inorganic arsenic species 
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(arsenite (AsIII) and arsenate (AsV) and organic arsenic species (methylarsonic acid 

(MMAV), dimethylarsinic acid (DMAV), methylarsonous acid (MMAIII), 

dimethylarsinous acid (DMAIII), roxarsone, HAPA, and p-arsanilic in liquid samples 

were analyzed by high performance liquid chromatography-inductively coupled plasma 

mass spectrometry (HPLC-ICP-MS) using a method adapted from Gong et al. (9).  The 

HPLC system consisted of an Agilent 1100 HPLC (Agilent Technologies, Inc., Palo 

Alto,CA) with a reversed-phase C18 column (Prodigy 3u ODS(3), 150 x 4.60 mm, 

Phenomenex, Torrance, CA).  The mobile phase (pH 5.85) contained 4.7 mM 

tetrabutylammonium hydroxide, 2 mM malonic acid, and 4% (v/v) methanol at a flow 

rate of 1.2 mL/min.  The column temperature was maintained at 50 °C.  An Agilent 

7500a ICP-MS with a Babington nebulizer was used as the detector.  The operating 

parameters were as follows: rf power, 1500 W; plasma gas flow, 15 L/min; carrier flow, 

1.2 L/min; arsenic measured at 75 m/z; and terbium (IS) measured at m/z 159.  The 

injection volume was 10 μL.  The detection limit for the various arsenic species was 0.1 

μg /L.  Total arsenic concentration in liquid samples was determined by direct injection 

into the ICP-MS.  Total arsenic was calibrated with arsenic trioxide (As2O3) reduce to 

metric standard (Aldrich).  All liquid samples were centrifuged and membrane filtered 

(0.45 μm) immediately after sampling and stored in polypropylene vials (2 ml).  The 

filtered samples were then stored at -20°C until the analysis was performed in order to 

reduce changes in arsenic speciation.   
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Volatile arsenic species were determined by flushing bottles from the biological 

assays with N2 gas for 12 h.  The gas was bubbled through 20 ml of 2 M nitric acid.  

Samples of the scrubbing fluid were analyzed for total arsenic.  The arsenic content in the 

sludge was measured by extracting a sample in 10 mL of HCl (6.75 N) in a MDS 2100 

microwave digestion system (CEM Corporation Matthews, NC) for 35 min.  Soluble 

ferrous iron was determined colorimetrically by the phenanthroline method. 

 

4.3.4.  Chemicals 

 

Roxarsone, HAPA, and p-arsanilic were obtained from Aldrich Chemical Co., Inc 

(Milwaukee, WI), Pfaltz & Bauer, Inc. (Watebury, CT), and Avocado Research 

Chemicals (Heysham, England), respectively. 
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4.4.  Results 

 

4.4.1.  Reduction of Roxarsone 

 

Figure 4-1 shows the results of an experiment in which roxarsone was incubated with 

anaerobic sludge under methanogenic, sulfate-reducing, and denitrifying conditions as 

well as methanogenic conditions supplemented with lactate.  Under denitrifying 

conditions, only negligible removal of roxarsone occurred during the 21-day experiment.  

On the other hand, under methanogenic and sulfate-reducing conditions, rapid decreases 

in the roxarsone concentration were observed.  Roxarsone was removed by 96% after 16 

days.  Supplementation of lactate increased the rate of roxarsone elimination, 

corresponding to 95% removal after 12 days.  Biologically mediated reactions are 

implicated, since roxarsone was not removed in the control lacking added sludge.  The 

slow removal of roxarsone in the heat-killed sludge controls indicated that there are also 

some abiotic mechanisms of roxarsone removal due to components present in the sludge.  

HAPA was identified as a major biotransformation product of roxarsone degradation, 

indicating that the main reaction was a reductive transformation of the nitro group to an 

amino group.  HAPA was recovered with a molar yield of ~75%.  Roxarsone was also 

incubated for 18 days with aerobic activated sludge.  No bioconversion of roxarsone 

occurred under aerobic conditions or under denitrifying conditions.  However, 41-46% 
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removal of roxarsone occurred under anaerobic conditions without and with sulfate 

addition, respectively.  The removal was increased to 71% in the treatment receiving 

lactate (results not shown).  HAPA was recovered as the major biotransformation product 

with a molar yield of 38-50%. 
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Figure 4-1.  Anaerobic biotransformation of roxarsone by methanogenic sludge under 

different redox conditions.  Experiments were incubated on a reciprocal shake table. A. 

Roxarsone concentrations determined by HPLC-DAD. B. HAPA concentrations 

determined by HPLC-DAD. Legend: Abiotic control ( ); heat-killed sludge control (Δ); 

methanogenic ( ); sulfate reducing conditions (■); denitrifying conditions ( ); and 

methanogenic conditions with 10 mM lactate added (▲). 
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An experiment was conducted to evaluate the impact of different electron-

donating substrates on roxarsone biotransformation by anaerobic sludge incubated under 

methanogenic conditions, as shown in Figure 4-2. The endogenous substrate control and 

the acetate-supplemented treatments had the lowest rates of roxarsone reduction.  All 

other electron donating substrates significantly stimulated the roxarsone 

biotransformation rates.  Hydrogen, glucose, and lactate significantly increased the rates 

of roxarsone biotransformation by 2.8-, 1.9, and 1.8-fold, respectively, as compared to 

the endogenous substrate control.  The molar yields of HAPA in the biologically active 

treatments ranged from 67 to 92% of the roxarsone removed.  Ferrous iron (FeII) and 

sulfides are inorganic reducing agents present in anaerobic environments; therefore, the 

ability of stoichiometric amounts of FeSO4 (6 mM) and Na2S (3mM) to reduce roxarsone 

(1mM) abiotically in the presence of heat-killed sludge and the basal mineral medium 

was evaluated (Figure 4-3).  Under these conditions, FeII and, to a lesser extent, S2- 

supported the abiotic reduction of roxarsone.  On day 5, the molar yield of HAPA was 72 

and 22% of roxarsone eliminated by Fe2+ and S2-, respectively. The abiotic reactions 

followed first-order kinetics (dashed lines); whereas the biologically catalyzed reaction 

with H2 as electron donor followed zero-order kinetics (solid line).  The abiotic reactions 

were catalyzed by undefined components in the basal mineral nutrients or autoclaved 

sludge, as evidenced by the negligible rates in the absence of mineral basal nutrients or 

the absence of autoclaved sludge in the case of Fe2+ or S2-, respectively (results not 

shown). 
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Figure 4-2.  Effect of electron donors on the anaerobic biotransformation of roxarsone by 

methanogenic sludge under methanogenic redox conditions. Experiments were incubated 

on a reciprocal shake table. A. Roxarsone concentrations determined by HPLC-DAD. B. 

HAPA concentrations determined by HPLC-DAD. Legend: abiotic control ( ); heat-

killed sludge control (Δ); no added electron donor ( ); acetate, 10 Mm ( ); volatile fatty 

acid mixture (■); glucose, 10 mM ( ); H2, 1.2 atm ( ); and lactate, 10 mM (▲). The 

average zero order fits ((± standard deviation) were-0.222 ((± 0.007),-0.151 ((± 0.015),-

0.143 ((± 0.003), -0.107 ((± 0.006), -0.101 ((± 0.018), and -0.081 ((± 0.003) mM d-1; 

respectively. 
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Figure 4-3.  Effect of reducing agents on the reduction of roxarsone. Legend: roxarsone 

incubated in basal medium in the absence of heat-killed sludge, ; roxarsone incubated 

in basal medium in the presence of heat-killed sludge, ; roxarsone incubated in basal 

medium with 6 mM FeSO4 in the presence of heat-killed sludge, ▲; roxarsone incubated 

in basal medium with 3 mM Na2S in the presence of heat-killed sludge, ; and roxarsone 

incubated in basal medium with living sludge and H2, . The dashed lines are first order 

fits of the abiotic reactions (k = -0.014, -0.153, and -0.067 d-1 and r2 = 0.8483, 0.9733, 

and 0.9880 for no addition, FeSO4, and Na2S, respectively). The solid line is a zero-order 

fit to the biological reaction (k = -0.113 mM d-1, r2 = 0.9975). 
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4.4.2.  Long-term biodegradability of roxarsone  

 

An experiment was conducted to determine the long-term biodegradability of roxarsone.  

The results after 10 days were in agreement with the findings of the first experiment 

(Figure 4-1) in that roxarsone was only partially converted to HAPA in the heat-killed 

sludge treatment (29%) but completely converted to HAPA in the biological active 

treatments amended with lactate (99%).  The molar yield of HAPA was 86% of 

roxarsone removed.  After 120 days, roxarsone was also largely converted in the heat-

killed sludge treatment to HAPA due to a sustained slow abiotic reaction (Table 4-1).  

The HAPA, which accumulated, was recovered at a molar yield of 83%.  

In the two biologically active treatments, the HAPA intermediate was subjected to 

further biodegradation, as evidenced by the dramatically lower HAPA levels on day 120 

as compared to levels that had previously accumulated on day 10. The HPLC-ICP-MS 

data revealed that part of the HAPA that was eliminated had accumulated as AsIII and 

AsV (Table 4-1).  AsIII was the most important inorganic arsenic compound, and it had 

significantly accumulated up to 18% of the arsenic supplied.  The soluble inorganic 

arsenicals (corrected for background) detected in the endogenous substrate and lactate-

fed treatments correspond to a molar yield of 18 and 23% of the phenylarsonic acid 

compounds removed, respectively.  The data of arsenic speciation was compared with the 

total arsenic measured in liquid samples (Table 4-1).  In the biologically active 
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treatments, the sum of identified arsenic species (ª Σsp) accounted for about one-third of 

the arsenic.  Most of the unidentified arsenic was present in the liquid. 

 



 

 

137

Table 4-1.  Balance of Arsenic on Day 120 in the Experiment Evaluating the long-term incubation of roxarsone under 

methanogenic conditions. 
 

 

 

 

 

 

 

 

a Sum of identified species, utilizing HPLC-DAD data for roxarsone and HAPA. 

b Unidentifed As in liquid = total As-sum of identified species; unidentified species not in liquid = 100- total As. 

 

 Roxarsone HAPA AsV AsIII  Total As Unidentifiedb 

Treatment HPLC-DAD HPLC-ICP HPLC-DAD HPLC-ICP HPLC-ICP HPLC-ICP Σ spa ICP In liquid Not in liquid 

 % As Roxarsone Abiotic % Total As Abiotic 

Killed 0.5 ±0.2 0.4±0.1 83.2±6.0 123.6±24.2 4.3±1.0 1.6±0.4 89.6 97.9±8.7 8.3 2.1 

Methan 0 0 20.2±7.0 30.2±12.2 1.7±1.5 13.6±10.9 35.5 96.9±34.6 61.4 3.1 

Meth + lac 0 0 6.0±5.2 6.0±1.7 4.0±1.5 17.9±10 27.9 76.7± 48.8 23.3 
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4.4.3.  Long-term biodegradability of HAPA  

 

Under methanogenic and sulfate reducing conditions, HAPA was significantly removed, 

as compared to the abiotic and heat-killed sludge controls (Figure 4-4).  Lactate 

supplementation had no significant effect on the rates of degradation under methanogenic 

conditions.  The most important biodegradation product observed was AsIII.  On days 

113-134, there was some temporal accumulation of AsV.  The molar yield of soluble 

inorganic arsenicals (corrected for background inorganic arsenic) in the methanogenic 

and sulfate-reducing treatments ranged from 15 to 21% of HAPA removed on day 132 

and ranged from 19 to 28% of HAPA removed on day 229.  No significant removal of 

HAPA occurred in uninoculated or heat-killed sludge controls.  Likewise, there was no 

significant production of inorganic arsenicals in these controls.  These observations 

confirm that the removal in the methanogenic and sulfate reducing treatments was due to 

biological mechanisms.  

The heat-killed control and the methanogenic treatments were incubated up to day 

310, at which time HAPA was removed by 98.9%, and AsIII corrected for background 

levels accounted for 26% of the HAPA removed in the biologically active treatment.  By 

comparison, HAPA was removed by only 38.8% in the heat-killed treatment with 

negligible production of AsIII after the extended incubation (results not shown). 
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Biodegradation under denitrifying conditions was delayed and slower. By the end 

of the experiment (day 229), there was still no significant decrease of HAPA beyond the 

levels in the controls.  The fraction of total arsenic lost from the liquid is indicated by the 

difference between total arsenic in the abiotic control and that of the biologically active 

treatments (the “not in liquid” fraction in Table 4-2).  Up to day 132, the loss of total 

arsenic was minor, ranging from 10 to 19% in the methanogenic and sulfate reducing 

treatments; however, by the end of the experiment on day 229, the loss of total arsenic 

was quite substantial, accounting for 41-53% of the arsenic in the abiotic control.  The 

data of arsenic speciation was compared with the total arsenic measured in liquid samples 

(Table 4-2).  In the methanogenic and sulfate reducing treatments, the sum of identified 

species (ª Σsp) accounted for 59-63% of the arsenic on day 132 and for 30-42% of the 

arsenic on day 229. 
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Figure 4-4.  Anaerobic biotransformation of HAPA during a long-term incubation with 
methanogenic sludge. A. HAPA concentrations. B. As(V) concentrations. C. AsIII 
concentrations. All species shown were determined by HPLC-ICP-MS. Legend: abiotic 
control ( ); heat-killed sludge control (Δ); methanogenic ( ); sulfate reducing 
conditions ( ); denitrifying conditions ( ); and methanogenic conditions with 10 mM 
lactate added (▲). 
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Table 4-2.  Balance of arsenic on days 132 and 229 in the experiment evaluating the long term incubation of HAPA  

under methanogenic conditions (see Figure 4-4). 

 

a Sum of identified species, utilizing HPLC-DAD data for roxarsone and HAPA.  b Unidentifed As in liquid = total As-sum of 
identified species; unidentified species not in liquid = 100- total As.  c Negative number due to an apparent overestimation of 
HAPA concentration by the HPLC-ICP-MS, as compared to total As measured by ICP-MS. 
 

 HAPA AsV AsIII  Total As Unidentifiedb 

Treatment HPLC-ICP HPLC-ICP HPLC-ICP Σ spa ICP In liquid Not in liquid 

 % As HAPA Abiotic % Total As Abiotic 

 Day 132 

killed sludge 93.6±7.1 0.6±0 1.1±0.2 95.3 96.6±6 1.3 3.4 

meth 38.2±7.6 5.6±4.5 19.4±2.8 63.3 85.9±9.8 22.6 14.1 

meth + lact 33.2±5.9 6.5±2.1 19.5±2.5 59.2 84.5±7.7 25.3 15.5 

SO4
2- 43.7±9.8 6.6±0.9 13.1±3.1 63.4 94.3±6.9 30.9 5.7 

NO3
- 110.5±9 4.3±1.1 0.6±0.1 115.5 87.4±4.1 -28.1 12.6 

                           Day 229  

killed sludge 77.7±12.1 1.3±0.3 1.5±0.1 80.4 91±9.1 10.7 9.0 

meth 8.1±2.8 1.3±0.3 20.1±2.6 29.5 47.4±2.9 17.9 52.6 

meth + lact 7.9±2.7 1.0±0.1 25.6±2.2 34.4 59.2±6.8 24.8 40.8 

SO4
2- 13.9±8.9 1.3±0.5 26.7±12.6 42.0 58.4±13.5 16.4 41.6 

NO3
- 72.9±15 5±1.9 0±0.1 78.8 58.7±.9 -19.3 41.3 
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4.4.4.  Long-Term Biodegradability of p-arsanilic 

 

p-arsanilic is structurally related to HAPA and is also used as a feed additive in poultry. 

An initial experiment was conducted to evaluate the biodegradabilty of p-arsanilic by 

anaerobic sludge under several redox conditions.  In this experiment, the HPLC-DAD 

was used to monitor the p-arsanilic concentration. P-arsanilic was subject to immediate 

anaerobic biodegradation in the methanogenic and sulfate-reducing treatments. At the 

end of the experiment (day 68), p-arsanilic degradation reached 71.3-82.8% (results not 

shown).  Partial elimination of p-arsanilic occurred under denitrifying conditions after a 

lag phase of 41 days.  No significant removal of p-arsanilic occurred in the uninoculated 

or heat-killed sludge controls, indicating that the removal in the biologically active 

treatments was due to biodegradation. 

A second experiment was conducted with the methanogenic treatment and 

controls to obtain data about the release of inorganic arsenicals. p-arsanilic was also 

reliably biodegraded under methanogenic conditions in the second experiment (Figure 4-

5).  P-arsanilic biodegradation was accompanied by significant production of AsIII as well 

as a lower production of AsV.  
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 These inorganic arsenicals (corrected for background) were produced at a molar 

yield of 24%, as compared to p-arsanilic eliminated on day 174.  Total As measurements 

indicate that about one-half of the arsenic was removed from the liquid at the end of the 

experiment (results not shown) 

.



 

 

144

 

Figure 4-5.  Anaerobic biotransformation of p-arsanilic during a long-term incubation 

with methanogenic sludge. A. p-arsanilic concentrations determined by HPLC-DAD. B. 

As(V) concentrations determined by HPLC-ICP-MS. C. AsIII concentrations determined 

by HPLC-ICPMS. Legend: abiotic control ( ); heat-killed sludge control (Δ); and 

methanogenic condition ( ) 
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4.5.  Discussion 
 

4.5.1.  Reductive biotransformation of nitro group 

 

The facile reduction of the nitro group in roxarsone to an aromatic amine is in accordance 

with the rapid reduction of nitroaromatics in anaerobic mixed cultures from bioreactor 

sludge (10), sewage effluent (11), and aquatic sediments (12).  Many anaerobic 

microorganisms are also known to readily reduce a variety of nitroaromatic compounds 

(13, 14).  The best studied are clostridia, sulfate-reducing bacteria, and methanogens.  

The reduction of a nitroaromatic group requires the donation of six electrons.  Anaerobic 

microorganisms typically catalyze the reactions with nonspecific nitroreductases 

converting the nitro group via nitroso- and hydroxylamine intermediates to aromatic 

amines by successive addition of electron pairs from the metabolism of an electron-

donating substrate. 

Some insights are available on the enzymatic basis of aryl-nitro reduction in 

anaerobes.  Nitro group reduction in the genus Clostridium is catalyzed by hydrogenases 

and dehydrogenases (15).  In most cases, the nitroreductases are dependent on cofactors 

such as ferredoxin (16) or flavin adenine dinucleotide (FAD) (17).  Reduced ferredoxin 

catalyzed the same reaction as the nitroreductase, suggesting that the role of nonspecific 

reductases is to catalyze the formation of reduced cofactors that, in turn, are responsible 

for the chemical reduction of the nitro group (16).  Four distinct NAD(P)H-dependent 
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nitroreductases were purified from Bacteroides fragilis with varying degrees of substrate 

specificity (18).  Little is known about the biochemical basis of nitroaromatic reduction in 

sulfate-reducing bacteria and methanogens. 

 

4.5.2.  Abiotic reduction of the nitro group 

 

In this study, heat killed sludge was also found to reduce roxarsone to HAPA at 

rates that were 5-fold slower than the biologically active treatments. Nitroaromatics are 

known to be reduced by chemical reducing agents such as ferrous iron (19) and sulfides 

(13, 20) that are potentially present in anaerobic environments.  The measured freely 

dissolved FeII in the assays ranged from 0.018 to 0.072 mM, which would be sufficient 

only to reduce 1.2% of roxarsone added.  Significant chemical reduction of roxarsone to 

HAPA was observed in this study when FeSO4 was supplied at a stoichiometric 

concentration.  Iron may have a role at substoichiometric concentrations in biologically 

active treatments if it is regenerated by iron reducing bacteria.  The total Fe and total S 

content of the sludge utilized in the experiments of this study was 56.6 and 46.6 mg/g 

VSS, respectively (21).  The assay sludge concentration of 1.5 g VSS/L could, thus, 

potentially introduce up to 1.5 e meq/L of FeII and 4.4e meq /L of S2-, sufficient to reduce 

about 1 mM of roxarsone to HAPA. 
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4.5.3.  Electron donors 

 

The electrons to support the biological nitro group reduction are released during 

the anaerobic degradation of substrates.  Remarkably, substantial rates of roxarsone 

reduction to HAPA were evident in treatments without any added electron donor, 

indicating that endogenous decay of sludge biomass was probably supplying the 

electrons.  The endogenous substrate level in the sludge was estimated from the methane 

production after incubating the sludge with inorganic basal medium for 30 days.  The 

methane yield corresponds in value to 18.8 e meq/L.  This concentration of endogenous 

substrate was in excess of the 6 meq e /L required to reduce 1 mM roxarsone to HAPA. 

Addition of the electron donating substrates increased the rates of roxarsone reduction 

beyond the endogenous rate.  The substrates hydrogen, glucose, lactate, and a mixture of 

volatile fatty acids significantly increased rates.  The best results were obtained with 

hydrogen.  On the other hand, acetate had no effect on improving the rate. These 

observations are consistent with studies evaluating the effects of electron donors on 

nitrophenol reduction (13, 22).  Either hydrogen or substrates supplying interspecies 

hydrogen are required for rate enhancement, whereas acetate had no effect because it is 

not commonly a source of interspecies hydrogen. 
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4.5.4.  Biodegradation and biotransformation of aromatic amines 

 

Aromatic amines tend to accumulate in anaerobic environments.  The simplest aromatic 

amine, aniline, is persistent in methanogenic consortia (23, 24); however, there is ample 

evidence that aminophenols, aminobenzoates, and aminosalicylates are mineralized under 

methanogenic conditions to CH4 and NH3 (22, 25-27).  The anaerobic degradation of 

aromatic compounds generally follows a common pathway.  Aromatic compounds are 

first metabolized to benzoic acids, which are ligased with coenzyme A (CoA) and 

simplified to the common intermediate, benzoyl-CoA that is subsequently metabolized 

further by ring reduction (28, 29).  Anaerobic aniline degradation has been described in a 

sulfate-reducing strain (30) and in a facultative denitrifying strain (31).  In both cases, 

degradation is initiated by carboxylation to form 4-aminobenzoic acids. This intermediate 

is subsequently ligased with CoA, forming 4-aminobenzyl-CoA. The amino group is 

reductively deaminated to yield benzyl-CoA (30). Citrobacter freundii strain WA1, 

isolated from a methanogenic consortium, was shown to reductively deaminate 5- 

aminosalicylate, in addition to reducing the benzyl group to yield 2-hydroxybenzyl 

alcohol (27). 

In this study, HAPA and p-arsanilic were slowly biologically eliminated under 

anaerobic conditions.  The metabolism of these two aminophenylarsonic acids was 

associated with the partial release of inorganic arsenic.  This constitutes the first report of 
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a biologically catalyzed rupture of the phenylarsonic group under anaerobic conditions.  

If the phenylarsonic group were hydrolyzed, arsenate would be the most likely species of 

inorganic arsenic released, and arsenate was, indeed, detected in this study; however, 

arsenite was the predominant inorganic species recovered, most likely due to subsequent 

biological reduction of arsenate to arsenite in methanogenic sludge (32). 

 

4.5.5.  Losses in dissolved arsenic 

 

Total arsenic measurements made by direct injections of liquid samples in the ICP-MS 

indicated that most of the arsenic added was recovered in the liquid during incubations of 

~130 days or less; however, the recoveries of total arsenic in the liquid phase of the 

HAPA and p-arsanilic assays after extended incubations of 174 and 229 days, 

respectively, were low (47 to 59%).  These losses can only be clarified by volatilization 

or by accumulation in the sludge.  The contribution due to volatilization was measured 

after incubating HAPA for 310 days under methanogenic conditions, and the volatiles 

accounted for 0.03% of the arsenic supplied initially as HAPA.  These findings are in 

agreement with negligible recoveries of volatiles in experiments conducted under similar 

conditions with arsenite (33).  Therefore, accumulation in sludge would be a more likely 

explanation.  The sludge was extracted with HCl, but the quantity of arsenic recovered 

accounted for only 10% of the missing arsenic.  The arsenic residuals in the sludge are, 
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therefore, present in forms that are not amendable to HCl extraction.  Arsenic is poorly 

extracted from sulfides by HCl (34), which would be consistent with the possibility that 

arsenite formed from aminophenylarsonic acid degradation was becoming sequestered by 

background level sulfides in the sludge, possibly forming orpriment (As2S3) (35).  

Arsenite supplied at 24 μM was observed to become sequestered by 84% in 10 days when 

incubated with the same sludge used in this study (33).  Another possibility is that arsenic 

was present as bound residue in sludge organic matter.  Covalent bonds between aromatic 

amines and soil organic matter are known to be formed under anaerobic conditions as a 

result of experiments evaluating the fate of reduced 15N-trinitrotoluene utilizing 15N NMR 

spectroscopy (36).  

 

4.5.6.  Environmental significance.  

 

The results from this study demonstrate that the commonly utilized feed additive of 

broiler chickens, roxarsone, is rapidly transformed under anaerobic conditions to the 

corresponding aromatic amine, HAPA.  The formation of HAPA is attributable to the 

facile reduction of the nitro group and occurred only under methanogenic or sulfate-

reducing conditions.  During the period of HAPA formation, no significant release of 

inorganic arsenicals from the phenylarsonic acid structure was observed; however, 

HAPA and the closely related p-arsanilic were slowly degraded under anaerobic 
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conditions.  This degradation was associated with the partial release of freely soluble 

inorganic arsenicals in molar yields ranging from 19 to 28% of the amino-substituted 

phenylarsonic acids removed.  The predominant inorganic arsenic species was arsenite, 

most likely due to reduction of released arsenate. 

Nitrogen-substituted phenylarsonic compounds utilized as poultry food additives 

can be transformed under anaerobic conditions to eventually produce the toxic arsenic 

species, arsenite (33).  Thus, in anaerobic environments, such as sediments and 

subsurface soil, such compounds, if present, would lead to potential damage to the 

ecosystem. 
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4.6.  Conclusions 

 

• This study demonstrated that the organoarsenical compounds roxarsone and p-

arsanilic acid can be subjected to biological transformations in anaerobic 

environments. 

 

• Roxarsone was completely biotransformed to its corresponding aromatic amine 4-

hydroxy-3-aminophenylarsonic acid (HAPA) under methanogenic and sulfate 

reducing conditions in short incubation time (12 days). Very low rates of 

degradation where observed in treatments in which nitrate was the electron 

acceptor. 

 

• The endogenous substrate level contained in the sludge was enough to support the 

biological reduction of 1 mM of roxarsone.  However, the addition of exogenous 

electron donor (e.g., glucose, hydrogen, lactate and a mixture of volatile fatty acids) 

accelerated the anaerobic biotransformation rate of roxarsone to HAPA in 

methanogenic assays.  The highest rate was obtained with hydrogen. 
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• In long term incubation experiments (229 days) HAPA was mineralized to arsenate 

(AsV) and arsenite (AsIII).  AsIII was the major specie recovered accounting for up to 

27% of the arsenic recovered.  

• After 174 incubation days p-arsanilic acid was biotransfomed under methanogenic 

and sulfate reducing conditions.  AsV and AsIII were detected in the culture medium 

at the end of the experiment. The inorganic arsenic species accounted for 24% of 

the eliminated p-arsanilic. 

 

• Potential reducing compounds such as ferrous iron and sulfide present in anaerobic 

environments can contribute to the abiotic reduction of roxarsone.  Nonetheless, in 

this study the low concentration of ferrous iron and sulfide were measured in the 

liquid media, suggesting that biological processes were responsible for the 

biotransformation of roxarsone. 

 

• Biotic and abiotic transformation of roxarsone in anoxic environments can lead to 

the formation of more toxic compounds such as AsIII.  Therefore land application of 

animal waste containing roxarsone will have a negative effect on the ecosystem.  
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2Chapter 5 
 
 

Methanogenic Inhibition by Arsenic Compounds 

 

5.1.  Abstract 

 

The acute acetoclastic methanogenic inhibition of several inorganic (arsenate (AsV) and 
arsenite (AsIII)) and organic arsenicals (monomethylarsonic acid (MMAV) and 
dimethylarsinic acid (DMAV), monomethylarsonous acid (MMAIII) 4-hydroxy-3-
nitrophenylarsonic acid (roxarsone) and 4-aminophenylarsonic acid (p-arsanilic acid) and 
4-hydroxy-3-aminophenylarsonic acid (HAPA)) was assayed in short term bioassays.  
Trivalent species, i.e., methylarsonous acid and arsenite, were highly inhibitory, with 
50% inhibitory concentrations of 9.1 and 15.0 μM, respectively, whereas pentavalent 
species were generally non-toxic.  The nitrophenylarsonate derivate, roxarsone, displayed 
moderate toxicity. 
 

                                                 
2 A modified version published in Applied and Environmental Microbiology, 70(9):5688-5691. 
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5.2.  Introduction 

 

Arsenic is a high-priority pollutant that is widely distributed in the environment.  Arsenic 

is a naturally occurring element in rocks and can be released into soils and aquatic 

environments upon weathering or natural dissolution.  The predominant form of 

inorganic arsenic in oxic, aqueous environments is arsenate (AsV). In reducing 

environments, arsenic occurs primarily as arsenite (AsIII).  Methylated organoarsenicals, 

chiefly monomethylarsonic acid (MMAV) and dimethylarsinic acid (DMAV), are 

introduced into the environment as defoliants and herbicides in agriculture (2) or as 

biotransformation products of inorganic arsenicals (3, 13).  MMAV is among the top 

pesticides utilized in the United States, with approximately 2.6 million kg applied 

annually to 3.8 million acres (2).  Roxarsone (4-hydroxy-3-nitrophenylarsonic acid) and 

p-arsanilic acid (4-aminophenylarsonic acid) are used as growth-promoting and antibiotic 

agents in poultry.  Roxarsone is recovered at a high rate from poultry litter that is 

subjected to composting and land application.  The annual emission of roxarsone from 

poultry operations in the United States has been estimated at 900,000 kg per year (11).  

Microorganisms catalyze important transformations of the arsenic cycle, 

including oxidation, reduction, methylation, and demethylation reactions (3, 20). 

Microbial conversion of arsenic compounds and other environmental contaminants can 

be affected by the inhibitory effects displayed by arsenical compounds.  In spite of the 
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environmental significance of arsenical compounds, few studies have addressed 

microbial inhibition by arsenicals in anaerobic environments.  The aim of the present 

study was to assess the inhibitory effects of important inorganic and organic arsenical 

compounds (Figure 5-1) on acetoclastic methanogens in a mixed anaerobic consortium. 

Methanogenic-toxicity data are important, since methanogenesis is the final step in the 

degradation of organic matter in many anaerobic environments, including sediments, 

wastewater treatment systems, and gastrointestinal tracts. 

 

 

 

Figure 5-1.  Chemical structures of the arsenical compounds investigated in this study. 
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5.3.  Material and methods 

 

5.3.1.  Anaerobic microorganisms 

 

Two methanogenic consortia used in our study were granular anaerobic sludges obtained 

from upflow industrial anaerobic treatment plants treating recycled paper wastewater 

(Industriewater Eerbeek, Eerbeek, The Netherlands) and distillery wastewater (Royal 

Nedalco BV, Bergen op Zoom, The Netherlands).  A third methanogenic consortium was 

anaerobically digested sewage sludge (ADSS) obtained from the Ina Road wastewater 

treatment plant (Tucson, Arizona).  The organic contents of the inocula (expressed as 

percentages of volatile suspended solids (VSS) were 12.9% for Eerbeek sludge, 10.0% 

for Nedalco sludge, and 1.1% for ADSS.  The maximum specific acetoclastic 

methanogenic activities of Eerbeek sludge, Nedalco sludge, and ADSS were 240, 928 

and 28 mg of CH4 chemical oxygen demand /g of VSS/day, respectively.  
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5.3.2.  Batch bioassays 

 

The inhibitory effect of arsenic compounds on acetoclastic methanogens was evaluated at 

30 ± 2°C in shaken-batch bioassay mixtures supplied with 33 mM acetate as outlined 

previously (7).  Lactate (10 mM) was used as an electron-donating substrate in one assay.  

When hydrogen was the substrate, the headspace of the vials was supplied with H2-CO2 

(80:20, vol/vol).  On the day following electron donor addition, the desired amount of 

toxicant was added to triplicate flasks by using neutralized concentrated stock solutions.  

Stock solutions of 4-hydroxy-3-arsanilic acid, an aminophenol which is prone to 

autoxidation, were prepared fresh with 200 mg of ascorbic acid/L added to prevent 

oxidative coupling.  Triplicate substrate controls were based on assay mixtures where no 

toxicant was added.  After toxicant additions, the assay mixtures were incubated for 1 h 

prior to the determination of the methane production-versus-time curve.  The methane 

content in the headspace of each assay bottle was determined hourly during the 

subsequent 8- to 24-h incubation period, unless otherwise indicated below.  The specific 

methanogenic activities were calculated from the linear increases in the amounts of 

methane in the vials and the biomass concentrations at the end of the assay as the means 

of the values for triplicate culture flasks.  The IC20, IC50, and IC80 are the inhibitory 

concentrations of a given compound causing, respectively, 20, 50, and 80% decreases in 

methanogenic activity compared to the activity in an uninhibited control. 
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5.3.3.  Analytical methods 
 

Methane and acetic acid contents were determined by gas chromatography as described 

previously (21).  Arsenic speciation in liquid samples was analyzed by ion 

chromatography-inductively coupled plasma-mass spectrometry (IC-ICP-MS) with a 

method adapted from the work of Gong et al. (12). The IC-ICP-MS system consisted of 

an Agilent 1100 HPLC (Agilent Technologies, Inc., Palo Alto,CA) with a reversed-phase 

C18 column (Prodigy 3u ODS(3), 150 x 4.60 mm, Phenomenex, Torrance, CA).  The 

mobile phase (pH 5.85) contained 4.7 mM tetrabutylammonium hydroxide, 2 mM 

malonic acid, and 4% (v/v) methanol at a flow rate of 1.2 mL/min.  The column 

temperature was maintained at 50 °C.  An Agilent 7500a ICP-MS with a Babington 

nebulizer was used as the detector. The operating parameters were as follows: rf power, 

1500 W; plasma gas flow, 15 L/min; carrier flow, 1.2 L/min; arsenic measured at 75 m/z; 

and terbium (IS) measured at m/z 159.  The injection volume was 10 μL.  The detection 

limit for the various arsenic species was 0.1 μg /L. 

The evolution of arsines as a result of microbial activity was determined by 

flushing the headspace of incubated culture flasks with a gentle stream of N2-CO2 gas for 

22 to 24 h and subsequently trapping the arsenic species in a 2 M HNO3 solution.  The 

samples were analyzed by ion chromatography-inductively coupled plasma-mass 

spectrometry for total arsenic. Other parameters (e.g., pH and levels of VSS) were 
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determined according to Standard Methods for the Examination of Water and 

Wastewater (5). 

5.3.3.  Chemicals 

 

Sodium arsenate (Chemical Abstracts Registry number [CAS] 15584-04-0), sodium 

arsenite (CAS 15502-74-6), MMAV (CAS 124-58-3), roxarsone (CAS 121-19-7), and p-

arsanilic acid (CAS 98-50-0) were obtained from Sigma-Aldrich Corp. (St. Louis, Mo.). 

DMAV (CAS 75-60-5) was purchased from Chem Service, Inc. (West Chester, Pa.), and 

4-hydroxy-3-arsanilic acid (3-amino-4-hydroxyphenylarsonic acid; CAS 2163-77-1) was 

purchased from Platz and Bauer, Inc. (Waterbury, Conn.). Monomethylarsonous acid 

[MMAIII; CAS 25400-23-1] was kindly provided by H. V. Aposhian, Department of 

Molecular and Cellular Biology, University of Arizona. 
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5.3.  Results and discussion 

 

5.3.1.  Short term toxicity assays 

 

Table 5-1 lists the IC20, IC50, and IC80 determined for the various inorganic and organic 

arsenicals tested in this study in short-term acetoclastic methanogenic bioassays with 

Eerbeek sludge.  MMAIII and AsIII displayed the highest inhibitory effect towards acetate-

utilizing methanogens, with IC50 of only 9.1 and 15.5 μM, respectively.  The inhibitory 

effect of AsIII was also evaluated in anaerobic assay mixtures supplied with H2 or lactate 

as the electron-donating substrate (Table 5-1).  The highest toxicity was determined in the 

assays with lactate, indicating that syntrophic acetogens are particularly sensitive to AsIII 

inhibition.  Hydrogen-utilizing methanogens, on the other hand, appear to be less 

inhibited by AsIII than acetoclastic methanogens.  In contrast to the trivalent arsenicals, 

the pentavalent species, AsV, MMAV, and DMAV, did not cause noteworthy 

methanogenic inhibition at the highest concentrations tested.  The anaerobic sludge 

consortium used in this study has been shown to result in the dissimilatory reduction of 

AsV to the more toxic AsIII (9).  Nonetheless, AsIII was not detected in the medium at the 

completion of the AsV toxicity assay with Eerbeek sludge, due to the short duration of the 

assay incubations (8 to 24 h).  
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Table 5-1.  IC20, IC50 and IC80 of arsenical compounds against the acetoclastic 

methanogenic activity of Eerbeek sludge with acetate as the substrate.  

Compound                  
(alternate substrate) 

Mol wt IC20  
(μM) 

IC50  
(μM) 

IC80  
(μM) 

Inorganic species     
AsIII 122.9 9.1 15.5 23.5 
AsIII (H2

a) 122.9 10.2 27.1 79.2 
AsIII (Lactatea) 122.9 3.4 4.4 6.1 
AsV 138.9 >500 >500 >500 
AsV (H2

a) 138.9 >500 >500 >500 
     
Methylated organoarsenical 
compounds 

    

MMAV 140.0 >5,000 >5,000 >5,000 
DMAV 138.0 >5,000 >5,000 >5,000 
MMAIII 123.9 2.2 9.1 17.9 
     
Phenylarsonic compounds     
p-arsanilic acid 217.1 >2,300 >2,300 >2,300 
Roxarsone 263.0 251 425 780 
4-hydroxy-aminophenylarsnoic acid 233.1 >600 >600 >600 

      a H2 or lactate (as indicated) instead of acetate was the substrate supplied in this assays. 
 

The short-term toxicity response determined for AsIII and AsV in assays with 

Eerbeek granular sludge was compared with those from tests utilizing two other 

microbial consortia, i.e., Nedalco sludge and ADSS.  Figure 5-2 shows that exposure to 

AsIII led to comparable levels of acetoclastic methanogenic inhibition in the assays of the 

other anaerobic granular sludge (Nedalco).  Acetoclastic methanogens in the ADSS were 

also highly inhibited by AsIII; however, the sharp response started at a threshold of about 

100 μM.  The IC50 was 10-fold higher than those of the granular sludge inocula.  The 
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threshold may have been due to the sequestration of AsIII by the high surface area of fine 

ADSS solids.  Likewise, AsV was tested in ADSS, and concentrations up to 500 μM were 

found to be nontoxic, as was observed for the Eerbeek sludge.  The results therefore 

indicate a relatively high toxicity for AsIII and a low toxicity for AsV for methanogens 

from diverse environments. 

 

 

Figure 5-2.   Inhibitory effects of AsIII on the methanogenic activity of an anaerobic 

consortium in bioassays inoculated with various anaerobic consortia: Eerbeek sludge (●), 

Nedalco sludge (○), and ADSS (Δ).  Data are means of results from three replicated 

culture flasks. Error bars indicate standard errors of the means. 
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5.4.2.  Long term toxicity assays 
 

Additional experiments were conducted to test the toxicity of AsIII and AsV in long-term 

assays.  AsIII supplied to acetate-fed Eerbeek sludge assays at 15.5 and 23.5 μM initially 

resulted in 61.7 and 82.6% inhibition, respectively, in the first 10 h of exposure.  

However, the inhibition decreased to 29.9 and 52.6% inhibition, respectively, after 3 

days, and to 17.7 and 36.9% inhibition, respectively, after 7 days.  The decrease in 

inhibition was clearly due to the sequestration of AsIII, which decreased in concentration 

by 88.4% ±  2.0% and 84.2% ±  3.8%, after 10 days, respectively, in the assays initially 

receiving 15.5 and 23.5 μM AsIII.  The formation of As2S3 precipitates (15, 19, 22) is 

plausible since the background sulfide in Eerbeek sludge was 0.053 mM.  This sulfide 

concentration together with the neutral pH value in the toxicity assays is well within the 

range considered suitable for precipitation of amorphous As2S3 (15).  Volatile arsenicals 

were also measured and found to account for only 0.04 to 0.40% of added AsIII.  These 

low yields are consistent with arsine production data from methanogenic cultures (17, 

18). 

Arsenate (500 μM) was initially nontoxic to acetoclastic methanogens in ADSS; 

however, prolonged exposure of 4 days or more resulted in complete methanogenic 

inhibition sustained for the remainder of a 10-day experiment.  The sudden change in 

toxicity can be attributed to the facile reduction of AsV to AsIII in anaerobic sludge (9).   

The experiment also demonstrates that no immediate physiological adaptation to AsIII
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occurs in methanogens when they receive sustained exposure to AsIII via AsV reduction. 

Few studies have evaluated methanogenic inhibition by arsenicals.  AsIII was found to be 

completely inhibitory to methanogenesis in marsh sediments when it was tested at a 

single concentration of 13.3 mmol kg-1 (dry weight) (4).  AsIII was also shown to inhibit 

fermentative activities of rumen microorganisms (10).  The general trends observed in 

two studies with aerobic mixed cultures (activated sludge and microflora from agriculture 

drainage) indicated a considerably higher toxicity for AsIII than for AsV, MMAV, and 

DMAV (14, 23), as was observed here for the methanogenic consortium. 

The microbial toxicity of AsIII and AsV has been attributed to different 

mechanisms. AsIII binds to protein sulfydryl groups (13) and has been reported to inhibit 

over 200 different enzymes (1).  The sensitivity of methanogens to AsIII might be related 

to the reaction of coenzyme M, which is a thiol containing compound central to the 

biochemistry of methanogenesis (6, 8).  AsV is a phosphate analog that can cause 

uncoupling of substrate-linked and respiratory chain phosphoprylation (13, 24).  
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5.4.3.  Toxicity of phenylarsonic compounds 
 

Figure 5-3 shows the acetoclastic methanogenic inhibition displayed by various 

phenylarsonic compounds as a function of their concentration in the culture medium.  No 

major inhibition was observed for the aminophenyl arsenic compounds 4-hydroxy-3-

arsanilic acid and p-arsanilic acid at concentrations as high as 600 and 2,300 μM, 

respectively.  On the other hand, roxarsone caused 50% inhibition at a concentration of 

425 μM.  No previous studies evaluating the anaerobic microbial toxicity of 

phenylarsonic compounds have been conducted.  However, the IC50 of roxarsone was 

determined by a Microtox assay to be 3,160 μM for the aerobic luminescent marine 

bacterium Photobacterium phosphoreum (16).  Roxarsone is much less toxic to 

methanogens than other structurally related nitroaromatic compounds (7).  The lower 

toxicity is probably related to the arsonate substituent, which is dissociated at the culture 

pH.  This observation is in keeping with the fact that nitroaromatics bearing dissociated 

carboxylic groups are less inhibitory than homologous compounds lacking ionized groups 

(7).  In anaerobic environments, AsV is readily reduced to AsIII (9, 20). 
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Figure 5-3.  Inhibitory effects of several orgarsenic compounds, p-arsanilic acid (O), 

roxarsone (▲), and 4-hydroxy-3-arsanilic acid (●), on the acetoclastic methanogenic 

activity of an anaerobic microbial consortium.  Data are means of results from three 

replicates. Error bars indicate standard errors of the means. 

 

5.4.3.  Environmental significance 

 

Based on results presented here, it can be concluded that accumulation of the highly toxic 

trivalent arsenic species, resulting from the reductive biotransformation of pentavalent 

arsenicals, could potentially have a serious impact on methanogenesis. 
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5.4.  Conclusions 

 

• Methanogenic activity is highly susceptible to the presence of inorganic (e.g. arsenite 

(AsIII) and arsenate (AsV)) and organic arsenic species such as monomethylarsonous 

acid (MMAIII), dimethylarsinic acid (DMAV), monomethylarsonic acid (MMAV), 4-

hydroxi-3-nitrophenylarsonic acid (roxarsone), 4-aminophenylarsonic acid (p-

arsanillic) and 4-hydroxy-3aminophenylarsonic acid (HAPA). 

 

• MMAIII and AsIII were the most toxic arsenic forms to acetate and hydrogen-utilizing 

methanogens in short-term incubation time (8-24 hrs). 

 

• No significant inhibitory effect was observed at AsV concentrations up to 500 μM and 

during incubation time ranging from 8 to 24 hrs. 

 

• The high toxicity of AsIII to acetoclastic methanogens from three different inoculums 

(Eerbeek, Nedalco and anaerobically digested sewage sludge) indicate that 

methanogens from different environments are more susceptible to the trivalent 

inorganic As than to the pentavalent inorganic species. 
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• AsV caused complete inhibition in long term (4 days) incubation bioassays perhaps 

due to the biological reduction of AsV to AsIII. This finding indicates that microbial 

reduction of AsV to AsIII will increase the inhibitory impact of arsenic. 

 

• MMAV and DMAV were not inhibitory to the activity of acetoclastic methanogens at 

concentration as high as 5,000 μM in short-term incubation experiments (8-24 hrs). 

 

• Roxarsone caused 50% inhibition on the acetoclastic methanogenic activity at a 

concentration of 425 μM. 

 

• P-arsanilic acid and HAPA caused no noteworthy inhibition to acetoclastic 

methanogens at concentration up to 2,300 and 600 μM. 

 

• Results from this study indicate that methanogenic activity in the environment will be 

severely inhibited by the presence of trivalent arsenic species that can result for the 

reduction of pentavalent arsenic species. 
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Chapter 6 
 

Methanogenic Inhibition by Organo Arsenical Compounds 
 

6.1.  Abstract 

 

The inhibitory effect of various aromatic arsenical compounds on the activity of 
methanogenic microorganisms was evaluated in long-term bioassays with a duration of 
19 days.  Hydrogenotrophic and acetoclastic methanogens differed in their susceptibility 
to inhibition by the organoarsenical compounds, the latter being generally more sensitive. 
Roxarsone (4-hydroxy-3-nitro-phenylarsonic acid), p-arsanilic (4-amino-phenylarsonic 
acid), and HAPA (4-amino-3-nitrophenylarsonic acid) were found to cause severe 
inhibition of acetate- and H2-utilizing methanogens when supplemented at concentrations 
of 1 mM, and their inhibitory effect increased with incubation time.  Phenyl-arsonic acid 
(1 mM) was inhibitory to acetoclastic but not to H2-utilizing methanogens.  In contrast 
with these results, phosphonic acid (1 mM), a chemical analog of phenyl-arsonic acid, did 
not cause any significant inhibition.  These results suggest that the presence of nitro and 
arsonate groups contributes to increase the toxicity of aromatics towards methanogens. 

HAPA is a metabolite from the anaerobic biodegradation of roxarsone.  In short-
term bioassays with a duration of 8 hours, the unoxidized amino-aromatic compound is 
not toxic to methanogens.  HAPA was shown to be subject to spontaneous autooxidation 
reactions which result in the formation of highly toxic degradation products.  However, a 
further decrease in the methanogenic toxicity was observed upon extensive aeration (air 
sparging at pH 9.1 for more than 4 days, which might be related to the formation of high 
molecular weight polymers. 

These findings confirm the microbial toxicity of organoarsenical compounds. 
Furthermore, they indicate that biotic and abiotic transformations in the receiving 
environment should be expected to have a considerable impact on the microbial toxicity 
of some of these compounds. 
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6.2.  Introduction 

 

Organoarsenical compounds in the environment can result from microbial metabolic 

processes (1-3).  Also a variety of organoarsenical compounds are synthesized by man 

and extensively used as pesticides in agriculture in the United States and elsewhere (4,5).  

Dimethylarsinic acid (DMAV) and monomethylarsonic acid (MMAV) are herbicides used 

in agriculture (6) and biotransformation products of inorganic arsenic species (1,7).  

Roxarsone (4-hydroxy-3-nitrophenylarsonic acid) is an aromatic arsenic compound 

commonly used as a feed additive in the poultry industry to enhance growth by 

preventing coccidian parasites.  p-Arsanilic acid (4-aminophenylarsonic acid) is less 

frequently used for the same purpose.  Based on broiler production and roxarsone feed 

dosage, approximately 900 metric tons of roxarsone is estimated to be released into 

environment in the U.S. annually, equivalent to 250 metric tons of arsenic (8).  Most of 

the roxarsone supplied to the broilers is excreted without any structural changes (9).  

Land application of chicken manure as fertilizer is a common practice in crop growing 

fields near to poultry houses.  Organic arsenic compounds and other herbicides when 

applied in agriculture fields can be exposed to biotic and abiotic conditions in the 

environment that can lead to the formation of more toxic and mobile metabolites.  As an 

example, roxarsone can be microbially reduced in anaerobic environments to the 
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corresponding amino-aromatic compound, 4-hydroxy-3-aminophenylarsonic acid 

(HAPA) (2,5).  

Microbial transformations play a pivotal role in dictating the speciation and fate 

of arsenic in the environment.  Methanogenic activity is an important final step in the 

catabolism of organic compounds in many anaerobic environments.  Therefore it is 

important to evaluate the effect of organoarsenical compounds on the activity of 

methanogenic microorganisms. 

There is a general lack of information on the microbial toxicity of organoarsenic 

compounds or the products formed from their degradation in aerobic and anaerobic 

environments.  The objective of this study was to evaluate the inhibitory effect of a series 

of aromatic arsenical compounds and their known metabolites towards methanogenic 

microorganisms.  Compounds structurally related were chosen, i.e. roxarsone, HAPA, p-

arsanilic acid, and phenyl-arsonic acid (Ph-As), to evaluate the impact of different 

chemical functional groups on microbial inhibition.  Phenyl-phosphonic acid (Ph-P), an 

analogue of phenyl-arsonic acid, was also included in the study to compare the impact of 

the arsonic group on the methanogenic toxicity.  The chemical structure of the 

compounds assayed is illustrated in Figure 6-1. 
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Figure 6-1.  Chemical structure of organoarsenical compounds considered in this study. 
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6.3.  Material and methods 
 

6.3.1.  Anaerobic microorganisms and basal mineral media  
 

Anaerobic methanogenic sludge in the form of biofilm granules was used as inoculum in 

the bioassays.  The consortium was obtained from an industrial anaerobic treatment plant 

treating recycled paper wastewater (Industriewater, Eerbeek, The Netherlands).  The 

content of volatile suspended solids (VSS) in the sludge was 12.9%.  The sludge was 

stored at 4°C under a N2 atmosphere. 

The basal mineral media (pH 7.2) used in the methanogenic toxicity tests had the 

following composition (mg/L): KH2PO4 (41); CaCl2•2H2O (11); MgSO4•7 H2O (11); 

MgCl2•6H2O (87); NH4Cl (742); NaHCO3 (3,333); yeast extract (20) and 1 ml/L of a 

trace element solution containing (in mg/L): FeC13.4 H20, 2000; CoCl2. 6 H20, 2000; 

MnCl2•4 H20, 50; AlCl3•6 H20, 90; CuCl2•2H20, 30; ZnCl2, 50; H3BO3, 50; 

(NH4)6Mo7O2•4 H2O, 90; Na2SeO3•5 H2O, 100; NiCl2•6 H20, 50; EDTA, 1000; HCl 36% 

(1 ml).  The pH of the medium was adjusted with HCl or NaOH, as needed. 

All bioassays were conducted in an orbital shaker (120 rpm) at a temperature of 

30±2°C. 
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6.3.2. Methanogenic toxicity bioassays 

 

Short-term bioassays.  The inhibitory effect of organic arsenical compounds towards 

acetoclastic methanogens was evaluated in shaken batch bioassays.  Serum flasks (160 

mL) were supplemented with 25 mL of mineral media and sodium acetate (2 g COD/L), 

and inoculated with the anaerobic consortia (1.5 g VSS/L).  Treatments were conducted 

in triplicate.  The bottles were sealed with butyl rubber septa and crimp aluminum seals 

and flushed with a gas mixture of N2/CO2 (80:20, v/v) for 2-3 min to create an anaerobic 

atmosphere.  To promote maximum methanogenic activity in the assays, treatments were 

incubated for 12-14 hrs before the addition of the toxicant.  After the adaptation period, 

the headspace was flushed with N2/CO2 for 2-3 min to remove the methane and, 

subsequently, the desired concentration of the toxicant was supplemented by injecting a 

known volume of a concentrated stock solution.  Control flasks lacking toxicant were run 

in parallel.  Flasks were again incubated for 10-12 hrs.  Samples of the gas in the 

headspace were obtained periodically (every 1.5-3.0 hrs) and analyzed for methane. 
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Long-term toxicity assays.  The long-term inhibitory effect of organic arsenic compounds 

to acetoclastic and autotrophic methanogenic microorganisms was evaluated in shaken 

batch bioassays incubated for 19 days.  In this test, the inoculum was also subjected to an 

adaptation phase as described above.  The exogenous substrate (acetate or hydrogen) was 

supplemented in three feedings.  The first feeding was provided at the beginning of the 

experiment, the second at day 7, and the third at day 13.  Previous to each feeding, the 

methane accumulated in the headspace was removed by flushing with a mixture of 

N2/CO2 gas (80/20, v/v). Acetate in the second and third addition was added by injecting 

a neutralized, concentrated stock solution (0.5 ml) in order to minimize dilution of the 

culture medium.  Hydrogen was supplied as gas mixture of H2/CO2 (80:20, v/v) in the 

headspace (10 psi). The serum flasks were incubated for 1 hr before methane content 

started to be measured.  Samples of the headspace were analyzed for methane every 1.5-

3.0 hrs for 12-14 hrs on the first day, then one or twice per day during the next 7 days.  

The same procedure was followed to replenish acetate and monitor methane production 

in successive feedings.  The culture medium and inoculum was not replaced during the 

course of the experiment.  Control treatments lacking the organic arsenic compounds 

were run in parallel. 

The maximum specific methanogenic activity value for each treatment was 

quantified by determining the maximum methane production rate (slope) in the 

corresponding cumulative methane versus incubation time plot.  The methanogenic 
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activity data were normalized based on the methanogenic activity determined in 

uninhibited controls; i.e.,  

 

%ACT = 100 x max. spec. methanogenic activity]-treatment/max. spec. methanogenic activity]-control 

 

The percent inhibition was calculated as:   %INHIB = 100 - %ACT 

 

The toxicant concentrations resulting in a decrease of the methanogenic activity 

of 20% (IC20), 50% (IC50) and 80% (IC80) were obtained as the arithmetic average of 

triplicate treatments. 

 

6.3.3.  Preparation of HAPA solutions 

 

Preparation of 3-amino-4-hydroxyphenylarsonic acid (HAPA) solution requires special 

attention.  Although the aqueous solubility of HAPA at room temperature is 

approximately 600 mg/L (Cortinas, unpublished), the compound dissolves very slowly at 

ambient conditions.  HAPA solutions were prepared by dissolving the compound in water 

amended with ascorbic acid (200 mg/L).  To ensure complete dissolution of this organic 

arsenical compound, the solution was stirred at 60°C for approximately 10 min.  Ascorbic 

acid, a reducing agent, was supplement to prevent auto-oxidation of HAPA. 
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Oxidized HAPA solutions were prepared by raising the pH of the solution to 9.1 

with NaOH and bubbling air for the desired period of time.  The oxidation was stopped 

by adjusting the pH to 7 with HCl, and adding immediately ascorbic acid to a final 

concentration of 200 mg/L.  Water was added to compensate for the evaporation losses. 

In the absence of ascorbic acid, spontaneous oxidation of HAPA also occurred by passive 

aeration. 

 

6.3.4. Analytical methods 

 

The methane content in the headspace of the flasks was determined by gas 

chromatography using a HP5290 Series II system (Agilent Technologies, Palo Alto, CA) 

equipped with a flame ionization detector (GC-FID).  The GC was fitted with a Nukol 

fused silica capillary column (30 m length x 0.53 mm ID, Supelco, St. Louis, MO).  The 

temperature of the column, the injector port and the detector was 140, 180, and 275°C, 

respectively.  The carrier gas was helium at a flow rate of 9.3 ml/min and a split flow of 

32.4 mL/min.  Samples from the headspace (100 μl) were collected using a pressure-lock 

gas syringe. 

Inorganic arsenic species (arsenite (AsIII), and arsenate (AsV)) and organic arsenic 

species (roxarsone and HAPA) in liquid samples were analyzed by HPLC/inductively 

coupled plasma/ mass spectrometry (HPLC-ICP-MS) using a method adapted from (10).  
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The HPLC system consisted of an Agilent 1100 HPLC (Agilent Technologies, Inc., Palo 

Alto, CA) with a reverse-phase C18 column (Prodigy 3u ODS(3), 150 x 4.60 mm, 

Phenomenex, Torrance, CA).  The mobile phase (pH 5.85) contained 4.7 mM 

tetrabutylammonium hydroxide, 2 mM malonic acid and 4% (v/v) methanol at a flow rate 

of 1.2 mL/min.  The column temperature was maintained at 50 C. An Agilent 7500a ICP-

MS with a Babington nebulizer was used as the detector.  The operating parameters were 

as follows:  Rf power 1500 watts, plasma gas flow 15 L/min, carrier flow 1.2 l/min, and 

arsenic was measured at 75 m/z.  The injection volume was 10 μL.  The detection limit 

for the various arsenic species was 0.1 μg/L.  

The total concentration of arsenic in liquid samples was determined using an 

Agilent 7500a ICP-MS fitted with an ASX500 autosampler (CETAC Technologies, 

Omaha, NE).  The analytical system was operated at a Rf power of 1500 W, a plasma gas 

flow of 15 l/min and a carrier gas flow of 1.2 L/min.  The acquisition parameters used 

were: arsenic measured at m/z 75; iterbium (IS) measured at m/z 159; 3 points per peak; 

1.5 s dwell time for As, 1.5 s dwell time for Tb; number of repetitions = 7. 

Some roxarsone and HAPA analyses were performed using an HPLC with a diode 

array detector (Hewlett-Packard 1090 system).  The chromatograph was equipped with an 

Ion Pac-AS14 analytical Dionex column (4 x 250 mm) and an Ion-Pac-AG14 Dionex 

precolumn (4 x 50 mm), which were maintained at room temperature.  Phosphate (10 

mM; pH 7.2) was used as the eluent at a flow rate of 2 ml/min.  The injection volume was 

25 μL.  Roxarsone and HAPA were detected at a wavelength of 222 nm.  
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In some experiments, the decrease in HAPA concentration as a result of oxidative 

transformations was also monitored spectrophotometrically (UV-160 model, Shimadzu 

Scientific Instruments, Colombia, Md) at 296 nm.  Liquid samples were diluted in a pH-

7.2, 10 mM phosphate buffer. 

Other parameters (e.g., pH, VSS, COD) were determined according to Standard 

Methods (11). 

 

6.3.5. Chemicals 

 

Roxarsone (Chemical Abstracts Registry number [CAS] 121-19-7; 98% purity), and p-

arsanilic acid (CAS 98-50-0; 98% purity) were obtained from Sigma-Aldrich Corp. (St. 

Louis, Mo.).  4-hydroxy-3-arsanilic acid (3-amino-4-hydroxyphenylarsonic acid; CAS 

2163-77-1; 97% purity) and benzene arsonic acid (phenylarsonic acid; CAS 98-05-5; 

99% purity) were purchased from Platz and Bauer, Inc. (Waterbury, Conn.) and benzene 

phosphonic acid (phenylphosphonic acid; CAS 1571-33-1; 98% purity) was acquired 

from Alfa Aesar (Ward Hill, Ma). 
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6.4.  Results 
 

6.4.1.  Methanogenic toxicity of aromatic organoarsenical compounds 
 

The inhibitory effect of various aromatic arsenic compounds (1mM) towards acetoclastic 

and autotrophic methanogens was evaluated in long-term bioassays with a duration of 19 

days.  Acetoclastic methanogens were generally more susceptible to inhibition by 

organoarsenical compounds than hydrogenotrophic methanogens (Figure 6-2, Table 6-1). 

For both methanogenic groups, the results demonstrated that the inhibitory effect of the 

organic arsenic compounds increased with increasing exposure time.  Roxarsone was the 

most severe inhibitor of acetate-utilizing methanogens and exposure to this compound 

resulted in a decrease of the methanogenic activity of 84%, 90% and 95% in feeds I, II 

and III, respectively (Figure 6-2A, Table 6-1). 3-amino-4-hydroxyphenylarsonic acid 

(HAPA), p-arsanilic and phenyl-arsonic acid (Ph-As) displayed little or no inhibition 

during the initial four days of exposure.  However, the latter compounds caused a marked 

decrease of the methanogenic activity at longer times of incubation (> 97% inhibition in 

the second and third feeding).  The activity of acetoclastic methanogens was only 

marginally affected when phenyl-phosphonic acid (Ph-P) was added to the treatments. 

In contrast with the results obtained in the acetoclastic bioassays, p-arsanilic acid 

was found to be the most toxic compound to hydrogenotrophic methanogens during the 

three feeds (Figure 6-2B, Table 6-1).  Exposure to p-arsanilic acid resulting in a decrease 
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of the H2-utilizing activity of 68% in the first feed, 95% in the second feed and 97% in 

the third feed.  During the first feeding, the inhibitory effect HAPA and Ph-As was 28%, 

while roxarsone caused 50% inhibition.  In the second feeding, HAPA inhibition 

increased significantly to 79%, while roxarsone toxicity decreased to 20%. In the last 

feeding, roxarsone and HAPA caused 57% and 89%.  Relatively low or no inhibitory 

effect of H2-utilizing methanogens was observed when Ph-As and Ph-P were added. 
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Figure 6-2.  Cumulative methane production with organic arsenical compounds (1 mM) 

by acetate utilizing methanogens (A) and hydrogen utilizing methanogens (B) as a 

function of time in long-term incubation bioassays.  Control lacking toxicant ( ); 

roxarsone ( ); p-arsanilic acid (▲); phenylarsonic acid ( ); 3-amino-4-

hydroxyphenylarsonic acid ( ) and phenylphosphonic acid ( ). Data are the mean values 

of three replicates.  Error bars represent the standard deviation of the averages. Note: 

ascorbic acid (200 mg/L) was supplied to the mineral media to prevent HAPA and p-

arsanilic oxidation.  
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6.4.2.  Inhibition of acetate-utilizing methanogens by oxidized HAPA 

 

HAPA is a metabolite formed from the anaerobic biodegradation of roxarsone.  The 

impact of HAPA (HAPA unoxidized) and HAPA exposed to air (HAPA oxidized) towards 

acetoclastic methanogens was evaluated in short-term bioassays with a duration of 8 hrs.  

Ascorbic acid was used as a reducing agent to prevent oxidation of HAPA.  Passive 

oxidation occurred when HAPA solutions were exposed to air during mechanical stirring, 

which was required to facilitate the dissolution of the aromatic compound.  In bioassays 

where no ascorbic acid was supplied, the inhibitory effect of oxidized HAPA 

(Experiment A, passive aeration for 40 min) towards acetoclastic methanogens was 

considerably higher when compared with unoxidized HAPA.  The rate of methanogeneis 

was also strongly dependent on the initial concentration of HAPA (Figure 6-3).  At initial 

concentrations of less than 0.285 mM, the methanogenic activity remained high, close to 

90% of the control activity.  Concentrations higher than 1.7 mM resulted in a sharp 

decrease of the specific methanogenic activity.  The IC20, IC50 and IC80 values for HAPA 

in Experiment A were 0.4, 1.1 and 1.8 mM, respectively. 

The impact of oxidative reactions on the microbial toxicity of HAPA was further 

tested in a second experiment (Experiment B) in which the aqueous solution was exposed 

to passive aeration for 12 min.  In agreement with Experiment A, HAPA solutions 

provided with ascorbic acid were not or only moderately inhibitory (Figure 6-4), while 

oxidized solutions caused severe methanogenic inhibition.  It is important to note that the 
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inhibitory effect of HAPA increased considerably with oxidation time (Figure 6-4).  As 

an example, HAPA (2.6 mM) caused 14.2, 54.7 and 92.4% inhibition in assays utilizing 

the compound solutions previously exposed to passive aeration for 0, 12 and 44 min. 
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Figure 6-3.  Cumulative methane production in the presence of different concentration of 

HAPA (no ascorbic acid added) as a function of time by acetoclastic methanogens. 

Control, no HAPA added ( );  0.1 mM ( ); 0.2 mM (▲); 0.4 mM ( );  0.9 mM  ( )  ; 

1.7 mM ( ); 2.6 mM ( ).  Data are the arithmetic average values of three replicates. 

Error bars represent the standard error of the averages.  
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Figure 6-4.  The effect of HAPA concentration on the activity of acetoclastic 

methanogens in the presence and absence of the reducing agent, ascorbic acid.  The 

methanogenic activity is expressed as percent of the activity determined in uninhibited 

controls. HAPA and ascorbic acid used to avoid oxidation ( ); HAPA oxidized for short 

period of time ( ); HAPA oxidized for longer time ( ). Data are the mean values of 

three replicates. Error bars represent the standard deviation of the averages. 
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Table 6-1.  Impact of exposure time on the inhibitory effect of organo-arsenical 

compounds to acetate-utilizing methanogens and to hydrogen-utilizing methanogens. 

                                       ----------------   Inhibition  (% of Control)   ------------------------ 

 Acetate-utilizing 
Methanogens 

     H2-utilizing      
Methanogensc 

Compound & I II† III‡ I II† III‡ 

Roxarsone 84.3 90.1 95.6 50.2 19.7 56.7 

HAPA 50.7 98.6 97.1 28.0 79.4 89.4 

p-arsanilic 39.5 99.7 98.4 68.3 94.6 97.2 

Phenyl-arsonic acid 54.7 98.9 100.0 28.0 13.7 3.82 

Phenyl-phosphonic acid  7.4 0  7.9  8.4 0 0 

* The organoarsenical concentration used in the bioassays was 1mM. 
† Second feed was on day 7. 
‡ Third feed was on day 13. 
& Ascorbic acid (200 mg/L) was provided in the culture medium of these experiments. 

 

6.4.3.  Effect of oxidation time on HAPA inhibition towards acetoclastic methanogens 

 

Result presented in the previous sections confirmed the inhibitory impact of HAPA 

subjected to oxidation towards acetoclastic methanogens.  Additional short-term batch 

bioassays were performed to evaluate the impact of the extent of oxidation on the 

microbial toxicity of HAPA.  To promote oxidation of HAPA, alkaline solutions of the 

compound were subjected to air sparging for different periods of time, as described in the 

Materials and Methods section. Solutions containing initial HAPA concentrations ranging 
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from 0.02 to 2.0 mM were oxidized for 4 min, 1 hr, 16 hrs, 4 days and 16 days.  Figure 6-

5 and 6-6 show the effect of different oxidation times on the residual methanogenic 

activity determined in these assays.  Table 6-2 lists the IC20, IC50 and IC80  values 

determined for the solutions oxidized for different periods of time.  The results confirm 

unequivocally that the methanogenic toxicity of HAPA increases with the time of 

oxidation up to 16 hours, and that further oxidation resulted in a decrease of the 

inhibitory effect. 

The concentration of HAPA in the culture media decreased with increasing 

oxidation time, particularly after 16 hrs (Table 6-3).  Similarly, the total As decreased 

considerably after extended aeration periods.  Only traces of AsIII and AsV were detected 

in the oxidized solutions. These results confirm that HAPA is subject to oxidative 

reactions which result in the formation of unknown degradation products, including 

insoluble arsenic compounds.  HAPA oxidation also caused appreciable changes in the 

color of the solution.  While solutions of HAPA containing ascorbic acid were colorless, 

solutions oxidized for short periods of times presented a light yellow color and solutions 

oxidized aggressively by aeration at alkaline pH values (pH 9.1) presented a strong 

yellow-brownish color. 
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Figure 6-5.  Effect of HAPA concentration and HAPA oxidation time on the activity of 

acetoclastic methanogens. Solutions containing different concentration of HAPA were 

oxidized aggressively by sparging air for 4 min ( ), 1 hr ( ), 16 hrs ( ), and 4 days 

( ); HAPA supplied with 200 mg/L ascorbic acid, not aerated ( ). Data are the mean 

values of three replicates. Error bars represent the standard error of the means. 
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Figure 6-6.  Effect of oxidation time on the inhibitory effect of HAPA and HAPA 

oxidation products to acetate-utilizing methanogens. The methanogenic activity is 

expressed as percent of the activity determined in uninhibited controls.  The initial HAPA 

concentration was 0.5 mM. Solutions were adjusted to pH 9.1 and oxidized by sparging 

air for 4 min, 1 and 16 hrs.  Data are the arithmetic average values of three replicates. 

Error bars represent the standard deviation for the averages. 
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Table 6-2.  IC20, IC50 and IC80 values of HAPA oxidized at different time against 

acetoclastic methanogenic activity. 
 

Oxidation time       IC 20 (μM) IC 50 (μM) IC 80 (μM) 

 

4 min 

 

< 500 

 

1,157 

 

2,009 

1 hr     70   760   139 

16 hrs  < 20   152   447 

4 days  < 20   368   930 

16 days   188   485   832 

 
 
 
Table 6-3.  HAPA and total arsenic in bioassays with unoxidized HAPA and with HAPA 

oxidized by passive aeration for 40 min (Exp. A) or 12 min (Exp. B). 
 

Treatment 
Oxidation 

Time (hrs) 

Incubation 

time (hrs) 

 

HAPA (mM)  As-Total (mM) 

HAPA+Ascorbic 0 0 2.36 ± 0.03 2.06 ± 0.14 

HAPA(no ascorbic) 1 0 2.19 ± 0.03 2.18 ± 0.00 

(Exp A) 4 0 2.27 ± 0.35 2.45 ± 0.12 

HAPA (no ascorbic) 0.2 4 1.23 ± 0.03 1.57 ± 0.10 

(Exp. B) 1 4 1.17 ± 0.10 1.38 ± 0.10 

 4 4 1.51 ± 0.11 1.85 ± 0.05 

 16 4 1.23 ± 0.11 1.60 ± 0.05 

 48 4 0.43 ± 0.06 0.73 ± 0.10 
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6.5.  Discussion 

 

6.5.1.  Methanogenic inhibition by organoarsenical compounds 

 

Several aromatic arsenical compounds, including roxarsone, p-arsanilic, HAPA and 

phenyl-arsonic acid, were found to cause severe inhibition of acetate- and H2-utilizing 

methanogens when supplemented at concentrations of 1 mM.  Hydrogenotrophic and 

acetoclastic methanogens differed in their susceptibility to inhibition by the 

organoarsenical compounds, the latter being generally more sensitive.  The reasons for 

this observation are unknown.  Roxarsone and p-arsanilic acid were the most inhibitory 

compounds towards acetate and H2-utilizing methanogens, respectively. In contrast, 

phenyl-phosphonic acid (1 mM) did not have any impact on the specific methanogenic 

activity of the anaerobic consortium utilized in this study, and phenyl-arsonic acid only 

caused marginal inhibition of H2-utilizing methanogens.  These results suggest that 

presence of arsonic acid and nitro functional groups in aromatic compounds is associated 

with increased methanogenic toxicity. There is a general lack of information on the 

microbial toxicity of phenyl arsonate compounds, but the methanogenic inhibition of 

nitro aromatic compounds is well documented in the literature (12-14).  Donlon et al. 

(1995) demonstrated that the toxicity of nitro-substituted aromatic compounds was 

related to the chemical reactivity rather than the partitioning on bacterial membranes 
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(12).  Nitroaromatic compounds have been reported to interact with proteins inactivating 

enzymatic activity (15) or uncouple phosphorylation reactions(16). Gorontzy et al. 

(1993), suggest that the toxicity of nitro aromatic or reduced intermediate compounds 

may be due to interaction with the unique cell membrane of methanogens(17).  Donlon et 

al. (1995) showed that amino aromatic compounds resulted to be less toxic than their 

nitro aromatic counterparts toward acetoclactic methanogens (12).  

The microbial toxicity of most of the compounds assayed increased with the time 

of incubation, as shown in Figure 6-2 and Table 6-1.  The gradual decrease observed in 

the specific methanogenic activity with time, particularly during the initial 2-3 days, 

might reflect the period required for effective interaction of the toxicant with the 

methanogenic population in the relatively “thick” granular biofilms.  Microbial 

transformation of some organoarsenic compounds with formation of more toxic 

metabolites might have also contributed to exacerbate microbial inhibition in some 

treatments. 

Oxidation of HAPA can be suppressed by addition of a reducing agent such as 

ascorbic acid.  HAPA (1 mM) in aqueous solutions containing ascorbic acid (200 mg/L) 

caused very low inhibition to acetate and H2-utilizing methanogens during the first period 

of the bioassays (day 0-3.5 and day 0-7, respectively).  This finding is in agreement with 

previous studies reporting that HAPA was not toxic to acetoclastic methanogenic 

microorganisms at concentrations up to 600 μM in short-term exposure bioassays (1 day) 

(18). Microbial inhibition by HAPA increased considerably after 7 days of exposure 
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(Figure 6.2) suggesting the formation of more toxic compounds.  HAPA has been 

reported to be susceptible to biodegradation in anaerobic environments (19).  Although 

the mechanisms and key intermediates formed from the degradation of this amino 

aromatic compound have not yet been revealed, arsenite (AsIII) and arsenate (AsV) have 

been detected as degradation products.  Formation of the highly toxic trivalent arsenic 

species (20) might be (partly) responsible for the observed decrease in the methanogenic 

activity with time in assays supplemented with HAPA. 

Roxarsone is rapidly degraded by anaerobic microorganisms in anaerobic sludge 

(20) and by an arsenate respiring bacteria Clostridium sp. strain OhILAs (19). Previous 

experiments showed complete degradation of roxarsone (1 mM) to the amino derivative; 

HAPA, by methanogenic granular sludge in 5 days.  A significant decrease in the 

inhibitory effect of roxarsone to H2-utilizing methanogens was observed in the second 

feeding (days 7-14), which might have been related to the removal of roxarsone with 

formation of HAPA, a compound which displays low microbial toxicity under strict 

anaerobic conditions. Methanogenic inhibition in this assays increased again during the 

third feeding (days 14-19), probably due to microbial degradation of HAPA and 

formation of the highly toxic arsenite, as discussed above.  
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6.5.2. Impact of oxidative reactions on the methanogenic toxicity of HAPA 

 

Our results confirmed that while unoxidized HAPA was not inhibitory to acetoclastic 

methanogens, even short periods of exposure to passive aeration (14-40 min) resulted in a 

considerable increase of the microbial toxicity (Figure 4). Aromatic amines are known to 

be susceptible to polymerization reactions and further incorporation in complex humic 

compounds (21,22). Therefore, oxidation of HAPA, an aromatic amine, is likely to result 

in the formation of oligomeric and polymeric aromatic compounds. To the best of our 

knowledge, the identity of products from the autooxidation of HAPA has not been 

described in the literature.  However, abiotic oxidation of HAPA catalyzed by clay 

minerals has been demonstrated to result in the formation of oligomeric azobenzene 

arsenical derivatives (23). 

Autooxidation of HAPA can be promoted by aeration under alkaline pH 

conditions.  Our results indicated that treatment of HAPA in alkaline solutions by active 

air sparging resulted in the formation of highly inhibitory compounds which were 

transformed to less toxic products after extensive aeration (> 16 hrs) (Figures 6.5 and 

6.6).  The molecular weight of polymers formed by autooxidation of tannins and phenolic 

compounds with vicinal hydroxyl groups has been related to their inhibitory potency 

(24).  Increased methanogenic inhibition has been reported for oligomeric compounds 

(MW < 3,000 dalton) when compared to the monomeric compounds. However, the 
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microbial inhibition decreased as the compounds were polymerized further.  This 

decrease is believed to result from esteric hindrance which precludes effective interaction 

of the aromatic polymer with receptors in the cell membrane. 

 

6.5.3. Environmental significance 

 

This study demonstrated that methanogenic activity in a granular anaerobic sludge is 

significantly in inhibited when it is exposed to organoarsenical compounds. Results also 

indicate that organoarsenical compounds used for land application are subjected to 

changes in speciation. The unidentified compound resulted to have a more inhibitory 

effect towards acetate-utilizing and hydrogen-utilizing methanogens. 
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6.6.  Conclusions 

 

• This study demonstrated that aromatic organoarsenical compounds inhibit the 

methanogenic activity of granular anaerobic sludge. 

• Hydrogen-utilizing methanogens were more susceptible to inhibition by aromatic 

arsenic compounds compared to acetate-utilizing methanogens. Roxarsone (4-

hydroxy-3-nitro-phenylarsonic acid), p-arsanilic (4-amino-phenylarsonic acid) were 

the most toxic compounds towards acetate and H2-utilizing methanogens, 

respectively. 

• The presence of nitro and arsonic acid functional groups on the aromatic ring was 

found to be related to increased methanogenic activity. 

• The microbial toxicity of most of the aromatic arsenic compounds tested increased 

with increasing incubation time. This effect might be due to enhanced interaction of 

the microorganisms in the biofilms with the toxicants and, in some cases, to 

formation of more toxic metabolites. 

• HAPA, a metabolite from the anaerobic biodegradation of roxarsone was not toxic 

to acetoclastic methanogens under strict anaerobic conditions.  However, HAPA 

toxicity increased significantly when the compound was subjected to oxidative 

conditions. Extended oxidation (> 16 hrs) lead to a decrease in the inhibitory effect. 

This find might be attributed to the formation of polymeric autooxidation products 

with an excessive size to allow effective compound-microorganism interaction.
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Chapter 7 
 

Conclusions 

 

7.1.  Microbial mobilization of sorbed arsenate under landfill conditions 

 
• Arsenic in drinking water residuals is susceptible to microbial reduction and 

mobilization under simulated landfill conditions. 

 

• The biological activity promoted biotransformation and extensive mobilization of 

AsV from granular ferrihydrite (GFH) under anaerobic conditions.  

 

• AsV and AsIII were the main inorganic species recovered in the effluent of the 

columns.  However the organic arsenic species monomethylarsonic acid (MMAV) 

and dimethylarsinic acid (DMAV) were also present in traces amounts. 

 

• Supplementation of an external donating substrate in the form of volatile fatty 

acids (VFA) greatly stimulated the release of arsenic from the GFH-packed 

columns (up to 38% of the sorbed AsV).  Arsenic mobilization in a control column 



 

 

214

lacking VFA and/or inoculum was much lower compared to the fully biological 

active column. 

 

• In the experiment where the columns were packed with only AsV-GFH and fed 

with a simulated leachate containing VFA the release of As in fine colloids 

accounted for 70% of the arsenic released (Table 2-2). 

 

• The main iron specie measured in the effluent of the columns was FeII suggesting 

that reductive dissolution of ferric iron was a mechanism contributing to arsenic 

mobilization. 

 

• Ferrous iron (FeII) was the main iron species recovered in the effluent of the 

columns, release of FeII, suggest that reductive dissolution of GFH sorbent matrix 

affect the mobilization of sorbed AsV. 

 

• The humic model compound anthraquinone-2,6-disulfonate (AQDS) is an 

electron shuttle that catalyze iron reduction in anaerobic environments. In 

experiments where AQDS was supplemented in the feed, AsV was the main 

arsenic specie recovered, suggesting that the release of AsV results from the 

dissolution of the sorbent materials (GFH) or from the formation of more 

crystalline forms of iron oxides with less sorption capacity. 
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• Despite the addition of AQDS initially accelerated the release of As from the 

columns, It did not have a significant impact in the global release of arsenic from 

GFH. 

 

• Changes in the mineralogy of granular ferrihydrite were confirmed, suggesting 

that modification of the sorbent matrix might have contributed to the release of 

arsenic. 

 

• These results suggest that mobilization of As sorbed onto GFH in anaerobic 

environments can be mediated by different mechanisms, including: 1. The 

microbial reductive dissolution of ferric hydroxides; 2. microbial reduction of 

arsenate to the more mobile AsIII; and 3. formation of more crystalline forms iron 

oxides forms with less sorption capacity.  
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7.2. Anaerobic biotransformation of aromatic organo arsenical compounds  

 

• Roxarsone was rapidly biotransformed by a methanogenic consortium to the 

corresponding aromatic amine 4-hydroxy-3-aminophenylarsonicacid (HAPA) in 

assays performed under methanogenic and sulfate-reducing conditions.  Very low 

rates of degradation where observed in assays in which nitrate was the electron 

acceptor. 

 

• The addition of an exogenous electron donating substrate (eg., acetate, VFA, 

glucose, lactate and hydrogen) increased the rate of roxarsone biotransformation in 

methanogenic bioassays.  Hydrogen gas was the best external electron donor. 

 

• HAPA was anaerobically degraded by a methanogenic consortium under 

methanogenic and sulfate reducing conditions after 229 days of incubation. HAPA 

was partially degraded to AsV and AsIII. (1.3 and 27% of the As-recovery, 

respectively). 
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• In long-term incubation experiments, p-arsanilic acid was biotransformed under 

methanogenic and sulfate reducing conditions. AsV and AsIII were detected in the 

culture medium at the end of the experiment (day 174, 24% As-recovery). 

 

• Roxarsone can be reduced abiotically to HAPA by inorganic reducing agents 

present in the environment, such as ferrous iron and sulfides. 

 

• Biotic and abiotic processes have a significant impact on the transformation of 

roxarsone to more toxic and mobile compound in anaerobic environments (e.g. 

AsIII).  Therefore, land application of roxarsone-containing wastes will have a 

negative impact to the ecosystem. 

 

7.3. Methanogenic inbibition by inorganic and organic arsenic compounds 

 

• The activity of methanogens in a mixed enrichment culture was inhibited in the 

presence of arsenite (AsIII) and arsenate (AsV) and organic arsenic species 

monomethylarsonous acid (MMAIII), dimethylarsinic acid (DMAV), 

monomethylarsonic acid (MMAV), 4-hydroxy-3-nitrophenylarsonic acid 

(roxarsone), 4-hydroxy-aminophenylarsonic acid (HAPA), 4-aminophenylarsonic 

acid (p-arsanilic acid) and phenylarsonic acid (Ph-As). 
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• Trivalent arsenic species, i.e., AsIII and MMAIII, were the most toxic arsenic forms 

to acetoclastic and H2-utilizing methanogens during incubation periods ranging 

from 8 to 24 hrs. 

 

• AsV did not cause significant methanogenic inhibition at concentrations up to 500 

μM and during short incubation periods (8 to 24 hrs). However, complete inhibition 

was observed in long term exposure bioassays (4 days), probably due to the 

microbial reduction of AsV to AsIII. These results indicate that microbial reduction 

of AsV to the more toxic AsIII will increase the inhibitory impact of arsenic. 

 

• Precipitation of AsIII by biogenic sulfide is expected to contribute to the (partial) 

detoxification of arsenite in anaerobic environments. 

 

• The susceptibility of acetate-utilizing and H2-utilizing methanogens to inhibition by 

organo arsenical compounds differs.  The acetoclastic methanogens more 

susceptible to the presence of organo arsenical compounds. 

 

• Dimethylarsenic acid (DMAV) and monomethylarsonic (MMAV) were not 

inhibitory to the activity of acetoclastic methanogens at high concentrations (5,000 

μM) in short-term experiments (8 to 24 hrs). 
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• Results indicated the aromatic As compounds roxarsone, p-arsanilic acid and Ph-

As, with exception of HAPA, were found to be toxic in short-term assays (8-12 hrs 

of exposure).  The presence of nitro and arsonic acid functional groups contributes 

to increase the methanogenic toxicity of aromatic organo arsenic compounds. 

 

• The toxicity of Roxarsone and HAPA increased with exposure time, improved 

contact and microbial transformation leading to formation of more toxic 

compounds. 

 

• Autooxidation of HAPA results on the formation of compounds with considerable 

high inhibitory effect to methanogenic activity.  Microbial inhibition was shown to 

increase with increasing oxidation time up to 16 hrs.  At oxidation times > 16 hrs 

the inhibitory effect decreased due to the formation of high molecular weight 

polymers with excessive size to prevent effective microorganism-toxicant 

interaction. 

 

• Microbial and chemical transformation of inorganic and organic arsenic species in 

the environment should be expected to have a potential impact on the microbial 

activity. 

 
 


