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ABSTRACT 

 

Recorded use of pesticides in the conservation of artifacts dates back to the 16th 

century.  Museums today are faced with a tremendous task of identification and 

remediation of pesticides from artifacts in order to protect museum workers and the general 

public. In addition, artifacts are being repatriated by Native American tribes for use in 

cultural ceremonies which may subject the practitioner to health risks. Arsenic and mercury 

salts are among the pesticides that were used that are highly persistent and toxic. The 

primary challenge lies in removing these hazardous and persistent metals without damaging 

the materials or pigments on the objects. 

 Concentrated aqueous α-lipoic acid solutions were developed for removing arsenic 

and mercury pesticides from materials commonly used in museum artifacts. The α-lipoic 

acid solutions were reduced using natural sunlight or laboratory ultraviolet lamps to 

enhance the binding of arsenic. The solubility of α-lipoic acid in various organic and 

inorganic solutions was determined and environmental parameters that impact the 

reduction and solubility, such as pH and temperature, were examined. The kinetics of the 

reaction of arsenic (III) with reduced lipoic acid was examined by varying the reduced 

lipoic acid, base and arsenic concentration as well as temperature and stirring conditions. 

The results indicated that the reaction occurs at a moderate rate primarily within 8 seconds 

in air. The reaction is chemically rate limited enhanced at higher temperatures and lower 

pH.  Aerobic conditions significantly decreased the extent of the reaction with increased 
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stirring rate. This impact was minimized by using a nitrogen environment or by limiting 

agitation during the reaction step.   

The sorption and desorption kinetics of arsenic (III) and mercury on natural 

materials such as cotton, wool, paper and feathers were studied using a Niton handheld X-

ray Fluorescence Spectrometer (XRF) to monitor contamination levels before and after 

treatment.  Sorption occurs by both physisorption (which renders a large fraction of the 

contamination easily removable) and by chemisorption. Stirring and increased temperature 

enhanced the removal of metals from cotton and wool indicating a diffusion led control 

mechanism in the desorption process.  

The methods developed were capable of removing up to 1000 µg/cm2 arsenic (of 

sodium arsenite) from simulated artifacts to levels near the lower detection limit of the 

XRF (1 µg/cm2) without leaving detectable residues according to Attenuated Total-

Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). Similar results were 

achieved in removing mercury (of mercuric chloride) from cotton and paper; however, the 

solutions and processes developed were not capable of removing mercury from sulfur-

bearing materials such as wool and feathers. 

The aqueous lipoic acid solutions and processing sequences developed have 

potential for utilization by conservators as the techniques do not require expensive 

equipment and can be used by museums with minimal training.   
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1. INTRODUCTION 
 

Some natural science specimens and ethnographic artifacts in museums were 

historically treated with arsenic and mercury salts through dipping, spraying, dusting and 

painting. This has created an environmental concern for museum workers and the public 

who may be exposed to these toxins. Museums are recently being asked to return sacred 

objects under the Native American Graves Protection and Repatriation Act of 1990 

(NAGPRA). Many of the cultural artifacts that are otherwise well contained and rarely 

handled are being returned to tribes for culturally appropriate use which may involve direct 

human contact. There is a need for a method to decontaminate artifacts and museum 

surfaces without causing further degradation to the artifacts or exposure to personnel. 

These diverse requirements pose limitations on the methods that can be employed. The 

cultural beliefs of the Native American people also limits appropriateness of potential 

techniques, as some objects may be considered to be living spiritual beings.  

α-Lipoic acid is a natural environmentally benign chemical that is integral to all 

plants and mammals and is patented as an agent for the cure of many diseases (Avery et al. 

(2003); Borg et al. (1992); Kalden et al. (1994); Koltringer et al. (1992); Meyerhoff et al. 

(2002); Rosenburg et al. (2003); Weischer et al. (1996); and Zabrecky (2006)). It has been 

demonstrated that α-lipoic acid acts in-vivo for the detoxification of both arsenic and 

mercury in biochemical studies dating back to the late 1950’s (Reiss et al. (1958); Grunert 

(1960); and Wagner (1956)). It is known that α-lipoic acid does not require reduction to 
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bind to mercury (Brown, 1968), however, there is no information in the literature on 

whether reduction is required for binding to arsenic. It has been demonstrated that reduced 

α-lipoic acid binds strongly to arsenic in water (Spuches et al., 2005). Thus, due to the 

attributes of α-lipoic acid as a natural detoxification agent and its ability to react with 

arsenic and mercury, it is deemed to be an appropriate candidate to assess for use as a 

decontaminating agent for artifacts. 

The lipophilic nature of the lipoic acid molecule makes it a prime candidate for the 

removal of both surface and intra-cellular contamination which may occur on natural 

materials used to make objects such as skin and wood. Unfortunately this property 

precludes one of the most significant challenges which is to keep the acid in solution 

without the use of organic solvents which can denature materials. 

The reduction process typically used for lipoic acid is a long chemically intensive 

process (Spuches et al., 2005). Thus reduced lipoic acid (dihydrolipoic acid) is cost 

prohibitive and the process of making it is outside the capability of most museum 

conservators. If the reduction can occur by simple laboratory lamps or even by natural 

sunlight, the chemical may present a viable solution. Researchers have used ultra violet 

lamps in the reduction of lipoic acid in the past, but organic solutions were used as the 

solvent  (Brown et al., 1969). 

Further complexity arises from the interactions of the material with both the metal 

and the aqueous solutions developed to remove the metal from the material. 
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2. HYPOTHESES 

The development of α-lipoic acid solutions to be used as an effective chelator in the 

removal of arsenic and mercury from artifacts requires addressing several hypotheses: 

1. Concentrated α-lipoic acid solutions can be formed without the use of organic 

solvents in a near neutral pH range. 

2. The reduction of α-lipoic acid using natural sunlight and laboratory ultraviolet 

lamps can be achieved in a moderate amount of time without the use of organic 

solvents. 

3. Arsenic(III) and mercury will bind to unreduced and/or reduced α-lipoic acid at 

the sulfur or sulfhydryl moieties with a kinetic rate that allows minimal 

exposure time of the materials to the treatment solutions. The optimum pH for 

this to occur is 9.7 (pKaSH - 1) or below which comprises the neutral pH regime 

of interest. 

4. The carboxyl end group of reduced α-lipoic acid, which has a pKa of 4.85 (so 

that it is anionic in the neutral pH range) will not contribute to binding or alter 

the binding mechanism. 

5. The sorption mechanism of arsenic and mercury salts to artifact materials 

involves weak forces such that this binding can be overcome by immersion in 

aqueous solutions of reduced lipoic acid. 
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6. Desorption of arsenic(III) and mercury can occur at a fast enough rate so that 

damage will not occur to artifacts being treated. 

7. Reduced α-lipoic acid will bind selectively to arsenic over other anions and 

cations which may be introduced from the materials being treated. 

8. A processing sequence to remove arsenic and mercury that minimizes the 

volume of chemicals and the amount of vigorous treatment of materials can be 

achieved.  

9. Reduced α-lipoic acid solutions will not leave residues on the treated materials 

or alter them in any way. 
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3. BACKGROUND 

 

3.1 Pesticide contamination on museum artifacts 

The Native American Graves Protection and Repatriation Act (NAGPRA) became 

law on November 16, 1990 [§25 U.S.C. 3001-3013]. The law governs the ownership rights 

of Native American human remains, funerary objects, sacred objects and objects of cultural 

patrimony giving priority ownership to the lineal descendents and mandating the 

preparation and delivery of inventory lists by museums to the appropriate descendents. 

NAGPRA regulations mention the topic of pesticides only once (Section 10 under 

Repatriation 10.1 Part [e]): The museum official or Federal agency official must inform the 

recipients of repatriations of any presently known treatment of human remains, funerary 

objects, sacred objects, or objects of cultural patrimony with pesticides, preservatives, or 

other substances that represent a potential hazard to the objects or to persons handling 

objects. The ability to do this with any accuracy is highly variable, as past record-keeping 

was not “state-of-the-art,” as it is now. In some cases, whole areas were fumigated and 

specimens may have even been treated in the field or by private collectors before the 

museums received the artifacts.  

In 2000 the first workshop of the pesticide contamination issue on American Indian 

cultural objects was held at the Arizona State Museum in Tucson, Arizona.  The realization 

that the artifacts were poisoned with chemical toxins brought deep shock from the tribes 

who worked hard in the initiation of the repatriation act (Loma’Omvaya, 2001). 
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On April 4, 2000 representatives from the Arizona State Museum presented 

testimony to the NAGPRA Review Committee and urged attention to this issue. 

Subsequently, the NAGPRA Grant Program has funded collections surveys, educational 

workshops, and consultations directed to pesticide residue identification (Odegaard and 

Sadongei, 2005).  

Many of the artifacts in question are objects of cultural patrimony and are valued as 

sacred beings by the Native Americans. Any treatment or handling of these objects must be 

done in accordance with their cultural beliefs and systems. Some believe that “The artifacts 

are living spirits who cry to come to the ceremonies back home and dance with “their 

people” (Hostler et al., 2001). The complexity of the health issues associated with the 

presence of the pesticide toxins are compromising their return to use. A natural method of 

detoxification is desired that can be integrated into the ceremonial practices of the Native 

American peoples. Methods which do not drive the pesticide chemicals further into the 

artifacts or cause harm to the environment or the person performing the act of 

detoxification are desired.  

This study began by first doing a search of the literature in order to understand what 

the baseline levels of arsenic and mercury (prior to pesticide addition) are on naturally 

occurring materials. The results of the literature survey (which was prepared by the author 

of this dissertation) are presented in Appendix A and will be discussed later in the text. 

(Additional information regarding toxicology implications is being added to the material 

presented in Appendix A by other authors prior to submission for publication.) 
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3.2  Arsenic and Mercury Toxicity 

Arsenic and mercury are both highly toxic chemicals. Inhaled arsenic causes lung 

cancer and ingested arsenic primarily causes skin cancer and cancer of other organs such as 

the liver and bladder (Byrd, 1996).  Arsenic causes acute and chronic health effects as well. 

Chronic inorganic arsenic exposure can lead to skin lesions, cardiovascular diseases such as 

black foot disease, nervous disorders, bone marrow depression, diabetes and renal disease. 

It is found in many different oxidation states  (-3, 0, +3, +5) with the trivalent state being of 

largest concern to toxicologists (Hughes, 2002).  Museums and collectors primarily used 

arsenic in the trivalent state as arsenous acid, As2O3, and sodium arsenite, NaAsO2, thus 

rendering the treated artifacts human health hazards (Odegaard et al.,  2005). The LD50 

(oral for rats) for sodium arsenite is  41 mg/kg. 

The predominant form of mercury used to treat museum objects was mercuric 

chloride, HgCl2, also called corrosive sublimate with an LD50 (oral for rats) of 1 mg/kg. 

Acute toxicity effects include kidney injury and circulatory collapse. The symptoms of 

chronic toxicity may take years to develop and include tremors, gastrointestinal effects and 

kidney damage. Mercury toxicity can also cause abnormal behavior patterns in addition to 

the physical health effects (Odegaard et al., 2005). 
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3.3  American Indian use of objects 

The belief systems of the Native Americans and the cultural use of Native 

American Indian objects is integral to the potential disposition of repatriated objects. The 

need to define the scope of pesticide removal treatment required to insure that the objects 

are sufficiently detoxified for a particular use is important. The chemistry developed must 

be suitable for incorporation into a wide variety of ceremonial procedures. Following 

development, it is critical that Native American representatives be consulted prior to any 

pesticide removal treatments on NAGPRA eligible objects. 

The use of objects by American Indians can be physical, symbolic or for life ending 

use (Sadongei, 2001). The use of sacred or ceremonial objects is based on religious 

practices. These practices may not be commonly known by all tribal members. Handling or 

activating these objects is restricted to specific religious leaders and may also be gender 

restricted. In some cases, the physical presence (rather than the direct use) of the object 

symbolically provides a connection to the tribal ancestors and cultural legacies. In some 

cases, the sacred objects are allowed to naturally decay or be burned in order to complete 

the end of life use of the object. This release of the life energy from the object completes 

the purpose for which the object was created. The Zuni War Gods are an example of this 

type of object. The Zunis repatriated the War Gods from museums and private collectors in 

order to expose them to the elements and allow them to naturally decay within a protected 

enclosure (Sadongei, 2001). 

The Haudenosaunee Standing committee, or Iroquois Confederacy, which 

represents several nations of Indians in the New York and the Ontario, Canada area, 
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repatriated 455 medicine masks in 1998 from the National Museum of the American 

Indian. A sampling of the masks using arsenic spot test papers indicated that 7 percent of 

the masks tested positively for the presence of arsenic. The sacred medicine masks are 

considered to be the Haudenosaunee’s helpers and are referred to as their “grandfathers” 

(Jemison, 2001). Members of these tribes had hoped to wear the objects in ceremonies. 

 The Hopi Katsina kwatsi or “friends” are also objects worn on the head during 

religious ceremony. Since 1998, the Hopi tribe has actively sought the assistance of 

researchers (including a conservator, analytical chemist and medical toxicologist) at the 

University of Arizona to test hundreds of objects repatriated from museums throughout the 

United States for heavy metal pesticides and to obtain advise on the potential human health 

hazard.  

It was the goal of this research to develop and scientifically test reagents that can 

adequately remove mercury and arsenic toxins from substrate materials representing some 

of those used on Native American artifacts. Principles that guided the research were that (1) 

they must be done in a manner that does not promote the diffusion of toxins further into the 

objects (2) actual artifacts would not be used in this study and it would not be a goal of this 

work to create the ceremonial procedures for decontaminating the “friends,” “grandfathers” 

or “Gods” of the Native American people, and (3) that a presentation would be made to 

tribal representatives to obtain recommendations.  
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3.4   Existing processes for the removal of arsenic and mercury 

The literature involving the removal of arsenic from materials is primarily limited 

to studies done on skin. Arsenic has an affinity for the sulfhydryl groups in the proteins of 

skin that causes it to accumulate (Hostynel et al., 1993). The arsenic binding to the skin has 

been shown to be reversible so that arsenic that has built up in the skin can be slowly 

released within the body after exposure (Dutiewicz, 1977). 

The in vivo and in vitro skin absorption of arsenic as H3AsO4 from water and soil 

was studied as well as arsenic decontamination using soap and water. The skin of Rhesus 

monkeys absorbed 2 to 6.4 percent of the arsenic(V) from water and 3.2 to 4.5 percent from 

soil impregnated solutions. In vitro studies using human skin indicated a 1.9 percent 

absorption from water and an 0.8 percent absorption from soil. Washing with two 

repetitions of Ivory soap and water removed about 75 percent of the arsenic  (Wester et al., 

1992).  

The dermal penetration of arsenic acid (H3AsO4) and mercuric chloride (HgCl2)

from soils has been studied in vitro using pig skin, which is anatomically, physiologically 

and biochemically similar to human skin. In this study, 44.6 percent of the arsenic in soil 

penetrated into the skin, and decontamination with soap and water removed 66.3 percent of 

the initial arsenic. Forty percent of the mercury salts penetrated into the skin, and 26 

percent of the initial dose was removed by decontamination (Abdel-Rahman et al., 2005). 

There are numerous studies from the 1970’s on sorption and removal methods of 

mercury from wool fibers, particles, felts and keratin for water treatment purposes 
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(Friedman et al., 1972; Masri et al., 1972; Tratnyek et al., 1972; Friedman et al., 1973; 

Miyamoto et al., 1978; and Laurie et al., 1979). 

A limited number of attempts have been made to study the decontamination of 

cultural artifacts in museums. A fume cabinet was designed in which fur and skin museum 

objects contaminated with pesticide dust and crystals were placed and subjected to 

compressed air cleaning.  This resulted in a maximum removal of 40 percent of the arsenic 

residues as determined by physical removal of samples and subsequent analysis using gas 

chromatography (Glastrup, 2001). The Onondaga Nation of the Haudenosaunee developed 

a procedure to clean masks known as the “grandfathers” through repetitions of washing 

with soap and water followed by vacuuming. This helped to reduce the levels of arsenic on 

the surface of the objects an unspecified amount (Jemison, 2001).  

It has been demonstrated that α-lipoic acid or reduced lipoic acid (dihydrolipoic 

acid) reacts with mercuric chloride to form precipitates (Brown, 1968) and that 

dihydrolipoic acid reacts strongly with arsenic (Spuches et al., 2005).  However, there are 

no published studies of the use of α-lipoic acid to remove arsenic or mercury from natural 

artifact materials such as cotton, wool, paper and feathers. 

It is anticipated that aqueous solutions of α-lipoic acid or the reduced form, 

dihydrolipoic acid, can be formed which will react with arsenic and mercury and that 

techniques can be developed so that the solutions do not leave residues on the materials 

being decontaminated.  Such a solution will provide an extra safety factor for 

decontamination procedures and provide tribes with a flexible solution for incorporation 

into their cultural ceremonies.   
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3.5   The structure and properties of α-lipoic acid 

α-Lipoic acid, also called 1,2-dithiolane-3-pentanoic acid or 6,8-epidithiooctanoic 

acid and formerly called 6-thioctic acid, or 1,2-dithiolane-3-valeric acid was first 

discovered in the 1940’s by several labs independently (Reed, 1956).  Figure 1 illustrates 

the structure of  α-lipoic acid and the more reactive reduced form, dihydrolipoic acid. 

 

Figure 1. The structures of  α-lipoic acid and dihydrolipoic acid redrawn from Packer et al., 
(1995).  
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As indicated in Table 1, the pKa of the carboxyl end group of dihydrolipoic acid is 

4.85 and the pKa of the thiol end groups are 10.7.  Thus the optimum pH range for reaction 

of dihydrolipoic acid with metal hydroxides at the -COO- end groups is below 3.85 

(pKa(COOH) - 1)  and below 9.7 (pKa (SH) – 1)  for –SH.  The lower pH range is governed by 

the protonation of the carboxyl end group which reacts with the hydroxyl of the metal 

hydroxide to form water leaving the metal bound to oxygen. The more active pH range for 

binding to the thiol end group is governed by the deprotonation of the reduced thiol groups 

that revert back to the unreduced and less active 5 member ring at higher pH values.  The 

overlap of the optimum pH range with neutrality increases the likelihood that a solution can 

be developed that will not denature the materials being decontaminated. 

 

Table 1. The Physiochemical Constants for α-lipoic acid (Biewenga et al., 1997).  
(Note: Where different values are given for the constant, the author cited  
 different references.)  
 

Constant Value 
Molecular Weight 
Melting point 
 
pKa 

206.35 
60-62 oC
43-49 oC
5.3 
4.76 

The Physiochemical Constants for Dihydrolipoic Acid 
Constant Value 
Molecular Weight 
Boiling point 
pKa (COOH) 
pKa (SH) 

208.35 
180 oC
4.85 
10.7 
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3.6   The solvency of  α-lipoic acid  and reduced α-lipoic acid   

One of the key barriers to the use of α-lipoic acid in aqueous solutions is its 

lipophilic nature, which limits the ability to form concentrated aqueous solutions. α –

Lipoic acid is an acid that is lipophilic in nature which is why it was given the trivial name 

of α–lipoic acid (Biewenga et al., 1997). It is also somewhat amphipathic and preparations 

should be achievable under specific conditions that can remove both surface toxins and 

intracellular toxins.  

For the purpose of removing arsenic or mercury salts from materials, the solubility 

properties of the treatment compound will be critical to: 1) the delivery of the compound; 

2) the reaction with the metal or metalloid; and 3) the ability of the complexed metal ligand 

to be removed from the materials.  As the complexity of the material increases from 

contamination being surface limited to intracellular such as may be present in wood 

products and skins, the solubility properties will become more critical to the efficacy of the 

treatment solutions. 

A concentrated solution, at near neutral pH, that does not require organic solvents is 

desired for purposes of removing poisonous residues from cultural artifacts. The 

preparation of α-lipoic acid in organic solvents was extensively cited in the literature 

(Brown and Edwards, 1969; Whitney and Calvin, 1955; Zimm and Bragg, 1952; Walton et 

al., 1956; Barltrop et al., 1954), however work done on strictly aqueous solutions was 

limited (Matsugo et al., 1996).  Spuches et al. (2005) indicated that a minimum of 5 percent 

organic solvent was required to prevent lipoic acid from precipitating out of aqueous 

solutions. Matsugo et al. (1996) reduced very dilute concentrations of α-lipoic acid by 
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photochemical reaction in 0.1 M sodium and potassium phosphate buffer (pH=7.2) systems 

without the use of solvents; however, the concentration studied was about 1/20th the 

desired concentration (2 - 4 mg/ml) for purposes of removing concentrated arsenic and 

mercury salts. 

Another challenge is that solid phase formation may occur and polymerization of α-

lipoic acid in solution during photolytic reduction which may also alter the solvency (Zimm 

and Bragg, 1952; Whitney and Calvin, 1955;  Barltrop et al., 1954; and Walton et al., 

1956).  
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3.7    Photochemical reduction of  α-lipoic acid  

It has been demonstrated that mercury can bind to α-lipoic acid without reduction; 

however, reduction of α-lipoic acid may be necessary for binding to arsenic. This reduction 

can occur via a photochemical process, but the chemical nature of the solution, as well as 

the concentration of the α-lipoic acid may affect the rate and extent of reduction and limit 

the potency and viability of the solution.  

α-Lipoic acid can be reduced using ultraviolet light in sunlight or laboratory lamps.  

It is desirable to generate reactive α-lipoic acid (the reduced form) shortly before use.  Use 

might occur in the field with limited access to a controlled UV light source. Additionally, 

use by the tribes necessitates the most “natural” activation conditions such as unaltered 

sunlight.  

While sunlight would be the most natural means of reduction, it is not known 

whether a reduction rate in a practical amount of time can be achieved. In addition, natural 

sunlight is not always available or predictable, so the option of using a laboratory ultra 

violet lamp which provides a controlled intensity of light must be explored.  

The formation of dihydrolipoic acid (DHLA) occurs by homolytic rupture of the S-

S bond followed by protonation as shown in Figure 2.  This conversion can be induced by 

heat or by photochemical reaction. The rupture of the S-S bond of the 1,2-dithiolane ring of 

α-lipoic acid can be monitored by the disappearance of the 330 nm absorbance feature 

using Ultra-violet Visible (UV-VIS) Spectroscopy (Matsugo et al., 1996).   
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Figure 2.  Homolytic rupture of the S-S bonds of α-lipoic acid induced using ultra-violet 
light followed by protonation.  

There are two fundamental considerations in the reduction of α-lipoic acid by 

photolysis. One is providing a source of hydrogen for the reduction and the other is 

avoiding the formation of hydrogen sulfide.  The origin of the hydrogen abstracted for the 

reaction to occur has been attributed to the solvent used during photolysis (Brown, et al., 

1969).  Hydrogen abstraction occurs readily in alcoholic solvents such as 2-propanol. If 

hydrogen is not available or readily abstractable, such as when the solvent is water, the 

reaction occurs by attack of the radicals on another lipoic acid molecule forming a thio 

ketone.  When the thio ketone is hydrolyzed, hydrogen sulfide is formed. The hydrogen 

abstraction process also induces polymerization causing undesirable turbidity (Brown, et 

al., 1969). Thus the undesirable formation of hydrogen sulfide and the continued solubility 

of the lipoic acid during photolytic reduction are both a function of the availability of 

hydrogen during photolytic reduction. 
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3.8 The reaction of α-lipoic acid and other chemicals with arsenic  

The binding of arsenic(III) to α-lipoic acid in water in the near neutral pH range 

occurs at the sulfhydryl end groups of reduced α-lipoic acid and can be studied by 

monitoring the 270 nm absorbance with UV-VIS Spectroscopy (Spuches et al., 2005). 

Arsenite was shown to form 2:3 complexes with varying stability constants based on the 

technique used (See Figure 3). Using colorimetric (near-UV absorption) spectrometry 

stability constant of β = 4 (+/-3) x 1018 was obtained for the reaction between arsenite and 

dihydrolipoic acid where β represents the overall stability constant. The same 

experimenters found a stability constant of  K = 2.1(+/- 0.2) x 105 using isothermal titration 

calorimetry where K represents the individual step-wise stability constant for coordination 

of the first thiol to the arsenic (III) species. 

 α-Lipoic acid also has one carboxyl end group, which should also bind to metal, 

although no specific literature reports are available on that reaction.  The binding of arsenic 

to this end group will give the α-lipoic acid more binding capacity at lower pH values but 

lower pH may damage materials or impact the solubility regime of the complex. Like α-

lipoic acid,  ethylenediaminetetraacetic acid (EDTA), the most common chelating agent for 

heavy metals, has (four) carboxyl end groups that make it effective in binding metals. 

(EDTA was not chosen for this study for three reasons: 1) it is not a natural chemical and 

2) it cannot be used in a near neutral pH range and 3) it is non-biodegradable in surface 

waters under many environmental conditions which results in accumulation with the 

potential to relocate metals and to have harmful impacts on the ecosystem (Yuan et al., 

2006). ) 
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There are several synthetic compounds that have been formulated for use as 

arsenicals for humans. The most prevalent compounds studied include British Anti 

Lewisite (BAL; Dimercaprol), meso 2,3 dimercapto succinic acid (DMSA) and sodium 

2,3- dimercaptoptopane 1-sulfonate (DMPS). BAL is a lipophilic dithiol compound with a 

strong affinity for arsenic. It has a low shelf life due to its unstable nature (Aposhian et al., 

1984) and is potentially toxic itself (Aposhian et al., 1981).  DMSA and DMPS which are 

both water soluble and less toxic were developed in order to solve the toxicity problem of 

BAL as well as issues with the necessity to solubilize the compound in oils precluding deep 

muscular injection that causes tissue damage. Unfortunately these chelating agents are 

hydrophilic in nature and only act on an extra-cellular level. An anion carrier system can be 

used to transport DMPS into the cell but DMSA is only available extra-cellularly (Flora, 

2005). Anologs such as monoisoamyl DMSA (miADMSA) and mono n-amyl DMSA 

(MnADMSA) with lipophilic properties were synthesized and successfully tested in order 

to address this issue (Kreppel et al., 1995). A study done comparing the efficacy of α-lipoic 

acid to DMSA showed comparable efficacy in rats (Kokilavani et al., 2005). Spuches et al., 

(2005) showed that DMSA had a lower stability constant (β = 5 (+/-2) x 109) when 

complexed with arsenic (III) than α-lipoic acid .  It is therefore anticipated that α-lipoic 

acid will be a better complexing agent for arsenic and have more versatile wetting 

properties for intracellular removal of arsenic as well being a natural dithiol molecule 

prevalent in the body of mammals and plants.   

There are several other areas which lack information in the literature that must be 

studied.  For instance there is no information on the binding of arsenic(V) to reduced α-
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lipoic acid and it is unknown whether α-lipoic acid must be reduced to react with either 

arsenic (III) or (V). Other anions and cations, such as chlorides, sulfates, nitrates, calcium, 

magnesium, iron and copper may also be present on the artifacts or in the water used to 

make solutions. This may interfere with binding to arsenic and  must be assessed as well. 

Figure 3. The postulated structure of the arsenic / reduced lipoic acid 2:3 complex. 

 

While the complexation of arsenic to reduced lipoic acid has only recently been 

documented in the literature, the complexation with mercury was characterized almost 

forty years ago and it is known that a solid forms from the addition of mercury salts to 

unreduced or reduced lipoic acid solutions (Brown, 1968). 
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3.9 The reaction of α-lipoic acid with mercury 
 

Brown (1968) reacted Hg(NO3)2 with dihydrolipoic acid (DHL) in ethanol to form 

white precipitates. The Hg-DHL compound formed at a 1:1 ratio. A comparison of the IR 

spectrum for DHL and lipoic acid (LA) showed no change in the 4000-1400 cm-1 region 

and no new bands in the carbonyl region (1800-1550 cm-1) so that it was postulated that the 

Hg:DHL complexation did not involve the carboxyl group. Both Hg:DHL and Hg:LA 

precipitates appeared white and shiny, however, the Hg:DHL complex produced was 

comprised of irregular shaped crystals.   Figure 4 shows the postulated structure of the 

mercury / reduced lipoic acid complex formed. 

Figure 4. The postulated structure of the mercury / reduced lipoic acid complex.  
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3.10  Sorption and Desorption properties of materials 

The sorption properties of materials are dependent on the chemical structure, 

number of functional groups, degree of crystallinity and surface porosity (Grancaric et al., 

2005). Functional groups such as hydroxyl, carboxy, sulphate and amino groups that are 

instrumental in the sorption process also impart a pH dependent surface charge to materials 

by way of dissociation or by adsorption of ions. The most common method of measuring 

the surface charge is by using the streaming potential method whereby a curve of charge 

versus pH is obtained.  The point at which a net charge on the material is zero is called the 

point-of-zero charge (PZC) (Shaw, 1999). 

The PZC is an important parameter for the treatment of fabrics such as dyeing and 

finishing and has been studied primarily for that purpose. For cellulose fibers the presence 

of hydroxyl and carboxy functional groups result in a negatively charged surface at high 

pH but swelling can lower the zeta potential by shifting the shear plane into the liquid 

phase.  Nitrogen groups protonate at low pH resulting in a positive charge. The PZC of 

perchloroethylene treated wool was found to be 4.7 and that of desized, scoured and 

bleached cotton was 2.9 so that the materials will be negatively charged at near neutral pH 

values (Grancaric et al., 2005).  Ideally, molecules used for removing contaminates will 

have an equally negatively charged potential so that charge repulsion will prevent the 

binding molecules from adhering to the surface of the materials in the absence of strong 

chemical bonding. Reduced lipoic acid is anionic in nature at a pH above the pKa of the 

carboxyl end group which is 4.85. Thus reduced lipoic acid solutions that are at a pH of 

5.85 or higher will render the majority of the lipoic molecules anionic in character. 



40 

There are two types of sorption that occur on surfaces. One is due to the relatively 

weak van der Waals interaction and is called physisorption. The other type of sorption is 

when chemical bonds are formed between a surface and chemical forming a much stronger 

adsorption. This is called chemisorption. Chemically binding molecules can adsorb even 

under charge repulsion. 

Sorption is typically studied by measuring the uptake of a chemical onto a material 

at different concentrations of the chemical and making a plot of the initial chemical 

concentration versus the measured uptake.  This equilibrium relationship between the 

amount of chemical absorbed and the initial chemical concentration is called an adsorption 

isotherm. One equation used to describe this relationship is called the Langmuir isotherm 

which is: 

 
qA = Kads{A} qmax

1+Kads{A} 
 

where qA is the amount of chemical “A” adsorbed per volume or unit measure of the 

adsorbing material,  {A} is the concentration of the chemical being adsorbed, qmax is the 

maximum adsorption density and Kads describes the affinity of the adsorbing material for 

the chemical (Benjamin, 2002).  
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4. MATERIALS AND METHODS  
 

The preparation of treatment methodologies to remove arsenic and mercury salts 

from materials can be broken down into three major stages of development.  The first stage 

involves forming the solution. This is comprised of insuring sufficient solubility and 

concentration of the active ingredients and making sure that other required constituents are 

inert to the materials being treated.  In this particular case it also involves activating the 

ingredient using photolysis. The second stage involves optimizing the treatment solution to 

bind the arsenic and mercury in solution and understanding what variables such as lipoic 

acid concentration, base concentration, stirring rate, temperature and pH have on the 

outcome. A process is then developed to effectively utilize the treatment solution on test 

materials. This involves application testing to evaluate the efficacy of the treatment 

solutions in the removal of arsenic and mercury as well as testing to insure that there are no 

adverse effects on the materials being treated.  
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4.1 Preparations of Solutions 
 

α-Lipoic acid solutions were prepared in the following manner. α-lipoic acid  

(Sigma-Aldrich, >99%), commonly designated as lipoic acid from here on after, was 

directly dissolved in ethanol (Sigma-Aldrich, >99%), 1-proponal (Fluka, >99.5%), and 

isopropyl alcohol (Sigma-Aldrich, Reagent Plus >99%), and the solutions were rapidly 

injected into de-ionized water utilizing a pipette. The minimum amount of solvent required 

to keep the lipoic acid in solution was assessed visually. These solutions were then added 

to various concentrations of citric acid (Sigma-Aldrich, 99.5%) or bases such as tetra 

methyl ammonium hydroxide (Aldrich, 0.2 M Reagent Grade), ammonium hydroxide 

anhydrous (Sigma-Aldrich), potassium hydroxide (Mallinkrodt) and sodium hydroxide 

(MCB Reagents) and mixed in test tubes by vigorous shaking. 

Solubility could be achieved without organic solvents by addition of the lipoic acid 

to 2 M ammonium hydroxide or sodium hydroxide, followed by ultrasonic dispersion for 

five minutes and then dilution to the concentration of interest. This procedure was used in 

all experiments that did not include the use of organic solvents. Solutions that yielded 

concentrations of 1, 2, 3 and 4 mg/ml lipoic acid and 0.04, 0.07, 0.1 and 0.2 M ammonium 

hydroxide (without the use of alcohol) were prepared and compared to like solutions that 

contained various concentrations of isopropyl alcohol.  
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4.2 Photolysis of α-lipoic acid 

 
Solutions were placed in 12 x 75 mm borosilicate test tubes (VWR 12578-165) and 

sealed with 13mm Neoprene stoppers (VWR 28296-602) for purposes of photochemical 

reduction.  In initial trials, test tubes were then placed flat in a black tray and exposed to 

direct sunlight at an angle perpendicular to the sun.  The solar flux exceeded 900 Watts/m2

(in all reported cases) as confirmed by an Eppley Normal Incidence Pyrheliometer on the 

roof of the Atmospheric Sciences Building at the University of Arizona, in Tucson 

Arizona, where the tests were performed.  Laboratory photolysis tests were conducted 

using an 8-watt 365 nm or 302 nm ultraviolet light source (UVP Model UVLM-28 

(365nm/302nm) with relative intensity of 5 Watts/m2 (for the 365 nm lamp) and 6.4 

Watts/m2 (for the 302nm lamp). This involved placing the test tubes flat in the black tray, 

16 cm under the light source (as shown in Figure 5) and covering the samples and light 

source with a black box during exposure.  The supplier lamp intensity spectrums are shown 

in Appendix B.  

Tests done to vary the temperature of the solutions during exposure were 

accomplished by placing the test tubes on top of an ice water bath or a hot plate. Solution 

temperature was measured using a standard glass bulb thermometer.  Solution pH was 

determined using an ISFET Mini-lab model IQ120 pH meter.  

Photochemical reduction was monitored using a Shimadzu UV-2101 PC, UV-VIS 

Spectrometer or a Hitachi U-2000 UV-VIS Spectrometer. The reduction of the lipoic acid 

was monitored by measuring the decrease in absorbance at the maxima (330 nm) for the S-

S bond.
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Figure 5. Photograph of the UV lamp and stand with test tubes prepared for a typical 
exposure run. 
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4.3  Reaction of α-lipoic acid with sodium arsenite and sodium arsenate in solution 

The reaction of sodium meta-arsenite, NaAsO2, (Sigma-Aldrich, 90 percent) or 

sodium arsenate dibasic, Na2HAsO4-7H20, (Sigma-Aldrich)  with lipoic acid to form an 

As-S bond was monitored with solutions in quartz cuvettes using UV-VIS spectroscopy 

absorbance at a wavelength of 270 nm (Spuches et al., 2005). 

 

4.3.1    Equilibrium experiments 

Standard solutions of sodium arsenate and sodium arsenite were prepared by 

dissolving the salts in de-ionized water. Solutions were then added to lipoic acid or reduced 

lipoic acid solutions and allowed to equilibrate for ½ hour at room temperature prior to 

UV-VIS measurement. Reactions were done using 2 mg/ml lipoic acid in 0.07 M 

ammonium hydroxide (reduced for 3 hours using the 302nm lamp) and a 1:2, 2:3, 1:1 and 

2:1 mole ratio of arsenic to lipoic acid. 

 

4.3.2  Rate of Reaction 

90 mg of lipoic acid were added to 3.15, 4.5 and 9 ml of 2 M ammonium hydroxide 

and then subjected to ultrasonic vibration for 2 minutes. To this solution 90 ml of de-

ionized water was added and mixed using ultrasonic vibration for 2 minutes more. This 

resulted in a  0.91-0.96 mg/ml (~0.005 M)lipoic acid solution in 0.067 M, 0.095 M and 

0.182 M ammonium hydroxide solution. This was repeated using 180 mg and 270 mg 

samples which resulted in 1.82-1.93 mg/ml (~0.01 M) and 2.73-2.90 mg/ml (~0.015 M) 

samples. The solutions were then dispensed into borosilicate test tubes in 5 ml aliquots per 
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test tube which were closed and then placed under the 302 nm UV lamp for 3 hours. After 

exposure, 30 ml of each sample was placed into a 150 ml beaker for reaction with arsenic. 

Standard solutions of sodium arsenite in the amount of 12.59, 25.2, and 37.8 mg /ml 

were prepared for a 2:3 arsenic to reduced lipoic acid reaction with the 1, 2 and 3 mg/ml 

reduced lipoic acid samples respectively. 1 ml of arsenite standard was rapidly injected into 

the 30 ml of reduced lipoic acid with no additional stirring. Samples were then dispensed 

into a 1 cm cuvette and placed into a Hitachi U-2000 UV-VIS spectrometer with a delay of 

8 seconds before the first measurement.  

 
4.3.3  Effect of stirring rate and temperature 

The following experiments were done to study the rate of reaction of arsenite with 

reduced lipoic acid under varying stirring rate, temperature and sodium arsenite 

concentration: 

140 mg of lipoic acid was added to 2.45 ml of 2 M ammonium hydroxide and 

subjected to 2 minutes ultrasonic vibration followed by the addition of 70 ml of de-ionized 

water. The solution was dispensed into borosilicate tubes and subjected to the 302 nm UV 

lamp for 3 hours. The resulting 1.93 mg/ml, 0.068 M ammonium hydroxide samples were 

then diluted with de-ionized water to a final concentration of 0.97 mg/ml reduced lipoic 

acid in 0.034 M ammonium hydroxide.  

30 ml of this solution was then placed into a 150 ml beaker and reacted with 1 ml of 

a 12.59 mg/ml sodium arsenite stock solution under conditions of no stirring, slow stirring 

and rapid stirring.  The solutions were allowed 3 seconds to equilibrate or mix before 

transfer to the cuvette for a total mix and transfer time of 8 seconds. Another test was done 
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on these solutions by placing the solution in a beaker of ice and allowing it to reach 10oC

before addition of sodium arsenite under rapid mixing.  This was repeated at room 

temperature of 20oC and by using a hot plate where the solution was at 40oC. 

3.5 ml of each of the 0.97 mg/ml reduced lipoic acid, 0.034 ammonium hydroxide 

solutions were placed into a borosilicate tube and reacted with different ratios of arsenic to 

reduced lipoic acid  by using 500µl (1:2), 667 µl (2:3) and 1 ml (1:1) of 2.2 mg/ml sodium 

arsenite stock solution. The test tube was vigorously shaken 3 seconds after the addition of 

the sodium arsenite and then the solution was transferred into the cuvette so that the total 

delay between the injection of the arsenite and the first spectrometer reading was 8 

seconds. 

 

4.3.4    Effect of the pH on the reaction rate 

For experiments done to study the rate of reaction of arsenite with reduced lipoic 

acid under varying pH, 97 mg/ml reduced lipoic acid in 0.034 M ammonium hydroxide 

was reduced using the 302nm or the 365nm light source. 3.5 ml of each sample were 

placed into a borosilicate test tube for a 2:3 arsenic to reduced lipoic acid reaction with 666 

µl of a 2.2 mg /ml sodium arsenite stock solution. The pH of each solution was adjusted 

using 0.1-0.3 ml of 0.1 M citric acid with 0.1 M sodium citrate stock solution to lower the 

pH or a 0.1-0.2 ml of a 0.92 M ammonium hydroxide stock solution. 
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4.4  Quantification of –SH and H2S formation and extent of reduction 

Ellman’s technique (Ellman, 1959) was used for the detection of SH by reaction of 

5,5 -Dithiobis 2-nitro-benzoic acid or “DTNB” (Sigma). An SH calibration curve was 

prepared by forming various concentrations of 2-mercapto ethanol (J.T. Baker, > 99.5%) in 

de-ionized water and measuring the absorbance at 412 nm. 

The DTNB standard was prepared by dissolving 80 mg DTNB in 100 ml of pH 7.0 

buffer (VWR 34170-240).  The reduced lipoic acid solution was prepared by taking 1 ml of 

the 2 mg/ml reduced lipoic acid solution and adding it to 2 ml of pH 8.0 buffer (VWR 

34170-248) plus 7 ml of de-ionized water.  2 mls of the sample solution was then reacted 

with 2 mls of the DTNB standard solution and analyzed by UV absorption at 412 nm.  

The calibration curve was prepared by forming a standard solution of 3.92 mg 2-

mercapto ethanol  in 3 mls pH=8 buffer and 7 ml de-ionized water. 0, 10, 20, 30, 40 ,50, 60 

, 70, 80, 90 and 100 volume concentrations of this added to de-ionized water  for a total 

volume of 2 mls each. These samples were then reacted with 2 mls of the standard DTNB 

solution and the results were analyzed by UV absorption at 412 nm.  

Hydrogen sulfide was measured using a BW Technologies GasAlert Extreme single 

gas detector by placing a test tube of solution directly under the sensor after removing the 

neoprene stopper from the test tube. The test tube was held in place and the ppm hydrogen 

sulfide was monitored until it had reached a peak level and subsided. The peak reading is 

reported. 
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4.5    Analysis of reactions of lipoic acid and reduced lipoic acid using ATR-FTIR 

An Avatar 360 Attenuated Total Reflectance Fourier Transform Spectrometer 

(ATR-FTIR) was used to examine the bonding of the arsenic to the carboxyl end group of 

the lipoic and dihydrolipoic acid and to assess the impact of treatments on materials.  The 

ATR-FTIR is an instrument that passes an infra-red beam through a crystal at an angle that 

causes the beam to evanesce at the crystal surface. The beam then passes through materials 

placed on top of the crystal and re-enters the crystal after a portion of the beam has been 

absorbed by the materials. The resulting transmitted interferogram is transformed into a 

spectrum with peaks characteristic of the chemical functional groups of the material.  An 

analysis of how these peaks change during treatment is useful in understanding if the 

material was altered or residues remained. Key chemical functional groups of interest for α-

lipoic acid, the materials treated and potential arsenic and mercury bonds formed are 

tabulated in Appendix D.  

A 0.77 M solution of sodium arsenite in DI water was prepared and aliquots were 

added to 0.1 g samples of α-lipoic acid in a petri dish so that the arsenic to α-lipoic acid 

molecule ratio was 0.25:1, 0.5:1, 2:3, 1:1 and 2:1. One set of samples was allowed to dry in 

the dark to prevent photoreduction and a second set was spread into a thin film and then 

subjected to 3 hours of UV exposure using the 302nm lamp followed by drying in the dark 

at room temperature. The dried samples were then measured with ATR-FTIR using 64 

scans and a resolution of 4 cm-1 from 4000 cm-1 to 650 cm-1.
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4.6   Selectivity of binding of reduced α-lipoic acid to arsenite versus anions and cations 

The ability of arsenic to bind to the sulfur in the lipoic group in preference to 

various ions was studied by first adding solutions of the anions or cations to the reduced 

lipoic acid solutions, equilibrating one half hour, adding sodium arsenite to the solutions, 

equilibrating on half hour and measuring the absorbance at 270 nm.  The following 

chemicals were used: nickel sulfate, iron sulfide, silver sulfate (Fisher Scientific); iron 

sulfate, mercuric chloride (Mallinckrodt); cadmium chloride, magnesium chloride, copper 

sulfate (J.T. Baker); calcium chloride, barium chloride (Matheson, Coleman and Bell); zinc 

acetate, sodium fluoride, sodium nitrate, sodium chloride, sodium sulfate (Sigma-Aldrich); 

and ammonium bicarbonate (Fluka). 

Anions or cations were added in increments of 0.25, 0.5, 0.75 and 1.0 mole ratio 

anion/cation to 1.0 mole of unreduced lipoic acid. Arsenic was then added at a ratio of 1 

mole  arsenic to 1 mole unreduced lipoic acid. 
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4.7 Preparation of test materials and sorption/desorption studies using XRF 

 
4.7.1   Preparation of samples 
 

One thousand ppm solutions of sodium arsenite or mercuric chloride (Mallinckrodt) 

were dispensed onto 550 mm diameter filter paper (Whatman No.1), wool or cotton fabric 

test pieces (Test Fabrics, Pittston, Pa., Style 532 wool jersey knit or Style 46011 

unbleached cotton interlock knit), or feathers (free range Quail) and then allowed to dry 

prior to measurement of the levels of contamination.  Feather pieces were approximately 

3/4 inch square and were measured for contamination prior to testing to insure that there 

were no detectable levels of arsenic or mercury. Even dispersions were obtained using a 

pumped spray bottle.  

 

4.7.2   Adsorption of arsenic and mercury onto materials 

Quarter sections of 5.5 cm round cotton and wool test pieces described previously 

were individually immersed into 50 ml of 10, 100, 1000 and 2000 ppm arsenic (from 

sodium arsenite) for 1 hour in a 150 ml beaker with rapid magnetic stirring at room 

temperature.  The samples were then removed from solution and allowed to dry. The 

amount of arsenic was measured using XRF. 

Sorption of the sodium arsenite and mercuric chloride onto the materials over time 

was studied by cutting the circular test pieces into quarters and placing the materials into 50 

ml of magnetically stirred, 1000 ppm, metal salt solutions at room temperature and in some 

cases at elevated temperatures. Three samples were simultaneously immersed for various 

lengths of time and pre and post XRF readings were taken. 
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The sorption of arsenic and mercury onto cotton and wool by adding 1000 ppm 

arsenic and mercury to solutions containing the samples was evaluated by placing 1/4 piece 

(of 5.5 cm) samples into 50 ml solutions of 2 mg/ml reduced lipoic acid or de-ionized water 

and presoaking them for one hour. 1: 2 arsenic to lipoic acid was added to the solutions 

containing 5 pieces by the addition of 12 ml of 1000 ppm arsenic and 34 mls of 1000 ppm 

mercury by pipette while the solutions were magnetically stirred at room temperature. The 

samples were taken form the solution after one hour , dried and then measured using XRF.  

 

4.7.3 Desorption of arsenic from materials using variable stirring rate and temperature 

Quarter sections of 5.5 cm round cotton and wool test pieces described previously 

were contaminated with arsenic from sodium arsenite by spraying a 1000 ppm arsenic 

solution onto the samples and allowing them to dry.  The level of contamination was 

measured before and after the desorption experiments.  The level of arsenic after desorption 

was found to be a more consistent indicator than the amount removed so the post treatment 

values were used for analysis purposes. 

2 mg/ml solutions of reduced lipoic acid in 0.07 M ammonium hydroxide were 

prepared as described previously using the 302nm UV lamp for the reduction.  50 ml of 

each solution were placed into a 150 ml beaker which had no stirring, slow stirring or rapid 

stirring with a magnetic stirrer.  Experiments done to test the temperature were done using 

rapid stirring at 10oC (which was achieved with an ice bath), 20oC (room temperature) and 

40oC (achieved using a hot plate). Each sample was placed into a beaker and immersed for 
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times of 1, 3, 5 and 10 minutes. The sample was then allowed to dry and measured using 

XRF.  Three replicates of each temperature and stirring tested were done. 

 

4.7.4   X-ray Fluorescence Spectrometer 

The instrument used to analyze the arsenic and mercury content on materials after 

contamination and cleaning was a portable 700 series Niton X-ray Fluorescence 

Spectrometer (XRF) using a cadmium source.  The instrument capability was established 

by the Arizona State Museum Conservation labs in a previous NCPTT grant funded 

project.  The instrument demonstrated the ability to reproducibly detect levels of arsenic 

and mercury from 1 to 5000 µg/cm2 .

XRF is a non-destructive technique that uses x-rays to strip off a lower shell 

electron in an atom. This leads to internal ionization, which emits an energy peak at a 

characteristic energy level. The intensity and energy of the peak allows the atoms to be 

identified and quantified. 

A literature search was done in order to determine the inherent levels of arsenic and 

mercury in materials so that an assessment can be made as to whether the XRF levels 

detected in artifacts and materials due to natural accumulation or historic pesticide 

preservation efforts can be distinguished. The results of this survey are contained in 

Appendix A.  Feathers from birds and hair or fur from animals typically contain 10 ppm or 

less arsenic and 20 ppm or less mercury.  Wood and other plants have under 0.5 ppm 

arsenic or mercury. 
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4.8    Decontamination of materials 

Decontamination of materials was accomplished at room temperature by dispensing 

cleaning solutions onto the contaminated materials. Various cleaning sequences included 

the pre-wetting and rinsing of the materials using de-ionized water or carbonated water 

(Safeway Select brand) Pine oil (Spectrum Chemical Corp.) was also used to enhance 

wetting in some trials. Pre-wetting and cleaning solutions were dispensed using a 

measuring pipette with the sample held horizontally and clipped to the edge of a tray. 

Rinses were done with the samples held at a 45 degree angle, by dispensing the rinse 

solution from a wash squeeze bottle (VWR 16651-573). 

In the initial stages of treatment solution development, the entire circular test piece 

was subjected to cleaning. Multiple post cleaning readings were taken in the center of the 

test piece, and at four points (45, 135, 225, and 315 degrees) mid-way between the center 

and edge of the sample as shown in Figure 6. In the final stages of development, the test 

pieces were cut into quarters and cleaned and measured for residuals, individually. These 

details are included in the summary of each cleaning experiment run in Appendix C.  
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Figure 6.  Photograph of the tray used for cleaning and schematic of the sampling locations 
for XRF readings. 
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4.9 Analysis of material changes using ATR-FTIR 
 

The Avatar 360 Attenuated Total Reflectance Fourier Transform Spectrometer 

(ATR-FTIR) was used to examine the materials before and after treatment for changes or 

chemical residues. The instrument has been used in previous studies by the Arizona State 

Conservation lab to conduct non-destructive analysis of chemical residues on cultural 

artifacts.  

The interaction of the pre-wetting, cleaning and rinse solutions with the materials 

being cleaned were examined. Dried samples were placed directly on the diamond crystal, 

and an absorbance spectrum was taken.  
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4.10   Analyis of the reaction of arsenic and treatment solutions with cotton wood root 

 using ATR-FTIR 

Cottonwood root obtained from the Hopi tribe and aged for an undetermined 

amount of time was finely ground. Samples of 0.05 grams cotton wood root were mixed 

with 400 µls of 0, 0.07, 0.10 or 0.2 M ammonium hydroxide, dryed and analyzed using 

ATR-FTIR in order to evaluate the changes in the material due to the ammonium 

hydroxide. 

In a study to evaluate the effect of the sodium arsenite on the wood, 0.05 gram 

samples of cotton wood root were mixed with 400 µl aliquots 0, 100, 250, 500, and 1000 

ppm of arsenic of sodium arsenite in de-ionized water.  Samples were then dried and 

evaluated using ATR-FTIR. 

In order to evaluate the effect of treatment solutions on the wood, 0.05 g samples of 

cotton wood root were mixed with 400 µl of 1000 ppm arsenic and dryed. The samples 

were then placed on Whatman No. 1 filter paper in a funnel and rinsed using three different 

procedures as follows: 1) 10 ml of de-ionized water deposited using a rinse bottle; 2) 

Samples were pre-wetted using 1 ml de-ionized water followed by 5 ml of reduced lipoic 

acid (0.07 M ammonium hydroxide, 2 mg/ml lipoic reduced for 3 hours using the 302 nm 

light source) followed by a 5 ml de-ionized water rinse; and 3) 1 ml de-ionized pre-wet 

followed by a 5 ml 0.07 M ammonium hydroxide rinse, followed by a 5 ml de-ionized 

water rinse. 



58 

5. RESULTS AND DISCUSSION 

5.1  Solubility of α-lipoic Acid 
 

The goal of the initial studies was to evaluate solutions of varying concentration and 

pH to generate the highest possible concentration of soluble lipoic acid. The approach 

taken here was to study the solubility regime of lipoic acid in solutions containing organic 

solvents as the literature indicated this was a requirement, and to eventually determine a 

way to produce a solution without organic solvents. Organic solvents are a concern in the 

treatment of artifacts as they commonly denature materials and damage pigments. The 

presence of organic solvents also adds complexity to the removal of the toxins from waste 

solutions. 

 
5.1.1  Solubility of organic solvent-based solutions 

The solubility of lipoic acid in ethanol, 1-proponol and 2-proponol (isopropyl 

alcohol) were visually assessed.  The concentration of lipoic acid in solvent was varied and 

different volumes were added to de-ionized water in order to achieve different final 

concentrations of lipoic acid and volume percent organic solvent solutions. The solubility 

regime for various 1-propanol volume percent solutions was then assessed. Three 

classifications were assigned to the resulting mixtures: 1) solutions- with no visible 

turbidity; 2) dispersions- visible turbidity and 3) insoluble- immiscible lipoic acid phase in 

solution. A maximum soluble lipoic concentration of 1.92 mg/ml (9.3 x 10-3 M) was 

achieved using 9 percent 1-propanol using this technique as indicated in Figure 7. 

Concentrations above 1.92 mg/ml were either not miscible or formed dispersions in any of 

the solutions tested. 
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5.1.2 Effect of Acid/Base Concentration on Solubility 

Achieving solubility without the use of organic solvents is important to prevent 

denaturing of materials. The addition of a base to the lipoic acid may form a salt that is 

more soluble. One mg/ml lipoic acid (0.005 moles/liter) should be soluble when equivalent 

additions of 0.005 M base are added to form a salt or 0.02 M for a 4 mg/ml sample.  Lipoic 

acid required dissolution in alcohol otherwise it was not soluble in 0.005 M or 0.1 M base 

concentrations.  Two mg/ml lipoic acid with 9 percent ethanol, 1-propanol or isopropyl 

alcohol (IPA) was soluble in 0.1 M KOH, however, the resulting pH was 13.1-13.2.  Table 

2 shows a list of the lipoic acid solutions obtained by the technique of dissolving the lipoic 

acid in a solvent with subsequent addition to an aqueous base solution. A near neutral pH 

resulted for solution compositions consisting of 1) 1.82 mg/ml lipoic acid, 9.09 percent IPA 

and 0.002 M tetramethyl ammonium hydroxide (TMAH) and 2) 4 mg/ml lipoic acid, 7.2 

percent IPA and 0.02 M NaOH.  

The solubility of lipoic acid was examined in more concentrated base solutions in 

order to obtain an alcohol-free solution. 40 mg/ml lipoic acid was dissolved in 2 M 

ammonium hydroxide and then successfully diluted without precipitation of the lipoic acid. 

One, two, three and four mg/ml lipoic acid in 0.04, 0.07, 0.1 and 0.2 M  ammonium 

hydroxide (without alcohol) were prepared. The minimum base:acid mole ratio required to 

obtain solutions was found to be 5:1.  Figure 8 shows that the optimum base:acid 

concentration to obtain near neutral pH for unreduced solutions of lipoic acid in ammonium 

hydroxide was from 5-7; however, several tests in this range gave turbid solutions. These 
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pH values are not consistent with those that should be obtained according to the log C 

versus pH diagram in Figure 9.  This figure was generated based on the pKa of lipoic acid 

and NH4
+ (9.25). Table 3 compares the actual pH obtained to the values obtained by 

interpolation using the diagram. 

 

Table 2. Solutions of lipoic acid (formed by dissolving the lipoic acid in solvents prior to 
addition to aqueous solutions) that were stable for at least 40 hours. 

Lipoic acid(mg/ml) Volume % alcohol Base, Concentration pH 
0.95 4.76, 1-propanol 0.002 M KOH 

0.002 M NaOH 
DI water 

4.6 
3.2 
3.8 

1.82 9.09, 1-propanol 0.002 M KOH 4.1 
3.3 16.6, 1- propanol 0.002 M KOH 4.0 
0.95 4.76, ethanol  0.002 M KOH 4.1 
0.95 4.76, IPA 0.002 M KOH 4.4 
0.95 4.76, ethanol  0.002 M TMAH  12.1 
0.95 4.76, IPA 0.002 M TMAH 12.1 
1.82 9.09, ethanol  0.002 M TMAH 12.1 
1.82 9.09, IPA 0.002 M TMAH 7.4 
3.3 16.6, ethanol  0.002 M TMAH 12.1 
3.3 16.6, IPA 0.002 M TMAH 5.6 
1.82 9.09, ethanol  0.1 M KOH 13.1 
1.82 9.09, IPA 0.1 M KOH 13.2 
3.3 4.76, ethanol  0.1 M KOH 13.0 
3.3 4.76, IPA 0.1 M KOH 13.0 
4.0 7.2, IPA 0.02 M NaOH 6.0 
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Figure 8.  pH vs. lipoic acid / ammonium hydroxide ratio. 
 

Figure 9. The concentration versus pH graph for ammonium hydroxide and lipoic acid 
solutions studied. 
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Table 3.  Comparison of actual pH values obtained vs. those interpolated from a log C vs. 
pH diagram for lipoic acid and NH4

+.

Lipoic acid  
(mg/ml) 

M NH4OH pH Inter-  
polated from 
Figure 9 

Actual pH pH after reduction  
using 302nm Source 
for 3 hours 

1 0.07 10.12 10.0 9.5
1 0.1 10.00 6.3 9.9
1 0.2 9.62 10.5 10.2
2 0.07 9.80 8.5 8.3
2 0.1 9.68 6.0 9.3
2 0.2 9.32 10.4 9.9
3 0.07 9.60 6.9 6.8
3 0.1 9.48 6.8* 6.9*
3 0.2 9.16 9.6 9.1
4 0.07 9.48 7.9 7.3
4 0.1 9.38 9.2 9.0
4 0.2 9.05 7.6* 6.6*

* turbid solutions 
 

The pH for the actual solutions is lower than predicted in most cases. For some 

cases where the pH was significantly lower than expected, the solutions were visibly turbid, 

but in other cases they were not.  In some cases, the pH of clear solutions that were initially 

very low increased upon photoreduction to the predicted range. In the cases where the 

solutions were initially turbid, the pH stayed abnormally low and the solutions remained 

turbid.   

The results when a 2 mg/ml solution was titrated before and after photolysis using a 

0.1 M citric acid / 0.1 M sodium citrate buffer solution are shown in Figure 10. The 

limiting solubility appears to be governed by the carboxyl pKa (5.3) of the lipoic acid. 

When the pH is reduced to pKa + 1 or below the lipoic acid comes out of solution 

indicating that like charge repulsion may be keeping the lipoic acid in solution. The 
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citric/citrate buffer with a carboxyl pKa1 of 6.3 stabilizes the solution exactly at a pH where 

the carboxyl end group of the lipoic acid cannot be protonated.  

The titration curves indicate that protonation of the sulfur end groups of lipoic acid 

is complete at a pH of about 8. The curves are overlapping and consistent above a pH of 

9.5. Below a pH of 9.5, the case where the buffer was added before photolysis requires 

about 100 µL more buffer to get the same pH change.  This offset is indicative of a 

decrease in the concentration of lipoic acid that forms a product during photolysis that can 

protonate. It corresponds to ~0.001 M or 10.4 percent of the initial lipoic acid concentration 

and may be contributing to the turbidity. In the case where the titration occurred after 

photolysis all samples with a pH of 6 or lower became turbid whereas all samples remained 

in solution when the titration was done prior to photolysis with the exception of the pH 4.9 

case which only became turbid after photolysis.  Thus adjusting the pH after photolysis is 

not an option but the use of the citric /citrate buffer to adjust the pH before photolysis was 

effective in preventing turbidity in the near neutral regime. 
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Figure 10. The titration curves for 0.0096 M lipoic acid in ammonium hydroxide when a 
0.1 M citric acid / 0.1 M sodium citrate buffer was added before and after photolysis. 
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A common challenge that arose was the high variability in the pH of the prepared 

lipoic acid solutions. Figure 11 shows a histogram of the pH obtained from several batches 

of 2 mg/ml lipoic acid in 0.07 M ammonium hydroxide solutions prior to reduction. This 

was the most common solution evaluated throughout the project. The large run-to-run 

variability in the pH can be attributed to the location of the targeted pH on the steep part of 

the titration curve. 
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Figure 11. Histogram showing the frequency of occurrence for various pH values obtained  
for a 2 mg/ml lipoic acid in 0.07 M NH4OH solution prior to reduction. 
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5.1.3 Reversibility of turbidity 
 

The reversibility of precipitation from solutions was examined in order to try to 

understand the cause of the turbidity . The results are shown in Figure 12.  Solutions were 

prepared by first adding the lipoic acid to isopropyl alcohol and then injecting that solution 

into various concentrations of ammonium hydroxide. IPA was then added in increasing 

volume increments to the original dispersion until the solution cleared. The bar on the left 

indicates the original concentration of IPA, and the bar on the right indicates the final 

concentration of IPA. Reversal was instantaneous. There was a general trend for higher 

original concentrations of IPA to require less additional IPA to clear the dispersions.  This 

suggests one of two possibilities. Either smaller colloidal particles are formed when the 

volume percent alcohol is higher (so that the surface area is reduced and they can be 

dissolved more easily) or the structure of the colloid has more free volume to allow rapid 

diffusion of additional solvent.  
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Figure 12. Volume percent isopropyl alcohol required to dissolve dispersions of lipoic acid 
solutions formed by addition of 4 mg/ml lipoic acid to various concentrations of isopropyl 
alcohol in de-ionized water. 
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5.2  Photolysis of α-lipoic acid 

Photolysis of α-lipoic acid can be used to form the more reactive thiol end groups 

on the molecule. The rate of photolysis and the variables which may impact that rate  were 

studied in order to produce solutions that could be reduced in the shortest possible time 

using the least amount of material damaging alcohol or organic solvents.  

 

5.2.1  Acid/Base effects on reduction rate  

Photolysis of α-lipoic acid results in cleaving the S-S bond which results in a 

decrease in light absorbance at 330 nm as shown in Figure 13. Figure 14 shows the 330 nm 

absorbance of various lipoic acid concentrations in different concentration ammonium 

hydroxide solutions after exposure to sunlight for 60 minutes. Samples that  
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Figure 13. Time-dependent UV spectral change of 0.01 M α-lipoic acid. 
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were initially turbid were not included in the experiment. There is a general trend that the 

intensity of absorbance increases with increasing concentration of lipoic acid but the trend 

is not linear.  Deviation in linearity may be due to the high concentrations being used. Note 

that there is minimal increase in absorbance with increasing lipoic acid concentration when 

the base concentration is 0.2 M. A factor that was not rigorously controlled at the onset of 

experimentation (that may have contributed to this) was the amount of time that samples 

were exposed to concentrated base prior to dilution. This may have caused variability in the 

data and the time was eventually set at 5 minutes but the effect was never tested.  

The change in the absorbance (330 nm) from a sixty minute reduction of lipoic acid 

in sunlight was examined at different concentrations of lipoic acid in order to determine if 

the concentration of the lipoic acid limited reduction by limiting the penetration of the light 

through the test tubes. As shown in Figure 15, the extent of reduction begins to taper off 

with lipoic acid concentrations above 2 mg/ml (9.6 mM) lipoic acid for the 0.07 and 0.1 

ammonium hydroxide solutions so that concentrations above 9.6 mM lipoic acid may not 

optimal. 



69 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 1 2 3 4 5

Lipoic Acid (mg/ml)

Ab
so

rb
an

ce
(3

30
nm

)

0.04
0.07
0.1
0.2

Figure 14.  The absorbance (330 nm) of lipoic acid after exposure to sunlight for 60 
minutes using different mole/liter concentrations of ammonium hydroxide. 
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Figure 15. The change in the absorbance (330 nm) of different concentration α- lipoic acid 
in various concentrations of ammonium hydroxide after 60 minutes exposure to sunlight. 
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A comparison of 2.2 mg/ml lipoic acid reduced in sunlight in ammonium hydroxide 

vs. sodium hydroxide solutions was done in order to understand if the type of base 

impacted the photolysis rate.  As Figure 16 below indicates there was no change in the rate 

of reduction or the extent of reduction. 
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Figure 16. The reduction of 2.2 mg/ml Lipoic acid in basic solutions by actinic exposure as 
indicated by the decrease in the UV absorbance at 330nm. 
 

An unknown at the outset of this work was the identity of products from the 

photolysis reaction. Hydrogen sulfide may evolve as a by-product of the reaction in 

aqueous systems where the high energy OH bond of water prevents abstraction of hydrogen 

from the solvent for the reduction of the lipoic acid. In this case, an intra-molecular 

abstraction from the tertiary hydrogen on the 5 member ring may take place forming a thiol 

ketone that leads to the formation of hydrogen sulfide and a ketone upon hydrolysis 

(Brown, 1969). Hydrogen sulfide has a pKa1 of 7.08 at 20oC so that solutions with a pH of 
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8.08 or greater should not form H2S (Ellis et al., 1971).  The pKa2 of hydrogen sulfide is 17 

so that this did not need to be considered (Myers, 1968).  Solutions under a pH of 9.7 

(pKa1-1 for the –SH of dihydrolipoic acid) should not inhibit reduction so that the optimum 

pH for reduction should be 8.08 to 9.7.  

A study was done to monitor the detectable level of hydrogen sulfide generated in 

solutions with the pH adjusted using a 0.1 M citric / 0.1 M sodium citrate buffer solution 

and added in 0.077 ml increments to 3.5 ml lipoic acid solutions prior to photolysis is 

shown in Figure 17.  The titration curve shows that the pH versus buffer concentration 

added is flat starting at a pH of 10 as would be expected near the pKa (10.7) of the –SH of 

dihydrolipoic acid.  At the pKa, half of the lipoic acid should be protonated and half should 

not. Protonation is fully completed after the addition of 0.009 M citric acid at a pH of 8.5. 

Since the starting solution was 0.0096 M lipoic acid, this indicates that the lipoic acid is 

being fully protonated before scission by photolysis occurs. Solutions with a pH of 9.5 and 

above do not produce hydrogen sulfide that is detectable by odor after photolysis. This 

results in a much narrower window for the optimum reduction than expected and further 

tests using a hydrogen sulfide detector were done. 

The titration curves were repeated by adjusting the pH prior to or after photolysis 

using the 302 nm lamp for 3 hours. The hydrogen sulfide levels measured are shown in 

Figure 18 and Figure 19. The hydrogen sulfide level peaks near the pKa1 (7.02) of 

hydrogen sulfide when the pH is adjusted prior to photolysis. When the titration occurred 

after photolysis the hydrogen sulfide level increase was gradual and peaked at around 35 

ppm.  This plateau occurred as the pH reached a plateau of 5.5 which is close to the 
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reported pKa of the carboxyl end group.  It appears that the protonation of carboxyl end 

group is competing for the proton available for the formation of hydrogen sulfide.    

When the titration occurred prior to photolysis the hydrogen sulfide level reached a 

plateau of 29 ppm. (There are two cases not shown in Figure 18. When 2 ml buffer was 

added the pH was 5.5 and the hydrogen sulfide level was 29 ppm. When 3 ml of buffer was 

added the pH was 4.9 and the hydrogen sulfide level was 29 ppm.) There were two 

anomalous data points where the hydrogen sulfide level was in excess compared to cases 

for titration occurring after photolysis. This occurred at a pH of 7.2 and 6.5.  
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Figure 17. Titration of 2 mg/ml lipoic acid in 0.07 M ammonium hydroxide with 0.1 M 
citric/ 0.1 M sodium citrate buffer solution. 
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Figure 18.  The formation of hydrogen sulfide formed by the photolysis of 0.0096 M lipoic 
acid after adjusting the pH using a 0.1 M citric acid / 0.1 sodium citrate buffer solution. 
Photolysis was done using  a 302 nm UV lamp for 3 hours. 
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Figure 19.  The formation of hydrogen sulfide formed by adjusting the pH using a 0.1 M 
citric acid / 0.1 sodium citrate buffer solution after photolysis using  a 302 nm UV lamp for 
3 hours. 
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5.2.2. Effect of alcohol on reduction rate  

While IPA initially increased the solubility of lipoic acid, there was a need to 

understand the impact of IPA on the solubility and reduction rate.  Figure 20 shows the 

results when 5 percent IPA was added to the various lipoic acid and ammonium hydroxide 

concentrations studied previously. Solutions that initially required 5 percent IPA to stay in 

solution became visibly turbid after reduction. This is indicated by the very high 

absorbance that is not indicative of the solution absorbance but due to colloidal scattering.  

The increase in absorbance with concentration plateaus above 2 mg/ml (9.6 mM) lipoic 

acid just as in the case when no alcohol was present but the inconsistencies previously 

observed for the 0.2 M ammonium hydroxide cases are not seen. Comparing the results to 

the case shown previously in Figure 14, there are no large changes in the extent of reaction 

when IPA is used. 
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Figure 20.  The 330 nm UV absorbance of various concentration of lipoic acid with 5% 
isopropyl alcohol exposure to sunlight for 60 minutes using different concentrations of 
ammonium hydroxide. 
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Figures 21 and 22 show the reaction of base concentrations of 0.3 M ammonium 

hydroxide and 0.1 M sodium hydroxide with 4 mg/ml lipoic acid solutions and various 

volume percentages of isopropyl alcohol (IPA). Reduction was induced over time using 

direct exposure to sunlight that exceeded 900 watts /m2 and was monitored by change in 

330 nm absorbance over time. Individual samples were used for each exposure time. Lower 

concentrations of IPA increased the initial rate of reduction of the lipoic acid but did not 

significantly change the extent of reduction when varied from 5 to 9 percent in a 0.3 M 

NH4OH solution at 90 minutes. As shown in Figure 22, when 0.1 M sodium hydroxide was 

used, lower amounts of IPA yielded the greatest extent of lipoic acid reduction (2-fold 

more when 5% versus 7% IPA was used). Equivalent conversion is achieved at 90 minutes 

for 5, 7 and 9 % IPA and 0.3 M ammonium hydroxide and for 7 and 9 % IPA in 0.1 M 

sodium hydroxide. 
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Figure 21. Reduction of 4 mg/ml lipoic acid by actinic exposure as indicated by reduction 
in UV absorbance at 330nm for 5, 7 and 9 percent isopropyl alcohol solution combined 
with 0.3 M ammonium hydroxide. 
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Figure 22. Reduction of 4 mg/ml lipoic acid by actinic exposure as indicated by reduction 
in UV absorbance at 330 nm for 5, 7 and 9 percent isopropyl alcohol solution combined 
with 0.1 M sodium hydroxide. 
 

A comparison of the reduction rate of more dilute (2 mg/ml lipoic acid) solutions 

under 302 nm UV Lamp exposure in pure IPA versus de-ionized water is shown in Figure 

23. There is an offset in the absorbance of about 10 percent at the onset of reduction. Full 

spectra were collected and it was verified that the peak absorbance for the S-S bond is at 

330 nm for both media so that this is not due to a shift in the peak.  

While the IPA solutions showed a higher rate of reduction due to this offset, after 

150 minutes exposure, the extent of reduction was equivalent. 
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Figure 23.  The reduction of lipoic acid in various solutions as indicated by a decrease in 
the UV absorbance at 330 nm. 
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5.2.3   The effect of reduction on pH and solubility 

While there originally appeared to be several viable compositions of concentrated 

solutions, turbidity (which is undesirable during the binding with metals) was often induced 

during the photochemical reduction.  The influence of pH on the formation of turbid 

solutions was studied in order to understand the mechanisms leading to turbidity. The pH 

for lipoic acid reduced in NaOH with and without 7 percent IPA is shown in Figure 24. The 

pH for lipoic acid reduced in ammonium hydroxide with and without 5 % IPA is shown in 

Figure 25. There was a surprising tendency for the pH to decrease with increasing base 

concentration for samples prior to photoreduction in the absence of alcohol. (One would 

anticipate that it should be increasing.) This is not systematically displayed in the reduced 

solutions that include IPA.   
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Figure 24.  The change in pH after 60 minutes exposure to sunlight for 4 mg/ml lipoic acid 
solutions with various concentrations of sodium hydroxide. 
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The only solutions that became turbid upon photolysis were the 0.04 and 0.07 M 

solutions with 7 percent IPA.  These solutions had the lowest post-reduction pH of 5.5 and 

5.9. This indicates that the IPA contributing to the solvency has most likely reacted to form 

acetone as mentioned previously. Sodium hydroxide solutions with a pH of 6.3 and above 

did not become turbid. 

The pH changes for solutions of 4 mg/ml lipoic acid in ammonium hydroxide are 

shown in Figure 25. The 0.07 M NH4OH, 5 percent IPA case was slightly turbid before 

photochemical reduction and extremely turbid afterwards. All other solutions prepared in 

this manner did not become turbid during photolysis indicating that the pH must be above 

6.6 for solutions to be stable.  The data also suggests that precipitation of lipoic acid can be 

induced below a pH of 6. This could have important use for recovery of metals after 

collection for purposes of waste water treatment. 
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Figure 25.  The change in pH after 60 minutes exposure to sunlight for 4 mg/ml lipoic acid 
solutions with various concentrations of ammonium hydroxide. 
 



80 

This lower limit of the stable pH range of above 6.3-6.6 again suggests that the pKa 

of the carboxyl end group may be having an impact on turbidity.  The pKa for the carboxyl 

group is 5.3, that for lipoic acid is 4.76 and that for dihydrolipoic acid is 4.85 (as mentioned 

in section 3.5).  One would anticipate that the carboxylate anion would begin to be 

protonated at or below a pH of pKa+1. This is the regime where turbidity sets in. The 

anionic end group may play a role in keeping the lipoic acid and dihydrolipoic acid in 

solution by charge repulsion at pH greater than 6.3. Thus solutions will be more stable in 

alkaline condition at pH values above 7.  

As mentioned previously, experiments done to lower the pH down into the range of 

the pKa3 for citric acid (6.33) using a 0.1 M citric acid/ 0.1 M sodium citrate buffer before 

photolysis showed no signs of solubility problems until a pH of 4.7 near the pKa2 for citric 

acid, then only became turbid after photolysis. 
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5.2.4      Quantification of –SH formation and extent of reduction 

In order to better assess the extent of reduction, an alternative quantitative method 

was employed using DTNB, more commonly known as Ellman’s reagent, in order to 

determine the amount of –SH formed. A calibration curve for –SH was prepared using 

mercapto ethanol as a standard and is shown in Figure 26.  The absorbance intensity 

correlated to –SH was assessed and the calibration curve was standardized so that 100 

percent correlates to complete reduction of a 2 mg/ml sample of lipoic acid. 
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Figure 26. Calibration curve for –SH as indicated by reaction of mercapto ethanol with 
Ellman’s reagent (DTNB) and 412 nm absorbance. The curve is standardized so that 100 
percent is equivalent to full reduction of 2 mg/ml of lipoic acid. 
 

Using this technique, it was determined that reduction of 2 mg/ml lipoic acid 

solutions in isopropyl alcohol and 0.07 M ammonium hydroxide is complete in three hours 

using the 302nm UV lamps (see Figure 27).  Isopropyl alcohol (IPA) solutions showed 

completion of reduction in approximately 60 minutes vs. three hours for the ammonium 
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hydroxide solution using this technique versus three hours by tracking the decreases in the 

absorbance (330 nm) during reduction. 

One explanation for this could be that there are different products forming when the 

reduction occurs in isopropyl alcohol and that these products absorb at 330 nm making the 

calorimetric analytical technique inaccurate for detecting reduction. 
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Figure 27.  The formation of –SH during reduction of 2 mg/ml lipoic acid in various 
solutions as indicated by reaction with Ellman’s reagent (DTNB) and absorbance at 412 
nm. 
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5.2.5 Effect of different light sources 
 

Two UV light sources (each 8 watts) with wavelength intensities predominant in 

either the 302 nm and 365 nm ranges were compared for their effectiveness in reducing the 

lipoic acid.  The supplier spectrum of the 302 nm light source indicated more light at the 

wavelength of interest (330 nm); however, it was necessary to evaluate the results due to 

decreased transparency of the borosilicate glass test tubes at the lower wavelengths.  

As shown in Figure 28, the two light sources showed similiar ability to reduce 

lipoic acid as indicated by the decrease in the 330 nm absorbance. However, as shown in 

Figure 29, more –SH was formed using the 302 nm UV Lamp as indicated using Ellman’s 

reagent.  This indicates that there is not a 1:1 correlation in the determination of reduction 

via the decrease in absorbance at 330 nm versus the determination of the –SH formed using 

Ellmans reagent. This could be due to increased dimer formation or formation of a species 

that absorbs at 330 nm when the 302 nm lamp was used compared to when the 365 nm 

source was used. 

The other obvious discrepancy in determining the extent of reduction by decreased 

330 nm absorbance versus by determining the amount of -SH formed is that while the 

Ellman’s reagent indicates that reduction is complete at 150 minutes, the 330 nm 

absorbance does not totally diminish. Whitney et al. (1955) noted this in their experiments 

as well and attributed it to the formation of another undetermined compound with 

absorbance in the 330 nm range upon photolysis of the lipoic acid. 
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Figure 28. The reduction rate of 2 mg/ml lipoic acid (in 0.07 M ammonium hydroxide) as 
indicated by the decrease in the 330 nm absorbance for two different 8-watt UV light 
sources. 
 

0

0.5

1

1.5

2

2.5

0 50 100 150 200 250 300

Exposure time (minutes)

Ab
so

rb
an

ce
(4

12
nm

)

365nm
302nm

Figure 29. The formation of –SH during reduction of 2 mg/ml lipoic acid (in 0.07 M 
ammonium hydroxide) as indicated by the increase in the 412 nm absorbance for two 
different 8-watt UV light sources as indicated by reaction with Ellman’s reagent and 
absorbance at 412 nm. 
 



85 

5.2.6 Effect of temperature on the Photolysis rate 

The temperature during photochemical reduction was examined in the regime for 

practical use.  No significant effects of temperatures from 5 to 30 oC could be detected as 

shown in Figure 30 for solutions reduced using a 302 nm UV lamp. Subsequent studies 

using Ellman’s reagent showed that the –SH formed upon reduction did not significantly 

change difference due to temperature.   
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Figure 30.  The reduction of lipoic acid vs. temperature for a 2 mg/ml sample in  
0.07 M NH4OH using a 302 nm UV light source as indicated by the decrease in the 330 nm 
absorbance. 
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5.3 Reaction of α-lipoic acid with sodium arsenite and sodium arsenate in solution 
 

The reaction of soluble arsenic with reduced lipoic acid was studied in order to 

understand the reaction rate limiting mechanisms present in a simplified system first 

without the added complexity of the materials being decontaminated. 

New charge transfer transitions occur in the 250 to 320 nm range upon coordination 

of arsenic (III) to thiol (Spuches et al., 2005). This UV region also shows an increase in the 

absorbance when the sulfur-sulfur bonds of lipoic acid are cleaved to form thiol. Thus UV 

spectroscopy can be used to monitor the rate and extent of the reaction between arsenic 

(III) and reduced lipoic acid by subtracting out the original background spectra. In order to 

evaluate the reaction of reduced lipoic acid with arsenic the molar emissivity of the 

uncomplexed molecule must first be determined. 

The Beer-Lambert law,  A= a(λ) bc (where A is the absorbance, a(λ) is the 

wavelength dependent molar emissivity written as ε [M-1cm-1] when given as a function of 

molarity, b is the path length in centimeters and c is the concentration [M]), governs the 

linear relationship between the absorbance and the concentration of the absorbing species 

for solution concentrations under 0.01 M. As shown in Figure 31, the molar emissivity is 

72.85 ([M-1cm-1]) at 270 nm in the range of 0.005 to 0.015 M reduced lipoic acid. The 

concentration of the ammonium hydroxide from 0.07 to 0.2 M does not have a large impact 

on the absorbance.  

The y-intercept of the absorbance versus concentration graph is not zero indicating 

that in this concentration range there may be other molecular interactions being detected 

which should be considered when interpreting the results. 
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Deviations in the absorption coefficient can occur at high concentrations (>0.01 M) 

due to the electrostatic interactions between molecules. Other contributions to this factor 

include light scattering due to particles, changes in refractive index for high concentration 

species, and shifts in functional chemical equilibrium.  The unaided human eye can detect 

particles down to about 100 nm; the absorbance due to particles is maximized when the 

wavelength of the light is equivalent to the particle size so that colloids are not suspected.  
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Figure 31. Calculation of the molar emissivity coefficient at 270 nm for SH in the regime 
of interest. 
 

5.3.1 The reaction of As(III) with reduced lipoic acid 
 

Rey et al., (2004) showed that As(OH)3 is the major species of arsenic in aqueous 

solutions between pH 1 and 7. Therefore the reaction of arsenic (III) with a reduced lipoic 

acid thiol end group can be represented by three sequential reactions involving the 
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reaction of the substitution of the hydroxyl group of arsenous acid with sulfur:   

1)   2 R-(SH)2 + As(OH)3 � HS-R-S-As(OH)2 + H2O + R-(SH)2

2)   HS-R-S-As(OH)2 + H2O + R-(SH)2 � (OH) As –(S-R)2 + 2 H2O + R-(SH)2

3)   (OH) As –(S-R)2 + 2 H2O + R-(SH)2 � As –(S-R)3 + 3H2O

One arsenic is bridging two reduced lipoic acid molecules in the products of the 

third reaction as shown previously in Figure 3. This reaction was reported to occur without 

step-wise formation of intermediates in 0.1 M NaCl, HEPES (pH 7.4) buffered solutions 

which also contained 4 percent ethanol (Spuches et al., 2005). A maximum bonding ratio of 

2:3 arsenic (III) to lipoic acid was found for the solutions Spuches tested. This was 

validated for a 2 mg/ml lipoic acid in 0.07 M ammonium hydroxide solution. 

 

The dose response of the reaction of arsenic (III) of sodium arsenite with lipoic acid 

using the 270 nm absorbance as an indicator is shown in Figure 32. The peak response is 

achieved at a 2:3 arsenic to lipoic acid ratio.  Above that ratio the binding starts to 

diminish. This could be due to deprotonation of the arsenous acid (pKa= 9.23) as the pH of 

the solutions are increasing as more sodium arsenite is added.  
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Figure 32.  The reaction of sodium arsenite with lipoic acid as indicated by absorbance at 
270 nm. The final pH of each solution after addition of sodium arsenite is shown. 
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5.3.2   Reaction rate versus concentration 

The reaction over time is shown in Figure 33 for 0.97 mg/ml reduced lipoic in 0.068 M 

ammonium hydroxide samples reacted with a 2:3 ratio of arsenic (III) to reduced lipoic 

acid. The bulk of the reaction occurred within 8 seconds comprised of mixing and the time 

to transfer the sample to the spectrometer. This was followed by a slow insignificant 

increase in absorbance. The initial rate of the reaction “k” was calculated using the 

“differential method” of determining the rate law, whereby the tangent to the concentration 

versus time curve is taken during the course of a reaction.  In this case, the tangent at time 

t=0 was used to calculated the rate of the reaction under varying conditions calculated in 

this manner is shown in Table 4.   
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Figure 33.  The reaction of arsenic (III) from sodium arsenate with 0.966 mg/ml reduced 
lipoic acid in 0.068 M ammonium hydroxide, as determined by the development of the As-
S bond (indicated by the absorbance at 270 nm). 
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Different concentrations of lipoic acid in 0.07 M ammonium hydroxide did not 

show a significant change in the rate of reaction (three replicates per reduced lipoic acid 

concentration were compared) (p= 0.0141). When the experiment was repeated using 0.1 M 

ammonium hydroxide the difference became significant (p=0.0019) as shown in Figure 34.  

The variables examined in this manner were: 1) the concentration of the reduced 

lipoic acid; 2) the ammonium hydroxide concentration; 3) the arsenic concentration; 4) the 

stirring rate and 5) the pH.  The concentrations and pH were examined in order to 

understand the chemical rate limiting mechanisms and the stirring rate was examined in 

order to evaluate the influence of a diffusion mechanism. 

It should be noted that while this approach can be taken for evaluating the reaction 

rates, nothing can be said about the true rate equation or the reaction mechanisms using this 

approach as the reaction reaches near completion before measurements can be taken.   

 
Table 4. The initial reaction rate of various concentrations of reduced lipoic acid in  
0.07 M ammonium hydroxide at 20oC without stirring. 
 

Concentration 
Reduced 
Lipoic Acid 
[M] 

Mean Rate  
[∆Abs(270nm)/sec]

Standard 
Deviation 
over 3 
samples 

Mean Rate 
[M/sec] 

Standard 
Deviation 
for 
[mM/sec] 

0.005 0.1848 0.0315 0.0025 0.0004 
0.01 0.2564 0.0156 0.0035 0.0002 
0.015 0.2047 0.0082 0.0028 0.0001 
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Figure 34. The initial reaction rate of various concentrations of reduced lipoic acid in  
0.07 And 0.01M  ammonium hydroxide at 20oC without stirring. 
 

5.3.3 Reaction rate control mechanisms 
 

The solvent exerts an effect for the reactions in solution even if it is chemically inert 

due to the close proximity of the molecules during reaction. In order to react, the molecules 

must escape the solvent “cage” containing them before they can collide. Thus the reaction 

of molecules can be broken down into three steps: 1) diffusion of the reactants from the 

bulk solution to a distance from which they can collide; 2) chemical reaction of the 
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molecules and 3) diffusion of the products from the reactant cage to the bulk. Each of these 

aspects has a reaction constant associated with it as follows:  

 

kD kr ksep 
A(s) + B(s) ↔ (A....B)(s) → (P....Q) (s) → P(s) +Q(s) 

 k-D 

where kD is the rate of diffusion of the reactants in the bulk solution,  kr is the rate of the 

reaction,   k-D is the rate of diffusion in the reactant cage and  ksep is the rate of diffusion of 

the products from the reactant cage. 

 
For steady state conditions the reaction as derived in Appendix  C is governed by the 

following equation (Arnaut et al., 2007):  

 
-d[A] = krkD [A][B] 

 dt k-D + kr

The reaction can either be controlled by the rate of the reaction  “kr” or the rate of diffusion  

“k-D”. For example if the reaction is activation rate controlled   k-D >> kr and the resulting 

equation will be: 

 -d[A] = kr kD [A][B] 
 dt k-D 

If the reaction is diffusion controlled then  kr >>  k-D  and the governing equation is: 
 

-d[A] = kD[A][B] 
 dt
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5.3.4  Diffusion control 
 

In order to understand the diffusion mechanisms further, an experiment was run to 

examine the change in the initial reaction rate due to stirring. An increase in the reaction 

rate with rapid stirring would indicate that the reaction is diffusion controlled.  Table 5 and 

Figures 35 indicate the results. The run-to-run variability decreased for rapid stirring but 

the overall reaction rate and the extent of the reaction decreased.  This decrease in reaction 

rate was statistically insignificant (p=0.2570), however the extent of the reaction varied 

significantly (p=0.0227) indicating that something is impacting the reaction. This could be 

due to dissolved hydrogen sulfide that forms during photolysis escaping during vigorous 

mixing or oxidation of the thiols which may prevent them from reacting with arsenic.   

Table 5. The initial reaction rate of 0.97 mg/ml reduced lipoic acid in 0.034 M ammonium 
hydroxide reacted with a 2:3 arsenic to reduced lipoic ratio for various stirring rates at 
20oC. 
 

Stirring 
Rate 

Mean Rate  
[∆Abs(270nm)/sec]

Standard 
Deviation 
over 3 
samples 

Mean Rate 
[M/sec] 

Standard 
Deviation 
for 
[mM/sec] 

Zero 0.0675 0.0294 9.27 x 10-4 4.03 x 10-4 
Low 0.0319 0.0076 4.38 x 10-4 1.05 x 10-4 
Rapid 0.0039 0.0025 0.54 x 10-4 0.37 x 10-4 

In order to further evaluate the anomalous results obtained for the rate of reaction 

vs. stirring experiment, the experiment was repeated by placing 30 ml of solution into a 

loosely covered flask and displacing the head with nitrogen prior to reaction with arsenic. 
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Figure 35. Reaction of arsenic (III) with 0.097 mg/ml reduced lipoic acid in 0.034 M 
ammonium hydroxide IN AIR for no, slow and rapid stirring.  (p=0.2520 for comparison of 
the initial reaction rate and p=0.0227 for comparison of the extent of reaction.)  
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Figure 36. Reaction of arsenic (III) with 0.097 mg/ml reduced lipoic acid in 0.034 M 
ammonium hydroxide IN NITROGEN for no, slow and rapid stirring.  (p=0.0018 for 
comparison of the initial reaction rate and p=0.0003 for comparison of the extent of 
reaction.)  
 

The results indicate that run-to-run variability greatly decreased and the overall 

extent of the reaction was not reduced as much for rapid stirring when a nitrogen 
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atmosphere was used in place of air. Thiols are notorious for susceptibility to reacting with 

oxygen, hence better solution efficacy should be obtained when a nitrogen environment is 

used. In this case, the extent of the reaction was improved by about 35% when nitrogen 

was used. The use of a nitrogen purged glove box and de-oxygenation of the solutions 

should improve further on this. Another possibility is total immersion of the object being 

treated in reduced lipoic acid solutions if that is possible. 

In the technique developed for use of the reduced lipoic acid solutions in air, the 

samples were first pre-wet using de-ionized water and then the reduced lipoic acid was 

dispensed onto the sample and held without agitation.  After the reaction took place, the 

solution was then vigorously rinsed away using a stream of de-ionized water. This 

sequence helped to minimize the introduction of oxygen into the reduced lipoic acid prior 

to reaction. 
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5.3.5 Chemical Activation 
 

The Arrhenius equation expresses the temperature dependence of the rate of 
reaction. 
 

k= Ae-(Ea/RT) 

 

where A is a prefactor, R is the ideal gas constant (8.31 J/mol-K), T is the temperature in 

degrees Kelvin, and Ea is the chemical activation energy per mol. This activation energy is 

the amount of energy required to bring two molecules from far apart to a point where it is 

energetically favorable for binding to occur. 

Figure 37 and Table 8 shows the temperature dependency of the reaction of arsenic 

(III) with reduced lipoic acid. The difference in the reaction rates obtained for the different 

temperatures studied was barely statistically insignificant (p= 0.0636) at 95% confidence so 

that the chemical activation energy of 6.08 kJ/mol, calculated from the slope of the line on 

Figure 37 is suspect.  Calculating the activation energy over the next two increments 

resulted in activation energies of  - 21.9 kJ/mol for the 8 to 30 second range and -54.1 

kJ/mol for the 30 to 60 second range. This change over the course of the reaction indicates 

that there is a change in the controlling mechanism for the reaction. It should also be noted 

that lower temperature resulted in less variability from run to run.  

If the reaction is occurring step-wise, the activation energy after the initial reaction 

(the reaction over the first 8 seconds) occurs may be due to the pH of the solution with 

respect to the pKa of arsenous acid which would place it in an anionic condition and 

prohibit bonding. 
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Table 6. The initial reaction rate of 0.005 M reduced lipoic acid in 0.035 M ammonium 
hydroxide reacted with a 2:3 arsenic to reduced lipoic ratio for various reaction 
temperatures with stirring. 
 

Temperature Mean Rate  
[∆Abs(270nm)/sec]

Standard 
Deviation 
over 3 
samples 

Mean Rate 
[M/sec] 

Standard 
Deviation 
for [M/sec] 

10oC 0.0638 0.0039 8.75 x 10-4 0.54 x 10-4 
20oC 0.0853 0.0157 11.7 x 10-4 2.15 x 10-4 
40oC 0.0852 0.0074 11.7 x 10-4 1.01 x 10-4 

y = -731.5x - 4.3805
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Figure 37.  Reaction rate of arsenic (III) with reduced lipoic acid in the first 8 seconds for 
solution reacted at 10oC, 20oC and  40oC with rapid stirring.   
 

A decrease in the reaction rate occurred over time when the reaction rate was 

calculated over the time intervals of 0-8, 8-30 and 30-60 seconds as shown in Table 7 

below.  The reaction rate dropped more substantially at elevated temperatures. This 

supports the theory that gas evolution was occurring. 
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Table 7.  The reaction rate of arsenic (III) with 0.97 mg/ml reduced lipoic acid in 0.067 M 
ammonium hydroxide at 10oC,20oC, 40oC with rapid stirring for various times during the 
reaction. 
 
Reaction 
temperature 
[oC] 

0-8 
seconds 
Mean 
Reaction 
Rate 
[M/sec] 

0-8 
seconds 
Standard 
Deviation 
Reaction 
Rate 
[M/sec] 

8-30 
seconds 
Mean 
Reaction 
Rate 
[M/sec] 

8-30 
seconds 
Standard 
Deviation 
Reaction 
Rate 
[M/sec] 

30-60 
seconds 
Mean 
Reaction 
Rate 
[M/sec] 

30-60 
seconds 
Standard 
Deviation 
Reaction 
Rate 
[M/sec] 

10 0.0639 0.0004 0.0209 0.0026 0.0025 0.0016 
20 0.0853 0.0158 0.0162 0.0034 0.0018 0.0011 
40 0.0852 0.0074 0.0104 0.0026 0.0005 0.0005 

5.3.6 Effect of As(III) and ammonium hydroxide concentration 
 

Both ammonium hydroxide (p=0.0009) and arsenic (III) (p=0.0349) concentration 

had a significant impact on the reaction rate as shown in Tables 8 and 9.   

 
Table 8. The initial reaction rate of 0.97 mg/ml reduced lipoic acid in various 
concentrations of ammonium hydroxide reacted with a 2:3 arsenic to reduced lipoic at 20oC
without stirring. 
 

NH4OH 
[M] 

Mean Rate  
[∆Abs(270nm)/sec]

Standard 
Deviation 
over 3 
samples 

Mean Rate 
[M/sec] 

Standard 
Deviation 
for [M/sec] 

0.07 0.1849 0.0300 25.4 x 10-4 4.1 x 10-4 
0.1 0.0694 0.0140 9.5 x 10-4 1.9 x 10-4 
0.2 0.1674 0.0060 22.9 x 10-4 0.8 x 10-4 



100
 

Table 9. The initial reaction rate of 0.97 mg/ml reduced lipoic acid in 0.035 M ammonium 
hydroxide reacted with various concentrations of arsenic (III) at 20oC with vigorous 
mixing.  
 

[As]: 
[Reduced 
Lipoic 
Acid] 

Mean Rate  
[∆Abs(270nm)/sec]

Standard 
Deviation 
over 3 
samples 

Mean Rate 
[M/sec] 

Standard 
Deviation 
for [M/sec] 

1:2 0.1298 0.0346 17.8 x 10-4 4.8 x 10-4 
2:3 0.0765 0.0286 10.5 x 10-4 1.9 x 10-4 
1:1 0.0495 0.0203 6.8 x 10-4 0.8 x 10-4 

5.3.7 Effect of pH on the reaction rate 
 

The pH impact on the reaction rate is shown in Table 10. Increasing pH decreased 

the reaction rate. The effect was more pronounced and statistically significant for the 

solutions prepared by reduction using the 365 nm light source (p=0.00015) than the 

solutions reduced using the 302 nm light source (p=0.3822). The pKa of the thiol groups is 

10.7 so at higher pH values the reaction will begin to reverse and limit the rate. Tapering 

off of the reaction rate is demonstrated by the samples reduced using the 302 nm UV 

source but not the 365 nm source. 
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Table 10. The reaction rate of arsenic (III) with 0.97 mg/ml reduced lipoic acid in 0.034 M 
ammonium hydroxide versus the pH of the solution before and after the addition of arsenic.  
Solutions were reduced by exposure to the 302nm or a 365nm UV lamp with vigorous 
mixing and at 20oC. 

Exposure 
Lamp 

pH-pre 
Arsenic 

pH-post 
Arsenic 

Mean 
Rate  
[∆Abs(27
0nm)/sec] 

Standard 
Deviation 
over 3 
samples 

Mean 
Rate 
[M/sec] 

Standard 
Deviation 
for 
[M/sec] 

302nm 6.9 8.4 0.0764 0.0145 10.5 x 10-4 2.0 x 10-4 
302nm 9.5 9.6 0.0467 0.0194 6.4  x 10-4 2.7 x 10-4 
302nm 9.9 10 0.0558 0.0353 7.7 x 10-4 4.8 x 10-4 
365nm 6.1 7.2 0.0781 0.0074 10.7 x 10-4 1.0 x 10-4 
365nm 8.3 8.5 0.0461 0.0119 6.3 x 10-4 1.6 x 10-4 
365nm 10 9.5 0.0102 0.0009 1.4 x 10-4 0.1 x 10-4 

5.3.8  Reaction of As(III) and As(V) with unreduced and reduced lipoic acid 
 

The ability of lipoic acid, in the unreduced state, to bind to arsenic was tested as this 

information was not available in the literature.  Samples of 2 mg/ml lipoic acid in 0.07 M 

ammonium hydroxide were prepared as previously described. Sodium arsenite was added 

in a 2:3 arsenic to lipoic acid molar ratio before and after 60 minutes of photolysis in 

sunlight. As-S formation was monitored via absorbance at 270 nm. Samples with no 

exposure to light showed no apparent binding of arsenic. A small increase in the 270 nm 

absorbance was observed after exposure to light in the absence of arsenic.  Exposing lipoic 

acid to 60 minutes of photolysis leads to a significant increase in the absorbance at 270 nm 

upon addition of arsenic indicating binding of arsenic. No significant change occurred 

when arsenic (from sodium arsenite) was mixed with unreduced lipoic acid solutions as 

shown in Figure 38.  The extent of the reaction was independent of when the arsenic was 

added. The study was repeated using arsenic (V) of sodium arsenate and no reaction at the 

thiol end group was indicated at the pH tested. 
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Therefore, reduction of the lipoic acid is necessary for use as an arsenic chelating 

agent and arsenic must be in the form of arsenic(III) for binding to occur. Since arsenic 

(III) in the form of As2O3 and NaAsO2 was used as pesticides applied to museum artifacts, 

arsenic (V) is not anticipated to be encountered on artifacts.  

Figure 38.  As-S Formation from As(III) and As(V) present during Photochemical 
Reduction of Lipoic Acid or added afterwards (2 mg/ml, 0.07 M ammonium hydroxide 
solution; 180 min exposure to 302nm UV Source).  
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5.3.9  –SH formation versus the extent of reaction with As(III) 

The formation of As-S after reaction of arsenic (III) with lipoic acid that was 

reduced using the 302 nm and 365 nm ultra violet sources was tested using Ellman’s 

technique and monitoring the absorbance at 412 nm. Figures 39 and 40 show the 

development of the various absorbance curves over time for solutions reduced using the 

302 nm and 365 nm sources and then reacted with a 1:1 or 2:1 mole ratio arsenic to lipoic 

acid. As-S bond formation (270 nm), S-S bond rupture (330 nm) and -SH formation using 

the Ellman technique (412 nm) are shown for a starting solution of 2 mg/ml lipoic acid in 

0.07 M ammonium hydroxide. The values are normalized to percent of maximum decrease 

or increase in absorbance. 

Figures 41 and 42 show the correlation between the –SH formation using Ellman’s 

technique and quantification using the absorbance at 270 nm to be R2= 0.97-0.98. The 

reduction rates were zero order in the reactants with [absorbance (330nm)] = -2 x 10 -5 t + 1

where concentration is proportional to the absorbance at 330 nm and “t” is the reduction 

time in seconds.  In contrast, the same solution has a reduction rate equation of  

[absorbance (330 nm)]= -1 x 10 -4 t + 1 , i.e. an order of magnitude higher, in sunlight due 

to the increased spectral intensity of the sun over the UV lamp sources used. 

 In the case of the solutions reduced using the 302 nm light, the solutions (using the 

Ellmans technique) exceed 99% absorbance which causes accuracy problems with the 

detector of the spectrometer. The -SH formation as indicated by the As-S reaction at 270 

nm absorbance also indicated a zero order reaction rate after factoring out the saturated 

condition.  The reduction rate equation was [absorbance (270 nm)] = 0.0001 t + 0.2479 
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using the 302 nm light source and [absorbance (270 nm)] = 0.0001 t + 0.2396 using the 365 

nm light source where concentration of –SH or As-S is approximated as the absorbance at 

270 nm and “t” is the exposure time in seconds.  The extent of the reaction was higher for 

the solutions reduced using the 302 nm light source versus the 365 nm light source but it 

also extends beyond the calibration curve indicating possible interactions between the 

solution and Ellman’s reagent that cannot be explained by the presence of –SH or an As-S 

bond.  
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Figure 39.  Percent of maximum S-S bond rupture (330 nm) and –SH formation using the 
Ellman technique (412 nm) absorbance and As-S bond formation (270 nm). (Starting 
solution 2 mg/ml lipoic acid and 0.07 M ammonium hydroxide; 1:1 Mole ratio of 
arsenic(III) to lipoic;  302 nm UV lamp.) 
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Figure 40.  Percent of maximum S-S bond rupture (330 nm) and –SH formation using the 
Ellman technique (412 nm) absorbance and As-S bond formation (270 nm). (Starting 
solution 2 mg/ml lipoic acid and 0.07 M ammonium hydroxide; Mole ratio of arsenic(III) 
to lipoic 1:1 or 2:1;  365 nm ultra violet exposure lamp.) 
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Figure 41.  Correlation between –SH and As-S formation after exposure of solutions to a 
302 nm UV light source for various lengths of time.  (Starting solution 2 mg/ml lipoic acid 
and 0.07 M ammonium hydroxide;  1:1 Mole ratio of arsenic(III) to lipoic.) 
 



106
 

y = 0.2152e1.4632x

R2 = 0.9823

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

0 0.5 1 1.5 2

Abs (412nm) post exposure

A
bs

(2
70

nm
)p

os
ta

dd
iti

on
of

1:
1

Ar
se

ni
c

to
Li

po
ic

Figure 42.  Correlation between –SH and As-S formation after exposure of solutions to a 
365 nm UV light source for various lengths of time.  (Starting solution 2 mg/ml lipoic acid 
and 0.07 M ammonium hydroxide;  1:1 Mole ratio of arsenic(III) to lipoic.) 
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5.4   Analysis of the reactions of the carboxyl moiety of lipoic acid with arsenic 
 using ATR-FTIR 
 

It was hypothesized that arsenic will only bind to –SH groups in reduced lipoic 

acid, and not the deprotonated carboxyl end group in the pH regime of interest. This was 

assessed through ATR-FTIR which shows a change in the carboxyl vibration if arsenic is 

bound.  Pastes of lipoic acid with different molar ratios of arsenic to lipoic acid were 

prepared on glass slides and exposed to the 302 nm UV lamp for 180 minutes or allowed to 

dry at room temperature in the dark. The bonding of arsenic (of arsenous acid) to the 

carboxyl end group of lipoic acid and reduced lipoic acid results in the molecule shown in 

Figure 43. A shift in the COOH peak from 1700 cm-1 (assigned to the C=O vibration) to 

1640 cm-1 (assigned to COO- assymetrical vibration) accompanied by a diminished broad 

band in the 1200 to 1300 cm-1 range (assigned to the C-OH vibration)  indicates 

deprotonation and/or metal binding of the carboxylate anion.  This shift occurred at a molar 

ratio of 1:1 arsenic to lipoic acid with no ultra-violet exposure and at a ratio of 2:1 for 

samples exposed to UV light as shown in Figures 44 and 45.   

Figure 43. The resulting molecule after arsenic (arsenous acid) bonds at the   carboxyl end 
group of lipoic acid. 
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Figure 44. The reaction of arsenic of sodium arsenite with the carboxyl end group of 
unreduced lipoic acid. 
 

The arrows in the figures indicate the change in absorbance for the arsenic:lipoic 

combinations that showed a reaction at the carboxyl end. νas and νs stand for the 

assymetrical and symmetrical vibrations. 
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Figure 45. The reaction of arsenic of sodium arsenite with the carboxyl end group of 
reduced lipoic acid. 
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Both of the samples that exhibited this shift were clear yellow gels in appearance 

while the other samples dried into a more viscous gum or film.  When the study was 

repeated, samples were aged at room temperature in a loosely closed plastic bag for two 

weeks before being measured which produced different results. The samples were either 

clear, cloudy or gel films. The cloudy films formed by the 2:1 and 5:3 arsenic to lipoic 

samples exhibited the diminished 1700 and 1200 cm-1 intensities but there were no 1640 

cm-1 peaks present in place of the 1700 cm-1 peak.  The clear or gel type films from the 2:3 

and 1:1 arsenic to lipoic samples had the 1700 cm-1 intact although there was one 1:1 

sample that had cloudy edges of the film that did not exhibit the peak. In order to 

understand this, the starting pH of the samples were analyzed. 

The starting pH of the arsenic to lipoic acid solutions  of 0.25:1, 0.5:1, 2:3, 1:1 and 

2:1) were 6.8, 6.8, 6.9, 7.8, and 9.5 so that all pastes were at least 1 pH unit above the pKa 

for the COOH moiety which should be deprotonated.  Unfortunately the drying of the 

compound would cause the anions to protonate in order to achieve charge neutralization. 

However the results indicate that this is not the case for all samples that either did not 

produce a gel initially or produced cloudy films after aging.  In order to further understand 

this, the focus was placed on the samples that did not undergo reduction because that case 

alters the availability of the arsenous acid by binding to the thiol end groups and 

complicates the interpretation of the results. 

In the unreduced lipoic acid system, the intensity of the 1700 and 1200 cm-1 peaks 

(that indicate a protonated carboxyl group) increase with the addition of the arsenous acid 

for all samples except the 1:1 arsenic to lipoic acid sample which undergoes a chemical 
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change.  This suggests that the protonation of the carboxyl end group of lipoic acid is 

promoted by the arsenous acid and under certain conditions this protonation may result in 

bonding of the arsenic to the carboxyl end group at a pH where this would normally not 

occur. The disappearance of the 1640 cm-1 peak seems to indicate that the arsenic to 

carboxyl bond was no longer present and that perhaps arsenic has been converted to an 

inorganic form such as arsenic trioxide. While these studies are precursory in nature, and 

the explanation of the protonation of the carboxyl moiety at high pH requires additional 

research, the data presented indicates that a 5:3 arsenic to reduced lipoic acid bonding ratio 

has most likely been achieved.  This combined with the strong complexing ability make the 

molecule a competitive chelating agent for arsenic.  
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5.5   Selectivity of reduced lipoic acid to arsenite versus anions and cations  

Experiments were run in order to address the question of whether the water 

purity used in formulations would impact the efficacy of solutions or whether the 

presence of other anions or cations from soils or pigments on artifacts will prevent 

bonding of the arsenic to the lipoic acid or reduced lipoic acid.  

Sulfate, nitrate, fluoride and chloride anions were introduced in the form of 

sodium salts. Concentrations up to 1:1 mole ratio sulfate or chloride anion to reduced 

lipoic acid exhibited a relatively flat absorbance at 270 nm with increasing anion 

concentration as shown in Figure 46. Therefore, sulfates and chlorides did not appear to 

interfere with the bonding process. There was an initial increase in absorbance when low 

concentrations of fluorides and nitrates were present but this leveled out at higher 

concentrations. Nitrates have a characteristic absorbance in the 270 nm range and  should 

directly impact the absorbance independent of binding.  Thus nitrates and fluorides may 

cause some interference with the binding of arsenic (III) to reduced lipoic acid but this 

was not fully accessed here. 

The study was repeated for the cations: Ni 2+, Fe 2+, Ag +, Hg 2+, Cd 2+, Cu 2+,

Ca+, Mg2+ and Zn2+ as shown in Figure 47.  Turbidity was present in all cases except for 

magnesium which did not react with the thiol groups of the lipoic acid.  When 

precipitates from calcium, zinc and cadmium settled, the reduced lipoic acid absorbance 

spectrum was visible indicating that the precipitates formed were due to base hydrolysis, 

not reaction with the thiol or carboxyl groups of the reduced lipoic acid. Thus one could 

expect these solutions to react with most metal cations to form colloids and possibly 
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flocs. This could be advantageous if a passive coating were formed to protect metal 

layers on artifacts from further attack during treatment.  
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Figure 46. The effect of the presence of anions on the reaction of arsenic (III) with lipoic 
acid as indicated by 270 nm absorbance. (Starting solution 2 mg/ml lipoic acid and 0.07 M 
ammonium hydroxide; solution exposed to 302 nm UV light source for 3 hours; 2:3 mole 
ratio of arsenic(III) to lipoic.) 
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Figure 47. The effect of the presence of cations on the reaction of arsenic (III) with lipoic 
acid as indicated by 270 nm absorbance. (Starting solution 2 mg/ml lipoic acid and 0.07 M 
ammonium hydroxide; solution exposed to 302 nm UV light source for 3 hours; 2:3 mole 
ratio of arsenic(III) to lipoic.) 
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5.6  Sorption/desorption rates of sodium arsenite and mercuric chloride from materials 
 

The treatment solution and its reaction with arsenic in solution had been 

characterized and it was next necessary to understand the mechanisms of metal sorption 

and the limitations of desorption of those metals from materials.  

The sorption rates of arsenic and mercury salts were first studied so that a 

comparison could be made to the de-sorption rate using the developed solutions.  The 

quantity and type of functional groups present on the material surface will impact the 

sorption of metals. 

When the sorption of arsenic by cotton and wool was compared there was relatively 

little difference in the sorption characteristics of the two materials. Figure 48 and 49 show 

the adsorption isotherms for wool and cotton immersed in various concentrations of 

arsenic(III).  The uptake of the arsenic is measured in µg/cm2 using the XRF.  The graphs 

show that the arsenic uptake is 0.0363 µg/cm2 per ppm of arsenic for wool and 0.0514 

µg/cm2 for cotton. This measurement technique does not compensate for the volume or 

mass of the adsorbate. The samples of wool were an average of 105 mg (σ=3.8mg) and the 

cotton samples were an average of 120 mg (σ=3.0mg). Normalizing the values to 

compensate for the mass of the samples results in 3.46 x 10-4 [µg/cm2 per ppm of arsenic 

per mg of material] for wool and 4.28 x 10-4 [µg/cm2 per ppm of arsenic per mg of 

material] for cotton. Thus cotton is a slightly stronger adsorbate. The low levels of sorption 

overall indicate that the sorption is weak and may even be due to weak van der Waal forces 

rather than chemisorption. 
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Figure 48.  The sorption of arsenic (from sodium arsenite) onto wool as measured using 
XRF.  
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Figure 49.  The sorption of arsenic (from sodium arsenite) onto cotton as measured using 
XRF.  

 

The room temperature (25oC) sorption of arsenic(III) to feathers and wool over time 

was quantified using XRF measurements of samples exposed to 1000 ppm arsenic with 

stirring (Figure 50).  A linear increase in the sorption of 1000 ppm arsenic to wool over 

time was found to follow the equation y =1.25 t + 73 where y is the µg/cm2 arsenic (III) 
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absorbed over “t” time in minutes. Wool and feathers contain sulfhydryl groups which 

should contribute to strong sorption. The sorption to feathers did not increase significantly 

over time most likely due to the hydrophobic nature of the feathers. 

y = 1.2513x + 72.996
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Figure 50. Sorption of 1000 ppm arsenic (III) with stirring in water to feathers and wool 
versus exposure time. 
 

The ability to remove arsenic from wool was evaluated using samples with an 

average of 200 µg/cm2 arsenic by immersion in stirred de-ionized water and lipoic acid                

for various lengths of time as shown in Figure 51.  There was an immediate rapid decrease 

in the concentration of arsenic on the samples. The amount of decrease varied somewhat 

most likely due to initial wetting of the samples. A general trend of reduction of arsenic on 

the wool was seen for immersion times up to 5 minutes. As much as 95% of the arsenic 

was removed in the first minute. The reduced lipoic acid solutions did not significantly 
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increase the removal rate. There also were no distinct desorption trends when an attempt 

was made to remove arsenic from samples with 200 µg/cm2 arsenic sprayed onto feathers 

by immersion in 25oC de-ionized water over time (not shown).   
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Figure 51. Arsenic remaining on materials initially coated with 200 µg/cm2 arsenic(III) 
from wool by immersion with stirring in 25oC de-ionized water or reduced lipoic acid 
solutions. (Starting solution 2 mg/ml lipoic acid and 0.07 M ammonium hydroxide; 
solution exposed to 302 nm UV light source for 3 hours). 
 

The sorption properties of cotton and wool were further examined in an experiment 

to determine if arsenic would selectively bond to the reduced lipoic acid or the materials. 

Quarter sections of cotton and wool samples were immersed in reduced lipoic acid 

solutions (2 mg/ml, 0.07 M ammonium hydroxide) prior to the addition of 1000 ppm 

arsenic from sodium arsenite at a 1:2 arsenic to lipoic acid mole ratio. Control samples in 

de-ionized water were also run. The resulting levels of arsenic adsorbed onto the five sets 

of test samples were measured using XRF and a t-test was done to compare the ability of 

the reduced lipoic acid versus de-ionized water to prevent sorption onto the materials.  This 
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is an evaluation of the relative arsenic(III) bond strength to reduced lipoic versus the test 

materials.  Figure 52 shows the results of those tests.  The reduced lipoic acid did not 

significantly alter the absorbance of arsenic onto wool (p=0.1111) or cotton (p=0.6298) is 

comparison to de-ionized water. Note that the wide range of measured error could be due to 

the low levels of arsenic absorbed. The concentration of arsenic in solution was 193.5 ppm 

after addition to the solutions the samples were presoaked in. At 193.5 ppm, the 

concentration of arsenic on wool and cotton should be 7 and 9 µg/cm2 as calculated from 

the equations generated by the graphs in Figures 53 and 54.  The higher than expected 

adsorbed arsenic on wool may be due to differences in the swelling of the fibers in the 

different solutions but no further tests were done to understand this. 
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Figure 52.  Effect of reduced lipoic acid solutions on the sorption of arsenic (III) to cotton 
and wool. (Starting solution 2 mg/ml lipoic acid and 0.07 M ammonium hydroxide; 
solution exposed to 302 nm UV light source for 3 hours; 1:2 mole ratio of arsenic(III) to 
lipoic.) 
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The impact of stirring rate on the desorption of arsenic from cotton and wool 

immersed in reduced lipoic acid solutions was studied in order to further understand the 

sorption mechanism. Figures 53 and 54 show the results.  Rapid stirring had a significant 

improvement on the ability to remove the arsenic from both wool (p=0.0003) and cotton 

(p<0.0001). There are three possible contributing factors to the improvements 

demonstrated using rapid stirring: 1) better wetting of the materials, 2) increased shear at 

the solid interface and 3) better diffusion of arsenic or arsenic complexes away from the 

materials. 
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Figure 53. The removal of arsenic (from sodium arsenite) from wool with reduced lipoic 
acid solutions using different stirring rates. 
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y = -26.56Ln(x) + 62.542
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Figure 54. The removal of arsenic (from sodium arsenite) from cotton with reduced lipoic 
acid solutions using different stirring rates. 
 

The wool samples originally had 115.9 µg/cm2 (σ=26.8) arsenic while the cotton 

samples had 175.0 µg/cm2 (σ=48.4) so that any direct comparison between the desorption 

from the two different materials is difficult. However, both materials dropped about 95 

µg/cm2 of arsenic within the first minute of immersion in the reduced lipoic solution. This 

was an 83% decrease on average for the wool samples and a 54% decrease for the cotton 

samples. This large initial decrease in arsenic concentration on the materials suggests that 

the removal is limited by the diffusion of the arsenic or arsenic complex into the solution. 

Coupled with the fact that desorption of arsenic from wool was comparable in de-ionized 

water and aqueous reduced lipoic acid solutions indicates that the sorption mechanism for 

arsenic is likely physisorption for both cotton and wool. 
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An experiment was done with the reduced lipoic acid at different temperatures in 

order to further examine the sorption mechanism. Figures 55 and 56 show the results of 

these experiments. The wool samples originally had 114.8 µg/cm2 (σ=49.2) arsenic while 

the cotton samples had 178.4 µg/cm2 (σ=50.5) so that any direct comparison between the 

desorption from the two different materials is again difficult.  Approximately 100 µg/cm2 of 

arsenic was again removed from both wool and cotton samples within the first minute of 

immersion. Increased temperature had a significant effect on the removal of the arsenic 

from both wool (p=0.0005) and cotton (p=0.0078). This can be explained by the 

relationship between the diffusion coefficient and temperature given by the equation: 

D = Doexp[-Q/RT] 

where D is the diffusion coefficient [cm2/sec] Do is a prefactor, Q is the activation energy, 

R is the ideal gas constant (8.31 J/mol-K) and T is the temperature [K] (Verhoeven, 1975).  

Overall the sorption/desorption experiments indicate that arsenic is primarily 

weakly bound to the materials most likely due to physisorption and that the rate limiting 

mechanism of desorption is primarily diffusion of the arsenic or arsenic complexes away 

from the materials in the initial stages of treatment. This diffusion can be enhanced by 

rapid stirring (or the introduction of shear forces at the solid/liquid interface) or increased 

temperature.  Diffusion rates are concentration dependent according to Fick’s first law: 

 J = -D dC/dZ 

where J is the flux of atoms [g/cm2-sec] , D is the diffusion coefficient [cm2/sec], C is the 

concentration [g/cm3] and Z is the position along the diffusing direction [cm](Verhoeven, 
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1975).  This implies that a process that provides a continuous supply of fresh and 

uncontaminated solution for the treatment will be most efficient. 
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Figure 55. Residual arsenic on cotton after immersion in reduced lipoic acid with stirring at 
different temperatures (Average initial level of arsenic = 178 µg/cm2). 
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Figure 56. Residual arsenic on wool after immersion in reduced lipoic acid with stirring at 
different temperatures. (Average initial level of arsenic = 115 µg/cm2). 
 

Some of the previous tests were then repeated for mercury.  Feathers and wool were 

immersed in 1000 ppm of mercury from mercuric chloride and the sorption was measured 

over time using the same methodology that was used for arsenic. Similar results as that of 

arsenic were obtained on the materials except that higher absorption of mercury was 

obtained (Figure 57).  No desorption of mercury from these materials could be achieved 

using either de-ionized water or lipoic acid. This indicates that the bond of mercury to the 

sulfur in these materials is chemical in nature and is much stronger than that of arsenic. The 

selectivity test performed on mercury showed a significant ability of the reduced lipoic acid 

(versus de-ionized water) to prevent bonding of mercury on wool (p<0.0001) and cotton 

(p=0.0553) (Figure 58). 
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Figure 57.  The sorption of 1000 ppm mercury with stirring (of mercuric chloride) onto 
wool and feathers versus time. 
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Figure 58.  Effect of reduced lipoic acid solutions on the sorption of mercury to cotton and 
wool. (Starting solution 2 mg/ml lipoic acid and 0.07 M ammonium hydroxide; solution 
exposed to 302 nm UV light source for 3 hours; 1:1 mole ratio of mercury to lipoic.) 
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This has implications for the treatment of non-sulfur containing and sulfur 

containing materials including live mammals, fish and birds in the prevention of mercury 

sorption.  

The keratiene molecules in wool tend to coil in alkaline media which may 

contribute to the molecule’s chelation ability (Miyamoto et al., 1978) and alkali treatment 

of wool increases sorption of mercury more than other metals (Friedman et al. 1973). 

Therefore, the decreased uptake of the mercury by wool in the alkaline reduced lipoic acid 

solution cannot be attributed to a material change.  While it appears from this experiment 

that the bonding to the sulfhydryl groups of the reduced lipoic acid is more energetically 

favorable than bonding to the wool sulfhydryl groups, the fact that reduced lipoic acid 

cannot remove mercury from wool indicates that this is not the case. Bonding of the 

mercury to the reduced lipoic acid occurs by virtue of coming into contact with the mercury 

first.  
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5.7  Results of removing arsenic and mercury from materials 

Thus far a solution has been formed which maximizes the concentration of reduced 

lipoic acid while achieving an acceptable photo reduction rate.  A process sequence for 

using the complexing agent must be developed to optimize the treatment and minimize the 

amount of solutions or vigorous processing requirements that are likely to damage fragile 

artifacts being cleaned. Kinetic studies indicate that the reaction of reduced lipoic acid with 

arsenic primarily occurs in the first 8 seconds and that desorption of arsenic from materials 

is diffusion limited.   

It was previously demonstrated that solutions with and without 5% isopropyl 

alcohol resulted in comparable binding to arsenic (III) in water as indicated by absorbance 

at 270 nm. However, it was unknown if comparable removal of arsenic from materials 

could be achieved without using alcohol in the solutions. Table 11 shows the treatment 

results of 50 µg/cm2 arsenic(III) contaminated filter paper, as measured by XRF, cleaned 

by using a de-ionized water rinse (twice) vs. various lipoic acid solutions with and without 

5 percent isopropyl alcohol followed by a de-ionized water rinse (twice).  A t-test indicated 

a significant improvement (p=0.0001) in removal of arsenic for the reduced lipoic acid 

solutions without isopropyl alcohol. The de-ionized water rinse was performed using a 

wash bottle which dispensed fresh de-ionized water resulting in shear forces at the liquid to 

solid interface.  
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Table 11. Results of removing 50 µg/cm2 arsenic from filter paper using different 
techniques and solutions. 
 
Treatment Sequence # of readings Mean 

Residual 
Arsenic  
(µg/cm2 )

Standard  
Deviation of  
Residual Arsenic 

% of baseline  
Arsenic 
Removed 

DI water, 2X rinse only 5 14.04 5.4 71% 
5% IPA 
0.07 M NH4OH 
1,2,3 mg/ml Lipoic  
60 min solar radiation
DI water, 2X rinse 

15 11.13 3.32 77% 

NO IPA 
0.07 M NH4OH 
1,2,3 mg/ml Lipoic  
60 min solar radiation
DI water, 2X rinse 

15 5.32 1.39 89% 

Subsequent to this a series of full factorial experiments were run. The details and 

results of these experiments are in Appendix D. The experiments tested a wide range of 

variables including the concentration of the treatment chemicals, factors such as 

temperature and whether a surfactant was added to pre-wet the materials.  The processing 

sequence was also examined in this manner. 

A presoak in de-ionized water was added to enhance the diffusion of metals away 

from the materials.  Figures 59, 60 and 61 show the results from ANOVA’s 23, 24 and 25 

listed in Appendix D. The mean residual arsenic level obtained when highly contaminated 

materials were cleaned using different processing sequences is shown. The process 

sequence was divided into three steps: 1) a presoak for 1 minute using either de-ionized 

water or carbonated water; 2) a cleaning step using a 2 mg/ml reduced α-lipoic acid in 0.07 
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M ammonium hydroxide and 3) a rinse step which involved four serpentine rinses from the 

top to bottom using either de-ionized water or carbonated water. The reduced lipoic acid 

clean showed improvements in the arsenic removal for all cases except when carbonated 

water was used as a presoak agent for cotton. The carbonated water was used to facilitate 

the wetting of the thickly woven cotton samples. The decrease in removal was most likely 

due to a drop in the pH due to the lower pH (5.6) of the carbonated water. 

 

Figure 59. Average residual arsenic(III) (µg/cm2) on filter paper after different cleaning 
sequences. (Original contamination: 307 µg/cm2 arsenic as NaAsO2.) 
 



130
 

Note:  The vertical axis indicates the samples mean residual arsenic as measured by XRF 

for samples that had no clean step versus those that had the reduced lipoic acid clean.  The  

horizontal depth axis shows the various combinations of reagents that were used for the 

presoak and the rinse. 

 

Figure 60.  Average residual arsenic(III) (µg/cm2) on cotton after different cleaning 
sequences. (Original contamination: 403 µg/cm2 arsenic as NaAsO2.) 
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Figure 61.  Average residual arsenic (III) (µg/cm2) on wool after different cleaning 
sequences. (Original contamination: 525 µg/cm2 arsenic as NaAsO2.) 
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Table 12 shows the results of ANOVA’s run to analyze the experimental results.  

Reduced lipoic acid showed the most significant individual effect for all materials with the 

cleaning of wool having the most significant effect for the removal of arsenic from wool 

(p<0.0001).   

The interaction between the clean step and pre-soak reagent was significant in the 

removal of arsenic from cotton (p=0.0440) while the clean step alone was not (p=0.1135).  

De-ionized water was the best pre-soak reagent. 

Reduced lipoic acid showed the most significant effect on arsenic removal from wool 

(p<0.0001). The pre-soak (p=0.0030) and rinse reagent (p<0.0001) also showed significant 

differences. The effect of the interaction between the reduced lipoic acid clean and the rinse 

solution was also significant (p<0.0001).  For wool, a de-ionized pre-soak and carbonated 

rinse using reduced lipoic acid showed the least residual arsenic overall. 

Table 12. Significance of the Variable Cleaning Sequences on the Residual Arsenic Levels 
(Variables that cause a significant effect (p < 0.05) are in bold.) 
 
Variable Filter Paper   

(p-value) 
Cotton  (p-value) Wool  (p-value) 

Pre-Soak Reagent  0.5850 0.3711 0.0030 
Clean Step  0.0005 0.1135 <0.0001 
Pre-soak  x Clean 0.3980 0.0440 0.1200 
Rinse Step Reagent 0.2230 0.7255 <0.0001 
Pre-soak x Rinse 0.4352 0.2008 0.2777 
Clean x Rinse 0.0890 0.7946 <0.0001 
Pre-soak x Clean Step 
 x Rinse 

0.4015 0.6221 0.2934 
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A series of experiments were run to determine if a process sequence that included a 

one minute presoak in de-ionized water and excluded the use of reduced lipoic acid would 

be as effective.  The process sequence used for the testing was as follows: 

• Presoak- in 2 ml de-ionized water for 1 minute  

• Rinse- using a serpentine pattern from top to bottom repeated four times using de-

ionized water for filter paper, wool and feathers and carbonated water for cotton. 

The ability of this process to remove arsenic (III) from heavily contaminated 

materials is shown in Table 13, 14 and 15 for samples that were cleaned using two 

repetitions of this process. The process sequences were effective in removing over 90 

percent of the arsenic of sodium arsenite from filter paper, cotton, wool or feathers and 

arsenic trioxide from filter paper. Over 90 percent removal of mercury was demonstrated 

from filter paper and cotton as well, however, the solutions were not capable of removing 

the mercury from wool as indicated by the results from the experiments labeled ANOVA 

14, 18 and 22 in Appendix D. 

These experiments clearly show that the sorption mechanism is predominately 

physisorption in all cases except the sorption of mercury onto wool which is due to 

chemisorption. 
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Table 13. Percent  Removal of Arsenic from Materials Contaminated with Sodium Arsenite. 
 

Initial  
Arsenic 
Conc. (µg/cm2)

Percent Removed  
from 1 Cleaning  
Repetition 

Percent Removed  
after 2 Cleaning  
Repetitions 

Filter Paper 1484 96.5 99.8 
Cotton 1224 90.8 98.0 
Wool 1354 95.6 99.7 
Feathers 565 92.6 92.5 

Table 14. Percent Removal of Arsenic from Materials Contaminated with As2O3.

Initial 
Arsenic 
Conc. (µg/cm2)

Percent Removed 
from 1 Cleaning 
Repetition 

Percent Removed 
after 2 Cleaning 
Repetitions 

Filter Paper 152 93 96.4 

Table 15. Percent Percent Removal of Mercury from Materials Contaminated with 
Mercuric Chloride. 
 

Initial Mercury 
Conc. (µg/cm2)

Percent Removed  
from 1 Cleaning  
Repetition 

Percent Removed  
after 2 Cleaning  
Repetitions 

Filter Paper 1548 93 99.3 
Cotton 1496 65.1 93.2 
Wool 2161 8.7 36.7 
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It has been shown that high pH enhances the uptake of mercury on wool and that 

the lowest uptake is near the point-of-zero charge for wool (Miyamoto et al., 1978 and  

Friedman et al., 1973). Wool has a point-of-zero charge (PZC) of 4.7 (Grancaric et al., 

2005). Thus the reduced lipoic acid solutions developed with average pH values of 8.7 are 

not optimal for the removal of mercury from wool. Since it is not possible to keep the 

lipoic acid in solution at lower pH, aqueous solutions of reduced lipoic acid can not be fully 

optimized. 

Table 16 shows the results of another experiment run in order to attempt to remove 

mercury (average 499 µg/cm2) from wool using acetic acid at 60 or 100 oC. (See Appendix 

D, ANOVA 16 for details and raw data.)  The temperature of the removal was  

shown to be the only significant factor (p=0.0062) with the lower temperature (60oC) 

removing more mercury. However, the maximum removal level was 43 percent so that the 

overall improvement over using deionized water alone (which showed 37% removal for 

even higher levels) was minimized. The pH was also not optimized for this experiment but 

remained between 2.5-2.7. 

 When the pH was increased to 4.7, the PZC of wool, and the experiment was run 

again using a 10 minute immersion with rapid stirring, the mean removal was 34.8 percent 

with a standard deviation of 11.4 for the 60oC samples and 15.4 percent with a standard 

deviation of 8.4 for the 100oC samples. Hence the increase in temperature is inhibiting 

mercury removal. 
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Table 16. Experiment to test the removal of mercury deposited on wool (average level = 
499 µg/cm2) by immersion in acetic acid at different concentrations, temperatures and 
times. 
 
Temperature Time(min) Acetic(%) Residual Mercury (µg/cm2 ) Percent Removed 
60oC 5 5 350.62 42.84
60oC 5 10 327.36 38.42
60oC 10 5 372.46 34.12
60oC 10 10 360.01 22.98
100oC 5 5 451.96 18.97
100oC 5 10 393.98 20.82
100oC 10 5 396.69 18.12 
100oC 10 10 366.72 18.71 
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5.8 Analysis of test materials using ATR-FTIR  
 

After finding the best technique for removing the arsenic and mercury from 

materials by measuring residual concentration as the indicator, it was next necessary to 

assess whether the treatment solutions left residues on the materials or altered them in any 

way. An Attenuated Total reflectance Spectrometer (ATR-FTIR) was used for this purpose. 

The materials and lipoic acid were first evaluated to provide baseline information. 

The spectra of filter paper, cotton and wool are shown in Figure 62. The ATR-FTIR 

spectra of lipoic acid before and after exposure to 302 nm and 365 nm UV sources are 

shown in Figure 63. Exposure to UV light did not shift any of the infra-red peaks but did 

decrease the intensity of absorbance. There were no significant differences between 

samples exposed to the two different sources in the infra-red regime.  

 ATR-FTIR was then used to determine if lipoic acid residues could be detected on 

the decontaminated samples or if any alteration could be detected in the materials from 

contamination or the cleaning process. Analysis of Whatman No.1 filter paper samples 

indicated no changes in the spectra upon the addition of arsenic (III) of sodium arsenite as 

shown in Figure 64.  Treatment with reduced lipoic acid solutions or de-ionized water did 

intensify the absorption but it did not otherwise change the spectra. Similar results were 

obtained for cotton and wool. There was no indication that the lipoic acid solutions left 

residues on any of the materials tested using the techniques developed. 
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5.9   Analysis of the reaction of arsenic and treatment solutions with cotton wood root 
 using ATR-FTIR 
 

Cottonwood root is a material of interest as there are Hopi Kwatsi masks carved 

from cotton wood root that have been contaminated with arsenic. Thus a study was done to 

ascertain the impact of treatments to cotton wood root.  

One way of examining structural changes in cellulose based materials is by 

determining the crystallinity index (CI).  The intensity of absorbance at 1430 cm-1 is an 

indication of amount of cellulose material in a crystalline state called “Cellulose I.” The 

intensity of the absorbance at 900 cm-1 is indicative of the cellulose in an amorphous state 

called “Cellulose II.” The crystallinity index is the ratio of these two absorbencies ie. CI= 

Abs 1430 / Abs 900. The transition from Cellulose I to Cellulose II is due to molecular 

rearrangement and rotation of glucose rings around glucosidic bonds  (Nada et al., 1990). 

The lattice order of cellulose during swelling is increased by successive treatments in 

sodium hydroxide (Manjunath et al., 1980).  Metal chlorides such as zinc and lithium 

chloride are used as swelling and decrystallizing agents to enhance wetting and dyeing of 

cellulose (Pandey et al., 1976).  

The crystallinity index of Whatman No. 1 filter paper as shown in Figure 65 was 

0.52. Treatment with 1000 ppm arsenic of sodium arsenite increased this to 0.58. 

Subsequent treatment to remove the arsenic using deionized water further increased this to 

0.63 and reduced lipoic acid treatments increased the crystallinity index to 0.70. The 

increase in crystallinity due to arsenic contamination was not reversed by either the reduced 

lipoic acid solutions or the deionized water rinse for filter paper.  
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Table 17 summarizes the crystallinity index calculated from the treatment of cotton 

wood root with: 1) ammonium hydroxide (see Figure 65); 2) different levels of arsenic (see 

Figure 66.) and 3) cotton wood root treated with 1000 ppm arsenic and then cleaned using 

de-ionized water, ammonium hydroxide or reduced lipoic acid solutions (see Figure 67).  

Ammonium hydroxide solutions increase the crystallinity index by an average of 

54% while arsenic solutions increased it 28%. Ammonium hydroxide solutions also 

increased the intensity of the absorbance but there were no red or blue shifts due to any of 

the treatments.  

When cotton wood root was subjected to 1000 ppm arsenic and dried and then 

cleaned with water, reduced lipoic acid solutions or 0.07 M ammonium hydroxide, the 

average increase in the crystallinity index was 67%. As shown in Figure 66 and Table 10, 

there was only a slight decrease in the crystallinity index increase for lipoic acid reduced 

using the 302 nm versus the 365 nm UV lamp.  

The treatments by 302 nm and 365 nm reduced lipoic acid removed 80 µg/cm2

arsenic from the ground cottonwood root to levels below the detection limit of the XRF. 



143
 

Table 17. The crystallinity index of cotton wood root after addition of 400 µL of various 
solutions to 0.05 g grated cotton wood root and  drying and in some cases treatments to 
remove the arsenic.  
 

Treatment solutions added to cotton wood 
 root and conditions 

Crystallinity Index 
(Abs 1430 / Abs 900)

Standard grated cotton wood root with 
no further treatment 

 
0.74 

Deionized water added 0.89 

0.07 M NH4OH added 1.13 

0.1 M NH4OH added 1.16 

0.2 M NH4OH added 1.14 

100 ppm Arsenic 0.72 

250 ppm Arsenic 0.85 

500 ppm Arsenic 0.85 

1000 ppm Arsenic 0.95 

1000 ppm Arsenic, dried and rinsed with 
5 mls of deionized water 
 

1.22 

1000 ppm Arsenic, dried and rinsed with 
5 mls of  2 mg/ml lipoic acid in 0.07 M 
NH4OH reduced using 302 nm source 
 

1.17 

1000 ppm Arsenic, dried and rinsed with 
5 mls of  2 mg/ml lipoic acid in 0.07 M 
NH4OH reduced using 365 nm source 
 

1.26 

1000 ppm Arsenic, dried and rinsed with 
5 mls of in 0.07M NH4OH 
 

1.29 
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6. CONCLUSIONS 
 

This project aimed to develop benign methods to remove metals from culturally 

sensitive artifacts. The primary compounds evaluated were arsenic and mercury on model 

substrates of filter paper, cotton, wool and feathers and cotton wood.  A novel approach 

using lipoic acid was developed and assessed. α-Lipoic acid is a sulfur containing 

compound that, in some cases, must be reduced to generate -SH groups in order to bind 

metals.  Complexes of the toxic metals bound to the reduced lipoic acid are less toxic to 

humans than uncomplexed metal ions and can be precipitated from solution by controlling 

the pH of the solution.  Thus a process has been developed which: 1) is more benign to 

humans and helps to protect them from inadvertent exposure during the handling of treated 

artifacts; 2) remediates toxins from artifacts; and 3) can possibly provide a means to purify 

solutions used for treatment with further development. 

The conclusions presented in the order of the hypotheses are as follows: 

1. The solubility regime of lipoic acid and reduced lipoic acid has been examined in 

the aqueous phase in the presence and absence of organic solvents. Since it is a lipophilic 

substance, the solvency of lipoic acid in aqueous solutions has been a challenge for 

researchers for years (Carter, 2007). The problem was overcome by dissolving the lipoic 

acid in concentrated base for a limited amount of time and then diluting the solution. The 

use of concentrated base also increases the pH of the solution above the desired pH regime. 

A 0.1 M citric acid / 0.1 M sodium citrate buffer solution was used to reduce the pH into 

the working range without affecting the solubility. It was found that adjustments to pH 
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should occur after photolytic reduction as the evolution of hydrogen sulfide during 

photolytic reduction is pH dependent and arises most at low pH. 

2. Photolytic reduction using natural sunlight follows a first order rate and can reach 

full conversion in two hour.  Laboratory UV lamps can also be used, but requires reduction 

times of 3 hours to reach similar conversion.  

The evolution of hydrogen sulfide is a primary concern during the photolysis step as 

this depletes the complex of thiol groups and produces a gaseous toxin which is deadly in 

high quantities.  Hydrogen sulfide formation can be prevented by providing a source of 

hydrogen for the thiol formation. In the case where there is no source easily available, 

hydrogen is intramolecularly abstracted form the tertiary carbon creating a thiol ketone 

which likely is subsequently hydrolyzed to a ketone and hydrogen sulfide.  pH values of 

9.5 and above (using ammonium hydroxide as the base) did not produce levels of hydrogen 

sulfide detectable by odor.  The pH should be kept in this range during photolysis and 

lowered using the citric/citrate buffer afterwards.  Exposure to the UV source should be 

limited to that required for photolysis so that additional hydrogen sulfide is not generated. 

3. α-Lipoic acid must be reduced in order to react with arsenic(III). Neither α-lipoic 

acid nor reduced α-lipoic acid will react with arsenic(V) at the –SH group. As the arsenic 

used on artifacts was historically arsenic(III) the lack of reactivity with As (V) is not a 

concern for artifact remediation.  

The kinetic study done in order to understand the reaction pathway and kinetics of 

the reaction of arsenic (III) with reduced lipoic acid indicated that the reaction rate is pH 

dependent. This was the first study done on the reduced lipoic acid / arsenic (III) system 
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that did not utilize an organic solvent or NaCl in the solutions being tested and was done in 

an aerobic environment. The study used UV absorbance at 270 nm as an indicator of the 

As-S bond.  This limits the regime of study to a lipoic acid concentration range of around 

0.0005 to 0.0048 M due to low transmittance of the products at higher concentrations and 

poor absorbance at lower concentrations. 

The study showed that the reaction occurred at a moderate rate and was H+ limited. 

This can be attributed to the necessity to have the arsenous acid in the fully protonated state 

for bonding to occur with thiol groups.  This limits the optimum pH of the solutions to 

pKaarsenous acid – 1 (8.23) or below for arsenous acid.  Ammonium hydroxide and arsenite 

concentration also had a significant impact on the reaction rate with increasing 

concentrations leading to a reduced reaction rate. 

4. ATR-FTIR studies indicate that protonation of the carboxyl end group occurs 

after the addition of arsenic from sodium arsenite in a pH that is higher than what would be 

expected based on the pKa for COOH. Arsenic binds to the carboxyl end group of lipoic 

acid when gels are formed.  This provides the possibility of achieving a 5:3 arsenic to 

reduced lipoic acid complex rendering the lipoic acid molecule a competitive contender as 

a complexing agent for arsenic.  

5. The sorption of arsenic and mercury onto cotton and arsenic on wool was shown 

to be primarily due to physisorption. Mercury on wool appears to be due to chemisorption. 

Desorption was achieved successfully for the first three cases but not for mercury bound to 

wool. 
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6. Maximum desorption of arsenic from wool was achieved by immersion in 

deionized water or reduced lipoic acid solutions for approximately 3 minutes while 

mercury did not desorb from wool.  Immersion studies indicated that reduced lipoic acid 

solutions were significantly better than de-ionized water at preventing mercury sorption 

onto cotton or wool whereas no improvement was seen for arsenic. 

7. Another promising result related to artifact conservation was indicated by the 

studies done to determine whether anions or cations in water would interfere with removal 

of arsenic. It was demonstrated that anions did not significantly interfere with the binding 

of reduced lipoic acid to arsenic. The anions present in regular ground water should not 

interfere with the cleaning process. However, there was an indication that carbonates, 

which are very common in Southwestern waters, could reduce the efficacy by altering the 

pH. Several of the cations tested reacted to form precipitates in the treatment solutions 

developed. De-ionized water is therefore recommended. 

8. A processing sequence was developed in which the materials being treated are 

first pre-wetted using de-ionized water followed by application of the reduced lipoic acid 

treatment solutions and a subsequent rinse using a wash bottle and de-ionized water 

dispensed in a serpentine pattern.  This technique minimized the volume of toxic waste 

water produced.  

The reduced α-lipoic acid solutions and processing sequences developed were 

shown to be effective in removing high concentrations of arsenic and mercury from non-

sulfur bearing materials such as paper and cotton.  The solutions were also effective in 
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removing high concentrations of arsenic from the sulfur containing materials such as wool 

and feathers but very little mercury could be removed from those materials. 

9. No residues of the α-lipoic acid treatment solutions could be detected through 

ATR-FTIR used to examine the treated materials.  

A study was done on ground cottonwood root as this is a prevalent carving medium 

used by Southwestern Native Americans. Changes in the crystalline structure of the 

cellulose of cottonwood root as well as filter paper showed that ammonium hydroxide, 

sodium arsenite and rinse treatments (including de-ionized water and reduced lipoic acid) 

all impacted the crystal structure of the cellulose.  This change in crystal structure actually 

imparts greater resiliency to the wood from the environment. The treatments were also able 

to remove arsenic from ground cottonwood root so that an application for wood treatment 

is possible. 
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7.  FUTURE WORK 

 

There are several areas where further development work is needed. A more detailed 

examination of the interaction of the treatment solutions with anions and cations in the 

form of minerals and dyes should be done. The process of removing the toxic metal 

complexes formed from water should be developed and the ability to remove arsenic from 

wood should be explored in detail.  In addition, lipoic acid coatings could be developed as 

a means to provide life ending burial of contaminated objects without jeopardizing the 

surrounding environment.   

Using ammonium hydroxide with a pKa of 9.25 near that of arsenous acid 

complicated the interpretation of the results of kinetic studies done to understand the 

reaction mechanisms. Experiments done using sodium hydroxide may help to gain further 

understanding of the chemically controlled rate mechanisms. 

The citric acid / sodium citrate buffer with a pKa3 of 6.33 which is near the pH 

where reduced lipoic acid solutions became turbid. This limited the ability to fully buffer 

the solutions. Experiments done using a buffer with a higher pKa should be done. 

The reaction of the reduced lipoic acid with cations and anions should be examined 

in more detail to understand if the precipitates formed are oxides from hydrolysis of the 

metals with the base or whether bonding has occurred at the carboxyl end group.  

(Unfortunately, light scattering prevents a detailed UV-VIS spectroscopy study of the 

bonding to the sulfhydryl group.) There may be cases where binding to the metals in 

pigments or dyes is preferred to cleaning if a passive metal layer can be formed on the 
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surface of metal or metal based painted objects which prevents them from corroding during 

cleaning. 

Further testing of the solutions on the more complex structure of solid wood could 

result in an effective and safe treatment for many of the wooden artifacts that have been 

contaminated. This would require analysis of the complex diffusion properties of metals 

into wood as well as a study of how the metals and treatments interact with different 

compounds in wood such as lignin and cellulose. 

It was demonstrated that dispersions of lipoic acid can be formed at low pH values. 

The formation of colloids and precipitates should be characterized so that a filtration 

process can be developed for use in treating the waste water produced.  

The demonstrated ability of the arsenic to complex with the carboxyl end group by 

the formation of gels opens up a path of discovery for the use of the molecule as a viable 

complexing agent for purposes of environmental remediation. The higher arsenic to 

molecule ratio achieved by the additional complexation of the carboxyl end group makes 

the use of the molecule more economically feasible.   

The formation of gels may also have applications in the museum sector in cases 

where limited penetration of the complexing agent is desirable. Gums may also be 

developed to use as a tacky probe to pick particles of toxic contaminates (that have been 

applied by dusting) off of museum objects. 

The results for using α-lipoic acid for the removal of arsenic and mercury from 

artifacts was presented to the Southwest Native Nations Advisory Board at the Arizona 

State Museum, Tucson, Arizona in April of 2005 and was well received.  The main concern 
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raised during discussions was that there is also a need for a better understanding of the 

diffusion of toxins in soils from objects that are buried after repatriation. The concern is 

that burials are often taking place near populated areas and waterways. The solutions 

developed could also be used to minimize the contamination on artifacts prior to burial and 

coatings could be developed to prevent the arsenic from leaching into the environment as 

the artifacts are returned to the earth. 
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APPENDIX A 
 

THE INHERENT LEVELS OF ARSENIC AND MERCURY IN ARTIFACT 
MATERIALS 
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Abstract 

Interest in metals present in museum artifacts increased due to the Native 
American Graves Protection and Repatriation Act (NAGPRA), under which many Native 
American artifacts are being repatriated for cultural uses that may involve direct contact 
with humans. Mercury and arsenic are of greatest concern due to high persistence. They 
have been added as pesticides and preservatives over the past ~100 years, but in general, 
use has not been documented. An important aspect that needs to be considered in the 
analysis of an artifact for metal contamination is that many artifacts contain mercury and 
arsenic due to their inherent composition. 

Understanding exogenous versus endogenous sources of arsenic and mercurial 
contamination is imperative in the assessment of toxin levels on artifacts in museums as 
well as for the development of solutions and treatments for removing those toxins. The 
natural and anthropologic sources of mercury and arsenic are considered, and a literature 
review of  the level of these toxins, which may be inherent in materials used to make 
Native American artifacts is presented. The baseline arsenic and mercury inherent in 
artifact materials before their storage or treatment using mercurial or arsenic 
preservatives by collectors or museums may be as high as 20 ppm for hair, feathers or 
skin due to bonding with the sulfhydryl groups in these materials. Wood and other plant 
materials should not have levels in excess of 500 ppb. These values should be used only 
as a general guideline in the complex analytical and toxicological decision making 
process required for the repatriation of objects.  
 
Introduction   
 

Natural science specimens and ethnographic artifacts have been historically 

treated with arsenic and mercury salts in order to protect them from insects. This has 

created an environmental concern for museum workers and the public who may be 

exposed to these toxins. Also, museums are frequently asked to return sacred objects 

under the Native American Graves Protection and Repatriation Act. Now artifacts that 
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are otherwise well contained and rarely handled are being returned to tribes for culturally 

appropriate use. Several museums, including the Arizona State museum in collaboration 

with the Materials Science and Engineering Department at the University of Arizona, are 

in the process of developing and evaluating cleansing and extraction solutions to remove 

the arsenicals and mercury compounds.  The artifacts of concern are typically made from 

feathers, fur, hair, wood, animal skin or plant materials such as reed or grass. The 

understanding of baseline arsenic and mercury levels inherent in the materials of interest 

is critical in determining the levels of arsenic and mercury expected on an 

uncontaminated or cleaned surface. This assessment of baseline levels will help 

conservators determine whether an object is contaminated and whether treatment should 

be limited to surface cleaning or extended to extractive leaching of subsurface 

contaminants. The information is also useful in determining the appropriate end-point for 

cleansing treatments. The purpose of this paper is to summarize data from the literature 

on typical natural levels of arsenic and mercury found on materials. 

 

Sources of Arsenic 

Arsenic is the 20th most abundant element and is distributed throughout the earth's 

crust.  Major arsenic-containing minerals include arsenopyrite (FeAsS), realgar (As4S4)

and orpiment (As2S3) Higher than average arsenic concentration is associated with 

sandstones, shales and coal.  Clays and sedimentary iron and manganese oxides can also 

be rich in arsenic (Focazio et al., 2000). 
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Arsenic in the lithosphere can come from emissions that occur as a by-product of 

mining and electricity generation. Mining and smelting of nonferrous ores contribute to 

arsenic emissions, as arsenic is usually associated with the sulfides of nonferrous 

deposits. Combustion of coal for the generation of electricity also is a source of arsenic. 

Arsenic is naturally introduced into water when minerals and ores are dissolved 

by water. Arsenic can also enter the ground water through leach fields, slag heaps or from 

air deposition from smelters.  

Historical uses of arsenic include the use of copper arsenate, realgar and orpiment 

for pigments and the use of arsenic compounds for medicinals. 

Modern day uses of arsenic compounds include the use of calcium arsenate, lead 

arsenate, cuprous arsenite, sodium arsenite and arsenic trioxide for control of insects in 

agriculture, to control the ripening of fruit and as a cotton defoliant.  Arsenic is used 

commercially as an alloying agent, and the semiconductor and photonics industries use 

arsenic for ion implant of silicon-based devices and GaAs for semiconductor devices. 

Arsenic also was widely used as a wood preservative although the wood-treating industry 

made a decision to eliminate all arsenical wood preservatives from residential use by the 

end of 2003 (Kwon et al., 2004).  Organic arsenicals are widely used for weed control, 

pesticides, in poultry farming and to enhance milk production in cows. The organic forms 

are thought to be less harmful to health, as the body can readily eliminate them (Carter et 

al., 2003).  

Inorganic forms of arsenic include trivalent arsenite (As (III)) and pentavalent 

arsenate (As (V)). Inorganic arsenicals were largely used in the past as insecticides to 
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control specific insects but are no longer in use. They do, however, persist in fields and 

orchards where they were applied (Belluck et al., 2003),  and they remain on museum 

artifacts where there was widespread use in preservation (Odegaard and Sadongei 2001).  

 

Sources of Mercury 

Mercury is a liquid at ambient temperatures and pressure with a density roughly 

13.5 times that of water. Cinnabar or mercury (II) sulfide is the most common mineral 

containing mercury. Organic rich shales tend to have high levels of mercury as do coal 

and crude oil. Bituminous coal in the United States typically contains 1 to 25 parts per 

billion (ppb) mercury while anthracite coals contain 1,200 to 2,700 ppb. California crude 

oil contains 1,900 to 21,000 ppb of mercury. Other minerals that commonly contain 

mercury include schwatzite, sphalerite and wurtzite (Pecore, 1970).  

 Mercury is found in the lithosphere due to its tendency to vaporize. Atmospheric 

levels are a few ng/m3 air. Mercury concentrations are higher over mines with levels of 

20,000 ng/ m3 reported over mercury mines, 1500 ng/m3 reported over precious metal 

mines and 20 ng/ m3 reported over copper mines (Swain et al., 1992). The burning of 

fossil fuels and coal based electrical plants contribute heavily to the atmospheric burden 

of mercury.  

 Mercury has been used since ancient times for amalgamation of metals and  the 

mercury bearing mineral cinnabar was used as a red pigment by both indigenous persons 

and industrialized cultures. Mercury also was used in the process of converting pelts to 



159
 

felt until it was discovered to be the cause of eraditic behavior patterns and health issues 

in hatters. 

 Mercury is still used in the amalgamation of metals for extractive metallurgy 

today. Other more recent uses include: the manufacture of caustic soda and chlorine; in 

paints as a mildew retardant, as antiseptics and disinfectants, and in industrial control 

instruments.  

 

Levels of Arsenic and Mercury in Materials 

 

Hair or Fur  
 Native American artifacts that include hair or fur in their design are typically 

made from human hair, animal hair or animal fur.  Arsenic and mercury deposit in the 

sulfur-rich hair from the blood stream or from external sources such as water or the 

atmosphere. Hair analysis is a technique commonly used to assess exposure to these 

elements. Many hair analysis studies have been done on mammals and humans under 

both natural conditions and after exposure to high levels of toxins.  

One study on the mercury levels in the hair of Alaskan reindeer indicated a mean 

level of 55.3 ppb mercury for free-range reindeer.  Reindeer are vegetarians and eat 

forage that includes lichens. Lichens accumulate atmospheric contaminants and could be 

a source of mercury (Duffy et al., 2005).  Analysis of fur samples done to determine the 

mercury burdens of furbearers in Wisconsin - such as beaver, muskrat, raccoon, mink and 

river otter - showed that the highest fur levels for mink were 41.2 ppm and 63.2 ppm for 
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otter.  Mean values were as follows: beaver 0.03 ppm, muskrat 0.06 ppm, red fox 0.55 

ppm, raccoon 3.79 ppm, mink 7.61 ppm, and river otter 6.47 ppm   (Sheffy and St. Amat 

1982). Similar mercury levels were found in Georgia, where mink mercury levels ranged 

from 2.3 to 17.3 ppm and otter mercury levels ranged from 9.3 to 67.9 ppm.  (Cumbie 

1975). 

The mercury levels of hair in muskrats and mink were analyzed in a study done 

on the Oakridge Reservation in Tennessee.  The herbivorous muskrats were found to 

have hair mercury concentrations ranging from 0.05 to 22.6 mg/kg (equivalent to parts 

per million) while the carnivorous mink showed mercury levels ranging from 8 to 14.7  

mg/kg for mink along the Bear Creek and up to a mean value of 104 for mink living 

along the East Fork Poplar Creek, both of which have been historically contaminated 

with mercury (Stevens et al.1997).   

In a study done on river otter , the mercury detected in the fur ranged from 2.2 to 

18.8 parts per million (ppm) (Ben-David et al. 2001).  In another study, the mercury 

levels in otter fur in Ontario, Canada, were measured at 4 to 20 ppm (Evans et al.1998). 

Wool from sheep grazing on grounds contaminated with mercury and arsenic 

showed significantly elevated levels of mercury (0.107 mg/kg versus 0.048 mg/kg for 

control sheep, p<0.001).  The arsenic content was 0.051 mg/kg, versus 0.57 for sheep 

grazing in an urban reference area. No definitive anthropogenic source of exposure was 

presented (Gebel et al. 1996). 
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An extensive study done on elk exposed to arsenic from the geothermal waters in 

Yellowstone National Park, USA, showed that the elk had arsenic levels of up to 18 

mg/kg in hair samples (Kocar et al. 2004).  

The data summarized in Table 1 indicates that human hair may contain up to 6 

ppm of mercury and typical levels of arsenic are under 3 ppm when abnormal exposure 

has not occurred.  Levels above 3 ppm are caused by excessive exposure. For example, 

the mean arsenic hair levels found in a study done in Bangladesh were found to be 14.1 

ppm.  This elevated level is due to consumption of water from tube wells where arsenic 

concentrations exceed 100 ppb (Ali and Tarafdar 2002).  Like humans, we would expect 

the levels of arsenic in the hair of other mammals exposed to high concentrations of 

arsenic in drinking water to be greater. There are some areas where high arsenic 

concentrations naturally occur in the surface and ground waters due to the weathering of 

local minerals and soils. The Verde Valley in Arizona is one such notable location (Foust 

et al., 2004).  Montezuma Well, located in the valley, was home to the ancient Sinagua 

Indians, who mysteriously disappeared from the area. It was postulated that the 100 ppb 

levels of arsenic in the well may have caused health issues, which precipitated the move 

(Dalton 2005).  

Drinking water is not the only significant factor that can increase arsenic levels in 

mammals. Saad and Hassanien (2001) showed a significant increase in arsenic hair levels 

from cigarette smoking and eating fish for healthy non-occupational Egyptians. The 

smoking of molasses tobacco increased the arsenic levels. Likewise, several significant 

contributors increase mercury levels in human hair. Pesch et al. (2002) found a positive 



162
 

correlation between the smoking habits of parents, fish consumption and the number of 

teeth with amalgams on the hair mercury levels of school children in Germany. The 

correlation between freshwater or saltwater fish consumption and mercury levels in the 

hair of pregnant women and Sweden was found to be positive (Oskarsson et al.,1994). 

Foo et al., (1998) found that fish consumption, sex and ethnicity were all factors in 

elevated mercury levels in hair. Males had higher levels and the Chinese population had 

higher levels than the Malay or East Indian populations in Singapore. The ethnic 

variability is thought to be due to diet and the use of traditional medicines, which may 

contain mercury.  

Thus we may hypothesize that objects exposed to the smoke from burning 

tobacco or other plants containing arsenic and mercury may have had accumulated 

arsenic and mercury deposits on them.  While we would expect the baseline for mercury 

in horsehair to be comparable to that of reindeer at about 50 ppb, it possibly could be as 

high as 20 ppm or greater if exposure to a contaminated water source occurred. Levels as 

high as 20 ppm of arsenic could also be due to environmental exposure. 
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Table 1.  The levels of arsenic and mercury found in human hair. 
 

Arsenic or Mercury 
Levels found in hair 

Analytical 
Technique/ 
Equipment 

Location/ 
Environment 

Reference 

0.04 to 1.04 ppm As Hydride atomic 
 absorption 
spectroscopy 

Egypt / 
Non-occupational  
population 

Saad and Hassanien, 
2001 

Up to 0.2 ppm arsenic,  
increasing with age up 
to  
12 months. 

Neutron activation Canada / 
Infants up to 12 months 

Gibson and Gage, 
1982 

14.1 ppm As on average Energy Dispersive X-
ray 
Fluorescence(EDXR
F). 
 Detection limit 2.5 
ppm. 

Bangladesh / 
Drinking water with 
100ppb or greater 
arsenic 

Ali and Tarafdar, 
2002 

0.37 to 14.1 ppm As  
depending on and 
correlated 
 to exposure level to 
chemicals 

Neutron activation Nigeria / 
Worker population 
exposed to wood  
preservatives 

Ndiokwere, 1985 

Hg level means: 
China – 1.7 ppm 
Indonesia – 3.1 ppm 
Japan – 4.6 ppm 

Cold vapor atomic 
absorption 
spectroscopy 
 (CV-AAS) 

China, Indonesia, and  
Japan 

Feng et al., 1998 

5.6 – 6.1 ppm mean Hg  CV-AAS Singapore / 
Multicultural 
population 

Foo et al., 1998 

0.07 to 0.96 ppm Hg  CA-AAS Sweden / 
Pregnant women 

Oskarsson et al., 
1994 

<0.06 to 1.7 ppm Hg  CV-AAS Germany / 
School -age (8-9) 
children 

Pesch et al., 2002 

Feathers 

Bird feathers have been analyzed for heavy metal pollution as a bio-indicator of 

the contamination levels in the environment.  Arsenic and mercury accumulates in 

feathers due to endogenous deposition from the food that birds eat or through exogenous 

conditions in which emissions from atmospheric conditions or the environment cause the 

toxins to deposit.  Toxins also can be deposited onto bird feathers by secretions from the 
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uropygial gland during preening (Veerle et al., 2004).  The uropygial glands of Swedish 

birds were analyzed and found to contain mean values of 1.24 ppm mercury and 0.96 

ppm arsenic, indicating that this is a valid pathway for deposition (Goede and Bruin, 

1984). A birds feathers contains more than 70 percent of the body burden of mercury 

(Monteiro et al., 1998). There is a statistically significant correlation between how high 

up on the food chain that the bird’s food is and the level of mercury found in the feathers 

of the bird.  Higher trophic birds that eat foods such as fish, tend to have higher mercury 

levels than birds that are vegetarian (Burger and Gochfeld, 1996).  By comparing new 

growth feathers to old feathers on the same bird, it was shown that the mercury content in 

feathers is strictly endogenous while arsenic concentrations appear to be primarily 

exogenous (Veerle et al., 2004).  

Although many techniques have been used for elemental analysis, the technique 

most commonly used for analysis of mercury in feathers is the cold vapor atomic 

absorption spectroscopy technique. Graphite furnace atomic absorption is most 

commonly used for detection of arsenic.  Detection levels by these techniques have been 

noted to be 2 ppb for mercury and 0.09 ppb for arsenic (Burger and Gochfeld, 1997).  

The feathers are commonly washed vigorously in water and acetone prior to an acid 

digestion and analysis.  Mercury is tightly bound to the keratins in feathers so that the 

washing procedure does not leach the mercury from the feathers (Appelquist et al., 1984).  

Table 2 shows the levels of arsenic and mercury in bird feathers indicated by 

various studies done around the world.  The levels not only vary by trophic level and 

species, they also vary within the bird.  Secondary feathers have been shown to have 
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higher concentrations of mercury than breast and tertiary feathers (Burger and Gochfeld, 

1997). Mercury levels in the environment have increased substantially since the 

beginning of the industrial revolution (Montiero et al.,1997).  One study, repeated on the 

same species of bird at the same site after 10 years, indicated that the mercury levels had 

more than doubled (Becker et al., 2002).   

The indication is that there is a wide range of mercury and arsenic inherent in 

feathers.  Levels on the order of 1 to 20 ppm can be expected.  Environmental locales 

exposed to anthropologic sources of arsenic such as coal burning power plants and 

metallurgical plants create highly increased baseline levels of arsenic and/or mercury in 

local bird feathers. Due to its more volatile nature, mercury is infiltrating the atmosphere 

and waters of the planet, creating a detectable shift in baseline mercury levels removed 

from the point-of-source.  

 



166
 

Table 2.  The levels of arsenic and mercury found in bird feathers reported as the 
range of measured values. 

Arsenic or 
Mercury 
 Levels found in  
feathers 

Analytical  
Technique/ 
Equipment 

Species Location/ 
Environment 

Reference 

0.6 to 9.2 ppm Hg 
in several body 
 feather types 

Flow 
Injection  
Mercury 
System  
/ FIMS  
400 Perkin 
Elmer 

13 species of seabirds Bird Island, South 
 Georgia 
(54o03’S,38o36’W) / 
 Marine environment 

Becker et 
al., 
 2002. 

0.2 to 5.3  ppm Hg 
in breast feathers 

Cold Vapor  
atomic 
absorption 
 spectroscopy 
 (CV-AAS) 

Double-breasted 
cormorant,  
Black-crowned night 
heron, 
Franklin’s gull 

Agassiz National  
Wildlife Refuge 
Minnesota, USA / 
Freshwater marshes 
 and wetlands 

Burger and  
Gochfeld,  
1996. 
 

0.06 to 1.1 ppm Hg  
Sampled and 
analyzed  
over a variety 
 of different 
feather 
 types 

CV-AAS Cattle,  
little and intermediate 
egrets 

Bali and Sulawesi,  
Indonesia / 
Marine environment 

Burger and  
Gochfeld, 
 1997. 
 

0.05 to 0.5 ppm As 
in 
 Breast feathers. 
0.5 to  
19.7 ppm Hg in 
breast 
 feathers. 

Hg: CV-AAS 
/
As: Graphite 
 furnace 
atomic 
 absorption 
 Perkin Elmer  
5000 

12 species of seabirds Mid Atoll 
(28o15’ N, 177o20’W) 
Northern Pacific Ocean 
/
Marine environment 

Burger and 
 Gochfeld, 
 2000 

2.1 to 22.3 ppm Hg  
in breast feathers 

CV-AAS / 
Perkin-Elmer 
 Mercury  
Analyzer  

Seabirds Azores 
(36oto30oN, 25o to31o

W) / 

Marine environment 

Monteiro  
et al., 
1998. 

Mercury: 
0.25 –5.42 ppm  
0.83-3.41 ppm 
<MDL-0.70ppm 
<MDL-0.46ppm 
in body feathers 
(MDL=0.01ppm) 

CV-AAS Bonelli’s eagles 
Jay 
Domest. pigeon 
Partridge 

Southwest Portugal / 
Upland mountains 

Palma et 
al., 
 2004. 

0.57 to 0.65 ppm 
Hg 
 in tail feathers. 
1.56 ppm As in 
new 
 growth tail 
feathers.  
7.13 to 9.16 ppm 
As 
 in old growth tail 
 feathers. 

Axial 
inductively 
coupled 
plasma- 
mass  
spectrometer  
(ICP-MS, 
Varian 
Ultramass 
700) 

Great tits Antwerp, Belgium/ 
Industrial area of city 

Veerle et 
al., 
 2004 

Note: MDL is the minimum detection limit. 
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Skin 

Skins used for artifacts come from the hides of many animals. The animals hides 

used most prevalently by Native American Indians are deer, antelope, buffalo and  cattle. 

Accumulation of arsenic in skin from the lithosphere or hydrosphere occurs due to the 

affinity of arsenic for the sulfhydryl groups in the skin (Hostynek et al. 1993).  Kwon et 

al. (2004) have shown that arsenic from chromated copper arsenate-treated wood 

accumulates on the hands of school children.  

Very little information was found on natural arsenic and mercury levels in skin. 

The majority of the literature related to levels of arsenic and mercury in skin were 

controlled absorption studies.  These comparisons are included as well to give an 

indication of how actual preservation treatments may have impacted skin artifacts. 

 Dutiewicz (1977) analyzed the penetration of 0.01, 0.1, and 0.2M solutions of 

sodium arsenate into rat skin. The arsenic penetrated into the rat and accumulated, as 

evidenced by increasing levels in the spleen and liver. This indicates that arsenic 

exposure causes penetration throughout the skin and into the body and is not merely 

isolated to the surface of the skin. Abdel-Rahmen et al. (2005) showed that 44. 6 percent 

of  2µg arsenic applied as H3AsO4 and 66.3 percent of 187 ng mercury applied as 

mercuric chloride penetrated into pig skins. Combining the toxins with soils significantly 

reduced the amount of toxin penetration. It was concluded from the study that the skin 

acts as a reservoir for arsenic and mercury and that arsenic and mercury can be released 

systemically over time.  
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In vitro studies on Rhesus monkeys exposed to applications of H3AsO4 in water 

showed that the skin absorbed from 6.4 +/- 3.9 percent from a low dose of 0.00004 

µg/cm2 and 2.0 +/- 1.2 percent from a high dose 0.6 µg/ cm2. In vitro studies done on 

human skin showed that the same conditions resulted in 0.93 +/- 1.1 percent of the low 

dose of arsenic absorbed after 24 hours (Wester et al.,1993).  Bernstam et al. (2002) 

showed that synthetic skin absorbed 0.25 ppb/hour from 10 ppb arsenic(V) water and 1.3 

ppb per hour from 100 ppb water.  The arsenic concentration in the skin of rats was 

increased from 0.6 to 27 ppm after being fed 50 ppm of arsenic trioxide for 21 days.  

Hamster skin levels increased from 0 to 38 ppm and rabbit skin levels increased from 0 to 

2.5 ppm under the same conditions (Peoples, 1964).   

Only one study was found that tested natural arsenic skin levels of  a mammal. 

Elk foraging near arsenic-laden waters in Yellowstone Park, USA, had arsenic skin levels 

of 0 to 3.5 ppm (Kocar et al., 2004).  

 

Wood, Soils and Plants  

 

The use of plant materials for artifacts includes wood, reeds and grasses. 

The levels of arsenic and mercury in plants vary according to the level of the 

toxins in the soil that they are growing in. Tobacco seems to be an exception to this and 

has higher arsenic concentrations in the leaves than the soil. Chickweed, moss and marine 

algae are a few of the plants that may concentrate mercury (Shacklette, 1970).  Soil 

concentration for arsenic ranges from 0.2 to 40 ppm for untreated soils and can run up to 

2500 ppm in orchards and crop lands that were treated with inorganic arsenicals prior to 
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its ban in 1968. Arsenic generally concentrates more in plant roots and tends to be 

excluded from the seeds and fruit (Walsh et al., 1977). 

Rice plants growing from tube well water containing more than 100 ppb arsenic 

showed levels of 2.4 ppm in the root, 0.73 ppm in the stem and 0.14 ppm in the rice 

grains (Das et al., 2004). The soil in the Das study had arsenic concentrations from 7.31 

to 27.28 ppm. Total arsenic content for grains (flour and corn) was found to be ~ 40 ppb, 

while rice and rice products contained 303 ppb (Yost et al., 2004).   

Aquatic plants such as reeds grown near geothermal sources of water that 

contained 1 to 3 ppm of arsenic  in Yellowstone National Park, USA, showed levels of 

arsenic from 118.9 to  258.5 ppm,  whereas terrestrial grasses in the same area had levels 

ranging from 0.4 to 28.5 ppm ( Kocar et al., 2004). 

A study done on Flemish soils indicates that the median trace concentration of 

arsenic was 7 ppm while the median mercury concentration was 0.17 ppm (Tack et al., 

1997).  This study suggested that the clay content and organic carbon content of the soil 

have a significant impact on the accumulation of toxins, while another later study showed 

that it did not (Tack et al., 2005).  Arsenic mobilization was studied in dolomite and 

sandstone deposits, and ferric oxyhydroxides were found to retard mobilization 

(Thornburg et al., 2004).  

Carey et al. (1980) showed that the mercury and arsenic levels in urban soils was 

nearly double the levels found in suburban soils. This is thought to be due to the burning 

of fossil fuels and industrial waste. 
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The mercury content of rocks in the earth’s crust range from 10 to 20,000 ppb. 80 

percent of recorded rock samples having less than 1000 ppb. Mercury content in soils 

averages about 100 ppb.  Mercury levels in sedimentary rocks of the Colorado River 

Plateau range from < 10 ppb to 10,000 ppb (Cadigan, 1970). Soils that support vegetation 

contain about 10 to 300 ppb mercury. The mercury content of plants and woods studied 

by Shacklette (1970)  is summarized in Table 3. Shacklette showed that the mercury 

levels varied according to mercury soil content, and in cases where roots penetrated into 

cinnabar deposits, mercury levels ran exceptionally high.   

 

Table 3.  The levels of mercury found in wood. 
 

Arsenic or Mercury 
Levels found in Wood 

Species Location/ Environment 

500 ppb Hg Red Cedar Missouri/ 
Normal soil Conditions 

1000 ppb Hg 
1000-1500 
500-1000 
1000-3000 
3000 
500-2000 

Alder 
Black Spruce 
Dwarf birch 
Labrador tea 
Spiraea 
White birch 

Lower Yukon River District, Alaska / 
 
Plants growing in soil over cinnabar 
veins. 

Less than 500 ppb Hg Post Oak 
Over-up oak 
Smooth sumac 
Red Cedar 

Missouri/ 
Normal soil Conditions 

From this data we would expect normal levels of mercury in wood to be at 500 

ppb or below. This is a reasonable expectation for arsenic as well, considering the rice 

stem data as an approximation.  The soil and water mercury and arsenic levels in the area 

that the plant matter came from will cause a large variation in this value, and if the root 



171
 

(versus the branch) of the tree was used in the artifact (as is common for Hopi Kachinas 

carved from Cottonwood tree roots), the toxin levels will be increased. 

 

Conclusion 

 Literature indicating the baseline levels of arsenic and mercury in materials 

commonly used to make artifacts have been reviewed. The natural levels of arsenic and 

mercury have been shown to vary depending on soil and water conditions and, in the case 

of mammals, diet. Table 4 is a summary of the information presented showing typical 

ranges of toxins found  in materials that make up artifacts.  These values can be used to 

help evaluate when an artifact is actually contaminated as well as an estimated  end-point 

for decontamination.  

In general, if levels of arsenic or mercury are found that are 1 ppm or above (the 

lower detection level of a hand-held XRF commonly used to non-destructively test 

artifacts), the artifact should be suspected of being contaminated with insecticides and 

levels should be considered only natural after visual inspection and spot testing.  Further 

tests for lower levels of contamination may be warranted to completely rule out lower 

levels of contamination, depending on the environment and the use the artifact is slated 

for. This determination takes a team of conservators, tribe members and, most 

importantly, a toxicologist.  
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Table 4.  Summary of the level of arsenic and mercury found in materials  
 used to make artifacts. 
 

Material Normal As/Hg mean levels 

Hair  

(human) 

As     0.04 – 1.04 ppm 

Hg    <0.06 – 6.1 ppm 

Hair or Fur 

(animals) 

As     20 ppm or less 

Hg     20 ppm or less 

Skin 

 

As      4 ppm or less 

Hg      no data 

Feathers As      0.05 – 9.16 ppm 

Hg      0.01 – 22.3 ppm 

Wood and other plants As     less than 0.5 ppm 

Hg     less than 0.5 ppm 

Soils 

 

As     0.2 – 40 ppm 

Hg     0.01-20 ppm 
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APPENDIX B 
 

UVP LAMP  INTENSITY SPECTRUMS 
 

302 nm LAMP: 

365 nm LAMP: 
________________________________________________________________________ 
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APPENDIX C 

DERIVATION OF EQUATIONS FOR RATE CONTROLLING MECHANISMS 

 

The reaction of molecules can be broken down into three steps: 1) diffusion of the 

reactants from the bulk solution to a distance from which they can collide; 2) chemical 

reaction of the molecules and 3) diffusion of the products from the reactant cage to the 

bulk. Each of these aspects has a reaction constant associated with it as follows:  

 

kD kr ksep 
A(s) + B(s) ↔ (A....B)(s) → (P....Q) (s) → P(s) +Q(s) 

 k-D 

where kD is the rate of diffusion of the reactants in the bulk solution,  kr is the rate of the 

reaction,   k-D is the rate of diffusion in the reactant cage and  ksep is the rate of diffusion of 

the products from the reactant cage. 

The rate of the reaction is: 

-d[A] = kD [A][B] - k-D[A...B]  .....................................................(1) 
 dt
The rate of the formation of an encounter pair is: 

d[A...B] = kD [A][B] - k-D[A...B] – kR[A...B] ...............................(2) 
 dt

At steady state, equation two is equal to zero so that  kD [A][B] - k-D[A...B] – kR[A...B]=0 
 
And    
 
[A...B]  =      kD [A][B] ......................................................................(3) 
 k-D +  kR



180
 

Substituting equation (3) into equation (1) results in the equation: 

-d[A] = kD [A][B] - k-D kD [A][B] = kD kR [A][B] .....................(4) 
 dt k-D +  kR k-D +  kR

The reaction can either be controlled by the rate of the reaction “kr” or the rate of diffusion  

“k-D”. For example if the reaction is activation rate controlled   k-D >> kr and the resulting 

equation will be: 

 -d[A] = kr kD [A][B] 
 dt k-D 

If the reaction is diffusion controlled then  kr >>  k-D  and the governing equation is: 
 

-d[A] = kD[A][B] 
 dt

(Derivation of equations from:  Arnaut et al., 2007.)  
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APPENDIX D 
 

RESULTS OF ANALYSIS OF VARIANCE EXPERIMENTS 
 

List of Experiments 
 
Section Experiment 

1 Anova  1. Desorption of Arsenic from Filter Paper using different compositions of reduced 
lipoic acid cleaning solution. 

2 Anova 2. Desorption of Arsenic from Filter Paper using Reduced Lipoic Acid  
solutions with and without varying amounts of Pine Oil 

3 Anova 3. Desorption of Arsenic from Filter Paper testing the use of a 7%  Pine oil solution 
prior to contamination and a Carbonated water rinse 

4 Anova 4. Desorption of Arsenic from Cotton testing the use of a 7%  Pine oil  
solution prior to contamination and a Carbonated water rinse 

5 Anova 5. Desorption of Arsenic from Wool testing the use of a 7%  Pine oil  
solution prior to contamination and a Carbonated water rinse 

6 Anova 6. Desorption of Arsenic from Filter Paper testing the effects of pH of the reduced 
Lipoic Acid cleaning solution and the effect of a carbonated water 
rinse. 

7 Anova 7. Desorption of Arsenic from Filter Paper using various concentrations of  lipoic acid 
and varying the soak time of the cleaning solution and number 
of rinses. 

8 Anova 8. Desorption of Arsenic from Cotton testing using various concentrations of lipoic 
acid and varying the soak time of the cleaning solution and number of rinses. 

9 Anova 9. Desorption of Arsenic from Filter Paper using different volume of Reduced lipoic 
acid, soak times and number of rinses. A Prewet Step is included. 

10 Anova 10. Desorption of Arsenic from Cotton using different reduced lipoic acid soak times 
and number of carbonated rinses 

11 Anova 11. Desorption of Arsenic from Cotton, testing the addition of pine oil to the cleaning 
solution and carbonated water rinse with a prewet.  

12 Anova 12. Desorption of Arsenic from Wool testing the effect of  prewet soak temperature 
with and without a reduced lipoic acid clean 

13 Anova 13. Removal of Arsenic from Cotton testing the effect of lipoic acid vs. 
water and a carbonated water vs. DI water rinse 

14 Anova 14. Desorption of Mercury from Cotton testing the effect of lipoic acid vs.water and a 
carbonated water vs. DI water rinse 

15 Anova 15. Desorption of Arsenic from Wool using hot acetic acid 
16 Anova 16. Desorption of Mercury from Wool using hot acetic acid 
17 Anova 17. Desorption of various concentrations of Arsenic from Cotton  
18 Anova 18. Desorption of Mercury from Filter Paper using Reduced Lipoic acid vs. DI water 
19 Anova 19. Desorption of Arsenic from Wool using Reduced Lipoic acid vs. DI water 
20 Anova 20. Desorption of Arsenic from feathers using different solutions and 

number of rinses 
21 Anova 21. Desorption of Mercury from feathers using different solution and  

number of rinses and showing the difference between the tip and quill end of the feather 
22 Anova 22. Desorption of Mercury from Wool using different cleaning solutions and varying 

the number of rinses 
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LIST OF EXPERIMENTS (continued) 

23 Anova 23. Desorption of arsenic from wool varying the presoak, cleaning  
and rinse solutions. 

24 Anova 24. Desorption of arsenic from cotton varying the presoak, cleaning  
and rinse solutions. 

25 Anova 25. Desorption of arsenic from filter paper varying the presoak,  
cleaning and rinse solutions. 

Definition of Terms  used in the ANOVA analysis:

DF - degrees of freedom = the number of values -1 for a particular variable 

Anova SS- the sum of the squares = Σ(y-ŷ)2 This is an indication of how much variance 
there is from the mean. 
 
Mean Square = Σ(y-ŷ)2 / DF 

Pr > F - “p-value” Probability that the mean is significantly different from the overall 
mean. If the “p-value” is less than α then there is a significant difference.  
 

Type I level error (α) - This is the risk of rejecting the hypothesis that there is no difference 
in the data when there actually is. ie a decision is made that the means are different when 
they are actually equal. The default  is α =0.05. 
 

Type II level error (β) – This is the risk that a decision is made the means are the same 
when they are actually different. The default is β=0.01. 
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Interpretation of tables and results 

There are three sections for each experiment run and analyzed using the ANOVA 

technique. Section 1 lists the experimental conditions and variables tested. Section 2 is the 

SAS program used to analyze the data and Section 3 is the results of the analysis. As an 

example in ANOVA 1, Section 1.3, the class level information lists the class (variable), the 

levels (number of variations of the  variable tested) and the values (the actual value of the 

variable tested). The dependent variable is the output measured for each set of inputs. The 

table of data contains the classes followed by the measured output.  

For example the first row of the data contained in the Section 1.2 program starts 

with          “ 1 0.07 0 1 4.24.”  This is the data for: 

 Sample location number 1 

 0.07 M ammonium hydroxide 

 0 percent isopropyl alcohol 

 1 mg/ml reduced lipoic acid  

 4.24 µg/cm2 residual arsenic after treatment  

Section 1.3 lists the results of the experiment. The results indicated that the use of 

isopropyl alcohol significantly impeded removal of arsenic (p<0.0001), reduced lipoic acid 

concentration had a significant effect (p=0.0051), the sample location had a significant 

effect (p=0.0272), the ammonium hydroxide concentration had a significant effect 

(p=0.0354) and the interaction between the ammonium hydroxide concentration, the 
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reduced lipoic acid concentration and the isopropyl alcohol concentration had a significant 

effect (p=0.0031). 

This experiment indicated that areas at the top of test piece did not get 

decontaminated as well as those at the bottom due to the top-to-bottom serpentine rinse 

pattern being used.  In later tests, the sample was an individual test piece and this is noted 

in the experimental procedure. The test showed that isopropyl alcohol impeded the cleaning 

process and was not needed and that solutions using 2-3 mg/ml reduced lipoic acid in 0.07 

– 0.1 M ammonium hydroxide produced the best results. This correlated well with the tests 

done to optimize the extent of reduction. 
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1.0  Anova  1. Desorption of Arsenic from Filter Paper using different 
 compositions of reduced lipoic acid cleaning solution. 
 
1.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter Whatman No. 1 Filter Paper treated whole and 

measured in 5 locations. 
2 Application of Contaminant:  1 ml of 1000 ppm arsenic from sodium arsenite 

dispensed in the center of the filter paper resulting in an average arsenic level 
of 48.8 µg/cm2 with a definite radial gradient as indicated by XRF. 

3 Prewet: None 
4 Clean:  

Variable 1. NH4OH Concentration: 0.07M, 0.1M, 0.2M 
Variable 2. Isopropyl alcohol concentration:  0% and 5% 
Variable 3. Lipoic acid concentration:  1,2,3 and 4 mg/ml 
Lipoic acid was reduced using solar radiation for one hour. The volume of 
cleaning solution was varied in order to maintain a 1:1 mole ratio of arsenic to 
lipoic acid. 5.5, 2.75, 1.84 and 1.38 mls of solution were dispensed of the 1,2,3 
and 4 mg/ml solutions respectively. The soak time was  10 seconds prior to 
rinse. 

5 Rinse: 2 repetitions of a top to bottom serpentine patterned rinse with DI water.
6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

Location on the sample was blocked during the analysis in order to compensate 
for the variance in the arsenic distribution before cleaning. 

1.2 SAS program showing table of results 
 

title1 'Randomized Complete Block With Three Factors'; 
 data AsClean; 
 input SampleLocn NH4OH IPA LIPOIC Final_As_Level @@; 
 datalines; 
1 0.07 0 1 4.24 1 0.1 0 1 12.41 1 0.2 0 1 5.61 
2 0.07 0 1 7.08 2 0.1 0 1 19.53 2 0.2 0 1 2.19 
3 0.07 0 1 6.29 3 0.1 0 1 6.87 3 0.2 0 1 8.65 
4 0.07 0 1 5.08 4 0.1 0 1 5.85 4 0.2 0 1 5.31 
5 0.07 0 1 5.21 5 0.1 0 1 8.1 5 0.2 0 1 5.19 
1 0.07 0 2 4.93 1 0.1 0 2 10.09 1 0.2 0 2 6.23 
2 0.07 0 2 6.2 2 0.1 0 2 4.32 2 0.2 0 2 6.66 
3 0.07 0 2 6.67 3 0.1 0 2 6.97 3 0.2 0 2 8 
4 0.07 0 2 5.67 4 0.1 0 2 3.04 4 0.2 0 2 5.56 
5 0.07 0 2 2.79 5 0.1 0 2 4.74 5 0.2 0 2 6.99 
1 0.07 0 3 4.74 1 0.1 0 3 5.24 1 0.2 0 3 5.39 
2 0.07 0 3 6.26 2 0.1 0 3 5.66 2 0.2 0 3 4 
3 0.07 0 3 5.17 3 0.1 0 3 5.66 3 0.2 0 3 9.03 
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4 0.07 0 3 5.99 4 0.1 0 3 4.35 4 0.2 0 3 4.63 
5 0.07 0 3 4.96 5 0.1 0 3 4.69 5 0.2 0 3 7.39 
1 0.07 0 4 14.93 1 0.1 0 4 9.03 1 0.2 0 4 5.48 
2 0.07 0 4 13.4 2 0.1 0 4 9.96 2 0.2 0 4 4.74 
3 0.07 0 4 14.25 3 0.1 0 4 5.16 3 0.2 0 4 3.57 
4 0.07 0 4 4.78 4 0.1 0 4 3.42 4 0.2 0 4 3.85 
5 0.07 0 4 17.97 5 0.1 0 4 8.81 5 0.2 0 4 10.43 
1 0.07 5 1 10.09 1 0.1 5 1 7.8 1 0.2 5 1 5.47 
2 0.07 5 1 7.24 2 0.1 5 1 11.41 2 0.2 5 1 7.41 
3 0.07 5 1 12.58 3 0.1 5 1 9.51 3 0.2 5 1 8.4 
4 0.07 5 1 11.23 4 0.1 5 1 8.24 4 0.2 5 1 8.52 
5 0.07 5 1 6.87 5 0.1 5 1 9.66 5 0.2 5 1 9.51 
1 0.07 5 2 8.83 1 0.1 5 2 13.42 1 0.2 5 2 20.73 
2 0.07 5 2 14.23 2 0.1 5 2 7.28 2 0.2 5 2 9.5 
3 0.07 5 2 6.65 3 0.1 5 2 16.1 3 0.2 5 2 3.51 
4 0.07 5 2 8.01 4 0.1 5 2 8.49 4 0.2 5 2 5.1 
5 0.07 5 2 14.98 5 0.1 5 2 7.9 5 0.2 5 2 10.2 
1 0.07 5 3 15.35 1 0.1 5 3 6.22 1 0.2 5 3 3.94 
2 0.07 5 3 14.29 2 0.1 5 3 8.96 2 0.2 5 3 6.71 
3 0.07 5 3 11.31 3 0.1 5 3 14.47 3 0.2 5 3 4.60 
4 0.07 5 3 8.47 4 0.1 5 3 13.12 4 0.2 5 3 4.87 
5 0.07 5 3 15.36 5 0.1 5 3 11.63 5 0.2 5 3 8.55 
1 0.07 5 4 5.92 1 0.1 5 4 18.61 1 0.2 5 4 24.89 
2 0.07 5 4 22.81 2 0.1 5 4 16.76 2 0.2 5 4 9.3 
3 0.07 5 4 11.01 3 0.1 5 4 16.74 3 0.2 5 4 11.81 
4 0.07 5 4 5.47 4 0.1 5 4 9.26 4 0.2 5 4 8.86 
5 0.07 5 4 9.43 5 0.1 5 4 12.43 5 0.2 5 4 7.06 
 ;

proc anova data=AsClean; 
 class SampleLocn NH4OH IPA LIPOIC; 
 model Final_As_Level = SampleLocn NH4OH|IPA|LIPOIC; 
run; 

 
1.3   SAS Anova Results 
 

Randomized Complete Block With Three Factors                           
 

The ANOVA Procedure 
 

Class Level Information 
 

Class           Levels    Values 
 

SampleLocn           5    1 2 3 4 5 
 NH4OH (M)            3    0.07 0.1 0.2 
 IPA (Vol % conc.)    2    0 5 
 LIPOIC (mg/ml)       4    1 2 3 4 
 

Number of Observations Read         120 
 Number of Observations Used         120 
 
Dependent Variable: Final_As_Level 
 

Sum of 
 Source                      DF         Squares     Mean Square    F Value    Pr > F 
 Model                       27     1173.544184       43.464599       3.52    <.0001 
 Error                       92     1134.719715       12.333910 
 Corrected Total            119     2308.263899 
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R-Square     Coeff Var      Root MSE    Final_As_Level Mean 
 0.508410      40.65992      3.511967               8.637417 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
SampleLocn                   4     141.6952450      35.4238112       2.87    0.0272 
NH4OH                        2      85.5025317      42.7512658       3.47    0.0354 
IPA                          1     394.8352408     394.8352408      32.01    <.0001 
NH4OH*IPA                    2       7.2768617       3.6384308       0.29    0.7452 
LIPOIC                       3     168.5775425      56.1925142       4.56    0.0051 
NH4OH*LIPOIC                 6      75.1729350      12.5288225       1.02    0.4200 
IPA*LIPOIC                   3      35.6063025      11.8687675       0.96    0.4141 
NH4OH*IPA*LIPOIC             6     264.8775250      44.1462542       3.58    0.0031 
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2.0  Anova 2. Desorption of Arsenic from Filter Paper using Reduced Lipoic Acid  
 solutions with and without varying amounts of Pine Oil 
 
2.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter Whatman No. 1 Filter Paper treated whole and  

measured in 5 locations. 
2 Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite 

dispensed in the center of the filter paper resulting in an average arsenic level  
of 48.8 µg/cm2 with a definite radial gradient as indicated by XRF. 

3 Prewet: None 
4 Clean: Variable 1. Solution without pine oil (0) or with 7% or 14% pine oil. 

2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 
mls of solution were dispensed with a soak time of  10 seconds prior to rinse. 

5 Rinse: 2 repetitions of a top to bottom serpentine patterned rinse with DI water.
6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

Location on the sample was blocked during the analysis in order to compensate f
the variance in the arsenic distribution before cleaning. 

2.2 SAS Program showing table of results 
 

title1 'Randomized Complete Block With Two Factors'; 
 data AsClean; 
 input SampleLocn LIPOIC PineOil ResidualArsenic @@; 
 datalines; 
1 1 7 8.29 
2 1 7 8.29 
3 1 7 8.17 
4 1 7 4.76 
5 1 7 6.8 
1 1 7 3.46 
2 1 7 4.83 
3 1 7 6.06 
4 1 7 3.95 
5 1 7 3.16 
1 1 14 8.82 
2 1 14 7.6 
3 1 14 3.42 
4 1 14 4.47 
5 1 14 10.21 
1 1 14 5.18 
2 1 14 8.88 
3 1 14 5.05 
4 1 14 9.14 
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5 1 14 7.87 
1 0 0 6.23 
2 0 0 10.05 
3 0 0 8.07 
4 0 0 5.66 
5 0 0 10.81 
1 0 0 6.96 
2 0 0 5.31 
3 0 0 4.19 
4 0 0 3.62 
5 0 0 5.2 

 ;
proc anova data=AsClean; 

 class SampleLocn LIPOIC PineOil; 
 model ResidualArsenic = SampleLocn LIPOIC|PineOil; 

run; 
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2.3 SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class           Levels    Values 
 SampleLocn           5    1 2 3 4 5 
 LIPOIC               2    0 1 
 PineOil              3    0 7 14 
 

Number of Observations Read          30 
 Number of Observations Used          30 
Randomized Complete Block With Two Factors        
 The ANOVA Procedure 
 
Dependent Variable: ResidualArsenic 
 Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
Model                        6      30.5314600       5.0885767       1.01    0.4403 
Error                       23     115.3472367       5.0150972 
Corrected Total             29     145.8786967 
 

R-Square     Coeff Var      Root MSE    ResidualArsenic Mean 
 0.209293      34.53973      2.239441                6.483667 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
SampleLocn                   4     22.01021333      5.50255333       1.10    0.3815 
LIPOIC                       1      0.23940167      0.23940167       0.05    0.8290 
PineOil                      2      8.52124667      4.26062333       0.85    0.4406 
LIPOIC*PineOil              -1      0.00000000      0.00000000       0.00     . 
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3.0 Anova 3. Desorption of Arsenic from Filter Paper testing the use of a 7%  Pine oil solution 
prior to contamination and a Carbonated water rinse 

 
3.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter Whatman No. 1 Filter Paper treated whole and  

measured in 5 locations. 
2 Application of Contaminant:  

Variable 1. 0=none and 7=7% pine oil in DI water. 1 ml was used prior to 
 application of the arsenic. The sample was allowed to dry before the  
arsenic solution was dispensed. 
1 ml of 1000 ppm arsenic from sodium arsenite dispensed in the center  
of the filter paper resulting in an average arsenic level of ~50 µg/cm2 with 
a definite radial gradient as indicated by XRF. 

3 Prewet: None 
 

4 Clean:  2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar 
radiation. 2.75 mls of solution were dispensed with a soak time of  10 seconds 
 prior to rinse. 

5 Rinse: Variable 2. Rinse solution 1= DI water, 2=carbonated water. 
2 repetitions of a top to bottom serpentine patterned rinse. 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 
Location on the sample was blocked during the analysis in order to compensate for 
the variance in the arsenic distribution before cleaning. 

3.2 SAS Program showing table of results 
 

title1 'Randomized Complete Block With Two Factors'; 
 data AsClean; 
 input SampleLocn PineOil Rinse Final_As_Level @@; 
 datalines; 
1 0 1 0
2 0 1 2.13 
3 0 1 9.11 
4 0 1 3.09 
5 0 1 0
1 0 2 1.97 
2 0 2 3.24 
3 0 2 4.21 
4 0 2 3.17 
5 0 2 2.63 
1 7 1 3.06 
2 7 1 6.75 
3 7 1 3.86 
4 7 1 2.5 
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5 7 1 4.02 
1 7 2 10.36 
2 7 2 10.74 
3 7 2 5.43 
4 7 2 3.05 
5 7 2 3.46 
 ;

proc anova data=AsClean; 
 class SampleLocn PineOil Rinse; 
 model Final_As_Level = SampleLocn PineOil|Rinse; 
run; 

 
3.3 SAS Anova Results 
 
Randomized Complete Block With Two Factors      20:28 Saturday, December 3, 2005   1 

 
The ANOVA Procedure 

 
Class Level Information 

 
Class           Levels    Values 

SampleLocn           5    1 2 3 4 5 
 PineOil(Vol%)        2    0 7 
 Rinse(1=DI,2=CO2)    2    1 2 

 
Number of Observations Read          20 
Number of Observations Used          20 

 

Dependent Variable: Final_As_Level 
 

Sum of 
 Source                      DF         Squares     Mean Square    F Value    Pr > F 
 Model                        7      80.0851600      11.4407371       1.54    0.2435 
 Error                       12      89.1062200       7.4255183 
 
Corrected Total             19     169.1913800 
 

R-Square     Coeff Var      Root MSE    Final_As_Level Mean 
 0.473341      65.83669      2.724980               4.139000 
 

Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
SampleLocn                   4     35.45658000      8.86414500       1.19    0.3629 
PineOil                      1     28.03712000     28.03712000       3.78    0.0758 
Rinse                        1      9.43938000      9.43938000       1.27    0.2816 
PineOil*Rinse                1      7.15208000      7.15208000       0.9 
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4.0 Anova 4.  Desorption of Arsenic from Cotton testing the use of a 7%  Pine oil  
 solution prior to contamination and a Carbonated water rinse 
 
4.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter  cotton treated whole and measured in  

5 locations. 
2 Application of Contaminant: 

Variable 1. 0=none and 7=7% pine oil in DI water. 1ml was used prior to  
application of the arsenic. The sample was allowed to dry before the arsenic 
 solution was dispensed. 
1 ml of 1000 ppm arsenic from sodium arsenite dispensed in the center of the 
 filter paper resulting in an average arsenic level of ~50  µg/cm2 with a definite  
radial gradient as indicated by XRF. 

3 Prewet: None 
4 Clean: 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar  

radiation. 2.75 mls of solution were dispensed with a soak time of  10 seconds  
prior to rinse. 

5 Rinse: 2 repetitions of a top to bottom serpentine patterned rinse. 
6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

Location on the sample was blocked during the analysis in order to compensate 
 for the variance in the arsenic distribution before cleaning. 

4.2 SAS Program showing table of results 
 

title1 'Randomized Complete Block With Two Factors'; 
 data AsClean; 
 input SampleLocn PineOil Rinse Final_As_Level @@; 
 datalines; 
1 0 1 29.13 
2 0 1 8.23 
3 0 1 9.43 
4 0 1 27.64 
5 0 1 27.16 
1 0 2 27.45 
2 0 2 1.55 
3 0 2 3.88 
4 0 2 13.41 
5 0 2 24.96 
1 7 1 7.84 
2 7 1 12.66 
3 7 1 16.92 
4 7 1 2.11 
5 7 1 6.35 
1 7 2 0
2 7 2 2.7 
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3 7 2 3.1 
4 7 2 0
5 7 2 2.5 
 ;

proc anova data=AsClean; 
 class SampleLocn PineOil Rinse; 
 model Final_As_Level = SampleLocn PineOil|Rinse; 
run; 
 

4.3 SAS Anova Results 
The ANOVA Procedure 

Class           Levels    Values 
SampleLocn           5    1 2 3 4 5 

 PineOil(Vol%)        2    0 7 
 Rinse(1=DI,2=CO2)    2    1 2 
 

Number of Observations Read          20 
 Number of Observations Used          20 
 
Randomized Complete Block With Two Factors        13:25 Monday, December 5, 2005   2 
 

The ANOVA Procedure 
Dependent Variable: Final_As_Level 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7     1228.625810      175.517973       2.47    0.0804 
Error                       12      851.061370       70.921781 
Corrected Total             19     2079.687180 
 

R-Square     Coeff Var      Root MSE    Final_As_Level Mean 
 

0.590774      74.19176      8.421507               11.35100 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
SampleLocn                   4     291.3388300      72.8347075       1.03    0.4325 
PineOil                      1     704.0097800     704.0097800       9.93    0.0084 
Rinse                        1     230.6563200     230.6563200       3.25    0.0965 
PineOil*Rinse                1       2.6208800       2.6208800       0.04    0.8508 
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5.0   Anova 5. Desorption of Arsenic from Wool testing the use of a 7%  Pine oil  
 solution prior to contamination and a Carbonated water rinse 
 
5.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter wool treated whole and measured 

 in 5 locations. 
2 Application of Contaminant: 

Variable 1. 0=none and 7=7% pine oil in DI water. 1ml was used prior to 
 application of the arsenic. The sample was allowed to dry before the  
arsenic solution was dispensed. 
1 ml of 1000 ppm arsenic from sodium arsenite dispensed in the center of the  
filter paper resulting in an average arsenic level of ~50  µg/cm2 with a definite 
 radial gradient as indicated by XRF. 

3 Prewet: None 
4 Clean: 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar 

radiation. 2.75 mls of solution were dispensed with a soak time of  10 seconds 
 prior to rinse. 

5 Rinse: 2 repetitions of a top to bottom serpentine patterned rinse. 
6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

Location on the sample was blocked during the analysis in order to  
compensate for the variance in the arsenic distribution before cleaning. 

5.2 SAS Program showing table of results 
 

title1 'Randomized Complete Block With Two Factors'; 
 data AsClean; 
 input SampleLocn PineOil Rinse Final_As_Level @@; 
 datalines; 
1 0 1 21.96 
2 0 1 29.93 
3 0 1 22.98 
4 0 1 17.6 
5 0 1 19.92 
1 0 2 29.92 
2 0 2 29.44 
3 0 2 33.93 
4 0 2 21.63 
5 0 2 17.5 
1 7 1 12.14 
2 7 1 26.86 
3 7 1 15.5 
4 7 1 8.7 
5 7 1 12.12 
1 7 2 20.49 
2 7 2 11.84 
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3 7 2 28.73 
4 7 2 16.03 
5 7 2 10.12 
 ;

proc anova data=AsClean; 
 class SampleLocn PineOil Rinse; 
 model Final_As_Level = SampleLocn PineOil|Rinse; 
run; 

 
5.3 SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class           Levels    Values 
 

SampleLocn           5    1 2 3 4 5 
 

PineOil(Vol%)        2    0 7 
 

Rinse(1=DI,2=CO2)    2    1 2 
 

Number of Observations Read          20 
 Number of Observations Used          20 
 
Randomized Complete Block With Two Factors        13:40 Monday, December 5, 2005   2 
 

The ANOVA Procedure 
Dependent Variable: Final_As_Level 
 

Sum of 
 Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7      756.253890      108.036270       4.00    0.0173 
Error                       12      323.904930       26.99207 
Corrected Total             19     1080.158820 
 

R-Square     Coeff Var      Root MSE    Final_As_Level Mean 
 0.700132      25.50886      5.195390               20.36700 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
SampleLocn                   4     363.4966700      90.8741675       3.37    0.0457 
PineOil                      1     338.4999200     338.4999200      12.54    0.0041 
Rinse                        1      50.9443200      50.9443200       1.89    0.1946 
PineOil*Rinse                1       3.3129800       3.3129800       0.12    0.7322 
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6.0  Anova 6. Desorption of Arsenic from Filter Paper testing the effects of pH of the 
 reduced Lipoic Acid cleaning solution and the effect of a carbonated water 
 rinse. 
 
6.1  Experimental Conditions 
1 Samples: 5.5 cm diameter Whatman No. 1 Filter Paper treated whole and  

measured in 5 locations. 
2 Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite  

dispensed in the center of the filter paper resulting in an average arsenic level  
of ~50  µg/cm2 with a definite radial gradient as indicated by XRF. 

3 Prewet: None 
 

4 Clean: Variable 2. Rinse solution pH = 4, 5 or 7 adjusted using acetic acid.  
Solutions with pH of 4 and 5 were turbid. 
2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 
 2.75 mls of solution were dispensed with a soak time of  10 minutes prior to 
 rinse. 

5 Rinse: Variable 1. Rinse solution 1= DI water, 2=carbonated water. 
2 repetitions of a top to bottom serpentine patterned rinse. 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 
Location on the sample was blocked during the analysis in order to compensate  
for the variance in the arsenic distribution before cleaning. 

6.2 SAS Program showing table of results 
 

title1 'Randomized Complete Block With Two Factors'; 
 data AsClean; 
 input SampleLocn Rinse pH Final_As_Level @@; 
 datalines; 
1 1 4 8.62 
2 1 4 4.54 
3 1 4 2.44 
4 1 4 5.5 
5 1 4 4.43 
1 1 5 6.82 
2 1 5 5.11 
3 1 5 6.36 
4 1 5 4.37 
5 1 5 3.69 
1 1 7 6.67 
2 1 7 5.99 
3 1 7 3.69 
4 1 7 1.85 
5 1 7 4.63 
1 2 4 6.07 
2 2 4 10.81 
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3 2 4 11.53 
4 2 4 7.12 
5 2 4 6.03 
1 2 5 10.55 
2 2 5 13.07 
3 2 5 7.12 
4 2 5 7.5 
5 2 5 7.01 
1 2 7 4.88 
2 2 7 6.56 
3 2 7 3.3 
4 2 7 3.86 
5 2 7 3.16 
 ;

proc anova data=AsClean; 
 class SampleLocn Rinse pH; 
 model Final_As_Level = SampleLocn Rinse|pH; 
run; 

 
6.3 SAS Anova Results 
 

The ANOVA Procedure 
 Class Level Information 
 Class           Levels    Values 
 

SampleLocn           5    1 2 3 4 5 
 

Rinse(1=DI,2=CO2)    2    1 2 
 

pH                   3    4 5 7 
 

Number of Observations Read          30 
 Number of Observations Used          30 
The ANOVA Procedure 
Dependent Variable: Final_As_Level 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        9     143.9264067      15.9918230       4.83    0.0016 
Error                       20      66.2633800       3.3131690 
Corrected Total             29     210.1897867 
 

R-Square     Coeff Var      Root MSE    Final_As_Level Mean 
 0.684745      29.79394      1.820211               6.109333 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
 
SampleLocn                   4     40.52382000     10.13095500       3.06    0.0406 
Rinse                        1     38.21665333     38.21665333      11.53    0.0029 
pH                           2     41.87100667     20.93550333       6.32    0.0075 
Rinse*pH                     2     23.31492667     11.65746333       3.52    0.0491 
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7.0  Anova 7. Desorption of Arsenic from Filter Paper using various concentrations of  
 lipoic acid and varying the soak time of the cleaning solution and number 
 of rinses. 
 
7.1  Experimental Conditions 
1 Samples: 5.5 cm diameter Whatman No. 1 Filter Paper treated whole and  

measured in 5 locations. 
2 Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite 

dispensed in the center of the filter paper resulting in an average arsenic level  
of ~50  µg/cm2 with a definite radial gradient as indicated by XRF. 

3 Prewet: None 
4 Clean: Variable A. volume of cleaning solution dispensed, 0=none, 1= 1:1   

 mole ratio lipoic to arsenic, 2=2:1 mole ratio lipoic to arsenic. 
 Variable B. Soak time of solution prior to rinse, 1=10 seconds, 2=5 
 minutes. 
2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 

5 Rinse:  Serpentine rinses from to bottom using DI water 
Variable C. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 
Location on the sample was blocked during the analysis in order to compensate
for the variance in the arsenic distribution before cleaning. 

7.2 SAS Program showing table of results 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1112 6.52 
2112 2.9 
3112 5.64 
4112 4.63 
5112 1.55 
1114 5.89 
2114 4.81 
3114 4.42 
4114 5.53 
5114 5.16 
1122 2.44 
2122 2.12 
3122 3.29 
4122 2.11 
5122 0 
1124 5.59 
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2124 5.98 
3124 4.24 
4124 6.38 
5124 0 
1212 8.12 
2212 2.23 
3212 1.9 
4212 5.22 
5212 0 
1214 5.76 
2214 4.24 
3214 4.18 
4214 4.81 
5214 4.53 
1222 5.85 
2222 6.97 
3222 4.42 
4222 4.09 
5222 6.88 
1224 2.2 
2224 4.35 
3224 6.54 
4224 5.78 
5224 3.12 
1012 0 
2012 0 
3012 6.23 
4012 0 
5012 3.81 
1014 1.95 
2014 2.08 
3014 5.63 
4014 4.9 
5014 0 
1022 2.97 
2022 5.65 
3022 4.82 
4022 2.83 
5022 3.6 
1024 0 
2024 0 
3024 0 
4024 2.43 
5024 0 
 ;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 
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7.3 SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 

Block (Locn)       5    1 2 3 4 5 
 

A (Lipoic Conc)    3    0 1 2 
 Mole ratio Lipoic:Arsenic  
 

B (Hold time)      2    1 2 
 1=10sec, 2=5min 
 

C (# of Rinses)    2    2 4 
 

Number of Observations Read          60 
 Number of Observations Used          60 
 
Split Plot Design                  
The ANOVA Procedure 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       15     152.4276183      10.1618412       2.95    0.0026 
Error                       44     151.3557467       3.4399033 
Corrected Total             59     303.7833650 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.501764      51.21352      1.854698         3.621500 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4     27.31057333      6.82764333       1.98    0.1135 
A 2 52.47757000     26.23878500       7.63    0.0014 
B 1 1.06400167      1.06400167       0.31    0.5809 
A*B                          2     14.54220333      7.27110167       2.11    0.1329 
C 1 0.22940167      0.22940167       0.07    0.7974 
A*C                          2     22.23036333     11.11518167       3.23    0.0491 
B*C                          1     11.76608167     11.76608167       3.42    0.0711 
A*B*C                        2     22.80742333     11.40371167       3.32    0.0456 
 



202
 

8.0  Anova 8. Desorption of arsenic from cotton testing using various concentrations of  
 lipoic acid and varying the soak time of the cleaning solution and number 
 of rinses. 
 
8.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter  cotton treated whole and measured in 5  

locations. 
Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite  
sprayed onto the sample resulting in an average arsenic level of 38 µg/cm2

as indicated by XRF. 
3 Prewet: None 
4 Clean: Variable A. volume of cleaning solution dispensed, 0=none, 1= 1:1   

 mole ratio lipoic to arsenic, 2=2:1 mole ratio lipoic to arsenic. 
 Variable B. Soak time of solution prior to rinse, 1=10 seconds, 2=5 
 minutes. 
2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 

5 Rinse: Serpentine rinses from to bottom using DI water 
Variable C. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

8.2 SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1112 0 
2112 2.9 
3112 1.68 
4112 0 
5112 0 
1114 5.83 
2114 0 
3114 0 
4114 0 
5114 0 
1122 0 
2122 5.31 
3122 5.3 
4122 0 
5122 0 
1124 0 
2124 0 
3124 0 
4124 0 
5124 0 
1212 0 
2212 0 
3212 2.14 
4212 0 
5212 0 
1214 0 
2214 3.52 
3214 0 
4214 0 
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5214 0 
1222 0 
2222 11.04 
3222 0 
4222 0 
5222 0 
1224 0 
2224 0 
3224 0 
4224 0 
5224 0 
1012 10.52 
2012 11.28 
3012 12.85 
4012 10.24 
5012 13.51 
1014 0 
2014 3.44 
3014 0 
4014 0 
5014 0 
1022 7.74 
2022 6.88 
3022 6.72 
4022 6.32 
5022 5.29 
1024 0 
2024 0 
3024 9.59 
4024 0 
5024 0 
 ;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 
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8.3 SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 

Block (Locn)       5    1 2 3 4 5 
 

A (Lipoic Conc)    3    0 1 2 
 Mole ratio Lipoic:Arsenic  
 

B (Hold time)      2    1 2 
 1=10sec, 2=5min 
 

C (# of Rinses)    2    2 4 
 

Number of Observations Read          60 
 Number of Observations Used          60 
 

Dependent Variable: Response 
 Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       15     695.0483900      46.3365593       9.13    <.0001 
Error                       44     223.3080433       5.0751828 
Corrected Total             59     918.3564333 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.756839      95.12245      2.252817         2.368333 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      50.2979167      12.5744792       2.48    0.0578 
A 2 244.2555733     122.1277867      24.06    <.0001 
B 1 3.1373067       3.1373067       0.62    0.4359 
A*B                          2      16.9364133       8.4682067       1.67    0.2002 
C 1 157.9179267     157.9179267      31.12    <.0001 
A*C                          2     157.8294533      78.9147267      15.55    <.0001 
B*C                          1       0.8930400       0.8930400       0.18    0.6769 
A*B*C                        2      63.7807600      31.8903800       6.28    0.0040 
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9.0 Anova 9. Desorption of Arsenic from Filter Paper using different volumes of 
 Reduced lipoic acid, soak times and number of rinses. A Prewet Step is 
 included. 
 
9.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter Filter Paper whole and measured in 5 locations. 
2 Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite 

dispensed in the center of the filter paper resulting in an average arsenic level 
 of 48.8 µg/cm2 with a definite radial gradient as indicated by XRF. 

3 Prewet: Sample prewet with 2 ml DI and held for 1 minute before cleaning.  
4 Clean:  

Variable A. Volume of solution dispensed 1= 1:1   
 mole ratio lipoic to arsenic, 2=2:1 mole ratio lipoic to arsenic. 
Variable B. Soak time of solution prior to rinse, 1=10 seconds, 2=5 
 minutes. 
 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar 
 radiation. 2.75 mls of solution were dispensed with a soak time of  10  
seconds prior to rinse. 

5 Rinse: Serpentine rinses from to bottom using DI water 
Variable C. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

9.2 SAS Program showing table of results 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1112 0 
2112 0 
3112 3.01 
4112 0 
5112 0 
1114 0 
2114 0 
3114 0 
4114 0 
5114 0 
1122 0 
2122 0 
3122 0 
4122 0 
5122 0 
1124 0 
2124 4.04 
3124 0 
4124 0 
5124 0 
1212 0 
2212 2.11 
3212 0 
4212 0 
5212 0 
1214 1.82 
2214 0 
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3214 0 
4214 0 
5214 1.58 
1222 0 
2222 0 
3222 0 
4222 0 
5222 0 
1224 0 
2224 0 
3224 0 
4224 0 
5224 0; 
 proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 

 
9.3 SAS Anova Results 
 

The ANOVA Procedure 
 Class Level Information 
 Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A 2 1 2

B 2 1 2
C 2 2 4

Number of Observations Read          39 
 Number of Observations Used          39 
 
Dependent Variable: Response 
 Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       11      6.81983537      0.61998503       0.68    0.7487 
Error                       27     24.77780053      0.91769632 
Corrected Total             38     31.59763590 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.215834      297.4572      0.957965         0.322051 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      2.58603947      0.64650987       0.70    0.5958 
A 1 0.03806090      0.03806090       0.04    0.8402 
B 1 0.44358748      0.44358748       0.48    0.4928 
A*B                          1      1.04756752      1.04756752       1.14    0.2948 
C 1 0.17910327      0.17910327       0.20    0.6622 
A*C                          1      0.00569618      0.00569618       0.01    0.9378 
B*C                          1      0.92329627      0.92329627       1.01    0.3247 
A*B*C                        1      1.59648429      1.59648429       1.74    0.1983 
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10.0   Anova 10. Desorption of Arsenic from Cotton using different reduced lipoic acid 
 soak times and number of carbonated rinses 
 
10.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter cotton treated whole and measured in 5 

 locations. 
2 Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite  

sprayed onto the sample resulting in an average arsenic level of  42.6 µg/cm2

with as indicated by XRF. 
3 Prewet: None 
4 Clean: Variable A. Soak time of solution prior to rinse, 1=10 seconds, 2=5 

 minutes. 
2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 
 2.75 mls of solution were dispensed.  

5 Rinse: Serpentine rinses from to bottom using carbonated  water. 
Variable B. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

10.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 Response; 
 datalines; 
112 10.52 
212 11.28 
312 12.85 
412 10.24 
512 13.51 
114 0 
214 3.44 
314 0 
414 0 
514 0 
122 7.74 
222 6.88 
322 6.72 
422 6.32 
522 5.29 
124 0 
224 0 
324 9.59 
424 0 
524 0 
;

proc anova data=Split; 
 class Block A B; 
 model Response = Block A B A*B; 
 test h=A e=Block*A; 
 run; 

 

10.3  SAS Anova Results 
 

The ANOVA Procedure 
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Class Level Information 
 Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A 2 1 2

B 2 2 4

Number of Observations Read          20 
 Number of Observations Used          20 
 

Dependent Variable: Response 
 Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7     399.9861000      57.1408714       9.82    0.0004 
 Error                       12      69.7922800       5.8160233 
 Corrected Total             19     469.7783800 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.851436      46.20892      2.411643         5.219000 
 

Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      24.7324800       6.1831200       1.06    0.4164 
A 1 18.6245000      18.6245000       3.20    0.0988 
B 1 306.7011200     306.7011200      52.73    <.0001 
A*B                          1      49.9280000      49.9280000       8.58    0.0126 
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11.0  Anova 11. Desorption of Arsenic from Cotton, testing the addition of pine oil to the 
 cleaning solution and carbonated water rinse with a prewet.  
 
11.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter cotton treated whole and measured in 5 

 locations. 
2 Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite  

sprayed onto the sample resulting in an average arsenic level of  38 µg/cm2

with as indicated by XRF. 
3 Prewet: 2 ml DI water with a soak time of 1 minute. 
4 Clean: Variable A. Using no (0) or 5ml (5) reduced lipoic acid. 

 Variable B. Solution contained no (0) and 7% (7) pine oil. 
2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 
 Soak time 2 minutes. 

5 Rinse: 4 serpentine rinses from top to bottom. 
Variable C. using DI water (1) or carbonated water(2). 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

11.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1001 4.14 
2001 4.04 
3001 4.46 
4001 2.1 
5001 4.36 
1002 1.94 
2002 0 
3002 0 
4002 0 
5002 0 
1071 0 
2071 0 
3071 0 
4071 0 
5071 0 
1072 0 
2072 0 
3072 0 
4072 0 
5072 0 
1501 3.02 
2501 3 
3501 0 
4501 2.1 
5501 3.79 
1502 5.61 
2502 4.17 
3502 4.83 
4502 5.57 
5502 7.57 
1571 0 
2571 6.35 
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3571 2.1 
4571 0 
5571 0 
1572 0 
2572 0 
3572 0 
4572 0 
5572 0 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 

 
11.3  SAS Anova Results 

The ANOVA Procedure 
 Class Level Information 
 Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A 2 0 5

B 2 0 7
C 2 1 2

Number of Observations Read          40 
 Number of Observations Used          40 
 
Dependent Variable: Response 
 Sum of 
 Source                      DF         Squares     Mean Square    F Value    Pr > F 
 Model                       11     155.9213525      14.1746684       8.41    <.0001 
 Error                       28      47.2182850       1.6863673 
 Corrected Total             39     203.1396375 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.767558      75.11798      1.298602         1.728750 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      5.08707500      1.27176875       0.75    0.5638 
A 1 18.31962250     18.31962250      10.86    0.0027 
B 1 68.25156250     68.25156250      40.47    <.0001 
A*B                          1      2.58572250      2.58572250       1.53    0.2259 
C 1 2.38632250      2.38632250       1.42    0.2442 
A*C                          1     15.06756250     15.06756250       8.93    0.0058 
B*C                          1      1.27092250      1.27092250       0.75    0.3927 
A*B*C                        1     42.95256250     42.95256250      25.47    <.0001 

 

12.0  Anova 12. Desorption of Arsenic from Wool testing the effect of  prewet soak temperature 
with and without a reduced lipoic acid clean 

12.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter wool treated whole and measured in 5 locations. 

 
2 Application of Contaminant: 1 ml of 1000 ppm arsenic from sodium arsenite  

sprayed onto the sample resulting in an average arsenic level of  45.5 µg/cm2

with as indicated by XRF. 
3 Prewet: 2ml DI soak for 1 minute 

Variable A.  Soak temperature, 1=RT and 2=40oC
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4 Clean:  
Variable B. Using no (0) or 2.75 ml (1) reduced lipoic acid. 
2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. Soak 
time 2 minutes. 

5 Rinse: 4 serpentine rinses from top to bottom using DI water. 
6 Output Parameter: 

Residual arsenic (µg/cm2 ) as indicated by XRF. 

12.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3  Response; 
 datalines; 
110 0 
210 0 
310 3.81 
410 0 
510 0 
111 1.45 
211 0 
311 0 
411 0 
511 0 
120 0 
220 1.76 
320 0 
420 0 
520 0 
121 1.88 
221 0 
321 0 
421 0 
521 0 
;

proc anova data=Split; 
 class Block A B; 
 model Response = Block A B A*B; 
 test h=A e=Block*A; 
 run; 

 
12.3  SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A 2 1 2

B 2 0 1

Number of Observations Read          20 
 Number of Observations Used          20 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7      3.90477000      0.55782429       0.44    0.8620 
Error                       12     15.38533000      1.28211083 
Corrected Total             19     19.29010000 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.202424      254.4502      1.132303         0.445000 
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Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      3.21515000      0.80378750       0.63    0.6524 
A 1 0.13122000      0.13122000       0.10    0.7545 
B 1 0.25088000      0.25088000       0.20    0.6661 
A*B                          1      0.30752000      0.30752000       0.24    0.6331 
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13.0  Anova 13. Removal of Arsenic from Cotton testing the effect of lipoic acid vs. 
 water and a carbonated water vs. DI water rinse 
 
13.1  Experimental Conditions 
1 Samples: 5.5 cm diameter cotton treated whole and measured in 5 

 locations. 
2 Application of Contaminant: 2 mls of 1000 ppm arsenic from sodium arsenite  

dispensed onto the sample resulting in an average arsenic level of  278 µg/cm2

with as indicated by XRF. 
3 Prewet: Variable A. Solution contained no (0) and 7% (7) pine oil. 
4 Clean: Variable C. Using no (0) or 8 ml (1) reduced lipoic acid.           

2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation.  
Soak time 2 minutes. 

5 Rinse: 4 serpentine rinses from top to bottom. 
Variable B. using DI water or carbonated water. 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

13.2 SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1010 5.84 
2010 14.45 
3010 23.42 
4010 6.63 
5010 12.36 
1011 1.82 
2011 1.11 
3011 1.92 
4011 0.77 
5011 1.39 
1020 0.98 
2020 2.72 
3020 8.44 
4020 2.24 
5020 3.06 
1021 0.82 
2021 3.64 
3021 18.68 
4021 2.01 
5021 0.21 
1110 1.01 
2110 2.34 
3110 2.67 
4110 1.87 
5110 1.76 
1111 1.94 
2111 0.63 
3111 7.53 
4111 2.31 
5111 -0.49 
1120 0.43 
2120 4.48 
3120 5.14 
4120 1.48 
5120 3.06 
1121 2.64 
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2121 4.24 
3121 2.43 
4121 1.49 
5121 3.11 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 

 

13.3  SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A (Pine Oil)       2    0 7% 
 B (Rinse)          2    DI  CO2

C (Lipoic Acid)    2    0 1 
 

Number of Observations Read          40 
 Number of Observations Used          40 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       11     698.8987350      63.5362486       6.18    <.0001 
Error                       28     287.7338550      10.2762091 
Corrected Total             39     986.6325900 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.708368      78.86955      3.205653         4.064500 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4     245.8494650      61.4623662       5.98    0.0013 
A 1 97.4688400      97.4688400       9.48    0.0046 
B 1 9.9800100       9.9800100       0.97    0.3328 
A*B                          1      28.6286400      28.6286400       2.79    0.1062 
C 1 53.3148100      53.3148100       5.19    0.0306 
A*C                          1      60.9102400      60.9102400       5.93    0.0215 
B*C                          1      91.9908900      91.9908900       8.95    0.0057 
A*B*C                        1     110.7558400     110.7558400      10.78    0.0028 

14.0  Anova 14. Desorption of Mercury from Cotton testing the effect of lipoic acid vs. 
 water and a carbonated water vs. DI water rinse 
 
14.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter  cotton treated whole and measured in 5  

locations. 
2 Application of Contaminant: 2 mls of 1000 ppm mercury from mercuric chloride 

dispensed onto the sample resulting in an average arsenic level of 516 µg/cm2

with as indicated by XRF. 
3 Prewet: Variable A. Solution contained no (0) and 7% (7) pine oil. 
4 Clean:  Variable C. Using no (0) or 2.75 ml (1) reduced lipoic acid.       
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2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar radiation.  
Soak time 2 minutes. 

5 Rinse: 4 serpentine rinses from top to bottom. 
Variable B. using DI water or carbonated water. 

6 Output Parameter: Residual mercury (µg/cm2 ) as indicated by XRF. 

14.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1010 205.54 
2010 127.25 
3010 178.58 
4010 266.93 
5010 290.37 
1011 206.87 
2011 194.23 
3011 79.72 
4011 159.41 
5011 182.53 
1020 90.67 
2020 77.21 
3020 71.3 
4020 97.8 
5020 81.14 
1021 104.06 
2021 111.25 
3021 115.43 
4021 105.23 
5021 109.65 
1110 39.16 
2110 103.91 
3110 74.44 
4110 63.43 
5110 52.56 
1111 91.54 
2111 90.53 
3111 103.49 
4111 80.18 
5111 71.42 
1120 56.9 
2120 95.49 
3120 55.7 
4120 54.71 
5120 43.33 
1121 60.92 
2121 45.76 
3121 71.65 
4121 31.35 
5121 26.76 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 
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14.3  SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class Level Information 
 

Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A (Pine Oil)       2    0 7% 
 B (Rinse)          2    DI  CO2

C (Lipoic Acid)    2    0 1 
 

Number of Observations Read          40 
 Number of Observations Used          40 
 

Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       11     115404.1023      10491.2820       8.85    <.0001 
Error                       28      33188.2391       1185.2943 
Corrected Total             39     148592.3414 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.776649      33.03724      34.42810         104.2100 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      1099.93197       274.98299       0.23    0.9180 
A 1 59439.47409     59439.47409      50.15    <.0001 
B 1 33395.68521     33395.68521      28.18    <.0001 
A*B                          1     12236.00400     12236.00400      10.32    0.0033 
C 1 178.25284       178.25284       0.15    0.7011 
A*C                          1       580.49161       580.49161       0.49    0.4898 
B*C                          1      1000.60009      1000.60009       0.84    0.3661 
A*B*C                        1      7473.66244      7473.66244       6.31    0.0181 
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15.0  Anova 15. Desorption of Arsenic from Wool using hot acetic acid 
 
15.1  Experimental Conditions 
1 Samples: 5.5 cm diameter  wool treated whole and measured in 5  

locations. 
2 Application of Contaminant: 2 ml of 1000ppm arsenic from sodium arsenite  

dispensed onto sample resulting in an average arsenic level of 486 µg/cm2

with as indicated by XRF. 
3 Prewet: None 
4 Clean: Each sample immersed in 100 ml of solution. 

Variable A. Temperature, 0=60C and 1=100C 
Variable B. Soak time, 1=5minutes, 2=10minutes 
Variable C. Acetic Acid concentration, 1=5% and 2=10% 

5 Rinse: None 
 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

15.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1011 6.29 
2011 8.52 
3011 8.03 
4011 3.68 
5011 7.94 
1012 6.43 
2012 5.03 
3012 2.83 
4012 4.97 
5012 7.08 
1021 5.83 
2021 8.08 
3021 1.91 
4021 6.21 
5021 11.69 
1022 3.26 
2022 3.7 
3022 9.52 
4022 3.07 
5022 3.36 
1111 1.91 
2111 6.97 
3111 3.74 
4111 2.5 
5111 2.48 
1112 3.84 
2112 4.05 
3112 2.52 
4112 1.36 
5112 5.12 
1121 3.18 
2121 2.87 
3121 2.53 
4121 3.68 
5121 2.94 
1122 1.82 
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2122 2.69 
3122 4.13 
4122 4.8 
5122 3.49 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 
 

15.3 SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A (Temp)           2    60C 100C 
 B (Time)           2    5min 10min  
 C (Acetic)         2    5% 10% 
 

Number of Observations Read          40 
 Number of Observations Used          40 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       11     102.1366025       9.2851457       2.14    0.0511 
Error                       28     121.4540350       4.3376441 
Corrected Total             39     223.5906375 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.456802      45.26381      2.082701         4.601250 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4     17.81852500      4.45463125       1.03    0.4106 
A 1 64.54140250     64.54140250      14.88    0.0006 
B 1 1.06602250      1.06602250       0.25    0.6239 
A*B                          1      0.08190250      0.08190250       0.02    0.8917 
C 1 8.01920250      8.01920250       1.85    0.1848 
A*C                          1      9.95006250      9.95006250       2.29    0.1411 
B*C                          1      0.00156250      0.00156250       0.00    0.9850 
A*B*C                        1      0.65792250      0.65792250       0.15    0.6999 

16.0    Anova 16. Desorption of Mercury from Wool using hot acetic acid 
 
16.1  Experimental Conditions 
1 Samples: 5.5 cm diameter wool treated whole and measured in 5 locations. 
2 Application of Contaminant: 2 ml of 1000ppm mercury from mercuric chloride 

dispensed onto sample resulting in an average arsenic level of  499 µg/cm2

with as indicated by XRF. 
3 Prewet: None 
4 Clean: Each sample immersed in 100 ml of solution.  

Variable A. Temperature, 0=60C and 1=100C 
Variable B. Soak time, 1=5minutes, 2=10minutes 
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Variable C. Acetic Acid concentration, 1=5% and 2=10% 
5 Rinse: None 
6 Output Parameter: Residual mercury (µg/cm2 ) as indicated by XRF. 

16.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1011 337.11 
2011 357.59 
3011 439.65 
4011 249.75 
5011 368.98 
1012 350.45 
2012 332.46 
3012 293.84 
4012 369.75 
5012 290.3 
1021 393.51 
2021 342.5 
3021 376.45 
4021 378.42 
5021 371.43 
1022 380.6 
2022 328.96 
3022 517.94 
4022 273.81 
5022 298.76 
1111 476.77 
2111 393.61 
3111 483.65 
4111 466.35 
5111 439.44 
1112 385.45 
2112 349.35 
3112 419.24 
4112 403.68 
5112 412.2 
1121 342.96 
2121 386.39 
3121 428.79 
4121 418.63 
5121 406.7 
1122 383.67 
2122 362.27 
3122 271.62 
4122 418.52 
5122 397.5 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 
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16.3  SAS Anova Results 
 The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 

Block              5    1 2 3 4 5 
 

A (Temp)           2    60C 100C 
 B (Time)           2    5min 10min  
 C (Acetic)         2    5% 10% 
 

Number of Observations Read          40 
 Number of Observations Used          40 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       11      58879.3081       5352.6644       1.90    0.0839 
Error                       28      78998.1299       2821.3618 
Corrected Total             39     137877.4379 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.427041      14.07148      53.11649         377.4763 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      9533.20793      2383.30198       0.84    0.5088 
A 1 24727.24802     24727.24802       8.76    0.0062 
B 1 491.33090       491.33090       0.17    0.6796 
A*B                          1     11737.13340     11737.13340       4.16    0.0509 
C 1 9557.68140      9557.68140       3.39    0.0763 
A*C                          1      1706.55032      1706.55032       0.60    0.4432 
B*C                          1       941.38506       941.38506       0.33    0.5681 
A*B*C                        1       184.77102       184.77102       0.07    0.7999 



221
 

17.0  Anova 17. Desorption of various concentrations of Arsenic from Cotton  
 

17.1  Experimental Conditions 
 
1 Samples: 5.5 cm diameter cotton treated whole and measured in 5 locations. 
2 Application of Contaminant: 1000 ppm arsenic from sodium arsenite sprayed

onto samples in order to prepare samples with varying concentrations of  
arsenic. Variable A. 1:50-100 µg/cm2 , 2:~300 µg/cm2, 3:400-500 µg/cm2

and 4:700-800 µg/cm2

3 Prewet: None 
4 Clean: Variable B. Mole ratio of Lipoic acid to arsenic1= 2:1 and 2= 4:1 

2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar  
radiation. Soak time 2 minutes. 

5 Rinse: 4 serpentine rinses from top to bottom using DI water. 
6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

17.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B  Response; 
 datalines; 
111 4.58 
211 11.77 
311 7.66 
411 5.26 
511 7.66 
122 1.34 
222 2.08 
322 9.79 
422 0.38 
522 2.61 
131 1.73 
231 2.22 
331 6.64 
431 3.61 
531 2.77 
142 0.01 
242 3.23 
342 4.57 
442 2.3 
542 1.67 
111 -0.23 
211 0.44 
311 0.42 
411 1.04 
511 1.17 
122 2.07 
222 1.41 
322 5.37 
422 3.33 
522 2.62 
131 2.02 
231 3.46 
331 3.2 
431 2.57 
531 2.32 
142 7.5 



222
 

242 5.31 
342 7.47 
442 6.71 
542 8.64 
;

proc anova data=Split; 
 class Block A B; 
 model Response = Block A B A*B; 
 test h=A e=Block*A; 
 run; 

17.3  SAS Anova Results 
 

The ANOVA Procedure 
 Class Level Information 
 Class         Levels    Values 
 Block              5    1 2 3 4 5 
 A 4 1 2 3 4

B 2 1 2

Number of Observations Read          40 
 Number of Observations Used          40 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7      65.8874400       9.4124914       1.15    0.3555 
Error                       32     260.8716000       8.1522375 
Corrected Total             39     326.7590400 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.201639      76.79431      2.855212         3.718000 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4     46.52314000     11.63078500       1.43    0.2477 
A 3 19.36430000      6.45476667       0.79    0.5075 
B 1 1.64025000      1.64025000       0.20    0.6568 
A*B                         -1      0.00000000      0.00000000       0.00     . 

Anova 18. Desorption of mercury from filter paper using reduced lipoic acid vs. 
 de-ionized water 
18.1  Experimental Conditions 
1 Samples: 5.5 cm diameter Whatman No. 1 Filter Paper treated whole and  

measured in 5 locations. 
2 Application of Contaminant: 1 ml of 1.33 mg/ml mercuric chloride dispensed 

onto sample resulting in an average mercury level of  44.7 µg/cm2 with as 
 indicated by XRF. 

3 Prewet: 2ml of DI water soaked for 1 minute. 
4 Clean: Variable A. 0=DI water and 1=reduced lipoic acid 

2.75 ml 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using  
solar radiation. Soak time 2 minutes. 

5 Rinse: Serpentine rinses from to bottom using DI water. 
Variable B. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual mercury (µg/cm2 ) as indicated by XRF. 

18.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
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input Block 1 A 2 B  Response; 
 datalines; 
102 0 
202 0 
302 0 
402 0 
502 0 
104 0 
204 0 
304 0 
404 0 
504 0 
112 0 
212 10.53 
312 0 
412 0 
512 0 
114 0 
214 16.69 
314 15.15 
414 0 
514 0 
;

proc anova data=Split; 
 class Block A B; 
 model Response = Block A B A*B; 
 test h=A e=Block*A; 
 run; 

 
18.3  SAS Anova Results 

 The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 

Block (Sample)                 5    1 2 3 4 5 
 

A (Soln; 0=DI, 1=Lipoic)       2    0 1 
 

B (# of Rinses; 2=2X, 4=4X)    2    2 4 
 

Number of Observations Read          20 
 Number of Observations Used          20 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7     288.0243350      41.1463336       2.05    0.1316 
Error                       12     241.1743200      20.0978600 
Corrected Total             19     529.1986550 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.544265      211.6150      4.483064         2.118500 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4     152.8518800      38.2129700       1.90    0.1750 
A 1 89.7608450      89.7608450       4.47    0.0562 
B 1 22.7058050      22.7058050       1.13    0.3087 
A*B                          1      22.7058050      22.7058050       1.13    0.3087 
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Anova 19. Desorption of arsenic from wool using reduced lipoic acid vs. deionized 
 water 
 
19.1  Experimental Conditions 
1 Samples: ¼ piece 5.5 cm diameter wool treated individually. 
2 Application of Contaminant: Soaked 10 samples in 100 ml containing 173.4 

 mg sodium arsenite for 30 minutes resulting in an average arsenic level of   
154 µg/cm2 with as indicated by XRF.  

3 Prewet: 2ml of DI water soaked for 1 minute. 
4 Clean: Variable A. 0=DI water and 1=reduced lipoic acid 

½ ml of 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes using solar 
radiation. Soak time 2 minutes. 

5 Rinse: Serpentine rinses from to bottom using DI water. 
Variable B. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

19.2  SAS Program showing table of results 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B  Response; 
 datalines; 
102 15.03 
202 16.44 
302 14.13 
402 12.54 
502 11.38 
104 8.94 
204 22.86 
304 11.1 
404 7.98 
504 16.37 
112 4.39 
212 4.16 
312 9.38 
412 10.34 
512 17.48 
114 2.81 
214 0 
314 0 
414 4.19 
514 4.5 
;

proc anova data=Split; 
 class Block A B; 
 model Response = Block A B A*B; 
 test h=A e=Block*A; 
 run; 

 
19.3  SAS Anova Results 

 
The ANOVA Procedure 

 
Class Level Information 

 
Class                    Levels    Values 

 Block (Sample)                5    1 2 3 4 5 
 A (Soln; 0=DI, 1=Lipoic)      2    0 1 
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B (# of Rinses; 2=2X, 4=4X)   2    2 4 
 

Number of Observations Read          20 
 Number of Observations Used          20 
The ANOVA Procedure 
 
Dependent Variable: Response 
 Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7     491.7470400      70.2495771       3.39    0.0309 
Error                       12     248.7531400      20.7294283 
 

Corrected Total             19     740.5001800 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.664074      46.93287      4.552958         9.701000 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4      57.7539800      14.4384950       0.70    0.6088 
A 1 316.1715200     316.1715200      15.25    0.0021 
B 1 66.6855200      66.6855200       3.22    0.0981 
A*B                          1      51.1360200      51.1360200       2.47    0.1423 
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20.0  Anova 20. Desorption of Arsenic from feathers using different solutions and 
 number of rinses 
 
20.1  Experimental Conditions 
1 Samples: Quail flight feathers cut into 2 cm pieces and treated separately. 
2 Application of Contaminant: Dispensed 1 ml of 576.7mg/100ml sodium  

arsenite onto feather resulting in an arsenic level ranging from 135.3 to  189.1 
µg/cm2 with as indicated by XRF. 

3 Prewet: None 
4 Clean: Variable A. Solution 1=DI water, 2=reduced lipoic, 3=7%pine oil 

½ ml of solution dispensed onto each and soaked for 2 minutes. 2mg/ml lipoic  
acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 

5 Rinse: Serpentine rinses from to bottom using DI water. 
Variable B. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

20.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B  Response; 
 datalines; 
112 4.37 
212 50.83 
312 8.05 
412 10.51 
512 33.93 
114 4.68 
214 4.13 
314 8.8 
414 8.22 
514 8.39 
122 14.4 
222 3.31 
322 4.15 
422 3.58 
522 0 
124 8.39 
224 9.06 
324 5.71 
424 8.39 
524 9.37 
132 0 
232 0 
332 0 
432 4.17 
532 3.77 
134 7.11 
234 3.8 
334 19.51 
434 0 
534 22.05 
;

proc anova data=Split; 
 class Block A B; 
 model Response = Block A B A*B; 
 test h=A e=Block*A; 
 run; 
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20.3  SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class                                   Levels    Values 
 

Block (Sample)                               5    1 2 3 4 5 
 A (Soln” 1=DI,2=Lipoic,3=7%Pineoil)          3    1 2 3 
 B (# of Rinses, 2=2X, 4=4X)                  2    2 4 
 

Number of Observations Read          30 
 Number of Observations Used          30 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        9     1424.687107      158.298567       1.66    0.1653 
Error                       20     1907.728213       95.386411 
Corrected Total             29     3332.415320 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.427524      109.0509      9.766597         8.956000 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4     249.7993867      62.4498467       0.65    0.6304 
A 2 412.8485000     206.4242500       2.16    0.1410 
B 1 6.0390533       6.0390533       0.06    0.8039 
A*B                          2     756.0001667     378.0000833       3.96    0.0355 
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21.0 Anova 21. Desorption of Mercury from feathers using different solution and  
 number of rinses and showing the difference between the tip and quill end of the 
 feather 
 
21.1  Experimental Conditions 
1 Samples: Quail flight feathers whole and treated separately. Variable A.

Measured at the tip(a) and the quill end (b). 
2 Application of Contaminant: Soaked 10 feathers in 135.3 mg/ml mercuric  

chloride for 60 minutes resulting in levels ranging from 65.8 to  167.5 µg/cm2

with as indicated by XRF. 
3 Prewet: None 
4 Clean: Variable B. Solution 1=DI water, 2=reduced lipoic, 3=7%pine oil 

1 ml of solution dispensed onto each and soaked for 2 minutes. 2mg/ml lipoic  
acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 

5 Rinse: Serpentine rinses from to bottom using DI water. 
Variable B. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual mercury (µg/cm2 ) as indicated by XRF. 

21.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C Response; 
 datalines; 
1112 36.63 
2112 31.13 
3112 46.14 
4112 27.41 
5112 43.67 
6212 102.4 
7212 54.9 
8212 176.1 
9212 106.3 
1114 0 
2114 95.48 
3114 76.09 
4114 41.02 
5114 16.07 
6214 62.7 
7214 157.3 
8214 153.4 
9214 88.48 
1122 72.11 
2122 61.16 
3122 88.23 
4122 70.04 
5122 83.11 
6222 130.4 
7222 88.34 
8222 134.2 
9222 106.8 
1124 102.8 
2124 15.51 
3124 50.46 
4124 81.57 
5124 95.1 
6224 128.4 
7224 163.2 
8224 128.4 
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9224 161.4 
1132 33.76 
2132 11.98 
3132 47.37 
4132 57.21 
5132 24.21 
6232 132.2 
7232 108.7 
8232 33.91 
9232 139 
1134 14.4 
2134 29.3 
3134 41.98 
4134 69.36 
5134 25.39 
6234 129.3 
7234 63.27 
8234 168.8 
9234 68.5 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B C A*B A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 
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21.3  SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class                     Levels    Values 
 Block (Sample)                          9   1 2 3 4 5 6 7 8 9 
 A (Sample Location; 1=a, 2=b)           2    1 2 
 B (Solution; 1=DI, 2=LA, 3=Pineoil)     3    1 2 3 
 C (Rinse; 2=2X, 4=4X                    2    2 4 
 

Number of Observations Read          54 
 Number of Observations Used          54 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       19     118150.8972       6218.4683      Infty    <.0001 
Error                       34          0.0000          0.0000 
Corrected Total             53     118150.8972 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 1.000000             0             0         79.16833 
 
Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        8     62870.41347      7858.80168      Infty    <.0001 
A 1 58922.55372     58922.55372      Infty    <.0001 
B 2 9796.72823      4898.36412      Infty    <.0001 
C 1 601.80135       601.80135      Infty    <.0001 
A*B                          2       468.26113       234.13056      Infty    <.0001 
A*C                          1       477.36363       477.36363      Infty    <.0001 
B*C                          2       140.79774        70.39887      Infty    <.0001 
A*B*C                        2      1003.51388       501.75694      Infty    <.0001 
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22.0  Anova 22. Desorption of Mercury from Wool using different cleaning solutions and  
 varying the number of rinses 
 
22.1  Experimental Conditions 
1 Samples: ¼ piece 5.5 cm diameter wool treated individually. 
2 Application of Contaminant: Soaked 10 samples in 100 ml containing 135.3  

mg mercuric chloride for 3 minutes resulting in an average mercury level of  
449.6 µg/cm2 with as indicated by XRF. 

3 Prewet: None 
4 Clean: Variable A. Solution 1=DI water, 2=reduced lipoic, 3=7%pine oil 

1 ml of solution dispensed onto each and soaked for 2 minutes. 2mg/ml lipoic  
acid in 0.07 M NH4OH reduced 60 minutes using solar radiation. 

5 Rinse: Serpentine rinses from to bottom using DI water. 
Variable B. Number of rinses 2=2 rinses, 4=4rinses 

6 Output Parameter: Residual mercury (µg/cm2 ) as indicated by XRF. 

22.2 SAS Program showing table of results 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B  Response; 
 datalines; 
112 477.1 
212 394.6 
312 462.9 
412 661.1 
512 575.3 
114 575.5 
214 586.3 
314 427.7 
414 448.1 
514 490.2 
122 436.5 
222 443.3 
322 430.5 
422 521.7 
522 559.6 
124 604.9 
224 485 
324 437.9 
424 453.2 
524 463 
;

proc anova data=Split; 
 class Block A B; 
 model Response = Block A B A*B; 
 test h=A e=Block*A; 

 run; 
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22.3  SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class                                  Levels    Values 
 

Block (Sample)                              5    1 2 3 4 5 
 A (Solution; 1=DI, 2=Lipoic)                2    1 2 
 B (Rinse 2X or 4X)                          2    2 4 
 

Number of Observations Read          20 
 Number of Observations Used          20 
 
Dependent Variable: Response 
 

Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                        7      26208.7590       3744.1084       0.61    0.7409 
Error                       12      74119.3330       6176.6111 
Corrected Total             19     100328.0920 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.261231      15.82208      78.59142         496.7200 
 

Source                      DF        Anova SS     Mean Square    F Value    Pr > F 
Block                        4     22283.84700      5570.96175       0.90    0.4930 
A 1 3463.71200      3463.71200       0.56    0.4684 
B 1 4.23200         4.23200       0.00    0.9795 
A*B                          1       456.96800       456.96800       0.07    0.7902 
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23.0  Anova 23. Desorption of arsenic from wool varying the presoak, cleaning and rinse 
solutions. 
 
23.1 Experimental Conditions 
 
1 Samples: ¼ piece 5.5 cm diameter wool treated individually. Sample size: 3 
2 Application of Contaminant: 1 ml of arsenic from 1.03 g sodium arsenite in 50 

 ml deionized water was sprayed onto a 5.5 cm piece. The piece was then cut  
into quarters for testing. Samples had an average arsenic level of  
525 µg/cm2 with as indicated by XRF. 

3 Pre-soak:  Variable A. Pre-soak solution – 1 = carbonated water, 2=de-ionized  
water 

4 Clean: Variable B. Cleaning solution – 0= no cleaning solution and 3= reduced
lipoic acid  clean. 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes 

 using solar radiation. 
5 Rinse: Four serpentine rinses from to bottom. 

Variable C. Rinse solution – 1= carbonated water and 2= de-ionized water 
6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

23.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1101 13.13 
2101 13.35 
3101 17.68 
1102 8.01 
2102 7.2 
3102 6.24 
1131 4.22 
2131 6.25 
3131 3.27 
1132 3.42 
2132 2.25 
3132 5.65 
1201 10.57 
2201 9.93 
3201 13.97 
1202 3.87 
2202 3.97 
3202 4.06 
1231 3.01 
2231 0 
3231 2.99 
1232 3.74 
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2232 2.92 
3232 5.15 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 

 

23.3  SAS Anova Results 
 

The ANOVA Procedure 
 Class Level Information 
 Class         Levels    Values 
 

Samples              3    1 2 3 
 

A (1=CO2,2=DI)       2    1 2 
 

B (0=No Clean        2    0 3 
 3=Reduced Lipoic Clean)      
 

C (1=CO2,2=DI)       2    1 2 
 

Number of Observations Read          24 
 Number of Observations Used          24 
 
The ANOVA Procedure 
Dependent Variable: Response 
 

Sum of 
Source                   DF         Squares     Mean Square    F Value    Pr > F 
Model                       9     422.9962292      46.9995810      20.54    <.0001 
Error                       14      32.0321667       2.2880119 
Corrected Total             23     455.0283958 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.929604      23.44386      1.512618         6.452083 
 
Source                     DF        Anova SS     Mean Square    F Value    Pr > F 
Block                       2      11.2996333       5.6498167       2.47    0.1206 
A-Preclean                  1      29.2383375      29.2383375      12.78    0.0030 
B-Clean                     1     199.0080042     199.0080042      86.98    <.0001 
A*B                         1       5.9900042       5.9900042       2.62    0.1280 
C- Rinse                    1      73.1155042      73.1155042      31.96    <.0001 
A*C                         1       2.9190375       2.9190375       1.28    0.2777 
B*C                         1      98.6987042      98.6987042      43.14    <.0001 
A*B*C                       1       2.7270042       2.7270042       1.19    0.2934 
 

24.0  Anova 24. Desorption of arsenic from cotton varying the presoak, cleaning and rinse 
solutions. 
 
24.1  Experimental Conditions 
1 Samples: ¼ piece 5.5 cm diameter cotton treated individually. Sample size: 3 
2 Application of Contaminant: 1 ml of arsenic from 1.03 g sodium arsenite in 50 

 ml deionized water was sprayed onto a 5.5 cm piece. The piece was then cut  
into quarters for testing. Samples had an average arsenic level of  
403 µg/cm2 with as indicated by XRF. 

3 Pre-soak:  Variable A. Pre-soak solution – 1 = carbonated water, 2=de-ionized  
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water 
4 Clean: Variable B. Cleaning solution – 0= no cleaning solution and 3= reduced

lipoic acid  clean. 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes  
using solar radiation. 

5 Rinse: Four serpentine rinses from to bottom. 
Variable C. Rinse solution – 1= carbonated water and 2= de-ionized water 

6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

24.2  SAS Program showing table of results 
 

title1 'Split Plot Design'; 
 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1101 5.36 
2101 10 
3101 3.66 
1102 8.01 
2102 13.99 
3102 6 
1131 4.23 
2131 13 
3131 3.55 
1132 5.42 
2132 14.09 
3132 13.18 
1201 14.71 
2201 16.41 
3201 12.32 
1202 23.02 
2202 5.68 
3202 13.42 
1231 12.43 
2231 4.5 
3231 7.27 
1232 2.66 
2232 3.11 
3232 7.66 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 
 

24.3  SAS Anova Results 
 

The ANOVA Procedure 
 Class Level Information                      
 Class         Levels    Values 
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Samples              3    1 2 3 
 

A (1=CO2,2=DI)       2    1 2 
 

B (0=No Clean        2    0 3 
 3=Reduced Lipoic Clean)      
 

C (1=CO2,2=DI)       2    1 2 
 

Number of Observations Read          24 
 Number of Observations Used          24 
 

The ANOVA Procedure 
Dependent Variable: Response 
 Sum of 
Source                     DF         Squares     Mean Square    F Value    Pr > F 
Model                       9     285.1537667      31.6837519       1.26    0.3368 
Error                      14     352.0312333      25.1450881 
Corrected Total            23     637.1850000 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.447521      53.80352      5.014488         9.320000 
 
Source                     DF        Anova SS     Mean Square    F Value    Pr > F 
Block                       2      12.0721000       6.0360500       0.24    0.7898 
A 1 21.4704167      21.4704167       0.85    0.3711 
B 1 71.6912667      71.6912667       2.85    0.1135 
A*B                         1     123.2160167     123.2160167       4.90    0.0440 
C 1 3.2266667       3.2266667       0.13    0.7255 
A*C                         1      45.3200167      45.3200167       1.80    0.2008 
B*C                         1       1.7712667       1.7712667       0.07    0.7946 
A*B*C                       1       6.3860167       6.3860167       0.25    0.6221 



237
 

25.0  Anova 25. Desorption of arsenic from filter paper varying the presoak, cleaning and rinse 
solutions. 
 
25.1 Experimental Conditions 
 
1 Samples: ¼ piece 5.5 cm diameter Whatman No. 1 filter paper treated  

individually. Sample size: 3 
2 Application of Contaminant: 1 ml of arsenic from 1.03 g sodium arsenite in 50 

 ml deionized water was sprayed onto a 5.5 cm piece. The piece was then cut 
 into quarters for testing. Samples had an average arsenic level of  
307 µg/cm2 with as indicated by XRF. 

3 Pre-soak:  Variable A. Pre-soak solution – 1 = carbonated water, 2=de-ionized  
Water 

4 Clean: Variable B. Cleaning solution – 0= no cleaning solution and 3= reduced
lipoic acid  clean. 2mg/ml lipoic acid in 0.07 M NH4OH reduced 60 minutes 

 using solar radiation. 
5 Rinse: Four serpentine rinses from to bottom. 

Variable C. Rinse solution – 1= carbonated water and 2= de-ionized water 
6 Output Parameter: Residual arsenic (µg/cm2 ) as indicated by XRF. 

25.2  SAS Program showing table of results 
 
title1 'Split Plot Design'; 

 data Split; 
 input Block 1 A 2 B 3 C 4 Response; 
 datalines; 
1101 29.6 
2101 11.74 
3101 7.24 
1102 11.02 
2102 4.26 
3102 4.39 
1131 0 
2131 0 
3131 0 
1132 3.72 
2132 0 
3132 0 
1201 7.39 
2201 15.82 
3201 6.59 
1202 5.95 
2202 4.21 
3202 10.95 
1231 0 
2231 2.27 
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3231 0 
1232 2.46 
2232 2.78 
3232 0 
;

proc anova data=Split; 
 class Block A B C; 
 model Response = Block A B A*B C A*C B*C A*B*C; 
 test h=A e=Block*A; 
 run; 

 

25.3  SAS Anova Results 
 

The ANOVA Procedure 
 

Class Level Information 
 

Class         Levels    Values 
 

Samples              3    1 2 3 
 

A (1=CO2,2=DI)       2    1 2 
 

B (0=No Clean        2    0 3 
 3=Reduced Lipoic Clean)      
 

C (1=CO2,2=DI)       2    1 2 
 

Number of Observations Read          24 
 Number of Observations Used          24 
 

The ANOVA Procedure 
Dependent Variable: Response 
 Sum of 
Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       9      728.295454       80.921717       3.31    0.0223 
Error                      14      342.684842       24.477489 
Corrected Total            23     1070.980296 
 

R-Square     Coeff Var      Root MSE    Response Mean 
 0.680027      91.06477      4.947473         5.432917 
 
Source                     DF        Anova SS     Mean Square    F Value    Pr > F 
Block                       2      61.0113583      30.5056792       1.25    0.3176 
A 1 7.6501042       7.6501042       0.31    0.5850 
B 1 485.3702042     485.3702042      19.83    0.0005 
A*B                         1      18.6032042      18.6032042       0.76    0.3980 
C 1 39.8095042      39.8095042       1.63    0.2230 
A*C                         1      15.7950375      15.7950375       0.65    0.4352 
B*C                         1      81.7335042      81.7335042       3.34    0.0890 
A*B*C                       1      18.3225375      18.3225375       0.75    0.4015 
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APPENDIX E.    FTIR PEAKS OF INTEREST 
 

Wavenumber, 
cm-1 

Assigned bond Compounds under 
investigation 

Author/Year 

584-654 M-S stretching α-lipoic acid (LA),  Brown, 1968 
705-590 C-S stretch dihydrolipoic acid  
750-700 -CH2-CH2-CH2 (DHL), metal:DHL  
900-600 CH rock complexes  

1410 Either -CH2 bending or 
S-CH2

1600-1550 Bound carboxylate or 
carboxylate anion 

 

1700 Carbonyl stretch   
2575-2550 -SH group   

588  
605 medium 

M-S stretching Hg:LA Brown, 1968 

670-650 broad 
605 medium 

M-S stretching Hg:DLA Brown, 1968 

555 medium 
strong 

As-O-As bridging As4O6 Szymanski et al, 
1968 

800 very 
strong 

As-O symmetric stretch As4O6 Szymanski et al, 
1968 

845 medium, 
shoulder 

As-O antisymetrical 
stretch 

As4O6 Szymanski et al, 
1968 

349 very 
strong 

AsO bend As4O6 Szymanski et al, 
1968 

275 strong AsO bend As4O6 Szymanski et al, 
1968 

347,286, 
180 vw,126 

 Cinnabar (HgS) Soong et al, 1978 

395,381,364, 
355,348,314, 
302,202,184, 
159,150,141 

 Orpiment (As2S3) Soong et al, 1978 

795 As-O stretch Aqueous As(III) Goldberg et al, 
2001 

858 As-O assymetrical 
stretch 

Aqueous As(V) Goldberg et al, 
2001 

1430  Cellulose I 
(crystalline form) 

Nada et al, 1990 

900  Cellulose II 
(amorphous form) 

Nada et al, 1990 



240
 

APPENDIX E.    FTIR PEAKS OF INTEREST 
 

Wavenumber, 
cm-1 

Assigned bond Compounds under 
investigation 

Author/Year 

3515 OH stretch (intra H 
bond) 

the lignin model 
compound guaiacol 

Michell, 1993 

3435 OH stretch (inter H 
bond) 

 

3066 CH stretch    
3054 CH stretch   
1590 C=C stretch (ar. ring)   
1505 C=C stretch (ar. ring)   
1460 CHC bend   
1260 C-OCH3 stretch   
1220 C-OH stretch   
744 CH bend (out of plane)   
1590 Increases in intensity 

above 1: 0.5 molar ratio 
of guaiacol:chromium 

trioxide 

Reaction of 
chromium trioxide 

with guaiacol 

 

1505 Decline with increasing 
chromium trioxide 

Reaction of 
chromium trioxide 

with guaiacol 

 

1220, 1260 Relative intensities are 
reversed with increasing 

chromium trioxide 

Reaction of 
chromium trioxide 

with guaiacol 

 

3515, 3435 
(two string 

peaks) 

O-H stretching guaiacol  

3435 O-H stretching Reaction of 
chromium trioxide 

with guaiacol 

 

1590 Increases in intensity 
with higher ratios of 

ferric chloride 

Reaction of ferric 
chloride with 

guaiacol 

 

1505 Starts to decline after 
guaiacol:ferric chloride 

molar ratio reached 
1:2.5 

Reaction of ferric 
chloride with 

guaiacol 
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