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(ABSTRACT) 

The oxidation of soluble manganese (Mn(II)) to insoluble manganese dioxide 

(MnO, (;)) is fairly well understood; however, the role of ferric hydroxide/oxides 

(Fe(OH)3,;)) in catalyzing the oxidation of Mn(ID by oxidants such as free chlorine 

(HOCI) is one specific aspect of manganese removal via oxidation that requires further 

investigation. Data collected in this study indicate that the rate of Mn(II) oxidation may 

be beneficially catalyzed by the presence of previously formed Fe(OH)s(5) particles. The 

mechanistic means by which this enhanced oxidation is accomplished was the focal point 

of this research. Specifically, the research objectives were as follows: 

(1) To study all possible Mn(ID) removal mechanisms for a typical groundwater 

system to determine the necessary experimental conditions required to isolate 

the study of Mn(II) oxidation in the presence of ferric hydroxides/oxides 

(Fe(OH); (9) 
(2) To investigate the means by which ferric hydroxides/oxides (Fe(OH); (s)) may 

enhance the removal of Mn(II) during water treatment by interacting with 

HOCI; and 

(3) To develop an engineered system that captures the observed catalyzing effect 

iron oxides have on Mn(II) oxidation by HOCI citing key system design 

parameters.



To complete these objectives a combination of batch and continuous flow bench-scale 

experiments were utilized. Batch study results indicated that the primary Mn(II) removal 

mechanism was a combination of adsorption and oxidation, specifically, adsorption of 

Mn(II) onto the iron oxide surface where Mn(II) is subsequently oxidized. A continuous 

flow system was developed to utilize this removal mechanism under water treatment 

plant conditions to improve the efficiency of iron and manganese removal. The results 

from experimentation with the continuous flow system indicated the following: 

e Sufficient free chlorine residual in effluent insures consistent system 

performance, 

e Initial iron oxide concentration within reactor system must have adequate 

adsorption capacity for initial adsorption-oxidation step to occur, 

e Removal efficiency and reactor stability increase with the accumulation of 

manganese oxides, and 

e Solution pH and reactor hydraulics affect system performance significantly. 

The results suggest that this technology has the potential to change the look of 

conventional groundwater treatment systems that practice iron and manganese removal. 
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CHAPTER I 

INTRODUCTION 

A. Identification of Problem 

The occurrence of iron and manganese in surface and groundwater supplies poses 

many challenges for the water treatment engineer and plant operator. These metals are 

commonly found in small to moderate concentrations in most groundwater supplies and 

may be prevalent in some surface water supplies, most notably reservoir impoundments 

during “turnover.” The problems associated with these metals, although only aesthetic in 

nature, can be rather severe and may deter the public from consuming otherwise safe 

water. As consumers become more and more alarmed of the possible risks associated 

with their water supplies, the aesthetic properties of the water will inevitably play a 

significant role in their perception of an acceptable drinking water. 

Various treatment techniques have been developed for removing these ions from 

solution. These methods range from aeration to chemical oxidation to greensand 

adsorption and most recently oxide-coated filter media. It is safe to say that the oxidation 

of each metal by conventional oxidants has been thoroughly studied and is fairly well 

understood. In most studies conducted to date, however, the two metals are studied 

independently to determine the oxidation rate or other desired parameter for each metal 

species. Thus, little research has been conducted that examines the interaction between 

the two metals during oxidation despite the fact that they are normally found together in 

natural waters. 

The results of a field study at a groundwater treatment facility related to iron and 

manganese removal suggested that some interaction between the two metals may occur 

during conventional treatment. The field data collected indicated, as expected, that iron 

was effectively oxidized by aeration alone whereas manganese appeared to be unaffected. 

However, significant manganese removal was noted upon chlorination of the 

groundwater. This contradicts literature reported observations that manganese oxidation



via chlorine (HOC)) is relatively unsuccessful in the pH 7-8 range.' However, one 

significant difference between the observed conditions and those reported in the literature 

is the presence of oxidized iron particles in solution. A summary of the field data is 

provided in Table 1. 

The oxidation of soluble manganese (Mn(II)) to insoluble manganese dioxide 

(MnO,,s)) is fairly well understood; however, the role of ferric hydroxide/oxides 

(Fe(OH); (5) in catalyzing the oxidation of Mn(II) by oxidants such as free chlorine 

(HOCI) is one specific aspect of manganese removal that requires further investigation. 

Previous researchers have noted catalyzed oxidation of Mn(IIJ) via molecular oxygen in 

the presence of metal oxide surfaces including iron in natural water systems,” but the 

possible advantages this phenomenon may offer under water treatment conditions have 

yet to be fully investigated. 

This treatment technology was pursued because of the problems associated with 

conventional groundwater treatment facilities; a schematic of such a facility is shown in 

Figure 1. One inherent problem associated with these groundwater treatment plants is the 

use of strong oxidants, most commonly potassium permanganate (KMnO,). Although 

this chemical is very effective at oxidizing any soluble manganese, several treatment 

problems are associated with this method of treatment: 

e the production of colloidal sized MnO, (;) particles which often pass through 

the filtration process*> 

e the sensitivity of the raw water to the dose of such a strong oxidant, resulting 

in over or under-treatment as the raw water quality varies 

e the cost of using stronger oxidants (e.g. KMnOxg, ClO2, 03) when compared to 

the cost of weaker oxidants (eg. HOCI) 

In addition, other problems have been noted with conventional systems employing 

weaker oxidants such as chlorine. Figure 2 shows a typical breakthrough curve for a 

dual-media filter used at such a facility to remove oxidized iron from solution. Initially, 

the effluent quality of the filter increases during the “ripening” period, however, the iron



Table 1: Summary of Field Data Collected at Groundwater Treatment Facility 

Treating for lLron and Manganese Removal 

  

  

Speciation (mg/L)** 
  

  

  

  

  

    

Oxidant Metal Total <8 um Soluble 

Aeration Fe 1.3 1.1 <0.1 

Mn 0.45 0.45 0.43 

Aeration Fe 1.7 1.0 < 0.1 

& HOC] Mn 0.42 0.38 0.25           

**Data collected during full-scale pilot studies between pH 7.3-7.5. Treatment train: 

aeration, chlorine addition (if applicable), two hour detention time (no mixing), and 

filtration. Samples were collected, filtered, and tested following two hour detention time. 

Total represents influent concentration (acid digested solids), < 8 um simulates the 

effluent from a dual-media filter, and soluble represents particles passing a 0.2 um filter. 
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concentration leaving the filter rapidly approaches the secondary maximum contaminant 

level of 0.30 mg/L within 10 hours of startup. 

The goal of this study is to propose the use of a newly engineered system 

emphasizing chlorine for soluble Mn(II) removal. The system is geared toward 

improving and economizing the treatment processes at conventional groundwater 

treatment facilities for the removal of iron and manganese. It should be noted that the 

proposed process should be considered in waters with low organic content because HOC] 

will be used as the primary oxidant. It is well known that the interactions between 

chlorine and organic compounds result in the formation of trihalomethanes and other by- 

products regulated by the Safe Drinking Water Act.® In addition, previous research has 

indicated that iron complexed by organic material is not effectively oxidized by HOCI.”® 

B. Research Objectives 

From the aforementioned observations several research objectives were 

established: 

(1) To study all possible Mn(II) removal mechanisms for a typical groundwater 

system to determine the necessary experimental conditions required to isolate 

the study of Mn(II) oxidation in the presence of ferric hydroxides/oxides 

(Fe(OH) (sy); 

(2) To investigate the means by which ferric hydroxides/oxides (Fe(OH); (s)) may 

enhance the removal of Mn(IJ) during water treatment by interacting with 

HOC]; and 

(3) To develop an engineered system that captures the observed catalyzing effect 

iron oxides have on Mn(II) oxidation by HOCI citing key system design 

parameters. 

In order to accomplish these objectives, several different types of experimental 

systems were arranged as described in Chapter III. First, however, a thorough review of



previous research studying the chemistry of iron and manganese as well as treatment 

techniques available for their removal (presented in Chapter IT) was conducted. Finally, 

the results and discussion of the results obtained during these experiments will be 

discussed in Chapters IV and V, respectively, followed by the listing of formulated 

conclusions in Chapter VI.



CHAPTER II 

BACKGROUND 

A. Occurrence of Iron and Manganese in Natural Waters 

The fact that iron and manganese are commonly found in most groundwaters and 

a portion of surface water supplies is easily explained by their abundance in the earth’s 

crust. Iron was reported by Sung and Morgan” as being the fourth most abundant element 

by weight; Bowers and Huang!” cite iron as being “ the single most abundant 

micronutrient in soil systems, occurring naturally as oxides.” Manganese is also widely 

found in nature in various oxide and mineral forms in association with silicates, 

carbonates, and sulfides.'’ Manganese represents approximately 0.1% of the earth’s crust, 

making it the tenth most abundant element. Iron is more abundantly found than 

manganese in water supplies because of the 50:1 geochemical ratio of iron to manganese 

in the earth’s lithosphere.’ 

The presence of iron and manganese in natural waters is a result of the dissolution 

of the minerals and oxides containing these metals. Often, the dissolution reactions take 

place under anaerobic conditions, yielding the reduced metal species manganous (Mn(II)) 

and ferrous (Fe(II)) oxidation states. Such manganese release has even been noted in 

water treatment plant sedimentation basins if insufficient oxidant is present.'? Stone and 

Morgan’*!® have shown the reduction of Mn(III) and Mn(IV) oxides by organic materials 

to the Mn(ID form. Significant release of iron and manganese is commonly observed in 

the oxygen-deficient hypolimnetic waters of reservoirs as bacteria reduce the oxide as an 

alternative energy source (electron acceptor). During reservoir overturn, the waters are 

completely mixed, explaining the seasonal occurrence of these metals in reservoir 

supplies. However, because of the continuous presence of iron and manganese minerals 

in groundwater aquifers, the presence of these metals in groundwater supplies is much 

. I 
more consistent. 7



B. Chemistry of Manganese in Natural Waters 

In the absence of dissolved oxygen, chlorine or other oxidants, Mn(II) is the stable 

form of manganese in most natural waters.'* However, as with most metals, manganese 

has the capability of forming numerous compounds which can affect its solubility 

significantly. Among the various chemical species that may form are pyrolusite (MnOx,,)), 

manganite (6-MnO(OH),)), rhodonite (MnSiO3,.)), hausmannite, Mn304(5), pyrochroite 

(Mn(OH),)), rhodochrosite (MnCO x), and alabandite (MnS,,)). In most cases, however, 

manganese solubility is limited by the hydroxide (OH), carbonate (CO3”), or sulfide (S?) 

composition of the water.'* It is important to note that despite being the most well known 

oxidized form of Mn(II), MnOz,) is not the only higher oxidized form of Mn(It).'® The 

main chemical equilibria controlling Mn(lII) solubility are summarized as follows, and a 

stability plot is provided in Figure 3 (all solubility products (K,,.) and energies of 

formation (AF°) are reported at 25°C by Morgan’): 

(1) = MnCO3,) <> Mn(II) + CO3” Kyo = 4.68 x 107'' = AF° =-194.8 kcal 

(2)  MnS,) <> Mn(il) +S” Ky = 7x 10°'° AF® = -53.0 kcal 

(3) Mn(OH)s «) <= Mn(Il) + 20H” Kyo = 9.1 x 10” AF° = -147.3 kcal 

Any of these reactions can control solubility in the absence of oxidants, as it is not 

unusual to find carbonate, hydroxide, and sulfide species in the hypolimnion of lakes or 

in groundwaters. Other possible, but less common, complexes include those with cyanide 

(CN’), phosphate (PO,”), and silicas.'? The complexation observed between manganese 

and silica or phosphate compounds is often used to control manganese in water supplies 

through a process known as sequesterization. '”7° 

In waters containing organics, researchers observed that little or no complexation 

occurs between the organics and Mn(II) even at high dissolved organic carbon (DOC) 

levels.*' Data collected by Knocke et al.' showed that complexation of Mn(II) by DOC 

increased with pH, however, the vast majority of Mn(II) remains uncomplexed by organic
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matter regardless of solution pH. 

C. Methods for Manganese Removal from Water Supplies 

1. Chemical Oxidation 

The notorious reputation of manganese and its detrimental effect on water quality 

dates back to the late 19th century when Brown reported a case of black slime in an 

English distribution system attributed to manganese oxides.” Since that time a great deal 

of study has been devoted to alternative methods of manganese oxidation and removal 

before it enters the distribution system. As time has passed, the recommended means of 

controlling this metal have shifted from biological treatment to chemical oxidation to the 

use of catalysts to surface adsorption/oxidation techniques.'**?* Each of these 

treatment methods have individual limitations and drawbacks making it difficult to 

prescribe one method to be effective on all water supplies. To better understand the 

various means of removal, a keen understanding of the oxidation chemistry of manganese 

must first be developed. 

As previously discussed, the chemistry of manganese for higher oxidation states 

of the metal beyond the soluble Mn(II) form is very complex in that many oxidized forms 

can result. Table 2 summarizes chemical reduction-oxidation reactions which describe the 

oxidation of Mn(II) in the presence of various chemical oxidants. ' 

Although dissolved organics do not complex significantly with Mn(II), they do 

create an oxidant demand that must be accounted for when determining proper oxidant 

dosing. Generally, weaker oxidants such as oxygen and chlorine are ineffective for 

oxidation except at elevated pH levels or at excessive oxidant doses. However, stronger 

oxidants such as chlorine dioxide, potassium permanganate, and ozone, have the ability to 

satisfy competitive organic demands and oxidize Mn(II).”°> The oxidation of Mn) under 

low DOC levels is discussed individually by oxidant. 

11



Table 2: Mn(IJ) Oxidation Reactions for Different Oxidants 

  

  

  

  

  

  

  

Oxidant Reaction Stoichiometry 

Or(aq) Mn** + 0.5 Oo(aq) + HxO > MnO.) + 2H" 0.29 mg O>/ mg Mn 

O3¢aq) > Oraq) | Mn?" + Os(aq) + HO > MnOx,s) + Oxaq) + 2H” 0.88 mg O3;/mg Mn 

HOCI Mn” + HOCI + H,O > MnO,,) + Cl + 3H" 1.30 mg HOCI/ mg Mn 

KMnO, Mn” + 2KMnO, + H,O > 5MnO,,) + 4H” 1.92 mg KMnO,/mg Mn 

ClO, — | Mn** + 2CIO) + HO > MnOx,) + 2ClOx (ag) + 4H* | 2.45 mg C1O2/mg Mn 

clo,       

12 

 



a. Mn(iI) Oxidation via O>2 (aq). In early studies of manganese oxidation in the 

presence of molecular oxygen, Hem”° found that an increase in solution pH increased the 

rate of Mn(II) oxidation and precipitation by aeration; further, the rate is significantly 

reduced when HCO; and SO,” are present. Morgan’ used elevated initial Mn(II) 

concentrations of 11 mg/L to investigate these findings further. The formation of 

MnCO x) and the ion-pair of MnHCO3" were cited as reasons to explain the slowing of 

oxidation kinetics in the presence of carbonate species; however, the presence of sulfate 

did not affect the oxidation kinetics significantly. The reaction rate was found to be 

directly proportional to temperature; as the temperature was halved the reaction rate was 

approximately halved. Morgan also found the oxidation of manganese by Ox aq) 1S 

autocatalytic in nature. However, Hem?’ reported that the catalytic effect is slowed to a 

pseudo-first order reaction as the amount of precipitate surface becomes large in 

comparison to soluble, unreacted manganese. The presence of surface catalysts or 

manganese bacteria have been suggested to be required for Mn(II) oxidation in some 

natural waters.”® 

Using x-ray diffraction, the oxidation products of manganese and oxygen were 

determined to be a mix of Mn(III) and Mn(IV) species.”’ The product of O2(aq) Oxidation 

according to Morgan’ resembled Mn304;) rather that MnO). The overall products are 

generally colloidal and variable in composition from MnO, 2 - MnO; s. Kessick and 

Morgan” concluded that MnOOH,, is the primary product of autoxidation in aqueous 

solution. In other studies, temperature was found to have a significant effect on the form 

of precipitate; specifically as temperature was decreased the predominant precipitate was 

B-MnOOH,,) especially at temperatures less than 10°C. Eventually, however, the final 

form of the oxide will be MnO, (se 

b. Mn(ID) Oxidation via O3qq.. Ozone is primarily tested as an oxidant for 

treatment of waters with significant organic content, a condition which may limit the use 

of other conventional oxidants. Despite the strength of ozone as an oxidizing agent, 
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Weng et al.’ found that regardless of the ozone dose, soluble manganese often remained 

in the finished water following filtration at levels exceeding the SMCL of 0.05 mg/L. 

The ozone dose utilized was sufficient to provide an ozone residual yet Mn(II) oxidation 

remained incomplete. Wilczak et al.*° discovered that ozonating waters containing 

Mn(II) resulted in the formation of mostly colloidal MnO2,). Their results also confirmed 

those of Weng et al.’ in that regardless of the O3 dose, high levels of soluble Mn(II) 

remained in the filtered water. For effective soluble Mn(II) removal, the authors of these 

articles relied on further treatment involving oxide coated filter media and permanganate 

addition, respectively. These methods will be discussed later. 

c. Mn(iD) Oxidation via HOCI. Chlorine is commonly used as an attempt to 

oxidize Mn(II) in water supplies. Such oxidation requires long periods of detention time 

depending on the pH and chlorine concentration.*! Wong’ suggested that the pH be 

maintained at pH 8.5 and that calcium be added to destabilize the net negative charge of 

MnOx;) for improving filtration performance. Two other researchers reported the need 

for calcium to destabilize the colloidal MnO; particle to improve filtration.°*"? Wong? 

recommended a chlorination-filtration system over aeration-filtration and potassium 

permanganate-manganese greensand filtration for both economic and operational reasons. 

Mathews” noted that when chlorination is used, filter media need not be coated with 

manganese oxides for acceptable effluent quality. 

Hao et al.”* studied the kinetics of Mn(II) oxidation by chlorine to develop a 

kinetic model and to study the effect various organic ligands (chelating agents) have on 

the Mn(II) oxidation rate. These studies utilized a very large initial Mn(II) concentration 

(5.5 mg/L) atypical of natural water systems. These studies concluded that the most 

important parameter governing the rate of oxidation was the stoichiometric ratio of 

chlorine to manganese. The kinetics increased as this ratio was increased as well as for 

increases in solution pH.



The importance of adsorption in the autocatalytic oxidation of Mn(II) has been 

well documented.!7?7? 

d. Mn(iI) Oxidation via Potassium Permanganate (KMnO,. The use of 

potassium permanganate as an oxidant for Mn(ID) has long been practiced.>”? The use of 

KMn0O, is often favored over weaker oxidants because the rate of oxidation is much more 

rapid,’ occurring almost instantaneously provided that sufficient oxidant for interaction 

with Mn(II) is present.’ One problem cited with the use of KMnOz is the formation of 

colloidal sized MnOx,s) particles which pose filtration concerns.** Van Benschoten et 

al.“ developed a relatively accurate kinetic model for Mn(II) oxidation via KMnOy. 

e. Mn(II) Oxidation via ClO, The use of chlorine dioxide as an oxidant for 

Mn(I) has not been studied extensively as this oxidant is not as popular as those 

previously discussed. Knocke et al.,' assuming only a one electron transfer product to 

ClO,,, showed similar oxidation rates to those of KMnO, with some variation occurring 

with the presence of organics. Also, the growing concern over residual chlorite 

concentration (limit of 1 mg/L) in the upcoming D-DBP Rule may further limit the use 

of ClO) as a primary oxidant for Mn(II) removal.*° 

2. Other Treatment Techniques 

a. Ion Exchange. The use of ion exchange systems for Mn(II) removal is 

somewhat rare as treatment difficulties can easily arise if oxidation occurs in the resin bed 

(particularly if reduced iron becomes oxygenated). As with other ion exchange 

operations, the Mn(II) ions in solution are exchanged for sodium or hydrogen ions on the 

resin.”’ If operated correctly, such a system can be very effective, yet brine disposal is an 

issue.?° 
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b. Manganese Greensand Adsorption-Regeneration. This “filtration” process 

employs filter media naturally or synthetically coated with manganese oxides. The 

effective size of the media is generally quite small forcing pressure filtration in many 

instances. Once the adsorptive capacity of the greensand has been expended, the bed is 

regenerated with an oxidant, normally potassium permanganate.”” An alternative is to 

provide continuous regeneration with permanganate.°’ One potential drawback of these 

systems is the need for pump(s) to provide the pressure necessary to force the raw water 

through the filters; this is not a concern if well head pressures are sufficient. 

c. Oxide-Coated Filter Media. Several researchers dating back to the early 20th 

century have noted a “natural greensand effect” occurring in filters treating manganese 

4.22, 31, 34.38.39 The beneficial effect the manganese oxides have on water laden waters. 

treatment are well noted; however, significant research on the mechanistic means of the 

process was not conducted until recently by Knocke et al.**°? In removal studies using 

ozone, regardless of the ozone dose, effective manganese removal was not seen until the 

use of an oxide-coated filter media was used.* Knocke et al.*® noted that the removal of 

Mn(II) by filtration through oxide coated media is at first an adsorption process. 

Generally, the uptake is very rapid, as expected based on the data presented by Morgan 

and Stumm”? for Mn(II) adsorption onto previously formed MnO, ;;. However, in the 

absence of an oxidant, the removal efficiency approached zero as the available number of 

adsorption sites was exhausted. Once oxidant was applied, the surface catalyzed the 

oxidation of the adsorbed Mn(II), resulting in the regeneration and actual growth of the 

manganese oxide surface around the filter media.*® 

The application of free chlorine under neutral pH conditions was found to be 

effective at oxidizing surface sorbed Mn(II). This mode of operation provided for 

continuous regeneration of the oxide coating on the filter media; thus, backwashing with 

a permanganate solution need not be necessary.”” 
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D. Chemistry of Iron in Natural Waters 

The oxidation state of iron that will be found in water is related to several 

different variables. Primarily, the reduction-oxidation potential of the water as well as the 

organic content are key factors, but alkalinity and other parameters may affect tron 

speciation.® 41. 42,43.44,45 a mong the most common precipitates that can be formed by 

interactions between iron and other species are Fe(OH)s(5) (hydrated ferric oxides), 

FeCO3x,) (siderite), Fe(OH)a5), and FeS2s) (pyrite).”' The chemical equilibria for these 

reactions are summarized as follows with a stability plot provided in Figure 4fl® 

(4) Fe(OH) (s) <> Fe(II) + 3H20 

(5) FeCO3 (5) <> Fe(II) + CO3” 

(6) Fe(OH)2 (5) <> Fe(II) + 20H” 

(7) FeS (s) > Fe(II) + 28 i +2e 

In waters containing high levels of alkalinity, the carbonate concentration often controls 

iron solubility as described by equation (5).*° Reduced Fe(II) can be removed from 

solution due to hydroxide or sulfide concentrations.*' These compounds are likely to 

dominate under low oxygen conditions along with other possible complexes formed with 

cyanides, silicates, phosphates, and numerous other inorganic materials.“° However if 

adequate oxygen is present in waters of neutral to alkaline pH these reactions will 

compete with the oxidation of iron to iron hydroxide (equation (4)) if low levels of 

. 47 
organic material are present. 

E. Oxidation of Soluble Iron in Natural Waters 

Similar treatment techniques for Mn(II) oxidation/removal are available for 

soluble iron removal (ion exchange, greensand adsorption, biological processes, chemical 

oxidation using O03, KMnQO,, ClOz, etc.). These methods of treatment are discussed in 

detail by others,® '% 7% 337-4849 but will not be covered in this paper as the use of such 
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Figure 4: Solubility of Iron in Relation to pH and Eh at 25°C and 1 atm, Total 
Dissolved Sulfur 107 M; Bicarbonate Species 107M (from Hem*'). 
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techniques was not the focus of this work. The limits of this discussion on iron oxidation 

will include only oxidation via dissolved oxygen or free chlorine. These oxidants are 

commonly used for iron removal and have been found to be very effective in low organic 

waters. 

Numerous researchers have noted the complexation effect that organic materials 

have on soluble iron in water supplies.* 41, 42,43, 44, 45.47.59 This phenomenon significantly 

reduces the ability of precipitates or oxidation products to form as the iron is relatively 

unreactive.’ The effect organic interaction has on Fe(II) oxidation will be discussed in 

the upcoming section. 

1. Oxidation via Dissolved Oxygen. Ghosh et al.*” presented a study of Illinois 
  

waters to investigate the factors governing the oxidation rate of iron in natural waters via 

aeration. Their study indicated that in high alkalinity groundwaters, the majority of the 

iron precipitated following aeration was in the form of ferrous carbonate, not the oxidized 

form of ferric hydroxide. Several researchers refuted the results of the Ghosh et al.*’ 

study, citing discrepancies with the saturation levels with respect to iron and carbonate 

reported as well as the fact that the alkalinity concentrations used in synthetic water 

samples were not of the same magnitude as those found naturally.“* *°*' In response to 

these studies, Morgan and Birkner”’ presented results from their studies indicating that 

Fe(II) oxidation via oxygen follows a first-order rate and that FeCO3 species are less 

rapidly oxidized than free Fe(II) ions. 

Sung and Morgan’ demonstrated that lepidocrocite (‘y-FeOQOH),) was the primary 

product of iron oxidation under average pH conditions. In addition, the authors noted that 

the reaction is autocatalytic in the presence of previously formed iron oxides at pH values 

greater than 7. The observed Fe(II) oxidation rate was slowed in the presence of 

complexing ions such as SO,” and CI’, confirming the work of previous researchers. 

The effects organics have on the oxygenation and oxidation of iron(II) has been 

well documented.® 4! :47.5! This property constitutes a major difference in 
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�e�f�f�o�r�t�s�.�'�°�°�*�°�8� �T�h�e� �r�e�s�e�a�r�c�h� �t�o� �b�e� �p�r�e�s�e�n�t�e�d� �b�y� �t�h�i�s� �p�a�p�e�r� �f�o�c�u�s�e�d� �o�n� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� 

�t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �i�n� �c�a�t�a�l�y�z�i�n�g� �o�x�i�d�a�t�i�o�n� �o�f� �m�a�n�g�a�n�e�s�e� �v�i�a� �f�r�e�e� �c�h�l�o�r�i�n�e�.� �T�h�u�s�,� �a�n� 

�u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �e�f�f�e�c�t� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �h�a�s� �i�n� �n�a�t�u�r�a�l� �w�a�t�e�r� 

�s�y�s�t�e�m�s� �i�s� �o�f� �e�x�t�r�e�m�e� �i�m�p�o�r�t�a�n�c�e� �i�n� �p�r�e�s�e�n�t�i�n�g� �t�h�i�s� �w�o�r�k�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �a�n�d� 

�c�a�t�a�l�y�z�i�n�g� �p�r�o�p�e�r�t�i�e�s� �t�h�e� �m�a�n�g�a�n�e�s�e� �s�u�r�f�a�c�e� �e�x�h�i�b�i�t�s� �m�u�s�t� �a�l�s�o� �b�e� �c�o�n�s�i�d�e�r�e�d�.� 

�1�.� �I�r�o�n� �O�x�i�d�e�s�.� �B�o�w�e�r�s� �a�n�d� �H�u�a�n�g�'�®� �s�t�u�d�i�e�d� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �s�o�l�u�b�l�e� �m�e�t�a�l�s� �o�n�t�o� 

�v�a�r�i�o�u�s� �f�o�r�m�s� �o�f� �i�r�o�n� �o�x�i�d�e�s�,� �r�e�p�o�r�t�i�n�g� �t�h�a�t� �i�r�o�n� �i�s� �c�a�p�a�b�l�e� �o�f� �f�o�r�m�i�n�g� �c�o�m�p�l�e�x�e�s� �w�i�t�h� 

�n�u�m�e�r�o�u�s� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s�.� �O�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s �� �p�r�e�s�e�n�t�e�d� �a� �s�t�u�d�y� �d�e�t�a�i�l�i�n�g� �t�h�e� 

�a�d�s�o�r�p�t�i�o�n� �o�f� �C�u�(�I�I�)� �o�n�t�o� �g�e�o�t�h�i�t�e� �(�a�-�F�e�O�Q�O�H�)�,�)� �a�n�d� �r�e�p�o�r�t�e�d� �s�u�c�h� �i�n�t�e�r�a�c�t�i�o�n�s� �t�o� �o�c�c�u�r� 

�v�e�r�y� �r�a�p�i�d�l�y�.� �T�h�e� �s�a�m�e� �s�t�u�d�y� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �d�i�v�a�l�e�n�t� �c�a�t�i�o�n�s� �f�o�r�m� �a� �m�o�n�o�d�e�n�t�a�t�e� 

�i�n�n�e�r�s�p�h�e�r�e� �s�u�r�f�a�c�e� �c�o�m�p�l�e�x�e�s� �(�s�u�c�h� �c�o�m�p�l�e�x�e�s� �a�r�e� �b�e�l�i�e�v�e�d� �t�o� �b�e� �s�t�r�o�n�g�e�r� �t�h�a�n� �i�o�n�i�c� 

�i�n�t�e�r�a�c�t�i�o�n�s�)� �w�i�t�h� �g�e�o�t�h�i�t�e�.� �T�h�i�s� �p�r�o�p�e�r�t�y� �c�a�n� �b�e� �a�s�s�u�m�e�d� �t�o� �e�x�i�s�t� �b�e�t�w�e�e�n� �M�n�i�(�I�I�)�,� �a� 

�d�i�v�a�l�e�n�t� �c�a�t�i�o�n�,� �a�n�d� �g�e�o�t�h�i�t�e�.�*� 

�S�e�v�e�r�a�l� �s�c�i�e�n�t�i�s�t�s� �h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �t�h�a�t� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �h�a�s� �o�n� �M�n�(�I�I�)� 

�o�x�i�d�a�t�i�o�n�,� �w�h�i�c�h� �i�s� �o�f� �g�r�e�a�t� �i�m�p�o�r�t�a�n�c�e� �t�o� �t�h�e� �w�o�r�k� �t�o� �b�e� �p�r�e�s�e�n�t�e�d�. � �� �° �� �W�i�l�s�o�n�* �� 

�i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t� �t�h�a�t� �v�a�r�i�o�u�s� �s�u�r�f�a�c�e�s� �p�l�a�y� �o�n� �t�h�e� �r�a�t�e� �o�f� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n�;� �o�n�e� 

�s�u�r�f�a�c�e� �o�f� �p�a�r�t�i�c�u�l�a�r� �i�n�t�e�r�e�s�t� �w�a�s� �g�e�o�t�h�i�t�e�.� �T�h�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �g�e�o�t�h�i�t�e� �s�u�r�f�a�c�e� 

�p�l�a�y�e�d� �a� �r�o�l�e� �i�n� �c�a�t�a�l�y�z�i�n�g� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�I�)� �b�y� �o�x�y�g�e�n�.� �W�i�l�s�o�n� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� 

�t�h�e� �r�e�m�o�v�a�l� �o�b�s�e�r�v�e�d� �w�a�s� �m�o�s�t� �l�i�k�e�l�y� �d�u�e� �t�o� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �f�o�l�l�o�w�e�d� �b�y� �o�x�i�d�a�t�i�o�n� �o�n� 

�t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�.� �H�e� �l�i�k�e�n�e�d� �t�h�e� �c�a�t�a�l�y�t�i�c� �e�f�f�e�c�t� �n�o�t�e�d� �t�o� �t�h�a�t� �o�b�s�e�r�v�e�d� �i�n� �M�n�(�I�I�)� 
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�o�x�i�d�a�t�i�o�n� �w�h�e�n� �M�n�O�,�x�s�)� �i�s� �p�r�e�s�e�n�t�.� �H�o�w�e�v�e�r�,� �W�i�l�s�o�n� �s�t�a�t�e�d� �t�h�a�t�  ��i�t� �i�s� �d�o�u�b�t�f�u�l� �w�h�e�t�h�e�r� 

�p�a�r�t�i�c�u�l�a�t�e� �m�a�t�t�e�r� �w�o�u�l�d� �i�n�f�l�u�e�n�c�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �p�r�o�c�e�s�s� �u�n�d�e�r� �n�a�t�u�r�a�l� �l�o�a�d�i�n�g� 

�c�o�n�d�i�t�i�o�n�s�, �� �p�e�r�h�a�p�s� �s�u�g�g�e�s�t�i�n�g� �t�h�e� �l�i�m�i�t�e�d� �u�s�e�f�u�l�n�e�s�s� �o�f� �h�i�s� �f�i�n�d�i�n�g�s� �d�u�r�i�n�g� �w�a�t�e�r� 

�t�r�e�a�t�m�e�n�t�. �� 

�W�i�l�s�o�n ��s� �s�t�u�d�y� �f�o�c�u�s�e�d� �o�n� �g�e�o�t�h�i�t�e�,� �a�n� �a�g�e�d� �f�o�r�m� �o�f� �t�h�e� �f�r�e�s�h�l�y� �p�r�e�c�i�p�i�t�a�t�e�d� �i�r�o�n� 

�o�x�i�d�e�,� �l�e�p�i�d�o�c�r�o�c�i�t�e�,� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �o�x�y�g�e�n�a�t�i�o�n� �o�f� �F�e�(�I�I�)�.�°�>� �S�u�n�g� �a�n�d� �M�o�r�g�a�n ��®� 

�p�r�e�s�e�n�t�e�d� �a� �s�i�m�i�l�a�r� �s�t�u�d�y� �t�h�a�t� �f�o�c�u�s�e�d� �o�n� �t�h�i�s�  ��y�o�u�n�g �� �i�r�o�n� �o�x�i�d�e� �f�o�r�m�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �m�a�n�g�a�n�e�s�e� �h�a�s� �a� �s�t�r�o�n�g� �a�f�f�i�n�i�t�y� �f�o�r� �t�h�e� �l�e�p�i�d�o�c�r�o�c�i�t�e� �(�y�-�F�e�O�O�H�)� �s�u�r�f�a�c�e�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �a�t� �p�H� �l�e�v�e�l�s� �a�b�o�v�e� �6�.�9� �w�h�i�c�h� �i�s� �t�h�e� �z�e�r�o� �p�o�i�n�t� �o�f� �c�h�a�r�g�e� �(�Z�P�C�)� �f�o�r� �t�h�e� �o�x�i�d�e�.� 

�A�d�s�o�r�p�t�i�o�n� �i�s�o�t�h�e�r�m�s� �f�o�r� �M�n�(�I�I�)� �o�n�t�o� �t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �a�n�d� �d�a�t�a� �s�u�g�g�e�s�t�i�n�g� �a� �c�a�t�a�l�y�z�e�d� �r�a�t�e� 

�o�f� �o�x�i�d�a�t�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �w�e�r�e� �p�r�e�s�e�n�t�e�d�.� �O�f� �p�a�r�t�i�c�u�l�a�r� �i�n�t�e�r�e�s�t� �w�a�s� 

�t�h�e� �k�i�n�e�t�i�c� �m�o�d�e�l� �p�r�e�s�e�n�t�e�d� �t�h�a�t� �f�o�u�n�d� �t�h�e� �s�u�r�f�a�c�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �f�o�r� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �o�n� 

�t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �a�n�d� �t�h�e� �M�n�O�y�,�,�)� �s�u�r�f�a�c�e� �t�o� �b�e� �t�h�e� �s�a�m�e� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e�. ��°� �I�t� �a�p�p�e�a�r�s�,� 

�h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� �a�u�t�h�o�r�s� �m�a�d�e� �a� �f�a�u�l�t�y� �a�s�s�u�m�p�t�i�o�n� �i�n� �s�t�a�t�i�n�g� �t�h�a�t� �t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �i�s� �n�o�t� 

�a�l�t�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�i�t�h� �t�h�e� �s�u�r�f�a�c�e� �o�x�i�d�i�z�e�d� �s�p�e�c�i�e�s�.� �O�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �t�h�a�t� �a�s� �M�n�(�I�I�)� 

�i�s� �a�d�s�o�r�b�e�d� �a�n�d� �o�x�i�d�i�z�e�d� �a� �M�n�O�,�,�)� �c�o�a�t�i�n�g� �w�o�u�l�d� �d�e�v�e�l�o�p� �w�i�t�h� �a� �h�i�g�h� �a�f�f�i�n�i�t�y� �f�o�r� �M�n�(�I�I�)� 

�a�n�d� �c�a�t�a�l�y�t�i�c� �e�f�f�e�c�t� �i�n� �i�t�s� �o�x�i�d�a�t�i�o�n�.� �T�h�i�s� �m�a�y� �e�x�p�l�a�i�n� �w�h�y� �t�h�e�  ��i�r�o�n �� �s�u�r�f�a�c�e� �a�p�p�e�a�r�e�d� �t�o� 

�e�x�h�i�b�i�t� �a� �s�i�m�i�l�a�r� �s�u�r�f�a�c�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �t�o� �t�h�a�t� �o�f� �t�h�e� �M�n�O�»�)� �s�u�r�f�a�c�e�.� 

�D�a�v�i�e�s� �a�n�d� �M�o�r�g�a�n �� �s�t�u�d�i�e�d� �t�h�e� �r�a�t�e� �o�f� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �o�n� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� 

�m�e�t�a�l� �o�x�i�d�e� �s�u�r�f�a�c�e�s� �w�i�t�h� �M�n�(�I�I�)� �a�f�f�i�n�i�t�y� �r�a�n�k�i�n�g� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �o�r�d�e�r�:� �l�e�p�i�d�o�c�r�o�c�i�t�e� �>� 

�g�e�o�t�h�i�t�e� �>� �s�i�l�i�c�a� �>� �a�l�u�m�i�n�a�.� �I�n� �t�h�i�s� �w�o�r�k� �i�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �a�  ��b�i�d�e�n�t�a�t�e� �c�o�m�p�l�e�x �� �w�a�s� 

�t�h�e� �c�h�e�m�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �M�n�(�I�I�)� �a�n�d� �t�h�e� �i�r�o�n� �o�x�i�d�e�s�.� �I�n� �t�h�i�s� �t�y�p�e� �m�o�d�e�l�,� �t�h�e� 

�M�n�(�I�]�)� �i�o�n� �i�s� �s�h�a�r�e�d� �b�y� �t�w�o� �o�x�i�d�e� �s�u�r�f�a�c�e� �s�i�t�e�s�.� �A�g�a�i�n�,� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �a�c�c�e�l�e�r�a�t�e�d� 

�r�a�t�e� �o�f� �M�n�(�I�D�)� �o�x�i�d�a�t�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �i�r�o�n� �o�x�i�d�e�s� �w�e�r�e� �p�r�e�s�e�n�t�e�d� �a�s� �w�e�l�l� �a�s� �t�w�o� 

�h�y�p�o�t�h�e�s�e�s� �a�s� �t�o� �w�h�y� �s�u�c�h� �a� �c�a�t�a�l�y�z�a�t�i�o�n� �e�f�f�e�c�t� �i�s� �s�e�e�n�:� 

�e� �A� �l�o�w�e�r� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �f�r�o�m� �M�n�(�I�I�)� �t�o� �O�2�;� 

�a�n�d� 
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�e� �M�n�(�I�I� �o�x�i�d�i�z�e�d� �b�y� �F�e�(�I�I�I�)� �r�e�s�u�l�t�i�n�g� �i�n� �a�n� �o�x�i�d�i�z�e�d� �M�n�(�I�I�D�)� �a�n�d� �a� �r�e�d�u�c�e�d� 

�F�e�(�I�I�)�;� �t�h�e� �F�e�(�I�I�)� �i�s� �t�h�e�n� �r�a�p�i�d�l�y� �o�x�i�d�i�z�e�d� �b�a�c�k� �t�o� �F�e�(�I�I�I�)� �b�y� �a�v�a�i�l�a�b�l�e� �o�x�y�g�e�n� 

�N�o�t�e�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e�s�e� �a�u�t�h�o�r�s� �p�r�o�p�o�s�e� �a� �b�i�d�e�n�t�a�t�e� �c�o�m�p�l�e�x� �w�h�e�r�e�a�s� �G�r�o�s�s�e�l� �e�t� �a�l� �»� 

�h�a�d� �p�r�o�p�o�s�e�d� �a� �m�o�n�o�d�e�n�t�a�t�e� �c�o�m�p�l�e�x� �b�e�t�w�e�e�n� �C�u�(�I�I�)�,� �a�n�o�t�h�e�r� �d�i�v�a�l�e�n�t� �c�a�t�i�o�n�,� �a�n�d� 

�g�e�o�t�h�i�t�e�.� 

�A�n�o�t�h�e�r� �k�e�y� �p�o�i�n�t� �r�e�l�a�t�i�n�g� �t�o� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �w�a�s� �h�i�g�h�l�i�g�h�t�e�d� �b�y� �D�a�v�i�e�s� �a�n�d� 

�M�o�r�g�a�n�? �� �w�h�o� �s�t�a�t�e�d� �t�h�a�t� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �a�s�c�e�r�t�a�i�n� �w�h�e�t�h�e�r� �t�h�e� �s�u�r�f�a�c�e� �(�i�r�o�n�)� �o�r� �t�h�e� 

�m�o�d�i�f�i�e�d� �s�u�r�f�a�c�e� �(�c�o�n�t�a�i�n�i�n�g� �s�o�m�e� �M�n�O�v�y�;�)�)� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �c�a�t�a�l�y�z�i�n�g� �e�f�f�e�c�t� �u�n�l�e�s�s� 

�t�h�e� �s�u�r�f�a�c�e� �i�s� �i�n� �e�x�c�e�s�s�.� �T�h�i�s� �s�t�a�t�e�m�e�n�t� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �d�i�f�f�i�c�u�l�t�y� �i�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� 

�m�e�c�h�a�n�i�s�m� �u�n�d�e�r� �s�t�u�d�y�.� �F�i�n�a�l�l�y�,� �t�h�e� �a�u�t�h�o�r�s� �r�e�m�i�n�d�e�d� �f�u�t�u�r�e� �r�e�s�e�a�r�c�h�e�r�s� �t�h�a�t� �i�t� �i�s� 

�i�m�p�o�r�t�a�n�t� �t�o� �c�o�n�s�i�d�e�r� �c�o�m�p�e�t�i�t�i�o�n� �f�o�r� �s�u�r�f�a�c�e� �s�i�t�e�s� �b�r�o�u�g�h�t� �a�b�o�u�t� �b�y� �i�o�n�i�c� �s�t�r�e�n�g�t�h�,� 

�[�M�n�c�I�]�)�]�,� �[�C�I�]�,� �a�n�d� �s�p�e�c�i�f�i�c� �s�u�r�f�a�c�e� �a�r�e�a�s� �o�f� �t�h�e� �o�x�i�d�e�s�.� �A� �k�i�n�e�t�i�c� �m�o�d�e�l� �o�f� �t�h�e�i�r� �f�i�n�d�i�n�g�s� 

�w�a�s� �p�r�e�s�e�n�t�e�d� �a�s� �w�e�l�l�.� 

�R�e�s�e�a�r�c�h� �c�o�n�d�u�c�t�e�d� �a�t� �a� �f�u�l�l� �s�c�a�l�e� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �i�n� �E�n�g�l�a�n�d� �e�m�p�l�o�y�i�n�g� 

�s�l�u�d�g�e� �b�l�a�n�k�e�t� �c�l�a�r�i�f�i�e�r�s� �i�n�d�i�c�a�t�e�d� �a� �s�i�m�i�l�a�r� �p�h�e�n�o�m�e�n�o�n� �o�c�c�u�r�s� �u�n�d�e�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� 

�c�o�n�d�i�t�i�o�n�s�. �� �I�n� �t�h�i�s� �s�y�s�t�e�m�,� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�s�l�u�d�g�e� �b�l�a�n�k�e�t� �w�a�s� �o�b�s�e�r�v�e�d� �t�o� �o�c�c�u�r� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �L�a�n�g�m�u�i�r� �i�s�o�t�h�e�r�m�.� �T�h�e� 

�a�d�s�o�r�p�t�i�o�n� �w�a�s� �n�o�t�e�d� �t�o� �b�e� �e�n�h�a�n�c�e�d� �a�n�d� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �p�H� �a�s� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�o�r�b�e�n�t� �m�a�t�e�r�i�a�l� �(�i�r�o�n� �o�x�i�d�e�s�)� �i�n�c�r�e�a�s�e�d�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �o�b�s�e�r�v�e�d� 

�t�h�a�t� �t�h�e� �s�l�u�d�g�e� �b�l�a�n�k�e�t� �a�s�s�u�m�e�d� �a� �d�a�r�k�e�r� �c�o�l�o�r� �w�i�t�h� �t�i�m�e�,� �i�m�p�l�y�i�n�g� �M�n�O�,�;�.�)� �f�o�r�m�a�t�i�o�n� �b�y� 

�o�x�i�d�a�t�i�o�n� �w�i�t�h� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�.� �T�h�e�y� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �t�h�e� �s�o�r�b�e�d� �M�n�(�I�D�)� �(�r�e�s�u�l�t�i�n�g� �i�n� 

�M�n�O�,�;�,�)� �f�o�r�m�a�t�i�o�n�)� �r�e�s�u�l�t�e�d� �i�n� �a� �s�u�r�f�a�c�e� �t�h�a�t� �p�r�o�v�i�d�e�d� �a� �g�r�e�a�t�e�r� �s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �t�h�a�n� �t�h�e� 

�o�r�i�g�i�n�a�l�  ��i�r�o�n�-�o�n�l�y �� �s�u�r�f�a�c�e�.� �T�h�e� �s�t�u�d�y� �r�e�c�o�m�m�e�n�d�e�d� �t�h�a�t� �t�h�e� �s�y�s�t�e�m� �b�e� �a�n�a�l�y�z�e�d� �u�s�i�n�g� 

�c�h�l�o�r�i�n�e� �a�s� �t�h�e� �o�x�i�d�a�n�t� �t�o� �p�r�o�v�i�d�e� �m�o�r�e� �r�a�p�i�d� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �M�n�(�I�I�)�.� 

�I�n� �o�t�h�e�r� �r�e�s�e�a�r�c�h� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�e�s�e� �o�x�i�d�e�s� �u�n�d�e�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� 

�c�o�n�d�i�t�i�o�n�s�,� �S�t�e�n�k�a�m�p� �a�n�d� �B�e�n�j�a�m�i�n�®� �o�b�s�e�r�v�e�d� �t�h�e� �s�u�p�e�r�i�o�r�i�t�y� �o�f� �i�r�o�n� �o�x�i�d�e� �c�o�a�t�e�d� �s�a�n�d� 

�m�e�d�i�a� �f�o�r� �f�i�l�t�r�a�t�i�o�n� �o�p�e�r�a�t�i�o�n�s�.� 

�2�3



�2�.� �M�a�n�g�a�n�e�s�e� �O�x�i�d�e�s�.� �S�i�m�i�l�a�r� �r�e�s�e�a�r�c�h� �h�a�s� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�e� �e�f�f�e�c�t� �t�h�a�t� 

�1�1�,� �4�0�,� �6�0�,� �6�1� 
� � 

�m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �m�a�y� �h�a�v�e� �o�n� �t�h�e� �s�c�a�v�e�n�g�i�n�g� �o�f� �m�a�t�e�r�i�a�l�s� �f�r�o�m� �n�a�t�u�r�a�l� �w�a�t�e�r�s�.� 

�I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �c�o�n�s�i�d�e�r� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e�s�e� �o�x�i�d�e�s� �a�s� �t�h�e�y� �c�a�n� �r�e�s�u�l�t� �a�s� �a� 

�p�r�o�d�u�c�t� �o�f� �M�n�(�I�D� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �i�r�o�n� �o�x�i�d�e�s� �p�r�o�v�i�d�e�d� �t�h�e�r�e� �i�s� �s�u�f�f�i�c�i�e�n�t� �o�x�i�d�a�n�t� �p�r�e�s�e�n�t�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �p�r�e�v�i�o�u�s�l�y�,� �o�f�t�e�n�t�i�m�e�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �i�s� �a� �s�m�a�l�l�,� 

�c�o�l�l�o�i�d�a�l� �s�i�z�e�d� �M�n�O�,�;�;�)� �p�a�r�t�i�c�l�e� �t�h�a�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �r�e�m�o�v�e� �f�r�o�m� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� �P�o�s�s�e�l�t� 

�e�t� �a�l�.�,�°�°� �d�i�s�c�u�s�s�e�d� �t�h�e� �o�f�t�e�n� �d�i�f�f�i�c�u�l�t� �c�o�a�g�u�l�a�t�i�o�n� �o�f� �s�u�c�h� �p�a�r�t�i�c�l�e�s� �a�n�d� �t�h�e� �n�e�e�d� �f�o�r� 

�s�t�a�b�i�l�i�z�a�t�i�o�n� �b�y� �c�a�l�c�i�u�m� �o�r� �o�t�h�e�r� �d�i�v�a�l�e�n�t� �i�o�n�s�.� �H�o�w�e�v�e�r�,� �o�f� �m�o�r�e� �i�m�p�o�r�t�a�n�c�e� �f�o�r� �t�h�i�s� 

�w�o�r�k� �i�s� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �a�n�d� �c�a�t�a�l�y�t�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �s�t�u�d�i�e�d� �b�y� �s�e�v�e�r�a�l� 

�r�e�s�e�a�r�c�h�e�r�s�.� �|�  ��°�°�!� �P�r�o�b�a�b�l�y� �t�h�e� �m�o�s�t� �w�e�l�l� �k�n�o�w�n� �w�o�r�k� �r�e�l�a�t�i�n�g� �t�o� �p�r�o�p�e�r�t�i�e�s� �o�f� 

�m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �w�a�s� �p�r�e�s�e�n�t�e�d� �b�y� �M�o�r�g�a�n� �a�n�d� �S�t�u�m�m�. �� �T�h�e�y� �n�o�t�e�d� �t�h�a�t� �t�h�e� �o�x�i�d�e� 

�s�u�r�f�a�c�e� �s�e�r�v�e�d� �a�s� �a�n� �a�d�s�o�r�p�t�i�o�n� �s�i�t�e� �f�o�r� �M�n�(�I�I�)� �a�n�d� �s�e�r�v�e�d� �t�o� �c�a�t�a�l�y�z�e� �t�h�e� �o�x�i�d�a�t�i�o�n� 

�r�e�a�c�t�i�o�n�.� �T�h�e� �z�e�r�o� �p�o�i�n�t� �o�f� �c�h�a�r�g�e� �o�f� �t�h�e� �c�o�l�l�o�i�d�a�l� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �s�t�u�d�i�e�d� �d�u�r�i�n�g� �t�h�e�i�r� 

�w�o�r�k� �w�a�s� �2�.�8� �+� �0�.�3� �p�H� �u�n�i�t�s�.� �I�t� �w�a�s� �n�o�t�e�d� �t�h�a�t� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �a�d�d�i�t�i�o�n�a�l� �a�m�o�u�n�t�s� �o�f� 

�M�n�(�I�I�)� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �p�H� �a�s� �t�h�e� �s�u�r�f�a�c�e� �b�e�c�o�m�e�s� �m�o�r�e� �n�e�g�a�t�i�v�e�l�y� �c�h�a�r�g�e�d�.� 

�T�h�e�y� �u�s�e�d� �a� �L�a�n�g�m�u�i�r� �i�s�o�t�h�e�r�m� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �t�h�e� �M�n�O�x�)� 

�s�u�r�f�a�c�e�.� �O�n�e� �k�e�y� �p�o�i�n�t� �m�a�d�e� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �o�x�i�d�e�s� �w�a�s� �t�h�a�t� 

�f�l�o�c�c�u�l�a�t�i�o�n� �t�e�n�d�s� �t�o� �s�l�o�w� �M�n�(�I�D� �a�d�s�o�r�p�t�i�o�n� �a�s� �d�i�f�f�u�s�i�o�n�,� �a� �s�l�o�w�e�r� �s�t�e�p�,� �o�c�c�u�r�s� �w�i�t�h�i�n� �t�h�e� 

�s�o�l�i�d� �p�h�a�s�e�.� �F�i�n�a�l�l�y�,� �a�t� �p�H� �7�.�5�,� �t�h�e� �o�x�i�d�e� �h�a�d� �t�h�e� �c�a�p�a�c�i�t�y� �f�o�r� �0�.�5� �m�o�l� �M�n�(�I�I�)� �p�e�r� �m�o�l�e� �o�f� 

�M�n�O�)� �w�i�t�h� �v�e�r�y� �r�a�p�i�d� �a�d�s�o�r�p�t�i�o�n� �r�a�t�e�s�. �� �X�y�l�a� �e�t�a�l�. �� �r�e�p�o�r�t�e�d� �t�h�a�t� �y�-�M�n�O�O�H�,�)� 

�(�m�a�n�g�a�n�i�t�e�)� �h�a�d� �1�/� �7�"� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �M�n�O� �,�)�.� 

�T�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �t�w�o� �d�i�v�a�l�e�n�t� �c�a�t�i�o�n�s� �(�c�a�d�m�i�u�m� �a�n�d� �z�i�n�c�)� �o�n�t�o� �m�a�n�g�a�n�e�s�e� 

�o�x�i�d�e�s� �h�a�s� �a�l�s�o� �b�e�e�n� �s�t�u�d�i�e�d�.�* �� �H�o�w�e�v�e�r�,� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �s�o�r�p�t�i�o�n� �o�f� 

�M�n�(�I�I�)� �o�n�t�o� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �e�x�c�e�e�d�s� �t�h�a�t� �o�f� �t�h�e�s�e� �m�e�t�a�l�s�.�'�'�* ��°� �P�o�s�s�e�l�t� �e�t� �a�l�.�'�!� �f�u�r�t�h�e�r� 

�s�t�u�d�i�e�d� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �a�n�d� �d�e�v�e�l�o�p�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�c�o�n�c�l�u�s�i�o�n�s�:� 

�e� �A�d�s�o�r�p�t�i�o�n� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �i�o�n�i�c� �s�t�r�e�n�g�t�h� �a�s� �c�o�m�p�e�t�i�t�i�v�e� �a�d�s�o�r�p�t�i�o�n� 

�i�n�c�r�e�a�s�e�d�;� 
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�e� �M�n�(�I�D� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �t�h�e� �o�x�i�d�e� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �f�o�r� �a�n�y� �o�t�h�e�r� �i�o�n� �s�t�u�d�i�e�d�;� �a�n�d� 

�e� �N�e�u�t�r�a�l� �o�r� �n�e�g�a�t�i�v�e�l�y� �c�h�a�r�g�e�d� �p�a�r�t�i�c�l�e�s� �n�o�t� �r�e�a�d�i�l�y� �a�d�s�o�r�b�e�d�!�!� 

�T�h�e�s�e� �a�n�d� �o�t�h�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �s�u�r�f�a�c�e� �w�i�l�l� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� �t�h�e� 

�u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �w�o�r�k� �t�o� �b�e� �p�r�e�s�e�n�t�e�d�.� 

�G�.� �S�u�m�m�a�r�y� 

�I�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �a�r�e� �c�o�m�m�o�n�l�y� �f�o�u�n�d� �i�n� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�u�p�p�l�i�e�s� �d�u�e� �t�o� �n�a�t�u�r�a�l� 

�p�r�o�c�e�s�s�e�s�.� �T�h�e� �c�h�e�m�i�s�t�r�y� �o�f� �t�h�e�s�e� �m�e�t�a�l�s� �i�s� �q�u�i�t�e� �c�o�m�p�l�e�x� �a�n�d� �c�a�n� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �a�n�y� 

�n�u�m�b�e�r� �o�f� �i�o�n�s�,� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �o�r�g�a�n�i�c�s�,� �o�r� �r�e�d�u�c�t�i�o�n�-�o�x�i�d�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s�.� �T�h�i�s� 

�c�o�m�p�l�e�x�i�t�y� �c�a�n� �m�a�k�e� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e�s�e� �m�e�t�a�l�s� 

�a�m�o�n�g�s�t� �v�a�r�i�o�u�s� �o�x�i�d�a�n�t�s�.� 

�G�e�n�e�r�a�l�l�y� �s�p�e�a�k�i�n�g� �F�e�(�I�I�)� �c�a�n� �b�e� �e�a�s�i�l�y� �o�x�i�d�i�z�e�d� �b�y� �w�e�a�k�e�r� �o�x�i�d�a�n�t�s� �(�O�2� �a�n�d� 

�H�O�C�I�)� �p�r�o�v�i�d�e�d� �t�h�e� �F�e�(�I�I�)� �h�a�s� �n�o�t� �f�o�r�m�e�d� �c�o�m�p�l�e�x�e�s� �w�i�t�h� �o�r�g�a�n�i�c�s�,� �s�i�g�n�i�f�i�c�a�n�t� �o�x�i�d�a�n�t� �i�s� 

�p�r�e�s�e�n�t�,� �a�n�d� �t�h�e� �p�H� �i�s� �i�n� �t�h�e� �n�e�u�t�r�a�l� �t�o� �b�a�s�i�c� �r�a�n�g�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�a�m�e� �c�a�n�n�o�t� �b�e� �s�a�i�d� �f�o�r� 

�M�n�i�(�I�I�)� �w�h�e�r�e� �o�x�i�d�a�t�i�o�n� �n�o�r�m�a�l�l�y� �r�e�q�u�i�r�e�s� �t�h�e� �u�s�e� �o�f� �s�t�r�o�n�g�e�r� �o�x�i�d�a�n�t�s� �(�K�M�n�O�,�,� �C�l�O�d�,� 

�O�3�)� �t�o� �c�o�m�p�l�e�t�e� �o�x�i�d�a�t�i�o�n� �i�n� �a� �r�e�a�s�o�n�a�b�l�e� �t�i�m�e� �f�r�a�m�e�.� �A�l�t�e�r�n�a�t�i�v�e� �t�e�c�h�n�o�l�o�g�i�e�s� �s�u�c�h� �a�s� 

�o�x�i�d�e� �c�o�a�t�e�d� �f�i�l�t�e�r� �m�e�d�i�a� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d�;� �t�h�e�s�e� �t�e�c�h�n�o�l�o�g�i�e�s� �d�e�v�e�l�o�p� �a�n�d� �u�t�i�l�i�z�e� �a� 

�M�n�O�x�s�)� �s�u�r�f�a�c�e� �t�o� �c�a�t�a�l�y�z�e� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n�.� �H�a�v�i�n�g� �a�n� �o�x�i�d�i�z�e�d� �s�u�r�f�a�c�e� �p�r�e�s�e�n�t� �a�l�l�o�w�s� 

�t�h�e� �u�s�e� �o�f� �w�e�a�k�e�r� �o�x�i�d�a�n�t�s� �s�u�c�h� �a�s� �H�O�C�]� �t�o� �o�x�i�d�i�z�e� �t�h�e� �M�n�(�I�I�)� �a�d�s�o�r�b�e�d� �o�n� �t�h�e� �M�n�O�x�;�s�)� 

�s�u�r�f�a�c�e�.� 

�T�h�e� �f�e�r�r�i�c� �h�y�d�r�o�x�i�d�e�/�o�x�i�d�e� �s�u�r�f�a�c�e� �h�a�s� �a�l�s�o� �b�e�e�n� �p�r�o�v�e�n� �t�o� �h�a�v�e� �a� �c�a�t�a�l�y�z�i�n�g� 

�e�f�f�e�c�t� �o�n� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �a�n�d�/�o�r� �o�x�i�d�a�t�i�o�n� �u�s�i�n�g� �s�i�m�i�l�a�r� �o�x�i�d�a�n�t�s�.� �I�t� �i�s� �t�h�i�s� �i�n�t�e�r�a�c�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �s�o�l�u�b�l�e� �M�n�(�I�I�)� �a�n�d� �t�h�e� �o�x�i�d�i�z�e�d� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �t�h�a�t� �w�i�l�l� �b�e� �f�u�r�t�h�e�r� 

�i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �t�h�i�s� �r�e�s�e�a�r�c�h�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� �o�x�i�d�i�z�e�d� �M�n�(�I�V�)� �s�u�r�f�a�c�e� �t�o� 

�o�v�e�r�t�a�k�e� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �i�n� �c�a�t�a�l�y�z�i�n�g� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �o�x�i�d�a�t�i�o�n� �w�i�l�l� 

�b�e� �e�x�a�m�i�n�e�d�.� 

�2�5



�C�H�A�P�T�E�R� �I�I�I� 

�E�X�P�E�R�I�M�E�N�T�A�L� �M�E�T�H�O�D�S� �A�N�D� �M�A�T�E�R�I�A�L�S� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �c�h�a�p�t�e�r� �i�s� �t�o� �p�r�o�v�i�d�e� �a� �c�o�m�p�l�e�t�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �s�e�t�u�p� �a�n�d� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �m�e�t�h�o�d�s� �u�s�e�d� �t�o� �c�o�l�l�e�c�t� �t�h�e� �d�a�t�a� �t�o� �b�e� �p�r�e�s�e�n�t�e�d�.� �I�n� 

�c�a�s�e�s� �w�h�e�r�e� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �m�e�t�h�o�d� �i�s� �m�o�r�e� �c�o�m�p�l�e�t�e�l�y� �d�e�s�c�r�i�b�e�d� �i�n� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s�, �� 

�o�n�l�y� �a� �b�r�i�e�f� �d�e�s�c�r�i�p�t�i�o�n� �i�s� �p�r�o�v�i�d�e�d� �t�h�a�t� �h�i�g�h�l�i�g�h�t�s� �a�n�y� �a�l�t�e�r�a�t�i�o�n�s� �m�a�d�e� �t�o� �t�h�e� �o�r�i�g�i�n�a�l� 

�m�e�t�h�o�d�.� 

�A�,� �S�y�n�t�h�e�t�i�c� �W�a�t�e�r� �M�a�k�e�u�p� 

�F�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�u�a�t�i�o�n� �a� �s�y�n�t�h�e�t�i�c� �w�a�t�e�r� �s�a�m�p�l�e� �w�a�s� �p�r�e�p�a�r�e�d� �c�o�n�t�a�i�n�i�n�g� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�n�s�t�i�t�u�e�n�t�s� �(�u�n�l�e�s�s� �o�t�h�e�r�w�i�s�e� �s�t�a�t�e�d�)�:� 

�e� �3� �m�e�q�/�L� �C�a�t�t� �(�1�5�0� �m�g�/�L� �a�s� �C�a�C�O�3�)� 

�e� �3� �m�e�q�/�L� �H�C�O�,� �(�1�5�0� �m�g�/�L� �a�s� �C�a�C�O�3�)� 

�e� �0�.�5� �m�g�/�L� �M�n�(�I�l�)� 

�T�h�e� �p�H�,� �H�O�C�!� �d�o�s�e�,� �a�n�d� �f�e�r�r�o�u�s� �i�r�o�n� �(�F�e�(�1�I�)�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �v�a�r�i�e�d� �f�o�r� �e�a�c�h� 

�e�x�p�e�r�i�m�e�n�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�o�l�e� �t�h�a�t� �e�a�c�h� �p�a�r�a�m�e�t�e�r� �m�a�y� �h�a�v�e� �i�n� �t�h�e� �a�d�s�o�r�p�t�i�o�n�/�s�u�r�f�a�c�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�.� �S�t�u�m�m� �a�n�d� �S�i�n�g�e�r �� �c�i�t�e� �a�n� �i�m�p�o�r�t�a�n�t� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�t�u�d�i�e�s� �e�m�p�l�o�y�i�n�g� �s�y�n�t�h�e�t�i�c� �v�e�r�s�u�s� �n�a�t�u�r�a�l� �w�a�t�e�r�s�.� �N�a�t�u�r�a�l� �w�a�t�e�r�s� 

�w�i�l�l� �c�o�n�t�a�i�n� �p�o�s�s�i�b�l�e� �c�a�t�a�l�y�s�t�s� �o�r� �i�n�h�i�b�i�t�o�r�s� �t�h�a�t� �w�i�l�l� �a�f�f�e�c�t� �t�h�e� �r�a�t�e� �o�f� �r�e�a�c�t�i�o�n�s� �a�n�d� 

�p�h�e�n�o�m�e�n�o�n� �o�c�c�u�r�r�i�n�g�.� �T�h�i�s� �f�a�c�t� �s�h�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d� �w�h�e�n� �u�s�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� 

�r�e�s�e�a�r�c�h� �i�n�  ��r�e�a�l�-�w�o�r�l�d �� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�B�.� �G�l�a�s�s�w�a�r�e� �P�r�e�p�a�r�a�t�i�o�n� 

�A�l�l� �g�l�a�s�s�w�a�r�e� �u�s�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �t�h�o�r�o�u�g�h�l�y� �c�l�e�a�n�e�d� �t�o� �i�n�s�u�r�e� �t�h�a�t� 

�t�h�e� �g�l�a�s�s�w�a�r�e� �w�o�u�l�d� �n�o�t� �b�e� �a� �s�o�u�r�c�e� �o�f� �m�e�t�a�l�s� �b�e�i�n�g� �s�t�u�d�i�e�d�.� �I�n�i�t�i�a�l�l�y�,� �e�a�c�h� �p�i�e�c�e� �o�f� 

�g�l�a�s�s�w�a�r�e� �w�a�s� �c�l�e�a�n�e�d� �u�s�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�c�e�d�u�r�e�:� 
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�1�.� �R�i�n�s�e�d� �w�i�t�h� �h�y�d�r�o�x�y�l�a�m�i�n�e� �s�u�l�f�a�t�e� �(�H�A�S�)�;� �r�e�m�o�v�e�s� �o�x�i�d�i�z�e�d� �m�e�t�a�l�s� �f�r�o�m� �t�h�e� 

�s�u�r�f�a�c�e� �o�f� �t�h�e� �g�l�a�s�s�w�a�r�e�.� 

�2�.� �R�i�n�s�e�d� �w�i�t�h� �t�a�p� �w�a�t�e�r�,� �w�a�s�h�e�d� �w�i�t�h� �s�o�a�p�y� �w�a�t�e�r�,� �a�n�d� �t�h�o�r�o�u�g�h�l�y� �r�i�n�s�e�d� �a�g�a�i�n� 

�w�i�t�h� �t�a�p� �w�a�t�e�r�.� 

�3�.� �P�l�a�c�e�d� �i�n� �a� �1�0�%� �n�i�t�r�i�c� �a�c�i�d� �b�a�t�h� �f�o�r� �a�t� �l�e�a�s�t� �1�2� �h�o�u�r�s� �t�o� �e�n�s�u�r�e� �a�d�e�q�u�a�t�e� �t�i�m�e� 

�f�o�r� �1�o�n� �e�x�c�h�a�n�g�e� �t�o� �o�c�c�u�r�.� 

�4�.� �R�e�m�o�v�a�l� �f�r�o�m� �t�h�e� �a�c�i�d� �b�a�t�h� �f�o�l�l�o�w�e�d� �b�y� �t�h�r�e�e� �r�i�n�s�e�s� �w�i�t�h� �t�a�p� �w�a�t�e�r� �a�n�d� �o�n�e� 

�r�i�n�s�e� �o�f� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�.� 

�5�.� �A�l�l�o�w�e�d� �t�o� �d�r�y� �b�e�f�o�r�e� �u�s�e�.� 

�T�h�e� �g�l�a�s�s�w�a�r�e� �t�r�e�a�t�e�d� �u�s�i�n�g� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �i�n�c�l�u�d�e�d� �t�h�e� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l�s� �(�s�t�a�n�d�a�r�d� �B�O�D� 

�b�o�t�t�l�e�s�)�,� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�e�r�s�,� �s�a�m�p�l�e� �c�o�l�l�e�c�t�i�o�n� �t�u�b�e�s�,� �p�i�p�e�t�t�e�s�,� �a�n�d� �v�o�l�u�m�e�t�r�i�c� 

�f�l�a�s�k�s� �u�s�e�d� �t�o� �p�r�e�p�a�r�e� �s�o�l�u�t�i�o�n�s�.� �F�o�l�l�o�w�i�n�g� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l�s� �w�e�r�e� 

�i�m�m�e�d�i�a�t�e�l�y� �r�i�n�s�e�d� �w�i�t�h� �t�a�p� �w�a�t�e�r� �a�n�d� �s�t�e�p�s� �3�-�5� �l�i�s�t�e�d� �p�r�e�v�i�o�u�s�l�y� �w�e�r�e� �r�e�p�e�a�t�e�d�.� 

�S�e�v�e�r�a�l� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� �t�o� �i�n�s�u�r�e� �t�h�a�t� �t�h�e� 

�g�l�a�s�s�w�a�r�e� �p�r�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �s�u�c�c�e�s�s�f�u�l�.� �R�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l�s� 

�w�e�r�e� �f�i�l�l�e�d� �w�i�t�h� �M�i�l�l�i�-�Q� �w�a�t�e�r� �a�n�d� �a�l�l�o�w�e�d� �t�o� �s�t�a�n�d� �f�o�r� �2�4� �h�o�u�r�s� �a�f�t�e�r� �w�h�i�c�h� �s�a�m�p�l�e�s� 

�w�e�r�e� �c�o�l�l�e�c�t�e�d�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �M�n�(�I�I�)� �i�n� �t�h�e� �v�e�s�s�e�l�s� �t�e�s�t�e�d� �w�a�s� �b�e�l�o�w� �t�h�e� �d�e�t�e�c�t�i�o�n� 

�l�i�m�i�t� �f�o�r� �t�h�e� �A�A�-�S� �(�r�e�s�u�l�t�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �A�-�1�)�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �a�c�i�d� �w�a�s�h�i�n�g� 

�p�r�o�c�e�d�u�r�e�s� �d�e�s�c�r�i�b�e�d� �w�e�r�e� �a�n� �e�f�f�e�c�t�i�v�e� �m�e�a�n�s� �o�f� �r�i�d�d�i�n�g� �t�h�e� �s�y�s�t�e�m� �o�f� �u�n�a�c�c�o�u�n�t�e�d� �f�o�r� 

�m�a�n�g�a�n�e�s�e�.� 

�N�e�x�t�,� �i�t� �w�a�s� �d�e�s�i�r�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� �c�h�l�o�r�i�n�e� �d�e�m�a�n�d� �o�f� �t�h�e� �M�i�l�l�i�-�Q� �w�a�t�e�r� �i�n� �t�h�e� 

�a�c�i�d� �w�a�s�h�e�d� �v�e�s�s�e�l�s� �f�o�r� �t�w�o� �r�e�a�s�o�n�s�:� 

�1�.� �T�o� �e�n�s�u�r�e� �o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l�s� �h�a�d� �b�e�e�n� �s�u�f�f�i�c�i�e�n�t�l�y� �c�l�e�a�n�e�d� �f�r�o�m� �t�h�e� �g�l�a�s�s� 

�s�u�r�f�a�c�e�;� �a�n�d� 

�2�.� �T�o� �h�e�l�p� �e�x�p�l�a�i�n� �c�h�l�o�r�i�n�e� �d�e�m�a�n�d� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �f�u�t�u�r�e� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �c�h�l�o�r�i�n�e� �d�e�m�a�n�d� �m�e�a�s�u�r�e�d� �f�o�r� �t�i�m�e� �p�e�r�i�o�d�s� �u�p� �t�o� �1� �d�a�y� �o�f� �d�e�t�e�n�t�i�o�n� �t�i�m�e� 

�w�a�s� �f�o�u�n�d� �t�o� �b�e� �i�n�s�i�g�n�i�f�i�c�a�n�t� �(�s�e�e� �T�a�b�l�e� �A�-�2�)�.� �T�h�u�s�,� �t�h�e� �c�h�l�o�r�i�n�e� �d�e�m�a�n�d� �o�f� �t�h�e� �M�i�l�l�i�-�Q� 
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�w�a�t�e�r� �a�n�d� �o�f� �t�h�e� �g�l�a�s�s� �v�e�s�s�e�l�s� �s�h�o�u�l�d� �n�o�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �m�a�j�o�r� �s�o�u�r�c�e�s� �o�f� �e�r�r�o�r� �d�u�r�i�n�g� 

�e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�.� 

�C�.� �P�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �R�e�a�c�t�i�o�n� �S�t�o�c�k� �S�o�l�u�t�i�o�n�s� 

�A�l�l� �w�a�t�e�r� �u�s�e�d� �t�o� �p�r�e�p�a�r�e� �e�a�c�h� �s�o�l�u�t�i�o�n� �w�a�s� �d�e�i�o�n�i�z�e�d�/�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �w�h�i�c�h� �w�a�s� 

�f�u�r�t�h�e�r� �t�r�e�a�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �a� �M�i�l�l�i�-�Q� �w�a�t�e�r� �s�y�s�t�e�m� �(�M�i�l�l�i�p�o�r�e� �C�o�r�p�o�r�a�t�i�o�n�,� 

�N�o�r�w�a�l�k�,� �C�T�)� �t�o� �e�n�s�u�r�e� �i�o�n�-�f�r�e�e� �w�a�t�e�r� �w�i�t�h� �l�i�m�i�t�e�d� �o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l� �p�r�e�s�e�n�t�.� �I�n� �e�a�c�h� 

�c�a�s�e�,� �a� �c�o�n�c�e�n�t�r�a�t�e�d� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d� �w�h�i�c�h� �w�a�s� �t�h�e�n� �d�i�l�u�t�e�d� �w�h�e�n� �t�h�e� 

�s�y�n�t�h�e�t�i�c� �w�a�t�e�r� �w�a�s� �p�r�e�p�a�r�e�d�.� �P�r�e�a�c�i�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �M�i�l�l�i�-�Q� �w�a�t�e�r� �f�o�r� �t�h�e� �i�r�o�n� �a�n�d� 

�m�a�n�g�a�n�e�s�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �r�e�a�g�e�n�t� �g�r�a�d�e� 

�c�o�n�c�e�n�t�r�a�t�e�d� �n�i�t�r�i�c� �a�c�i�d� �(�H�N�O�3�)�.� �S�u�c�h� �a�c�i�d�i�f�i�c�a�t�i�o�n� �m�i�n�i�m�i�z�e�d� �t�h�e� �p�o�t�e�n�t�i�a�l� �f�o�r� �M�n�(�I�D� 

�a�n�d� �F�e�(�I�I�)� �o�x�i�d�a�t�i�o�n� �i�n� �t�h�e�s�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s�.� 

�1�.� �M�a�n�g�a�n�e�s�e�(�I�I�)� �S�t�o�c�k� �P�r�e�p�a�r�a�t�i�o�n�.� �T�h�e� �m�a�n�g�a�n�e�s�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �u�s�e�d� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e�s�e� �s�t�u�d�i�e�s� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �a�d�d�i�n�g� �r�e�a�g�e�n�t� �g�r�a�d�e� �m�a�n�g�a�n�o�u�s� �s�u�l�f�a�t�e� 

�m�o�n�o�h�y�d�r�a�t�e� �c�r�y�s�t�a�l�s� �(�M�n�S�O�,�:�H�,�0�;� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�;� �P�i�t�t�s�b�u�r�g�h�,� �P�A�)� �t�o� �p�r�e�a�c�i�d�i�f�i�e�d� �(�~� 

�p�H� �2�)� �M�i�l�l�i�-�Q� �w�a�t�e�r� �t�o� �o�b�t�a�i�n� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1� �m�g� �a�s� �M�n�(�I�I�)� �p�e�r� �m�L� �o�f� �s�o�l�u�t�i�o�n�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �l�o�w� �p�H� �c�o�n�d�i�t�i�o�n�s�,� �m�a�n�g�a�n�e�s�e� �o�x�i�d�a�t�i�o�n� �v�i�a� �m�o�l�e�c�u�l�a�r� �o�x�y�g�e�n� �s�h�o�u�l�d� 

�p�r�o�c�e�e�d� �v�e�r�y� �s�l�o�w�l�y�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �k�e�p�t� �i�n� �a�n� �a�i�r� �t�i�g�h�t� �c�o�n�t�a�i�n�e�r�,� �a�n�d� �t�h�e� �v�i�s�u�a�l� 

�a�p�p�e�a�r�a�n�c�e� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �c�h�e�c�k�e�d� �d�a�i�l�y� �t�o� �i�n�s�u�r�e� �n�o� �M�n�(�I�I�)� 

�o�x�i�d�a�t�i�o�n� �h�a�d� �o�c�c�u�r�r�e�d�.� 

�2�.� �F�e�r�r�o�u�s� �I�r�o�n� �S�t�o�c�k� �P�r�e�p�a�r�a�t�i�o�n�.� �A� �f�e�r�r�o�u�s� �i�r�o�n� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d� �i�n� �a� 

�s�i�m�i�l�a�r� �f�a�s�h�i�o�n� �t�o� �t�h�e� �m�a�n�g�a�n�e�s�e� �s�o�l�u�t�i�o�n�.� �F�e�r�r�o�u�s� �i�r�o�n� �s�u�l�f�a�t�e� �h�e�p�t�a�h�y�d�r�a�t�e� �c�r�y�s�t�a�l�s� 

�(�F�e�S�O�,�-�7�H�,�O�)� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �p�r�e�a�c�i�d�i�f�i�e�d� �(�~� �p�H� �2�)� �M�i�l�l�i�-�Q� �w�a�t�e�r� �t�o� �o�b�t�a�i�n� �a� �s�t�o�c�k� 

�s�o�l�u�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1� �m�g� �a�s� �F�e�(�I�I�)� �p�e�r� �m�L� �o�f� �s�o�l�u�t�i�o�n�.� �T�h�i�s� �s�o�l�u�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d� 

�w�e�e�k�l�y� �o�r� �b�i�-�w�e�e�k�l�y� �t�o� �p�r�e�v�e�n�t� �l�o�s�s� �o�f� �s�o�l�u�b�l�e� �i�r�o�n� �v�i�a� �i�r�o�n� �o�x�i�d�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �s�t�o�c�k� 
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�s�o�l�u�t�i�o�n�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �v�i�s�u�a�l� �a�p�p�e�a�r�a�n�c�e� �w�e�r�e� �c�h�e�c�k�e�d� �d�a�i�l�y� �s�o� �t�h�a�t� �i�r�o�n� �o�x�i�d�e� 

�f�o�r�m�a�t�i�o�n� �c�o�u�l�d� �b�e� �a�c�c�u�r�a�t�e�l�y� �d�e�t�e�r�m�i�n�e�d�.� 

�R�e�a�g�e�n�t� �g�r�a�d�e� �A�m�e�r�i�c�a�n� �C�h�e�m�i�c�a�l� �S�o�c�i�e�t�y� �c�e�r�t�i�f�i�e�d� �f�e�r�r�o�u�s� �i�r�o�n� �s�u�l�f�a�t�e� 

�h�e�p�t�a�h�y�d�r�a�t�e� �c�r�y�s�t�a�l�s� �w�i�t�h� �a� �9�9�%�+� �p�u�r�i�t�y� �(�A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� �M�i�l�w�a�u�k�e�e�,� �W�I�)� 

�w�a�s� �u�s�e�d� �f�o�r� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s� �e�x�c�e�p�t� �f�o�r� �s�e�l�e�c�t�e�d� �i�s�o�t�h�e�r�m� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�.� �T�h�e� �i�m�p�u�r�i�t�y� 

�o�f� �t�h�e� �i�r�o�n� �s�t�o�c�k� �i�n�t�r�o�d�u�c�e�d� �b�a�c�k�g�r�o�u�n�d� �m�a�n�g�a�n�e�s�e� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�8�2� �x� �1�0 �� �m�g� �M�n� 

�p�e�r� �m�g� �F�e�S�O�,�-�:�7�H�,�O� �a�d�d�e�d�)� �i�n�t�o� �s�o�l�u�t�i�o�n� �w�h�i�c�h� �b�e�c�a�m�e� �m�o�r�e� �a�n�d� �m�o�r�e� �e�v�i�d�e�n�t� �a�s� �t�h�e� 

�i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �i�n�c�r�e�a�s�e�d� �(�s�e�e� �T�a�b�l�e� �A�-�3�)�.� �I�n� �c�a�s�e�s� �w�h�e�r�e� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 

�i�r�o�n� �w�e�r�e� �d�e�s�i�r�e�d� �(�i�.�e�.� �i�s�o�t�h�e�r�m� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �a�t� �2�0�0�,� �4�0�0�,� �a�n�d� �6�0�0� �m�g�/�L� �F�e�(�I�I�)�,� �a� 

�p�u�r�i�f�i�e�d� �g�r�a�d�e� �o�f� �i�r�o�n� �s�u�l�f�a�t�e� �h�e�p�t�a�h�y�d�r�a�t�e� �(�A�l�f�a� �A�e�s�a�r�,� �W�a�r�d� �H�i�l�l�,� �M�A�)� �w�a�s� �u�s�e�d� �t�o� 

�r�e�d�u�c�e� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r�.� �I�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �i�s�o�t�h�e�r�m�s�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �o�n�l�y� 

�a�c�c�o�u�n�t� �f�o�r� �t�h�e�  ��o�u�t�e�r �� �a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �s�p�e�c�i�e�s�,� �n�o�t� �t�h�a�t� �w�h�i�c�h� �m�a�y� 

�b�e�c�o�m�e� �e�n�t�r�a�p�p�e�d� �w�i�t�h�i�n� �f�o�r�m�i�n�g� �f�l�o�c�s� �d�u�r�i�n�g� �f�l�o�c�c�u�l�a�t�i�o�n�.� 

�3�.� �H�O�C�]� �S�t�o�c�k� �P�r�e�p�a�r�a�t�i�o�n�.� �T�h�e� �c�h�l�o�r�i�n�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �w�a�s� �f�o�r�m�e�d� �b�y� �d�i�l�u�t�i�n�g� �a� 

�s�t�o�c�k� �s�o�l�u�t�i�o�n� �o�f� �5�.�2�5�%� �s�o�d�i�u�m� �h�y�p�o�c�h�l�o�r�i�t�e� �t�o� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1� �m�g� �a�s� �H�O�C�!� �p�e�r� �m�L� 

�o�f� �s�t�o�c�k� �s�o�l�u�t�i�o�n�.� �T�h�i�s� �s�o�l�u�t�i�o�n� �w�a�s� �s�t�o�r�e�d� �i�n� �a� �s�e�a�l�e�d� �b�r�o�w�n� �c�o�n�t�a�i�n�e�r� �u�n�d�e�r� 

�r�e�f�r�i�g�e�r�a�t�i�o�n� �t�o� �s�l�o�w� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �c�h�l�o�r�i�n�e� �s�o�l�u�t�i�o�n�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� 

�s�t�o�c�k� �s�o�l�u�t�i�o�n� �w�a�s� �q�u�a�n�t�i�f�i�e�d� �b�y� �a�m�p�e�r�o�m�e�t�r�i�c� �t�i�t�r�a�t�i�o�n� �d�a�i�l�y� �b�e�f�o�r�e� �u�s�e�.� �T�h�e� �a�p�p�r�o�p�r�i�a�t�e� 

�v�o�l�u�m�e� �t�o� �b�e� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n� �w�a�s� �t�h�e�n� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �u�p�o�n� �t�h�e� �m�e�a�s�u�r�e�d� �s�t�o�c�k� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� �i�n�s�u�r�e� �p�r�o�p�e�r� �c�h�l�o�r�i�n�e� �d�o�s�i�n�g�.� 

�4�.� �H�a�r�d�n�e�s�s� �a�n�d� �A�l�k�a�l�i�n�i�t�y� �S�t�o�c�k� �P�r�e�p�a�r�a�t�i�o�n�.� �T�h�e� �h�a�r�d�n�e�s�s� �a�n�d� �a�l�k�a�l�i�n�i�t�y� �s�t�o�c�k� 

�s�o�l�u�t�i�o�n�s� �w�e�r�e� �e�a�c�h� �p�r�e�p�a�r�e�d� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1� �m�e�q� �o�r� �5�0� �m�g�/�L� �a�s� �C�a�C�Q�O�3� �p�e�r� �m�L� �o�f� 

�s�t�o�c�k� �s�o�l�u�t�i�o�n�.� �T�h�e� �h�a�r�d�n�e�s�s� �s�o�l�u�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �r�e�a�g�e�n�t� �g�r�a�d�e� �c�a�l�c�i�u�m� �c�h�l�o�r�i�d�e� 

�c�r�y�s�t�a�l�s� �(�C�a�C�l�,�)� �a�n�d� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�;�)� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �a�l�k�a�l�i�n�i�t�y� �o�f� �t�h�e� 

�s�y�n�t�h�e�t�i�c� �w�a�t�e�r�.� �A�g�a�i�n�,� �M�i�l�l�i�-�Q� �w�a�t�e�r� �w�a�s� �u�s�e�d� �t�o� �d�i�s�s�o�l�v�e� �t�h�e�s�e� �s�o�l�i�d�s� �i�n� �s�e�p�a�r�a�t�e� 

�c�o�n�t�a�i�n�e�r�s�.� �T�h�e�s�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �b�o�t�t�l�e�d� �s�e�p�a�r�a�t�e�l�y� �t�o� �p�r�e�v�e�n�t� �t�h�e� �p�o�s�s�i�b�l�e� 

�2�9



�f�o�r�m�a�t�i�o�n� �o�f� �C�a�C�O�3�,�,�.� �T�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �h�a�r�d�n�e�s�s� �s�t�o�c�k� �(�C�a�C�l�)� �w�a�s� �c�h�e�c�k�e�d� �b�y� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �[�C�a � ��]� �o�n� �a� �P�e�r�k�i�n� �E�l�m�e�r� �A�t�o�m�i�c� �A�d�s�o�r�p�t�i�o�n� �S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �M�o�d�e�l� 

�7�0�3� �(�A�A�-�S�)�.� 

�D�.� �p�H� �A�d�j�u�s�t�m�e�n�t� 

�T�h�e� �s�o�l�u�t�i�o�n� �p�H� �o�f� �t�h�e� �s�y�n�t�h�e�t�i�c� �w�a�t�e�r� �s�a�m�p�l�e�s� �w�a�s� �a�d�j�u�s�t�e�d� �u�s�i�n�g� �n�i�t�r�i�c� �a�c�i�d� �a�n�d� 

�s�o�d�i�u�m� �h�y�d�r�o�x�i�d�e� �s�o�l�u�t�i�o�n�s� �(�1�N� �)�,� �e�a�c�h� �p�r�e�p�a�r�e�d� �f�r�o�m� �c�o�n�c�e�n�t�r�a�t�e�d� �r�e�a�g�e�n�t� �g�r�a�d�e� �s�t�o�c�k� 

�s�o�l�u�t�i�o�n�s�.� �F�o�r� �f�i�n�e� �a�d�j�u�s�t�m�e�n�t� �o�f� �p�H�,� �d�i�l�u�t�i�o�n�s� �o�f� �t�h�e�s�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d�;� 

�h�o�w�e�v�e�r�,� �c�a�r�e� �w�a�s� �t�a�k�e�n� �t�o� �l�i�m�i�t� �t�h�e� �a�m�o�u�n�t� �o�f� �t�h�e�s�e� �s�o�l�u�t�i�o�n�s� �a�d�d�e�d� �t�o� �t�h�e� �s�y�n�t�h�e�t�i�c� 

�w�a�t�e�r� �s�a�m�p�l�e� �p�r�e�p�a�r�e�d� �t�o� �l�e�s�s� �t�h�a�n� �0�.�1�%� �b�y� �v�o�l�u�m�e� �t�o� �m�i�n�i�m�i�z�e� �d�i�l�u�t�i�o�n� �e�f�f�e�c�t�s�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �t�h�e� �p�H� �w�a�s� �n�o�t� �a�l�l�o�w�e�d� �t�o� �i�n�c�r�e�a�s�e� �m�o�r�e� �t�h�a�n� �0�.�2�5� �p�H� �u�n�i�t�s� �a�b�o�v�e� �t�h�e� �t�a�r�g�e�t� 

�p�H�.� �T�h�i�s� �w�a�s� �d�o�n�e� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �f�o�r� �u�n�n�e�c�e�s�s�a�r�y� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�r� 

�p�r�e�c�i�p�i�t�a�t�i�o�n�.� �I�n� �a�l�l� �c�a�s�e�s� �t�h�e� �i�n�i�t�i�a�l� �p�H� �o�f� �a�l�l� �t�e�s�t� �s�o�l�u�t�i�o�n�s� �w�a�s� �b�r�o�u�g�h�t� �t�o� �w�i�t�h�i�n� �0�.�1�0� 

�p�H� �u�n�i�t�s� �o�f� �t�h�e� �d�e�s�i�r�e�d� �l�e�v�e�l�.� 

�E�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� 

�1�.� �A�d�s�o�r�p�t�i�o�n�/�I�s�o�t�h�e�r�m� �S�t�u�d�i�e�s�.� �S�a�m�p�l�e� �s�o�l�u�t�i�o�n�s� �(�5�0�0� �m�L� �e�a�c�h�)� �u�n�d�e�r� �v�a�r�i�o�u�s� 
� � 

�p�H� �a�n�d� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �q�u�a�n�t�i�t�y� �o�f� �s�o�l�u�b�l�e� �M�n�(�I�I�)� �t�h�a�t� 

�w�o�u�l�d� �a�d�s�o�r�b� �o�n�t�o� �i�r�o�n� �o�x�i�d�e� �p�a�r�t�i�c�l�e�s� �o�n� �a�  ��m�o�l� �M�n�(�I�I�)� �s�o�r�b�e�d� �p�e�r� �m�o�l� �F�e�(�I�I�)� �i�n� 

�s�o�l�u�t�i�o�n �� �b�a�s�i�s�.� �T�h�e� �s�o�l�u�t�i�o�n�,� �m�a�i�n�t�a�i�n�e�d� �a�t� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�0� �+� �2�°�C� �u�s�i�n�g� �a�n� �i�c�e� �w�a�t�e�r� 

�b�a�t�h�,� �w�a�s� �f�i�r�s�t� �b�u�f�f�e�r�e�d� �a�n�d� �a�d�j�u�s�t�e�d� �t�o� �t�h�e� �d�e�s�i�r�e�d� �p�H�,� �a�f�t�e�r� �w�h�i�c�h� �t�h�e� �c�a�l�c�i�u�m� �a�n�d� �i�r�o�n� 

�w�e�r�e� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n�.� �T�h�e� �p�H� �w�a�s� �a�g�a�i�n� �a�d�j�u�s�t�e�d�,� �a�n�d� �t�h�e� �s�o�l�u�t�i�o�n� �a�e�r�a�t�e�d� �t�o� �c�o�m�p�l�e�t�e� 

�t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �i�r�o�n� �i�n� �s�o�l�u�t�i�o�n�.� �A�f�t�e�r� �1�0�-�1�5� �m�i�n�u�t�e�s� �o�f� �r�e�a�c�t�i�o�n� �t�i�m�e� �(�m�e�a�s�u�r�e�d� �b�y� �a� 

�s�t�a�b�i�l�i�z�a�t�i�o�n� �i�n� �t�h�e� �s�o�l�u�t�i�o�n� �p�H� �s�i�n�c�e� �o�x�i�d�a�t�i�o�n� �o�f� �F�e�(�I�I�)� �p�r�o�d�u�c�e�s� �a�c�i�d�)�,� �t�h�e� �a�e�r�a�t�i�o�n� �w�a�s� 

�h�a�l�t�e�d�,� �a�n�d� �a�n� �i�n�i�t�i�a�l� �s�a�m�p�l�e� �w�a�s� �w�i�t�h�d�r�a�w�n� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l� �a�n�d� �a�c�i�d�i�f�i�e�d� �t�o� 

�p�r�o�v�i�d�e� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �M�n�(�I�I�)� �w�a�s� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n� �a�n�d� 

�a�l�l�o�w�e�d� �t�o� �g�e�n�t�l�y� �m�i�x� �w�i�t�h� �t�h�e� �i�r�o�n� �p�r�e�c�i�p�i�t�a�t�e�.� �A�f�t�e�r� �5� �m�i�n�u�t�e�s�,� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� 

�t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� �o�f� �M�n�(�I�I�)� �t�h�a�t� �h�a�d� �a�d�s�o�r�b�e�d� �t�o� �t�h�e� �i�r�o�n� �p�a�r�t�i�c�l�e�s�.� �(�T�h�e� 

�3�0



�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �5� �m�i�n�u�t�e� �r�e�a�c�t�i�o�n� �t�i�m�e� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�C�h�a�p�t�e�r�s� �o�f� �t�h�e� �p�a�p�e�r�.�)� �O�n�e� �s�a�m�p�l�e� �w�a�s� �f�i�l�t�e�r�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �s�o�l�u�b�l�e� 

�M�n�(�I�]�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�f�t�e�r� �5� �m�i�n�u�t�e�s� �w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� �w�a�s� �a�c�i�d�i�f�i�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� �i�n�i�t�i�a�l� 

�M�n�(�I�]�)� �i�n� �s�o�l�u�t�i�o�n�.� �A�l�l� �o�f� �t�h�e� �s�a�m�p�l�e�s� �o�b�t�a�i�n�e�d� �b�y� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �w�e�r�e� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �t�h�e� 

�0�.�4�5� �u�m� �s�y�r�i�n�g�e� �f�i�l�t�e�r�s� �f�o�l�l�o�w�i�n�g� �t�h�e� �p�r�o�c�e�d�u�r�e� �o�u�t�l�i�n�e�d� �i�n� �S�e�c�t�i�o�n� �F�.�1�.� �F�i�g�u�r�e� �5� �s�h�o�w�s� �a� 

�d�i�a�g�r�a�m� �o�f� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n�.� 

�T�h�e� �s�o�l�u�b�l�e� �i�r�o�n� �i�n� �s�o�l�u�t�i�o�n� �w�a�s� �o�x�i�d�i�z�e�d� �p�r�i�o�r� �t�o� �M�n�(�I�I�)� �a�d�d�i�t�i�o�n� �s�o� �t�h�a�t� �n�o� 

�M�n�(�I�I�)� �i�o�n�s� �w�o�u�l�d� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �w�i�t�h�i�n� �t�h�e� �f�o�r�m�i�n�g� �i�r�o�n� �f�l�o�c�s�.� �T�h�e� �d�e�s�i�r�e� �w�a�s� �t�o� 

�m�e�a�s�u�r�e� �o�n�l�y� �t�h�e� �a�m�o�u�n�t� �o�f� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�,� �n�o�t� �t�h�e� 

�c�o�m�b�i�n�e�d� �e�f�f�e�c�t�s� �o�f� �f�l�o�c�c�u�l�a�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n�,� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �s�e�v�e�r�a�l� �f�i�l�t�r�a�t�i�o�n� 

�e�x�p�e�r�i�m�e�n�t�s� �t�h�a�t� �t�h�e� �u�s�e� �o�f� �0�.�4�5� �u�m� �s�y�r�i�n�g�e� �f�i�l�t�e�r�s� �p�r�o�v�i�d�e�d� �c�o�m�p�a�r�a�b�l�e� �r�e�s�u�l�t�s� �t�o� �t�h�e� �u�s�e� 

�o�f� �3�0�k� �u�l�t�r�a�f�i�l�t�r�a�t�i�o�n� �c�e�l�l�s� �a�s� �l�i�t�t�l�e� �o�r� �n�o� �c�o�l�l�o�i�d�a�l� �p�a�r�t�i�c�l�e�s� �(�l�e�s�s� �t�h�a�n� �0�.�4�5� �p�m� �i�n� �s�i�z�e�)� 

�w�e�r�e� �b�e�i�n�g� �p�r�o�d�u�c�e�d�.� �A�s� �s�t�a�t�e�d� �e�a�r�l�i�e�r�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �i�m�p�u�r�i�t�y� �o�f� �|� 

�r�e�a�g�e�n�t� �g�r�a�d�e� �i�r�o�n� �s�u�l�f�a�t�e� �h�e�p�t�a�h�y�d�r�a�t�e� �a�n�d� �t�h�e� �l�e�v�e�l�s� �o�f� �m�a�n�g�a�n�e�s�e� �i�t�s� �u�s�e� �c�a�n� �i�n�t�r�o�d�u�c�e� 

�i�n�t�o� �s�o�l�u�t�i�o�n�.� 

�2�.� �M�n�(�I�I�)� �R�e�m�o�v�a�l� �B�a�t�c�h� �S�t�u�d�i�e�s�.� �O�n�e� �k�e�y� �a�s�p�e�c�t� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �e�f�f�o�r�t� �w�a�s� �t�o� 
� � 

�d�e�t�e�r�m�i�n�e� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� �m�a�n�g�a�n�e�s�e� �a�d�s�o�r�p�t�i�o�n�/�s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �o�n�t�o� �t�h�e� �f�r�e�s�h�l�y� �f�o�r�m�e�d� 

�i�r�o�n� �o�x�i�d�e�s� �i�n� �s�o�l�u�t�i�o�n�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �h�a�v�e� �s�e�v�e�r�a�l� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l�s� 

�a�v�a�i�l�a�b�l�e� �s�o� �t�h�a�t� �w�h�e�n� �a� �s�a�m�p�l�e� �w�a�s� �t�a�k�e�n� �a�t� �t�h�e� �d�e�s�i�r�e�d� �t�i�m�e�,� �i�t� �w�o�u�l�d� �n�o�t� �a�f�f�e�c�t� �t�h�e� 

�r�e�s�u�l�t�s� �o�f� �s�u�b�s�e�q�u�e�n�t� �s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d�.� �I�f�a� �l�a�r�g�e�r� �v�e�s�s�e�l� �w�a�s� �u�s�e�d� �a�n�d� �s�a�m�p�l�e�s� �w�e�r�e� 

�w�i�t�h�d�r�a�w�n� �a�t� �s�e�t� �i�n�t�e�r�v�a�l�s�,� �t�h�e�r�e� �i�s� �m�o�r�e� �o�f� �a�n� �o�p�p�o�r�t�u�n�i�t�y� �t�o� �c�a�p�t�u�r�e� �m�i�s�r�e�p�r�e�s�e�n�t�a�t�i�v�e� 

�d�a�t�a� �p�o�i�n�t�s� �i�f� �t�h�e� �s�y�s�t�e�m� �i�s� �n�o�t� �t�h�o�r�o�u�g�h�l�y� �m�i�x�e�d�.� �A�l�s�o�,� �t�h�e� �r�e�a�c�t�o�r�(�s�)� �u�s�e�d� �m�u�s�t� �b�e� 

�s�e�a�l�e�d� �t�o� �p�r�e�v�e�n�t� �l�o�s�s� �o�f� �C�O�,� �w�h�i�c�h� �c�o�u�l�d� �l�e�a�d� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �s�o�l�u�t�i�o�n� �p�H�.� 

�F�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �a� �2�L� �s�o�l�u�t�i�o�n� �o�f� �s�y�n�t�h�e�t�i�c� �w�a�t�e�r� �s�a�m�p�l�e� �w�a�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� 

�M�i�l�l�i�-�Q� �w�a�t�e�r� �a�n�d� �t�h�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �p�r�e�v�i�o�u�s�l�y� �d�i�s�c�u�s�s�e�d�.� �I�n� �e�a�c�h� �c�a�s�e�,� �t�h�e� �a�l�k�a�l�i�n�i�t�y� 

�a�n�d� �h�a�r�d�n�e�s�s� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �a�d�d�e�d� �f�i�r�s�t� �f�o�l�l�o�w�e�d� �b�y� �p�H� �a�d�j�u�s�t�m�e�n�t� �a�t� �o�r� �b�e�l�o�w� �t�h�e� 

�d�e�s�i�r�e�d� �p�H�.� �T�h�e�n�,� �t�h�e� �d�e�s�i�r�e�d� �s�o�l�u�b�l�e� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n�.� �T�h�e� �p�H� 
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�o�f� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �a�g�a�i�n� �a�d�j�u�s�t�e�d� �t�o� �t�h�e� �d�e�s�i�r�e�d� �l�e�v�e�l� �a�n�d� �w�a�s� �a�l�l�o�w�e�d� �t�o� �m�i�x� �f�o�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �f�i�v�e� �m�i�n�u�t�e�s� �t�o� �e�n�s�u�r�e� �c�o�m�p�l�e�t�e� �i�r�o�n� �o�x�i�d�a�t�i�o�n� �v�i�a� �m�o�l�e�c�u�l�a�r� �o�x�y�g�e�n� 

�d�i�s�s�o�l�v�e�d� �i�n� �t�h�e� �w�a�t�e�r�.� �M�n�(�I�I�)� �w�a�s� �t�h�e�n� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n� �a�t� �a� �d�o�s�e� �o�f� �0�.�5� �m�g�/�L� �a�n�d� 

�a�l�l�o�w�e�d� �t�o� �i�n�t�e�r�a�c�t� �f�o�r� �f�i�v�e� �m�i�n�u�t�e�s� �w�i�t�h� �t�h�e� �i�r�o�n� �s�o�l�i�d�s� �p�r�e�s�e�n�t� �s�o� �t�h�a�t� �a�d�s�o�r�p�t�i�o�n� �d�a�t�a� 

�c�o�u�l�d� �b�e� �c�o�l�l�e�c�t�e�d�.� �F�i�n�a�l�l�y�,� �t�h�e� �d�o�s�e� �o�f� �H�O�C�]� �w�a�s� �a�d�d�e�d� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �s�t�a�r�t� �o�f� 

�t�h�e� �r�e�a�c�t�i�o�n� �t�i�m�e� �"�c�l�o�c�k�.�"� �T�h�e� �w�e�l�l� �m�i�x�e�d� �s�o�l�u�t�i�o�n� �w�a�s� �c�a�r�e�f�u�l�l�y� �p�o�u�r�e�d� �i�n�t�o� �s�i�x� �s�t�a�n�d�a�r�d� 

�B�O�D� �b�o�t�t�l�e�s� �w�i�t�h� �c�a�r�e� �t�o� �l�i�m�i�t� �t�h�e� �a�e�r�a�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e� �a�n�d� �t�h�u�s� �s�t�r�i�p�p�i�n�g� �o�f� �C�O�,�.� �A� 

�T�e�f�l�o�n� �s�t�i�r�b�a�r� �w�a�s� �p�l�a�c�e�d� �i�n� �e�a�c�h� �b�o�t�t�l�e�,� �a�n�d� �m�a�g�n�e�t�i�c� �s�t�i�r�r�e�r�s� �s�l�o�w�l�y� �m�i�x�e�d� �t�h�e� �s�a�m�p�l�e�s�.� 

�A� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�i�s� �s�y�s�t�e�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.� 

�S�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�t� �t�h�e� �d�e�s�i�r�e�d� �t�i�m�e� �b�y� �r�e�m�o�v�i�n�g� �o�n�e� �o�f� �t�h�e� �s�i�x� �b�o�t�t�l�e�s� 

�f�r�o�m� �t�h�e� �w�a�t�e�r� �b�a�t�h� �a�n�d� �m�e�a�s�u�r�i�n�g� �t�h�e� �p�H� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �w�i�t�h�i�n� �t�h�e� 

�v�e�s�s�e�l�.� �N�e�x�t�,� �t�h�e� �s�a�m�p�l�e� �w�a�s� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �b�o�t�h� �a� �0�.�4�5�u�m� �s�y�r�i�n�g�e� �f�i�l�t�e�r� �a�n�d� �a� �3�0�k� 

�u�l�t�r�a�f�i�l�t�e�r�.� �T�h�e� �u�s�e� �o�f� �t�h�e�s�e� �s�i�z�e� �f�i�l�t�e�r�s� �w�a�s� �a�n� �a�t�t�e�m�p�t� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �s�i�z�e� �o�f� �t�h�e� 

�p�a�r�t�i�c�l�e�s� �f�o�r�m�e�d�,� �a�n�d� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �s�i�z�e� �i�n� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�I�)� �f�r�o�m� �s�o�l�u�t�i�o�n�.� �A� 

�m�o�r�e� �d�e�t�a�i�l�e�d� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �f�i�l�t�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �i�s� �g�i�v�e�n� �i�n� �S�e�c�t�i�o�n� �F�.� �T�o� �s�i�m�u�l�a�t�e� 

�g�r�o�u�n�d�w�a�t�e�r� �c�o�n�d�i�t�i�o�n�s�,� �a�l�l� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �1�0� �+� �2�°�C�.� �T�o� 

�m�a�i�n�t�a�i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �t�h�i�s� �l�e�v�e�l�,� �t�h�e� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l�s� �w�e�r�e� �s�u�b�m�e�r�g�e�d� �i�n� �a� �c�o�l�d� 

�w�a�t�e�r� �b�a�t�h� �w�i�t�h� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�°�C�.� �A� �r�e�f�r�i�g�e�r�a�t�i�o�n� �t�y�p�e� �u�n�i�t� �w�a�s� �u�s�e�d� 

�t�o� �c�i�r�c�u�l�a�t�e� �a�n� �a�n�t�i�f�r�e�e�z�e�-�w�a�t�e�r� �m�i�x�t�u�r�e� �t�h�r�o�u�g�h� �t�u�b�i�n�g� �p�l�a�c�e�d� �w�i�t�h�i�n� �t�h�e� �P�l�e�x�i�g�l�a�s� �t�a�n�k� �t�o� 

�m�a�i�n�t�a�i�n� �t�h�e� �b�a�t�h� �a�t� �t�h�e� �d�e�s�i�r�e�d� �t�e�m�p�e�r�a�t�u�r�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �M�i�l�l�i�-�Q� �w�a�t�e�r� �u�s�e�d� �t�o� 

�p�r�e�p�a�r�e� �t�h�e� �s�y�n�t�h�e�t�i�c� �w�a�t�e�r� �s�a�m�p�l�e� �b�e�i�n�g� �t�e�s�t�e�d� �w�a�s� �r�e�f�r�i�g�e�r�a�t�e�d� �t�o� �a�s�s�i�s�t� �i�n� �t�h�e� �i�n�i�t�i�a�l� 

�t�e�m�p�e�r�a�t�u�r�e� �a�d�j�u�s�t�m�e�n�t� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�.� 

�I�n�i�t�i�a�l�l�y�,� �t�h�e� �M�n�(�I�I�)� �w�a�s� �a�d�d�e�d� �p�r�i�o�r� �t�o� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �i�r�o�n� �s�t�o�c�k� �s�o�l�u�t�i�o�n�,� �b�u�t� 

�t�h�i�s� �r�e�s�u�l�t�e�d� �i�n� �a� �M�n�(�I�I�)�  ��s�i�n�k �� �d�u�e� �t�o� �t�h�e� �p�o�s�s�i�b�l�e� �e�n�t�r�a�p�m�e�n�t� �o�f� �i�o�n�s� �w�i�t�h�i�n� �t�h�e� �i�r�o�n� �f�l�o�c�.� 

�T�h�e�r�e�f�o�r�e�,� �i�n� �l�a�t�e�r� �e�x�p�e�r�i�m�e�n�t�s�,� �t�h�e� �M�n�(�I�I�)� �w�a�s� �a�d�d�e�d� �a�f�t�e�r� �t�h�e� �i�r�o�n� �w�a�s� �c�o�m�p�l�e�t�e�l�y� 

�o�x�i�d�i�z�e�d�.� �T�h�i�s� �n�o�t� �o�n�l�y� �a�l�l�o�w�e�d� �f�o�r� �a� �b�e�t�t�e�r� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �c�h�a�n�g�e� �i�n� �M�n�(�I�D�)� �i�n� �t�h�e� 

�s�y�s�t�e�m� �d�u�e� �t�o� �i�n�t�e�r�a�c�t�i�o�n�s� �w�i�t�h� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�,� �b�u�t� �a�l�s�o� �p�e�r�m�i�t�t�e�d� �a�d�s�o�r�p�t�i�o�n� 

�m�e�a�s�u�r�e�m�e�n�t�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �v�a�r�i�o�u�s� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�.� 
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�3�.� �M�n�O�,� �A�d�s�o�r�p�t�i�o�n� �B�a�t�c�h� �S�t�u�d�i�e�s�.� �T�h�i�s� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �c�o�n�d�u�c�t�e�d� �i�n� �a�n� 
� � 

�a�t�t�e�m�p�t� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �m�e�c�h�a�n�i�s�m� �b�y� �w�h�i�c�h� �t�h�e� �a�d�s�o�r�p�t�i�v�e�/�s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� 

�c�o�n�t�i�n�u�e� �o�v�e�r� �l�o�n�g� �p�e�r�i�o�d�s� �o�f� �t�i�m�e�.� �O�n�c�e� �t�h�e� �i�n�i�t�i�a�l� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �h�a�s� �b�e�e�n� �u�t�i�l�i�z�e�d�,� 

�i�t� �w�a�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �a� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �s�u�r�f�a�c�e� �m�a�y� �i�n�d�e�e�d� �s�e�r�v�e� �a�s� �t�h�e� �m�a�i�n� 

�m�e�c�h�a�n�i�s�m� �i�n� �c�o�n�t�i�n�u�i�n�g� �t�h�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �o�f� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�i�s� 

�e�x�p�e�r�i�m�e�n�t� �w�a�s� �i�n�t�e�n�d�e�d� �t�o� �s�e�r�v�e� �t�w�o� �p�u�r�p�o�s�e�s�:� 

�1�.� �T�o� �m�e�a�s�u�r�e� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �o�f� �f�r�e�s�h�l�y� �p�r�e�c�i�p�i�t�a�t�e�d� �M�n�O�x�(�)�.� 

�2�.� �T�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e� �r�a�t�e� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �f�r�o�m� �s�o�l�u�t�i�o�n� �f�o�r� �a�n� 

�e�q�u�i�v�a�l�e�n�t� �a�m�o�u�n�t� �o�f� �f�o�r�m�e�d� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �b�a�s�e�d� �u�p�o�n� �M�n�(�I�]�)� 

�a�d�s�o�r�p�t�i�o�n� �o�n� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �f�r�o�m� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �i�s� �s�i�m�i�l�a�r� 

�t�o� �t�h�a�t� �n�o�t�e�d� �i�n� �b�a�t�c�h� �s�t�u�d�i�e�s�.� 

�A�g�a�i�n�,� �a� �2�L� �s�a�m�p�l�e� �v�o�l�u�m�e� �w�a�s� �p�r�e�p�a�r�e�d� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�u�t�l�i�n�e�d� �i�n� �t�h�e� �b�a�t�c�h� 

�s�t�u�d�y� �p�r�o�c�e�d�u�r�e�,� �b�u�t� �p�r�e�f�o�r�m�e�d� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �w�e�r�e� �a�d�d�e�d� �i�n�s�t�e�a�d� �o�f� �i�r�o�n� �s�t�o�c�k� 

�s�o�l�u�t�i�o�n�.� �T�h�e� �M�n�O�,�)� �s�o�l�i�d�s� �w�e�r�e� �f�o�r�m�e�d� �b�y� �s�l�o�w�l�y� �a�d�d�i�n�g� �H�O�C�I� �i�n�t�o� �a� �M�n�(�I�I�)� �s�o�l�u�t�i�o�n� 

�t�o� �p�r�e�v�e�n�t� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �p�e�r�m�a�n�g�a�n�a�t�e�.� �T�h�e� �H�O�C�I� �w�a�s� �a�d�d�e�d� �a�t� �1�.�2�5� �t�i�m�e�s� �t�h�e� 

�s�t�o�i�c�h�i�o�m�e�t�r�i�c� �d�o�s�e� �r�e�q�u�i�r�e�m�e�n�t�s� �b�a�s�e�d� �u�p�o�n� �t�h�e� �a�p�p�r�o�x�i�m�a�t�e� �M�n�(�I�I�)� �s�o�l�u�t�i�o�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� �i�n�s�u�r�e� �t�h�a�t� �a�l�l� �t�h�e� �M�n�(�I�D� �i�n� �s�o�l�u�t�i�o�n� �w�a�s� �i�n�d�e�e�d� �o�x�i�d�i�z�e�d� �a�n�d� �n�o�t� �s�i�m�p�l�y� 

�a�d�s�o�r�b�e�d� �o�n�t�o� �t�h�e� �M�n�O�,�.�)� �s�u�r�f�a�c�e�.� �T�o� �f�u�r�t�h�e�r� �t�e�s�t� �t�h�e� �c�o�m�p�l�e�t�e�n�e�s�s� �o�f� �o�x�i�d�a�t�i�o�n�,� �a� �s�t�o�c�k� 

�s�a�m�p�l�e� �w�a�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a� �3�0�k� �u�l�t�r�a�f�i�l�t�e�r� �t�o� �m�e�a�s�u�r�e� �t�h�e� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �t�h�e� �c�h�l�o�r�i�n�e� �r�e�s�i�d�u�a�l�.� �T�h�e� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �b�e�l�o�w� 

�d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s�,� �a�n�d� �s�u�f�f�i�c�i�e�n�t� �e�x�c�e�s�s� �c�h�l�o�r�i�n�e� �w�a�s� �p�r�e�s�e�n�t� �t�o� �c�o�m�p�l�e�t�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� 

�a�n�y� �s�o�r�b�e�d� �M�n�(�I�I�)�.� �A� �s�o�l�i�d� �e�x�t�r�a�c�t�i�o�n� �u�s�i�n�g� �H�A�S� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �t�o� 

�o�b�t�a�i�n� �a�n� �e�s�t�i�m�a�t�e� �f�o�r� �t�h�e� �s�t�o�c�k� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �M�n�O�)�.� 

�T�h�e� �a�d�s�o�r�p�t�i�o�n� �d�a�t�a� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �a�f�o�r�e�m�e�n�t�i�o�n�e�d� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� 

�(�S�e�c�t�i�o�n� �E�.�1�.�)� �w�a�s� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �a�m�o�u�n�t� �o�f� �M�n�O�x�)� �t�o� �b�e� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �t�o� �c�o�m�p�a�r�e� �t�h�e� �r�a�t�e� �o�f� �r�e�m�o�v�a�l� �v�i�a� �M�n�O�x�,�.�)� �v�e�r�s�u�s� �a� �g�i�v�e�n� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� 

�t�h�e� �q�u�a�n�t�i�t�y� �o�f� �M�n�(�I�I�)� �a�d�s�o�r�b�e�d� �f�o�r� �t�h�a�t� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� 

�i�s�o�t�h�e�r�m� �r�e�s�u�l�t�s�.� �B�a�s�e�d� �u�p�o�n� �t�h�e� �r�e�a�c�t�i�o�n� �f�o�r� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �t�o� �M�n�O�,�)�,� �t�h�e� �e�q�u�i�v�a�l�e�n�t� 
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�a�m�o�u�n�t� �o�f� �M�n�O�,�;�;�)� �s�u�r�f�a�c�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�n�d� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n�.� �I�n� �t�h�e�o�r�y�,� �t�h�i�s� �m�e�t�h�o�d� �i�s� 

�a� �c�o�n�s�e�r�v�a�t�i�v�e� �e�s�t�i�m�a�t�e� �f�o�r� �t�h�e� �a�m�o�u�n�t� �o�f� �M�n�O�x�;�.�)� �s�u�r�f�a�c�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �a�d�s�o�r�p�t�i�o�n� �a�s� �t�h�e� 

�p�r�e�f�o�r�m�e�d� �p�a�r�t�i�c�l�e�s� �s�h�o�u�l�d� �h�a�v�e� �a� �g�r�e�a�t�e�r� �s�u�r�f�a�c�e� �a�r�e�a� �t�h�a�n� �t�h�o�s�e� �h�y�p�o�t�h�e�s�i�z�e�d� �t�o� �h�a�v�e� 

�f�o�r�m�e�d� �o�n� �t�h�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �i�r�o�n� �o�x�i�d�e� �p�a�r�t�i�c�l�e�.� 

�S�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �s�i�m�i�l�a�r�l�y� �t�o� �t�h�e� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� 

�s�e�c�t�i�o�n� �a�s� �o�n�e� �o�f� �t�h�e� �s�i�x� �b�o�t�t�l�e�s� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �w�a�t�e�r� �b�a�t�h� �a�t� �t�h�e� �d�e�s�i�r�e�d� �t�i�m�e� �a�n�d� 

�t�h�e� �p�H� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �v�e�s�s�e�l� �w�e�r�e� �m�e�a�s�u�r�e�d�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� 

�f�i�l�t�e�r�e�d� �u�s�i�n�g� �b�o�t�h� �a� �0�.�4�5�u�m� �s�y�r�i�n�g�e� �f�i�l�t�e�r� �a�n�d� �a� �3�0�k� �u�l�t�r�a�f�i�l�t�e�r�;� �t�h�e� �u�s�e� �o�f� �t�h�e� �3�0�k� 

�u�l�t�r�a�f�i�l�t�e�r�s� �s�e�r�v�e�d� �t�o� �c�a�p�t�u�r�e� �t�h�e� �p�o�s�s�i�b�l�y� �c�o�l�l�o�i�d�a�l� �p�r�e�f�o�r�m�e�d� �M�n�O� �x�)� �p�a�r�t�i�c�l�e�s� �t�h�a�t� �m�a�y� 

�s�t�i�l�l� �r�e�s�i�d�e� �i�n� �s�o�l�u�t�i�o�n�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�t�u�p� �i�s� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�a�t� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �5�.� 

�4�.� �I�r�o�n� �O�x�i�d�e� �S�l�u�r�r�y� �R�e�a�c�t�o�r� �S�y�s�t�e�m�.� �T�h�r�e�e� �b�e�n�c�h�-�s�c�a�l�e� �s�l�u�r�r�y�-�t�y�p�e� �r�e�a�c�t�o�r�s� �w�e�r�e� 

�c�o�n�s�t�r�u�c�t�e�d� �t�o� �s�i�m�u�l�a�t�e� �a� �s�i�n�g�l�e�-�s�t�a�g�e� �f�l�o�c�c�u�l�a�t�i�o�n� �b�a�s�i�n� �w�i�t�h� �a� �s�e�t�t�l�i�n�g� �z�o�n�e� �a�t� �a� �f�u�l�l�-� 

�s�c�a�l�e� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�y�.� �E�a�c�h� �w�a�s� �d�e�s�i�g�n�e�d� �w�i�t�h� �a� �b�a�f�f�l�i�n�g� �s�y�s�t�e�m� �t�o� �s�e�p�a�r�a�t�e� �t�h�e� 

�m�i�x�i�n�g� �a�n�d� �s�e�t�t�l�i�n�g� �z�o�n�e�s� �w�i�t�h�i�n� �t�h�e� �r�e�a�c�t�o�r� �t�o� �p�r�o�m�o�t�e� �t�h�e� �f�l�o�c�c�u�l�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� 

�s�e�t�t�l�i�n�g� �o�f� �t�h�e� �p�a�r�t�i�c�l�e�s� �f�o�r�m�e�d�.� �T�h�e� �r�e�a�c�t�o�r�s� �e�a�c�h� �h�a�d� �a� �v�o�l�u�m�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�3� �L� 

�a�n�d� �w�e�r�e� �i�n�t�e�n�d�e�d� �t�o� �h�a�v�e� �i�n�t�e�r�n�a�l� �r�e�c�y�c�l�e� �o�f� �s�o�l�i�d�s� �a�s� �t�h�e�y� �s�e�t�t�l�e�d� �f�r�o�m� �s�o�l�u�t�i�o�n�.� �E�a�c�h� 

�b�a�s�i�n� �w�a�s� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �s�t�i�r�r�i�n�g� �p�a�d�d�l�e� �(�2�5� �r�p�m�)� �w�h�i�c�h� �m�i�x�e�d� �t�h�e� �i�n�c�o�m�i�n�g� 

�c�o�n�s�t�i�t�u�e�n�t�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �m�i�x�i�n�g� �z�o�n�e� �o�f� �t�h�e� �r�e�a�c�t�o�r�.� �T�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �d�e�s�i�g�n�e�d� �t�o� 

�o�p�e�r�a�t�e� �i�n� �p�a�r�a�l�l�e�l� �a�s� �e�a�c�h� �h�a�d� �a�n� �e�f�f�l�u�e�n�t� �l�i�n�e� �t�h�a�t� �d�r�a�i�n�e�d� �t�o� �a� �s�i�n�k�.� �T�h�e� �e�f�f�l�u�e�n�t� �l�i�n�e� 

�s�e�r�v�e�d� �a�s� �t�h�e� �s�a�m�p�l�i�n�g� �p�o�i�n�t� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �e�f�f�l�u�e�n�t� �q�u�a�l�i�t�y� �a�n�d� �t�r�e�a�t�m�e�n�t� �e�f�f�i�c�i�e�n�c�y�.� 

�I�t� �w�a�s� �d�e�s�i�r�e�d� �t�o� �u�s�e� �t�h�e� �s�a�m�e� �s�y�n�t�h�e�t�i�c� �w�a�t�e�r� �m�a�k�e�u�p� �f�o�r� �t�h�e� �o�p�e�r�a�t�i�o�n� �o�f� �t�h�e� 

�r�e�a�c�t�o�r�s� �a�s� �h�a�d� �b�e�e�n� �u�s�e�d� �f�o�r� �t�h�e� �b�a�t�c�h� �s�t�u�d�i�e�s�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �l�i�m�i�t�e�d� �p�u�m�p�i�n�g� 

�c�a�p�a�b�i�l�i�t�i�e�s� �a�n�d� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �r�e�a�c�t�o�r�s�,� �l�a�r�g�e� �v�o�l�u�m�e�s� �o�f� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �r�e�q�u�i�r�e�d� �t�o� 

�a�t�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �b�e�c�a�u�s�e� �o�f� �t�h�e� �p�o�s�s�i�b�l�e� �i�n�t�e�r�a�c�t�i�o�n�s� �t�h�a�t� 

�m�a�y� �o�c�c�u�r� �b�e�t�w�e�e�n� �t�h�e� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �t�h�e� �w�a�t�e�r� �m�a�k�e�u�p� �(�i�.�e�.� �C�a �� �a�n�d� �a�l�k�a�l�i�n�i�t�y� �s�t�o�c�k�)�,� 

�t�h�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n�d�i�v�i�d�u�a�l�l�y� �t�o� �l�i�m�i�t� �r�e�a�c�t�i�v�i�t�y� �b�e�t�w�e�e�n� �i�o�n�s�.� �T�h�e�r�e�f�o�r�e�,� 

�a� �m�i�x�i�n�g� �u�n�i�t� �w�a�s� �r�e�q�u�i�r�e�d� �t�o� �m�i�x� �t�h�e� �s�o�l�u�t�i�o�n� �p�r�i�o�r� �t�o� �d�o�s�i�n�g� �e�a�c�h� �r�e�a�c�t�o�r�.� �S�e�p�a�r�a�t�e� 

�3�6



�s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �f�o�r� �M�n�(�I�I�)�,� �H�O�C�I�,� �a�n�d� �a�l�k�a�l�i�n�i�t�y� �w�e�r�e� �c�o�m�b�i�n�e�d� �i�n� �t�h�e� �m�i�x�e�r� �w�i�t�h� �c�h�i�l�l�e�d� 

�t�a�p� �w�a�t�e�r� �f�r�o�m� �a� �c�o�n�s�t�a�n�t� �h�e�a�d� �t�a�n�k�.� �T�h�r�e�e� �s�e�p�a�r�a�t�e� �f�e�e�d� �l�i�n�e�s� �(�o�n�e� �g�o�i�n�g� �t�o� �e�a�c�h� �r�e�a�c�t�o�r�)� 

�w�e�r�e� �u�s�e�d� �t�o� �a�d�d� �t�h�i�s� �p�o�r�t�i�o�n� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �m�a�k�e�u�p� �t�o� �e�a�c�h� �r�e�a�c�t�o�r�.� �A� �s�e�p�a�r�a�t�e� �s�t�o�c�k� 

�s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�i�n�g� �C�a �� �(�w�h�i�c�h� �c�o�u�l�d� �r�e�a�c�t� �w�i�t�h� �t�h�e� �a�l�k�a�l�i�n�i�t�y�)� �a�n�d� �F�e�(�I�I�)� �(�w�h�i�c�h� �i�s� 

�e�x�t�r�e�m�e�l�y� �r�e�a�c�t�i�v�e� �w�i�t�h� �c�h�l�o�r�i�n�e�)� �w�a�s� �a�d�d�e�d� �s�e�p�a�r�a�t�e�l�y� �t�o� �e�a�c�h� �r�e�a�c�t�o�r� �f�o�r� �t�h�e� �r�e�a�s�o�n�s� 

�c�i�t�e�d�.� �T�h�e� �i�r�o�n� �a�n�d� �c�a�l�c�i�u�m� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �a�s� �w�e�l�l� �a�s� �t�h�e� �M�n�(�I�D� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �w�e�r�e� 

�s�l�i�g�h�t�l�y� �a�c�i�d�i�f�i�e�d� �t�o� �p�H� �2�.�5�-�3� �t�o� �r�e�t�a�r�d� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e�s�e� �r�e�d�u�c�e�d� �s�p�e�c�i�e�s� �p�r�i�o�r� �t�o� 

�d�o�s�i�n�g�.� �T�h�e� �l�e�v�e�l� �o�f� �a�c�i�d�i�f�i�c�a�t�i�o�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�i�t�r�a�t�i�o�n� �u�s�i�n�g� �0�.�0�2�N� �s�u�l�f�u�r�i�c� �a�c�i�d�.� 

�A� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �r�e�a�c�t�o�r� �s�e�t�-�u�p� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �7�.� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �a�d�j�u�s�t�e�d� �b�y� �c�o�o�l�i�n�g� �t�h�e� �i�n�f�l�u�e�n�t� �t�a�p� 

�w�a�t�e�r� �i�n� �t�h�e� �c�o�n�s�t�a�n�t� �h�e�a�d� �t�a�n�k� �p�r�i�o�r� �t�o� �i�t� �b�e�i�n�g� �f�e�d� �i�n�t�o� �t�h�e� �m�i�x�i�n�g� �u�n�i�t�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� 

�r�e�a�c�t�o�r�s� �w�e�r�e� �s�u�b�m�e�r�g�e�d� �i�n� �a�n� �i�c�e� �w�a�t�e�r� �b�a�t�h� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� 

�t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �c�o�u�l�d� �n�o�t� �b�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �t�h�e� �d�e�s�i�r�e�d� �l�e�v�e�l� �u�s�e�d� �d�u�r�i�n�g� �o�t�h�e�r� 

�e�x�p�e�r�i�m�e�n�t�a�l� �s�t�u�d�i�e�s�,� �1�0� �+� �2�°�C�.� �T�h�e� �a�c�t�u�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�,� �1�3�-�2�0�°�C� 

�s�h�o�u�l�d� �s�p�e�e�d� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�s�t�i�t�u�e�n�t�s� �a�n�d� �i�n�c�r�e�a�s�e� �t�h�e� �r�a�t�e�s� 

�o�f� �r�e�a�c�t�i�o�n� �o�b�s�e�r�v�e�d� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�f� �t�h�e� �b�a�t�c�h� �s�t�u�d�i�e�s� �c�o�n�d�u�c�t�e�d�.� 

�T�h�e� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�o�r� �t�h�e�s�e� �c�o�n�s�t�i�t�u�e�n�t�s� �w�e�r�e� �a�d�j�u�s�t�e�d� �a�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �a�c�c�o�u�n�t� �f�o�r� �c�h�a�n�g�e�s� �i�n� �d�e�t�e�n�t�i�o�n� �t�i�m�e�.� �T�h�e� �t�a�p� �w�a�t�e�r� �f�l�o�w� �w�a�s� �a�l�s�o� �a�d�j�u�s�t�e�d� 

�a�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �c�h�a�n�g�e�s� �i�n� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �a�s� �t�h�e� �p�u�m�p�s� �u�s�e�d� �c�o�u�l�d� �o�n�l�y� �p�u�m�p� �a�t� �a� 

�c�o�n�s�t�a�n�t� �r�a�t�e�.� �T�h�e�r�e�f�o�r�e� �a�s� �t�h�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �c�h�a�n�g�e�d�,� �t�h�e� �t�a�p� �w�a�t�e�r� �f�l�o�w� �w�a�s� �i�n�c�r�e�a�s�e�d� 

�f�o�r� �s�h�o�r�t�e�r� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �o�r� �d�e�c�r�e�a�s�e�d� �f�o�r� �l�o�n�g�e�r� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �t�o� �b�a�l�a�n�c�e� �t�h�e� �v�o�l�u�m�e� 

�o�f� �l�i�q�u�i�d� �e�n�t�e�r�i�n�g� �a�n�d� �l�e�a�v�i�n�g� �t�h�e� �m�i�x�e�r�.� �O�v�e�r�a�l�l�,� �t�h�e� �d�e�s�i�r�e�d� �w�a�t�e�r� �m�a�k�e�u�p� �f�o�l�l�o�w�s� �t�h�a�t� 

�d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �A� �w�i�t�h� �a� �s�o�l�u�b�l�e� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2� �m�g�/�L�.� �T�h�e� �c�h�l�o�r�i�n�e� �d�o�s�e� 

�w�a�s� �v�a�r�i�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �t�o� �d�e�t�e�r�m�i�n�e� �i�t�s� �i�m�p�o�r�t�a�n�c�e� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s�.� 

�S�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �s�a�m�p�l�i�n�g� �s�c�h�e�m�e�s� �w�e�r�e� �u�s�e�d� �t�o� �s�t�u�d�y� �t�h�e� �s�t�a�t�e� �a�n�d� �e�f�f�e�c�t�i�v�e�n�e�s�s� 

�o�f� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �s�l�u�r�r�y� �s�y�s�t�e�m�s�.� �E�f�f�l�u�e�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �p�e�r�i�o�d�i�c�a�l�l�y� �t�o� 

�s�t�u�d�y� �t�h�e� �e�f�f�l�u�e�n�t� �q�u�a�l�i�t�y� �w�i�t�h� �f�r�e�q�u�e�n�t� �s�a�m�p�l�i�n�g� �(�o�n�c�e� �e�v�e�r�y� �t�h�i�r�t�y� �m�i�n�u�t�e�s� �f�o�r� �a�t� �l�e�a�s�t� 

�t�w�o� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s�)� �o�c�c�u�r�r�i�n�g� �w�h�e�n�e�v�e�r� �a� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r� �w�a�s� �a�l�t�e�r�e�d�.� �T�h�e� �m�a�i�n� 

�f�o�c�u�s� �o�f� �t�h�i�s� �s�a�m�p�l�i�n�g� �w�a�s� �t�o� �n�o�t�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �s�o�l�u�b�l�e� �e�f�f�l�u�e�n�t� �m�a�n�g�a�n�e�s�e� 
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�c�o�n�c�e�n�t�r�a�t�i�o�n�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e�s�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�l� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �0�.�4�5�u�m� �f�i�l�t�e�r�s�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �l�o�s�s� �o�f� �s�o�l�i�d�s� �i�n� �t�h�e� �e�f�f�l�u�e�n�t� �w�a�s� �a� �k�e�y� �p�a�r�a�m�e�t�e�r� �t�o� �c�o�n�s�i�d�e�r�;� �t�h�u�s�,� �s�o�m�e� �e�f�f�l�u�e�n�t� 

�s�a�m�p�l�e�s� �u�n�d�e�r�w�e�n�t� �a�c�i�d� �d�i�g�e�s�t�i�o�n� �(�n�o� �f�i�l�t�r�a�t�i�o�n�)� �t�o� �m�e�a�s�u�r�e� �t�h�e� �t�o�t�a�l� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� 

�i�n� �t�h�e� �e�f�f�l�u�e�n�t�.� 

�S�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�a�c�h� �r�e�a�c�t�o�r� �a�n�d� �d�i�g�e�s�t�e�d� �w�i�t�h� �a�c�i�d� �a�s� �w�e�l�l� �t�o� 

�m�e�a�s�u�r�e� �t�h�e� �t�o�t�a�l� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �m�i�x�i�n�g� �z�o�n�e� �o�f� �t�h�e� 

�r�e�a�c�t�o�r�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �m�e�a�n�s� �o�f� �m�e�a�s�u�r�i�n�g� �t�h�e� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h�i�n� �e�a�c�h� �r�e�a�c�t�o�r� 

�w�a�s� �t�h�e� �u�s�e� �o�f� �a� �s�t�a�n�d�a�r�d� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �t�e�s�t�.� �T�o� �i�n�s�u�r�e� �t�h�a�t� �t�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �b�e�i�n�g� 

�p�r�o�p�e�r�l�y� �d�o�s�e�d�,� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �b�o�t�h� �t�h�e� �m�i�x�e�r� �(�s�e�e� �F�i�g�u�r�e� �7�)� �a�n�d� �t�h�e� �i�n�f�l�u�e�n�t� 

�l�i�n�e�s� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �M�n�(�I�I�)�,� �F�e�(�I�I�)�,� �a�n�d� �H�O�C�I�.� �F�i�n�a�l�l�y�,� �c�h�l�o�r�i�n�e� �s�a�m�p�l�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �t�h�e� �m�i�x�e�r� �t�o� �q�u�a�n�t�i�f�y� �t�h�e� �a�c�t�u�a�l� �c�h�l�o�r�i�n�e� �d�o�s�e� �e�n�t�e�r�i�n�g� �t�h�e� �r�e�a�c�t�o�r�s�.� �R�e�s�i�d�u�a�l� 

�c�h�l�o�r�i�n�e� �f�r�o�m� �e�a�c�h� �r�e�a�c�t�o�r� �w�a�s� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �b�y� �f�i�l�t�e�r�i�n�g� �t�h�e� �e�f�f�l�u�e�n�t� �a�n�d� �m�e�a�s�u�r�i�n�g� �t�h�e� 

�f�r�e�e� �c�h�l�o�r�i�n�e� �i�n� �s�o�l�u�t�i�o�n�.� 

�F�.� �C�o�l�l�e�c�t�i�o�n� �o�f� �S�a�m�p�l�e�s� 

�S�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�a�c�h� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�t�u�p�s� �a�s� �p�r�e�v�i�o�u�s�l�y� 

�d�e�s�c�r�i�b�e�d�.� �E�a�c�h� �s�a�m�p�l�e� �w�a�s� �t�h�e�n� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �o�n�e� �o�r� �b�o�t�h� �o�f� �t�h�e� �m�e�t�h�o�d�s� �d�e�s�c�r�i�b�e�d� 

�b�e�l�o�w�.� �I�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� �t�h�e� �f�i�l�t�r�a�t�i�o�n� �o�f� �e�a�c�h� �s�a�m�p�l�e�,� �t�w�o� �d�r�o�p�s� �o�f� �c�o�n�c�e�n�t�r�a�t�e�d� 

�n�i�t�r�i�c� �a�c�i�d� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �f�i�l�t�r�a�t�e� �t�o� �p�r�e�v�e�n�t� �f�u�r�t�h�e�r� �r�e�a�c�t�i�o�n�s� �f�r�o�m� �o�c�c�u�r�r�i�n�g�.� �T�h�e� 

�s�a�m�p�l�e�s� �w�e�r�e� �a�g�i�t�a�t�e�d� �u�s�i�n�g� �a� �v�o�r�t�e�x� �m�i�x�e�r� �t�o� �e�n�s�u�r�e� �c�o�n�s�i�s�t�e�n�t� �s�o�l�u�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�T�h�e� �p�r�o�c�e�d�u�r�e�s� �f�o�l�l�o�w�e�d� �f�o�r� �e�a�c�h� �o�f� �t�h�e�s�e� �f�i�l�t�e�r� �t�y�p�e�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �m�o�r�e� �d�e�t�a�i�l� �b�e�l�o�w�.� 

�1�.� �S�y�r�i�n�g�e� �F�i�l�t�e�r� �P�r�o�c�e�d�u�r�e�s� �(�0�.�4�5�u�m�)�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�e� �c�o�l�l�e�c�t�e�d� �s�a�m�p�l�e� �w�a�s� 
� � 

�p�o�u�r�e�d� �i�n�t�o� �a� �c�l�e�a�n�,� �d�r�y� �1�5�0� �m�L� �b�e�a�k�e�r�.� �A� �2�5�m�m� �d�i�a�m�e�t�e�r� �0�.�4�5�u�m� �f�i�l�t�e�r� �(�G�e�l�m�a�n� 

�S�c�i�e�n�c�e�,� �A�n�n� �A�r�b�o�r�,� �M�I�)� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �f�i�l�t�e�r� �c�h�a�m�b�e�r� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �m�L� �o�f� 

�M�i�l�l�i�-�Q� �w�a�t�e�r� �w�e�r�e� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �f�i�l�t�e�r� �t�o� �r�i�n�s�e� �t�h�e� �m�e�m�b�r�a�n�e�.� �T�h�e� �s�y�r�i�n�g�e� �w�a�s� 

�f�i�l�l�e�d� �a�n�d� �r�i�n�s�e�d� �o�n�c�e� �w�i�t�h� �t�h�e� �s�a�m�p�l�e� �t�o� �r�e�d�u�c�e� �l�i�k�e�l�i�h�o�o�d� �o�f� �c�r�o�s�s�-�c�o�n�t�a�m�i�n�a�t�i�o�n�.� �A� �1�2� 

�m�L� �s�a�m�p�l�e� �w�a�s� �d�r�a�w�n� �i�n�t�o� �t�h�e� �s�y�r�i�n�g�e� �a�n�d� �w�a�s� �f�i�l�t�e�r�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �s�a�m�p�l�e� �f�o�r� �t�h�i�s� 

�3�9



�r�e�a�c�t�i�o�n� �t�i�m�e�.� �T�h�e� �f�i�r�s�t� �2� �m�L� �o�f� �t�h�e� �f�i�l�t�r�a�t�e� �w�e�r�e� �d�i�s�c�a�r�d�e�d� �a�s� �d�i�l�u�t�i�o�n� �w�a�s� �a� �c�o�n�c�e�r�n� 

�f�r�o�m� �t�h�e� �r�e�s�i�d�u�a�l� �M�i�l�l�i�-�Q� �w�a�t�e�r� �w�h�i�c�h� �m�a�y� �r�e�s�i�d�e� �o�n� �t�h�e� �m�e�m�b�r�a�n�e� �f�o�l�l�o�w�i�n�g� �t�h�e� �r�i�n�s�e� 

�p�r�o�c�e�d�u�r�e�.� 

�2�.� �3�0�k� �U�l�t�r�a�f�i�l�t�r�a�t�i�o�n� �P�r�o�c�e�d�u�r�e�s�.� �T�h�e� �u�l�t�r�a�f�i�l�t�r�a�t�i�o�n� �e�q�u�i�p�m�e�n�t� �u�s�e�d� �w�a�s� 

�m�a�n�u�f�a�c�t�u�r�e�d� �b�y� �A�m�i�c�o�n� �(�M�o�d�e�l� �#� �8�2�0�0�)�,� �a�n�d� �a�l�l� �m�a�n�u�f�a�c�t�u�r�e�r�s�'� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �w�e�r�e� 

�f�o�l�l�o�w�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �3�0�k� �f�i�l�t�e�r�s� �(�A�m�i�c�o�n� �D�i�a�f�l�o�w� �U�l�t�r�a�f�i�l�t�e�r�s� �Y�M�3�0� 

�M�e�m�b�r�a�n�e�s�;� �B�e�v�e�r�l�y�,� �M�A�)� �w�e�r�e� �s�t�o�r�e�d� �i�n� �t�h�e� �f�i�l�t�r�a�t�i�o�n� �c�h�a�m�b�e�r� �w�h�e�n� �n�o�t� �i�n� �u�s�e�,� �s�o�a�k�i�n�g� 

�i�n� �a� �s�l�i�g�h�t�l�y� �a�c�i�d�i�c� �d�i�s�t�i�l�l�e�d�-�d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �s�o�l�u�t�i�o�n�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�i�s� �s�o�l�u�t�i�o�n� �w�a�s� 

�p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �m�e�m�b�r�a�n�e� �a�n�d� �t�h�e� �r�e�m�a�i�n�d�e�r� �d�i�s�c�a�r�d�e�d� �f�r�o�m� �t�h�e� �c�h�a�m�b�e�r� �w�h�e�n� �a� 

�s�a�m�p�l�e� �w�a�s� �t�o� �b�e� �f�i�l�t�e�r�e�d�.� �T�h�e� �s�a�m�p�l�e� �t�o� �b�e� �a�n�a�l�y�z�e�d� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �c�h�a�m�b�e�r�,� �a�n�d� �t�h�e� 

�s�o�l�u�t�i�o�n� �w�a�s� �s�t�i�r�r�e�d� �b�y� �a� �m�a�g�n�e�t�i�c� �s�t�i�r�r�e�r� �a�n�d� �p�r�e�s�s�u�r�i�z�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n� �g�a�s� �a�t� �2�0� �p�s�i�g�.� 

�T�h�e� �i�n�i�t�i�a�l� �1�0� �m�L� �o�f� �f�i�l�t�r�a�t�e� �w�a�s� �d�i�s�c�a�r�d�e�d� �a�s� �r�e�s�i�d�u�a�l� �a�m�o�u�n�t�s� �o�f� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �f�i�l�t�e�r�e�d� 

�s�o�l�u�t�i�o�n� �o�c�c�u�p�i�e�d� �t�h�e� �f�i�l�t�r�a�t�e� �e�f�f�l�u�e�n�t� �t�u�b�e�.� �T�w�o� �1�0� �m�L� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �c�o�l�l�e�c�t�e�d� 

�i�m�m�e�d�i�a�t�e�l�y� �t�o� �p�r�e�v�e�n�t� �b�u�i�l�d�u�p� �o�f� �i�r�o�n� �p�a�r�t�i�c�l�e�s� �w�i�t�h�i�n� �t�h�e� �m�e�m�b�r�a�n�e� �p�r�i�o�r� �t�o� �s�a�m�p�l�e� 

�c�o�l�l�e�c�t�i�o�n�.� �T�h�i�s� �c�o�u�l�d� �b�e� �a� �s�o�u�r�c�e� �o�f� �e�r�r�o�r� �a�s� �M�n�(�I�I�)� �i�n� �s�o�l�u�t�i�o�n� �t�h�a�t� �h�a�d� �n�o�t� �p�r�e�v�i�o�u�s�l�y� 

�s�o�r�b�e�d� �t�o� �t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �m�i�g�h�t� �d�o� �s�o� �w�i�t�h�i�n� �t�h�e� �f�i�l�t�e�r� �m�e�m�b�r�a�n�e�.� �T�h�e� �m�e�m�b�r�a�n�e� �w�a�s� 

�c�l�e�a�n�e�d� �a�f�t�e�r� �e�a�c�h� �u�s�e� �b�y� �r�i�n�s�i�n�g� �w�i�t�h� �p�r�e�s�s�u�r�i�z�e�d� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �t�o� �d�i�s�l�o�d�g�e� �a�n�y� �p�a�r�t�i�c�l�e�s� 

�t�r�a�p�p�e�d� �w�i�t�h�i�n� �t�h�e� �f�i�l�t�e�r� �m�e�m�b�r�a�n�e�.� �A�g�a�i�n�,� �a� �s�l�i�g�h�t�l�y� �a�c�i�d�i�c� �d�i�s�t�i�l�l�e�d�-�d�e�i�o�n�i�z�e�d� �w�a�t�e�r� 

�s�o�l�u�t�i�o�n� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �f�i�l�t�r�a�t�i�o�n� �c�h�a�m�b�e�r� �f�o�r� �m�e�m�b�r�a�n�e� �s�t�o�r�a�g�e�.� 

�M�a�n�u�f�a�c�t�u�r�e�r� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �r�e�c�o�m�m�e�n�d� �t�h�a�t� �t�h�e� �f�i�l�t�e�r�s� �b�e� �o�p�e�r�a�t�e�d� �a�t� �5�5� �p�s�i�g� �f�o�r� 

�f�i�l�t�e�r� �o�p�e�r�a�t�i�o�n�s� �s�o� �t�h�a�t� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� �m�e�m�b�r�a�n�e� �m�a�y� �b�e� �c�o�n�s�t�a�n�t�l�y� �m�o�n�i�t�o�r�e�d�.� 

�A�s� �p�r�e�v�i�o�u�s�l�y� �s�t�a�t�e�d� �t�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �a�t� �2�0� �p�s�i�g�;� �t�h�i�s� �l�o�w�e�r� �p�r�e�s�s�u�r�e� �w�a�s� 

�i�n�t�e�n�d�e�d� �t�o� �i�n�s�u�r�e� �t�h�a�t� �t�h�e� �p�a�r�t�i�c�l�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �p�o�r�e� �s�i�z�e� �w�o�u�l�d� �b�e� �r�e�t�a�i�n�e�d�.� 

�H�o�w�e�v�e�r�,� �p�a�r�a�l�l�e�l� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �a�p�p�l�i�e�d� �p�r�e�s�s�u�r�e� �o�f� �2�0� �a�n�d� �5�5� �p�s�i�g� �t�o� �d�e�t�e�r�m�i�n�e� 

�i�f� �t�h�e� �p�r�e�s�s�u�r�e� �a�f�f�e�c�t�e�d� �t�h�e� �r�e�s�u�l�t�s�.� �F�r�o�m� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d�,� �i�t� �d�i�d� �n�o�t� �a�p�p�e�a�r� �a�s� �t�h�o�u�g�h� 

�t�h�e� �h�i�g�h�e�r� �p�r�e�s�s�u�r�e� �p�r�o�d�u�c�e�d� �r�e�s�u�l�t�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�e� �2�0� �p�s�i�g� �r�e�s�u�l�t�s�.� �A�l�s�o�,� �n�e�i�t�h�e�r� 

�4�0



�p�r�e�s�s�u�r�e� �c�o�n�d�i�t�i�o�n� �r�e�s�u�l�t�e�d� �i�n� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� 

�u�s�i�n�g� �t�h�e� �s�y�r�i�n�g�e� �f�i�l�t�e�r�s� �(�0�.�4�5� �j�m�.�)�.� 

�G�.� �M�e�a�s�u�r�e�m�e�n�t� �T�e�c�h�n�i�q�u�e�s� �f�o�r� �D�a�t�a� �C�o�l�l�e�c�t�i�o�n� 

�1�.� �p�H� �a�n�d� �T�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �p�H� �o�f� �a�l�l� �s�o�l�u�t�i�o�n�s� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �F�i�s�h�e�r� 
� � 

�A�c�c�u�m�e�t� �7�1�0� �p�H� �m�e�t�e�r� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �C�o�.�;� �P�i�t�t�s�b�u�r�g�h�,� �P�A�)�.� �T�h�e� �m�e�t�e�r� �w�a�s� �c�a�l�i�b�r�a�t�e�d� 

�d�a�i�l�y� �u�s�i�n�g� �s�t�a�n�d�a�r�d� �p�H� �4� �a�n�d� �p�H� �7� �b�u�f�f�e�r� �s�o�l�u�t�i�o�n�s� �r�e�f�r�i�g�e�r�a�t�e�d� �t�o� �1�0�°�C�.� �A�l�l� �t�e�m�p�e�r�a�t�u�r�e� 

�r�e�a�d�i�n�g�s� �w�e�r�e� �t�a�k�e�n� �u�s�i�n�g� �a� �s�t�a�n�d�a�r�d� �a�l�c�o�h�o�l� �t�h�e�r�m�o�m�e�t�e�r� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �C�o�.�;� 

�P�i�t�t�s�b�u�r�g�h�,� �P�A�)�.� 

�2�.� �H�O�C�I� �R�e�s�i�d�u�a�l�.� �M�o�n�i�t�o�r�i�n�g� �o�f� �t�h�e� �H�O�C�I� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �a�n�d� �t�h�e� �r�e�s�i�d�u�a�l� �H�O�C�!� 

�i�n� �t�h�e� �t�e�s�t� �s�o�l�u�t�i�o�n�s� �w�a�s� �m�e�a�s�u�r�e�d� �v�i�a� �a�m�p�e�r�o�m�e�t�r�i�c� �t�i�t�r�a�t�i�o�n� �w�i�t�h� �p�h�e�n�y�l�a�r�s�i�n�e� �o�x�i�d�e� 

�(�P�A�O�)� �a�s� �o�u�t�l�i�n�e�d� �i�n� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s �� �(�M�e�t�h�o�d� �#� �4�5�0�0�-�C�l� �D�)�.� �T�h�i�s� �t�i�t�r�a�t�i�o�n� 

�p�r�o�c�e�d�u�r�e� �r�e�q�u�i�r�e�s� �a� �2�0�0� �m�L� �s�a�m�p�l�e� �v�o�l�u�m�e�;� �h�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �o�f� �t�h�e� �l�i�m�i�t�e�d� �a�m�o�u�n�t� �o�f� 

�s�a�m�p�l�e� �r�e�m�a�i�n�i�n�g� �f�o�l�l�o�w�i�n�g� �f�i�l�t�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s�,� �a� �1�:�1� �d�i�l�u�t�i�o�n� �w�a�s� �m�a�d�e� �u�s�i�n�g� �M�i�l�l�i�-�Q� 

�w�a�t�e�r�.� �T�o� �e�n�s�u�r�e� �t�h�e� �d�i�l�u�t�i�o�n� �w�o�u�l�d� �n�o�t� �a�f�f�e�c�t� �t�h�e� �r�e�s�u�l�t�s� �a� �s�a�m�p�l�e� �w�a�s� �t�e�s�t�e�d� �u�s�i�n�g� �b�o�t�h� 

�a� �d�i�l�u�t�e� �a�n�d� �a� �f�u�l�l� �s�t�r�e�n�g�t�h� �s�a�m�p�l�e�,� �a�n�d� �c�o�m�p�a�r�a�b�l�e� �r�e�s�u�l�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d�.� �T�h�e� �1�0�0� �m�L� 

�s�a�m�p�l�e� �v�o�l�u�m�e� �w�a�s� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �a� �0�.�4�5�u�m� �f�i�l�t�e�r� �t�o� �r�e�m�o�v�e� �a�n�y� �o�x�i�d�i�z�e�d� �p�a�r�t�i�c�l�e�s� �f�r�o�m� 

�s�o�l�u�t�i�o�n� �t�h�a�t� �m�a�y� �i�n�t�e�r�f�e�r�e� �w�i�t�h� �t�h�e� �t�i�t�r�a�t�i�o�n� �r�e�s�u�l�t�s�.� �T�o� �t�h�e� �2�0�0� �m�L� �d�i�l�u�t�e�d� �s�a�m�p�l�e�,� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �m�L� �o�f� �p�H� �7� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r� �a�n�d� �o�n�e� �g�r�a�m� �o�f� �p�o�t�a�s�s�i�u�m� �i�o�d�i�d�e� �(�K�I�)� 

�w�e�r�e� �a�d�d�e�d�.� �T�h�e� �t�i�t�r�a�t�i�o�n� �w�a�s� �t�h�e�n� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �T�i�t�r�a�t�i�o�n� 

�C�o�n�t�r�o�l�l�e�r� �M�o�d�e�l� �#� �4�5�0� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �C�o�.�;� �P�i�t�t�s�b�u�r�g�h�,� �P�A�)� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�t�a�n�d�a�r�d� 

�0�.�0�0�5�4�N� �P�A�O�.� 

�3�.� �S�o�l�u�b�l�e� �M�e�t�a�l�s� �C�o�n�c�e�n�t�r�a�t�i�o�n�.� �M�e�t�a�l�s� �a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �P�e�r�k�i�n� � � 

�E�l�m�e�r� �A�t�o�m�i�c� �A�d�s�o�r�p�t�i�o�n� �S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �M�o�d�e�l� �7�0�3� �(�P�e�r�k�i�n� �E�l�m�e�r�,� �N�o�r�w�a�l�k�,� �C�T�)�.� 

�A�l�l� �t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �r�e�c�o�m�m�e�n�d�e�d� �s�e�t�t�i�n�g�s� �o�f� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r� �f�o�r� 

�w�a�v�e�l�e�n�g�t�h�,� �l�a�m�p� �c�u�r�r�e�n�t�,� �e�t�c�.� �A� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t� �t�e�s�t� �a�s� �o�u�t�l�i�n�e�d� �i�n� �t�h�e� �P�e�r�k�i�n� �E�l�m�e�r� 

�4�]



�I�n�s�t�r�u�m�e�n�t� �M�a�n�u�a�l �� �w�a�s� �c�o�n�d�u�c�t�e�d� �o�n� �s�e�v�e�r�a�l� �o�c�c�a�s�i�o�n�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�c�c�u�r�a�c�y�,� 

�r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�,� �a�n�d� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t� �o�f� �t�h�e� �e�q�u�i�p�m�e�n�t� �u�s�e�d�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� �r�e�s�u�l�t�s� 

�f�r�o�m� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �i�s� �o�u�t�l�i�n�e�d� �i�n� �A�p�p�e�n�d�i�x� �B� �a�s� �w�e�l�l� �a�s� �a� �s�u�m�m�a�r�y� �o�f� �t�h�e� �o�p�e�r�a�t�i�n�g� 

�p�a�r�a�m�e�t�e�r�s� �u�s�e�d� �d�u�r�i�n�g� �a�n�a�l�y�s�i�s�.� 

�4�,� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �C�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� 

�f�o�l�l�o�w�e�d� �t�h�e� �p�r�o�c�e�d�u�r�e� �o�u�t�l�i�n�e�d� �i�n� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s!"� �(�M�e�t�h�o�d� �#� �2�5�4�0� �D�.�)�.� �G�l�a�s�s�-�f�i�b�e�r� 

�f�i�l�t�e�r�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �p�a�s�s�i�n�g� �t�h�r�e�e� �2�0� �m�L� �a�l�i�q�u�o�t�s� �o�f� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �t�h�r�o�u�g�h� �e�a�c�h� 

�f�i�l�t�e�r�.� �T�h�e� �f�i�l�t�e�r�s� �w�e�r�e� �t�h�e�n� �s�t�o�r�e�d� �f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �h�o�u�r� �p�r�i�o�r� �t�o� �u�s�e� �i�n� �a� �1�0�5�°�C� �o�v�e�n� �t�o� 

�e�v�a�p�o�r�a�t�e� �a�n�y� �w�a�t�e�r� �b�o�u�n�d� �t�o� �t�h�e� �f�i�l�t�e�r�.� �B�e�f�o�r�e� �u�s�e�,� �t�h�e� �f�i�l�t�e�r�s� �w�e�r�e� �s�t�o�r�e�d� �i�n� �a� �d�e�s�i�c�c�a�t�o�r� 

�t�o� �b�r�i�n�g� �t�h�e�m� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �w�e�i�g�h�e�d� �u�s�i�n�g� �a� �s�t�a�n�d�a�r�d� �l�a�b�o�r�a�t�o�r�y� 

�s�c�a�l�e�.� �T�h�e� �s�a�m�p�l�e� �f�o�r� �w�h�i�c�h� �s�o�l�i�d�s� �d�a�t�a� �w�a�s� �d�e�s�i�r�e�d� �w�a�s� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �a� �v�a�c�u�u�m� �p�u�m�p� 

�w�i�t�h� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �p�o�u�n�d�s� �o�f� �a�p�p�l�i�e�d� �p�r�e�s�s�u�r�e� �d�i�f�f�e�r�e�n�t�i�a�l�.� �D�i�s�t�i�l�l�e�d� �w�a�t�e�r� �w�a�s� �u�s�e�d� 

�t�o� �r�i�n�s�e� �t�h�e� �s�i�d�e�s� �o�f� �t�h�e� �f�i�l�t�r�a�t�i�o�n� �c�o�n�e� �t�o� �i�n�s�u�r�e� �a�l�l� �s�o�l�i�d�s� �w�e�r�e� �c�a�p�t�u�r�e�d�.� �T�h�e� �v�o�l�u�m�e� �o�f� 

�s�a�m�p�l�e� �f�i�l�t�e�r�e�d� �w�a�s� �r�e�c�o�r�d�e�d�,� �a�n�d� �t�h�e� �f�i�l�t�e�r� �w�a�s� �a�g�a�i�n� �p�l�a�c�e�d� �i�n� �t�h�e� �1�0�5�°�C� �o�v�e�n� �f�o�r�a� 

�m�i�n�i�m�u�m� �o�f� �o�n�e� �h�o�u�r�.� �A�g�a�i�n� �t�h�e� �f�i�l�t�e�r� �w�a�s� �b�r�o�u�g�h�t� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �a� �d�e�s�i�c�c�a�t�o�r� 

�p�r�i�o�r� �t�o� �b�e�i�n�g� �w�e�i�g�h�e�d� �f�o�r� �a�n�a�l�y�s�i�s�.� 

�5�.� �A�c�i�d� �D�i�g�e�s�t�i�o�n� �o�f� �O�x�i�d�i�z�e�d� �S�o�l�i�d�s�.� �F�o�r� �s�e�v�e�r�a�l� �e�x�p�e�r�i�m�e�n�t�s�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�o�f� �i�r�o�n� �i�n� �s�o�l�u�t�i�o�n� �w�a�s� �d�e�s�i�r�e�d� �t�o� �a�i�d� �i�n� �t�h�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �p�h�e�n�o�m�e�n�o�n� �u�n�d�e�r� 

�s�t�u�d�y�.� �I�n� �m�o�s�t� �c�a�s�e�s� �t�h�e� �i�r�o�n� �i�n� �s�o�l�u�t�i�o�n� �w�a�s� �i�n� �a� �s�o�l�i�d�,� �o�x�i�d�i�z�e�d� �f�o�r�m� �w�h�i�c�h� �f�o�r�c�e�d� �t�h�e� 

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �d�i�g�e�s�t�i�o�n� �t�e�c�h�n�i�q�u�e� �t�o� �s�o�l�u�b�i�l�i�z�e� �t�h�e� �m�e�t�a�l� �i�o�n�s� �s�o� �t�h�a�t� �A�A�-�S� �c�o�u�l�d� �b�e� 

�u�s�e�d� �f�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�t�e�r�m�i�n�a�t�i�o�n�.� �F�o�r� �l�o�w�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �o�x�i�d�i�z�e�d� �i�r�o�n�,� �s�e�v�e�r�a�l� 

�d�r�o�p�s� �o�f� �c�o�n�c�e�n�t�r�a�t�e�d� �n�i�t�r�i�c� �a�c�i�d� �w�e�r�e� �u�s�e�d� �f�o�r� �d�i�g�e�s�t�i�o�n�,� �a�n�d� �v�e�r�y� �l�i�t�t�l�e� �d�i�l�u�t�i�o�n� �w�a�s� 

�n�o�t�e�d�.� �H�o�w�e�v�e�r�,� �f�o�r� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �i�r�o�n�,� �c�o�n�c�e�n�t�r�a�t�e�d� �h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �w�a�s� 

�u�s�e�d� �a�s� �i�r�o�n� �c�a�n� �b�i�n�d� �w�i�t�h� �t�h�e� �c�h�l�o�r�i�d�e� �i�n�t�r�o�d�u�c�e�d� �a�s� �w�e�l�l� �a�s� �b�e� �s�o�l�u�b�i�l�i�z�e�d� �b�y� �t�h�e� �e�f�f�e�c�t�s� 

�o�f� �a�c�i�d�i�f�i�c�a�t�i�o�n�.� �T�h�i�s� �p�h�e�n�o�m�e�n�o�n� �w�a�s� �u�n�k�n�o�w�n� �f�o�r� �e�a�r�l�i�e�r� �e�x�p�e�r�i�m�e�n�t�s�,� �a�s� �i�t�s� �u�s�e� �c�a�n� 

�r�e�d�u�c�e� �t�h�e� �n�e�c�e�s�s�a�r�y� �v�o�l�u�m�e� �o�f� �a�c�i�d� �r�e�q�u�i�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �(�r�e�d�u�c�i�n�g� �t�h�e� �d�i�l�u�t�i�o�n� �e�f�f�e�c�t�s�)�.� 
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�I�n� �c�a�s�e�s� �w�h�e�r�e� �l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �a�c�i�d� �w�e�r�e� �r�e�q�u�i�r�e�d�,� �t�h�e� �v�o�l�u�m�e� �a�d�d�e�d� �w�a�s� �r�e�c�o�r�d�e�d�,� �a�n�d� 

�t�h�e� �d�i�l�u�t�i�o�n� �e�f�f�e�c�t�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �c�a�l�c�u�l�a�t�i�o�n�.� �A� �s�i�m�i�l�a�r� �p�r�o�c�e�d�u�r�e� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� 

�m�e�a�s�u�r�e� �t�h�e� �q�u�a�n�t�i�t�y� �o�f� �m�a�n�g�a�n�e�s�e� �s�o�l�i�d�s� �i�n� �s�o�l�u�t�i�o�n� �a�s� �w�e�l�l�.� 
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�C�H�A�P�T�E�R� �I�V� 

�R�E�S�U�L�T�S� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �t�o� �s�a�t�i�s�f�y� �t�h�e� �r�e�s�e�a�r�c�h� �o�b�j�e�c�t�i�v�e�s� �w�i�l�l� �b�e� 

�s�u�m�m�a�r�i�z�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �T�h�e� �o�r�d�e�r� �o�f� �p�r�e�s�e�n�t�a�t�i�o�n� �w�i�l�l� �g�e�n�e�r�a�l�l�y� �f�o�l�l�o�w� �t�h�e� �o�r�d�e�r� �t�h�e� 

�d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�s� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �s�e�r�v�e�d� �a�s� �a�  ��b�u�i�l�d�i�n�g� �b�l�o�c�k �� �f�o�r� �f�u�t�u�r�e� 

�e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �i�n�t�e�n�t� �o�f� �t�h�e�s�e� �s�t�u�d�i�e�s� �w�a�s� �t�o� �e�x�p�l�a�i�n� �t�h�e� �p�o�s�s�i�b�l�e� �i�n�t�e�r�a�c�t�i�o�n� �t�h�a�t� 

�o�c�c�u�r�r�e�d� �b�e�t�w�e�e�n� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�o�l�i�d�s� �a�n�d� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �a�t� �t�h�e� �g�r�o�u�n�d�w�a�t�e�r� 

�t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�y� �(�f�i�e�l�d� �d�a�t�a� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �1�)�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �w�a�s� �d�e�s�i�g�n�e�d� 

�t�o� �s�t�u�d�y� �e�a�c�h� �o�f� �t�h�e� �p�o�s�s�i�b�l�e� �r�e�m�o�v�a�l� �m�e�c�h�a�n�i�s�m�s� �i�n� �d�e�t�a�i�l� �t�o� �e�x�p�l�a�i�n� �t�h�e� �o�b�s�e�r�v�e�d� 

�p�h�e�n�o�m�e�n�o�n�.� �A�d�d�i�t�i�o�n�a�l� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �w�a�s� �c�o�n�d�u�c�t�e�d� �t�o� �d�e�v�e�l�o�p� �a� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� 

�s�y�s�t�e�m�,� �a�n�d� �t�o� �c�i�t�e� �k�e�y� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �s�u�c�h� �a� �s�y�s�t�e�m� �t�o� �p�r�o�v�i�d�e� �a� 

�m�e�a�n�s� �o�f� �m�o�r�e� �e�f�f�e�c�t�i�v�e� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �r�e�m�o�v�a�l�.� �A�l�l� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� 

�a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �t�a�b�u�l�a�r� �f�o�r�m�a�t� �i�n� �A�p�p�e�n�d�i�x� �A�.� �A� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �h�e�r�e� 

�c�a�n� �b�e� �f�o�u�n�d� �i�n� �C�h�a�p�t�e�r� �V�.� 

�O�n�e� �k�e�y� �n�o�t�e� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �c�o�n�d�u�c�t�e�d� �i�s� �t�h�e� �t�y�p�e� �o�f� �i�r�o�n� �s�t�o�c�k� �u�s�e�d�.� 

�A�s� �n�o�t�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I�,� �w�h�e�n� �l�a�r�g�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �F�e�(�I�I�)� �w�e�r�e� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n�,� 

�i�n�c�r�e�a�s�i�n�g� �q�u�a�n�t�i�t�i�e�s� �o�f� �M�n�(�I�I�)� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �s�o�l�u�t�i�o�n� �a�s� �w�e�l�l�.� �T�h�i�s� �e�x�p�l�a�i�n�s� �t�h�e� 

�i�n�c�r�e�a�s�e�d� �a�m�o�u�n�t� �o�f� �M�n�(�I�I�)� �n�o�t�e�d� �a�t� �t�i�m�e� �z�e�r�o� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�(�s�)�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� 

�i�m�p�u�r�i�t�y� �o�f� �t�h�e� �i�r�o�n� �s�t�o�c�k� �u�s�e�d� �i�s� �i�n�c�l�u�d�e�d� �i�n� �t�a�b�u�l�a�r� �f�o�r�m�a�t� �(�T�a�b�l�e� �A�-�3�)� �i�n� �A�p�p�e�n�d�i�x� �A�.� 

�B�y� �u�s�i�n�g� �t�h�i�s� �i�r�o�n� �s�t�o�c�k�,� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �d�e�c�i�p�h�e�r� �w�h�e�t�h�e�r� �t�h�e� �i�n�i�t�i�a�l� �M�n�(�I�I�)� �m�e�a�s�u�r�e�d� 

�i�s� �r�e�m�o�v�e�d� �b�y� �e�n�t�r�a�p�m�e�n�t� �(�c�o�-�p�r�e�c�i�p�i�t�a�t�i�o�n�)� �w�i�t�h�i�n� �f�o�r�m�i�n�g� �f�l�o�c�s� �o�r� �b�y� �t�h�e� �o�t�h�e�r� �m�e�a�n�s� �t�o� 

�b�e� �s�t�u�d�i�e�d� �d�u�r�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�.� �T�h�i�s� �s�h�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d� �w�h�e�n� �r�e�v�i�e�w�i�n�g� �t�h�e� 

�r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d�.� 

�A�.� �E�x�p�e�r�i�m�e�n�t�a�l� �S�e�t�u�p� 

�I�n�i�t�i�a�l� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �w�a�s� �u�n�d�e�r�t�a�k�e�n� �t�o� �d�e�f�i�n�e� �a� �s�e�t� �o�f� �c�o�n�t�r�o�l�l�e�d� �e�x�p�e�r�i�m�e�n�t�a�l� 

�c�o�n�d�i�t�i�o�n�s� �u�n�d�e�r� �w�h�i�c�h� �t�h�e� �e�n�h�a�n�c�e�d� �o�x�i�d�a�t�i�o�n� �o�f� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 
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�i�r�o�n� �o�x�i�d�e�s� �a�n�d� �H�O�C�I� �c�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �w�i�t�h�o�u�t� �i�n�t�e�r�f�e�r�e�n�c�e� �f�r�o�m� �o�t�h�e�r� �r�e�m�o�v�a�l� 

�m�e�c�h�a�n�i�s�m�s�.� �S�e�v�e�r�a�l� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �f�i�r�s�t� �c�o�n�d�u�c�t�e�d� �t�o� �s�t�u�d�y� �o�t�h�e�r� �p�o�s�s�i�b�l�e� �r�e�m�o�v�a�l� 

�m�e�c�h�a�n�i�s�m�s� �f�o�r� �M�n�(�I�I�)� �t�h�a�t� �c�o�u�l�d� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d� �r�e�s�u�l�t�s�.� �T�h�e�s�e� 

�m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �h�y�p�o�t�h�e�s�i�z�e�d� �t�o� �i�n�c�l�u�d�e�:� 

�F�o�r�m�a�t�i�o�n� �o�f� �M�n�C�O�3� �(�s�)� 
�C�o�-�p�r�e�c�i�p�i�t�a�t�i�o�n� �w�i�t�h�/�A�d�s�o�r�p�t�i�o�n� �o�n�t�o� �C�a�C�Q�s�3� �(�s�)� 
�S�o�l�u�t�i�o�n� �p�h�a�s�e� �o�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�I�)� �b�y� �H�O�C�I� �(�n�o� �F�e�(�I�I�I� �s�o�l�i�d�s� �p�r�e�s�e�n�t�)� 
�A�d�s�o�r�p�t�i�o�n� �o�n�t�o� �i�r�o�n� �o�x�i�d�e�s� 

�T�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �a�p�p�r�o�p�r�i�a�t�e� �l�e�n�g�t�h�s� �o�f� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �a�t� �v�a�r�i�o�u�s� �p�H� 

�c�o�n�d�i�t�i�o�n�s�.� �A�l�s�o�,� �a�s� �p�r�e�v�i�o�u�s�l�y� �m�e�n�t�i�o�n�e�d�,� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �u�s�e�d� �t�o� �s�e�t� �f�u�t�u�r�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �s�u�c�h� �t�h�a�t� �a�n�y� �o�f� �t�h�e�s�e� �m�e�c�h�a�n�i�s�m�s� �w�o�u�l�d� �n�o�t� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� 

�m�a�n�g�a�n�e�s�e�  ��s�i�n�k�s �� �f�r�o�m� �t�h�e� �s�y�s�t�e�m� �a�s� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �e�n�h�a�n�c�e�d� �o�x�i�d�a�t�i�o�n� �o�f� �s�o�l�u�b�l�e� 

�m�a�n�g�a�n�e�s�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �i�r�o�n� �o�x�i�d�e�s� �a�n�d� �H�O�C�!� �w�a�s� �u�n�d�e�r�t�a�k�e�n�.� 

�B�.� �S�t�u�d�i�e�s� �o�f� �P�o�s�s�i�b�l�e� �M�n�(�I�I�)� �R�e�m�o�v�a�l� �M�e�c�h�a�n�i�s�m�s� 

�1�.� �F�o�r�m�a�t�i�o�n� �o�f� �M�n�C�Q�3�(�s�)� �a�n�d� �C�o�-�p�r�e�c�i�p�i�t�a�t�i�o�n� �w�i�t�h�/�A�d�s�o�r�p�t�i�o�n� �o�n�t�o� �C�a�C�Q�3� �5�)�.� �T�h�e�s�e� 

�t�w�o� �m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �a�s� �t�h�e�y� �o�c�c�u�r� �u�n�d�e�r� �s�i�m�i�l�a�r� �p�H� �a�n�d� 

�s�o�l�u�t�i�o�n� �c�o�n�d�i�t�i�o�n�s�.� �F�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �o�u�t�l�i�n�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I�,� �t�h�e� �s�o�l�u�t�i�o�n� 

�m�a�k�e�u�p� �i�s� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �b�o�t�h� �M�n�C�O�s�3� �(�,�)� �a�n�d� �C�a�C�O�3� �«� �a�t� �p�H� �9�.� �(�S�o�l�u�b�i�l�i�t�y� 

�p�r�o�d�u�c�t� �c�a�l�c�u�l�a�t�i�o�n�s� �c�o�n�f�i�r�m�i�n�g� �t�h�i�s� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�.�)� �I�n� �o�r�d�e�r� �t�o� �a�c�c�o�u�n�t� �f�o�r� 

�t�h�e� �p�o�s�s�i�b�l�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�D�)� �a�t� �t�h�i�s� �s�o�l�u�t�i�o�n� �p�H�,� �t�h�e� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �s�o�l�u�t�i�o�n� 

�w�a�s� �m�e�a�s�u�r�e�d� �o�v�e�r� �t�i�m�e�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �8� �i�n�d�i�c�a�t�e� �t�h�a�t� �M�n�(�I�I�)� �w�a�s� �i�n�d�e�e�d� 

�r�e�m�o�v�e�d� �b�y� �o�n�e� �o�r� �b�o�t�h� �o�f� �t�h�e�s�e� �p�h�e�n�o�m�e�n�a�.� �T�h�u�s�,� �t�h�e� �w�h�i�t�e� �c�h�e�m�i�c�a�l� �p�r�e�c�i�p�i�t�a�t�e� 

�o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �M�n�C�O� �3�)� �o�r� �C�a�C�O�3�,�.�)� �o�r� �a� �c�o�m�b�i�n�a�t�i�o�n� 
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�a�n�o�t�h�e�r� �p�o�s�s�i�b�l�e� �m�e�a�n�s� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l�-� �a�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �f�r�e�s�h�l�y� �p�r�e�c�i�p�i�t�a�t�e�d� 

�i�r�o�n� �o�x�i�d�e�s�.� �B�e�f�o�r�e� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �c�o�u�l�d� �b�e� �p�e�r�f�o�r�m�e�d�,� �t�h�e� �t�i�m�e� �r�e�q�u�i�r�e�d� �f�o�r� �s�u�c�h� �a� 

�p�h�e�n�o�m�e�n�o�n� �t�o� �o�c�c�u�r� �w�a�s� �d�e�t�e�r�m�i�n�e�d�.� �P�r�e�v�i�o�u�s� �r�e�s�e�a�r�c�h �� �h�a�d� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a� �5�-�m�i�n�u�t�e� 

�c�o�n�t�a�c�t� �t�i�m�e� �w�a�s� �s�u�f�f�i�c�i�e�n�t� �f�o�r� �a�d�s�o�r�p�t�i�o�n�.� �F�o�r� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�,� �a�d�s�o�r�p�t�i�o�n� �t�i�m�e�s� �o�f� 

�5� �m�i�n�u�t�e�s� �w�e�r�e� �u�s�e�d� �t�o� �a�l�l�o�w� �f�o�r� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �t�o� �d�e�v�e�l�o�p� �b�e�t�w�e�e�n� �t�h�e� �i�r�o�n� �o�x�i�d�e�s� �a�n�d� 

�M�n� �(�I�D� �i�n� �s�o�l�u�t�i�o�n�.� 

�A�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �p�H� �7� �a�n�d� �8� �t�o� �d�e�v�e�l�o�p� �i�s�o�t�h�e�r�m�s� �f�o�r� �M�n�d�I�D� 

�s�o�r�p�t�i�o�n� �o�n�t�o� �n�e�w�l�y� �f�o�r�m�e�d� �i�r�o�n� �o�x�i�d�e�s�.� �T�h�e�s�e� �d�a�t�a� �a�r�e� �p�l�o�t�t�e�d� �o�n� �a� �C�a�r�t�e�s�i�a�n� �c�o�o�r�d�i�n�a�t�e� 

�s�y�s�t�e�m� �i�n� �F�i�g�u�r�e� �1�2�.� �T�h�e� �s�t�u�d�i�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �o�f� �i�r�o�n� �o�x�i�d�e�s� �f�o�r� 

�M�n�(�I�I�)� �i�s� �q�u�i�t�e� �s�m�a�l�l�,� �a�n�d� �t�h�u�s� �t�h�e� �r�o�l�e� �t�h�i�s� �m�e�c�h�a�n�i�s�m�,� �l�i�k�e� �s�o�l�u�t�i�o�n� �p�h�a�s�e� �o�x�i�d�a�t�i�o�n�,� 

�p�l�a�y�s� �i�n� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �i�s� �r�e�l�a�t�i�v�e�l�y� �m�i�n�o�r� �a�n�d� �i�s� �c�e�r�t�a�i�n�l�y� �n�o�t� �t�h�e� �d�o�m�i�n�a�n�t� �m�e�c�h�a�n�i�s�m�.� 

�T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �h�o�l�d�s� �t�r�u�e� �o�n�l�y� �o�v�e�r� �t�h�e� �r�a�n�g�e� �o�f� �i�r�o�n� �o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �s�t�u�d�i�e�d� �t�o� 

�d�e�v�e�l�o�p� �t�h�e� �i�s�o�t�h�e�r�m� �d�a�t�a�.� �H�o�w�e�v�e�r�,� �a�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �c�a�p�a�c�i�t�y� �i�s� �g�r�e�a�t�e�r� �a�t� �p�H� 

�8� �a�s� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �c�a�r�r�i�e�s� �a� �m�o�r�e� �n�e�g�a�t�i�v�e� �s�u�r�f�a�c�e� �c�h�a�r�g�e�.� 

�T�h�e� �d�a�t�a� �w�e�r�e� �a�l�s�o� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �L�a�n�g�m�u�i�r�i�a�n� �i�s�o�t�h�e�r�m� �t�h�e�o�r�y� �a�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �1�3�.� �A�t� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�5�0� �m�g�/�L�,� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

�l�e�v�e�l� �o�f� �i�n�f�l�u�e�n�t� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �u�s�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e�s�e� �s�t�u�d�i�e�s�,� �t�h�e� �m�a�x�i�m�u�m� 

�a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �d�e�t�e�r�m�i�n�e�d� �a�t� �p�H� �8� �w�a�s� �0�.�0�0�5� �m�g� �M�n�(�I�I�)�/�m�g� �F�e�(�I�I�I�)�.� �D�u�e� �t�o� �t�h�e� 

�s�p�r�e�a�d� �o�f� �t�h�e� �d�a�t�a� �a� �b�e�s�t� �f�i�t� �l�i�n�e� �c�o�u�l�d� �n�o�t� �b�e� �d�r�a�w�n� �f�o�r� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �a�t� �p�H� �7� 

�c�o�n�d�i�t�i�o�n�s� �f�o�r� �b�o�t�h� �F�i�g�u�r�e�s� �1�2� �a�n�d� �1�3�.� �N�u�m�e�r�o�u�s� �a�t�t�e�m�p�t�s� �w�e�r�e� �m�a�d�e� �t�o� �c�o�l�l�e�c�t� �m�o�r�e� 

�a�c�c�u�r�a�t�e� �i�s�o�t�h�e�r�m� �d�a�t�a� �a�t� �t�h�i�s� �p�H� �c�o�n�d�i�t�i�o�n�,� �b�u�t� �a�l�l� �a�t�t�e�m�p�t�s� �w�e�r�e� �u�n�s�u�c�c�e�s�s�f�u�l� �a�s� �t�h�e� 

�s�o�r�b�e�d� �q�u�a�n�t�i�t�i�e�s� �o�f� �m�a�n�g�a�n�e�s�e� �w�e�r�e� �q�u�i�t�e� �s�m�a�l�l� �a�n�d� �d�i�f�f�i�c�u�l�t� �t�o� �m�e�a�s�u�r�e�.� 

�A�d�s�o�r�p�t�i�o�n� �c�a�p�a�c�i�t�i�e�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �b�e� �e�v�e�n� �g�r�e�a�t�e�r� �a�t� �h�i�g�h�e�r� �p�H� 

�c�o�n�d�i�t�i�o�n�s�,� �h�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �i�t� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�h�a�t� �o�t�h�e�r� �m�e�c�h�a�n�i�s�m�s� �m�a�y� �d�o�m�i�n�a�t�e� 

�M�n�(�I�I�)� �r�e�m�o�v�a�l� �a�t� �h�i�g�h�e�r� �p�H� �v�a�l�u�e�s� �u�n�d�e�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �b�e�i�n�g� �u�t�i�l�i�z�e�d�,� �i�t� 

�w�o�u�l�d� �b�e� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�o�l�e� �a�d�s�o�r�p�t�i�o�n� �a�l�o�n�e� �m�a�y� �h�a�v�e� �i�n� �M�n�(�I�I�)� �r�e�m�o�v�a�l�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �w�e�r�e� �o�n�l�y� �c�o�n�d�u�c�t�e�d� �t�o� �a� �m�a�x�i�m�u�m� �s�o�l�u�t�i�o�n� �p�H� �o�f� �8� 

�s�t�a�n�d�a�r�d� �u�n�i�t�s�.� 
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�O�n�e� �i�s�s�u�e� �n�o�t�e�d� �d�u�r�i�n�g� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �w�a�s� �t�h�e� �e�l�e�v�a�t�e�d� �l�e�v�e�l�s� �o�f� �m�a�n�g�a�n�e�s�e� 

�i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �s�o�l�u�t�i�o�n� �a�s� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �i�r�o�n� �o�x�i�d�e�s� �w�e�r�e� �u�s�e�d�.� �T�h�i�s� �w�a�s� 

�e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� �i�m�p�u�r�i�t�y� �o�f� �t�h�e� �i�r�o�n� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �a�s� �t�h�e� �p�u�r�i�t�y� �o�f� �t�h�e� �f�e�r�r�o�u�s� �i�r�o�n� 

�s�u�l�f�a�t�e� �h�e�p�t�a�h�y�d�r�a�t�e� �c�r�y�s�t�a�l�s� �u�s�e�d� �d�u�r�i�n�g� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �w�a�s� �o�n�l�y� �9�9�%�.� �T�h�i�s� 

�i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �m�a�n�g�a�n�e�s�e� �m�a�d�e� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �m�o�r�e� �c�h�a�l�l�e�n�g�i�n�g� �a�n�d� �a�l�s�o� 

�a�l�l�o�w�e�d� �f�o�r� �t�h�e� �e�n�m�e�s�h�m�e�n�t� �o�f� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �i�n�t�o� �t�h�e� �i�r�o�n� �o�x�i�d�e� �f�l�o�c�s� �a�s� �t�h�e�y� 

�f�o�r�m�e�d�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �p�r�e�s�e�n�t�e�d� �p�r�e�v�i�o�u�s�l�y� �m�a�y� �i�n�d�i�c�a�t�e� �g�r�e�a�t�e�r� 

�q�u�a�n�t�i�t�i�e�s� �o�f� �M�n�(�I�I�)� �w�e�r�e� �s�o�r�b�e�d� �t�h�a�n� �w�o�u�l�d� �n�o�r�m�a�l�l�y� �b�e� �o�b�s�e�r�v�e�d�.� 

�T�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�i�s� �i�s�s�u�e� �f�u�r�t�h�e�r�,� �a� �p�u�r�i�f�i�e�d� �g�r�a�d�e� �(�9�9�.�9�9�9�%�)� �o�f� �f�e�r�r�o�u�s� �i�r�o�n� �s�u�l�f�a�t�e� 

�h�e�p�t�a�h�y�d�r�a�t�e� �c�r�y�s�t�a�l�s� �(�F�e�S�O�,�-� �7�H�2�O�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�n�d� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �w�e�r�e� �r�e�p�e�a�t�e�d�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e� �1�4� �a�n�d� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �a�d�s�o�r�p�t�i�o�n� 

�i�s� �s�l�i�g�h�t�l�y� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �o�b�s�e�r�v�e�d� �u�s�i�n�g� �t�h�e� �s�t�a�n�d�a�r�d� �i�r�o�n� �s�t�o�c�k� �s�o�l�u�t�i�o�n�.� �A�d�s�o�r�p�t�i�o�n� 

�c�a�p�a�c�i�t�i�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �0�.�0�0�0�1� �a�n�d� �0�.�0�0�1�6� �m�g� �M�n�/�m�g� �F�e�(�I�I�I�)� �f�o�r� �p�H� �7� �a�n�d� �8�,� 

�r�e�s�p�e�c�t�i�v�e�l�y� �f�o�r� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �M�n�(�i�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�3�5� �m�g�/�L�.� 

�C�.� �M�n�(�f�1�)� �R�e�m�o�v�a�l� �v�i�a� �S�u�r�f�a�c�e� �C�a�t�a�l�y�z�e�d� �O�x�i�d�a�t�i�o�n� �o�f� �M�a�n�g�a�n�e�s�e� �w�i�t�h� �I�r�o�n� �O�x�i�d�e�s� 

�I�n� �t�h�e� �p�r�e�v�i�o�u�s� �a�d�s�o�r�p�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �t�h�e� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l�s� �w�e�r�e� �f�r�e�e� �o�f� �o�x�i�d�a�n�t�s� 

�w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �w�h�i�c�h� �h�a�s� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �a�s� 

�i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �f�i�e�l�d� �d�a�t�a� �p�r�e�v�i�o�u�s�l�y� �p�r�e�s�e�n�t�e�d�'�.� �T�h�u�s� �f�a�r� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�,� �n�o� 

�m�e�c�h�a�n�i�s�m� �a�l�o�n�e� �h�a�s� �p�r�o�v�e�n� �t�o� �b�e� �c�a�p�a�b�l�e� �o�f� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �o�b�s�e�r�v�e�d� 

�i�n� �t�h�e� �f�i�e�l�d� �s�t�u�d�i�e�s�.� �T�h�e� �n�e�x�t� �s�e�t� �o�f� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �t�o� �s�t�u�d�y� �t�h�e� �h�y�p�o�t�h�e�s�i�s� 

�t�h�a�t� �t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �(�F�e�(�I�I�I�)� �c�a�t�a�l�y�z�e�d� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �M�n�(�I�I�)� �a�n�d� �H�O�C�I�.� �T�h�i�s� �w�a�s� 

�b�e�l�i�e�v�e�d� �t�o� �b�e� �a� �p�s�e�u�d�o�-�c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�w�o� �m�e�c�h�a�n�i�s�m�s�:� �a�d�s�o�r�p�t�i�o�n� �a�n�d� �s�o�l�u�t�i�o�n� �p�h�a�s�e� 

�(�c�h�e�m�i�c�a�l�)� �o�x�i�d�a�t�i�o�n�.� 

�I�n�i�t�i�a�l�l�y�,� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �u�n�d�e�r� �s�i�m�i�l�a�r� �c�o�n�d�i�t�i�o�n�s� �t�o� �t�h�o�s�e� �s�e�e�n� 

�a�t� �t�y�p�i�c�a�l� �g�r�o�u�n�d�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�i�e�s� �w�h�e�r�e� �t�h�e� �i�r�o�n� �i�s� �a�l�l�o�w�e�d� �t�o� �o�x�i�d�i�z�e� �w�i�t�h� 

�M�n�(�I�I�)� �p�r�e�s�e�n�t� �i�n� �s�o�l�u�t�i�o�n�.� �H�o�w�e�v�e�r�,� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�5�,� �t�h�i�s� �r�e�s�u�l�t�e�d� �i�n� �g�r�e�a�t�e�r� 

�r�e�m�o�v�a�l� �o�f� �M�n�(�I�I�)� �f�r�o�m� �s�o�l�u�t�i�o�n� �p�o�s�s�i�b�l�y� �d�u�e� �t�o� �e�n�t�r�a�p�m�e�n�t� �o�f� �t�h�e� �M�n�(�I�I�)� �i�o�n�s� �w�i�t�h�i�n� �t�h�e� 
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�i�r�o�n� �h�y�d�r�o�x�i�d�e� �f�l�o�c�s� �a�s� �t�h�e�y� �w�e�r�e� �f�o�r�m�i�n�g�.� �I�t� �w�a�s� �d�e�s�i�r�e�d� �t�o� �s�t�u�d�y� �t�h�e� �p�o�s�s�i�b�l�e� 

�a�d�s�o�r�p�t�i�o�n�-�s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �s�t�e�p�,� �a�n�d� �t�h�e� �e�n�t�r�a�p�m�e�n�t� �p�h�e�n�o�m�e�n�o�n� �t�h�a�t� �w�a�s� �o�b�s�e�r�v�e�d� 

�w�o�u�l�d� �c�o�m�p�l�i�c�a�t�e� �t�h�i�s� �s�t�u�d�y� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� �o�f�t�e�n� �m�a�k�i�n�g� �i�t� �i�m�p�o�s�s�i�b�l�e� �t�o� �p�r�e�d�i�c�t� �t�h�e� 

�m�a�g�n�i�t�u�d�e� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �b�y� �e�a�c�h� �m�e�c�h�a�n�i�s�m�.� �T�h�u�s�,� �f�u�t�u�r�e� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �w�a�s� 

�c�o�m�p�l�e�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I� �b�y� �f�i�r�s�t� �a�i�r� �o�x�i�d�i�z�i�n�g� �t�h�e� �s�o�l�u�b�l�e� �i�r�o�n� �i�n� �s�o�l�u�t�i�o�n� 

�p�r�i�o�r� �t�o� �a�d�d�i�n�g� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �t�o� �s�o�l�u�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�t�u�p� �a�l�l�o�w�s� 

�o�n�e� �t�o� �u�s�e� �t�h�e� �c�h�l�o�r�i�n�e� �d�e�m�a�n�d� �o�f� �t�h�e� �s�y�s�t�e�m� �t�o� �t�r�a�c�k� �t�h�e� �l�e�v�e�l� �o�f� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �t�h�a�t� 

�h�a�s� �o�c�c�u�r�r�e�d� �w�i�t�h� �e�a�c�h� �t�i�m�e� �s�t�e�p�.� �T�h�i�s� �i�s� �t�h�e� �m�o�s�t� �d�i�r�e�c�t� �m�e�a�n�s� �o�f� �q�u�a�n�t�i�f�y�i�n�g� �t�h�a�t� 

�p�o�r�t�i�o�n� �o�f� �t�h�e� �M�n�(�I�I�)� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �s�y�s�t�e�m� �t�h�a�t� �h�a�s� �b�e�e�n� �o�x�i�d�i�z�e�d� �v�e�r�s�u�s� �t�h�a�t� �w�h�i�c�h� 

�m�a�y� �h�a�v�e� �o�n�l�y� �b�e�e�n� �a�d�s�o�r�b�e�d�.� 

�N�u�m�e�r�o�u�s� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �p�H� �7� �a�n�d� �8� �a�t� �v�a�r�i�o�u�s� �i�r�o�n� �o�x�i�d�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�o� �s�t�u�d�y� �t�h�e� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �p�h�e�n�o�m�e�n�o�n�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� 

�r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�,� �o�t�h�e�r� �s�t�u�d�i�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �c�o�n�c�u�r�r�e�n�t�l�y� �t�h�a�t� �l�e�n�d� �i�n�s�i�g�h�t� 

�i�n�t�o� �p�a�r�t�i�c�l�e� �s�i�z�e�s� �f�o�r�m�e�d� �a�n�d� �t�h�e� �p�r�o�c�e�s�s�e�s� �u�s�e�d� �i�n� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �o�f� �d�a�t�a�.� �F�i�r�s�t�,� �f�r�o�m� �t�h�e� 

�d�a�t�a� �t�a�b�l�e�s� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �s�o�l�u�b�l�e� 

�m�a�n�g�a�n�e�s�e� �i�n� �t�h�e� �f�i�l�t�r�a�t�e� �o�f� �t�h�e� �0�.�4�5� �y�m� �f�i�l�t�e�r�s� �a�n�d� �t�h�e� �3�0�k� �u�l�t�r�a�f�i�l�t�e�r�s� �d�o� �n�o�t� �a�p�p�e�a�r� �t�o� �b�e� 

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �o�n�e� �a�n�o�t�h�e�r�.� �T�h�e� �i�s� �c�o�n�f�i�r�m�e�d� �b�y� �s�t�a�t�i�s�t�i�c�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �p�r�o�v�i�d�e�d� �i�n� 

�A�p�p�e�n�d�i�x� �C�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �u�l�t�r�a�f�i�l�t�r�a�t�i�o�n� �w�a�s� �n�o�t� �u�s�e�d� �f�o�r� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�s� �i�t� �i�s� �m�o�r�e� 

�c�o�s�t�l�y� �a�n�d� �d�i�f�f�i�c�u�l�t� �t�o� �o�p�e�r�a�t�e�.� �T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �p�a�r�t�i�c�l�e�s� �b�e�i�n�g� 

�f�o�r�m�e�d� �e�x�c�e�e�d�e�d� �0�.�4�5� �j�u�m� �i�n� �d�i�a�m�e�t�e�r�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� 

�i�n� �t�a�b�u�l�a�r� �f�o�r�m�a�t� �i�n� �A�p�p�e�n�d�i�x� �A�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�e�s�e� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �s�e�l�e�c�t�e�d� �a�n�d� 

�p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e�s� �1�6� �a�n�d� �1�7�,� �t�h�e� �r�e�s�u�l�t�s� �f�o�r� �p�H� �7� �a�n�d� �8� �c�o�n�d�i�t�i�o�n�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� 

�i�n�d�i�c�a�t�e�d�,� �t�h�e� �r�e�a�c�t�i�o�n�s� �a�r�e� �h�i�g�h�l�y� �p�H� �a�n�d� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�p�e�n�d�e�n�t� �a�s� �m�o�r�e� �r�a�p�i�d� 

�r�a�t�e�s� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �w�e�r�e� �n�o�t�e�d� �u�n�d�e�r� �h�i�g�h�e�r� �p�H� �a�n�d� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s�.� 

�F�u�r�t�h�e�r� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�,� �s�p�e�c�i�f�i�c�a�l�l�y� �H�O�C�]� 

�d�e�m�a�n�d� �d�a�t�a�,� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �e�n�h�a�n�c�e�d� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �o�b�s�e�r�v�e�d� �w�a�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� �a�n� 

�a�d�s�o�r�p�t�i�o�n� �s�t�e�p� �f�o�l�l�o�w�e�d� �b�y� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �s�o�r�b�e�d� �M�n�(�I�I�)�.� �A� �f�u�l�l� �s�u�m�m�a�r�y� �o�f� 
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�t�h�e� �c�o�m�p�a�r�i�s�o�n� �b�e�t�w�e�e�n� �o�b�s�e�r�v�e�d� �a�n�d� �p�r�e�d�i�c�t�e�d� �H�O�C�I� �d�e�m�a�n�d� �f�o�r� �d�i�f�f�e�r�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�l� 

�c�o�n�d�i�t�i�o�n�s� �(�F�e�(�I�I�I�)� �a�n�d� �p�H�)� �i�s� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�;� �h�o�w�e�v�e�r�,� �t�h�e� �p�l�o�t� �p�r�o�v�i�d�e�d� �i�n� 

�F�i�g�u�r�e� �1�8� �p�r�o�v�i�d�e�s� �a�n� �e�x�a�m�p�l�e� �o�f� �t�y�p�i�c�a�l�l�y� �o�b�s�e�r�v�e�d� �r�e�s�u�l�t�s�.� �I�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �w�a�s� �a� 

�r�e�s�u�l�t� �o�f� �o�x�i�d�a�t�i�o�n� �v�i�a� �H�O�C�I� �a�l�o�n�e�,� �o�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �t�h�e� �1�:�1� �l�i�n�e� �s�h�o�w�n� �t�o� �b�e� �a�  ��b�e�s�t�-�f�i�t �� 

�l�i�n�e� �t�h�r�o�u�g�h� �t�h�e� �d�a�t�a� �p�o�i�n�t�s� �s�h�o�w�n�.� �B�e�c�a�u�s�e� �t�h�e� �d�a�t�a� �p�o�i�n�t�s� �a�r�e� �l�o�c�a�t�e�d� �b�e�l�o�w� �t�h�e� �1�:�1� 

�l�i�n�e�,� �t�h�e� �c�h�l�o�r�i�n�e� �d�e�m�a�n�d� �o�f� �t�h�e� �s�y�s�t�e�m� �l�a�g�s� �b�e�h�i�n�d� �w�h�a�t� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �i�f� �M�n�(�I�I�)� 

�r�e�m�o�v�a�l� �w�a�s� �s�o�l�e�l�y� �d�u�e� �t�o� �o�x�i�d�a�t�i�o�n� �v�i�a� �H�O�C�I�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�I�)� �f�r�o�m� 

�s�o�l�u�t�i�o�n� �i�s� �t�h�e� �r�e�s�u�l�t� �o�f� �o�x�i�d�a�t�i�o�n� �a�n�d� �a� �d�i�f�f�e�r�e�n�t� �m�e�c�h�a�n�i�s�m�,� �m�o�s�t� �l�i�k�e�l�y� �a�d�s�o�r�p�t�i�o�n�.� 

�A�d�d�i�t�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n� �g�a�t�h�e�r�e�d� �f�r�o�m� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �t�h�e� �r�a�t�e� �o�f� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n�.� �U�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�u�t�l�i�n�e�d� �b�y� �G�r�a�d�y� �a�n�d� 

�L�i�m�,!"� �t�h�e� �r�a�t�e� �o�f� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �w�a�s� �a�n�a�l�y�z�e�d� �a�n�d� �t�h�e� �o�r�d�e�r� �o�f� �r�e�a�c�t�i�o�n� �a�n�d� �a� �r�a�t�e� 

�c�o�n�s�t�a�n�t�  ��k �� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �a�t� �p�H� �7� �a�n�d� �8�.� �I�n� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� 

�o�f� �r�e�a�c�t�i�o�n� �r�a�t�e�,� �t�h�e� �i�n�i�t�i�a�l� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �t�a�k�e�n� �t�o� �b�e� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�M�n�i�(�I�I�)� �f�o�l�l�o�w�i�n�g� �t�h�e� �f�i�v�e� �m�i�n�u�t�e� �a�d�s�o�r�p�t�i�o�n�/�i�n�t�e�r�a�c�t�i�o�n� �p�e�r�i�o�d� �w�i�t�h� �F�e�(�I�I�I�)� �o�x�i�d�e�s�,� �n�o�t� �t�h�e� 

�i�n�i�t�i�a�l� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �O�t�h�e�r�w�i�s�e�,� �t�h�e� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �r�a�t�e� �w�o�u�l�d� �a�p�p�e�a�r� �t�o� �b�e� �v�e�r�y� 

�r�a�p�i�d� �i�n�i�t�i�a�l�l�y� �(�m�o�s�t� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �d�u�e� �t�o� �a�d�s�o�r�p�t�i�o�n�)� �a�n�d� �m�u�c�h� �s�l�o�w�e�r� �a�s� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t� �c�o�n�t�i�n�u�e�d� �(�a�c�t�u�a�l� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �c�a�t�a�l�y�z�e�d� �b�y� �t�h�e� �F�e�(�I�I�I�)� �o�x�i�d�e�s�)�.� �T�h�e� �d�a�t�a� 

�f�o�r� �e�a�c�h� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �F�e�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�t� �p�H� �7� �a�n�d� �8� 

�w�e�r�e� �a�n�a�l�y�z�e�d� �i�n�d�i�v�i�d�u�a�l�l�y� �b�y� �p�l�o�t�t�i�n�g� �t�h�e� �l�o�g� �o�f� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �M�n�(�I�J�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�v�e�r�s�u�s� �t�h�e� �l�o�g� �o�f� �i�n�s�t�a�n�t�a�n�e�o�u�s� �r�a�t�e� �o�f� �r�e�a�c�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �b�e�s�t�-�f�i�t�-�l�i�n�e� �p�r�o�v�i�d�e�d� �t�h�e� 

�o�r�d�e�r� �o�f� �r�e�a�c�t�i�o�n� �(�s�l�o�p�e�)� �a�s� �w�e�l�l� �a�s� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �a� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1� �m�g�/�L� 

�(�y�-�i�n�t�e�r�c�e�p�t�)�.� �T�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �f�o�r� �a� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�5�0� �m�g�/�L� �w�e�r�e� �a�l�s�o� 

�d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �e�q�u�a�t�i�o�n� �o�f� �t�h�e� �b�e�s�t�-�f�i�t�-�l�i�n�e� �o�n� �t�h�e� �l�o�g�-�l�o�g� �p�l�o�t�.� �A�n� �e�x�a�m�p�l�e� �o�f� �t�h�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �a� �t�y�p�i�c�a�l� �e�x�p�e�r�i�m�e�n�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�9�.� �T�h�e� 

�r�a�t�e� �c�o�n�s�t�a�n�t�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �e�x�p�e�r�i�m�e�n�t� �f�o�r� �a� �g�i�v�e�n� �p�H� �w�e�r�e� �t�h�e�n� �p�l�o�t�t�e�d� 

�v�e�r�s�u�s� �t�h�e� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� �d�e�v�e�l�o�p� �a�n� �e�q�u�a�t�i�o�n� �o�f� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �w�i�t�h� �r�e�s�p�e�c�t� 

�t�o� �F�e�(�I�I�)�.� �A� �p�l�o�t� �o�f� �t�h�e�s�e� �e�q�u�a�t�i�o�n�s� �i�s� �p�r�o�v�i�d�e�d� �i�n� �F�i�g�u�r�e� �2�0�.� 
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�T�h�e� �n�e�x�t� �s�t�e�p� �i�n� �t�h�e� �r�e�s�e�a�r�c�h� �e�f�f�o�r�t� �w�a�s� �t�o� �a�t�t�e�m�p�t� �t�o� �u�t�i�l�i�z�e� �t�h�i�s� �n�e�w� �f�o�u�n�d� �t�e�c�h�n�o�l�o�g�y� �t�o� 

�d�e�v�e�l�o�p� �a� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �t�o� �e�n�h�a�n�c�e� �t�h�e� �r�e�m�o�v�a�l� �o�f� �s�o�l�u�b�l�e� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �f�r�o�m� 

�w�a�t�e�r� �s�u�p�p�l�i�e�s�.� 

�D�.� �I�r�o�n� �O�x�i�d�e� �S�l�u�r�r�y� �R�e�a�c�t�o�r� �S�y�s�t�e�m� �a�n�d� �M�n�(�I�I�)� �A�d�s�o�r�p�t�i�o�n� �o�n�t�o� �M�n�O� �x� 

�T�h�r�e�e� �b�e�n�c�h�-�s�c�a�l�e� �s�y�s�t�e�m�s� �(�d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I�,� �S�e�c�t�i�o�n� �E�.�4�)� �w�e�r�e� 

�c�o�n�s�t�r�u�c�t�e�d� �a�n�d� �o�p�e�r�a�t�e�d� �i�n� �p�a�r�a�l�l�e�l�,� �e�a�c�h� �r�e�a�c�t�o�r� �c�o�n�t�a�i�n�i�n�g� �a� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�F�e�(�I�I�I�)� �o�x�i�d�e�s�.� �D�a�t�a� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e�s�e� �r�e�a�c�t�o�r�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�i�s� �s�y�s�t�e�m� �s�e�t�u�p� �c�o�u�l�d� 

�m�e�e�t� �t�h�e� �d�e�s�i�r�e�d� �l�e�v�e�l� �o�f� �t�r�e�a�t�m�e�n�t� �f�o�r� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �r�e�m�o�v�a�l�.� �H�o�w�e�v�e�r�,� �c�a�u�t�i�o�n� 

�s�h�o�u�l�d� �b�e� �t�a�k�e�n� �w�h�e�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �d�i�s�c�u�s�s�e�d� �i�n� 

�C�h�a�p�t�e�r� �I�I�I� �o�f� �m�a�i�n�t�a�i�n�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�i�e�s� �a�t� �1�0�°�C�.� �T�h�e� �h�i�g�h�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �u�s�e�d� �d�u�r�i�n�g� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �m�o�s�t� �l�i�k�e�l�y� �r�e�s�u�l�t�e�d� �i�n� �i�n�c�r�e�a�s�e�d� �r�a�t�e�s� �o�f� 

�r�e�a�c�t�i�o�n� �a�n�d� �t�h�u�s� �i�m�p�r�o�v�e�d� �p�e�r�f�o�r�m�a�n�c�e�.� �R�e�g�a�r�d�l�e�s�s�,� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y�,� �s�e�v�e�r�a�l� �k�e�y� 

�o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �t�h�a�t� �p�r�o�v�i�d�e� �f�u�r�t�h�e�r� �i�n�s�i�g�h�t� �i�n�t�o� �t�h�e� �m�e�c�h�a�n�i�s�t�i�c� �m�e�a�n�s� �b�y� �w�h�i�c�h� 

�t�h�i�s� �p�h�e�n�o�m�e�n�o�n� �o�c�c�u�r�s�.� 

�I�n�i�t�i�a�l� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �e�m�p�h�a�s�i�z�e�d� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �H�O�C�I� �i�n� �s�o�l�u�t�i�o�n� �w�h�i�c�h� 

�r�e�i�t�e�r�a�t�e�s� �t�h�a�t� �m�a�n�g�a�n�e�s�e� �r�e�m�o�v�a�l� �i�s� �n�o�t� �s�o�l�e�l�y� �a�n� �a�d�s�o�r�p�t�i�v�e� �p�r�o�c�e�s�s� �o�n�t�o� �F�e�(�I�I�I�)� �o�x�i�d�e�s�.� 

�T�h�e� �r�e�a�c�t�o�r� �s�y�s�t�e�m� �f�a�i�l�e�d� �i�f� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �H�O�C�]� �f�o�r� �t�h�e� �i�n�f�l�u�e�n�t� �i�r�o�n� 

�a�n�d� �m�a�n�g�a�n�e�s�e� �l�e�v�e�l�s� �w�e�r�e� �n�o�t� �s�a�t�i�s�f�i�e�d�.� �T�h�i�s� �i�s� �e�x�h�i�b�i�t�e�d� �i�n� �F�i�g�u�r�e� �2�1� �w�h�e�r�e� �t�h�e� �s�y�s�t�e�m� 

�w�a�s� �o�p�e�r�a�t�e�d� �w�i�t�h� �n�o� �a�d�d�i�t�i�o�n�a�l� �H�O�C�!� �d�o�s�e� �a�t� �a� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �1� �h�o�u�r� �(�T�h�e�r�e� �i�s� �a� �1� 

�m�g�/�L� �r�e�s�i�d�u�a�l� �i�n� �t�h�e� �t�a�p� �w�a�t�e�r�)�.� �F�o�r� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �t�h�e� �e�f�f�l�u�e�n�t� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�a�p�p�r�o�a�c�h�e�s� �t�h�e� �i�n�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�5�0� �m�g�/�L� �w�i�t�h� �6�4� �h�o�u�r�s�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� 

�s�a�m�e� �r�e�a�c�t�o�r� �s�e�t�u�p� �w�a�s� �t�e�s�t�e�d� �w�i�t�h� �a� �H�O�C�I� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �4� �m�g�/�L�,� �a�n� �i�m�m�e�d�i�a�t�e� 

�r�e�d�u�c�t�i�o�n� �i�n� �M�n�(�I�I�)� �i�s� �n�o�t�e�d�.� �F�i�g�u�r�e� �2�2� �s�h�o�w�s� �t�h�e� �c�o�m�p�l�e�t�e� �s�e�t� �o�f� �t�e�s�t� �r�e�s�u�l�t�s� �f�o�r� �t�h�i�s� 

�r�e�a�c�t�o�r� �s�e�t�u�p� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�o�i�n�t� �a�t� �w�h�i�c�h� �t�h�e� �c�h�l�o�r�i�n�e� �d�o�s�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �m�g�/�L� �(�r�e�s�i�d�u�a�l� �i�n� �t�a�p� �w�a�t�e�r�)� �t�o� �4� �m�g�/�L�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �c�o�n�f�i�r�m� �t�h�e� 

�i�m�p�o�r�t�a�n�c�e� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �H�O�C�I� �h�a�s� �o�n� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e� �s�y�s�t�e�m�.� 
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�P�e�r�h�a�p�s� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �o�p�e�r�a�t�i�n�g� �p�h�e�n�o�m�e�n�o�n� �n�o�t�e�d� �w�a�s� �t�h�e� �b�u�i�l�d�u�p� �o�f� 

�M�n�O�,� �j�s�)� �i�n� �t�h�e� �s�l�u�r�r�y� �o�v�e�r� �t�i�m�e�,� �p�r�o�v�i�d�e�d� �t�h�e�r�e� �w�a�s� �s�u�f�f�i�c�i�e�n�t� �c�h�l�o�r�i�n�e� �t�o� �c�o�m�p�l�e�t�e� �t�h�e� 

�M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �s�t�e�p�.� �F�i�g�u�r�e� �2�3� �p�r�o�v�i�d�e�s� �a� �g�r�a�p�h�i�c�a�l� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�a�t�a� �l�e�a�d�i�n�g� �t�o� 

�t�h�i�s� �c�o�n�c�l�u�s�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �b�u�i�l�d�u�p� �o�f� �M�n�O�,� �(�s�)� �i�n� �t�h�e� �s�l�u�r�r�y�,� �a�n�o�t�h�e�r� �t�r�e�n�d� �s�h�o�u�l�d� 

�b�e� �n�o�t�e�d� �f�r�o�m� �F�i�g�u�r�e� �2�3�:� �t�h�e� �i�n�i�t�i�a�l� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� �t�o� �a� �s�t�e�a�d�y�-�s�t�a�t�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�v�e�r� �t�i�m�e�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�e�e�m� �t�o� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �M�n�Q�,� �,�,�)� �i�n� �t�h�e� �s�l�u�r�r�y� 

�m�a�y� �t�a�k�e� �a� �l�e�a�d�i�n�g� �r�o�l�e� �i�n� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�I�)� �f�r�o�m� �t�h�e� �s�y�s�t�e�m�,� �i�n� �e�s�s�e�n�c�e� �r�e�p�l�a�c�i�n�g� �t�h�e� 

�F�e�(�I�I�I�)� �o�x�i�d�e� �a�s� �t�h�e� �p�r�i�m�a�r�y� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�v�e� �s�u�r�f�a�c�e�.� 

�F�o�r� �t�h�e�s�e� �r�e�a�s�o�n�s�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�x�a�m�i�n�e� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �p�r�o�p�e�r�t�i�e�s� �o�f� 

�M�n�O�x�s�)� �f�o�r� �M�n�(�I�I�)�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e� �2�4�.� �A�g�a�i�n�,� �a� 

�f�i�v�e� �m�i�n�u�t�e� �t�i�m�e� �p�e�r�i�o�d� �w�a�s� �u�s�e�d� �d�u�r�i�n�g� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �t�o� �a�l�l�o�w� �f�o�r� �a�n� 

�e�q�u�i�l�i�b�r�i�u�m� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �d�e�v�e�l�o�p� �b�e�t�w�e�e�n� �M�n�(�I�I�)� �a�n�d� �o�f� �M�n�O�,�,�)�.� �L�a�n�g�m�u�i�r� �i�s�o�t�h�e�r�m� 

�p�l�o�t�s� �f�o�r� �t�h�e� �s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�D� �o�n�t�o� �M�n�O�,� �(�s�)� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �F�i�g�u�r�e� �2�5�.� �A�t� �a�n� 

�e�q�u�i�l�i�b�r�i�u�m� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�5�0� �m�g�/�L�,� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �o�f� �M�n�O�x�y�s�)� �f�o�r� 

�M�n�(�I�]�)� �a�t� �p�H� �7� �a�n�d� �8� �w�a�s� �0�.�2�0� �a�n�d� �0�.�2�1� �m�g� �M�n�(�I�I�)�/�m�g� �M�n�O� �x�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�t� �s�h�o�u�l�d� �b�e� 

�n�o�t�e�d� �t�h�a�t� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �o�f� �M�n�O�,� �(�s�,� �f�o�r� �M�n�(�I�I�)� �f�a�r� �e�x�c�e�e�d�s� �t�h�a�t� �o�f� �f�r�e�s�h�l�y� 

�f�o�r�m�e�d� �i�r�o�n� �o�x�i�d�e�s� �(�F�e�(�I�I�I�)�)� �a�s� �p�r�e�v�i�o�u�s�l�y� �p�r�e�s�e�n�t�e�d�.� 

�S�e�v�e�r�a�l� �p�l�o�t�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �t�o� �e�x�h�i�b�i�t� �s�l�u�r�r�y� �r�e�a�c�t�o�r� �p�e�r�f�o�r�m�a�n�c�e� �u�n�d�e�r� �v�a�r�i�o�u�s� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� �F�i�g�u�r�e� �2�6� �p�r�o�v�i�d�e�s� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� �t�y�p�i�c�a�l� �r�e�a�c�t�o�r� �p�e�r�f�o�r�m�a�n�c�e� �a�t� 

�p�H� �7� �w�h�i�l�e� �F�i�g�u�r�e� �2�7� �r�e�p�r�e�s�e�n�t�s� �p�H� �8� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �m�u�c�h� 

�m�o�r�e� �s�t�a�b�l�e� �a�t� �h�i�g�h�e�r� �p�H� �c�o�n�d�i�t�i�o�n�s� �(�i�.�e�.� �n�o�t� �a�s� �s�e�n�s�i�t�i�v�e� �t�o� �c�h�a�n�g�e�s� �i�n� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� 

�s�u�c�h� �a�s� �i�n�i�t�i�a�l� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�r� �H�O�C�!� �d�o�s�e�)�.� �G�e�n�e�r�a�l�l�y�,� �t�h�e� �s�u�c�c�e�s�s� �o�f� �t�h�e� �r�e�a�c�t�o�r� 
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�e�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �i�n�p�u�t� �v�a�r�i�a�b�l�e�s�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �l�a�b�o�r�a�t�o�r�y� 

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �n�o�t� �d�e�s�i�g�n�e�d� �w�i�t�h� �t�h�i�s� �m�o�d�e�l�i�n�g� �e�f�f�o�r�t� �i�n� �m�i�n�d�;� �t�h�e�r�e�f�o�r�e� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�s� �c�o�n�d�u�c�t�e�d� �d�o� �n�o�t� �a�l�l�o�w� �f�o�r� �t�h�e� �c�a�l�i�b�r�a�t�i�o�n� �o�f� �t�h�e� �m�o�d�e�l� �o�r� �p�r�o�v�i�d�e� �a� �m�e�a�n�s� 

�o�f� �c�o�n�f�i�r�m�i�n�g� �i�t�s� �a�c�c�u�r�a�c�y�.� �N�o�t�e� �t�h�a�t� �d�u�e� �t�o� �c�o�n�c�e�r�n� �o�v�e�r� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �i�s�o�t�h�e�r�m� 

�d�e�t�e�r�m�i�n�e�d� �f�o�r� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �i�r�o�n� �o�x�i�d�e�s� �a�t� �p�H� �7�,� �t�h�e� �m�o�d�e�l�i�n�g� �e�x�e�r�c�i�s�e� �d�o�e�s� 

�n�o�t� �i�n�c�l�u�d�e� �t�h�i�s� �p�H� �c�o�n�d�i�t�i�o�n�.� 

�T�h�e� �m�o�d�e�l� �d�e�s�c�r�i�b�e�s� �F�e�(�O�H�)�3�;�)� �c�a�t�a�l�y�z�e�d� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �v�i�a� �H�O�C�!� �u�s�i�n�g� �m�a�s�s� 

�b�a�l�a�n�c�e�s� �f�o�r� �m�a�n�g�a�n�e�s�e� �a�n�d� �c�h�l�o�r�i�n�e�.� �I�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �r�e�d�u�c�e�d� �i�r�o�n� �e�n�t�e�r�i�n�g� �t�h�e� 

�s�l�u�r�r�y� �r�e�a�c�t�o�r� �w�o�u�l�d� �b�e� �i�m�m�e�d�i�a�t�e�l�y� �o�x�i�d�i�z�e�d� �b�y� �t�h�e� �H�O�C�!� �i�n� �s�o�l�u�t�i�o�n� �a�s� �w�a�s� �n�o�t�e�d� �i�n� 

�C�h�a�p�t�e�r� �I�I� �f�o�r� �t�h�e� �p�H� �r�a�n�g�e� �u�n�d�e�r� �s�t�u�d�y�.� �O�t�h�e�r� �a�s�s�u�m�p�t�i�o�n�s� �m�a�d�e� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

�t�h�e� �e�q�u�a�t�i�o�n�s� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�.� �A� �c�o�m�p�u�t�e�r� �p�r�i�n�t�o�u�t� �o�f� �t�h�e� �m�o�d�e�l� 

�w�i�t�h� �m�o�d�e�l� �s�i�m�u�l�a�t�i�o�n�s� �i�s� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �D�.� �T�h�e� �m�o�d�e�l� �i�n�p�u�t� �p�a�r�a�m�e�t�e�r�s� 

�i�n�c�l�u�d�e�d�:� 

�e� �I�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�e� �H�O�C�I� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�e� �I�n�i�t�i�a�l� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�e� �V�o�l�u�m�e� �o�f� �r�e�a�c�t�o�r�s� �a�n�d� �f�l�o�w� �r�a�t�e� �t�h�r�o�u�g�h� �s�y�s�t�e�m�;� �s�e�t�s� �h�y�d�r�a�u�l�i�c� �d�e�t�e�n�t�i�o�n� 

�t�i�m�e� 

�e� �I�s�o�t�h�e�r�m� �d�a�t�a� �t�o� �e�s�t�i�m�a�t�e� �s�o�r�b�e�d� �M�n�(�I�D� �o�n� �F�e�(�I�I�D� �o�x�i�d�e�s� �a�n�d� �M�n�O�)�.� 

�e� �I�n�f�l�u�e�n�t� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� 
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�1�.� �M�o�d�e�l�i�n�g� �A�p�p�r�o�a�c�h�.� �G�e�n�e�r�a�l�l�y�,� �m�o�d�e�l�s� �a�r�e� �d�e�v�e�l�o�p�e�d� �a�r�o�u�n�d� �a� �s�e�r�i�e�s� �o�f� �m�a�s�s� �b�a�l�a�n�c�e� 
� � 

�e�q�u�a�t�i�o�n�s� �f�o�r� �s�e�v�e�r�a�l� �p�a�r�a�m�e�t�e�r�s� �w�i�t�h�i�n� �t�h�e� �s�y�s�t�e�m�.� �T�h�i�s� �t�o�o� �i�s� �t�h�e� �c�a�s�e� �f�o�r� �t�h�e� �m�o�d�e�l� �t�o� 

�d�e�s�c�r�i�b�e� �i�r�o�n� �c�a�t�a�l�y�z�e�d� �m�a�n�g�a�n�e�s�e� �o�x�i�d�a�t�i�o�n� �v�i�a� �c�h�l�o�r�i�n�e� �w�h�e�r�e� �m�a�s�s� �b�a�l�a�n�c�e�s� �f�o�r� 

�m�a�n�g�a�n�e�s�e� �a�n�d� �c�h�l�o�r�i�n�e� �w�e�r�e� �d�e�v�e�l�o�p�e�d�.� �T�h�e� �f�a�t�e� �o�f� �M�n�(�I�I�)� �i�n� �s�o�l�u�t�i�o�n� �i�s� �b�y� �f�a�r� �t�h�e� �m�o�s�t� 

�c�o�m�p�l�e�x� �o�f� �t�h�e� �t�w�o� �p�a�r�a�m�e�t�e�r�s� �i�n� �t�h�a�t� �i�t�s� �r�e�m�o�v�a�l� �i�s� �m�a�d�e� �p�o�s�s�i�b�l�e� �b�y� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� 

�m�e�c�h�a�n�i�s�m�s�.� �B�e�l�o�w� �i�s� �t�h�e� �e�q�u�a�t�i�o�n� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�e� �m�a�s�s� �b�a�l�a�n�c�e� �o�f� �t�o�t�a�l� �m�a�n�g�a�n�e�s�e� �i�n� 

�t�h�e� �s�y�s�t�e�m�.� 

� � � � 
�d�C� �d�q� �d�q� 
�a� �V�+� �a� �*�M� �r�e� �+� �M� �0� �=�@�,�,�  ��C�y�,�  �� �Q�u� �C�y�,�  ��k�,�-�q�,� �-�[�H�O�C�I�]�-�M�,�,� �(�9�)� 

 ��k�,�-�Q�y�  ��L�H�O�C�T�]�:� �M� �s�i�n�o� 

�w�h�e�r�e�:� �C�,�,� �=� �S�o�l�u�b�l�e� �M�n� �(�M�n�(�I�I�)�)� �i�n� �r�e�a�c�t�o�r� �(�m�g� �M�n�(�I�D�/�L�)� 

�V�=� �V�o�l�u�m�e� �o�f� �R�e�a�c�t�o�r� �(�L�)� 

�d�r�=� �A�m�o�u�n�t� �o�f� �s�o�r�b�e�d� �M�n�(�I�I�)� �o�n�t�o� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�s� �a�s� �p�r�e�d�i�c�t�e�d� �b�y� 

�L�a�n�g�m�u�i�r� �i�s�o�t�h�e�r�m� �(�m�g� �M�n�(�I�I�)� �s�o�r�b�e�d�/�m�g� �F�e� �o�x�i�d�e�)� 

�M�e�e� �=� �M�a�s�s� �o�f� �i�r�o�n� �o�x�i�d�e�s� �i�n� �s�y�s�t�e�m� �(�m�g� �F�e� �o�x�i�d�e�)� 

�q�m� �=� �A�m�o�u�n�t� �o�f� �s�o�r�b�e�d� �M�n�(�I�I�)� �o�n�t�o� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�s� �a�s� �p�r�e�d�i�c�t�e�d� �b�y� 

�L�a�n�g�m�u�i�r� �i�s�o�t�h�e�r�m� �(�m�g� �M�n�(�I�I�)� �s�o�r�b�e�d�/�m�g� �M�n� �o�x�i�d�e�)� 

�M�m�n�o�=� �M�a�s�s� �o�f� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �i�n� �s�y�s�t�e�m� �(�m�g� �M�n� �o�x�i�d�e�)� 

�Q�i�n� �=� �T�o�t�a�l� �f�l�o�w� �i�n�t�o� �r�e�a�c�t�o�r� �(�L�/�m�i�n�)� 

�Q�o�u�t� �=� �T�o�t�a�l� �f�l�o�w� �o�u�t� �o�f� �r�e�a�c�t�o�r� �(�L�/�m�i�n�)� 

�C�o�i�n� �=� �I�n�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �(�m�g� �M�n�(�I�I�)�/�L�)� 

�C�m�o�u�r�=� �E�f�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �(�m�g� �M�n�(�I�I�)�/�L�)� 

�k�;� �=� �R�a�t�e� �c�o�n�s�t�a�n�t� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �s�t�e�p� 

�(�L�/�m�i�n ��m�g� �H�O�C�]�)� 

�[�H�O�C�I�]� �=� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �f�r�e�e� �c�h�l�o�r�i�n�e� �i�n� �s�o�l�u�t�i�o�n� �(�m�g� �H�O�C�I� �/�L�)� 
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�T�h�e� �o�r�i�g�i�n�a�l� �i�d�e�a� �f�o�r� �t�h�e� �m�o�d�e�l� �w�a�s� �t�o� �p�r�e�d�i�c�t� �t�h�e� �s�y�s�t�e�m� �p�e�r�f�o�r�m�a�n�c�e� �u�n�d�e�r� 

�s�t�a�r�t�u�p� �c�o�n�d�i�t�i�o�n�s�,� �h�o�w�e�v�e�r�,� �t�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �t�h�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �a�d�s�o�r�p�t�i�o�n� �t�e�r�m� �a�n�d� 

�t�h�e� �r�a�t�e� �o�f� �s�o�r�b�e�d� �M�n�(�I�D�)� �o�x�i�d�a�t�i�o�n� �o�n� �t�h�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �s�u�r�f�a�c�e� �a�l�l�o�w�s� �f�o�r� �t�h�e� 

�p�r�e�d�i�c�t�i�o�n� �o�f� �e�f�f�l�u�e�n�t� �q�u�a�l�i�t�y� �a�s� �t�h�e�s�e� �o�x�i�d�e�s� �a�c�c�u�m�u�l�a�t�e� �o�v�e�r� �t�i�m�e� �a�s� �e�x�h�i�b�i�t�e�d� �i�n� �F�i�g�u�r�e� 

�2�3�.� �U�n�f�o�r�t�u�n�a�t�e�l�y� �n�o� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �r�a�t�e� 

�o�f� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �o�n� �t�h�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �s�u�r�f�a�c�e�.� �F�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �s�i�m�u�l�a�t�i�n�g� 

�r�e�a�c�t�o�r� �p�e�r�f�o�r�m�a�n�c�e�,� �t�h�e� �r�a�t�e� �o�f� �o�x�i�d�a�t�i�o�n� �o�n� �t�h�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �s�u�r�f�a�c�e� �w�i�l�l� �b�e� 

�a�s�s�u�m�e�d� �t�o� �b�e� �e�q�u�a�l� �t�o� �t�h�a�t� �o�f� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�.� 

�P�l�o�t�s� �o�f� �t�h�e� �L�a�n�g�m�u�i�r� �i�s�o�t�h�e�r�m�s� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e�  ��q �� �p�a�r�a�m�e�t�e�r�s� �h�a�v�e� 

�b�e�e�n� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e�s� �1�3� �a�n�d� �2�5�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �(�i�n�f�l�u�e�n�t� 

�a�n�d� �e�f�f�l�u�e�n�t�)�,� �[�H�O�C�I�]�,� �a�n�d� �o�x�i�d�e� �s�u�r�f�a�c�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �c�a�n� �b�e� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �t�h�e� �d�a�t�a� 

�c�o�l�l�e�c�t�e�d�.� �[�N�O�T�E�:� �B�y� �C�S�T�R� �t�h�e�o�r�y� �C�y� �=� �C�m�o�u�t�.�]� �T�h�e� �v�o�l�u�m�e� �a�n�d� �f�l�o�w� �r�a�t�e� �t�h�r�o�u�g�h� �t�h�e� 

�r�e�a�c�t�o�r�s� �w�i�l�l� �b�e� �u�s�e�d� �t�o� �s�e�t� �t�h�e� �h�y�d�r�a�u�l�i�c� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �f�o�r� �e�a�c�h� �m�o�d�e�l� �s�i�m�u�l�a�t�i�o�n�.� 

�N�e�x�t�,� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �a�m�o�u�n�t� �o�f� �f�r�e�e� �c�h�l�o�r�i�n�e� �i�n� �s�o�l�u�t�i�o�n� �w�a�s� 

�d�e�v�e�l�o�p�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �d�e�c�a�y� �o�r� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �f�r�e�e� �c�h�l�o�r�i�n�e� �w�i�t�h�i�n� �t�h�e� �s�y�s�t�e�m�.� �T�h�e� �r�a�t�e� 

�c�o�n�s�t�a�n�t� �u�s�e�d� �i�n� �t�h�i�s� �e�q�u�a�t�i�o�n� �i�s� �s�t�o�i�c�h�i�o�m�e�t�r�i�c�a�l�l�y� �r�e�l�a�t�e�d� �t�o� �k�;� �i�n� �t�h�e� �m�a�s�s� �b�a�l�a�n�c�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �m�a�n�g�a�n�e�s�e�;� �b�o�t�h� �k�)�,� �k�z�,� �a�n�d� �k�3� �d�e�s�c�r�i�b�e� �t�h�e� �r�a�t�e� �o�f� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� 

�o�x�i�d�a�t�i�o�n�.� �N�o�t�e� �t�h�a�t� �t�h�e� �d�e�c�a�y� �o�f� �H�O�C�]� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �F�e�(�I�I�)� �i�s� �a�s�s�u�m�e�d� �t�o� �f�o�l�l�o�w� �t�h�e� 

�s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�e�q�u�i�r�e�m�e�n�t� �f�o�r� �o�x�i�d�a�t�i�o�n� �o�f� �F�e�(�I�I�)� �t�o� �F�e�(�I�I�I�)�.� 

�d�C� 
�a� �V�V� �=�O�,� �C�r�o�c�t�,�  ��Q�o�u� �*�C�r�o�c�i�,�,� �~�*�2�°�I�r� �L�H�O�C�I�:�V�  ��k�;�-�q�y� �-�[�H�O�C�I�]�-�V� �d�t� �(�1�0�)� 

�~� �0�.�6�4�-�[�F�e�(�I�1�)�]�-�V� 

�w�h�e�r�e�:� �C�y�o�c�i� �=� �H�O�C�I� �i�n� �s�o�l�u�t�i�o�n� �(�m�g� �H�O�C�L�/�L�)� 

�C�u�o�c�t�i�n� �=� �I�n�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �H�O�C�!� �(�m�g� �H�O�C�I�/�L�)� 

�C�u�y�o�c�i�o�u�t� �=� �E�f�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �H�O�C�]� �(�m�g� �H�O�C�I�/�L�)� 

�k�)� �=� �R�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �s�t�e�p� �(�m�g� �F�e�(�I�I�I�)� 

�o�x�i�d�e�/�m�g� �M�n�(�I�I�)�-�m�i�n�)� 
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�k�3� �=� �R�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �s�t�e�p� �(�m�g� �M�n� 

�o�x�i�d�e�/�m�g� �M�n�(�I�]�)�-�m�i�n�)� 

�{�H�O�C�]�]� �=� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �f�r�e�e� �c�h�l�o�r�i�n�e� �i�n� �s�o�l�u�t�i�o�n� �(�m�g� �H�O�C�I�/�L�)� 

�[�F�e�(�H�)�]� �=� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �i�n�f�l�u�e�n�t� �S�o�l�u�b�l�e� �I�r�o�n� �(�m�g� �F�e�(�I�I�)�/�L�)� 

�A� �m�a�s�s� �b�a�l�a�n�c�e� �f�o�r� �F�e�(�I�J�)� �c�o�u�l�d� �n�o�t� �b�e� �w�r�i�t�t�e�n� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�y�s�t�e�m� �d�u�e� �t�o� 

�t�h�e� �l�a�c�k� �o�f� �s�u�f�f�i�c�i�e�n�t� �d�a�t�a� �f�o�r� �F�e�(�I�]�)�/�F�e�(�I�I�]�)� �a�c�c�u�m�u�l�a�t�i�o�n� �a�n�d� �l�o�s�s� �f�r�o�m� �t�h�e� �s�y�s�t�e�m�.� �A�s� 

�n�o�t�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �i�r�o�n� �o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�d� �t�o� �a� �s�t�e�a�d�y� �s�t�a�t�e� �v�a�l�u�e� �o�v�e�r� �t�i�m�e�;� 

�h�o�w�e�v�e�r�,� �i�t� �s�h�o�u�l�d� �b�e� �s�t�r�e�s�s�e�d� �a�g�a�i�n� �t�h�a�t� �t�h�e� �m�o�d�e�l� �i�n�t�e�n�d�s� �o�n�l�y� �t�o� �p�r�e�d�i�c�t� �t�h�e� �s�t�a�r�t�u�p� 

�c�o�n�d�i�t�i�o�n�.� �I�n� �e�s�s�e�n�c�e�,� �a�n� �i�r�o�n� �m�a�s�s� �b�a�l�a�n�c�e� �i�s� �n�o�t� �r�e�q�u�i�r�e�d� �b�a�s�e�d� �o�n� �t�h�i�s� �c�r�i�t�e�r�i�a�,� �b�u�t� 

�w�o�u�l�d� �b�e� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �l�o�n�g� �t�e�r�m� �r�e�a�c�t�o�r� 

�p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �m�o�d�e�l� �c�o�u�l�d� �b�e� �e�x�t�e�n�d�e�d� �t�o� �t�h�e� �l�o�n�g� �t�e�r�m� �p�e�r�f�o�r�m�a�n�c�e�,� �b�u�t� �i�t� �i�s� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �r�e�a�c�t�o�r� �h�y�d�r�a�u�l�i�c�s� �a�n�d� �s�e�t�t�l�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �p�a�r�t�i�c�l�e�s� �f�i�r�s�t� �b�e� 

�i�n�v�e�s�t�i�g�a�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �i�r�o�n� �s�o�l�i�d�s� �w�i�l�l� �a�c�c�u�m�u�l�a�t�e� �o�v�e�r� �t�i�m�e� �o�r� �c�o�n�t�i�n�u�e� �t�o� 

�w�a�s�h� �o�u�t� �o�f� �t�h�e� �s�y�s�t�e�m� �a�s� �w�a�s� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s�.� �N�o�t�e� �t�h�a�t� �t�h�e� �H�O�C�!� �d�e�m�a�n�d� 

�t�h�e� �i�n�f�l�u�e�n�t� �i�r�o�n� �e�x�h�i�b�i�t�s� �w�a�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �i�n� �t�h�e� �H�O�C�]� �m�a�s�s� �b�a�l�a�n�c�e�,� �a�s� �i�t� �w�a�s� �a�s�s�u�m�e�d� 

�i�t�s� �c�o�n�v�e�r�s�i�o�n� �t�o� �F�e�(�I�I�I�)� �w�a�s� �i�n�s�t�a�n�t�a�n�e�o�u�s� �a�t� �t�h�e�s�e� �p�H� �c�o�n�d�i�t�i�o�n�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�H�O�C�]� �a�n�d� �t�h�a�t� �i�t� �w�o�u�l�d� �f�o�l�l�o�w� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �p�r�o�p�o�r�t�i�o�n�s�.� 

�A� �k�e�y� �a�s�s�u�m�p�t�i�o�n� �m�a�d�e� �i�n� �t�h�e� �w�r�i�t�i�n�g� �o�f� �t�h�e� �m�a�s�s� �b�a�l�a�n�c�e� �e�q�u�a�t�i�o�n�s� �w�a�s� �t�h�a�t� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �s�o�l�i�d�s� �i�n� �s�o�l�u�t�i�o�n� �r�e�m�a�i�n�s� �c�o�n�s�t�a�n�t�.� �A�s� 

�p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �2�3�,� �t�h�i�s� �i�s� �u�n�l�i�k�e�l�y�.� �C�o�n�s�i�d�e�r�a�t�i�o�n� �w�a�s� �g�i�v�e�n� �t�o� �i�n�c�l�u�d�i�n�g� �a� �s�o�l�i�d�s� 

�a�c�c�u�m�u�l�a�t�i�o�n� �o�r� �l�o�s�s� �t�e�r�m�,� �b�u�t� �d�e�f�i�n�i�n�g� �t�h�e� �v�a�l�u�e� �f�o�r� �s�u�c�h� �a� �t�e�r�m� �w�o�u�l�d� �b�e� �d�i�f�f�i�c�u�l�t� �w�i�t�h� 

�t�h�e� �r�e�a�c�t�o�r� �s�e�t�u�p� �u�t�i�l�i�z�e�d� �t�o� �c�o�n�d�u�c�t� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �t�h�e� �a�v�a�i�l�a�b�l�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d�.� 

�A�s� �n�o�t�e�d� �b�y� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �a�n�d� �s�u�m�m�a�r�i�z�e�d� �i�n� �A�p�p�e�n�d�i�x� �A� �T�a�b�l�e�s� �A�4�1�-�A�4�3�,� �s�o�l�i�d�s� 

�w�e�r�e� �c�o�n�s�i�s�t�e�n�t�l�y� �b�e�i�n�g� �l�o�s�t� �f�r�o�m� �t�h�e� �s�y�s�t�e�m� �i�n� �t�h�e� �e�f�f�l�u�e�n�t�.� �A� �m�o�r�e� �h�y�d�r�a�u�l�i�c�a�l�l�y� �s�t�a�b�l�e� 

�r�e�a�c�t�o�r� �w�i�t�h� �b�e�t�t�e�r� �s�h�o�r�t� �c�i�r�c�u�i�t�i�n�g� �p�r�e�v�e�n�t�i�o�n� �d�e�v�i�c�e�s� �w�o�u�l�d� �b�e� �m�o�r�e� �s�u�c�c�e�s�s�f�u�l� �a�t� 

�p�r�e�d�i�c�t�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �s�u�c�h� �a� �t�e�r�m�.� 
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�2�.� �S�i�m�p�l�i�f�i�e�d� �M�o�d�e�l� �f�o�r� �B�a�t�c�h� �S�y�s�t�e�m�.� �B�e�f�o�r�e� �a�t�t�e�m�p�t�i�n�g� �t�o� �i�m�p�l�e�m�e�n�t� �t�h�e� �p�r�e�v�i�o�u�s� 

�s�y�s�t�e�m� �o�f� �e�q�u�a�t�i�o�n�s� �t�o� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �s�y�s�t�e�m�,� �a� �m�o�r�e� �s�i�m�p�l�i�f�i�e�d� �m�o�d�e�l� �w�a�s� 

�d�e�v�e�l�o�p�e�d� �t�o� �f�i�t� �t�h�e� �p�a�r�a�m�e�t�e�r� �k� �(�r�a�t�e� �c�o�n�s�t�a�n�t�)� �t�o� �e�x�i�s�t�i�n�g� �b�a�t�c�h� �s�t�u�d�y� �d�a�t�a�.� �T�h�e� 

�e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�i�s� �m�o�d�e�l� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �h�e�r�e�.� �T�h�e� �f�i�r�s�t� �e�q�u�a�t�i�o�n� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�a�s�s� 

�b�a�l�a�n�c�e� �f�o�r� �m�a�n�g�a�n�e�s�e� �i�n� �t�h�e� �s�y�s�t�e�m�,� �a�n�d� �t�h�e� �s�e�c�o�n�d� �a� �m�a�s�s� �b�a�l�a�n�c�e� �f�o�r� �c�h�l�o�r�i�n�e�.� �I�t� 

�s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �d�u�r�i�n�g� �t�h�e� �b�a�t�c�h� �s�t�u�d�i�e�s�,� �a�l�l� �F�e�(�I�I�)� �i�n� �t�h�e� �s�y�s�t�e�m� �w�a�s� �c�o�m�p�l�e�t�e�l�y� 

�o�x�i�d�i�z�e�d� �v�i�a� �o�x�y�g�e�n� �p�r�i�o�r� �t�o� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �H�O�C�]� �a�n�d� �t�h�u�s� �i�t� �p�o�s�e�s� �l�i�t�t�l�e� �o�r� �n�o� �H�O�C�!� 

�d�e�m�a�n�d�.� �N�o�t�e� �t�h�a�t� �t�h�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �z�e�r�o� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �b�a�t�c�h� �s�t�u�d�i�e�s� �a�s� �t�h�e�s�e� �t�e�r�m�s� �a�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�s�.� 

�d�[�C� 

�P�e�l� �v�4� �M�,�,� �=�k� �{�H�O�C�I�}�-�4�p�  ��M�y�,� �(�1�)� 

�d�{�H�O�C�H� �|�,� �_� �a� �-�k�,� �[�H�O�C�I�]�-�q�,�-�V� �(�1�2�)� 

�T�h�e� �r�e�s�u�l�t�i�n�g� �e�q�u�a�t�i�o�n�s� �w�h�i�c�h� �m�u�s�t� �b�e� �s�o�l�v�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �a�r�e�:� 

�w�h�e�r�e�:� 

� � 

�-�b�-�C� 
�d�c�,� �L�e�b�e�e� �(�H�O�C� �M�e�.� �+� �.� 

�M�n�)�:� �"�=� �m� �(�1�3�)� 
�d�a�t� �V� �a�-�b� 

�+�7� �M� 
�(�1�+�5�-�C�,�)� 

�d� �.�b�-� 
�a�[�H�O�C�!�]� �= ��k�,� �H�o�c�n� �2�2� �S�n� �(�1�4�)� 

�d�t� �1�+�6�-�C� 
�m� 

�H�O�C�L�I�:� 

�a�,� �b�=� �e�m�p�i�r�i�c�a�l� �L�a�n�g�m�u�i�r� �I�s�o�t�h�e�r�m� �C�o�n�s�t�a�n�t�s� 

�k�>� �=� �k�,�/�A�;� �w�h�e�r�e� �A� �=� �V�-�M�W�u�o�c�i�/�M�e�e� �:� �M�W�n�a�n� 
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�3�.� �M�o�d�e�l� �E�s�t�i�m�a�t�i�o�n� �T�e�c�h�n�i�q�u�e�.� �T�h�e� �R�u�n�g�e�-�K�u�t�t�a� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n� �e�s�t�i�m�a�t�i�o�n� 

�t�e�c�h�n�i�q�u�e� �f�o�r� �i�n�i�t�i�a�l� �v�a�l�u�e� �p�r�o�b�l�e�m�s� �w�a�s� �u�s�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e� �t�h�e� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� 

�d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� �d�e�v�e�l�o�p�e�d�.� �T�h�e� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� �i�s� �a�n� �a�v�e�r�a�g�e� 

�o�f� �v�a�l�u�e�s� �o�f� �t�h�e� �e�q�u�a�t�i�o�n� �t�a�k�e�n� �a�t� �d�i�f�f�e�r�e�n�t� �p�o�i�n�t�s� �i�n� �t�h�e� �i�n�t�e�r�v�a�l� �x�,� �<� �x� �>� �x�»�+�;�.� �T�h�e� 

�f�o�r�m�u�l�a� �i�s� �p�r�e�s�e�n�t�e�d� �b�e�l�o�w�:� 

�Y�n�e�i� �=�n� �+�2� �(�k�u� �+� �2�k�,� �+�2�k�,�,�3� �+�K�i�i�4�)� 

�w�h�e�r�e� 

�K�i�i�=�f� �X�n�¥�n�)�s� 

�K�i� �=�f� �(�x� �+�h� �+�2� �n�k� �)� �n�2� �n� �3� �Y�n� �2� �n�l�s� 

�1� �1� 
�k� �=� �+ ��h�,�y�,�_� �+ ��h�k�.�,�)�,� �n�3� �f�@�,� �9� �V�n� �2� �2�)� 

�k�g� �=� �f� �(�x�,� �+�h�,�y�,� �+�h�k�,�,�)�.� 

�F�o�r� �t�h�i�s� �m�o�d�e�l�,� �t�h�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �(�x�)� �i�s� �r�e�a�c�t�i�o�n� �t�i�m�e� �a�n�d� �t�h�e� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� 

�(�y�)� �i�s� �s�o�l�u�b�l�e� �m�a�n�g�a�n�e�s�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �H�O�C�I� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e� �c�h�o�i�c�e� �o�f� �t�h�e� �s�t�e�p� 

�s�i�z�e�,� �h�,� �i�s� �c�r�i�t�i�c�a�l� �i�n� �o�b�t�a�i�n�i�n�g� �t�h�e� �m�o�s�t� �a�c�c�u�r�a�t�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �e�q�u�a�t�i�o�n�(�s�)� �b�e�i�n�g� 

�a�p�p�r�o�x�i�m�a�t�e�d�.� �F�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �m�o�d�e�l�,� �a� �s�t�e�p� �s�i�z�e� �o�f� �0�.�0�5� �m�i�n�u�t�e�s� �o�r� �3� �s�e�c�o�n�d�s� 

�w�a�s� �u�s�e�d� �f�o�r� �a�p�p�r�o�x�i�m�a�t�i�n�g� �t�h�e� �m�a�s�s� �b�a�l�a�n�c�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �b�a�t�c�h� �s�t�u�d�i�e�s� �a�n�d� �a� �t�i�m�e� 

�i�n�t�e�r�v�a�l� �o�f� �1�-�5� �m�i�n�u�t�e�s� �f�o�r� �t�h�e� �C�S�T�R� �e�s�t�i�m�a�t�i�o�n�s�.� �F�o�r� �m�o�r�e� �d�e�t�a�i�l� �o�n� �t�h�e� �R�u�n�g�e�-�K�u�t�t�a� 

�m�e�t�h�o�d�,� �p�l�e�a�s�e� �r�e�f�e�r� �t�o� �t�h�e� �t�e�x�t� �b�y� �B�o�y�c�e� �a�n�d� �D�i�P�r�i�m�a�. �� 

�4�.� �M�o�d�e�l� �R�e�s�u�l�t�s� �f�o�r� �B�a�t�c�h� �S�t�u�d�i�e�s�.� �T�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t�  ��k �� �u�s�e�d� �f�o�r� �t�h�e� �m�o�d�e�l� �c�a�l�c�u�l�a�t�i�o�n�s� � � 

�c�o�u�l�d� �n�o�t� �b�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �l�a�b�o�r�a�t�o�r�y� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �b�e�c�a�u�s�e� �o�f� �t�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 

�m�e�c�h�a�n�i�s�m�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�i�s� �t�e�r�m�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �a� �r�a�t�e� �c�o�n�s�t�a�n�t� �w�a�s� �f�i�t�t�e�d� �t�o� �t�h�e� 

�d�a�t�a� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �b�a�t�c�h� �e�x�p�e�r�i�m�e�n�t�s� �p�e�r�f�o�r�m�e�d� �s�t�u�d�y�i�n�g� �i�r�o�n� �c�a�t�a�l�y�z�e�d� �m�a�n�g�a�n�e�s�e� 

�r�e�m�o�v�a�l� �v�i�a� �t�h�e� �a�d�s�o�r�p�t�i�o�n�-�o�x�i�d�a�t�i�o�n� �p�r�o�c�e�s�s� �a�t� �p�H� �8�.� �F�i�g�u�r�e� �2�8� �p�r�o�v�i�d�e�s� �a� �s�u�m�m�a�r�y� �o�f� 
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�t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �v�a�l�u�e�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �b�a�t�c�h� �e�x�p�e�r�i�m�e�n�t�s� �a�t� �p�H� �8�.� �T�h�e� �i�d�e�a�l� 

�o�u�t�c�o�m�e� �o�f� �s�u�c�h� �a�n� �e�x�e�r�c�i�s�e� �i�s� �f�o�r� �t�h�e� �b�e�s�t� �f�i�t�  ��k �� �t�o� �b�e� �a� �c�o�n�s�t�a�n�t� �v�a�l�u�e� �o�v�e�r� �t�h�e� �r�a�n�g�e� �o�f� 

�e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�,� �s�i�g�n�i�f�y�i�n�g� �t�h�a�t� �t�h�e� �m�o�d�e�l� �p�r�o�v�i�d�e�s� �a� �g�o�o�d� �p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� 

�o�b�s�e�r�v�e�d� �r�e�s�u�l�t�s�.� �A�s� �n�o�t�e�d� �i�n� �F�i�g�u�r�e� �2�8�,� �t�h�e� �m�o�d�e�l� �s�e�e�m�e�d� �t�o� �p�r�o�v�i�d�e� �a� �r�e�l�a�t�i�v�e�l�y� �g�o�o�d� 

�p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �a�s� �a�l�l� �o�f� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �p�r�e�d�i�c�t�e�d� �a�r�e� �w�i�t�h�i�n� �t�h�e� �s�a�m�e� �o�r�d�e�r� �o�f� 

�m�a�g�n�i�t�u�d�e�.� �T�h�e� �a�v�e�r�a�g�e�  ��k �� �v�a�l�u�e� �d�e�t�e�r�m�i�n�e�d� �w�a�s� �3�.�4�3� �x� �1�0�°�.� 

�F�i�g�u�r�e� �2�9� �e�x�h�i�b�i�t�s� �t�h�e� �f�i�t� �o�f� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �v�a�l�u�e� �t�o� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �b�a�t�c�h� �d�a�t�a� 

�c�o�l�l�e�c�t�e�d� �a�t� �p�H� �8� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �p�o�i�n�t�s� �r�e�p�r�e�s�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �a�n�d� �t�h�e� 

�l�i�n�e�s� �a� �b�e�s�t� �f�i�t� �o�f� �t�h�e� �m�o�d�e�l� �c�a�l�c�u�l�a�t�i�o�n�s� �u�s�i�n�g� �t�h�e� �o�p�t�i�m�u�m� �r�a�t�e� �c�o�n�s�t�a�n�t� �v�a�l�u�e� �(�b�a�s�e�d� 

�u�p�o�n� �t�h�e� �r�e�s�i�d�u�a�l� �s�u�m�s� �o�f� �s�q�u�a�r�e�s�)� �f�o�r� �t�h�o�s�e� �s�p�e�c�i�f�i�c� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �(�i�.�e�.� �F�e�(�I�I�I�)� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �p�H�,� �e�t�c�.�)�.� 

�5�.� �M�o�d�e�l� �f�o�r� �C�o�n�t�i�n�u�o�u�s� �F�l�o�w� �S�y�s�t�e�m�.� �T�h�e� �o�r�i�g�i�n�a�l� �e�q�u�a�t�i�o�n�s� �(�E�q�u�a�t�i�o�n�s� �9� �a�n�d� �1�0�)� 

�p�r�e�s�e�n�t�e�d� �f�o�r� �t�h�e� �m�a�s�s� �b�a�l�a�n�c�e�s� �o�f� �M�n�(�I�I�)� �a�n�d� �H�O�C�I� �w�e�r�e� �m�o�d�i�f�i�e�d� �a�n�d� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� 

�r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�s� �t�h�a�t� �m�u�s�t� �b�e� �s�o�l�v�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �f�o�r� �t�h�e� �c�o�n�t�i�n�u�o�u�s� 
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� � � � 

� � 

� � � � 

� � 

�f�l�o�w� �s�y�s�t�e�m�:� 

�d� �M�n�(�I�T�)�:� �C�u� 
�d�t� 

�b�C� �'�D�'�C� 
�O�°� �C�y�,� �~� �Q�a� �C�u�,� �~� �k�y� �W�e�  ��[�H�O�C�T�]�-� �a� �M�y�.�  �� �k�y� �A�y� �-�[�H�O�C�T�]�.� �.� �m� �M� �s�n�o� �"� �o�u� �1�+�5�C�,� �1�+�b�'�C�,�,� �1� 

�a�b� �a�'�b�'� �(� �5�)� 

�V�+ ��_ ��_�_�_�_�-� �M�,�,� �+�.� �-�M�,�,� 
�(�1�+� �b�C�,�,�)� �(�1�+�5�'�C�,�,�)� 

�t�H�o�c�y�;� �L�O�C� 
�d�t� 

�b�C� �i� 

�Q�-�[�H�O�C�I�,� �]�-�Q�-�[�H�O�C�I�]�-�k�,� �-�t�H�o�c�n�.�  ��2 ��" ��.�v ��x�,� �H�o�c�n�.� �2�2�.� 
�1�+� �d�C�,� �1�+�5�'�C�,�,� �7� �(�1�6�)� 

�w�h�e�r�e�:� �a ��,� �b�>� �=� �E�m�p�i�r�i�c�a�l� �L�a�n�g�m�u�i�r� �I�s�o�t�h�e�r�m� �C�o�n�s�t�a�n�t�s� 

�k�3� �=� �k�,�/�B�;� �w�h�e�r�e� �B� �=� �V�-�M�W�u�o�c�l�!�M�n�n�o� �.� �M�W�w�n� 
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�A�g�a�i�n�,� �t�h�e� �R�u�n�g�e�-�K�u�t�t�a� �m�e�t�h�o�d� �o�f� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n� �e�s�t�i�m�a�t�i�o�n� �w�a�s� �u�s�e�d� �t�o� 

�d�e�v�e�l�o�p� �a� �s�o�l�u�t�i�o�n� �t�o� �t�h�e�s�e� �e�q�u�a�t�i�o�n�s�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�o�l�u�t�i�o�n� �i�s� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �e�f�f�l�u�e�n�t� 

�M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �a� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �s�y�s�t�e�m� �f�o�r� �t�h�e� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� �u�s�e�d� �i�n� �t�h�e� 

�e�q�u�a�t�i�o�n�s�.� �T�h�e�  ��k �� �v�a�l�u�e� �u�s�e�d� �i�n� �t�h�e� �m�o�d�e�l� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �s�y�s�t�e�m� 

�(�s�l�u�r�r�y� �r�e�a�c�t�o�r� �s�y�s�t�e�m�)� �i�s� �t�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �b�a�t�c�h� �s�y�s�t�e�m� �m�o�d�e�l� �u�n�d�e�r� 

�p�H� �8� �c�o�n�d�i�t�i�o�n�s�,� �3�.�4�3� �x� �1�0�°�.� 

�F�i�g�u�r�e� �3�0� �s�h�o�w�s� �t�h�e� �m�o�d�e�l� �p�r�e�d�i�c�t�i�o�n�s� �f�o�r� �e�f�f�l�u�e�n�t� �M�n�(�I�I�)� �a�n�d� �H�O�C�]� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�s�s�u�m�i�n�g� �t�h�a�t� �o�n�l�y� �i�r�o�n� �o�x�i�d�e�s� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t� �o�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�I�)�.� �T�h�i�s� �a�s�s�u�m�p�t�i�o�n� �w�o�u�l�d� �h�o�l�d� �o�n�l�y� �f�o�r� �t�h�e� �i�n�i�t�i�a�l� �s�t�a�r�t�u�p� �o�f� 

�t�h�e� �r�e�a�c�t�o�r� �s�y�s�t�e�m� �b�e�c�a�u�s�e�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�3�,� �t�h�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�i�m�e�.� �O�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �t�h�a�t� �t�h�e�s�e� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e�s� �w�o�u�l�d� �a�l�s�o� 

�p�a�r�t�i�c�i�p�a�t�e� �i�n� �t�h�e� �a�d�s�o�r�p�t�i�o�n�/�s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �s�t�e�p�s� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d�,� �r�e�s�u�l�t�i�n�g� �i�n� 

�l�o�w�e�r� �e�f�f�l�u�e�n�t� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�T�h�e�  ��d�i�p �� �i�n� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �m�o�d�e�l� �f�o�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �n�o�t�e�d� 

�i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �t�h�e� �r�a�p�i�d�,� �a�d�s�o�r�p�t�i�o�n� �s�t�e�p� �t�o� �t�h�e� �s�l�o�w�e�r�,� �o�x�i�d�a�t�i�o�n� �s�t�e�p� 

�o�f� �t�h�e� �r�e�a�c�t�i�o�n�.� �I�n�i�t�i�a�l�l�y�,� �t�h�e� �i�r�o�n� �o�x�i�d�e�s� �p�r�e�s�e�n�t� �a�d�s�o�r�b� �s�o�l�u�t�i�o�n� �M�n�(�I�I�)� �u�n�t�i�l� �t�h�e� 

�a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �o�x�i�d�e�s� �i�s� �e�x�p�e�n�d�e�d�.� �T�h�e� �e�f�f�l�u�e�n�t� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �b�e�g�i�n�s� 

�t�o� �i�n�c�r�e�a�s�e� �u�n�t�i�l� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �b�e�g�i�n�s� �r�e�s�u�l�t�i�n�g� �i�n� �a� 

�s�u�s�t�a�i�n�a�b�l�e�,� �c�o�n�s�i�s�t�e�n�t� �e�f�f�l�u�e�n�t� �q�u�a�l�i�t�y�.� �A�d�d�i�t�i�o�n�a�l� �m�o�d�e�l� �e�s�t�i�m�a�t�i�o�n�s� �u�n�d�e�r� �v�a�r�i�o�u�s� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �D�;� �t�h�e� �b�o�l�d�e�d� �p�a�r�a�m�e�t�e�r� �i�n�d�i�c�a�t�e�s� �t�h�a�t� 

�i�n�p�u�t� �w�a�s� �c�h�a�n�g�e�d� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �s�i�m�u�l�a�t�i�o�n� �p�r�o�v�i�d�e�d�.� �G�e�n�e�r�a�l�l�y�,� �t�h�e� �m�o�d�e�l� �p�r�o�v�i�d�e�s� 

�a� �g�o�o�d� �i�n�d�i�c�a�t�i�o�n� �o�f� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �e�a�c�h� �o�f� �t�h�e� �k�e�y� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s�,� �h�o�w�e�v�e�r�,� 

�b�e�c�a�u�s�e� �o�f� �t�h�e� �l�i�m�i�t�e�d� �a�m�o�u�n�t�s� �o�f� �d�a�t�a� �a�v�a�i�l�a�b�l�e� �u�n�d�e�r� �t�h�i�s� �w�o�r�k�,� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� 

�a�c�c�u�r�a�c�y� �o�f� �t�h�e� �m�o�d�e�l� �c�a�n�n�o�t� �b�e� �a�s�s�e�s�s�e�d�.� 
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�C�H�A�P�T�E�R� �V� 

�D�I�S�C�U�S�S�I�O�N� 

�T�h�i�s� �c�h�a�p�t�e�r� �i�s� �i�n�t�e�n�d�e�d� �t�o� �p�r�o�v�i�d�e� �a� �t�h�o�r�o�u�g�h� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� 

�i�n� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r� �a�n�d� �t�o� �p�r�o�v�i�d�e� �a� �b�a�s�i�s� �f�o�r� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �m�e�a�n�i�n�g�f�u�l� 

�c�o�n�c�l�u�s�i�o�n�s� �t�h�a�t� �c�a�n� �b�e� �t�a�k�e�n� �f�r�o�m� �t�h�e�s�e� �s�t�u�d�i�e�s�.� �F�r�o�m� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�v�i�o�u�s�l�y� �p�r�e�s�e�n�t�e�d� �i�t� 

�a�p�p�e�a�r�s� �o�b�v�i�o�u�s� �t�h�a�t� �s�o�m�e� �i�n�t�e�r�a�c�t�i�o�n� �d�o�e�s� �i�n�d�e�e�d� �o�c�c�u�r� �b�e�t�w�e�e�n� �M�n�(�I�I�)� �a�n�d� �o�x�i�d�i�z�e�d� 

�i�r�o�n� �(�F�e�(�I�I�I�)�)� �p�a�r�t�i�c�l�e�s� �i�n� �s�o�l�u�t�i�o�n� �a�t� �p�H� �v�a�l�u�e�s� �b�e�t�w�e�e�n� �6� �a�n�d� �8�.� �S�o�m�e� �i�m�p�o�r�t�a�n�t� 

�c�o�n�s�i�d�e�r�a�t�i�o�n�s� �b�r�o�u�g�h�t� �a�b�o�u�t� �d�u�r�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�.� 

�A�.� �S�t�u�d�i�e�s� �o�f� �P�o�s�s�i�b�l�e� �M�n�(�I�)� �R�e�m�o�v�a�l� �M�e�c�h�a�n�i�s�m�s� 

� � � � 

�1�.� �F�o�r�m�a�t�i�o�n� �o�f� �M�n�C�Q�3�,�,�)� �a�n�d� �A�d�s�o�r�p�t�i�o�n� �o�n�t�o� �C�a�C�Q�3� �5�)�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �s�o�l�u�b�i�l�i�t�y� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �M�n�(�I�I�)�,� �C�a�*�*�,� �a�n�d� �C�O�3 �� �,�w�h�i�c�h� �a�r�e� �a�f�f�e�c�t�e�d� �b�y� �s�o�l�u�t�i�o�n� �p�H�,� �i�t� �w�a�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �e�i�t�h�e�r� �M�n�C�O�x�)� �f�o�r�m�a�t�i�o�n� �o�r� �C�a�C�O�3�,�,�)� �f�o�r�m�a�t�i�o�n� �c�o�u�l�d� �d�i�r�e�c�t�l�y� 

�a�f�f�e�c�t� �t�h�e� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �P�r�e�v�i�o�u�s� �r�e�s�e�a�r�c�h�e�r�s� �i�n�c�l�u�d�i�n�g� �D�a�v�i�e�s �� �h�a�v�e� �n�o�t�e�d� �t�h�e� 

�i�n�t�e�r�f�e�r�e�n�c�e�s� �o�n� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �s�t�u�d�i�e�s� �a�t� �h�i�g�h� �p�H� �l�e�v�e�l�s� �d�u�e� �t�o� �M�n�C�O�3�;�,�)� �f�o�r�m�a�t�i�o�n� 

�w�h�e�r�e�a�s� �o�t�h�e�r�s� �n�o�t�e� �t�h�a�t� �i�t� �i�s� �n�o�t� �a� �p�r�o�b�l�e�m� �f�o�r� �u�p� �t�o� �2�0� �h�o�u�r�s� �a�f�t�e�r� �s�a�t�u�r�a�t�i�o�n�. � �� 

�U�s�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�a�r�a�m�e�t�e�r�s� �l�i�s�t�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I�,� �a� �w�h�i�t�e� �p�r�e�c�i�p�i�t�a�t�e� �w�a�s� 

�o�b�s�e�r�v�e�d� �i�n� �s�o�l�u�t�i�o�n� �a�f�t�e�r� �a� �p�e�r�i�o�d� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6�0� �m�i�n�u�t�e�s�.� �T�h�i�s� �o�b�s�e�r�v�e�d� 

�p�r�e�c�i�p�i�t�a�t�e� �c�o�r�r�e�s�p�o�n�d�e�d� �w�i�t�h� �a� �r�e�d�u�c�t�i�o�n� �i�n� �M�n�(�I�I�)� �a�s� �n�o�t�e�d� �i�n� �F�i�g�u�r�e� �8�.� �T�h�e� �C�a ��?� �i�n� �t�h�e� 

�s�o�l�u�t�i�o�n� �m�a�k�e�u�p� �w�a�s� �r�e�p�l�a�c�e�d� �w�i�t�h� �a�n� �i�o�n�i�c� �s�t�r�e�n�g�t�h� �e�q�u�i�v�a�l�e�n�t� �o�f� �N�a �� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �C�a�C�O�3�)�.� �T�h�e� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �o�b�s�e�r�v�e�d� �a�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �9�,� 

�w�a�s� �c�o�n�s�i�d�e�r�a�b�l�y� �l�e�s�s� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �p�r�e�v�i�o�u�s� �e�x�p�e�r�i�m�e�n�t� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� 

�M�n�C�O�;�,�,�)� �f�o�r�m�a�t�i�o�n� �p�l�a�y�s� �a� �m�i�n�o�r� �r�o�l�e� �M�n�(�I�I�)� �r�e�m�o�v�a�l�;� �t�h�u�s�,� �C�a�C�O�3�,�,�)� �f�o�r�m�a�t�i�o�n� �a�n�d� �t�h�e� 

�a�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �i�t�s� �s�u�r�f�a�c�e� �o�r� �c�o�-�p�r�e�c�i�p�i�t�a�t�i�o�n� �w�a�s� �p�r�i�m�a�r�i�l�y� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� 

�o�b�s�e�r�v�e�d� �M�n�(�I�I�)� �r�e�d�u�c�t�i�o�n�.� 

�A�t� �p�H� �8�,� �n�o� �p�r�e�c�i�p�i�t�a�t�e� �w�a�s� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�e�s�t�i�n�g� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �t�h�e� �M�n�(�I�I�)� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �e�f�f�e�c�t�i�v�e�l�y� �u�n�c�h�a�n�g�e�d� �a�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e� �1�0�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� 
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�s�u�b�s�e�q�u�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �w�a�s� �c�o�n�d�u�c�t�e�d� �a�t� �s�o�l�u�t�i�o�n� �p�H� �l�e�s�s� �t�h�a�n� �8� �p�H� �u�n�i�t�s� �s�o� �t�h�a�t� 

�t�h�e�s�e� �s�o�l�i�d� �f�o�r�m�a�t�i�o�n�s� �c�o�u�l�d� �n�o�t� �i�n�t�e�r�f�e�r�e� �w�i�t�h� �t�h�e� �i�r�o�n� �c�a�t�a�l�y�z�e�d� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �s�t�u�d�i�e�s�.� 

�(�R�e�c�a�l�l� �t�h�a�t� �t�h�e� �f�i�e�l�d� �d�a�t�a� �s�h�o�w�n� �i�n� �T�a�b�l�e� �|� �w�a�s� �t�a�k�e�n� �u�n�d�e�r� �s�o�l�u�t�i�o�n� �p�H� �r�a�n�g�i�n�g� �f�r�o�m� 

�7�3�-�7�.�5�.�)� 

�2�.� �S�o�l�u�t�i�o�n� �P�h�a�s�e� �O�x�i�d�a�t�i�o�n�.� �S�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �n�o�t�e�d� �t�h�e� �i�n�e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �H�O�C�I� 
� � 

�t�o� �o�x�i�d�i�z�e� �M�n�(�I�I�)� �i�n� �s�o�l�u�t�i�o�n�.�'�'�*�*� �S�t�u�d�i�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �t�o� �c�o�n�f�i�r�m� �t�h�e�s�e� �f�i�n�d�i�n�g�s� �t�o� 

�e�n�s�u�r�e� �t�h�a�t� �t�h�e� �u�n�i�q�u�e� �s�e�t� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �u�s�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s� �w�o�u�l�d� 

�p�r�o�d�u�c�e� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s�.� �S�t�u�d�i�e�s�,� �t�h�e� �r�e�s�u�l�t�s� �o�f� �w�h�i�c�h� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�1�,� �c�o�n�d�u�c�t�e�d� 

�a�t� �p�H� �7� �a�n�d� �8� �c�o�n�f�i�r�m�e�d� �t�h�e� �f�i�n�d�i�n�g�s� �o�f� �p�r�e�v�i�o�u�s� �r�e�s�e�a�r�c�h�e�r�s� �t�h�a�t� �M�n�(�I�]�)� �i�s� �n�o�t� �e�f�f�e�c�t�i�v�e�l�y� 

�o�x�i�d�i�z�e�d� �b�y� �H�O�C�]� �a�t� �p�H� �l�e�v�e�l�s� �l�e�s�s� �t�h�a�n� �8� �p�H� �u�n�i�t�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t� �a�t� �p�H� �8� �w�a�s� �a�l�l�o�w�e�d� 

�t�o� �c�o�n�t�i�n�u�e� �f�o�r� �a� �p�e�r�i�o�d� �o�f� �2�1� �h�o�u�r�s� �a�t� �w�h�i�c�h� �p�o�i�n�t� �a� �r�e�d�u�c�t�i�o�n� �o�f� �o�n�l�y� �6�%� �o�f� �t�h�e� �i�n�i�t�i�a�l� 

�M�n�(�I�I�)� �w�a�s� �m�e�a�s�u�r�e�d�;� �t�h�i�s� �f�u�r�t�h�e�r� �i�n�d�i�c�a�t�e�s� �t�h�e� �s�l�o�w� �k�i�n�e�t�i�c�s� �o�f� �s�u�c�h� �o�x�i�d�a�t�i�o�n�.� �O�n�c�e� �a� 

�M�n�O�x�;�)� �s�u�r�f�a�c�e� �d�e�v�e�l�o�p�s� �i�n� �s�o�l�u�t�i�o�n�,� �o�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �t�h�e� �o�x�i�d�a�t�i�o�n� �k�i�n�e�t�i�c�s� �t�o� �i�n�c�r�e�a�s�e� 

�s�u�b�s�t�a�n�t�i�a�l�l�y� �a�s� �t�h�e� �s�u�r�f�a�c�e� �s�e�r�v�e�s� �a�s� �a� �s�i�t�e� �f�o�r� �a�d�s�o�r�p�t�i�o�n� �a�s� �n�o�t�e�d� �b�y� �M�o�r�g�a�n� �a�n�d� 

�S�t�u�m�m �� �a�n�d� �e�n�h�a�n�c�e�s� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �s�o�r�b�e�d� �M�n�(�I�I�)� �a�s� �o�b�s�e�r�v�e�d� �b�y� �H�a�o ��*�.� �A�s� �n�o�t�e�d� 

�b�y� �K�n�o�c�k�e� �e�t� �a�l�.�'�,� �h�o�w�e�v�e�r�,� �t�h�e� �s�l�o�w�e�r� �o�x�i�d�a�t�i�o�n� �k�i�n�e�t�i�c�s� �o�b�s�e�r�v�e�d� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�t�h�e� �d�e�p�r�e�s�s�e�d� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�0�°� �C� �u�s�e�d� �d�u�r�i�n�g� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�.� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�M�n�O�,�x�i�s�)� �w�a�s� �s�u�b�d�u�e�d� �b�y� �t�h�e� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �t�h�e� �n�e�u�t�r�a�l� �p�H� �c�o�n�d�i�t�i�o�n�s�,� �b�o�t�h� 

�f�a�c�t�o�r�s� �t�h�a�t� �a�f�f�e�c�t� �t�h�e� �r�e�l�e�a�s�e� �o�f� �H �� �f�r�o�m� �t�h�e� �M�n�(�I�I�)� �s�u�r�f�a�c�e� �i�n� �t�u�r�n� �a�f�f�e�c�t�i�n�g� �t�h�e� 
�.� �+� �.� �.� �.� �.� �+� 

�r�e�d�u�c�t�i�o�n�-�o�x�i�d�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �w�h�i�c�h� �o�c�c�u�r� �v�i�a� �t�r�a�n�s�f�e�r� �o�f� �e�l�e�c�t�r�o�n�s� �(�H�'�)�.� 

�3�.� �A�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �F�r�e�s�h�l�y� �P�r�e�c�i�p�i�t�a�t�e�d� �I�r�o�n� �O�x�i�d�e�s�.� �O�n�e� �h�y�p�o�t�h�e�s�i�s� �f�o�r� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �i�n� �M�n�(�I�I�)� �i�n� �t�h�e� �f�i�e�l�d� �s�t�u�d�i�e�s� �w�a�s� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �t�h�e� �o�x�i�d�i�z�e�d� 

�F�e�(�I�I�I�)� �s�u�r�f�a�c�e�.� �H�o�w�e�v�e�r�,� �a�s� �s�u�m�m�a�r�i�z�e�d� �b�y� �F�i�g�u�r�e�s� �1�2� �a�n�d� �1�3�,� �t�h�e� �c�a�p�a�c�i�t�y� �f�o�r� �M�n�(�I�I�)� 

�b�y� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �t�s� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l�.� �T�h�e� �o�b�s�e�r�v�e�d� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �w�a�s� �i�n�d�e�e�d� 

�s�o�l�e�l�y� �a�d�s�o�r�p�t�i�o�n� �o�n� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �r�a�t�h�e�r� �t�h�a�n� �e�n�t�r�a�p�m�e�n�t� �o�f� �M�n�(�I�I�)� �w�i�t�h�i�n� �f�o�r�m�i�n�g� 

�F�e�(�I�I�I�)� �f�l�o�c�s� �a�s� �M�n�(�I�I�)� �w�a�s� �a�d�d�e�d� �a�f�t�e�r� �F�e�(�I�I�)� �o�x�i�d�a�t�i�o�n� �d�u�r�i�n�g� �a�l�l� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s�.� �T�h�i�s� 
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�i�s� �o�n�e� �a�s�p�e�c�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �t�e�c�h�n�i�q�u�e�s� �t�h�a�t� �d�i�f�f�e�r�s� �f�r�o�m� �t�h�a�t� �e�x�p�e�r�i�e�n�c�e�d� �u�n�d�e�r� 

�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �c�o�n�d�i�t�i�o�n�s�.� �N�o�r�m�a�l�l�y�,� �t�h�e� �r�e�d�u�c�e�d� �m�e�t�a�l� �s�p�e�c�i�e�s� �a�r�e� �p�a�r�t� �o�f� �t�h�e� �r�a�w� 

�w�a�t�e�r� �m�a�k�e�u�p� �a�n�d� �h�a�v�e� �t�h�e� �a�b�i�l�i�t�y� �t�o� �i�n�t�e�r�a�c�t� �a�t� �a�l�l� �p�h�a�s�e�s� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�.� �T�h�e� 

�t�e�c�h�n�i�q�u�e� �u�s�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�l�l�o�w�s� �o�n�e� �t�o� �q�u�a�n�t�i�f�y� �t�h�a�t� �M�n�(�I�]�)� �r�e�m�o�v�a�l� �w�h�i�c�h� �c�a�n� 

�b�e� �s�o�l�e�l�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �a�n�d� �t�h�e� �M�n�(�I�D�)� �r�e�m�o�v�a�l� 

�o�c�c�u�r�r�i�n�g� �a�s� �a� �r�e�s�u�l�t� �o�f� �o�t�h�e�r� �p�r�o�c�e�s�s�e�s�.� �A�l�s�o�,� �i�t� �a�l�l�o�w�s� �f�o�r� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �i�s�o�t�h�e�r�m�s� 

�f�o�r� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �F�e�(�I�I�I�)�.� 

�T�h�e� �t�y�p�e� �o�f� �a�d�s�o�r�p�t�i�o�n� �t�h�a�t� �w�a�s� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �t�h�e� �M�n�(�I�I�)� �a�n�d� �t�h�e� �F�e�(�I�I�D�)� 

�o�x�i�d�e�s� �a�n�d� �M�n�(�I�I�)� �a�n�d� �M�n�O�,� �(�;�)� �i�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�o� �b�e� �p�h�y�s�i�c�a�l� �a�d�s�o�r�p�t�i�o�n�,� �n�o�t� �c�h�e�m�i�c�a�l� 

�a�d�s�o�r�p�t�i�o�n�.� �T�h�e� �b�o�n�d�s� �b�e�t�w�e�e�n� �t�h�e� �c�o�n�s�t�i�t�u�e�n�t�s� �i�n� �p�h�y�s�i�c�a�l� �a�d�s�o�r�p�t�i�o�n� �a�r�e� �t�y�p�i�c�a�l�l�y� 

�w�e�a�k�e�r� �t�h�a�n� �t�h�o�s�e� �i�n� �c�h�e�m�i�c�a�l� �a�d�s�o�r�p�t�i�o�n�,� �a�n�d� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �i�s� �o�f�t�e�n�t�i�m�e�s� �r�e�v�e�r�s�i�b�l�e� 

�b�e�c�a�u�s�e� �o�f� �t�h�i�s� �f�a�c�t�.� �T�h�i�s� �w�a�s� �e�x�h�i�b�i�t�e�d� �i�n� �t�h�e� �w�o�r�k� �p�r�e�s�e�n�t�e�d� �b�y� �L�l�o�y�d� �e�t� �a�l�. �� �f�o�r� �M�n�(�I�I�)� 

�a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �M�n�O�,�,�)�.� �T�h�e� �a�m�o�u�n�t� �o�f� �M�n�(�I�D�)� �t�h�a�t� �i�s� �a�d�s�o�r�b�e�d� �b�y� �t�h�e� �F�e�(�I�I�)� �o�x�i�d�e�s� �i�s� 

�d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �M�n�(�I�D�)� �i�n� �s�o�l�u�t�i�o�n� �a�n�d� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�.� 

�S�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �i�s�o�t�h�e�r�m� �t�h�e�o�r�i�e�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d�,� �t�h�e� �m�o�s�t� �w�e�l�l� �k�n�o�w�n� 

�b�e�i�n�g� �t�h�o�s�e� �b�y� �F�r�e�u�n�d�l�i�c�h� �a�n�d� �L�a�n�g�m�u�i�r�.� �F�r�e�u�n�d�l�i�c�h� �t�h�e�o�r�y� �m�o�s�t� �o�f�t�e�n� �a�p�p�l�i�e�s� �t�o� �c�a�r�b�o�n� 

�a�d�s�o�r�p�t�i�o�n� �w�h�e�r�e� �t�h�e�r�e� �i�s� �a� �l�i�n�e�a�r� �r�e�s�p�o�n�s�e� �b�e�t�w�e�e�n� �t�h�e� �l�o�g�a�r�i�t�h�m� �o�f� �t�h�e� �s�o�l�u�t�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �t�h�e� �l�o�g�a�r�i�t�h�m� �o�f� �t�h�e� �a�m�o�u�n�t� �a�d�s�o�r�b�e�d� �p�e�r� �u�n�i�t� �w�e�i�g�h�t� �o�f� �a�d�s�o�r�b�e�n�t�.� 

�H�o�w�e�v�e�r�,� �i�n� �c�a�s�e�s� �w�h�e�r�e� �a� �m�a�x�i�m�u�m� �c�a�p�a�c�i�t�y� �i�s� �o�b�s�e�r�v�e�d�,� �L�a�n�g�m�u�i�r�i�a�n� �t�h�e�o�r�y� �a�p�p�l�i�e�s�.� 

�(�T�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s� �w�e�r�e� �t�e�s�t�e�d� �u�s�i�n�g� �b�o�t�h� �L�a�n�g�m�u�i�r� �a�n�d� �F�r�e�u�n�d�l�i�c�h� 

�t�h�e�o�r�y� �w�i�t�h� �L�a�n�g�m�u�i�r�i�a�n� �t�h�e�o�r�y� �m�o�r�e� �c�l�o�s�e�l�y� �p�r�e�d�i�c�t�e�d� �t�h�e� �d�a�t�a�.� �T�h�e�s�e� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� 

�i�n�c�l�u�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�.�)� �A�s� �n�o�t�e�d� �i�n� �F�i�g�u�r�e� �1�2�,� �a� �m�a�x�i�m�u�m� �c�a�p�a�c�i�t�y� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� 

�e�a�c�h� �o�f� �t�h�e�s�e� �a�d�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �k�e�y� �a�s�s�u�m�p�t�i�o�n� �o�f� �L�a�n�g�m�u�i�r�i�a�n� �t�h�e�o�r�y� �i�s� 

�s�a�t�i�s�f�i�e�d�,� �a� �f�i�x�e�d� �n�u�m�b�e�r� �o�f� �s�i�t�e�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �a�d�s�o�r�p�t�i�o�n� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� 

�a�d�s�o�r�b�e�n�t�. �� �A�l�t�h�o�u�g�h� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �c�o�n�c�l�u�d�e� �w�i�t�h� �t�h�e� �n�u�m�b�e�r� �o�f� �d�a�t�a� �p�o�i�n�t�s� �s�h�o�w�n�,� 

�t�h�e� �s�a�m�e� �t�h�e�o�r�y� �c�o�u�l�d� �b�e� �a�p�p�l�i�e�d� �t�o� �F�i�g�u�r�e� �1�4� �f�o�r� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �p�u�r�i�f�i�e�d� 

�F�e�(�I�I�I�)� �o�x�i�d�e�s�.� 
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�A�s� �p�r�e�v�i�o�u�s�l�y� �r�e�p�o�r�t�e�d� �t�h�e� �o�b�s�e�r�v�e�d� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �f�o�r� �M�n�(�I�D�)� �a�t� 

�p�H� �8� �w�a�s� �0�.�0�0�5� �m�g� �M�n�(�I�I�)�/�m�g� �F�e�(�I�H�]�)�.� �W�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�e�s�u�l�t�s� �o�f� �D�a�v�i�e�s�*� �w�h�o� 

�c�o�n�d�u�c�t�e�d� �s�i�m�i�l�a�r� �e�x�p�e�r�i�m�e�n�t�s�,� �t�h�e� �v�a�l�u�e�s� �a�p�p�e�a�r� �t�o� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r� �t�h�a�n� �t�h�o�s�e� 

�D�a�v�i�e�s� �r�e�p�o�r�t�e�d�.� �F�i�g�u�r�e� �3�1� �s�h�o�w�s� �a� �p�l�o�t� �o�f� �d�a�t�a� �t�a�k�e�n� �f�r�o�m� �D�a�v�i�e�s �� �w�o�r�k� �w�i�t�h� �t�h�e� �d�a�t�a� 

�p�o�i�n�t� �c�o�l�l�e�c�t�e�d� �u�n�d�e�r� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�t� �p�H� �8� �p�l�o�t�t�e�d�.� �O�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �t�h�e� �p�o�i�n�t� �t�o� �l�i�e� 

�c�l�o�s�e�r� �t�o� �t�h�e� �l�i�n�e� �i�n�d�i�c�a�t�e�d� �f�o�r� �l�e�p�i�d�i�c�r�o�c�i�t�e� �r�a�t�h�e�r� �t�h�a�n� �g�e�o�t�h�i�t�e� �s�i�n�c�e� �t�h�e� �F�e�(�I�I�)� �o�x�i�d�e�s� 

�u�s�e�d� �i�n� �t�h�e�s�e� �s�t�u�d�i�e�s� �w�e�r�e� �a�  ��f�r�e�s�h �� �p�r�e�c�i�p�i�t�a�t�e�.� 

�N�a�t�u�r�a�l�l�y�,� �w�h�e�n� �t�w�o� �s�t�u�d�i�e�s� �a�r�e� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �m�e�t�h�o�d�s� �b�y� �d�i�f�f�e�r�e�n�t� 

�r�e�s�e�a�r�c�h�e�r�s�,� �r�e�s�u�l�t�s� �w�i�l�l� �d�i�f�f�e�r�;� �h�o�w�e�v�e�r�,� �s�o�m�e� �e�x�p�l�a�n�a�t�i�o�n� �m�u�s�t� �e�x�i�s�t� �f�o�r� �t�h�i�s� �r�a�t�h�e�r� �l�a�r�g�e� 

�d�i�s�c�r�e�p�a�n�c�y�.� �O�n�e� �k�e�y� �d�i�f�f�e�r�e�n�c�e� �i�s� �i�n� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �i�r�o�n� �o�x�i�d�e� �p�a�r�t�i�c�l�e�s� �u�s�e�d� 

�d�u�r�i�n�g� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�.� �T�h�e� �o�x�i�d�e�s� �u�s�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s� �w�e�r�e� �f�o�r�m�e�d� �i�n� �s�o�l�u�t�i�o�n� 

�i�m�m�e�d�i�a�t�e�l�y� �p�r�i�o�r� �t�o� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �M�n�(�I�I�)�.� �T�h�e�s�e� �s�o�l�i�d�s� �w�e�r�e� �a�l�s�o� �e�x�p�o�s�e�d� �t�o� �t�h�e� 

�i�o�n�i�c� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �t�e�s�t� �s�o�l�u�t�i�o�n� �f�o�r� �a� �p�e�r�i�o�d� �o�f� �t�i�m�e� �p�r�i�o�r� �t�o� �M�n�(�I�D� �a�d�d�i�t�i�o�n�.� �D�a�v�i�e�s� 

�p�r�e�p�a�r�e�d� �h�i�s� �i�r�o�n� �o�x�i�d�e�s� �i�n� �a�d�v�a�n�c�e�,� �w�a�s�h�i�n�g� �t�h�e�m� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�n�d� �s�t�o�r�i�n�g� �t�h�e�m� 

�i�n� �a� �p�l�a�s�t�i�c� �c�o�n�t�a�i�n�e�r�.� �T�h�u�s�,� �w�h�e�n� �h�i�s� �s�o�l�i�d�s� �w�e�r�e� �t�o� �b�e� �u�s�e�d� �t�h�e�y� �h�a�d� �n�o�t� �b�e�e�n� �e�x�p�o�s�e�d� 

�t�o� �t�h�e� �i�o�n�i�c� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�,� �i�n�s�t�e�a�d� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�i�t�e�s� �w�e�r�e� �f�r�e�e� �o�f� �s�o�r�b�e�d� 

�p�a�r�t�i�c�l�e�s� �u�n�t�i�l� �a�d�d�e�d� �t�o� �t�h�e� �t�e�s�t� �s�o�l�u�t�i�o�n�.� 

�A� �k�e�y� �e�x�p�e�r�i�m�e�n�t�a�l� �p�a�r�a�m�e�t�e�r� �w�h�e�n� �c�o�n�d�u�c�t�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s� �i�s� �t�h�e� �l�e�n�g�t�h� �o�f� �t�i�m�e� 

�a�l�l�o�w�e�d� �f�o�r� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �t�o� �o�c�c�u�r� �b�e�t�w�e�e�n� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �a�n�d� �t�h�e� �M�n�(�I�I�)� �i�n� �s�o�l�u�t�i�o�n�.� 

�S�e�v�e�r�a�l� �i�n�i�t�i�a�l� �t�e�s�t�s� �u�s�i�n�g� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �M�n�(�I�J�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�v�e�r� �p�r�o�l�o�n�g�e�d� �t�i�m�e� �p�e�r�i�o�d�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s�,� �p�l�o�t�t�e�d� 

�i�n� �F�i�g�u�r�e� �3�2�,� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �b�e�t�w�e�e�n� �M�n�(�I�I�)� �a�n�d� �F�e�(�I�I�D� �o�c�c�u�r�r�e�d� �w�i�t�h�i�n� �5� 

�m�i�n�u�t�e�s� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �a�s� �t�h�e� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�i�d� �n�o�t� �c�h�a�n�g�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �o�v�e�r� �t�h�e� 

�r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �t�i�m�e�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �a�s� �p�a�r�t� �o�f� 

�t�h�i�s� �w�o�r�k� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�f�t�e�r� �5� �m�i�n�u�t�e�s� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �M�n�(�I�I�)� �a�n�d� �F�e�(�I�I�I�)�.� 

�A�n� �o�v�e�r�s�i�g�h�t� �i�n� �t�h�i�s� �d�e�c�i�s�i�o�n� �w�a�s� �t�h�e� �l�a�c�k� �o�f� �i�n�v�e�s�t�i�g�a�t�i�n�g� �t�h�e� �r�e�q�u�i�r�e�d� �e�q�u�i�l�i�b�r�i�u�m� �t�i�m�e� 

�w�h�e�n� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �F�e�(�I�I�I�)� �w�e�r�e� �s�t�u�d�i�e�d�.� �P�e�r�h�a�p�s�,� �b�e�c�a�u�s�e� �o�f� �t�h�e� �i�n�c�r�e�a�s�e�d� 

�a�m�o�u�n�t� �o�f� �s�u�r�f�a�c�e� �p�r�e�s�e�n�t� �w�h�e�n� �h�i�g�h�e�r� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�r�e� �u�s�e�d�,� �t�h�e� �t�i�m�e� �r�e�q�u�i�r�e�d� 

�f�o�r� �a�d�s�o�r�p�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� �t�o� �b�e� �r�e�a�c�h�e�d� �m�a�y� �b�e� �s�o�m�e�w�h�a�t� �l�o�n�g�e�r�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� 
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�d�e�p�r�e�s�s�e�d� �t�e�m�p�e�r�a�t�u�r�e�s� �u�s�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �s�t�u�d�i�e�s� �(�1�0�°�C�)� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �2�5�°�C� �u�s�e�d� �b�y� 

�D�a�v�i�e�s �� �c�o�u�l�d� �a�f�f�e�c�t� �t�h�e� �r�a�t�e� �o�f� �a�d�s�o�r�p�t�i�o�n� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �M�e�t�c�a�l�f� �a�n�d� �E�d�d�y�,� �I�n�c�.�® �� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �l�o�w�e�r� �a�m�o�u�n�t�s� �o�f� �a�d�s�o�r�p�t�i�o�n� �o�c�c�u�r� �a�t� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e�s�;� �t�h�i�s� �w�a�s� 

�s�e�e�m�i�n�g�l�y� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �s�t�u�d�y�.� �T�h�i�s� �m�a�y� �e�x�p�l�a�i�n� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �n�o�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�n�d� �t�h�o�s�e� �o�f� �D�a�v�i�e�s ��.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �s�t�u�d�y� �c�o�u�l�d� �a�l�s�o� �b�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�f� �L�l�o�y�d� �e�t�.� �a�l�. � �� �w�h�o� 

�p�r�e�s�e�n�t�e�d� �L�a�n�g�m�u�i�r� �i�s�o�t�h�e�r�m�s� �f�o�r� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �h�y�d�r�a�t�e�d� �i�r�o�n� �o�x�i�d�e�s� �(�F�e�(�I�I�)�)� 

�a�n�d� �M�n�O�,� �a�t� �1�0�°�C�.� �S�u�n�g� �a�n�d� �M�o�r�g�a�n �� �a�l�s�o� �p�r�e�s�e�n�t� �a�d�s�o�r�p�t�i�o�n� �d�a�t�a� �f�o�r� �M�n�(�I�I�)� �o�n�t�o� �t�h�e� 

�F�e�(�I�I�I�)� �w�h�i�c�h� �i�s� �n�o�t�e�d� �o�n�l�y� �f�o�r� �r�e�f�e�r�e�n�c�e�.� �L�l�o�y�d� �e�t� �a�l�.�° �� �n�o�t�e�d� �t�h�a�t� �a�d�s�o�r�p�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� 

�w�a�s� �o�b�s�e�r�v�e�d� �t�o� �o�c�c�u�r� �a�f�t�e�r� �a� �p�e�r�i�o�d� �o�f� �o�n�l�y� �f�i�v�e� �m�i�n�u�t�e�s�,� �t�h�e� �s�a�m�e� �t�i�m�e� �p�e�r�i�o�d� �u�s�e�d� �f�o�r� 

�t�h�e� �s�t�u�d�i�e�s� �p�r�e�s�e�n�t�e�d� �b�y� �t�h�i�s� �p�a�p�e�r�.� �T�h�e� �a�u�t�h�o�r�s� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�t� �a� �s�o�l�u�t�i�o�n� �p�H� �o�f� �8�.�0�,� �t�h�e� 

�m�a�x�i�m�u�m� �a�d�s�o�r�p�t�i�o�n� �r�a�t�i�o� �i�s� �0�.�0�5� �m�g� �s�o�r�b�e�d� �M�n�(�I�I�)� �p�e�r� �m�g� �o�f� �F�e�(�I�I�D�)� �c�o�m�p�a�r�e�d� �w�i�t�h� �a� 

�r�a�t�i�o� �o�f� �0�.�0�0�5� �m�g� �M�n�(�I�I�)�/�m�g� �F�e�(�I�I�)� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�i�e�s� �c�o�n�d�u�c�t�e�d� �f�o�r� �t�h�i�s� �p�a�p�e�r�.� 

�O�n�e� �p�o�t�e�n�t�i�a�l� �c�a�u�s�e� �f�o�r� �t�h�i�s� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �a�d�s�o�r�p�t�i�o�n� �r�a�t�i�o�s� �i�s� �t�h�e� �i�o�n�i�c� 

�s�t�r�e�n�g�t�h� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �u�s�e�d� �d�u�r�i�n�g� �t�h�i�s� �r�e�s�e�a�r�c�h� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�5� �t�i�m�e�s� �t�h�a�t� �u�s�e�d� �b�y� 

�L�l�o�y�d� �e�t� �a�l�. �� �i�n� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �o�f� �t�h�e�i�r� �d�a�t�a�.� �T�h�e�r�e�f�o�r�e�,� �n�u�m�e�r�o�u�s� �i�o�n�s� �a�r�e� �c�o�m�p�e�t�i�n�g� �f�o�r� 

�t�h�e� �l�i�m�i�t�e�d� �n�u�m�b�e�r� �o�f� �a�v�a�i�l�a�b�l�e� �a�d�s�o�r�p�t�i�o�n� �s�i�t�e�s� �o�n� �t�h�e� �o�x�i�d�e� �s�u�r�f�a�c�e�;� �t�h�i�s� �i�n� �t�u�r�n� �m�a�y� 

�r�e�d�u�c�e� �t�h�e� �a�m�o�u�n�t� �o�f� �o�b�s�e�r�v�e�d� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n�.� 

�O�b�v�i�o�u�s�l�y�,� �a� �d�i�s�c�r�e�p�a�n�c�y� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �t�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �b�y� �t�h�e�s�e� �t�h�r�e�e� �s�t�u�d�i�e�s�.� 

�M�o�s�t� �l�i�k�e�l�y�,� �t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �i�r�o�n� �o�x�i�d�e�s� �u�s�e�d� �i�n� 

�e�a�c�h� �s�t�u�d�y�.� �T�h�e� �m�a�n�n�e�r� �i�n� �w�h�i�c�h� �t�h�e�s�e� �s�o�l�i�d�s� �w�e�r�e� �f�o�r�m�e�d� �a�f�f�e�c�t�s� �t�h�e�i�r� �c�h�e�m�i�c�a�l� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �T�o� �p�r�o�v�i�d�e� �a� �t�r�u�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �b�e�t�w�e�e�n� �t�h�e�s�e� 

�t�h�r�e�e� �s�t�u�d�i�e�s�,� �a�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a�s� �o�f� �t�h�e� �i�r�o�n� �o�x�i�d�e�s� �u�s�e�d� �w�o�u�l�d� �b�e� �r�e�q�u�i�r�e�d�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�i�s� �w�a�s� �b�e�y�o�n�d� �t�h�e� �s�c�o�p�e� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h�.� �T�h�u�s�,� �i�t� �i�s� �r�e�c�o�m�m�e�n�d�e�d� �t�h�a�t� 

�f�u�t�u�r�e� �r�e�s�e�a�r�c�h�e�r�s� �t�h�o�r�o�u�g�h�l�y� �i�n�v�e�s�t�i�g�a�t�e�,� �a�c�c�o�u�n�t�i�n�g� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e�,� �s�u�r�f�a�c�e� �a�r�e�a� 

�v�a�r�i�a�b�i�l�i�t�y� �a�n�d� �o�t�h�e�r� �f�a�c�t�o�r�s�,� �t�h�e� �r�e�q�u�i�r�e�d� �e�q�u�i�l�i�b�r�i�u�m� �t�i�m�e� �t�h�a�t� �s�h�o�u�l�d� �b�e� �u�s�e�d� �t�o� �s�t�u�d�y� 

�t�h�e� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n� �o�r� �o�t�h�e�r� �s�p�e�c�i�e�s� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �a� �s�u�r�f�a�c�e�.� 
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�T�h�e� �n�o�t�e�d� �a�d�s�o�r�p�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�t�o� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �o�b�v�i�o�u�s�l�y� �h�a�d� �s�o�m�e� �e�f�f�e�c�t� 

�o�n� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�J�)� �f�r�o�m� �s�o�l�u�t�i�o�n�;� �h�o�w�e�v�e�r�,� �t�h�e� �n�e�x�t� �p�h�a�s�e� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� �f�o�c�u�s�e�d� 

�o�n� �t�h�e� �p�o�s�s�i�b�l�e� �c�a�t�a�l�y�z�i�n�g� �e�f�f�e�c�t� �t�h�e� �o�x�i�d�i�z�e�d� �i�r�o�n� �s�u�r�f�a�c�e� �h�a�s� �o�n� �t�h�e� �s�o�r�b�e�d� �M�n�(�I�I�)�.� �T�h�e� 

�p�r�i�m�a�r�y� �q�u�e�s�t�i�o�n� �t�o� �b�e� �a�d�d�r�e�s�s�e�d� �w�a�s� �w�h�e�t�h�e�r� �o�r� �n�o�t� �t�h�e� �i�r�o�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �c�o�u�l�d� �a�s�s�i�s�t� 

�a�n�d� �s�e�r�v�e� �a�s� �a� �c�a�t�a�l�y�s�t� �i�n� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�I�)�,� �s�i�m�i�l�a�r� �t�o� �t�h�e� �p�h�e�n�o�m�e�n�o�n� �o�b�s�e�r�v�e�d� 

�w�h�e�n� �M�n�O�x�,�)� �i�s� �p�r�e�s�e�n�t� �i�n� �s�o�l�u�t�i�o�n�.� 

�B�.� �M�n�(�I�D�)� �R�e�m�o�v�a�l� �v�i�a� �S�u�r�f�a�c�e� �C�a�t�a�l�y�z�e�d� �O�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�]�)� �w�i�t�h� �F�e�(�I�I�)� �O�x�i�d�e�s� 

�A�l�t�h�o�u�g�h� �t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �d�o�e�s� �n�o�t� �p�r�o�v�i�d�e� �a�s� �m�u�c�h� �a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �a�s� �a�n� 

�M�n�O�,�;�;�)� �p�a�r�t�i�c�l�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �M�n�(�I�I�)� �a�d�s�o�r�p�t�i�o�n�,� �i�t� �i�s� �m�u�c�h� �e�a�s�i�e�r� �t�o� �o�x�i�d�i�z�e� �F�e�(�I�I�)� �t�h�a�n� 

�M�n�(�I�I�)� �u�s�i�n�g� �w�e�a�k�e�r�,� �l�e�s�s� �e�x�p�e�n�s�i�v�e� �o�x�i�d�a�n�t�s� �u�n�d�e�r� �n�o�r�m�a�l� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �p�H� 

�c�o�n�d�i�t�i�o�n�s�.� �W�h�i�l�e� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �d�e�v�e�l�o�p� �a�n� �M�n�O�,�;�,�)� �p�a�r�t�i�c�l�e� �i�n� �s�o�l�u�t�i�o�n� �u�s�i�n�g� �s�t�r�o�n�g�e�r� 

�o�x�i�d�a�n�t�s�,� �t�h�e� �r�e�s�u�l�t�i�n�g� �p�a�r�t�i�c�l�e� �i�s� �o�f�t�e�n� �n�o�t� �o�f� �s�u�f�f�i�c�i�e�n�t� �s�i�z�e� �n�o�r� �e�l�e�c�t�r�o�s�t�a�t�i�c�a�l�l�y� �s�t�a�b�l�e� �t�o� 

�b�e� �s�e�t�t�l�e�d� �o�r� �f�i�l�t�e�r�e�d� �f�r�o�m� �s�o�l�u�t�i�o�n�.� �T�h�u�s�,� �t�h�e� �u�s�e� �o�f� �t�h�e� �i�r�o�n� �o�x�i�d�e� �p�a�r�t�i�c�l�e� �a�s� �a�n� �i�n�i�t�i�a�l� 

�a�d�s�o�r�p�t�i�o�n� �s�u�r�f�a�c�e� �u�p�o�n� �w�h�i�c�h� �p�a�r�t�i�c�l�e� �g�r�o�w�t�h� �c�a�n� �o�c�c�u�r� �i�s� �a� �p�o�s�s�i�b�l�e� �M�n�(�I�I�)� �r�e�m�o�v�a�l� 

�s�c�h�e�m�e� �t�h�a�t� �a�p�p�e�a�r�e�d� �t�o� �b�e� �w�o�r�t�h�w�h�i�l�e� �a�n�d� �w�a�s� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�e�d� �d�u�r�i�n�g� �t�h�e�s�e� 

�e�x�p�e�r�i�m�e�n�t�s�.� 

�A�s� �n�o�t�e�d� �i�n� �F�i�g�u�r�e� �1�5�,� �w�h�e�n� �F�e�(�I�I�)� �i�s� �c�o�n�c�u�r�r�e�n�t�l�y� �o�x�i�d�i�z�e�d� �w�i�t�h� �M�n�(�I�I�)� �i�n� 

�s�o�l�u�t�i�o�n�,� �a� �t�r�u�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �r�a�t�e� �o�f� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �v�i�a� �c�a�t�a�l�y�z�a�t�i�o�n� �o�f� �t�h�e� 

�F�e�(�I�I�)� �c�a�n�n�o�t� �b�e� �s�t�u�d�i�e�d�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �i�s� �t�h�e� �c�o�n�d�i�t�i�o�n� �t�h�a�t� �w�o�u�l�d� �o�c�c�u�r� �u�n�d�e�r� �w�a�t�e�r� 

�t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �c�o�n�d�i�t�i�o�n�s�,� �i�t� �w�a�s� �f�i�r�s�t� �n�e�c�e�s�s�a�r�y� �t�o� �d�e�t�e�r�m�i�n�e� �h�o�w� �m�u�c�h� �o�f� �a�n� �e�f�f�e�c�t� �t�h�e� 

�F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �h�a�d� �o�n� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n�.� �T�h�u�s�,� �t�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� 

�c�o�n�d�u�c�t�e�d� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �b�y� �f�i�r�s�t� �o�x�i�d�i�z�i�n�g� �t�h�e� �F�e�(�I�I�)� �t�o� �F�e�(�I�I�I�)� �v�i�a� �o�x�y�g�e�n�a�t�i�o�n� �a�n�d� �t�h�e�n� 

�a�p�p�l�y�i�n�g� �t�h�e� �d�e�s�i�r�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �M�n�(�I�I�)� �i�n�t�o� �s�o�l�u�t�i�o�n�.� �T�h�i�s� �e�l�i�m�i�n�a�t�e�d� �t�h�e� �p�o�t�e�n�t�i�a�l� 

�f�o�r� �M�n�(�1�I�)� �b�e�i�n�g� �t�r�a�p�p�e�d� �i�n� �t�h�e� �f�o�r�m�i�n�g� �F�e�(�I�I�I�)� �f�l�o�c� �p�a�r�t�i�c�l�e�s�.� 

�F�i�g�u�r�e�s� �1�6� �a�n�d� �1�7� �c�l�e�a�r�l�y� �i�n�d�i�c�a�t�e� �t�h�e� �c�a�t�a�l�y�z�i�n�g� �e�f�f�e�c�t� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 

�i�r�o�n� �o�x�i�d�e�s� �h�a�v�e� �o�n� �t�h�e� �o�x�i�d�a�t�i�o�n� �a�n�d� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�I�)� �f�r�o�m� �s�o�l�u�t�i�o�n�.� �R�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� 

�s�o�l�u�t�i�o�n� �p�H�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e� �o�f� 
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�M�n�(�I�I�)� �r�e�m�o�v�a�l�.� �N�o�t�e� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�s� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e�s� �1�6� �a�n�d� �1�7� �s�h�o�w� �t�h�e� �c�o�m�b�i�n�e�d� 

�e�f�f�e�c�t�s� �o�f� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�D� �a�s� �a� �r�e�s�u�l�t� �o�f� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �t�h�e� �F�e�(�I�I�I� �s�u�r�f�a�c�e� �a�s� �w�e�l�l� 

�a�s� �t�h�e� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �s�t�e�p�.� �T�i�m�e� �z�e�r�o� �f�o�r� �t�h�e�s�e� �p�l�o�t�s� �i�s� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� 

�a�d�s�o�r�p�t�i�o�n� �s�t�e�p�;� �c�h�l�o�r�i�n�e� �w�a�s� �a�d�d�e�d� �a�f�t�e�r� �a� �p�e�r�i�o�d� �o�f� �f�i�v�e� �m�i�n�u�t�e�s�.� 

�A�n�o�t�h�e�r� �k�e�y� �o�b�s�e�r�v�a�t�i�o�n� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�s� �t�h�e� �c�o�m�p�a�r�i�s�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �e�x�p�e�c�t�e�d� �v�e�r�s�u�s� �a�c�t�u�a�l� �H�O�C�]� �d�e�m�a�n�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�i�I�)� 

�f�r�o�m� �s�o�l�u�t�i�o�n�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �M�n�(�I�I�)� �i�s� �i�m�m�e�d�i�a�t�e�l�y� �o�x�i�d�i�z�e�d� �o�n�c�e� �i�t� �h�a�s� �b�e�e�n� 

�a�d�s�o�r�b�e�d� �b�y� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �w�o�u�l�d� �b�e� �a�n� �i�n�c�o�r�r�e�c�t� �a�s�s�u�m�p�t�i�o�n� �a�c�c�o�r�d�i�n�g� �t�o� �F�i�g�u�r�e� �1�8�.� 

�T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �M�n�(�I�I�)� �o�n�c�e� �o�n� �t�h�e� �s�u�r�f�a�c�e� �i�s� �s�l�o�w� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�t�e�p�.� �T�h�i�s� �f�a�c�t� �w�a�s� �u�t�i�l�i�z�e�d� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �m�o�d�e�l� �t�h�a�t� �w�a�s� 

�p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �I�V�.� �H�o�w�e�v�e�r�,� �t�h�e� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �r�a�t�e� �b�y� �H�O�C� �i�s� �s�t�i�l�l� �e�n�h�a�n�c�e�d� 

�b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �s�u�r�f�a�c�e� �i�n� �t�h�a�t� �i�t� �i�s� �m�u�c�h� �m�o�r�e� �r�a�p�i�d� �t�h�a�n� �s�o�l�u�t�i�o�n� �p�h�a�s�e� �o�x�i�d�a�t�i�o�n�.� 

�T�a�k�i�n�g� �a� �c�l�o�s�e�r� �l�o�o�k� �a�t� �t�h�e� �a�c�t�u�a�l� �r�a�t�e� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �d�u�e� �t�o� �t�h�e� �F�e�(�I�I�I� �s�u�r�f�a�c�e� 

�c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �s�t�e�p� �a�n�d� �a�d�s�o�r�p�t�i�o�n�,� �i�t� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �f�o�r� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �t�o� �b�e� 

�a�t� �l�e�a�s�t� �o�n�e� �a�s� �i�s� �n�o�r�m�a�l�l�y� �t�h�e� �c�a�s�e� �u�n�d�e�r� �a� �c�a�t�a�l�y�z�e�d� �c�o�n�d�i�t�i�o�n�.� �H�o�w�e�v�e�r�,� �a�s� �e�x�h�i�b�i�t�e�d� �i�n� 

�F�i�g�u�r�e� �1�9� �w�h�i�c�h� �p�r�o�v�i�d�e�s� �a�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �r�a�t�e�,� �t�h�i�s� �i�s� �n�o�t� 

�t�r�u�e� �a�s� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �a�c�t�u�a�l�l�y� �a�p�p�r�o�a�c�h�e�s� �z�e�r�o�.� 

�T�h�i�s� �i�s� �i�n�i�t�i�a�l�l�y� �p�u�z�z�l�i�n�g� �u�n�t�i�l� �t�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �m�e�c�h�a�n�i�s�m�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� 

�o�b�s�e�r�v�e�d� �o�u�t�c�o�m�e� �a�r�e� �c�o�n�s�i�d�e�r�e�d�.� �E�s�s�e�n�t�i�a�l�l�y�,� �t�h�r�e�e� �m�e�c�h�a�n�i�s�m�s� �a�r�e� �a�c�t�i�n�g� 

�s�i�m�u�l�t�a�n�e�o�u�s�l�y� �t�o� �r�e�m�o�v�e� �M�n�(�I�I�)� �f�r�o�m� �s�o�l�u�t�i�o�n�:� 

�1�.� �M�n�(�I�D� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �F�e�(�i�I�D�,� 

�2�.� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �o�n� �F�e�(�I�I�I�)�,� �a�n�d� 

�3�.� �M�n�(�D�)� �a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �M�n�O� �x�,�)�.� 

�T�h�e� �d�a�t�a� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e� �1�9� �r�e�m�o�v�e� �t�h�e� �f�i�r�s�t� �m�e�c�h�a�n�i�s�m� �f�r�o�m� �c�o�n�s�i�d�e�r�a�t�i�o�n� �a�s� �t�h�e� �i�n�i�t�i�a�l� 

�d�a�t�a� �p�o�i�n�t� �a�t� �t�i�m�e� �z�e�r�o� �f�o�l�l�o�w�s� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�t�e�p� �o�f� �M�n�(�I�D� �o�n�t�o� �F�e�(�I�I�I�)�.� �T�h�u�s�,� �t�h�e� �p�l�o�t� 

�e�x�h�i�b�i�t�s� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �M�n�(�I�D� �d�u�e� �t�o� �i�t�s� �o�x�i�d�a�t�i�o�n� �o�n� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e� �a�n�d� �i�t�s� 

�a�d�s�o�r�p�t�i�o�n� �o�n�t�o� �t�h�e� �f�o�r�m�e�d� �M�n�O�,�;�,�)� �s�u�r�f�a�c�e� �o�n� �t�h�e� �F�e�(�I�I�I�)� �p�a�r�t�i�c�l�e�.� �T�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 
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�t�h�e�s�e� �m�e�c�h�a�n�i�s�m�s� �m�a�y� �i�n�d�e�e�d� �r�e�s�u�l�t� �i�n� �a�n� �o�v�e�r�a�l�l� �z�e�r�o� �o�r�d�e�r� �r�e�a�c�t�i�o�n�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� 

�t�h�e�s�e� �t�w�o� �m�e�c�h�a�n�i�s�m�s� �c�o�u�l�d� �n�o�t� �b�e� �s�e�p�a�r�a�t�e�d� �f�o�r� �i�n�d�i�v�i�d�u�a�l� �s�t�u�d�y� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�o�l�e� 

�e�a�c�h� �p�l�a�y�s� �i�n� �M�n�(�I�I�)� �r�e�m�o�v�a�l�.� �H�o�w�e�v�e�r�,� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a�n� �M�n�O�x�.�)� �s�u�r�f�a�c�e� �o�n� �t�h�e� 

�F�e�(�I�I�I�)� �o�x�i�d�e�,� �a�s� �a�l�s�o� �n�o�t�e�d� �b�y� �L�l�o�y�d� �e�t� �a�l�.�,�° �� �m�a�y� �p�r�o�v�i�d�e� �a�n� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e� �c�o�n�s�t�a�n�t� 

�r�a�t�e� �o�f� �M�n�(�I�I�)� �r�e�m�o�v�a�l� �o�b�s�e�r�v�e�d�.� �A�s� �t�h�e� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� �i�n� �s�o�l�u�t�i�o�n� �(�a�s� �i�t� 

�i�s� �a�d�s�o�r�b�e�d� �a�n�d� �o�x�i�d�i�z�e�d� �o�n� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e�)�,� �t�h�e� �M�n�O�,�;�;�)� �s�u�r�f�a�c�e� �t�h�a�t� �d�e�v�e�l�o�p�s� �h�a�s� �a� 

�g�r�e�a�t�e�r� �a�f�f�i�n�i�t�y� �f�o�r� �M�n�(�I�D� �t�h�a�n� �t�h�e� �F�e�(�I�I�I�)� �s�u�r�f�a�c�e�.� �T�h�e� �r�e�s�u�l�t� �i�s� �w�h�a�t� �a�p�p�e�a�r�s� �t�o� �b�e� �a� 

�c�o�n�s�t�a�n�t� �M�n�(�I�J�)� �r�e�m�o�v�a�l� �r�a�t�e�;� �a�c�t�u�a�l�l�y� �t�h�e� �c�a�t�a�l�y�z�e�d� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �r�a�t�e� �h�a�s� �s�l�o�w�e�d�,� �b�u�t� 

�t�h�e� �M�n�O�,�,�.�)� �a�d�s�o�r�p�t�i�o�n� �h�a�s� �c�o�u�n�t�e�r�a�c�t�e�d� �t�h�i�s� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �r�a�t�e� �o�f� �c�a�t�a�l�y�z�e�d� �M�n�(�I�I�)� 

�o�x�i�d�a�t�i�o�n�.� 

�W�h�e�n� �a�n�a�l�y�z�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e�s� �f�o�r� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �F�e�(�I�I�I�)�,� 

�t�h�e� �r�a�t�e� �i�s� �o�b�s�e�r�v�e�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�s� �e�x�h�i�b�i�t�e�d� 

�i�n� �F�i�g�u�r�e� �2�0�.� �(�N�o�t�e�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� �r�a�t�e� �o�v�e�r� �t�h�e� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �s�t�u�d�i�e�d� �d�o�e�s� �n�o�t� 

�c�h�a�n�g�e� �a� �g�r�e�a�t� �d�e�a�l� �b�a�s�e�d� �o�n� �t�h�e� �r�a�n�g�e� �o�f� �t�h�e� �y�-�a�x�i�s� �v�a�l�u�e�s�.�)� �H�o�w�e�v�e�r�,� �i�f� �t�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e� 

�i�s� �n�o�r�m�a�l�i�z�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �i�r�o�n� �o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�3�,� �t�h�e� 

�o�p�p�o�s�i�t�e� �i�s� �t�r�u�e� �a�s� �t�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�e� �i�n� �F�e�(�I�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�i�s� 

�o�u�t�c�o�m�e� �i�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �b�a�s�e�d� �u�p�o�n� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �o�x�i�d�i�z�e�d� �i�r�o�n� �p�r�o�d�u�c�t�,� 

�p�r�e�d�o�m�i�n�a�t�e�l�y� �F�e�(�O�H�)�3�;�)�.� �T�h�e� �p�r�o�d�u�c�t� �i�s� �s�o�m�e�w�h�a�t� �a�m�o�r�p�h�o�u�s� �a�n�d� �f�l�o�c�c�u�l�e�n�t�,� �t�h�e�r�e�f�o�r�e� 

�s�o�m�e� �a�g�g�l�o�m�e�r�a�t�i�o�n� �o�f� �i�r�o�n� �o�x�i�d�e� �p�a�r�t�i�c�l�e�s� �w�i�l�l� �o�c�c�u�r�.� �A�s�s�u�m�i�n�g� �s�u�c�h� �i�n�t�e�r�a�c�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �i�r�o�n� �p�a�r�t�i�c�l�e�s�,� �n�o�t� �a�l�l� �o�f� �t�h�e� �i�r�o�n� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �a�d�d�i�t�i�o�n�a�l� �F�e�(�I�I�I� 

�s�u�r�f�a�c�e� �f�o�r� �c�a�t�a�l�y�z�i�n�g� �M�n�(�I�]�)� �o�x�i�d�a�t�i�o�n�.� 

�T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �n�o�t�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �b�e�t�w�e�e�n� �t�h�e� �F�e�(�I�I�I�)� �o�x�i�d�e�s� �a�n�d� 

�M�n�(�I�I�)� �h�a�v�e� �a�l�s�o� �b�e�e�n� �n�o�t�e�d� �b�y� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �a�s� �w�e�l�l�. ��°�°�°�°�°�?� �L�l�o�y�d� �e�t� �a�l�.�° �� �n�o�t�e�d� �t�h�a�t� 

�d�u�r�i�n�g� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �f�o�r� �M�n�(�I�I�)� �o�n�t�o� �F�e�(�I�I�I�)�,� �t�h�e� �a�d�s�o�r�b�e�n�t� �c�o�l�o�r� �c�h�a�n�g�e�d� 

�f�r�o�m� �t�h�e� �o�r�a�n�g�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�r�o�n� �t�o� �a� �c�h�o�c�o�l�a�t�e� �b�r�o�w�n� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�o�s�s�i�b�l�e� 

�p�r�e�s�e�n�c�e� �o�f� �M�n�O� �x�)� �a�s� �w�e�l�l�.� �W�i�l�s�o�n �� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �i�s� �i�n�d�e�e�d� 

�c�a�t�a�l�y�z�e�d� �b�y� �t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �s�i�m�i�l�a�r�l�y� �t�o� �t�h�a�t� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �M�n�O�y�)�.� �S�u�n�g� 

�a�n�d� �M�o�r�g�a�n �� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �o�x�i�d�a�t�i�o�n� �r�a�t�e� �o�f� �M�n�(�I�I�)� �o�n� �f�r�e�s�h�l�y� �p�r�e�c�i�p�i�t�a�t�e�d� �F�e�(�I�I�I�)� �w�a�s� 
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�a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �t�o� �t�h�a�t� �o�f� �M�n�(�I�I�)� �o�n�t�o� �M�n�O�,�)�.�_�.� �H�o�w�e�v�e�r�,� �a�n� �a�s�s�u�m�p�t�i�o�n� �m�a�d�e� 

�w�h�e�n� �a�n�a�l�y�z�i�n�g� �t�h�e� �r�a�t�e� �d�a�t�a� �a�p�p�e�a�r�s� �t�o� �b�e� �u�n�a�c�c�e�p�t�a�b�l�e� �b�a�s�e�d� �u�p�o�n� �t�h�e� �f�i�n�d�i�n�g�s� �o�f� �t�h�i�s� 

�w�o�r�k�;� �i�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t�  ��t�h�e� �s�u�r�f�a�c�e� �i�s� �n�o�t� �a�l�t�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�i�t�h� �t�h�e� �s�u�r�f�a�c�e� 

�2�.�9�9�.�5�8� �u�s�e�d� �e�x�c�e�s�s�i�v�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �M�n�(�I�I�)� �o�x�i�d�i�z�e�d� �s�p�e�c�i�e�s�. �� �S�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� 

�(�2�.�7�5�-�5�.�5� �m�g�/�L�)� �t�o� �s�t�u�d�y� �t�h�e� �i�n�d�u�c�e�d� �o�x�i�d�a�t�i�o�n� �r�a�t�e�s�.� �T�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e� �w�o�u�l�d� �b�e� 

�e�x�p�e�c�t�e�d� �t�o� �s�l�o�w� �a�s� �M�n�(�I�I�)� �i�s� �r�e�d�u�c�e�d�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �c�a�t�a�l�y�z�i�n�g� �e�f�f�e�c�t� �i�s� �m�o�r�e� �e�v�i�d�e�n�t� 

�w�h�e�n� �h�i�g�h�e�r� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�r�e� �u�s�e�d�.� �T�h�e� �s�t�u�d�i�e�s� �p�r�e�s�e�n�t�e�d� �u�n�d�e�r� �t�h�i�s� �w�o�r�k� �w�e�r�e� 

�i�n�t�e�n�d�e�d� �t�o� �s�t�u�d�y� �t�h�e� �c�a�t�a�l�y�z�e�d� �o�x�i�d�a�t�i�o�n� �u�n�d�e�r� �m�o�r�e� �t�y�p�i�c�a�l�l�y� �o�b�s�e�r�v�e�d� �M�n�(�I�I�)� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� 

�°�2�.�5�5�.�5�6�.�5�9� �r�e�s�u�l�t�s� �d�i�s�c�u�s�s�e�d� �c�o�n�d�u�c�t�e�d� �t�h�e�i�r� �E�a�c�h� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �r�e�s�e�a�r�c�h�e�r�s� 

�e�x�p�e�r�i�m�e�n�t�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �o�x�y�g�e�n� �w�h�e�r�e�a�s� �t�h�e� �t�e�s�t�i�n�g� �c�o�n�d�u�c�t�e�d� �d�u�r�i�n�g� �t�h�i�s� �r�e�s�e�a�r�c�h� 

�u�s�e�d� �a� �m�o�r�e� �p�o�w�e�r�f�u�l� �o�x�i�d�a�n�t�,� �c�h�l�o�r�i�n�e�.� �A�s� �n�o�t�e�d� �b�y� �s�t�u�d�y�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �b�y� 

�W�i�l�s�o�n ��?� �a�n�d� �L�l�o�y�d� �e�t� �a�l�.�, � �� �e�l�e�v�a�t�e�d� �p�H� �v�a�l�u�e�s� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �t�o� �o�c�c�u�r� 

�i�n� �a� �t�i�m�e�l�y� �m�a�n�n�e�r�.� �L�l�o�y�d� �e�t� �a�l�. � �� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �a�s� �a� �r�e�s�u�l�t� �o�f� �h�i�g�h�e�r� �p�H� �v�a�l�u�e�s� �b�e�i�n�g� 

�u�s�e�d�,� �a�s� �M�n�O�,�,�)� �d�e�v�e�l�o�p�s� �i�n� �s�o�l�u�t�i�o�n�,� �t�h�e� �s�u�s�p�e�n�s�i�o�n� �o�f� �p�a�r�t�i�c�l�e�s� �b�e�c�o�m�e�s� �m�o�r�e� �d�i�f�f�i�c�u�l�t� 

�t�o� �s�e�t�t�l�e� �a�s� �t�h�e� �z�e�r�o� �p�o�i�n�t� �o�f� �c�h�a�r�g�e� �f�o�r� �M�n�O�,�;�,�)� �l�i�e�s� �b�e�t�w�e�e�n� �2�.�8� �a�n�d� �4�.�5� �p�H� �u�n�i�t�s�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �e�l�e�v�a�t�e�d� �p�H� �u�s�e�d� �b�y� �L�l�o�y�d� �e�t� �a�l�.�,�°�?� �C�a ��,� �w�h�i�c�h� �c�o�u�l�d� �n�o�r�m�a�l�l�y� �h�e�l�p� �t�o� 

�s�t�a�b�i�l�i�z�e� �t�h�e� �M�n�O�x�s�)�,�°� �>� �m�a�y� �i�n�s�t�e�a�d� �b�e� �p�r�e�c�i�p�i�t�a�t�e�d� �o�u�t� �o�f� �s�o�l�u�t�i�o�n� �a�s� �C�a�C�O�3�;�)�.� �A�s� �n�o�t�e�d� 

�p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �s�o�l�u�t�i�o�n� �p�H� �u�s�e�d� �d�u�r�i�n�g� �t�h�i�s� �r�e�s�e�a�r�c�h� �d�o�e�s� �n�o�t� �a�l�l�o�w� �f�o�r� �t�h�e� �p�r�e�c�i�p�i�t�a�t�i�o�n� 

�o�f� �C�a�C�O�x�,�,�)�,� �l�e�a�v�i�n�g� �C�a �� �a�v�a�i�l�a�b�l�e� �f�o�r� �s�t�a�b�i�l�i�z�i�n�g� �t�h�e� �M�n�O�,�;�)� �t�h�a�t� �f�o�r�m�s�.� �A�l�s�o�,� �t�h�r�o�u�g�h� 

�t�h�e� �u�s�e� �o�f� �a� �s�t�r�o�n�g�e�r� �o�x�i�d�a�n�t� �s�u�c�h� �a�s� �c�h�l�o�r�i�n�e�,� �t�h�e� �r�e�a�c�t�i�o�n�s� �p�r�o�c�e�e�d� �m�u�c�h� �m�o�r�e� �r�a�p�i�d�l�y�,� 

�a�l�l�o�w�i�n�g� �f�o�r� �t�r�e�a�t�m�e�n�t� �u�n�d�e�r� �t�y�p�i�c�a�l� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h�o�u�t� �r�e�q�u�i�r�i�n�g� �l�o�n�g�e�r� 

�d�e�t�e�n�t�i�o�n� �t�i�m�e�s�.� 

�T�h�e� �n�e�x�t� �p�h�a�s�e� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� �s�i�m�u�l�a�t�e�d� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �c�o�n�d�i�t�i�o�n�s�,� �t�o� �t�e�s�t� 

�a� �h�i�g�h� �s�o�l�i�d�s� �r�e�a�c�t�o�r� �s�y�s�t�e�m� �t�h�a�t� �c�a�n� �b�e� �u�t�i�l�i�z�e�d� �t�o� �r�e�m�o�v�e� �b�o�t�h� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �f�r�o�m� 

�s�o�l�u�t�i�o�n� �u�s�i�n�g� �c�h�l�o�r�i�n�e� �a�s� �a�n� �o�x�i�d�a�n�t�.� �T�h�e� �u�s�e� �o�f� �s�u�c�h� �s�y�s�t�e�m� �a�p�p�e�a�r�s� �t�o� �b�e� �a� �m�o�r�e� �v�i�a�b�l�e� 

�o�p�t�i�o�n� �t�h�a�t� �t�h�e� �t�y�p�i�c�a�l� �g�r�o�u�n�d�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �e�m�p�l�o�y�e�d� �c�u�r�r�e�n�t�l�y� �(�F�i�g�u�r�e� �1�)�.� 
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�C�.� �F�e�(�I�I�I�)� �O�x�i�d�e� �S�l�u�r�r�y� �R�e�a�c�t�o�r� �S�y�s�t�e�m� �a�n�d� �M�n�(� �I�)� �A�d�s�o�r�p�t�i�o�n� �o�n�t�o� �M�n�O� �y�s�)� 

�F�r�o�m� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �p�r�e�s�e�n�t�e�d� �t�h�u�s� �f�a�r�,� �i�t� �i�s� �a�p�p�a�r�e�n�t� �t�h�a�t� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n� �c�a�n� 

�i�n�d�e�e�d� �b�e� �e�n�h�a�n�c�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �F�e�(�I�I�I�)� �a�n�d� �t�h�e� �u�s�e� �o�f� �H�O�C�]� �a�s� �a�n� �o�x�i�d�a�n�t�.� �T�h�i�s� 

�p�o�r�t�i�o�n� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� �s�o�u�g�h�t� �t�o� �d�e�v�e�l�o�p� �a�n� �a�c�c�e�p�t�a�b�l�e� �b�e�n�c�h� �s�c�a�l�e� �r�e�a�c�t�o�r� �s�y�s�t�e�m� �t�h�a�t� 

�c�o�u�l�d� �b�e� �e�m�p�l�o�y�e�d� �a�t� �a� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�y� �f�o�r� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�I�)� �a�n�d� �F�e�(�I�I�)� �f�r�o�m� 

�s�o�l�u�t�i�o�n�.� �T�h�e� �s�y�s�t�e�m� �p�r�e�s�e�n�t�e�d� �h�e�r�e� �c�o�u�l�d� �a�l�s�o� �b�e� �u�s�e�d� �f�o�r� �s�u�r�f�a�c�e� �w�a�t�e�r� �s�u�p�p�l�i�e�s� 

�c�o�n�t�a�i�n�i�n�g� �F�e�(�I�I�)� �a�n�d� �M�n�(�I�I�)�,� �b�u�t� �t�h�e� �w�a�t�e�r� �m�u�s�t� �h�a�v�e� �a� �l�o�w� �o�r�g�a�n�i�c� �c�o�n�t�e�n�t� �a�s� �H�O�C�I� �i�s� 

�u�s�e�d� �a�s� �t�h�e� �o�x�i�d�a�n�t� �w�h�i�c�h� �i�s� �k�n�o�w�n� �t�o� �f�o�r�m� �h�a�r�m�f�u�l� �b�y�-�p�r�o�d�u�c�t�s�,� �t�r�i�h�a�l�o�m�e�t�h�a�n�e�s� �a�n�d� 

�h�a�l�o�a�c�e�t�i�c� �a�c�i�d�s�.� 

�O�n�e� �n�o�t�e� �w�h�e�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �f�o�r� �t�h�e� �s�l�u�r�r�y� �r�e�a�c�t�o�r� �s�y�s�t�e�m� �i�s� 

�t�h�a�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �w�a�s� �u�n�a�b�l�e� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �t�h�r�o�u�g�h�o�u�t� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�s� �a�t� �1�0�°�C�,� �i�n�s�t�e�a�d� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �w�i�t�h�i�n� �t�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� 

�b�e�t�w�e�e�n� �1�3�-�2�0�°�C�.� �T�h�i�s� �s�h�o�u�l�d� �i�m�p�r�o�v�e� �p�e�r�f�o�r�m�a�n�c�e� �a�s� �a�d�s�o�r�p�t�i�o�n� �a�n�d� �o�x�i�d�a�t�i�o�n� �r�a�t�e�s� 

�s�h�o�u�l�d� �i�n�c�r�e�a�s�e� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�e� �i�n�i�t�i�a�l� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �2�1�,� �p�r�o�v�e� �h�o�w� �v�i�t�a�l� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� 

�o�x�i�d�a�n�t� �i�s� �a�n�d� �t�h�a�t� �t�h�e� �o�b�s�e�r�v�e�d� �p�h�e�n�o�m�e�n�o�n� �i�s� �n�o�t� �m�e�r�e�l�y� �a�n� �a�d�s�o�r�p�t�i�v�e� �p�r�o�c�e�s�s�.� �I�n�a� 

�m�a�t�t�e�r� �o�f� �h�o�u�r�s� �t�h�e� �e�f�f�l�u�e�n�t� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�p�p�r�o�a�c�h�e�s� �t�h�a�t� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�i�s� �r�e�s�u�l�t� �o�c�c�u�r�s� �o�n�c�e� �t�h�e� �a�d�s�o�r�p�t�i�v�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �l�a�r�g�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�o�f� �F�e�(�I�I�I�)� �o�x�i�d�e�s� �h�a�s� �b�e�e�n� �e�x�p�e�n�d�e�d�.� �(�N�o�t�e� �t�h�a�t� �b�r�e�a�k�t�h�r�o�u�g�h� �o�c�c�u�r�r�e�d� �f�i�r�s�t� �i�n� �t�h�e� �r�e�a�c�t�o�r� 

�t�h�a�t� �c�o�n�t�a�i�n�e�d� �a� �s�m�a�l�l�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �F�e�(�I�I�I�)� �o�x�i�d�e�s�.�)� �T�h�e� �p�H� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �i�s� 

�s�l�i�g�h�t�l�y� �l�e�s�s� �t�h�a�n� �7� �w�h�i�c�h� �i�s� �n�o�t� �c�o�n�d�u�c�i�v�e� �t�o� �a�d�s�o�r�p�t�i�o�n� �p�r�o�c�e�s�s�e�s� �w�h�i�c�h� �p�r�e�f�e�r� �h�i�g�h�e�r� 

�p�H� �c�o�n�d�i�t�i�o�n�s� �(�r�e�s�u�l�t�i�n�g� �i�n� �a� �m�o�r�e� �n�e�g�a�t�i�v�e�l�y� �c�h�a�r�g�e�d� �p�a�r�t�i�c�l�e� �a�s� �H �� �i�s� �e�x�p�e�n�d�e�d� �f�r�o�m� �t�h�e� 

�s�u�r�f�a�c�e� �s�i�t�e�)�.� �A�l�s�o� �n�o�t�e� �t�h�a�t� �n�o� �a�d�d�i�t�i�o�n�a�l� �H�O�C�I� �w�a�s� �a�d�d�e�d� �t�o� �s�o�l�u�t�i�o�n� �t�o� �a�s�s�i�s�t� �w�i�t�h� 

�M�n� �(�I�]�)� �r�e�m�o�v�a�l�,� �b�u�t� �t�h�e�r�e� �w�a�s� �a� �1� �m�g�/�L� �r�e�s�i�d�u�a�l� �i�n� �t�h�e� �t�a�p� �w�a�t�e�r� �f�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�y�s�t�e�m�.� 

�H�o�w�e�v�e�r�,� �t�h�i�s� �a�m�o�u�n�t� �o�f� �H�O�C�]� �i�s� �i�n�a�d�e�q�u�a�t�e� �t�o� �o�x�i�d�i�z�e� �t�h�e� �F�e�(�I�I�)� �b�e�i�n�g� �f�e�d� �t�o� �t�h�e� �s�y�s�t�e�m� 

�w�h�i�c�h� �w�o�u�l�d� �r�e�q�u�i�r�e� �a� �m�i�n�i�m�u�m� �o�f� �1�.�2�8� �m�g�/�L� �H�O�C�]� �a�s� �d�i�c�t�a�t�e�d� �b�y� �s�t�o�i�c�h�i�o�m�e�t�r�y ��.� �T�h�u�s�,� 

�l�i�t�t�l�e� �o�r� �n�o� �H�O�C�]� �w�a�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �M�n�(�I�I�)� �o�x�i�d�a�t�i�o�n�.� 
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�F�o�l�l�o�w�i�n�g� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�u�p�p�l�e�m�e�n�t�a�l� �H�O�C�I� �t�o� �t�h�e� �s�y�s�t�e�m� �(�F�i�g�u�r�e� �2�2�)�,� �t�h�e� 

�e�f�f�l�u�e�n�t� �M�n�(�I�I�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�p�i�d�l�y� �d�e�c�r�e�a�s�e�d� �t�o� �l�e�v�e�l�s� �w�e�l�l� �b�e�l�o�w� �t�h�e� �S�M�C�L� �o�f� �0�.�0�5� 

�m�g�/�L� �d�e�s�p�i�t�e� �t�h�e� �p�H� �b�e�i�n�g� �h�e�l�d� �l�e�s�s� �t�h�a�n� �7� �s�t�a�n�d�a�r�d� �u�n�i�t�s�.� �T�h�e� �u�s�e� �o�f� �c�h�l�o�r�i�n�e� �i�n� �t�h�e� 

�s�y�s�t�e�m� �p�r�o�v�i�d�e�s� �s�e�v�e�r�a�l� �a�d�v�a�n�t�a�g�e�s� �o�v�e�r� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �o�x�i�d�a�n�t�s� �u�s�e�d� �f�o�r� �M�n�(�I�I�)� 

�r�e�m�o�v�a�l�:� 

�e� �S�t�r�o�n�g�e�r� �o�x�i�d�a�n�t� �t�h�a�n� �o�x�y�g�e�n� �a�l�l�o�w�i�n�g� �f�o�r� �m�o�r�e� �r�a�p�i�d� �r�e�a�c�t�i�o�n� �t�i�m�e�s� �a�t� �l�o�w�e�r� 

�p�H� �v�a�l�u�e�s�,� 

�e� �P�r�o�v�i�d�e�s� �a� �d�i�s�i�n�f�e�c�t�a�n�t� �r�e�s�i�d�u�a�l� �w�h�i�c�h� �w�i�l�l� �b�e� �r�e�q�u�i�r�e�d� �f�o�l�l�o�w�i�n�g� �t�h�e� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �G�r�o�u�n�d�w�a�t�e�r� �T�r�e�a�t�m�e�n�t� �R�u�l�e�,� 

�e� �A�l�l�o�w�s� �t�h�e� �M�n�(�I�I�)� �t�o� �b�e� �a�d�s�o�r�b�e�d� �o�n�t�o� �l�a�r�g�e�r� �F�e�(�I�I�I�)� �p�a�r�t�i�c�l�e�s� �r�a�t�h�e�r� �t�h�a�n� 

�o�x�i�d�i�z�i�n�g� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �M�n�(�i�I�)� �p�a�r�t�i�c�l�e�s� �(�a�s� �p�o�t�a�s�s�i�u�m� �p�e�r�m�a�n�g�a�n�a�t�e� �w�o�u�l�d� 

�d�o�)� �p�r�o�v�i�d�i�n�g� �f�o�r� �t�h�e� �s�e�t�t�l�i�n�g� �o�r� �f�i�l�t�r�a�t�i�o�n� �o�f� �t�h�e� �c�o�m�b�i�n�e�d� �p�a�r�t�i�c�l�e�s� �f�r�o�m� 

�s�o�l�u�t�i�o�n�,� 

�e� �H�O�C�l� �i�s� �m�o�r�e� �f�l�e�x�i�b�l�e� �t�o� �c�h�a�n�g�e�s� �i�n� �r�a�w� �w�a�t�e�r� �q�u�a�l�i�t�y�;� �p�e�r�m�a�n�g�a�n�a�t�e� �w�i�l�l� �t�u�r�n� 

�w�a�t�e�r� �p�i�n�k� �i�f� �o�v�e�r�d�o�s�e�d� �d�u�e� �t�o� �s�u�d�d�e�n� �d�e�c�r�e�a�s�e� �i�n� �M�n�(�I�I�)�.� 

�A�s� �a�l�l�u�d�e�d� �t�o� �p�r�e�v�i�o�u�s�l�y�,� �h�o�w�e�v�e�r�,� �H�O�C�!� �w�o�u�l�d� �n�o�t� �b�e� �a�n� �a�c�c�e�p�t�a�b�l�e� �c�h�o�i�c�e� �f�o�r� �w�a�t�e�r�s� 

�l�a�d�e�n� �w�i�t�h� �o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l�s�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �s�y�s�t�e�m� 

�r�e�q�u�i�r�e�d� �t�h�a�t� �a� �r�e�s�i�d�u�a�l� �o�f� �H�O�C�]� �e�x�i�s�t� �i�n� �t�h�e� �e�f�f�l�u�e�n�t�.� �T�h�i�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �o�x�i�d�a�n�t� 

�d�e�m�a�n�d� �o�f� �t�h�e� �s�y�s�t�e�m� �h�a�d� �b�e�e�n� �s�a�t�i�s�f�i�e�d�.� �N�o�r�m�a�l�l�y�,� �a� �H�O�C�!� �r�e�s�i�d�u�a�l� �o�f� �0�.�5�0� �m�g�/�L� �w�a�s� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �s�u�p�e�r�i�o�r� �r�e�a�c�t�o�r� �p�e�r�f�o�r�m�a�n�c�e�.� 

�P�a�r�t� �o�f� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �M�n�O�,�;�,�)� �d�e�v�e�l�o�p�e�d� �o�n� 

�t�h�e� �i�r�o�n� �s�u�r�f�a�c�e� �o�r� �w�a�s� �i�n�t�e�r�m�i�x�e�d� �w�i�t�h� �t�h�e� �i�r�o�n� �p�a�r�t�i�c�l�e�s� �a�s� �t�h�e� �p�r�o�c�e�s�s� �c�o�n�t�i�n�u�e�d� �o�v�e�r� �a� 

�p�e�r�i�o�d� �o�f� �t�i�m�e�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�e� �w�o�r�k� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�i�s� �n�e�w� �s�y�s�t�e�m� �w�a�s� �d�e�v�o�t�e�d� �t�o� 

�u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �e�f�f�e�c�t� �t�h�a�t� �e�a�c�h� �o�f� �t�h�e�s�e� �o�x�i�d�e� �f�o�r�m�s� �h�a�d� �o�n� �t�h�e� �r�e�m�o�v�a�l� �o�f� �M�n�(�I�I�)� 

�f�r�o�m� �s�o�l�u�t�i�o�n�.� �D�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �i�n� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �t�h�e� �i�n�f�l�u�e�n�t�,� �e�f�f�l�u�e�n�t�,� �a�n�d� �i�n�-� 

�r�e�a�c�t�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �M�n�(�I�I�)� �a�n�d� �F�e�(�I�D�/�F�e�(�I�I�D� �t�o� �s�t�u�d�y� �t�h�e� �p�o�s�s�i�b�l�e�  ��g�r�o�w�t�h �� �o�f� 
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