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ABSTRACT 

Perchlorate (ClO4
-) has been detected in the drinking water supplies of millions of 

people and is potentially hazardous to humans due to its passive interference with iodide 

uptake by the thyroid gland. Surfactant-modified montmorillonite (SMM) was evaluated 

as a cost-effective filtration media to treat perchlorate-contaminated waters. SMM has a 

high perchlorate sorption capacity and remains selective for perchlorate, even when 

applied to filter perchlorate from brines produced during the regeneration of ion-

exchange resin. In parallel tests performed with surfactant-modified zeolite (SMZ), the 

SMM had a relatively higher perchlorate sorption capacity.  

The physical characteristics of SMM and SMZ determine their effectiveness as 

filtration media for perchlorate. The low hydraulic conductivity of SMM makes it best 

suited for use as a landfill liner or as filtration media in fluidized-bed reactors. SMZ is 

suitable for use in packed-bed reactors and permeable sorption barriers. Perchlorate 

transport was modeled through a 100cm long column with an inner diameter of 50cm. In 

a packed column filled with SMZ, with an average solution velocity of 10cm/hr and with a 

dispersion of 500cm2/hr, breakthrough would occur after 2.5yrs, and 4,388 pore volumes 
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(431m3) of perchlorate-contaminated water would be treated. Meanwhile, in a column 

filled with SMM, with an average solution velocity of 1.008cm/d, and with a dispersion of 

84cm2/d, perchlorate breakthrough would occur after 712yrs. Prior to breakthrough, 

5,697 pore volumes (514m3) of solution would be treated.  

 While filtration is widely accepted as a means to remove contaminants from 

water, this process merely transfers the contaminant from the solution to the solid phase. 

Unless treated, spent filtration media requires disposal as a hazardous waste. 

Biodegradation was successful at degrading perchlorate bound to the spent SMM. When 

water was added to the spent SMM containing 21,500mg ClO4
-/kg, the resulting solution 

contained 12mg ClO4
-/L. Throughout the treatment, SMM provided a constant source of 

perchlorate, due to continuous desorption. After 120 days of treatment, the solution 

concentration was <1.1mg ClO4
-/L, a 94% reduction. The results of this study provide a 

cost-effective process for filtration of perchlorate from water and treatment of the spent 

SMM using biodegradation. Enhancement of the process is needed for pilot scale 

testing. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

ABSTRACT 

Perchlorate (ClO4
-), a powerful oxidant mainly used in rocket fuel and munitions, 

has been detected in 4% of public drinking water sources in the United States of 

America. Perchlorate has been shown to be hazardous to humans, mainly due to 

passively reducing iodide uptake in the thyroid gland. A review of the currently available 

literature involving removal of perchlorate from contaminated water revealed that an 

optimal method of removing perchlorate may involve two phases of treatment. First, the 

perchlorate is quickly and efficiently removed from water using a filtration media, such as 

hexadecyltrimethylammonium (HDTMA)-exchanged montmorillonite. Then, the 

perchlorate bound to spent media is biologically or chemically reduced, resulting 

complete degradation to the following non-hazardous byproducts: Cl-, O2, and clay. 

 

INTRODUCTION 

Perchlorate (ClO4
-) (Figure 1.1) has been detected in at least 45 states and in 4% 

of public drinking water sources in the United States (USEPA, 2011; USGAO, 2010). 

This contaminant has been shown to be hazardous to humans, mainly due to 

competitively reducing iodide uptake in the thyroid (USEPA, 2005).  
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Figure 1.1. Structure of perchlorate (Webster's 2008). The central chlorine atom is in its 
most oxidized state (+7 valence) and is surrounded by four oxygen atoms. 
  

 

Many methods have been evaluated to remove perchlorate from solution, 

including ion exchange resins, membrane-based technologies, and surfactant-modified 

geosorbents. While many of these methods can remove perchlorate quickly and 

efficiently, the perchlorate is merely transferred from the solution to solid filtration media. 

The perchlorate contaminated media still requires treatment or disposal as a hazardous 

waste.  

Perchlorate can be chemically or biologically degraded to innocuous chloride and 

oxygen with little to no build up of intermediate breakdown products (Rikken et al., 1996; 

Logan, 2001; Kim and Logan, 2001; Cao et al., 2005; Xiong et al., 2007; Wang et al., 

2010; Bardiya and Bae, 2011). While the large kinetic barriers associated with chemical 

reduction of perchlorate can be overcome using techniques such as increasing 

temperatures and using electrodialysis (Cao et al., 2005; Xiong, et al., 2007; Wang and 

Huang, 2008; Wang et al., 2010), these requirements greatly increase expense of this 

technology. 

Ex situ biological treatment of perchlorate typically involves bioreactors, which, 

although effective, have a negative public perception that greatly hinders use of this 

method for treatment of drinking water (Li, 2008; Dugan et al., 2009; Bardiya and Bae, 

2011; WRF, 2011). In general, the public is wary of secondary contamination of water 
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with microbial cells and disinfection by-products (Li, 2008; Dugan et al., 2009; Bardiya 

and Bae, 2011; WRF, 2011). Additionally, biological treatment of perchlorate may result 

in elevated sulfide, ammonia, microbial products, and acetate, which could negatively 

impact water quality by causing odors, increasing biological activity, increasing the 

amounts of chlorine necessary for disinfection, and producing more disinfection 

byproducts (Brown et al., 2003; Dugan et al., 2009).  

One possible method to optimally remove perchlorate from water is a duel 

treatment process, in which perchlorate is first quickly removed from solution using a 

filtration media, such as surfactant-modified montmorillonite, and the perchlorate bound 

to the spent media is either chemically or biologically degraded. Such a process would 

take advantage of the benefits of both technologies: fast and efficient removal of 

perchlorate from solution and degradation of the perchlorate so that only non-hazardous 

wastes remain. 

 

Study Objectives 

 This research examined the use of surfactant-modified montmorillonite (SMM) 

and surfactant-modified zeolite (SMZ) as adsorbents of perchlorate. Several surfactant 

molecules were evaluated to determine which most enhanced perchlorate adsorption by 

modified montmorillonite. Kinetic studies were conducted with both SMM and SMZ to 

determine the time required for the approach to perchlorate sorption equilibrium. 

Perchlorate mass loading onto each filtration media was evaluated using sorption 

equilibrium tests. The kinetics and sorption equilibrium data were used to identify the 

most efficient sorbent for perchlorate. The effects of co-constituents in solution on 

perchlorate loading onto the media were evaluated using both groundwater from a 

contaminated site and the brine produced during regeneration of ion exchange resins. 

The transport of perchlorate and nonreactive tracers through both SMM and SMZ was 
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modeled using the advection-dispersion equation under a variety of conditions. Finally, 

chemical reduction and microbial degradation of perchlorate bound to the spent filtration 

media was investigated. 

 

NON-DESTRUCTIVE TECHNOLOGIES FOR TREATMENT OF PERCHLORATE  

Ion Exchange Resins 

Both non-selective and perchlorate-selective ion exchange resins can be utilized 

to remove perchlorate from solution. Non-selective resins are only efficient at sites that 

either contain very high perchlorate concentrations or extremely low concentrations of 

other ions (Coates and Jackson, 2009). These resins are typically regenerable, which 

produces an excessive amount of regeneration brine (Coates and Jackson, 2009). 

Generally, perchlorate-selective resins are composed of hydrophobic support 

matrix that has been modified using quaternary ammonium surfactants (Coates and 

Jackson, 2009). Large amounts of these resins are typically required for removal of 

perchlorate because they tend to have low sorption rates (Coates and Jackson, 2009). 

Although traditional methods to regenerate ion exchange resins using NaCl are 

ineffective at removing perchlorate, tetrachloroferrate can be used to regenerate 

perchlorate-selective resins (Gu, et al., 2001). Gu et al. (2007) developed a method that 

uses ferrous iron to reduce perchlorate bound to resins. For the latter regeneration 

method to be efficient a thermoreactor set at 190°C is required, which significantly 

increases the energy costs.  

 

Membrane Technologies 

 While membrane technologies such as ultrafiltration, nanofiltration, and reverse 

osmosis are capable of removing perchlorate from solution, the presence of ionic 

components decreases the efficiency of these processes by reducing the negative 
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electrostatic charge of the membrane (Yoon et al., 2000; Yoon et al., 2004; Lee et al., 

2008; Yoon et al., 2009). Enhancement of ultrafiltration using polyelectrolyte has been 

shown to increase its selectivity for perchlorate (Huq et al., 2007). Modification of the 

ultrafiltration membrane with cationic surfactants increases the removal of perchlorate 

from solution, due to increased steric restrictions caused by the reduced pore space 

resulting from the addition of surfactants (Yoon et al., 2003). In all cases, membrane 

technologies are nondestructive and leave behind high-strength waste streams that 

require further treatment (ITRC, 2008). 

 

Surfactant-Modified Geosorbents 

Surfactants have been used to modify geosorbents so that the removal of 

perchlorate is enhanced. For instance, Zhang et al. (2007) showed that zeolite modified 

with hexadecyltrimethylammonium (HDTMA) has a strong selectivity for perchlorate, 

even in the presence of co-constituents. While activated carbon (AC) is not efficient at 

removing perchlorate from solution (Na et al., 2002; Parette and Cannon, 2005; 

Patterson et al., 2011), its selectivity for perchlorate increases after modification with 

cationic surfactants (including HDTMA), iron and oxalic acid, and cationic polymers (Na 

et al., 2002; Parette and Cannon, 2005; Coates and Jackson, 2009; Xu et al., 2011). 

Surfactant-modified montmorillonite can also remove perchlorate from solution (Kim et 

al., 2011; Seliem et al., 2011; Chitrakar et al., 2012). For instance, Chitrakar et al. (2012) 

reported that the perchlorate sorption capacity of montmorillonite modified with 

hexadecylpyridinium was 1.02mmol/g and that sorption equilibrium was approached 

within 4 hours.  
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Hexadecyltrimethylammonium (HDTMA)-Montmorillonite 

Montmorillonite is able to swell, which enables contaminants to exchange deeply 

into the clay layers, resulting in a higher effective surface area. Research to enhance 

sorption capacity and selectivity of montmorillonite for organic and inorganic 

contaminants, has focused on modifying montmorillonite with quaternary ammonium 

surfactants, such as tetramethylammonium (TMA), trimethylphenylammonium (TMPA), 

benzyldimethyltetradecylammonium (BDTDA), and HDTMA. This modification occurs as 

surfactants exchange with inorganic cations naturally found in interlayer regions of clays 

(Boyd et al., 1988a; Zhang et al., 1993; Mizutani et al., 1995; Bonczek et al., 2002; Lee 

and Kim, 2002a). The selectivity for surfactant molecules over inorganic ions and for 

progressively larger surfactant molecules is due to the differences in salvation energies 

(Maes et al., 1980; Mizutani et al., 1995; Teppen and Aggarwal, 2007). The surfactant 

modified montmorillonite becomes increasingly hydrophobic and, therefore, is able to 

adsorb higher quantities of many contaminants compared to unmodified clays (Table 

1.1).  
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Table 1.1. Studies on the use of HDTMA-montmorillonite to remove contaminants. 
Contaminant Type Contaminant of Interest Study 

Organic 

Phenol and chlorophenols Mortland et al., 1986 
Trichloroethene (TCE) and benzene Boyd et al., 1988a 

Pentachlorophenol (PCP) Boyd et al., 1988b; Brixie 
and Boyd, 1994 

Tetrachloromethane Smith et al., 1990 
Benzene, toluene, ethyl benzene 

propylbenzene, butylbenzene, 
naphthalene, and biphenyl 

Jaynes and Boyd, 1991a 

Benzene, toluene, ethyl benzene, and 
xylenes Jaynes and Vance, 1996 

Diuron and naphthalene Nzengung et al., 1996 
Tetrachloride and nitrobenzene, TCE Sheng et al., 1996 

Dicamba (herbicide) Zhao et al., 1996 
Zearalenone (toxin produced by mold 

on cereal crops) Lemke, et al., 1998 

Imazamox (pesticide) Celis et al., 1999 
Dichlorobenzene Sheng and Boyd, 2000 

Sodium dodecylbenzene sulfonate Rodríguez-Sarmiento and 
Pinzón-Bello, 2001 

Chlorobenzene Lee et al., 2002c 
Sulfometuron (herbicide) Mishael et al., 2002 
Sulfentrazone (herbicide) Polubesova et al., 2003 

2,4-dinitrotoluene, 1,3-dinitrobenzene, 
and naphthalene Roberts et al., 2006 

Nitrobenzene Patel et al., 2009 

Oxyanion 

Nitrate and chromate Li, 1999 

Chromate Krishana et al., 2001; 
Majdan et al., 2005 

Perchlorate Seliem et al., 2011; 
Kim et al., 2011 

 

 

Unmodified montmorillonite is hydrophilic due to the presence of strongly 

hydrated inorganic cations exchanged into the clay gallery. As these inorganic cations 

are exchanged for very weakly hydrated surfactants, the clays become increasingly 

hydrophobic (Boyd et al., 1988a; Jaynes and Boyd, 1991b; Maes et al., 1980; Zeng et 

al., 2000; Zhang et al., 1993). Jaynes and Boyd (1991b) found that this increase in 

hydrophobicity was also partially due to the large organic cations covering the siloxane 

surface and impeding water from interacting directly with the hydrophilic surface of the 

modified clay.  
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Due to the high sorption capacity of organoclay for a variety of contaminants, 

several environmental applications for organoclays have been proposed. For instance, 

Boyd et al. (1988a) suggested the use of HDTMA-montmorillonite in clay landfill liners 

and bentonite slurry walls to enhance contaminant sequestration. Organoclays have also 

been proposed as filtration media for water purification (Zhao and Vance, 1998), 

industrial wastewater treatment (Groisman et al., 2004), and as pre-polishers to extend 

the bed life of activated carbon (Alther, 2004). 

 

Natural Montmorillonite structure 

Montmorillonite has an ideal structure of [(R0.33
+(Al1.67,Mg0.33)Si4O10(OH)2, where 

R is the exchangeable cation located in the clay interlayer]. It has an expandable 

dioctahedral 2:1 structure in which the low negative layer charge is primarily due to 

isomorphic substitution of Mg2+ for Al3+ in the octahedral sheet (Moore and Reynolds, 

1997). The resultant charge imbalance is compensated by exchangeable inorganic 

cations, typically Na+ and Ca2+, which are held in the ditrigonal cavity of the clay 

interlayer site. The hydration spheres surrounding these exchangeable cations cause 

the clay to be naturally hydrophilic (Boyd et al., 1988a; Jaynes and Boyd, 1991b; Maes 

et al., 1980; Zeng et al., 2003; Zhang et al., 1993).  

 

Structure and Properties of Quaternary Ammonium Cations (QAC’s) 

Quaternary ammonium cations (QAC’s) contain a positively charged head-group 

and a neutral carbon tail. The structures of a few commonly used quaternary ammonium 

ions (generic formula: [RN(CH3)3]+, where R is either an alkyl or aromatic hydrocarbon) 

are shown in Figure 1.2 (Nzengung et al., 1996). QAC’s are generally divided into two 

groups, those with short chains (<12 carbons) and those with long chains (≥12 carbons). 

Organoclays in which the inorganic cations were exchanged with short-chain QAC’s are 
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generally called adsorptive clays, while those modified with long-chain QAC’s are termed 

organophilic clays (Azejjel, et al., 2010; Yariv et al., 2011). Surfactants in adsorptive 

clays act as pillars, which prop clay layers open, leaving spaces where organic 

contaminants readily bind to the clay’s siloxane surface (Bonczek et al., 2002; Nzengung 

et al., 1996). Surfactants adsorbed to organophilic clays are believed to behave as a gel-

like partition medium into which organic contaminants migrate (Bonczek et al., 2002; 

Boyd et al., 1988a; Nzengung et al., 1996). 

Montmorillonite that is modified with short chain surfactants are not likely to 

adsorb large quantities of perchlorate because these surfactants do not contain long 

hydrophobic tails that produce a hydrophobic gel in the clay interlayer. Modification of 

montmorillonite with long-chain surfactants, such as BDTDA and HDTMA, result in clay 

interlayers becoming more hydrophobic, which would increase the partitioning of very 

weakly hydrated anions, such as perchlorate (ClO4
-). BDTDA ions have long 

hydrophobic tails, and a head group that includes a benzene ring. The presence of this 

ring in the interlayer would likely cause steric restrictions, which would reduce the 

amount of perchlorate adsorbed. HDTMA consists of a 3-methyl quaternary amine head 

group with a monovalent charge connected to a 16-carbon chain tail (Figure 1.3).  

Compared to clay modified with short-chain surfactants, HDTMA-montmorillonite 

would most likely have the largest perchlorate adsorption capacity due to the high 

loading rates of positively charged HDTMA molecules onto montmorillonite and the 

hydrophobic interlayer produced by the long hydrophobic tails of HDTMA molecules. 

Also, unlike BDTDA molecules, HDTMA does not include benzene rings, which are likely 

to reduce the space in the clay gallery that is available for perchlorate sorption sites. Due 

to all of these reasons, HDTMA-montmorillonite has the most potential as a perchlorate 

filtration media, therefore, this research focuses on the perchlorate adsorption by this 

organoclay. 
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Figure 1.2. Structures of quaternary ammonium cations that are commonly used to 
create geosorbents (Nzengung et al., 1996). Modification of montmorillonite with short-
chain surfactants, such as TMA and TMPA, result in adsorptive clays. Montmorillonite 
modification with more hydrophobic surfactants, such as HDTMA and BDTDA, produce 
organophilic clays. 
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Figure 1.3. Structure of HDTMA (He et al., 2006a). (a) depicts view from side of zigzag 
arrangement of carbon atoms in the surfactant tail and (b) is the top view of the plane of 
the zigzag arrangement.  
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Modification of Clay with Cationic Surfactants 

General Clay Modification Process 

While many methods have been published (Table 1.2) , generally the preparation 

of organoclays involves the following steps: 1) using ion exchange to replace inorganic 

cations with surfactant ions at some percentage of the clay cation exchange capacity 

(CEC), 2) separating the organoclay from the solution, 3) washing the organoclay, and 

4) drying the organoclay.  

 

Montmorillonite selectivity for QAC’s  

Montmorillonite is highly selective for QAC’s. Inorganic cations naturally found in 

montmorillonite interlayers are readily exchanged for cationic surfactants, as the 

positively charged head groups electrostatically bind to the negatively charged sites in 

the clay interlayer (Mizutani et al., 1995; Zhang et al., 1993; Lee and Kim, 2002a; Boyd 

et al., 1988a; Bonczek et al., 2002). During preparation of HDTMA-modified clays, the 

amount of both Na+ and Ca2+ released into solution increases as the concentration of 

HDTMA in solution is increased (Figure 1.4) (Lee and Kim, 2003a). Energy dispersive X-

ray analysis of HDTMA-montmorillonite conducted by Lee and Kim (2002b) measured 

only trace amounts of sodium in the modified clay, confirming its exchange with 

surfactants in the clay interlayer (Figure 1.5). At low HDTMA loading rates, Bonczek et 

al. (2002) concluded that adsorption onto montmorillonite is dominated by electrostatic 

forces (between the positively charged head and the negatively charged sites in the clay 

layer), with some van der Waals interactions between the surfactant chains and the 

siloxane surfaces. As the weakly hydrated surfactants replace strongly hydrated 

inorganic cations, the clay gallery becomes dehydrated, which causes an even stronger 

selectivity for cations that are less hydrated (Maes et al., 1980).  
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Table 1.2. Methods used to produce organoclays.  

Clay Pre-treatment Percentage 
of CEC 

Equilibration 
(Mixing) 

Time 
Separation 

Method Washing Method Drying Method Post-Treatment Reference 

Settled out >0.5 µm Unknown Overnight Unknown Unknown Unknown Unknown Maes et al., 
1980 

Settled out quartz and heavy 
minerals; exchanged with 

Ca+2; washed; freeze-dried 
30% or 70% Unknown Filtered Distilled water Freeze-dried None Boyd et al., 

1988a 

Settled out >2µm fraction; 
exchanged with Mg+2, 
frozen; freeze-dried 

100% 4 hours Centrifuged Centrifuged with 
distilled water 

Frozen and 
freeze-dried None Jaynes and 

Boyd, 1991a 

Settled out >2µm fraction; 
exchanged with Mg+2, 
frozen; freeze-dried 

500%-
1000% 4 hours Unknown 

Dialysis in distilled 
until negative 
AgNO3

- test 
Unknown Unknown Jaynes and 

Boyd, 1991b 

Unknown 100% Unknown Unknown 
DI water until 

negative AgNO3
- 

test 
Unknown Unknown Ogawa et al., 

1992 

Settled out >2µm fraction; 
exchanged with Ca+2; 

washed until negative Cl- 
test; freeze-dried 

200% Unknown Unknown 
Distilled water until 
negative AgNO3

- 
test 

None Stored suspended 
in water at 5°C 

Fusi et al., 
1993 

Exchanged with Na+ when 
surfactants <100% CEC 50% - 100% At least 48 

hours Centrifugation None Unknown Unknown Zhang et al., 
1993 

Unknown 100% 2-4 hours Centrifugation DI water Frozen and 
Freeze-dried None Jaynes and 

Vance 1996 
Settled out >2µm fraction; 

exchanged with Ca+2; 
washed, frozen; freeze-dried 

Unknown Unknown Centrifugation Distilled-DI water Frozen and 
Freeze-dried None Nzengung et 

al., 1996 

Settled out >2µm fraction; 
exchanged with Ca+2 100% Overnight Unknown 

Distilled water until 
negative AgNO3

- 
test 

Frozen and 
Freeze-dried None Sheng et al., 

1996 

Unknown 60% - 300% 8 hours Centrifugation Ethanol/Water (1:1) Freeze-dried None Hsu et al., 
2000 

Settled out >2µm fraction 100% Unknown Unknown Dialysis until free of 
salts 

Frozen and 
freeze-dried None Zhao and 

Vance, 1998 

None 
HDTMA 
sorption 
plateau 

24 hours Centrifuged 
Type I water 

(electric resistance 
>18MΩ) 

Air dried Unknown 
 

Li, 1999 
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Clay Pre-treatment Percentage 
of CEC 

Equilibration 
(Mixing) 

Time 
Separation 

Method Washing Method Drying Method Post-Treatment Reference 

Unknown 200% 4 hours Unknown 
Dialysis with 

distilled-DI water 
until salt free 

Frozen and 
Freeze-dried None Sharmasarkar 

et al., 2000 

Settled out >2µm fraction 100% Overnight Unknown 
Distilled water until 
negative AgNO3

- 
test 

Frozen and 
Freeze dried None Sheng and 

Boyd, 2000 

None 
100% (final 
percent) in 

acetone 

1 hour (after 
kinetic test of 
1hr – 7 days) 

Centrifugation Distilled Unknown Unknown Krishna et al., 
2001 

Settled out >2µm fraction; 
exchanged with Na+; washed 20%-200% Overnight Centrifugation “Washed 

thoroughly” Freeze-dried None Bonczek et al., 
2002 

Settled out >2µm fraction; 
exchanged with Na+; washed 
with DI water until negative 
AgNO3

- test; frozen; freeze-
dried 

1%-600% 2 days Centrifugation Washed with DI 
water 

Frozen and 
Freeze-dried None Lee and Kim, 

2002a 

Settled out >2µm fraction; 
exchanged with Na+; washed 
with DI water until negative 
AgNO3

- test; frozen; freeze-
dried 

100% - 
250% 2 days Centrifugation Washed with DI 

water” 
Frozen and 
freeze-dried None Lee and Kim, 

2002b 

Unknown 30% - 100% 8 hours Gravity 
Sedimentation 

Distilled water until 
“free of Br” 

Oven dried 
(40°C) Ground Yang et al., 

2002 

Unknown 2% - 100% 7 days Centrifugation DI water Unknown Unknown Lee and Kim, 
2003a 

Settled out >2µm fraction; 
exchanged with Na+; washed 
with DI water until negative 

AgNO3
- test 

1% - 300% 2 days Centrifugation DI water Unknown Unknown Lee and Kim, 
2003b 

Unknown 30-100% 5 hours Gravity 
Sedimentation 

DI water until no 
Br- detected Unknown 

Ground to pass 
through 80 mesh 

sieve 

Yang et al., 
2003 

Unknown 100% 48 hours Centrifugation 
Distilled water until 
negative AgNO3

- 
test 

Freeze-dried None Groisman et 
al., 2004 
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Clay Pre-treatment Percentage 
of CEC 

Equilibration 
(Mixing) 

Time 
Separation 

Method Washing Method Drying Method Post-Treatment Reference 

None 20%-400% 
30 minutes 

(sonication at 
60°C) 

Unknown 
“Washed” until 

negative AgNO3
- 

test 

Dried at room 
temperature Ground Xi et al., 2004 

Unknown 2% - 300% 7 days Centrifugation DI water Unknown Unknown Lee et al., 
2005 

Heated to 110°C for 48 
hours, washed with DI water 150% ~6 hours Vacuum 

Filtration 

Water or 
ethanol/water (1:1) 

mixture until 
negative AgNO3

- 
test 

Unknown Unknown Vasquez et al., 
2008 

Settled out >2µm fraction; 
Exchanged with Na+; 

Centrifuged; washed with DI 
water until pH = 7; dried at 
105°C; ground <200 mesh 

sieve; 

50%-500% 10 hours 
(80°C) Unknown 

Washed until 
negative AgNO3

- 
test 

Unknown Unknown He et al., 
2006a 

Settled out >2um fraction; 
Exchanged with Na+; 

Centrifuged; washed; dried 
at 105°C; ground <200 mesh 

sieve;  

50%-250% 10 hours 
(60°C) Unknown 

Washed until 
negative AgNO3

- 
test 

Oven (80°C) Ground until <200 
mesh sieve 

He et al., 
2006b 

Unknown 25% - 200% 1 day Unknown DI water Unknown Unknown Volzone et al., 
2006 

Unknown 150% 24 hours Filtration DI water Oven dried 
(65°C) Unknown Erdem et al., 

2010 

Unknown 100% - 
140% 

6 hours 
(100°C) Centrifugation Distilled water and 

ethanol 
Oven dried 

(60°C) Unknown Kim et al., 
2011 

Exchanged with Na+ 
overnight; washed, dried 

(80°C), ground (100 mesh) 
100% 24 hours Vacuum 

filtration Unknown Oven dried 
(80°C) 

Activated for 1 hour 
at 80°C; Ground to 
pass through 100 

mesh sieve 

Xin et al., 2012 
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Figure 1.4. Release of cations from Na-montmorillonite and Ca-montmorillonite during 
HDTMA loading (revised from Lee and Kim, 2003a) 
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Figure 1.5. Energy dispersive X-ray spectrum for HDTMA-smectite (revised from Lee 
and Kim, 2002b). Copper peaks are remnant of the analysis, rather than a component of 
the clay. 
 

 

Role of Solution Chemistry 

While much clay-modification research has focused on interactions between 

clays and surfactants (Bonczek et al., 2002; He et al., 2006a; Zhang, et al., 1993; Zeng 

et al., 2003), other studies have taken into account the importance of solution chemistry 

during adsorption of QAC’s (Maes et al., 1980; Mizutani et al., 1995; Teppen and 

Aggarwal, 2007). Cation hydration energies are extremely important in the selectivity of 

clay for QAC’s over inorganic cations and also for QAC’s of increasing size (Maes et al., 

1980; Mizutani et al., 1995; Teppen and Aggarwal, 2007). The amount of space in the 

interlayer limits the extent of hydration of large cationic surfactants, which causes the 

energy requirement of dehydrating the cations to play a significant role in QAC 

selectivity. In their thermodynamic study of organoclay, Teppen and Aggarwal (2007) 

reported that the free energy of hydration of surfactants with identical head-groups was 

the dominant force behind cation exchange. When comparing surfactants with identical 



18 

 

head groups, the charge density is lower for larger surfactants, resulting in less 

hydration. The authors concluded that the cation with the lowest hydration energy 

exchanges onto the clay because the more strongly hydrated cation tends to remain in 

solution, where it can remain fully hydrated. The more easily dehydrated cation will enter 

the clay gallery because the free energy of the entire system will be lowest in this 

configuration. (Essentially both the clay and the solution “prefer” the smaller organic 

cation, but the decrease in free energy of the system is most when the smaller cation 

can be fully hydrated in solution so the larger cation is exchanged into the clay 

interlayer.) The affinity of montmorillonite for surfactants with the lowest hydration energy 

is similar to the selectivity shown by many clay minerals for cesium over potassium due 

to its lower hydration energy (Hendricks, et al., 1940; Krishnamoorthy and Overstreet, 

1950; Marshall and Garcia, 1959; Sawhney, 1969). 

Furthermore, as weakly hydrated surfactants replace strongly hydrated inorganic 

cations in the interlayer, the clay gallery becomes more dehydrated, leading to an even 

stronger selectivity for cations with less hydration (Maes et al., 1980). Teppen and 

Aggarwal’s research supported a study by Mizutani et al. (1995), which found that the 

selectivity of montmorillonite for larger rather than smaller QAC’s in an aqueous solution 

reversed with experiments involving organic solvents. Mizutani et al. (1995) concluded 

that this reversal was due to the differences in dehydration energies causing the least 

solvated ion to enter the clay interlayers.  

 

Effect of QAC Loading Rates 

QAC’s exchange into clay interlayers so effectively that sorption of surfactants 

can exceed the cation exchange capacity (CEC) of the clay (Jaynes and Boyd, 1991b; 

Lee and Kim, 2002b; Lee and Kim, 2003b; He et al., 2006a; Bonczek et al., 2002; Zeng 

et al., 2003). At high surfactant loading rates adsorption is primarily due to hydrophobic 
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reactions between carbon chains of surfactants (Bonczek et al., 2002, Lee and Kim, 

2002a; Lee and Kim, 2002b; Lee and Kim, 2003b; Teppen and Aggarwal, 2007; Zeng et 

al., 2003). In their thermodynamic study of cation exchange in montmorillonite, Teppen 

and Aggarwal (2007) concluded that, at high loading rates, van der Waals interactions 

between the surfactants exchanged into the clay gallery become increasingly significant 

and account for approximately 50-60% of total attractive force (with dehydration energies 

accounting for the majority of the remainder). They also reported that, as the interlayers 

are filled with surfactants, the clay gallery becomes an organic phase into which large 

organic cations selectively partition.  

 

QAC Arrangement in HDTMA-Montmorillonite 

Many previous research studies have documented the changes in basal 

spacings of QAC modified clays (Bonczek et al., 2002; Boyd et al., 1988a; He et al., 

2006a; Lee and Kim, 2002b; Lee and Kim, 2003b, Nzengung et al., 1996). This research 

has shown that with increasing surfactant loading rates, the arrangement of surfactants 

in clay interlayers changes progressively from monolayers to bilayers to pseudotrilayers 

and finally to paraffin-type structures (Bonczek et al., 2002; Boyd et al., 1988a; He et al., 

2006a; Lee and Kim, 2002b; Lee and Kim, 2003b, Nzengung et al., 1996). Although 

Figure 1.6 is an idealized schematic of these arrangements that is typically referred to in 

organoclay studies, Figure 1.7 may be more accurate because it takes into account the 

possible effects of charge heterogeneity in the montmorillonite. In the monolayer 

arrangement (with low surfactant concentrations), HDTMA ions are oriented parallel to 

the siloxane surface, often with some areas dominated by the “original” inorganic cation. 

As loading rates increase, more of the inorganic cations are replaced by QAC’s. Once 

the siloxane surface is covered, the surfactants form a bilayer, in which two surfactants 

lie one-atop-the-other, parallel to the surface of the clay interlayer. At even higher 
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concentrations, the surfactants form a pseudotrilayer in which the QAC’s are kinked and 

interlaced, but still remain oriented fairly parallel to the clay surface. At very high 

surfactant concentrations (≥ 250% CEC) the surfactants are arranged in a paraffin-type 

arrangement, having the highest packing density, where surfactants are arranged at an 

acute angle to the clay surface. He et al. (2006a) calculated that in montmorillonite 

(modified at 500% CEC) the HDTMA ions were in a paraffin-type arrangement at an 

angle of 31° with the siloxane surface. 

 

 

Figure 1.6. Possible arrangements of HDTMA in montmorillonite (Bonczek et al., 2002). 
Schematic of HDTMA in interlayers of montmorillonite as (a) monolayers (13.7Å), (b) 
bilayers (17.7Å), (c) pseudotrilayers (21.7Å), and (d) paraffin-type (>22Å) (Bonczek et 
al., 2002). Surfactants are represented by N+, which symbolizes the positively charged 
head group and wavy lines, representing the carbon chain tails. 
 

http://ccm.geoscienceworld.org/content/vol50/issue1/images/large/02-02.jpeg
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Figure 1.7. HDTMA arrangements in montmorillonite considering charge heterogeneity 
of the clay (Lee and Kim 2002a).  
 

 

Transitions between these arrangements are typically stepwise with sudden 

leaps in d-spacings (Bonczek et al., 2002; Lee and Kim, 2002a). Additionally X-ray 

diffraction (XRD) patterns for HDTMA-montmorillonite often have “shoulders” as the 

surfactants transition between arrangements. For example, XRD patterns from a study 

by Bonczek et al. (2002) shows the stepwise transition from monolayer at 14.7Å (40% 

CEC coverage) to bilayer at 17.7 Å (90-100% CEC coverage) (Figure 1.8). At 70% CEC 

HDTMA coverage, there are two peaks of equal size for each configuration (monolayer 

and bilayer). Note the distinct shoulders that “grow and disappear” as increased 

surfactant loading causes the HDTMA ions to rearrange from predominantly monolayer 

to mainly bilayer.  
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Figure 1.8. XRD patterns for HDTMA-montmorillonite (Bonczek et al., 2002). Percents 
are relative to montmorillonite CEC. D-spacings are labeled. Note the transition from 
monolayer to bilayer surfactant arrangement with increasing surfactant concentrations.  
  

 

Although the transition between surfactant arrangements is stepwise, there is 

slight variability in the montmorillonite d-spacings, as indicated by the broad XRD peaks 

typical of HDTMA-montmorillonite (He et al., 2006a). This variability is likely due to 

surfactant concentrations (transitions between arrangements of HDTMA) and charge 

heterogeneity within the clay layers. High–resolution transmission electron microscopic 

(HRTEM) images of HDTMA-montmorillonite depict the complexity of this variability 

(Figure 1.9). While the distance between montmorillonite layers (with HDTMA in paraffin-

type arrangements) was typically 2.2 and 2.3nm, there was variability between layers, 

including differences in thickness within the same layer (He et al., 2006a).  
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Figure 1.9. Images of HDTMA-montmorillonite loaded at 500% CEC (He et al., 2006a). 
Note variability in clay particle width (a) and the most layers with dimensions 2.2- 2.3nm 
(b & c). Large arrows indicate layers that have variable thickness. 
 

 

When low charge montmorillonite was modified with very high HDTMA loading 

rates (250 % CEC), the d-space expansion of >40 Å caused destabilization of portions of 

the clay layers (Lee and Kim, 2002b) (Figure 1.10). The likely explanation for this is that 

charge heterogeneity within the clay (which is common) can cause areas of very high 

surfactant concentration, which create openings by prying the layers even farther apart. 

This effect occurs even more readily in low-charge clays, where the forces holding the 

layers together are weaker than those in higher charged clays. 
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Figure 1.10. Images of HDTMA-smectite (Lee and Kim 2002b). HDTMA-smectite 
modified with 250% CEC (a) and enlarged view with expanded layers and terminating 
layers (marked with arrows) (b). 
 

 

Additionally, He et al. (2006b) found that, when loading rates were equal to or 

less than the CEC, HDTMA was found primarily in the montmorillonite interlayer instead 

of the outer clay surface), leaving the outer surface hydrophilic and the inner layers 

organophilic. Conversely, their study showed that, at loading rates equal to or greater 

than 150%CEC, the surfactant was found in both the clay interlayer and on the exterior 

of the clay surface, which caused a decrease in porosity (Figure 1.11).  
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Figure 1.11. Schematic of Na-and HDTMA-montmorillonite at high HDTMA loading rates 
(He et al., 2006b).  
 

 

Saturation and Dehydration of Organoclays 

While the height of the HDTMA-modified clay gallery is dependent on the 

surfactant concentration, d-spacing also relies on the amount of water in the sample 

(Bonczek et al., 2002; Lee and Kim, 2002a). Bonczek et al. (2002) found that as long as 

sodium was present in the clay gallery, hydration of these inorganic cations caused a 

uniform increase in d-spacings, suggesting that the amount of hydration was due to the 

presence rather than the quantity of sodium. Lee and Kim (2002a) reported that, at 

loading rates between 1% and 150% of the CEC, the d-spacing of HDTMA-

montmorillonite was ~4-5Å larger for water-saturated samples compared to samples 

analyzed at 40% relative humidity and <5% relative humidity (Figure 1.12). At surfactant 

loading rates >150% CEC, the degree of hydration produced little variation in HDTMA-

montmorillonite d-spacings. Based on the large d-spacings for wet <150% CEC HDTMA-

montmorillonite, Lee and Kim (2002a) concluded that surfactants in the interlayers of 

surfactant 
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   Pore 

   or 

Na+ 
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these organoclays are more disorganized and loosely arranged than the monolayer and 

bilayer arrangements typically reported for analysis of dry clays (Figure 1.6).  

 

 

 

Figure 1.12. Changes in d-spacings as function of HDTMA loading and the amount of 
relative humidity (Lee and Kim, 2002a). HDTMA was added to water saturated clay 
(100% RH), montmorillonite at 40% relative humidity, and clay dried in a desiccator to 
<5% relative humidity. 
 

 

HDTMA-montmorillonite can be heated to cause dehydration. This leads to 

changes in basal spacings that vary with the amount of surfactant found in the clay. A 

study by Lee and Kim (2003b), which evaluated changes in HDTMA-montmorillonite as it 

was heated to 500°C, found that dehydration of 120% CEC HDTMA-montmorillonite led 
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to a decrease in d-spacing as water was driven out (Figure 1.13). They concluded that 

removing water allowed the surfactant tails to become more orderly and to lie 

horizontally to the hydrophobic siloxane surface (Figure 1.14a and b). However, 

dehydration of organoclays with paraffin-type arrangements caused the d-spacing to 

slightly increase (Figure 1.13). Authors interpreted that this was caused by the decrease 

in water allowing more hydrophobic interactions between surfactant tails, permitting 

them to straighten, thus increasing the gallery height (Figure 1.14c and d).  

 

 

 

Figure 1.13. D-spacing variations as a result of temperature (Lee and Kim, 2003b). The 
dramatic decrease at temperatures higher than 200°C for HDTMA-montmorillonite is due 
to surfactant breakdown. 
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Figure 1.14. Schematic of possible surfactant/water orientations n montmorillonite (Lee 
and Kim, 2003b). Arrangements of hydrated (a) and dehydrated (b) 120% CEC HDTMA-
montmorillonite and hydrated (c) and dehydrated (d) 250% CEC HDTMA-montmorillonite 
proposed by Lee and Kim (2003b). Surfactants are represented with dark circles and 
lines and water molecules are depicted by unfilled circles. 
 

 

Changes in Montmorillonite Morphology due to HDTMA Loading 

As HDTMA exchanges into montmorillonite, the clay begins to lose its natural 

curvature and to become increasingly aggregated (He et al., 2006a; Lee and Kim, 

2003a) (Figure 1.15). Lee and Kim (2003a) used scanning electron micrographs (SEM) 

to directly view the morphological changes caused by exchanging inorganic cations with 

HDTMA. They reported that HDTMA-modification of Na-montmorillonite caused a 

change in clay structure from “entrails”-like to “cornflake”-like (Figure 1.16a, b, and c). 

The smooth, dispersed nature of natural Na-montmorillonite was attributed to dispersion 

caused by the presence of strongly hydrated sodium ions in the interlayers. SEM images 

of Ca-montmorillonite appear as “irregular aggregates” (Figure 1.16d). Exchange of 

inorganic cations with HDTMA molecules caused the aggregates to grow larger (Figure 

1.16e and f). In the modification of both Na- and Ca-montmorillonite, loading of HDTMA 

caused the clays to flocculate, presumably because they became more hydrophobic.  
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Figure 1.15. Schematic of proposed variations in montmorillonite structure with HDTMA 
loading (He et al., 2006a). Montmorillonite plates transition from (a) Na-montmorillonite 
to (b) monolayer, to (c) pseudotrilayer, to (d) paraffin-type arrangement (He et al., 
2006a). The double circles (in a and b) represent sodium ions. Dark filled circles 
represent methyl heads of HDTMA and lighter circles symbolize surfactant methyl 
groups.  
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Figure 1.16. Modified and unmodified smectite (Lee and Kim, 2003a). Scanning electron 
micrographs (SEM) of (a) raw Na-montmorillonite and Na-montmorillonite exchanged 
with HDTMA to (b) 15% CEC and (c) 90% CEC. SEM micrographs of (d) raw Ca-
montmorillonite and Ca-montmorillonite exchanged with HDTMA (e) to 15% CEC and (f) 
to 90% CEC.  
 

 

He et al. (2006a) suggested that the repulsive forces between the hydrophilic 

surface and the hydrophobic surfactant tails caused the clay layers to become less 

curved. However, the clay surface is hydrophobic and it is the inorganic cations that 

cause unmodified montmorillonite to behave hydrophilically (Sposito et al., 1983; Jaynes 

and Boyd, 1991b). Additionally, interactions between the surfactant tails and the siloxane 
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surface are attractive (Lee and Kim, 2003b). As more HDTMA molecules are exchanged 

with inorganic cations (which are strongly hydrated), the clay interlayer contains fewer 

water molecules, which makes the interlayer increasingly hydrophobic. A possible 

explanation for the decrease in the curvature of clay particles could be that the water is 

driven out, causing more hydrophobic interactions between the carbon tails allowing 

them to straighten--as seen by Lee and Kim (2003b), who used high temperatures to 

dehydrate organoclays. Further study and comparison is required because the research 

of Lee and Kim (2003b) was conducted at very high temperatures (up to 500°C) that 

caused extreme dehydration, unlike the analysis of He et al. (2006a). Although there is 

little research focusing on why the clay layers become less curved with increased 

loading of QAC’s, this phenomenon may be due to steric conditions—the interlayer is 

forced to straighten out with increased loading of the large surfactant molecules.  

 

DESTRUCTIVE TECHNOLOGIES FOR TREATMENT OF PERCHLORATE  

Chemical Reduction 

While thermodynamically favored, the chemical reduction of perchlorate involves 

large kinetic barriers and is very slow under typical conditions (Urbansky, 1998; Moore et 

al., 2003; Cao et al., 2005; Brown and Gu, 2006). Furthermore, commonly used reducing 

agents, such as sulfite, dithionite, and zero-valent iron fail to reduce perchlorate (Brown 

and Gu, 2006). Cao et al. (2005) showed that perchlorate could be reduced by 

nanoscale iron particles within 24 hours at 75°C. Xiong et al. (2007) showed that zero-

valent iron stabilized with starch or sodium carboxylmethyl cellulose reduced perchlorate 

to chloride with the accumulation of no intermediate species. However, trace amounts of 

metals hindered perchlorate reduction and the process was significantly more efficient at 

temperatures of 110°C (Xiong, et al., 2007). Ti(III) in the presence of β–alanine was able 

to chemically reduce perchlorate within 2.5 hours, at 50°C and pH > 2.3 (Wang et al., 
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2010). Perchlorate was also reduced with metallic iron in the presence of UV light (Gurol 

and Kim, 2000). Direct electrochemical reduction of perchlorate is currently not an 

effective method of treating contaminated waters due to slow reaction rates and the 

reduced efficiency caused by the presence of other species (Brown and Gu, 2006; 

Coates and Jackson, 2009). Although electrodialytically assisted catalytic reduction of 

perchlorate is possible in concentration ranges of 10-100mg/L, this technique was 

inefficient at concentrations of <1mg/L (Wang and Huang, 2008). 

 

Biodegradation 

Perchlorate-Reducing Bacteria (PRB) in General 

Perchlorate-reducing bacteria (PRB) have been identified since the mid 1960’s 

(Hackenthal, et al., 1964). Most perchlorate and chlorate reducing bacteria are Gram-

negative, non-spore-forming, non-fermenting, facultative anaerobes or microaerophiles 

(Wallace et al., 1998; Coates, et al., 1999; Waller et al., 2004; Coates and Jackson, 

2009; Bardiya and Bae, 2011). These bacteria are phylogenetically diverse, typically 

members of the genus Dechloromonas or Azospira (previously Dechlorosoma), found in 

the β subclass of the Proteobacteria (Achenbach et al., 2001; Coates and Achenbach, 

2004; Coates et al., 1999). All identified prokaryotes capable of respiration using 

perchlorate or chlorate as the electron donor are classified within the α, β, γ and ε 

subclasses of the Proteobacteria (Achenbach et al., 2001; Bardiya and Bae, 2011; 

Coates et al., 1999; Wallace et al., 1998). Most of these organisms are members of the 

genus Dechloromonas or Dechlorosoma, found in the β subclass of the Proteobacteria 

(Achenbach et al., 2001; Coates et al., 1999), although a study by Waller et al. (2004) 

found a significant number of α-Proteobacteria in a study of the diversity of PRB in both 

contaminated and pristine sites.  
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Pathway of Perchlorate Reduction 

Perchlorate degradation follows the pathway: perchlorate (ClO4
-)  chlorate 

(ClO3
-)  chlorite (ClO2

-)  Cl- + O2 (Rikken, et al., 1996; Wallace et al., 1998) (Figure 

1.17). No transitional phases (chlorate and chlorite) typically accumulate in solution, as 

the initial reduction of perchlorate is the rate limiting step (Logan, 2001; Kim and Logan, 

2001; Bardiya and Bae, 2011). The reduction of chlorite to chloride and oxygen, which is 

catalyzed by chlorite dismutase, is common to all identified PRB. Chlorite is toxic to 

bacteria; therefore, the presence of chlorite dismutase is necessary for bacterial 

germination even though no cell growth is associated with this reaction (Coates et al., 

1999). Studies indicate that while the outer membranes of all PRB contain chlorite 

dismutase, this enzyme is only expressed in anaerobic conditions and in the presence of 

perchlorate or chlorate (Chaudhuri et al., 2002; O’Connor and Coates, 2002). Oxygen 

does not accumulate in the system because most PRB are facultative anaerobes, and 

quickly reduce any oxygen that is produced (Bardiya and Bae, 2011). 

 

 

 

 

 

 

 

Figure 1.17. The degradation pathway of perchlorate (Rikken et al., 1996). 
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2.31×103 to 2.4×106 cells of PRB per gram of sample from each of the following 

environments: aquatic sediments, paper mill waste sludges, animal waste lagoons, 

industrial sites and both pristine and hydrocarbon-contaminated soils.  

Research indicates that PRB are capable of growth via a variety of metabolisms, 

including oxidation of simple organic acids (Achenbach et al., 2001; Bruce et al., 1999; 

Coates et al., 1999), volatile fatty acids (Coates et al., 1999), reduced humic substances 

(Bruce et al., 1999; Coates et al., 2002), hydrogen (Nozawa-Inoue, et al., 2005), sulfide 

(Bruce et al., 1999), iodate (Kengen et al., 1999), bromate (Kengen et al., 1999), and 

ferrous iron (Bruce et al., 1999; Chaudhuri et al., 2001; Coates et al., 1999). Additionally, 

most PBR are capable of reducing nitrate (Achenbach et al., 2001; Coates et al., 1999; 

Nozawa-Inoue et al., 2005).  

 

Bioreactors to Treat Perchlorate Contamination 

Removal of perchlorate can be completed using a variety of bioreactor 

configurations, including fixed-bed (Miller and Logan, 2000; Logan and LaPoint, 2002; 

Brown et al., 2003; Min et al., 2004), fluidized-bed (McCarty and Meyer, 2005; Fuller et 

al., 2007), and membrane biofilm (Nerenberg and Rittmann, 2004; Nerenberg et al., 

2008; van Ginkel et al., 2008; Ziv-El and Rittmann, 2009). Bioreactors for perchlorate 

degradation typically include additives of either acetate or H2, which serve as the 

electron donor (Bardiya and Bae, 2011). Issues with the use of organic electron donors, 

such as acetate, include the risk of elevated organic electron donors in treated water and 

increased biomass production, both of which result in higher total suspended solids 

(Hatzinger, 2005). The use of H2 may raise concerns related to its low solubility in water 

and the possible detonation of any H2 that vents out of the system (Hatzinger, 2005; 

Logan and LaPointe, 2002; Miller and Logan, 2000).  
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Although bioreactors are efficient at degrading highly concentrated waste 

streams, this method has not been applied to treat drinking water (Bardiya and Bae, 

2011; WRF, 2011). This lack of utilization is due the generally negative public perception 

of microbial treatment of drinking water, which is typically attributed to the threat of 

contamination of treated water with microbial cells and disinfection by-products (Li, 2008; 

Dugan et al., 2009; Bardiya and Bae, 2011; WRF, 2011). Another obstacle to the 

application of this method is the potential negative impact to water quality that results 

from elevated levels of sulfide, ammonia, microbial products, and acetate (Brown et al., 

2003; Dugan et al., 2009). These constituents may cause odors, increase biological 

activity, increase the amount of chlorine necessary for disinfection, and produce more 

disinfection byproducts (Brown et al., 2003; Dugan et al., 2009). Additional concerns with 

biological treatment are the exorbitant cost of operation and the potential for excess 

biomass accumulation (Bardiya and Bae, 2011).  

 

In situ Treatment of Perchlorate Contamination 

Biostimulation 

PRB are ubiquitous in the environment, and, therefore, contaminated sites 

generally do not require bioaugmentation for successful treatment of perchlorate-

contaminated sites (Coates et al., 1999; Coates and Achenbach, 2004; Coates and 

Jackson, 2009; Hatzinger et al., 2009; Borden and Lieberman, 2009). Often the only site 

requirement is the successful application of suitable electron donors (Hatzinger et al., 

2002; Nzengung et al., 2001; Wu et al., 2001). This addition could be completed using 

several methods, including active bioremediation, semi-active bioremediation, and 

passive bioremediation (Cox, 2009; Hatzinger et al., 2009). Active bioremediation 

involves actively mixing the electron donor and groundwater using a system of injection 

and pumping wells to constantly recirculate water (Cox, 2009; Hatzinger et al., 2009). 



36 

 

Semi-active bioremediation is similar to active; however, the system is actively pumped 

for a short period of time (usually for days to weeks) followed by a longer period in which 

natural groundwater flow resumes and continues to mix the system (Cox, 2009; 

Hatzinger et al. 2009; Krug and Cox, 2009). Passive bioremediation entails injecting 

slow-release electron donors into the subsurface and utilizing the natural flow of 

groundwater to mix the system (Borden, 2007; Borden and Lieberman, 2009; Cox, 2009; 

Hatzinger et al., 2009). One passive bioremediation technique involves constructing 

biowalls, which are trenches filled with a solid electron donor (e.g. mulch, compost, or 

wood particles) that are sometimes recharged with semi-soluble amendments, such as 

vegetable oil (Henry, et al., 2009; Stroo and Norris, 2009; Robertson et al., 2009). Using 

this method, mulch and compost can promote perchlorate-reducing conditions for 3-5 

years (Henry et al., 2009).  

Prior to adopting a method of in situ remediation, laboratory experiments must be 

conducted to determine the optimal electron donor for the site (Hatzinger et al., 2002; 

Nzengung et al., 2001). Recently, the injection of gaseous electron donors has been 

shown to enhance biodegradation of perchlorate (Evans and Trute, 2006; Evans et al., 

2011). Additionally, pH buffers may be required to allow or optimize perchlorate 

biodegradation (Cramer et al., 2004).  

While the low cost of in situ biodegradation of perchlorate makes it an attractive 

remediation option for contaminated sites, there are some potential drawbacks with this 

technology. These include the application of excess electron donors into the aquifer, 

reduction of hydraulic conductivity through biofouling of the aquifer matrix (particularly 

near where electron donors are applied), and a decline in water quality caused by 

variations in pH, changes to redox potential, mobilization of heavy metals and 

phosphate, and the production of Fe(II), HS-, and CH4 (Coates and Jackson, 2009). 
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Additionally, site specific characteristics may reduce the effectiveness of in situ 

biodegradation in some cases. 

 

Phytoremediation 

Phytoremediation is another option for in situ treatment of perchlorate found in 

shallow groundwater (Susarla et al., 1999; Nzengung et al., 1999; van Aken and 

Schnoor, 2002; Yifru and Nzengung, 2008). Numerous plant species have been found to 

remove perchlorate from groundwater, including smartweed, pickleweed, water-lily, 

willow, eastern cottonwoods, poplar trees, eucalyptus, sweet gum, tarragon, blue-

hyssop, perennial glasswort, and parrot-feather (Nzengung et al., 1999; Susarla et al., 

1999; Susarla et al., 2000; van Aken and Schnoor, 2002; Shrout et al., 2006; Yifru and 

Nzengung, 2008; Stuckhoff, 2009). Phytoremediation of perchlorate is generally 

attributed to two processes: 1) uptake and phytodegradation and 2) rhizodegradation 

(Nzengung, et al., 1999; Nzengung et al., 2004). Rhizodegradation occurs when 

microbial degradation of perchlorate in root zones is enhanced because microbes 

associated with plant roots utilize electron donors produced by plants and excreted by 

root systems to degrade a contaminant (Shrout et al., 2006). This degradation in the 

rhizosphere can be enhanced by adding electron sources, such as dissolved organic 

carbon (Yifru and Nzengung, 2008). Krauter (2001) and Krauter et al. (2005) developed 

an in situ wetland bioreactor that effectively removed perchlorate from groundwater.  

 

DUAL TREATMENT OF PERCHLORATE  

While microbial degradation of perchlorate results in the complete breakdown of 

perchlorate into non-hazardous byproducts, the negative public perception of 

biodegradation due to fear of biological components entering drinking water reduces its 

viability as a treatment for drinking water. Chemical reduction of perchlorate generally 
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requires high temperatures that greatly reduce its cost efficiency. Filtration technologies 

are much more favorable to the public but consist of transferring perchlorate from the 

solution to the solid phase, with no degradation of perchlorate molecules. An optimal 

method for treatment of perchlorate-contaminated water will take advantage of the 

benefits of both processes by first using a filtration media, such as HDTMA-

montmorillonite, to quickly remove perchlorate from solution, followed by biological or 

chemical reduction of perchlorate bound to the filtration media. This combination would 

result in complete degradation of perchlorate, with only non-hazardous byproducts (Cl- 

and O2) remaining. 

 

CONCLUSION 

Many technologies can be utilized to treat perchlorate contamination, including 

biodegradation, chemical reduction, ion exchange resins, membrane technologies, 

surfactant modified geosorbents, such as HDTMA-montmorillonite. Nondestructive 

technologies are generally more widely accepted methods of drinking water treatment. 

However, these processes merely transfer the perchlorate from the liquid to the solid 

phase. Biodegradation achieves complete degradation of perchlorate, but the public is 

less accepting of the application of this technology to treat drinking water. Chemical 

reduction is another destructive technology. However, chemical reduction typically 

requires high temperatures and the expense of heating large quantities of water 

becomes prohibitive. Perhaps the best method to treat perchlorate-contaminated water, 

particularly for drinking water and industrial waste streams, is the use of a two step 

process. First the perchlorate can be efficiently and quickly removed using a filtration 

media, such as HDTMA-montmorillonite. In the second phase, the perchlorate bound to 

the clay is biologically or chemically reduced so that only non-hazardous waste products 

remain.  
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CHAPTER 2 

SORPTION OF PERCHLORATE BY SURFACTANT-MODIFIED MONTMORILLONITE 

 

  

ABSTRACT 

Surfactant-modified montmorillonite (SMM) was created by exchanging the 

inorganic cations naturally found in clay interlayers with hexadecyltrimethylammonium 

(HDTMA) ions. SMM was evaluated as a filtration media for perchlorate-contaminated 

waters. Sorption batch tests showed that SMM has a relatively larger sorption capacity 

for perchlorate compared to surfactant-modified zeolite (SMZ). Kinetic studies revealed 

that SMM and SMZ approached sorption equilibrium within 1 and 3 hours, respectively. 

Although co-contaminants reduced perchlorate uptake by SMM, the filtration media 

remained selective for perchlorate in groundwater from Longhorn Army Ammunition 

Plant (LHAAP) and in brine created during the regeneration of ion exchange resin used 

to treat perchlorate-contaminated water.  

 

INTRODUCTION 

Prior to 1997, perchlorate was not considered to be a common drinking water 

contaminant. However, when the California Department of Health Services developed a 

method to measure perchlorate with a detection limit of 4ppb, much lower than the 

400ppb detection limit of previous techniques (Logan, 2001; Motzer, 2001; Srinivasan 

and Sorial, 2009), researchers and the environmental community began detecting the 

contaminant in many areas, including many sources of municipal drinking water supplies 

(Pontius et al., 2000; Logan, 2001; Motzer, 2001). The development of this new 
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analytical technique eventually led to the detection of perchlorate in at least 45 states 

and in 4% of public drinking water sources in the United States (USEPA, 2011; USGAO, 

2010), with concentrations greater than 5,000ppb reported in Alabama, Arkansas, 

Arizona, California, Nevada, Texas, Utah, and West Virginia (USGAO, 2010). 

Perchlorate has also been detected in dairy milk (Kirk et al., 2003; USFDA, 2009; Kirk et 

al., 2005; Sanchez et al., 2008), infant formula (Pearce et al., 2007), human breast milk 

(Kirk et al., 2005; Pearce et al., 2007), wine and beer (El Aribi et al., 2006), dietary 

supplements (Snyder et al., 2006), forage crops (Sanchez et al., 2008); lettuce (USFDA, 

2009; Sanchez et al., 2005a; Sanchez et al., 2005b, Seyfferth and Parker, 2007), and 

many other fruits and vegetables (USFDA, 2009; Jackson et al., 2005; El Aribi et al., 

2006). Additionally, Blount et al. (2007) found detectable levels of perchlorate in urine 

from each of the nearly 3000 people studied in research conducted by the Center for 

Disease Control in Atlanta, Georgia. 

Perchlorate has a wide variety of anthropogenic uses. The majority of 

manufactured ammonium perchlorate in the United States is utilized as an additive in 

solid rocket propellant (Urbansky and Schock, 1999; Logan, 2001), where it has a limited 

shelf life and has to be replaced periodically (Motzer, 2001; Pontius et al., 2000; Cunniff 

et al., 2006). Much of the man-made perchlorate contamination in the United States was 

likely caused when high-pressure water was used to wash the propellant out of 

containers during this replacement process (Urbansky, 1998; Logan, 2001). This 

process often resulted in discharges of high-concentration effluent directly onto the 

ground surface or into evaporation ponds, both of which were legal at the time. 

Perchlorate salts are used in a wide variety of additional products and activities, such as 

munitions, pyrotechnics (including fireworks, matches, photographic flash powder, and 

flares), blasting agents, lubricating oils, tanning leather, electroplating, rubber 

manufacturing, paint production, automobile air bag inflators, magnesium batteries, and 
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medications to treat hyperthyroidism (ITRC, 2002; Cunniff et al., 2006; Aziz et al., 2006; 

Sturchio et al., 2006; Mattie et al., 2006; Srinivasan and Sorial, 2009). Also, perchlorate 

is created as a byproduct during the production of herbicides that contain sodium 

chlorate (Cunniff et al., 2006). Both the manufacturing and use of these products are 

potential sources of perchlorate releases into the environment.  

Perchlorate is also naturally occurring in the environment. The nitrate-rich caliche 

deposits in the Atacama Desert, Chile contain measureable quantities of perchlorate 

(Bao and Gu, 2004; Urbansky et al., 2001) and were long thought to be the only 

naturally formed perchlorate deposit. For over a century (peaking in the 1930’s), this ore 

was imported to the United States for use as a fertilizer, with a variety of names 

including Chile saltpeter, Bulldog soda, nitrate saltpeter, sodium nitrate, nitratine, sodia 

niter, and nitrate of soda (Aziz et al., 2006; Urbansky et al., 2001). Although the 

mechanism of perchlorate formation in these deposits was a mystery for many decades 

(Jackson et al., 2006), more recent research indicates that the primary mechanism of 

formation was likely deposition of perchlorate created by photochemical reactions in the 

atmosphere (Michalski et al., 2004; Bao and Gu, 2004; Rajagopalan et al., 2006; 

Sturchio et al., 2006; Kang et al., 2008; Rao et al., 2010). Non-anthropogenic 

perchlorate has been detected in the High Plains of Texas and New Mexico 

(Rajagopalan et al., 2006). Perchlorate has been measured in potash ore from 

Saskatchewan, Canada and New Mexico, in mineral samples of hanksite from Searles 

Lake, California, and in playa crust samples from Bolivia and California (Orris et al., 

2003). Groundwater samples from “pristine” areas across the United States contained 

measurable quantities of perchlorate (Parker et al., 2008). In two separate studies by 

Dasgupta et al. (2005) and Parker et al. (2008), perchlorate was detected in the majority 

of rainwater samples taken during rainfall events from throughout the Southwestern 

United States. 
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Numerous adverse health effects have been associated with perchlorate 

exposure in humans. Most issues are caused by the reduction of thyroid function, which 

is the result of perchlorate competitively blocking iodide uptake by the sodium/iodide 

symporter (USEPA, 2005b). Iodide is crucial for the synthesis of thyroid hormones (L-

triiodothyronine (T3) and L-thyroxine (T4)); therefore, a reduction in iodide uptake can 

result in lower production of these hormones (USEPA, 2005b). In addition to being 

important for oxygen metabolism and regulation of gene expression, T3 and T4 are vital 

for functioning of tissues, for proper bone growth, and for proper cell growth, 

differentiation and metabolism (Galfore et al., 2009; Videla and Fernandez, 2009; Capen 

and Martin, 1989). Low levels of thyroid hormones in fetuses may result in irreversible 

neurological effects and mental retardation (Galfore et al., 2009). Pregnant and lactating 

women, fetuses, and infants are generally regarded as populations that are sensitive to 

the effects of perchlorate intake (USEPA, 2010).  

In 1998, the United States Environmental Protection Agency placed perchlorate 

on the contaminant candidate list (USEPA, 2009) and later established a reference dose 

of 0.7µg/kg/day. This corresponds to a drinking water equivalent level of 24.5ppm 

assuming that all perchlorate is supplied from drinking water (USEPA, 2005a). Several 

states (e.g. Massachusetts, California, and Texas) have set lower regulatory levels for 

perchlorate (Srinivasan and Sorial, 2009). In February 2011, USEPA decided to regulate 

perchlorate in drinking water under the Clean Water Act (Federal Registry, 2011). The 

USEPA is currently preparing a proposed National Primary Drinking Water Regulation 

(NPDWR) for perchlorate, which is scheduled to be published by February 2014 and 

finalized within 18 months of publication (Federal Registry, 2011).  

Ion exchange is the most commonly used method to treat perchlorate-

contaminated drinking water. Both non-selective and perchlorate-selective ion exchange 

resins are capable of removing perchlorate from water (Coates and Jackson, 2009; Gu, 
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et al., 2001; Gu et al. 2007). After use, the resins still contain perchlorate and, therefore, 

require either regeneration or treatment as a hazardous waste. If the resins are 

regenerated, the perchlorate is transferred to high concentration brines, which also 

requires either treatment or disposal as a hazardous waste. 

In an effort to develop low-cost techniques to treat wastewater and to remediate 

contamination in the environment, many studies have focused on the modification of 

geologic materials for use as filtration media. One area of increasing interest is the use 

of zeolite and swelling phyllosilicate minerals, particularly montmorillonite, as sorption 

media to filter contaminants from water. In order to enhance the sorption capacity of 

geologic materials, “geosorbents” have been created by treating zeolite and clays with 

surfactants, particularly quaternary ammonium cations (QACs), such as 

hexadecyltrimethylammonium (HDTMA). HDTMA consists of a positively charged 3-

methyl quaternary amine head group with a positive monovalent charge connected to a 

neutral 16-carbon tail. Modification of montmorillonite with HDTMA occurs as the 

surfactant molecules exchange with inorganic cations naturally found in interlayer 

regions of clays (Boyd et al., 1988a; Bonczek et al., 2002; Mizutani et al., 1995; Lee and 

Kim, 2002a; Zhang et al., 1993). When HDTMA is added to zeolite, the positively 

charged head is attracted to the negatively charged surface, creating a layer of 

surfactants surrounding the zeolite surface (Haggerty and Bowman, 1994). Surfactant-

modified montmorillonite (SMM) and surfactant-modified zeolite (SMZ) are hydrophobic 

and, therefore, are able to adsorb higher quantities of many contaminants compared to 

unmodified materials (Bonczek et al., 2002; Boyd et al., 1988a; Brown and Burris, 1996; 

Luthy et al., 1997; Nzengung et al., 1996). 

Both Kim et al. (2011) and Seliem et al. (2011) found that montmorillonite 

modified with HDTMA is capable of adsorbing perchlorate from water. However, neither 

of these studies further examined perchlorate sorption by SMM through the development 
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of sorption isotherms nor did they conduct kinetic experiments to evaluate the amount of 

time required for sorption equilibrium to occur.  

  The objective of this research is to evaluate SMM and SMZ as low-cost 

adsorbents of perchlorate. Kinetic studies were utilized to determine the amount of time 

required for perchlorate loading onto the filtration media. Isotherms were developed to 

investigate the amount of perchlorate adsorption by both SMM and SMZ. Additionally, 

the effect of 13 co-contaminants on perchlorate sorption by was also examined to 

identify potential interferences to the uptake of perchlorate by SMM.  

 

MATERIALS AND METHODS 

Materials 

Sodium-montmorillonite (Swy-2) from Crook County, Wyoming, USA, was 

purchased from the Clay Minerals Society Source Clay Repository. A thorough list of 

published research involving Swy-2 can be found on the Clay Minerals Society website 

at www.clays.org. Hexadecyltrimethylammonium bromide (HDTMA) was obtained from 

Tokyo Kasei Kogyo Co and benzyldimethyltetradecylammonium chloride dihydrate 

(BDTDA) was obtained from Aldrich Chemical Co. (Milwaukee, WI). Sodium perchlorate, 

potassium nitrate, tetramethylammonium chloride (TMA) and trimethylphenylammonium 

chloride (TMPA) were purchased from Fisher Chemical, Fisher Scientific, Fair Lawn, 

New Jersey. California NELAC Perchlorate Standards were obtained from AccuStandard 

Wet Chemistry Reference Standard. Groundwater was obtained from a monitoring well 

at an open burn/open detonation site at Longhorn Army Ammunition Plant (LHAAP), 

Karnack, Texas. The perchlorate-contaminated brine was provided by a Los Angeles, 

California drinking water treatment plant that uses regenerable ion exchange resin to 

treat perchlorate contaminated groundwater.  
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Preparation of Organoclays  

Organoclays were prepared as described by Nzengung (1993) by exchanging 

the inorganic cations found in the montmorillonite interlayer with the following cationic 

surfactants: TMA, TMPA, BDTDA, and HDTMA. Briefly, Na-montmorillonite was 

converted to organoclay by ion exchange with aqueous solutions that contained 

surfactants concentrations equal to the CEC (76.4meq/100g) and mixed using a 

magnetic stir plate for 24 hours. Next, the organoclay was separated via centrifugation. 

Finally, the organoclay was washed until the AgNO3 test was negative for bromide in the 

supernatant, separated by centrifugation, quick frozen, and freeze-dried.  

 

Preparation of Surfactant-Modified Zeolite 

SMZ was provided by Mr. Richard Helferich of Columbus, OH, where the SMZ 

was created using the following steps: 1) zeolite was acquired from the St. Cloud Mine in 

Winston, NM in the size range of 0.297 to 0.595 mm (30–50 mesh); 2) the natural zeolite 

was placed in columns (15cm long and 2.5cm diameter); 3) 2L of 40mM HDTMA-Br 

solution flowed through the column at 3mL/min; 4) zeolite was rinsed with water at 

3.0mL/min for 4.5 pore volumes; and 5) SMZ was air dried overnight in a fume hood 

(Zhang et al., 2007). 

 

Methodology 

Comparison of Perchlorate Sorption by Organoclays 

Batch tests were conducted to compare perchlorate loading onto each type of 

organoclay. Two reactors were prepared for each type of organoclay and for unmodified 

Na-montmorillonite. Each reactor contained 0.2g of each organoclay or Na-

montmorillonite to which 100mL of 10mg ClO4
-/L solution was added. The vials were 

shaken by hand and placed on an end-over-end rotating shaker for 24 hours at ambient 
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temperature. The vials were centrifuged and 15mL samples of the solution were 

collected. Prior to perchlorate analysis, the solution was passed through a 0.22µm filter 

to remove most all of the clay particles. Based on the results of this experiment, the 

organoclay that adsorbed the most perchlorate was determined and utilized in all further 

experiments. For simplicity, the selected organoclay was called surfactant-modified 

montmorillonite (SMM) and was investigated in the remainder of the research. 

 

Kinetic Batch Tests 

In order to determine the amount of time required for perchlorate sorption 

equilibrium to be approached, kinetic batch tests were conducted with both SMM and 

SMZ, using 0.1g of sorbent and 50mL of solution. The initial concentrations of 

perchlorate used in the tests were 380µg/L and 1,200µg/L for SMM and 700µg/L for 

SMZ. After dosing, the vials were placed on an end-over-end rotating shaker. 

Periodically, during the duration of the test (12 and 13.5 hours for SMM and SMZ, 

respectively), the aqueous perchlorate concentrations were analyzed in duplicate vials. 

The first set of vials sacrificed for analysis were shaken by hand and centrifuged for 40 

minutes at 2,000rpm (rotor diameter of 30cm), and filtered through a 0.22µm screen 

prior to perchlorate analysis. The remaining samples incubated at ambient temperature 

for longer equilibration periods and were placed on an end-over-end rotating shaker until 

45 minutes prior to the time of analysis, when two vials of each treatment were 

centrifuged, filtered, and immediately analyzed via ion chromatography. The times 

reported for the kinetic studies cover the time from when the stock solution was added to 

the vial until when the sample was filtered. 
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 Equilibrium Batch Tests 

The batch reactors consisted of borosilicate glass that was threaded at the top to 

allow closure with aluminum screw top seal lined with a silicone face septum. In the 

lower concentration batch test, 0.2g of SMM or SMZ was dosed with 100mL of aqueous 

solutions with initial perchlorate concentrations ranging from 0-24mg/L. Triplicate vials 

were dosed with each concentration for a total of 18 vials per isotherm. Immediately after 

dosing, the vials were sealed, shaken by hand, and placed on an end-over-end rotating 

shaker where they were mixed continuously for the duration of the equilibrium period, as 

previously determined from batch sorption kinetic tests. After the equilibration period, the 

reactors were centrifuged and the solution was decanted and filtered with a 0.2µm filter 

to remove most all residual clay particles prior to analysis.  

An additional batch sorption test was performed at high perchlorate loading on 

SMM. For this equilibrium sorption test, each vial was completed in duplicate and 

contained 0.5g SMM, 50mL of solution, and initial perchlorate concentrations ranging 

from 0-470mg/L. The batch samples were equilibrated and sampled as previously 

described.  

 

Effects of Nitrate and Other Co-constituents in Groundwater 

 Additional batch sorption tests were performed to evaluate the effects of co-

constituents in water on perchlorate sorption by SMM. A more intensive investigation 

focused on competition by nitrate for two reasons: 1) both nitrate and perchlorate have 

relatively low hydration energies compared to many other anions that are commonly 

found in the environment and 2) ammonium perchlorate is frequently the type of 

perchlorate salt that is utilized in many applications. In the environment, ammonium is 

often oxidized to nitrate, resulting in elevated nitrate concentrations (compared to 

background levels) associated with ammonium perchlorate contamination.  
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The effect of nitrate alone on perchlorate sorption by SMM was evaluated in 

sorption a batch test using deionized water spiked with perchlorate and nitrate. Another 

batch sorption test was conducted with groundwater from LHAAP, which contained 

32.4mg ClO4
-/L and numerous other compounds, including 1,1,2-trichloroethane, methyl 

tert-butyl ether (MTBE), aluminum, arsenic, chromium, cadmium, sodium, magnesium, 

chloride, and sulfate. In both batch tests, the vials contained 0.2g SMM and 100mL of 

either deionized water or groundwater. The initial perchlorate concentration was 

constant at 32 ±1mg/L. The initial nitrate concentrations in the deionized water solution 

were varied between 0 to 20.0mg NO3
-/L. In the batch test with groundwater, the initial 

nitrate concentration ranged from 0.9 to 20.8 mg NO3
-/L. In both cases, triplicate vials of 

0.2g SMM and 100mL of the solution were prepared for at least 5 initial concentrations. 

After dosing, the vials were placed on an end-over-end rotating shaker and allowed to 

equilibrate at room temperature for 24 hours. The vials were centrifuged and 15mL 

samples of the solution were collected from each vial. The samples were passed 

through a 0.2µm filter prior to analysis. 

 

Treatment of Perchlorate-Contaminated Brine with SMM 

To measure perchlorate adsorption from the brine, batch tests were conducted 

using both full-strength and half-strength (diluted by 50% with deionized water) brine 

solutions. The brine, which was produced during the regeneration of ion exchange resin 

from a Los Angeles, California, drinking water treatment plant, contained 5.6mg/L 

perchlorate. Brine solutions were spiked with perchlorate so that perchlorate 

concentrations ranged from 5.6mg/L to 26.4mg/L and 2.8mg/L to 36.1mg/L, for the full-

strength and the half strength batch tests, respectively. The batch tests consisted of 

adding 100mL of the brine solution to vials containing 0.5g of SMM and mixing the 
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reactors on an end-over-end rotating shaker at ambient temperature for 24 hours. The 

vials were centrifuged and 15mL samples of the solution were collected for analysis.  

 

Analytical Methods 

Analysis of Perchlorate 

Perchlorate was measured using a Dionex DX500 Ion Chromatography System 

(IC) with a 500µL sample loop. Samples were diluted to between 0.002 to 1.5 mg/L and 

placed in 5mL Dionex auto-sampling vials. The IC setup utilized an IONPAC AS16 

analytical column (4x250mm), an AG16 guard column (4x50mm), an ASRS-Ultra II Self 

Regenerating Suppressor (4mm) set at 300mA, and an AI-450 Chromatography 

Automation System with the Advanced Computer Interface Module. The samples were 

analyzed via either the high concentration (standards ranging from 0.1-1.5mg/L) or the 

low concentration (standards ranging from 10 to 500µg/L) methods. The eluent was 

made with J.T. Baker 50% (w/w) sodium hydroxide solution and deionized water, which 

was degassed using a VWR Scientific Aquasonic Sonicator, model 150D. The eluent 

was applied at a flow rate of 1mL/min and consisted of 100mM and 50mM sodium 

hydroxide solutions for the high and low concentration methods, respectively.  

A new calibration curve was created each time eluent was changed (every 1-2 

days) or when the recovery of standards was either <95% or >105%. Calibration of the 

IC utilized a 4-point calibration curve made for the high-concentration IC method and a 

6-point calibration curve for the low concentration method. Blanks of deionized water, 

along with check standards, were analyzed every 5 samples to test for hold-over and 

instrumental drifting, respectively. If the blanks detected perchlorate or if the check 

standard was more than 5% off, the IC was recalibrated and the samples were 

reanalyzed. All samples were analyzed in duplicate. 
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Analysis of Groundwater and Brine  

The Laboratory for Environmental Analysis, Department of Crop and Soil 

Sciences, University of Georgia, Athens, Georgia analyzed total organic carbon (TOC), 

total dissolved solids (TDS), total suspended solids (TSS), MTBE, 1,1,2-trichloroethane, 

and metals. TOC was analyzed using EPA method 9060A with catalytic conversion. TDS 

and TSS were determined gravimetrically using EPA test methods 160.1 and 160.2, 

respectively. MTBE and 1,1,2-trichloroethane were analyzed with a GC/MS equipped 

with purge-and-trap, using EPA test methods 8260A and 524.2, respectively. Metals (Al, 

Fe, As, Pb, Cr, Cd, Na, and Mg) were analyzed using ICP/MS with EPA test method 

200.8. Anions (nitrate, phosphate, sulfate, and chloride) were analyzed via IC using EPA 

test method 300.1. The brine is not an ideal solution; therefore, ionic strength was 

calculated using: 

 
∑
=

=
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i
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  (2.1)
 

 

where I is the ionic strength, bi is the molality (mol/kg), zi is the charge of that ion, and 

the sum is of all ions in solution. 

 

Data Analysis 

The amount of adsorbate sorbed to the SMC and SMZ was calculated using 

mass balance: 

 






−=

m
VCCC aqADS )( 0   (2.2)

 

 

where CADS is the mass adsorbed to the solid phase (mg/kg), C0 is the initial solution 

concentration (mg/L), Caq is the equilibrium solution concentration (mg/L), V is the 

volume of solution (L), and m is the mass of adsorbent (kg). 
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Sorption isotherms were generated for the batch test studies by plotting the 

measured equilibrium solution concentration versus the calculated adsorbed 

concentration using a custom program called Isotherm. The program was developed by 

John Dowd, University of Georgia Geology Department, Athens, Georgia using Borland 

C++ 2007. The specific programming libraries utilized were LMD-Tools produced by 

LMD innovative (Mainz, Germany), TeeChart Pro produced by Steema Software 

(Catalonia, Spain), and MtxVec and Stats Master both produced by Dew Research 

(Slovenske Konjice, Slovenia). A Windows version of the Isotherm program is available 

upon request. 

The best fit isotherm model was selected from the linear, Freundlich, and 

Langmuir models. The simplest batch sorption model is the linear model:  

 
aqDADS CKC =  (2.3) 

 

where KD is the partition coefficient. The Freundlich equation is as follows: 

 N
aqFADS CKC =      (2.4)

 

where KF is the Freundlich sorption coefficient constant [(mg/kg)/(mg/L)N] and N is the 

Freundlich exponent relating to the sorption intensity. In order to determine Freundlich 

sorption parameters, the equation is linearized as follows:  

 
aqFADS CNKC logloglog +=   (2.5)

 

A plot of log CADS verses log Caq yields the sorption parameters KF and N, which are the 

log of the y-intercept and the slope, respectively. Note that if N=1, the Freundlich 

reduces to Equation 2.3. Another model commonly used in sorption studies, the 

Langmuir isotherm, is as follows: 
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where Qmax is the maxim adsorption capacity with monolayer coverage (mg/kg) and b is 

a coefficient relating the extent of adsorption (L/kg).  

The linear model was selected to describe the isotherm data if the coefficient of 

determination (r2) was greater than 0.97. When the r2 was less than 0.97, the model with 

the lowest root mean square error (RMSE) of Cads was used to fit the data. The RMSE is 

defined as:  
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where n is the number of observations, y is the observed adsorbed concentration, ŷ is 

the estimated adsorbed concentration corresponding to y. RMSE is often utilized to 

compare the fits of nonlinear isotherms (Kinnlburgh, 1986; Tsai and Juang, 2000; Tsai et 

al., 2005; Bilgili, 2006; Özkaya, 2006; Padmesh, et al., 2006; Vijayaraghavan et al., 

2006; Chen et al., 2008; Chowdhury and Das, 2010) and is presented in the same units 

as the y-axis (mg/kg in this case). Smaller values of RMSE indicate a better fit.  

 

RESULTS AND DISCUSSION 

Perchlorate Sorption by Unmodified Montmorillonite and Organoclays 

 Na-montmorillonite did not adsorb perchlorate. This was due to the net negative 

charge of natural montmorillonite, which makes it unlikely to adsorb an anion. 

Additionally, perchlorate loading by both TMA- and TMPA-modified montmorillonite was 

negligible. While BDTDA-montmorillonite was capable of adsorbing appreciable amounts 

of perchlorate, the sorption was much lower than that observed with HDTMA-

montmorillonite. The most perchlorate sorption by far was observed with HDTMA-

montmorillonite. Due to this, further investigations utilized this organoclay and HDTMA-

montmorillonite was referred to as surfactant-modified montmorillonite (SMM).  
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The variability in perchlorate uptake between the organoclays was due to the 

differences in the structure of the surfactants and the resultant organoclay properties. 

TMA and TMPA are short chain surfactants (Figure 1.2) and tend to act as pillars that 

prop open montmorillonite interlayers (Bonczek et al., 2002; Nzengung et al., 1996). This 

varies drastically from montmorillonite that is modified with long chain surfactants, such 

as BDTDA and HDTMA. The long chain surfactants act as hydrophobic gel-like partition 

media inside the clay interlayer (Bonczek et al., 2002; Boyd et al., 1988a; Nzengung et 

al., 1996). Additionally, hydrophobic attractions between surfactant molecules can result 

in surfactant loading that is in excess of the cation exchange capacity, causing the 

organophilic clay to become positively charged (Jaynes and Boyd, 1991b; Lee and Kim, 

2002b; Lee and Kim, 2003b; He et al., 2006a; Bonczek et al., 2002; Zeng et al., 2003). 

Perchlorate is a weakly hydrated anion; therefore, it is attracted to the hydrophobic, 

positively charged interlayer that results from modification of montmorillonite with long-

chain surfactants, such as BDTDA and HDTMA. The positively charged BDTDA head 

group includes a benzene ring that may reduce the space available for perchlorate 

sorption (Figure 1.2), producing steric restrictions that reduce the amount of perchlorate 

loading onto this organoclay compared to HDTMA-montmorillonite. Therefore, the 

structure of HDTMA makes it the most well suited surfactant to increase perchlorate 

uptake by montmorillonite. 

 

Kinetic Batch Tests  

The results of the approach to sorption equilibrium for both SMM and SMZ 

indicate that the time required to reach equilibrium is relatively short (Figure 2.1 and 

Appendix A). The batch kinetic tests for SMM show that sorption equilibrium with 

perchlorate at different initial concentrations (380 and 1,200µg/L) was approached within 

an hour. While the initial concentration of perchlorate had no effect on the rate of 



54 

 

approach to equilibrium, the initial concentration did alter the final equilibrium 

concentration of the solution. The batch test using an initial concentration of 1,200µg/L 

resulted in an equilibirium concentration of 33µg/L and the test that utilized 380µg/L as 

the intitial perchlroate concentration resulted in equilibrium concentrations of 13µg/L. 

The sorption test conducted with SMZ indicated that sorption equilibrium is approached 

after approximately 3 hours (Figure 2.1). The difference in the time to approach sorption 

equilibrium for the two sorbents is due to the different particle sizes and surface areas 

associated with them. The smaller size of SMM allows for faster diffusion of perchlorate 

to sorption sites. Additionally, SMM particles have a much higher surface area compared 

to SMZ, therefore more exchange sites are exposed, which allows perchlorate to sorb 

perchlorate more rapidly to SMM than to SMZ.  

 

 

 
Figure 2.1. Kinetic study of perchlorate sorption by SMM and SMZ.  
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Equilibrium Batch Tests 

Results of the low-concentration isotherm tests revealed that SMM was best 

modeled with the linear isotherm equation, with a partition coefficient of 17,100L/kg and 

an r2 of 0.98 (Figure 2.2 and Appendix B). The goodness of fit of the linear isotherm 

model suggests that the loading of perchlorate onto SMM did not approach the sorption 

capacity. At higher perchlorate loading (Figure 2.3), the perchlorate sorption isotherm 

data was best described with the Freundlich equation, as indicated by the RMSE of 

717mg/kg (Table 2.1). The Freundlich sorption parameters, KF and N were 6,394 

mg/kg/(mg/L)N and 0.11, respectively. At these higher concentrations, the capacity for 

perchlorate adsorption by SMM was approached (Appendix C). 

 

 
Figure 2.2. Isotherms of SMM and SMZ with initial perchlorate concentrations of 0-
24mg/L. 
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Figure 2.3. Isotherm of perchlorate sorption by SMM using initial perchlorate solutions of 
0-470mg/L fit with the Freundlich model. 
 
 
 
 
Table 2.1. Adsorption parameters and root mean square errors (RMSE) for equilibrium 
batch tests. DNC indicates that the model did not converge on a solution. 

Sorbent 
Initial 

Concentration 
range 

Linear Freundlich Langmuir 

Kd 

(L/kg) 
RMSE 
(mg/kg) r2 

KF 
(mg/kg)/ 
(mg/L)N 

N RMSE 
(mg/kg) 

b 
(L/kg) 

Qmax 
(mg/kg) 

RMSE 
(mg/kg) 

SMM 0 – 24 mg/L 17,100 555 0.98 15,400 0.74 418 0.73 35,200 418 

SMZ 0 – 24 mg/L 1,080 1,750 0.73 4,070 0.52 1,578 2.5 8,840 192 
SMM 0 – 470 mg/L 18 1,560 0.73 6,394 0.11 717 0.0708 12,470 2,474 

SMM 100% Brine 245 300 0.89 353 0.80 364 DNC DNC DNC 

SMM 50% Brine 505 239 0.98 463 1.01 268 DNC DNC DNC 

 

 

Low-concentration equilibrium batch test results showed that SMZ sorption 

isotherms were best described by the Langmuir isotherm model, indicating that the 

number of perchlorate adsorption sites limited sorption (Figure 2.2). The isotherm was 

best described with the Langmuir model, with b and Qmax, of 2.5L/kg and 8,840mg/kg, 

respectively (Table 2.1). The perchlorate sorption capacity of SMZ determined in these 

batch tests was roughly twice that determined by Zhang et al. (2007). The differences 
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between the measured sorption capacities, is most likely due to the differences in zeolite 

grain sizes. Zhang et al. used SMZ which was 2.4–1.4mm (8-14 mesh) which is 

signifcantly larger than the 0.297-0.595mm (30–50 mesh) size range used in this study. 

The smaller SMZ grain size utilized in these tests resulted in a higher surface area that 

can be modified with HDTMA, producing more perchlroate sorption sites.  

The disparity in perchlorate sorption by SMM and SMZ are likely due to the 

differences in the amount of surface area associated with each sorbent. The effective 

surface area of SMM and SMZ are 10m2/g and 6.9m2/g, respectively (Frost et al., 2008; 

Leyva-Ramos et al., 2008). Only the external surface area of SMZ is relevant for 

perchlorate adsorption because HDTMA molecules are too large to enter the pores 

inside the zeolite structure (Haggerty and Bowman, 1994). When scaled by their 

respective surface areas, SMM and SMZ had similar amounts of perchlorate sorption. 

For instance, when the initial perchlorate concentration was 24mg/L, the actual sorption 

by SMM and SMZ was 11,514mg/kg and 8,357mg/kg, respectively. However, after 

scaling these amounts by their surface areas, these amounts become 1.15mg/m2 and 

1.21mg/m2 for SMM and SMZ, respectively. Due to the much higher actual perchlorate 

sorption capacity of SMM compared to SMZ, further work on this project focused on 

SMM.  

 

Effect of Nitrate and Other Co-Constituents in Groundwater 

The batch experiment designed to examine the effect of nitrate on perchlorate 

sorption to SMM in deionized water revealed that increasing concentrations of nitrate 

reduced perchlorate adsorption, as shown by the negative slope of adsorbed perchlorate 

(Figure 2.4 and Appendix D). A linear regression t-test revealed that the slope of 

adsorbed perchlorate was significantly different from zero. 
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Figure 2.4. Effect of nitrate on perchlorate adsorption by SMM in deionized water. 
Adsorbed perchlorate was fit using a linear regression. 

 

 Similarly, the batch test conducted with groundwater from LHAAP (chemical 

composition in Table 2.2) also showed that increasing the concentration of nitrate 

caused a decrease in perchlorate adsorption (Figure 2.5 and Appendix E). A linear 

regression t-test showed that the slope of adsorbed perchlorate was significantly 

different from zero. The presence of co-constituents in the groundwater had a slight 

effect on perchlroate sorption. For the same initial concentration of nitrate in solution, the 

SMM sorbed 5% (±3%) more perchlorate in deionized water than in groundwater.  
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Table 2.2. Composition of LHAAP groundwater.  
Analyte Concentration 

Perchlorate 32.4 mg/L 

1,1,2-Trichloroethane 0.16 µg/L 

MTBE 6.94 µg/L 

Aluminum 0.067 mg/L 

Iron BDL 

Arsenic 1.50 mg/L 

Lead BDL 

Chromium 0.01 mg/L 

Cadmium 1.10 mg/L 

Sodium 210.73 mg/L 

Magnesium 2.25 mg/L 

Chloride 426.02 mg/L 

Nitrate BDL 

Phosphate BDL 

Sulfate 23.55 mg/L 

TOC 11.3 mg/L 

pH 7.48 

Alkalinity 200.00 mg/L as CaCO3 

TSS 0.06 mg/L 

TDS 0.88 mg/L 
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Figure 2.5. Effect of nitrate on perchlorate sorption by SMM in groundwater from LHAAP. 
Adsorbed perchlorate was fit with a linear regression.  

 

 

Perchlorate concentrations in groundwater from LHAAP were below the detection 

limit after treatment of 100mL of groundwater with 0.5g of SMM and SMZ (Table 2.3). 

SMM removed slightly more sulfate (11%) from solution than SMZ (6%). In both cases, 

the amount of chloride in solution remained fairly constant. Treatment of groundwater 

spiked with nitrate (Table 2.4) also showed that SMM was selective for perchlorate.  

 

 
Table 2.3. Concentrations of anions in groundwater from LHAAP after treatment with 
0.5g SMM and SMZ. 

Analyte 
Initial 

Groundwater 
Concentration 

Treated with SMM Treated with SMZ 
Final 

Concentration 
Percent 

Difference 
Final 

Concentration 
Percent 

Difference 
Perchlorate 32.4 mg/L BDL 100% BDL 100% 

Chloride 426. mg/L 423 1% 431.54 -1% 
Nitrate BDL BDL NA BDL NA 
Sulfate 23.6 mg/L 20. 9 11 % 22.12 6% 
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Table 2.4. Anions in groundwater from LHAAP that was spiked with nitrate prior to 
treatment with 0.5g SMM 

Analyte 
Initial 

Groundwater 
Concentration 

Treated with SMM 
Final 

Concentration 
Percent 

Difference 
Perchlorate 32.4 mg/L ND 100% 

Chloride 426 mg/L 401 mg/L 6% 
Nitrate 22.0 mg/L 22.1 mg/L 0% 
Sulfate 23.7 mg/L 21.1 mg/L 11 % 

  
 

Treatment of Brine  

In order to further examine the effects co-constituents on perchlorate adsorption 

by SMM, equilibrium batch tests were conducted using perchlorate-contaminated brine. 

This brine was created from the regeneration of ion exchange resin from a Los Angeles, 

California water treatment plant (chemical composition in Table 2.5). The perchlorate 

sorption isotherm was best described with the linear model and had a Kd of 245L/kg 

(Figure 2.6 and Appendix F). Although SMM adsorbed less perchlorate from the brine 

than from deionized water and groundwater, SMM continued to adsorb perchlorate even 

in the high ionic strength (0.75mol/kg) solution.  

 

 

 
Figure 2.6. SMM adsorption of perchlorate from full-strength (100%) and half-strength 
(50%) brine. Error bars represent the standard deviation of sample concentrations. 
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Table 2.5. Constituents measured in full-strength brine from a Los Angeles, California 
water treatment plant.  

Analyte Concentration 
Perchlorate 5.6 mg/L 

1,1,2-
Trichloroethane 0.15 µg/L 

MTBE 1.05 µg/L 
Aluminum 0.067 mg/L 

Iron 2140 mg/L 
Arsenic 157.3 mg/L 
Lead 5.06 mg/L 

Chromium 1.11 mg/L 
Cadmium 1.10 mg/L 
Sodium 284 mg/L 

Magnesium 2.25 mg/L 
Chloride 47472 mg/L 
Nitrate 4961 mg/L 

Phosphate BDL 
Sulfate 1528 mg/L 
TOC 58.20 mg/L 
pH 8.27 

Alkalinity 5500 mg/L of CaCO3 
TSS 0.50 mg/L 
TDS 78.50 mg/L 

Ionic Strength 0.75 mol/L 
 
 
 
 

To further evaluate the effect of co-constituents on perchlorate sorption by SMM, 

equilibrium batch tests were also conducted with brine that was diluted by 50% with 

deionized water. In order to normalize the different initial perchlorate solutions, the 

perchlorate concentrations in both the full- and half-strength brine were spiked with 

additional perchlorate so that the 5 initial perchlorate solution concentrations were 

similar. As was the case with the full-strength brine, the data were best described with 

the linear model, with a Kd of 505 L/kg (Figure 2.6). These results show that a 50% 

dilution of the brine caused perchlorate adsorption by SMM to approximately double, as 

indicated by the value of Kd increasing twofold. Perchlorate removal was highest in 

deionized water and lowest in full-strength brine (Figure 2.7). As the concentrations of 
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co-constituents in solution increased, perchlorate sorption by SMM decreased. Although 

the other species in solution reduced perchlorate uptake, SMM remained selective for 

perchlorate. 

 

 
Figure 2.7. Isotherms of perchlorate sorption by SMM in deionized water, half-strength 
brine, and full-strength brine. 
 
 
 

In treatment of brine (Table 2.6), the relative adsorption of perchlorate and other 

anions to SMM generally followed the Hofmeister anion series: ClO4
- > I- > NO3

- ≈ Br- > 

Cl- > HCO3
- > F- >H2PO4

- > S2O3
2- > SO4

2- > CO3
2- (Hofmeister, 1888, translated by Kunz 

et al., 2004; Zhang et al., 2005; Sessler et al. 2006). Kosmotropic anions cause water to 

become more stable and these ions are less likely to pass through surfactant 

monolayers (Figure 2.8). This type of anion is generally smaller with higher charge 

density and, therefore, is more strongly hydrated. Chaotropic anions, such as 

perchlorate, have a lower charge density, are less hydrated and, therefore, are better 

able to penetrate surfactant monolayers (Zhang and Cremer, 2006). The Hofmeister 

anionic series is theorized to be closely related to hydration energies (Custelcean and 
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Moyer, 2007). Perchlorate has a low hydration energy (Table 2.7) and, therefore, is more 

likely to behave chaotropically and partition into the hydrophobic region created by 

HDTMA in the SMM interlayer. 

 

Table 2.6. Percent removal of co-constituents after treatment of 100mL of brine with 0.5g 
SMM. 

Analyte 
Full-Strength Brine Half-Strength Brine 

Initial 
(mg/L) 

Final 
(mg/L) 

Percent 
Removal 

Initial 
(mg/L) 

Final 
(mg/L) 

Percent 
Removal 

Perchlorate 5.6  1.95 65% 2.8 0.83 70% 
TOC 58.2  53.0 9% 29.1 19.8 32% 

Aluminum 0.067 0.029 57% 0.034 0.0041 88% 
Arsenic 157.3  149.3 5% 79 68.0 14% 
Lead 5.06 1.37 73% 2.53 0.32 87% 

Chromium 1.11 0.95 14% 0.55 0.47 15% 
Cadmium 1.10 0.75 32% 0.55 0.35 37% 
Sodium 284 260.5  8% 142 213 -50% 
Chloride 94,944 85,490 10% 47,472 42,493 10% 
Nitrate 4961 3367 32% 2,481 3,097 34% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Example of the Hofmeister series of anions at the octadoceylamine 
monolayer at the air/salt solution interface (revised from Zhang and Cremer, 2006). 
Arrows compare the movement of kosmotropic (green) and chaotropic (red) anions into 
the headgroup region. The red “x” indicates that the kosmotrope generally does not 
successfully penetrate the monolayer. 

SO4
2- > Cl- > NO3

- > Br- > I- > ClO4
- > SCN- 
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Table 2.7. Hydration energies of common anions (Custelcean and Moyer, 2007). 

Anion Hydration 
Energy (kJ/mol) 

ClO4
- -214 

I- -275 
NO3

- -306 
Br- -321 
Cl- -347 
F- -472 

SO4
2- -1090 

PO4
3- -2773 

 

 

The relative sorption of anions from groundwater by SMM did not follow the 

Hofmeister series very closely and instead ranked in order of decreasing sorption as: 

ClO4
- > SO4

2- > Cl- > NO3
- (Table 2.4). This difference between groundwater and brine is 

likely due to the variation in salt concentrations; the Hofmeister effect is much stronger at 

moderate to high salt content (Collins and Washabaugh, 1985). At lower salt 

concentrations, the hydration energies are less significant in sorption of anions. 

 

CONCLUSION 

This study was successful in establishing basic sorption characteristics of 

perchlorate to SMM and SMZ. Perchlorate adsorption by SMM was very rapid with 

equilibrium concentrations approached within 1hr, while results of SMZ indicate that 

equilibrium is approached within approximately 3 hours. At lower concentrations 

(≤24mg/L), the isotherm of perchlorate adsorption by SMZ was best fit with the Langmuir 

model and had a maximum perchlorate adsorption capacity of 8,800mg/kg. Over this 

same concentration range, the isotherm of SMM was linear, indicating that the number 

of sorption sites was not limiting. Batch tests of SMM with higher initial perchlorate 

concentrations were best fit with the Freundlich model.  
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Although nitrate slightly reduced perchlorate adsorption, SMM successfully 

removed perchlorate from nitrate-spiked solutions created using deionized water and 

those made with groundwater from a contaminated site. While increasing the 

concentrations of other anions in solution reduced the amount of perchlorate adsorbed 

compared to experiments using deionized water, SMM remained selective for 

perchlorate even in the presence of high concentrations of competing anions. Adsorption 

of anions by SMM from both full and half-strength brine followed the order of the 

Hofmeister series, ClO4
- > NO3

- > Cl-, which indicated that hydration energies play an 

important role in anion selectivity. The hydrophobic clay interlayer produced by the 

presence of large concentrations of HDTMA molecules resulted in stronger selectivity for 

perchlorate, which is a very weakly hydrated anion.  

With the recent decision by EPA to create regulations for levels of perchlorate in 

drinking water, the development of efficient treatments of this contaminant is essential. 

This study indicates that SMM is an effective sorbent of perchlorate from both freshwater 

and brines and could be used as a filtration media, for pre-treatment prior to use of a 

more expensive method, or as an in situ reactive barrier (e.g. landfill liner) to remove 

perchlorate from contaminated water. 
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CHAPTER 3 

MODELING 1-DIMENSIONAL TRANSPORT OF PERCHLORATE THROUGH 

SURFACTANT-MODIFIED MONTMORILLONITE AND SURFACTANT-MODIFIED 

ZEOLITE COLUMNS 

 
 

ABSTRACT 

Both surfactant-modified montmorillonite (SMM) and surfactant-modified zeolite 

(SMZ) are capable of treating perchlorate-contaminated water. Perchlorate transport 

through SMM and SMZ packed columns was modeled with a custom computer program 

that used the Ogata solution of the advection-dispersion equation. The retardation 

factors of SMM and SMZ were calculated using their perchlorate partition coefficients 

and were 30,480 and 16,380, respectively. A range of advective velocities and 

dispersions were utilized to determine the time for breakthrough (C/C0 = 0.01) through a 

1m long column with a diameter of 0.5m. The fastest breakthrough was predicted to 

occur with higher values of velocity and dispersion. Due to its very high sorption capacity 

and low advective velocities, the longest times until breakthrough were predicted for 

perchlorate transport through SMM. For instance, in a column packed with SMM and 

with solution that is flowing at an average velocity of 1.008cm/d and with a dispersion of 

84cm2/d, 1% perchlorate breakthrough would occur after 700 years. Prior to 

breakthrough, 5,697 pore volumes (514m3) of contaminated water would be treated. In a 

column packed with SMZ and with solution flowing at an average mean velocity of 

10cm/hr with a dispersion of 500cm2/hr, breakthrough would occur after 2.5 years. 

During this time, 4,388 pore volumes (431m3) of solution would be treated. 
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The physical characteristics of the two sorbents determine their potential 

applications. Although SMM has a higher sorption capacity than SMZ, its low hydraulic 

conductivity is more suited for use as landfill liners or as filtration media in fluidized-bed 

reactors rather than in packed-bed reactors. SMZ has a high hydraulic conductivity that 

allows it to be more useful in packed-bed reactors or for in situ permeable sorption 

barriers.  

  

INTRODUCTION 

 Perchlorate (ClO4
-) has been detected in the soil and water in at least 45 states 

(USGAO, 2010). This contaminant has been shown to be harmful to humans primarily 

due to its interference with thyroid function (USEPA, 2005b). In 2011, the USEPA 

announced that the agency will begin regulating perchlorate in drinking water under the 

Clean Water Act (Federal Registry, 2011). Currently, the USEPA is developing a 

proposed National Primary Drinking Water Regulation (NPDWR) for perchlorate. The 

perchlorate NPDWR is scheduled to be published by February 2014 and finalized within 

18 months of publication (Federal Registry, 2011). 

Ex situ filtration of contaminants from water is achieved with the use of flow-

through packed-bed columns or fluidized-bed reactors operated in series or in parallel. 

At present many technologies are being developed and used to treat perchlorate-

contaminated drinking water. Ion exchange resins are generally the preferred method to 

remove perchlorate from drinking water. While both non-selective and perchlorate-

selective ion exchange resins can be used to filter perchlorate from solution, each type 

has limitations. For example, non-selective ion exchange resins are only efficient in 

water with either very high perchlorate concentrations or extremely low levels of other 

ions (Coates and Jackson, 2009). Generally, these resins are regenerable; however, 

regeneration must be completed often due to the low sorption potential (Coates and 
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Jackson, 2009). Additionally, the high frequency of regeneration produces an excessive 

amount of regeneration brine that requires either treatment or disposal as a hazardous 

waste (Coates and Jackson, 2009). The use of perchlorate-selective resins typically 

requires large amounts of resin due to their low sorption rates (Coates and Jackson, 

2009). If ion exchange resins are not regenerated, they must be either treated or 

disposed of as hazardous waste. 

In order to filter perchlorate from water, a variety of geosorbents have been 

developed by modification with surfactants, such as hexadecyltrimethylammonium 

(HDTMA). For instance, surfactant-modified activated carbon is capable of removing 

perchlorate from solution (Na et al., 2002; Parette and Cannon, 2005; Coates and 

Jackson, 2009; Xu et al., 2011). Additionally, surfactant-modified zeolite (SMZ) and 

surfactant-modified montmorillonite (SMM) have been shown to have a strong selectivity 

for perchlorate and to be effective at filtering perchlorate from solution (Zhang et al., 

2007; Kim et al., 2011; Seliem et al., 2011; Chitrakar et al., 2012). The batch test studies 

conducted in Chapter 2 have evaluated perchlorate sorption by SMM and SMZ and 

confirmed that both effectively adsorb perchlorate from solution. However, further 

modeling is required to evaluate their application as a filtration media for perchlorate-

contaminated water. 

 In situ applications of filtration technologies often involve installation of 

permeable sorption barriers across the plume. As the contaminated water moves 

through the barrier, perchlorate binds to the media and treated water flows out. The 

design of permeable barriers must be such that it is located in the path of the plume and 

that it is wide enough to encompass entire width of the plume. Additionally, the filtration 

media must have a higher hydraulic conductivity than the surrounding geology so that 

the contaminated groundwater flows through (rather than around) the barrier.  
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Both ex situ and in situ applications involve the filtration of contaminated water as 

it flows through the media. Prior to the application of SMM and SMZ as a filtration media, 

the transport of perchlorate-contaminated waters through these materials must be 

evaluated. The advection-dispersion model was utilized to predict perchlorate 

breakthrough as contaminated water flows through packed-bed columns filled with either 

SMM or SMZ.  

Column tests are designed as beds packed with porous media through which a 

solution flows (Figure 3.1.a). If the solute does not react with the media (i.e. is a perfect 

or conservative tracer), the solute moves through the column with the flow of water and 

quickly reaches the outlet. However, if the solute binds to the media, the solute front is 

delayed compared to a perfect tracer. As the test continues, the media becomes 

increasingly saturated with sorbate. Breakthrough occurs when the solute first reaches 

the outlet of the column (i.e. is measurable in the effluent). A perfect tracer will reach the 

column outlet sooner than a solute that binds with the media (Figure 3.1.b). With 

continuous treatment, the effluent solute concentration slowly increases until it equals 

the influent concentration. At this point, all of the active sorption sites have been 

saturated and the filtration media is ready to be disposed of or recycled.  
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Figure 3.1. Solute transport through a column of porous media. Column filled with 
porous media and with continuous supply of tracer (a) and comparison of breakthrough 
curves for a perfect tracer and a solute that binds to the media (b). 
 
 
 

Fixed-bed reactors are the preferred mode for filtration of contaminants from 

water. As the contaminated solution flows through the reactor bed, the effluent 

concentration slowly increases until it approaches the influent concentration. The flow is 

stopped when the concentration approaches the operating limit, typically the maximum 

contaminant limit (MCL). Many systems are designed with multiple reactors in series, 

which allows more efficient use of the filtration media. Rather than stopping flow and 

refilling the reactor with fresh filtration media as soon as the operating limit is 

approached, the column is utilized until the media is completely spent. At which point, it 

is removed from operation and switched with a new column without interrupting the 

treatment process. The new column is placed at the end of the filtration columns 

operated in series, allowing continuous operation. 

When flowing through a porous media, the solute concentration is affected by a 

combination of advection and dispersion. Advection is the transport of solute due to the 
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average pore water velocity. Dispersivity is a combination of mechanical dispersion and 

molecular diffusion. The dispersivity is defined as: 

 *DvD xxx += α  (3.1) 

  
where Dx is the dispersivity (L2/T), αx is the mechanical dispersion (L), which is a 

characteristic of the porous media and is scale dependent, vx is the average linear 

velocity of the fluid (L/T) and D* is the molecular diffusion (L2/T). Mechanical dispersion 

is caused by irregular (branching) flow paths, variations in pore sizes, and the velocity 

profiles within the pore channels (Figure 3.2) and results in “smearing” of the 

contaminant front (Figure 3.3). These irregularities in pore sizes and path lengths cause 

variations in travel times for molecules moving through the porous media, depending on 

their individual routes. Heterogeneity in the porous media results in larger-scale 

dispersion. Molecular diffusion, which is caused by the movement of a chemical species 

from areas of high concentration to areas of low concentration (and is independent of 

flow), results in further spreading of the contaminant front. When the solution is flowing, 

dispersion processes dominate over diffusion processes. In cases where the velocity is 

negligible, dispersion processes are insignificant and molecular diffusion processes 

dominate. Fick’s Law describes the diffusion of a solute: 

 
dx
dCDFx −=  

(3.2) 

where Fx is the mass flux (M/L2T) in the x-direction, D is the diffusion coefficient (L2/T), C 

is the solute concentration in solution (M/L3), and dC/dx is the concentration gradient. 

The negative sign indicates that the flux is in the opposite direction of the concentration 

gradient (i.e. from high concentration to low).  
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Figure 3.2. Causes of mechanical dispersion at the pore scale (modified from Fetter, 
2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.3. Breakthrough curves for a perfect tracer with varying values of dispersivity.  
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If the solution is flowing, solutes are also transported directly by the flow of 

solution via advection. The amount of solute in a volume of porous media is equal to 

∂nC/∂x. The porosity (n) is constant and can be removed so that 
x
Cn

x
nC

∂
∂

=
∂
∂ . The mass 

of solute transported by advection is equal to vxnCdA, where dA is the elemental cross-

sectional area. If advection alone is the only transport mechanism, the solute would 

move as a plug through the media. In reality, however, this is never the case, because 

diffusion always occurs. In solutions flowing through porous media, solute transport 

occurs due to a combination of both advection and dispersion and the mass flux of the 

solute in one dimension can be described with: 

  
x
CnDnCvF xxx ∂
∂

−=  
(3.3) 

  
where Fx is the mass flux of solute per unit of cross-sectional area per unit time. The law 

of conservation states that, if the solute is nonreactive, the difference between the solute 

flux out of and the flux into the elemental volume is equal to the amount of solute inside 

the volume. The rate of solute mass change can be described as: 

  
t
Cn

x
Fx

∂
∂

−=
∂
∂  

(3.4) 

  
Substitution of Equation 3.3 into Equation 3.4 yields: 

  
t
Cn

x
CnD

x
nCv

x xx
∂
∂

−=







∂
∂

∂
∂

−
∂
∂ )(  

 (3.5) 

Porosity is constant and, therefore, can be removed from the equation. Additionally, if 

the system is at steady-state, vx is constant. Dx does not vary in space and, therefore, is 

constant. These simplifications to Equation 3.5 result in the one-dimensional advection-

dispersion equation for a perfect tracer: 

  

t
C

x
Cv

x
CD xx ∂

∂
=

∂
∂

−
∂
∂

2

2

 
(3.6) 
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 If the amount of a solute decreases at a rate that is directly proportional to its 

quantity at that same time, it is said to undergo first-order decay. This could occur due to 

processes such as radioactivity, mineralization or degradation to daughter products. First 

order decay is described using the equation: 

  

where C0 is the initial concentration, λ is the decay constant which is equal to 0.693/t1/2 

and t1/2 is the half-life. In such cases, a decay term is added to the advection-dispersion 

equation: 

 

t
CC

x
Cv

x
CD xx ∂

∂
=−

∂
∂

−
∂
∂ λ2

2

 
(3.8) 

 

Compared to the breakthrough curve for a perfect tracer, the curve associated with first 

order decay is altered such that the effluent concentration never reaches the influent 

concentration due to decay of the solute (Figure 3.4).  

  

 
 
 
  

 
 
   
 
 
Figure 3.4. Breakthrough curve for a perfect tracer and for a solute that undergoes first 
order decay. 
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While traveling through the porous media, the solute has the potential to bind to 

the media itself, causing the solute to behave non-conservatively. Sorption will retard the 

migration of the solute front and cause it to reach the column outlet later than a solute 

that is conservative (Figure 3.1.b). The advection-dispersion equation for a perfect tracer 

can be modified to take into account the amount of solute adsorbed using: 

 

t
C

t
C

nx
Cv

x
CD adsb

xx ∂
∂

=
∂

∂
−

∂
∂

−
∂
∂ ρ

2

2

 
(3.9) 

  
where pb is the bulk density, n is the porosity, and Cads is the concentration of solute 

adsorbed (mass of solute/mass of sorbent).  

Batch tests are utilized to quickly and efficiently determine the extent of sorption. 

These tests allow the development of isotherms that reveal the media’s sorption capacity 

and the extent of sorption at different solution concentrations. Three common models 

utilized to evaluate the relationship between the liquid and solid phases are the 

Langmuir, Freundlich, and linear models. The Langmuir isotherm is often used when 

sorption sites become limiting and the amount of sorption approaches an asymptotic 

upper limit (Figure 3.5): 

 

bC
bCQ

Cads +
=

1
max  

(3.10) 

  
where Qmax is the maxim adsorption capacity with monolayer coverage (mass of 

solute/mass of sorbent) and b is a partition coefficient relating the extent of adsorption 

(volume of solution/mass of sorbent). Substitution of Equation 3.10 into Equation 3.9 and 

rearrangement yields: 
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(3.11) 

Simplification by factoring gives: 
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which describes mass transport of a solute that undergoes Langmuir sorption.  
 
 
 

  
Figure 3.5. Examples of Langmuir, Freundlich, and linear isotherms. 
 
  

When sorption causes variations in the solution concentration over several 

orders of magnitude and the sorption capacity is not approached, the Freundlich model 

is often used to model data (Figure 3.5): 

 N
Fads CKC =  (3.13)

 

where KF is the Freundlich sorption coefficient constant [(mg/kg)/(mg/L)N] and N is the 

Freundlich exponent relating to the sorption intensity. Incorporation of the Freundlich 

model into Equation 3.9 yields: 
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The simplest isotherm sorption model is linear:  

 CKC Dads =  (3.15)
 

where KD is the partition coefficient. In this case, the liquid and adsorbed concentrations 

are directly proportional and sorption is reversible. Note that the linear sorption model is 

equivalent to the Freundlich model with N=1. Incorporation of linear sorption into 

Equation 3.9 by substitution of Cads yields: 
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(3.16) 

For linear sorption, the retardation factor (Rf) is constant and can be defined as: 

 
d

b
f K

n
R ρ

+=1  
(3.17) 

 Larger values of Rf indicate stronger sorption and longer tracer delays in the column. 

Incorporation of Equation 3.17 into Equation 3.9 yields: 

 
 The type of isotherm used to model contaminant transport through a column is 

based on both the initial solution concentration and media sorption capacity. In instances 

where the solution concentrations are very low compared to the sorption capacity, the 

linear Kd is often utilized. This is typically the case when modeling the sorption of a 

filtration media for a contaminant. If the linear model is used when the solute 

concentration is high and the media sorption capacity is relatively low, the time until 

breakthrough will be overestimated (Freeze and Cherry, 1979). Such an error may result 

in breakthrough occurring much sooner than predicted, resulting in inadequate treatment 

of contaminated water. In such cases, nonlinear isotherms are required to more 

accurately predict breakthrough. When the solute concentration is high compared to the 

sorption capacity, Langmuir isotherms are often used to model the data. This is 
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frequently the circumstance when modeling the movement of heavy metals through soil 

(Hinz and Selim, 1993; Chang et al., 2001). Solute transport modeling through a column 

with intermediate conditions often requires the use of the Freundlich isotherm, which 

accounts for nonlinear relationships that vary over multiple orders of magnitude and that 

do not reach the sorption capacity. The incorrect use of a non-linear model to predict 

breakthrough will often underestimate the time to breakthrough, which will result in the 

inefficient use of the filtration media.  

  

METHODS 

Transport of both perchlorate and a non-reactive tracer were modeled through 

surfactant-modified montmorillonite (SMM) and surfactant-modified zeolite (SMZ). The 

physical structures of the two sorbents are very different (Table 3.1). The particle size of 

SMM is significantly smaller than that of SMZ, which results in SMM having a much 

larger surface area than SMZ. Only the external surface area of SMZ is presented 

because the HDTMA molecules are too large to enter into the zeolite pores (Haggerty 

and Bowman, 1994). Additionally, the hydraulic conductivity of SMZ is 500% that of 

SMM. The Kd for perchlorate sorption by SMM was determined with a sorption batch 

tests described in Chapter 2 (Table 2.1). The Kd for sorption by SMZ was ascertained 

using the linear portion of the sorption isotherm (Figure 2.2).  
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Table 3.1. Properties of SMM and SMZ. The external surface area is reported for SMZ 
because steric restrictions prohibit HDTMA from entering the zeolite pores (Haggerty 
and Bowman, 1994), which limits perchlorate sorption to the external SMZ surface. 

Property SMM SMZ 

Bulk density (g/cm3) 0.82 (Jarraya et al., 2010) 1.00 (Li et al., 1998) 
Porosity (unitless) 0.46 (Jarraya et al., 2010) 0.5 (Li et al., 1998) 

Kd for perchlorate (L/kg) 17,100 (Table 2.1 ) 8,190 (Table 2.1) 
Perchlorate retardation 

factor (unitless) 30,480 (Equation 3.17) 16,380 (Equation 3.17) 

Hydraulic conductivity 
(m/s) 

1.8x10-8 (Lorenzetti et al., 
2005) 10-3 (Li et al., 1998) 

Surface area (m2/g) 11.2 (Wibulswas, 2004) 6.9 (Leyva-Ramos et al., 
2008) 

Particle size (µm) 57 (Wibulswas, 2004) 420 (Leyva-Ramos et al., 
2008) 

 

Due to the high sorption capacities of SMM and SMZ for perchlorate, the sorption 

is linear and, therefore, the following equation was used to model breakthrough curves:  

and retardation factors were calculated with: 

 
d

b
f K

n
R ρ

+=1  
(3.20) 

A custom analytical computer program, OneD, was used to generate 

breakthrough curves for more than 100 conditions of flow through a 100cm column with 

mechanical dispersions of 50, 75, 100, 125, and 150cm. The OneD program was 

developed by John Dowd, University of Georgia Geology Department, Athens, Georgia 

using Borland C++ 2007. The specific programming libraries utilized were LMD-Tools 

produced by LMD innovative (Mainz, Germany), TeeChart Pro produced by Steema 

Software (Catalonia, Spain), and MtxVec and Stats Master both produced by Dew 

Research (Slovenske Konjice, Slovenia). A windows version of the OneD program is 

available upon request. 
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The advective velocity through SMM was severely limited by its low hydraulic 

conductivity (Khydraulic) and the velocities that were modeled for SMM were determined 

using: 

 
gradient

n
K

v hydraulic
x *=  

(3.21) 

  
with the hydraulic gradient ranging from 1 (no pooling of solution above the column) to 5 

(the equivalent of 4m of water above the 1m long column) (Table 3.2). At these flow 

rates, diffusion is negligible and dispersivity ≈ dispersion and Equation 3.1 can be 

simplified to: 

 xxx vD α=  (3.22) 

  
 which results in values of dispersion that range from 16.8 to 255.6cm2/d. 

 The empty bed contact time (EBCT or residence time) was calculated with: 

 
Q

V
EBCT column=  

(3.23) 

  

where Vcolumn is the volume of the empty column and Q is the volumetric flow rate. The 

hydraulic conductivity of SMZ is significantly higher than SMM, which resulted in kinetic 

sorption limitations (3 hours) on flow through SMZ columns rather than physical 

limitations. Empty bed contact times used for modeling flow through SMZ were greater 

than 6 hours to ensure that equilibrium is approached in the column. In all cases, 

breakthrough was arbitrarily determined to occur when the effluent concentration was 

1% of the influent concentration (C/C0 = 0.01). 

The specific parameters used to model transport through SMM and SMZ are 

listed in Appendices G and H. In all cases, the initial and boundary conditions used 

were: 
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where C is the effluent concentration and C0 is the influent concentration (Freeze and 

Cherry, 1979). OneD employed the Ogata solution to analytically solve the advection-

dispersion equation: 
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(Ogata, 1961; Freeze and Cherry, 1979), where the complementary error function (erfc) 

is defined as: 
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 The volume of solution treated prior to breakthrough was calculated from 

breakthrough using: 

 
treatedxb VAvT =**  (3.27) 

 

where Tb is the amount of time until breakthrough (C/C0 = 1% in this case), A is the 

cross-sectional area of the column, and Vtreated is the volume of solution treated until 

breakthrough occurs (L3). The volume of solution treated can be converted to the 

number of pore volumes treated by: 

 
PV

nV
V

column

treated =
*

 
(3.28) 

  
where n is the porosity (unitless), Vcolumn is the volume of the column (L3) and PV is the 

number of pore volumes treated. The complete results of modeling mass transport 

through SMM and SMZ are listed in Appendices I and J. 
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RESULTS AND DISCUSSION 

The physical differences between SMM and SMZ necessitate the use of very 

different modeling parameters for each media (Appendices G and H). SMM is a 

hydrophobic clay with high porosity and low hydraulic conductivity (Table 3.1), which will 

result in lower advective velocities and smaller values of diffusivity. In contrast, SMZ 

consists of aggregates of cage-like spheres surrounded by a hydrophobic layer of 

surfactants; a coarse media through which solution can flow rapidly. Additionally, 

surfactant molecules both bind to the exterior of the montmorillonite and exchange into 

the interlayer, which allows perchlorate sorption to occur throughout the structure. On 

the other hand, steric restrictions prohibit HDTMA molecules from the intra-particle 

exchange sites inside zeolite (Haggerty and Bowman, 1994), resulting in a lower 

effective surface area for perchlorate sorption onto SMZ.  

SMM has a higher perchlorate sorption capacity than SMZ; therefore 

contaminant breakthrough would occur sooner with SMZ at the same diffusivity and 

velocity combination. In fact, the retardation factor of SMM is roughly double that of 

SMZ; therefore breakthrough of perchlorate flowing through SMM will typically take 

nearly twice as much time as flow through SMZ if the same advective velocity and 

dispersivity were used.  

For each filtration media, larger values of velocity and dispersion would result in 

the fastest breakthrough (Figures 3.6 and 3.7). Perchlorate transport through SMM 

would have the longest time to breakthrough due to both the high sorption capacity and 

the comparatively low velocities (Figure 3.6). For instance, 1% breakthrough of 

perchlorate transported in solution through a 1m column of SMM at a velocity of 1cm/d 

and a dispersion of 84cm2/d would occur after approximately 260,000 days (700 years). 

Comparatively, a perfect tracer flowing through the same column under the same 

conditions would achieve 1% breakthrough on the eighth day. Perchlorate transport 
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through a 1m long column of SMZ, flowing at the rate of 20cm/hr with a dispersion of 

750cm2/hr, would reach 1% breakthrough around 1.5 years. Under the same 

circumstances, a perfect tracer flowing through SMZ will achieve breakthrough at 

approximately 0.8hr. Breakthrough would occur soonest in the case of the perfect tracer 

transported through SMZ, due to both the lack of sorption and the high flow rates (Figure 

3.7.b).  
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Figure 3.6. Breakthrough of perchlorate (a) and a perfect tracer (b) flowing through 
SMM. 
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Figure 3.7. Breakthrough of perchlorate (a) and a perfect tracer (b) flowing through SMZ. 
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The predicted volumes of perchlorate-contaminated solution treated prior to 1% 

breakthrough for both SMM and SMZ would occur in cases with the largest advective 

velocity and the lowest dispersivity (Figure 3.8). In an SMM treatment column with an 

inner diameter of 50cm and length of 100cm and with solution that is flowing at an 

average mean velocity of 1.008cm/d with a dispersion of 84cm2/d, perchlorate 

breakthrough would occur after 712 years. The volume of solution treated would be 

514m3, which is treatment of 5,697 pore volumes (Figure 3.8). In the same column 

packed with SMZ and solution flowing at an average mean velocity of 10cm/hr with a 

dispersion of 500cm2/hr, breakthrough would occur after 914 days. During this time, 

4,388 pore volumes (431m3) of solution would be treated (Figure 3.8). 
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Figure 3.8. Pore volumes treated before 1% perchlorate breakthrough flowing through 
SMM (a) and SMZ (b). The column has a diameter of 50cm and a length of 100cm. 
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The hydraulic conductivity of SMZ is 5 orders of magnitude greater than that of 

SMM, resulting in large differences in the potential applications of these filtration media. 

SMZ is more suited to packed-bed flow through reactors or in situ permeable sorption 

barriers that are used to remove perchlorate from contaminated plumes in shallow 

groundwater. In order to treat a contaminated plume of groundwater, permeable sorption 

barriers must have a lower hydraulic conductivity than the surrounding geologic 

materials so that the plume will flow through the permeable barrier. With a hydraulic 

conductivity of 10-3m/s (Li et al., 1998), SMZ could be utilized in permeable sorption 

barriers to treat perchlorate contamination in a variety of geologic settings (Figure 3.9). 

However, SMM has a low hydraulic conductivity of 10-8m/s (Lorenzetti et al., 2005), 

which would drastically limit its effectiveness as a permeable sorption barrier in many 

geologic settings (Figure 3.9). SMM is much more suited for use as an impermeable 

liner for landfills, where its low hydraulic conductivity is beneficial. Another application of 

SMM is as a sorbent in fluidized-bed reactors. Additionally, mixing SMM with a larger-

grained sorbent, such as SMZ, will increase the hydraulic conductivity of the mixture and 

allow utilization of this dual sorbent in fixed-bed reactors. The benefit of this technique is 

the ability to completely customize the mixtures so that specific contaminants are 

adsorbed. However, such a configuration may result in the development of preferential 

flow pathways, which would reduce its efficiency, by reducing contact with sorption sites. 
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Figure 3.9. Range of values of permeability and hydraulic conductivity (Freeze and 
Cherry, 1979).  
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be 514m3, which is treatment of 5,697 pore volumes. In the same column filled with SMZ 
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and with solution flowing at an average velocity of 10cm/hr and with a dispersion of 

500cm2/hr, breakthrough would occur after 2.5 years. During this time, 431m3 or 4,388 

pore volumes of solution would be treated.  

The physical characteristics of the two filtration media are very important in 

determining their possible applications. The high hydraulic conductivity of SMZ makes it 

suitable for use as a filtration media in packed-bed reactors or as in situ permeable 

sorption barriers. SMM has a low hydraulic conductivity, which makes it more suited for 

use as landfill liners or as filtration media in fluidized-bed reactors. A mixture of SMM 

and a filtration media with relatively larger grain size, such as SMZ, would likely make it 

a more effective filtration media for use in a packed-bed reactor.  
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CHAPTER 4 

TREATMENT OF PERCHLORATE BOUND TO SPENT SURFACTANT-MODIFIED 

MONTMORILLONITE 

 

 

ABSTRACT 

Perchlorate (ClO4
-) contamination is a growing threat to the drinking water and 

food supplies of millions of people throughout the world. Surfactant-modified 

montmorillonite (SMM) has been shown to quickly remove perchlorate from aqueous 

solutions. However, filtration does not destroy perchlorate; it merely transfers it from the 

liquid phase to the solid phase. In order to both quickly remove perchlorate from solution 

and to degrade it to inert byproducts (Cl- and O2), filtration with SMM should be followed 

by a second phase of treatment to breakdown the adsorbed perchlorate. Biodegradation 

and chemical (abiotic) reduction were evaluated as treatment techniques for perchlorate 

in spent SMM. Within 120 days, the perchlorate concentration in solution that was in 

contact with spent SMM was reduced to less than 1.1mg/L in all six bioreactors treated 

with biologically active column effluent; averaging 94% reduction. Attempts to use 

stabilized zero-valent iron nanoparticles to chemically reduce perchlorate bound to spent 

SMM were not successful at ambient temperature.  

 

INTRODUCTION 

The United States currently faces the challenge of mitigating extensive 

perchlorate contamination of the drinking water supplies of millions of citizens (USEPA, 

2011; USGAO, 2010). Perchlorate is known to bind to the thyroid gland's sodium-iodide 
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symporter and inhibit iodide uptake by the thyroid gland (USEPA, 2005b). For sensitive 

populations (fetuses, infants, and children), disruptions in thyroid hormone levels can 

cause lowered IQ, mental retardation, motor skill deficits, and loss of hearing and 

speech (Galfore et al., 2009; Videla and Fernandez, 2009; Capen and Martin, 1989).  

A variety of techniques have been evaluated as potential methods to remove 

perchlorate from water. Both ion exchange resins and membrane technologies are 

capable of removing perchlorate from solution; however, these technologies are non-

destructive. Regeneration of the resins and membranes produce large quantities of high-

strength brines, which must either be treated or disposed of as a hazardous waste. If not 

regenerated, the resins and membranes themselves require disposal as a hazardous 

waste. Filtration media, such as surfactant-modified geosorbents, are also 

nondestructive and, therefore, spent sorbents also require disposal as a hazardous 

waste.  

Technologies that breakdown perchlorate to Cl- and O2 include chemical 

reduction and biodegradation. Chemical reduction involves the use of reducing agents, 

such as stabilized zero-valent iron nanoparticles to abiotically reduce perchlorate. This 

process typically requires heating the solution to high temperatures to overcome large 

kinetic barriers (Cao et al., 2005; Xiong et al., 2007), which greatly increases the costs of 

such treatments. Although bioreactors can be designed to biologically degrade 

perchlorate, this method has not been used to treat drinking water (Bardiya and Bae, 

2011; WRF, 2011). This is attributed to the general public’s fear of contamination of 

treated water by microbial cells and disinfection by-products (Li, 2008; Dugan et al., 

2009; Bardiya and Bae, 2011; WRF, 2011).  

Due to the issues associated with each technology, perhaps the optimal method 

to treat perchlorate-contaminated water is the use of a filtration media to first remove 

perchlorate from solution followed by the application of a destructive process to degrade 
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the perchlorate bound to the media. Surfactant-modified montmorillonite (SMM) has 

been shown to quickly remove perchlorate from aqueous solutions (Chapter 2). In order 

to degrade the perchlorate bound to the spent SMM, the used media should undergo a 

second phase of treatment, such as chemical reduction or biodegradation. By treating 

the perchlorate bound to the spent SMM, the media can be disposed of as a non-

hazardous waste.  

 

Chemical Perchlorate Reduction 

 As a strong oxidant, the chemical reduction of perchlorate is thermodynamically 

favored: 

 
ClO4- + 8H+ + 8e- = Cl- + 4H2O 

EH0 = 1.389V 
(4.1) 

(Cao et al., 2005). However, the tetrahedral structure of perchlorate (Figure 4.1) results 

in a large kinetic barrier to perchlorate reduction, which renders common reductants 

useless and allows perchlorate to persist in the environment (Srinivasan and Sorial, 

2009). Early investigations achieved success in the reduction of perchlorate through the 

use of trace elements, such as vanadium (King and Garner, 1954); however, the 

reaction required high temperatures (>40°C) and the byproducts formed hindered the 

reaction (Duke and Quinney, 1954).  

More recent investigations have focused on using iron to reduce perchlorate. 

Moore et al. (2003) found that, while iron surfaces were capable of reducing perchlorate 

at slightly acidic or near-neutral pH, the reaction rates were prohibitively slow for use in 

reactors. Additionally, the presence of chloride was found to decrease perchlorate 

reduction by iron, which is significant because chloride is commonly found in the 

environment and is a product of the reduction of perchlorate (Moore and Young, 2005). 

Zero valent iron (ZVI) is capable of reducing perchlorate at temperatures ranging from 
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125 to 200°C (Oh et al., 2006). Cao et al. (2005) found that ZVI nanoparticles (nZVI) 

were able to reduce perchlorate in the temperature range of 25 to 75°C, with the lag time 

decreasing from 28 days to 24 hours as the temperature increased. Sodium 

carboxymethyl cellulose-stabilized nZVI were capable of complete perchlorate 

degradation at ~95°C (Xiong et al., 2007).  

 

 

Figure 4.1. Structure of perchlorate (Webster’s, 2008) 

 

Requirements of Biological Perchlorate Reduction 

Perchlorate-Reducing Bacteria (PRB) 

Biological degradation of perchlorate has been studied for almost 50 years 

(Hackenthal, et al., 1964; Hackenthal et al., 1965). More recently, bacteria capable of 

reducing perchlorate (PRB) have been found to be ubiquitous in the environment 

(Coates et al., 1999; Waller et al., 2004). For instance, Coates et al. (1999) and Coates 

and Achenbach (2006) found significant numbers of PRB (2.31 x 103 to 2.4 x 106 cells 

per gram) in hydrocarbon-contaminated soil, aquatic sediments, paper mill waste 

sludges, and pristine soils. The ubiquity of PRB indicates that bioaugmentation is not 

usually required for in situ biological degradation of perchlorate. 
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Suitable Electron Donors 

Bacteria have been identified that are capable of degrading perchlorate using 

electron donors similar to those used in chemical reduction (e.g. ZVI). All identified 

perchlorate reducing bacteria (PRB) require an electron donor for growth (Bardiya and 

Bae, 2011). Acetate is the most commonly utilized electron donor for reduction of 

perchlorate (Bardiya and Bae, 2011). Amendments of acetate and hydrogen to PRB 

found in vadose zone soil reduced the lag time of perchlorate degradation from 63 days 

(no amendments) to 14 and 41 days, respectively (Nozawa-Inoue, et al., 2005). Waller 

et al. (2004) observed that 1.7 moles of acetate are oxidized for each mole of 

perchlorate reduced. Other electron donors commonly used by PRB include H2, zero-

valent iron, Fe(II), and elemental sulfur (Bruce et al., 1999; Ju et al., 2008; Sahu et al., 

2009; Yu et al., 2007; Son, et al., 2011).  

 

Molybdenum Requirement 

In order for PRB to reduce perchlorate, studies have shown that trace amounts of 

molybdenum are required, as its absence inhibits perchlorate reduction (Chaudhuri et 

al., 2002). For example, Dechloromonas aromatica and D. agitata completely stopped 

reducing perchlorate when transferred to a media with no molybdenum; however, 

perchlorate reduction immediately resumed once molybdenum was added to the culture 

(Chaudhuri et al., 2002; Coates and Achenbach, 2006). A molybdenum-dependent 

chaperone gene that is associated with the genes that encode chlorite dismutase were 

found within both Pseudomonas sp. strain PK and Dechloromonas aromatic strain RCB 

(Bender et al., 2002; Chaudhuri et al., 2002). 
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Moderate pH and Temperature 

Almost all identified PRB thrive in neutral pH and mesophilic temperatures (Bruce 

et al., 1999; Coates et al., 1999; Bardiya and Bae, 2011). Wang et al. (2008) found that 

biological perchlorate reduction occurred throughout the pH range of 5 to 9, with 

maximum perchlorate degradation at pH 7. Similarly, Wu et al. (2008) noted perchlorate 

reduction occurred between pH 6 and 10, with optimum perchlorate degradation at pH 8. 

Additionally, neutral-acidic conditions may be maintained due to production of CO2 as 

perchlorate is degraded (Figure 1.17) due to the carbonic acid that is produced from 

dissolution of CO2 in water. 

 

Competing Electron Acceptors 

Most PRB will preferentially reduce oxygen, nitrate, and chlorate before 

perchlorate (Bardiya and Bae, 2011). For instance, all the PRB identified by Coates et al. 

(1999) were also able to use oxygen as the sole electron acceptor. Additionally, the 

perchlorate reductase enzyme isolated from Strain GR-1 was sensitive to the presence 

of oxygen (Kengen et al., 1999). Dechlorosoma suillum grown in the presence of 

perchlorate and with even low concentrations of oxygen (as low as 5% saturation) were 

incapable of reducing perchlorate (Chaudhuri et al., 2002). Once oxygen was replaced 

with nitrogen gas, perchlorate reduction commenced within 15 hours (Chaudhuri et al., 

2002).  

Most identified PRB are capable of growth coupled to the reduction of nitrate. All 

PRB found in contaminated sites by Waller et al. (2004) reduced nitrate either before or 

simultaneously with perchlorate. In Dechlorosoma suillum, neither perchlorate reduction 

nor chlorite dismutase expression occurred until after the nitrate was consumed 

(Chaudhuri et al., 2002). Nozawa-Inoue et al. (2005) found that, while nitrate addition 

suppressed perchlorate reduction at first, once the nitrate was consumed and the 
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process of perchlorate reduction began, the initial presence of nitrate enhanced the rate 

of transformation. While the initial concentration of nitrate did not alter the lag time, 

higher rates of perchlorate reduction were found in the communities with the highest 

initial addition of nitrate. Nozawa-Inoue et al. (2005) hypothesized that this increased 

rate of perchlorate reduction can be associated with the numbers of bacteria able to 

reduce both nitrate and perchlorate. Their conclusion was that the high initial nitrate 

concentrations induced the growth of large numbers of nitrate-reducing bacteria that 

were also capable of reducing perchlorate after nitrate depletion.  

 

Objective 

Non-destructive techniques, such as the use of SMM to filter perchlorate from 

solution, merely transfer the contaminant from the liquid to the solid phase. The spent 

filtration media requires disposal as a hazardous waste. However, the application of a 

second treatment phase could reduce the perchlorate bound to the SMM into innocuous 

byproducts (Cl- and O2). The effectiveness of both chemical reduction using nZVI and 

biodegradation were evaluated as a second phase of treatment following perchlorate 

filtration using SMM.  

 

MATERIALS AND METHODS 

Materials 

SMM was created as described in Chapter 2 by exchanging the inorganic cations 

naturally found in montmorillonite with hexadecyltrimethylammonium (HDTMA). Sodium 

perchlorate was obtained from Fisher Chemical, Fisher Scientific, Fair Lawn, New 

Jersey. California NELAC perchlorate standards were purchased from AccuStandard 

Wet Chemistry Reference Standards, New Haven, Connecticut. Sodium acetate and 

sodium hydroxide were purchased from JT Baker, Phillipsburg, New Jersey. Palladized 
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zero-valent iron nanoparticles (Pd/nZVI) were obtained from Dr. Dongye Zhao, Civil 

Engineering Department, Auburn University (Zhao and Xu, 2009). Pd/nZVI was created 

by stabilizing nZVI with carboxymethyl cellulose and potassium hexachloropalladate 

(K2PdCl6) (Xiong, 2007). Column effluent was collected from a treatment column used 

for over a year to biodegrade perchlorate-contaminated waters generated in the 

laboratory. The treatment column was created by filling a 4.5ft long tube (4.5in inner 

diameter) with compost and sand and biostimulating perchlorate reduction. Sodium 

acetate and mushroom compost tea were periodically added to the column in order to 

enhance perchlorate reduction. Organic mushroom compost tea was acquired from 

Advantage Organic Products, Duncanville, TX. Brine was obtained from the regeneration 

of resin used to treat perchlorate-contaminated groundwater at a Los Angeles, California 

treatment plant (Table 2.5). The initial perchlorate concentration in the brine was 

5.6mg/L and was spiked to 2,000mg/L. 

 

Preparation of Spent SMM 

Prior to application of the perchlorate-destructive treatment, spent SMM was 

prepared by adding perchlorate solutions to SMM (Table 4.1). The vials were placed on 

an end-over-end rotating shaker at ambient temperature for 24 hours, when it was 

centrifuged. The solution was decanted and analyzed. The adsorbed perchlorate 

concentration was calculated using mass balance: 

 𝐶𝑎𝑑𝑠 = (𝐶0 − 𝐶𝑎𝑞� �
𝑉
𝑚

�                              (4.2)  

 

where Cads is the mass adsorbed to solid phase (mg/kg), C0 is the initial solution 

concentration (mg/L), Caq is the equilibrium solution concentration (mg/L), V is the 

volume of solution (L), and m is the mass of adsorbent (kg). 
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Table 4.1. Experimental Set-up for preparation of spent SMM. 
Description/ 

Additive Vial ID C0 
(mg/L) 

Caq 
(mg/L) 

Volume 
(mL) 

Mass of 
SMM (mg) 

Cads 
(mg/kg) 

Fr
es

hw
at

er
 

Pd/nZVI 

ZVI 1 2,000 1,370 50 1.4707 21,420 
ZVI 2 2,000 1,370 50 1.4634 21,530 
ZVI 3 2,000 1,370 50 1.4903 21,140 

Control -     
DI Water ZVI Control 2,000 1,370 50 1.4805 21,280 

Column 
Effluent 

CE 1 2,240 30.66 93 10.0092 20,550 
CE 2 2,240 30.85 93 10.0063 20,550 
CE 3 2,240 31.75 93 10.0079 20,540 
CE 4 2,240 30.37 93 10.0255 20,550 
CE 5 2,240 30.80 93 10.0040 20,560 
CE 6 2,240 32.12 93 10.0054 20,540 

Mushroom 
Compost 

MC 1 2,240 1.408 93 10.0819 20,670 
MC 2 2,240 1.533 93 10.0194 20,800 
MC 3 2,240 1.453 93 10.0207 20,800 
MC 4 2,240 1.449 93 10.0172 20,800 
MC 5 2,240 1.312 93 10.0301 20,780 

Control - 
DI Water 

FW Control 1 2,240 23.83 93 10.0160 20,610 
FW Control 2 2,240 25.25 93 10.0061 20,610 

Br
in

e 

Column 
Effluent 

Brine CE 1 1,900 223.5 93 9.9367 15,690 
Brine CE 2 1,900 228.9 93 9.9454 15,630 
Brine CE 3 1,900 240.8 93 10.0666 15,330 

Mushroom 
Compost 

Brine MC 1 1,900 225.1 93 9.9503 15,650 
Brine MC 2 1,900 227.7 93 9.9259 15,670 
Brine MC 3 1,900 227.6 93 9.9389 15,650 

Control -     
DI Water 

Brine Control 1 1,900 226.6 93 9.9871 15,580 
Brine Control 2 1,900 242.2 93 9.9899 15,430 
Brine Control 3 1,900 237.0 93 9.9380 15,560 

 

 

Abiotic Degradation Protocol 

Chemical reduction of perchlorate bound to spent SMM using Pd/nZVI was 

evaluated. The test consisted of adding 1.5mg of Pd/nZVI and 100mL of deionized water 

to each of 3 vials. The reactors each contained 1.5g of spent SMM containing an 

average of 21,300mg ClO4
-/kg. The vials were shaken by hand for a few seconds and 

allowed to incubate at room temperature for 24 hours, prior to analysis of the solution. A 
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control sample was prepared by adding deionized water without Pd/nZVI to a vial 

containing 1.5g of spent SMM (Table 4.1). 

 

Biodegradation Protocol 

To begin the freshwater biodegradation test, 97mL of a perchlorate 

biodegradation solution composed of 100% column effluent was added to 6 bioreactors, 

each containing 10g of the spent SMM (20,600mg ClO4
-/kg). A 1:1 mixture of mushroom 

compost tea and deionized water (97mL total) was added to the 5 bioreactors, each 

containing 10g of the spent SMM. Additionally, control vials were prepared by adding 

97mL of deionized water to the two remaining reactors containing 10g of spent SMM. All 

of the reactors were shaken vigorously by hand, sealed and incubated at room 

temperature with loosely fitting lids. After 4 days, 1mL samples of the liquid phase was 

withdrawn and analyzed for perchlorate. Aqueous samples continued to be collected 

once or twice a week for 120 days and 62 days for column effluent bioreactors and 

mushroom compost tea reactors, respectively.  

Biodegradation studies also included treatment of SMM which was used to filter 

perchlorate from brine, which was created during regeneration of ion exchange resin. 

Nine bioreactors were prepared, each containing 10g of spent SMM (15,600mg ClO4
-/kg) 

(Table 4.1). Three vials were prepared for each treatment by adding 85mL of column 

effluent, mushroom compost tea, or deionized water. Solution samples (1mL) were taken 

from each vial once or twice per week for 70 days.  

 

Perchlorate Analysis  

Immediately after sampling, the aliquots were passed through a 0.2µm filter to 

remove most all of the SMM. Both the treated and control samples were passed through 

carbon filters to reduce the amount of interference caused by dissolved organic material. 
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The samples generated during the biological treatment studies were analyzed in-

house. Perchlorate was quantified using EPA test method 314.0, which utilized a Dionex 

DX500 Ion Chromatography System (IC) with a 500µL sample loop. Samples were 

diluted to between 0.002 to 1.5 mg/L and placed in 5mL Dionex auto-sampling vials. The 

IC setup utilized an IONPAC AS16 analytical column (4x250mm), an AG16 guard 

column (4x50mm), an ASRS-Ultra II Self Regenerating Suppressor (4mm) set at 300mA, 

and an AI-450 Chromatography Automation System with the Advanced Computer 

Interface Module. The 100mM sodium hydroxide eluent was degassed using a VWR 

Scientific Aquasonic Solicitor, model 150D. Blanks of deionized water, along with check 

standards, were analyzed every 10 samples to test for carry-over and instrumental 

drifting, respectively. If the blanks detected perchlorate or if the percent difference of a 

check standard was greater than 5%, the IC was recalibrated and the samples were 

reanalyzed.  

 After treatment with Pd/nZVI, Columbia Analytical Services, which is accredited 

under the National Environmental Laboratory Accreditation Program (NELAP), analyzed 

aqueous samples for perchlorate. Samples were shipped in coolers overnight to 

Columbia Analytical, located in Kelso, Washington. Columbia Analytical used EPA 

method 314.0 to quantify perchlorate using ion chromatography (IC). 

 

RESULTS AND DISCUSSION 

Abiotic Reduction of Perchlorate Bound to Spent SMM 

 Chemical reduction of perchlorate using Pd/nZVI was not effective at room 

temperature. There was no appreciable decrease in the aqueous perchlorate 

concentration after treatment using Pd/nZVI over a period of 24 hours (Figure 4.2). While 

this treatment was ineffective at room temperature, increasing the temperatures to 95-

110°C would likely have increased perchlorate reduction (Xiong, 2007). However, the 
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increased expense of heating aqueous-clay suspensions to these high temperatures 

would likely cause this technology to be cost prohibitive. Therefore, investigations into 

the use of Pd/nZVI to abiotically treat spent SMM were not continued because the goal 

of this research was to develop a cost-effective method to treat perchlorate-

contaminated SMM.  

 

 

 

Figure 4.2. Chemical reduction of perchlorate using stabilized zero-valent iron 
nanoparticles.  
 

 
 
Biodegradation of Perchlorate Bound to Spent SMM 

Bioaugmentation with Bioactive Column Effluent 

Biodegradation tests revealed that perchlorate bound to spent SMM could be 

degraded following bioaugmentation with biologically active column effluent (Figure 4.3 

and Appendix K). The spent SMM with perchlorate loading of 20,600mg ClO4
-/kg 

produced a maximum solution concentration of 12.6mg ClO4
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and entered the solution. Leaching of perchlorate from the solid phase was the rate 

limiting step in perchlorate biodegradation. After an incubation period of 25 days, 

biodegradation was stimulated, and the aqueous perchlorate concentrations in the 

reactors began to decrease. After 40 days, the perchlorate concentration in solution 

began to increase due to a combination of the biodegradation being limited due to 

consumption of most of the acetate and the continued desorption of perchlorate from the 

spent SMM. Acetate was added to the bioreactors on day 60, which lowered the 

perchlorate concentration due to increased biodegradation. After 68 days, the 

perchlorate concentration in solution began to increase again due to both perchlorate 

desorption and reduced biodegradation caused by depletion of acetate. On day 81, more 

acetate was added, which resulted in an increase in biodegradation that decreased the 

amount of perchlorate in solution. After 120 days, a 94% reduction of the perchlorate in 

solution was achieved. The solution perchlorate concentration in all 6 bioreactors was 

reduced to less than 1.1mg ClO4
-/L and the average concentration was 0.76mg ClO4

-/L. 

 

 
Figure 4.3. Treatment of spent SMM using biologically active column effluent. The data 
points are averages of the concentrations measured in 6 vials. Control points are the 
averages of duplicate vials containing the same mass of spent SMM and deionized 
water only. Error bars represent the standard deviations.  
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The results of degradation of perchlorate bound to SMM in this study differed 

from those found in a study of biodegradation of perchlorate in vadose zone soils 

conducted by Nozawa-Inoue et al. (2005). In the vadose soil study, perchlorate 

biodegradation was observed after 14 days and complete degradation occurred after 40-

80 days. Unlike the soil bioremediation study, the biostiumlation of perchlorate 

degradation in SMM treatments was observed after 25 days and the solution 

concentrations decreased to <1.1mg/L after 120 days. There are key differences 

between these two studies, which include: 

1. Perhaps the most significant distinction is the type of solid media utilized. In 

the study by Nozawa-Inoue et al., biodegradation of perchlorate in vadose soil was 

evaluated as opposed to biodegradation of perchlorate bound to SMM, a filtration media 

developed for selective adsorption of perchlorate. Perchlorate has a high aqueous 

solubility and has little affinity for most natural soils (Urbansky, 2002). Rather than 

sorbing to soils, perchlorate salts precipitate in vadose zone soil as contaminated water 

evaporates. To account for this type of contamination, the soil used in the study by 

Nozawa-Inoue et al. was created by physically mixing soil and perchlorate salt. 

Immediately upon aqueous saturation, the perchlorate in the soil mixture would have 

desorbed completely into the aqueous phase, approaching its aqueous solubility 

(>200g/100mL for sodium perchlorate). This causes perchlorate to be instantly 

bioavailable for perchlorate-reducing bacteria (PRB). Comparatively, SMM is strongly 

selective for perchlorate. In the study using SMM, the perchlorate was adsorbed to the 

solid particles, causing desorption to limit the amount of perchlorate available for 

microbial degradation. As the perchlorate in solution was degraded, slow desorption 

from the spent SMM replenished the dissolved perchlorate. Thus, the spent SMM was a 

constant source of perchlorate that replenished the perchlorate in the aqueous solution. 

Therefore, the main difference between the two studies is that perchlorate adsorption 
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onto the soil was insignificant and desorption was rapid and lead to faster 

biodegradation of perchlorate in the vadose soil study. 

2. The SMM contained approximately 200% more perchlorate (20,600 mg ClO4
-

/kg) than the soil utilized by Nozawa-Inoue et al. (100mg ClO4
-/kg). The stimulation of 

biodegradation of such a high concentration of perchlorate adsorbed by SMM would be 

longer.  

3. Anaerobic conditions were created in the soil studies by Nozawa-Inoue et al. 

by purging the headspace with nitrogen gas. The replacement of air with nitrogen gas 

reduces the lag time for perchlorate biodegradation because of the absence of oxygen, 

which is preferentially utilized as a terminal electron acceptor (Coates et al. 1999; 

Bardiya and Bae, 2011). Comparatively, biostimulation of perchlorate degradation in 

SMM was delayed by the presence of oxygen in the vial headspace. 

4. Conversely, the higher concentration of nitrate in the study by Nozawa-Inoue 

et al. would have delayed perchlorate biodegradation in the vadose soil. PRB tend to 

prefer nitrate over perchlorate as the terminal electron acceptor. The vadose soil used 

contained 62mg NO3
-/L, which is significantly higher than the <2mg NO3

-/L measured in 

the SMM biodegradation study. Meanwhile, the HDTMA surfactant tends to inhibit 

microbial activity and would be expected to prolong the biostimulation of perchlorate in 

spent SMM treatments. 

 

Bioactive Mushroom Compost Tea 

In the biodegradation batch test that utilized mushroom compost tea, the 

perchlorate concentrations were not significantly reduced after 62 days (Figure 4.4 and 

Appendix L). In order to ensure that the bioreactors contained adequate electron donors, 

acetate was added after 21 days to increase the acetate concentration in solution to 

~30mg/L. Nitrate concentrations in the mushroom compost tea were very low 



107 

 

(<0.2mg/L), suggesting that the presence of nitrate did not inhibit perchlorate 

degradation. The pH of the mushroom compost treatment (9.8) was much more basic 

than the pH values determined by both Wu et al. (pH = 8) and Want et al. (pH = 7) for 

optimum perchlorate degradation. The pH of the solution in the bioreactor was barely 

within the 6-10 range that Wu et al. (2008) found to be optimal for perchlorate 

degradation. Additionally, the mushroom compost treated bioreactors were much more 

basic than the column effluent treated reactors (pH = 7.2) that were capable of 

biodegrading perchlorate (Figure 4.3). Perhaps the addition of a buffer to maintain a 

more moderate pH would increase perchlorate biodegradation in the mushroom compost 

tea treatments.  

 

 

Figure 4.4. Treatment of spent SMM using biologically active mushroom compost. Data 
points are averages of the solution perchlorate concentrations in 5 vials and the 
standard deviations are represented with error bars.  
 
 
 
 
Biodegradation of Perchlorate Adsorbed to SMM Regenerant Brine 

The biodegradation batch tests of spent SMM used to treat brine produced 

during the regeneration of ion-exchange resin did not show significant reductions in the 

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50 60

Pe
rc

hl
or

at
e 

(m
g/

L)
 

Days 



108 

 

aqueous perchlorate concentrations after 70 days (Figure 4.5 and Appendix N). The 

nitrate concentration in brine was almost 5000mg/L (Table 2.5), suggesting that PRB 

were likely to selectively reduce nitrate before perchlorate. Additionally, the elevated salt 

concentrations in these solutions may have been toxic to the perchlorate-reducing 

bacteria. Perhaps the use of salt-tolerant PRB that have been acclimated to high salt 

concentrations (as identified by Logan et al., 2001; Cang et al., 2004; Park and 

Marchand, 2006; Lehman et al., 2008; van Ginkel, 2008; Ryu et al., 2012) would be 

capable of reducing perchlorate bound to SMM after filtration of brines. Furthermore, the 

pH of the mushroom compost tea was 10, which is not optimal for perchlorate reduction 

(Wu et al., 2008; Wang et al., 2008). Perhaps the application of a suitable buffer to 

maintain a near neutral pH will be more favorable for degradation of perchlorate that is 

adsorbed by SMM. 

 

 

 

Figure 4.5. Bioremediation of spent SMM from filtration of perchlorate from brine. 
Significant reduction of perchlorate in solution did not occur during the 70 days of 
biological treatment. 
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CONCLUSION 

While SMM is cable of removing perchlorate from water, this process is non-

destructive. A second stage of treatment was used to evaluate the effectiveness of 

bioremediation of perchlorate bound to the spent SMM to innocuous byproducts. Batch 

biodegradation tests showed that perchlorate bound to spent SMM can be biologically 

degraded using amendments of acetate and biologically active column effluent from a 

perchlorate treatment column amended with acetate. Perchlorate degradation was 

biostimulated within 25 days after application of bioactive column effluent. The 

concentration of perchlorate in solution that was in equilibrium with the spent SMM was 

reduced from 12.6mg/L to less than 1.1mg/L in all 6 reactors (average final 

concentration was 0.76mg/L) within 120 days. The rate of perchlorate biodegradation 

was limited by the rate of desorption of perchlorate from SMM. Biodegradation of 

perchlorate bound to spent SMM from the treatment of regenerant brine was ineffective 

in a 70 day biodegradation test. Future studies should include bioaugmentation with salt-

tolerant bacteria and the application of a buffer to maintain the biodegradation medium 

at near neutral pH. 

Chemical reduction of perchlorate with zero-valent iron nanoparticles was 

ineffective at ambient temperatures within 24 hours. Future research should evaluate the 

effectiveness of chemical reduction of perchlorate bound to SMM at higher temperatures 

(90°C). However, the cost effectiveness of heating large quantities of aqueous-SMM 

solutions will likely decrease the cost effectiveness of this method.  
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CHAPTER 5 

CONCLUSIONS 

 

Perchlorate (ClO4
-) has been detected in the food and drinking water supplies of 

millions of people worldwide and has been shown to competitively inhibit iodide uptake 

by the thyroid gland symporter. Although many technologies are currently applied to 

remove perchlorate from contaminated waters, many issues remain that limit their cost-

effectiveness. For example, filtration technologies are widely accepted by the public, but 

these methods merely transfer the perchlorate from one phase to another, rather than 

destroy it. Therefore, the spent filtration media itself requires either treatment or 

disposal. Biodegradation can be used to breakdown perchlorate into chloride and 

oxygen; however, the public generally has a negative perception of biological treatment 

of drinking water due to potential contamination by reaction byproducts and biological 

materials. Chemical remediation of perchlorate is a destructive technology, but requires 

heating large quantities of water to high temperatures in order to degrade perchlorate, 

which significantly increases the remediation cost.  

One possible method to optimally remove perchlorate from contaminated water is 

the application of a dual-phase technology, in which the filtration of perchlorate from 

water is followed by treatment of the sorbent so that the perchlorate is destroyed. The 

research presented here focused on the filtration of perchlorate from water with 

surfactant modified natural clays followed by biodegradation of the perchlorate bound to 

the spent organoclay. Bioremediation of spent clay is relatively cost-efficient and 

produces innocuous end products, thus, avoiding landfill disposal of the spent 

organoclay as a hazardous waste. 
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Adsorptive (TMA- and TMPA-modified) and organophilic (BDTDA- and HDTMA-

modified) clays were evaluated for their effectiveness to remove perchlorate from water. 

The surfactant-modified montmorillonite (SMM) was produced by exchanging the natural 

inorganic cations in natural montmorillonite with the surfactant cations. The HDTMA-

montmorillonite was relatively the most effective for the removal of perchlorate from 

water. 

HDTMA is a quaternary ammonium cation which consists of a positively charged 

monovalent head group linked to a 16-chain carbon tail. The exchange of weakly 

hydrated inorganic cations in the montmorillonite interlayer with HDTMA caused the 

montmorillonite to change from hydrophilic to hydrophobic and from negatively to 

positively charged. Parallel tests were performed using pellet-sized surfactant-modified 

zeolite (SMZ).  

 Perchlorate anions are attracted to the positively charged head group of the 

HDTMA molecule that is bound to the SMM and SMZ. The kinetics of perchlorate 

sorption by SMM and SMZ were both very fast. SMM sorption of perchlorate approached 

equilibrium in <1hr. Due to its lower surface area and relatively larger particle size, the 

approach to sorption equilibrium for SMZ was approximately 3hrs. 

Overall, both SMM and SMZ have high perchlorate sorption capacities. This 

study showed that SMM is a relatively more efficient sorbent for perchlorate compared to 

SMZ. At initial concentrations ranging from 0-24mg/L, the isotherm for perchlorate 

adsorption by SMZ was best described by the Langmuir model and had a maximum 

sorption capacity of 8,800mg ClO4
-/kg. Over this same concentration range, adsorption 

by SMM was described by the linear partition model, suggesting that the available 

sorption sites were not saturated. The isotherms generated by additional batch tests of 

SMM with initial perchlorate concentrations ranging from 0-470mg/L were best described 
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by the Freundlich model, which indicates that the sorption capacity was approached at 

higher perchlorate loading.  

In batch tests conducted in both groundwater and brine produced during the 

regeneration of ion exchange resin, evidence was obtained that SMM was selective for 

perchlorate in the presence of other inorganic anions. The high selectivity of perchlorate 

by SMM is likely the result of the differences in anion hydration energies. Perchlorate is 

a weakly hydrated anion that readily partitions into the weakly hydrated interlayers of the 

hydrophobic SMM.  

After treatment with SMM, the reduction of anion concentrations in both full and 

half-strength (50% dilution) brine followed the order of the Hofmeister series, ClO4
- > 

NO3
- > Cl-. The Hofmeister series is a classification of ions (usually anions) in order of 

their ability to interact with proteins, and is generally theorized to be closely related to 

hydration energies. Chaotropic anions, such as perchlorate, have a lower charge 

density, are less hydrated, and have a greater affinity for hydrophobic surfactant layers. 

More strongly hydrated anions increase the stability of water and are less likely to pass 

into surfactant layers. The relative sorption of anions from groundwater did not follow the 

Hofmeister series as was seen in batch tests conducted using brine. This difference was 

likely due to a reduction in the significance of hydration energies at lower salt 

concentrations found in the groundwater compared to the brine. The Hofmeister effect is 

much stronger at moderate to high salt content.  

Future research should evaluate in greater detail the effects of pH, the presence 

of other anions, and the concentration of hydrophobic organic contaminants on 

perchlorate uptake by SMM and SMZ. Particular emphasis needs to be placed on anion 

selectivity, so that the role of the Hofmeister series and the importance of hydration 

energies can be further evaluated. Additional batch tests should be conducted that 

examine anion selectivity by SMM and SMZ when an organic solvent is used rather than 
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water. Theoretically, if solvation energies are significant in perchlorate sorption by SMM, 

the order of anion selectivity should reverse when an organic solvent is used in place of 

water.  

The advection-dispersion equation was used to model solute transport through 

SMM and SMZ packed columns. The high perchlorate sorption of both sorbents allowed 

for the use of linear partition coefficients to calculate the retardation factors for 

perchlorate within concentration ranges likely to occur in most contaminated 

groundwater. The retardation factors for SMM and SMZ were calculated using the linear 

partition coefficient and were 30,480 and 16,380, respectively. Due to both its high 

perchlorate sorption capacity and low hydraulic conductivity, perchlorate transport 

through SMM consistently had the longest breakthrough times. For instance, in the case 

of water flowing at a velocity of 1cm/d with a dispersion of 84cm2/d through a 1m long 

column with an inner diameter of 0.5m that is packed with SMM, 1% breakthrough of 

perchlorate would occur after ~700 years. Prior to perchlorate breakthrough, 5,700 pore 

volumes, or 515m3, of solution would be treated. Under the same conditions, 

breakthrough of a perfect (non-reactive) tracer would occur after eight days. 

The structure of SMZ consists of cage-like spheres with the layer of surfactant 

(HDTMA) molecules on the outer surface providing the sorption sites for perchlorate. 

Steric restrictions prohibit surfactants from entering into the zeolite intrastructure; 

therefore, the only perchlorate sorption sites tend to be on the outer surface of the SMZ. 

Due to the high hydraulic conductivity of SMZ, larger values of velocity and dispersivity 

were used to model mass transport compared to the parameters utilized to model SMM. 

Mass transport modeling of solution flowing at a velocity of 10cm/hr with a dispersion of 

5000cm2/hr predicted that 1% perchlorate breakthrough would occur after 2.5 years. 

During this time, 4,390 pore volumes (430m3) of solution would be treated. Under the 

same conditions, a perfect tracer would achieve breakthrough at approximately 0.8hr. 
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The physical properties of the sorbents played a significant role in their possible 

applications. SMM has a much smaller particle size than SMZ. The small size of SMM 

grains (~57µm) results in a very low hydraulic conductivity (10-8m/sec), which was 

prohibitively slow for use in a packed-bed reactor. A potential application of SMM is to 

use it as a filtration media in a fluidized-bed reactor to remove perchlorate from water. 

Furthermore, the low hydraulic conductivity of SMM makes it ideal for use as an 

impermeable barrier, such as a landfill liner. SMZ has a high hydraulic conductivity (10-3 

m/sec), making it suitable as a filtration media in a packed-bed reactor or as a 

permeable reactive barrier to treat contaminated groundwater plumes in situ. 

Although filtration systems are effective at removing large quantities of 

perchlorate from water, this process is non-destructive and the filtration media requires 

either treatment or disposal as a hazardous waste. This issue can be addressed by 

using a second phase of treatment to destroy perchlorate bound to spent filtration media. 

Both chemical reduction and biodegradation were evaluated as potential options to treat 

perchlorate bound to spent SMM. Chemical reduction of perchlorate using stabilized 

zero valent iron nanoparticles were ineffective at ambient temperatures. While its 

application could potentially be effective at high temperatures (95°C), the expense of 

heating large quantities of SMM and water would likely cause this treatment to be cost 

prohibitive. 

The use of perchlorate-reducing bacteria (PRB) was effective in degrading 

perchlorate bound to spent SMM. The spent material was placed in a bioreactor with 

freshwater, biologically active solution, and acetate. The perchlorate was degraded as it 

desorbed from the SMM and became biologically available in solution. Perchlorate was 

continuously desorbed into solution, causing SMM to serve as a constant source. Spent 

SMM containing 20,500mg ClO4
-/kg produced an initial aqueous solution concentration 

of 12mg/L. After 120 days, the perchlorate solution concentration was reduced by 94% 
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to <1.1mg/L in all 6 bioreactors (average concentration of 0.76mg/L). Biodegradation of 

perchlorate bound to spent clays required only a few months, indicating that this 

technique is a viable option to quickly treat spent organoclays so that only non-

hazardous wastes remain.  

Future studies should optimize the use of PRB to degrade perchlorate bound to 

spent SMM by using a buffer to maintain a neutral pH and by sustaining enough of the 

electron donor (e.g. acetate) so that biodegradation is not limited. The effects of Cl- 

accumulation in solution on biodegradation of perchlorate bound to spent SMM should 

also be examined. Additional evaluations should include the quantification of the total 

amount of perchlorate destroyed by measuring the accumulation of Cl-, which is a 

byproduct of perchlorate degradation. A comparison of the total amount of perchlorate 

degraded to the quantity initially adsorbed to the SMM should reveal the amount of 

perchlorate irreversibly bound to the SMM. The impact of nitrate on biological treatment 

of spent SMM should be evaluated through biodegradation of spent SMM used to treat 

perchlorate contamination in waters containing a range of nitrate concentrations.  

Additional research should also include an evaluation of the effectiveness of 

using biodegradation to remediate perchlorate bound to spent SMZ. After undergoing 

biodegradation, the possibility of reusing SMM and SMZ as perchlorate filtration media 

should also be examined, including the possibility of enhancement of its efficiency by 

exchanging additional surfactant (HDTMA) onto SMM and SMZ after biological treatment 

has concluded.  

Biodegradation of perchlorate bound to SMM used to treat brine was insignificant 

after 70 days of treatment. Future studies should include the use of salt-tolerant bacteria 

that would likely be better suited to the conditions produced during treatment of SMM 

used to filter brine. In particular, the effect of using buffers to maintain a neutral pH 
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should be evaluated. Such a study should also examine the effects of pH, the 

accumulation of Cl-, the effect of nitrate, and the types and amounts of electron donors.  

The decision of the EPA to regulate perchlorate in drinking water has raised the 

importance of developing more effective methods to remove perchlorate from solution. 

This research has shown that SMM is an effective sorbent of perchlorate from both 

freshwater and brines and could be used as a filtration media, for pre-treatment prior to 

the application of a more expensive method, or as an in situ impermeable reactive 

barrier (e.g. landfill liner). Furthermore, spent SMM could be biologically treated so that 

perchlorate is degraded and only non-hazardous materials remain.  
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APPENDICES 

 

APPENDIX A. DATA FROM KINETIC STUDIES OF PERCHLORATE SORPTION BY 

SMM AND SMZ. 

Sorbent Time 
(hrs) 

C0 
(mg/L) 

C 
(mg/L) C/C0 

SMM 

0.0 1168 1168 1.000 
0.4 1168 55.9 0.048 
1.0 1168 48 0.041 
2.0 1168 41.8 0.036 
3.1 1168 35.4 0.030 
4.0 1168 30.56 0.026 
8.0 1168 22.843 0.020 

12.0 1168 22.8 0.020 
0.0 395.5 395.5 1.000 
0.4 395.5 25.68 0.065 
1.1 395.5 12.31 0.031 
2.0 395.5 13.49 0.034 
3.0 395.5 16.64 0.042 
4.0 395.5 12.33 0.031 
8.2 395.5 12.62 0.032 

12.0 395.5 14.88 0.038 

SMZ 

0.0 705 705 1.000 
0.4 705 660 0.936 
1.0 705 469 0.665 
1.9 705 281 0.399 
3.0 705 218 0.309 
3.9 705 193 0.274 
8.1 705 172 0.244 

13.5 705 192.7 0.273 
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APPENDIX B. DATA OF LOW PERCHLORATE CONCENTRATION SORPTION 

BATCH TESTS. 

C0 
(mg/L) 

SMM SMZ 
Caq 

(mg/L) 
Vol 

(mL) 
Mass 

(g) 
Cads 

(mg/kg) 
Caq 

(mg/L) 
Vol 

(mL) 
Mass  

(g) 
Cads 

(mg/kg) 
0.014 0.00 100 0.1999 7.12 0.00 100 0.2062 6.90 
0.014 0.00 100 0.2016 7.06 0.00 100 0.2032 7.00 
0.014 0.00 100 0.2059 6.91 0.00 100 0.2058 6.92 
0.077 0.00 100 0.2070 37.2 0.00 100 0.2034 37.8 
0.077 0.00 100 0.2028 37.9 0.00 100 0.2010 38.3 
0.077 0.00 100 0.2016 38.1 0.00 100 0.2029 37.9 
1.104 0.00 100 0.2033 543 0.036 100 0.2068 517 
1.104 0.00 100 0.2055 537 0.029 100 0.2012 535 
1.104 0.00 100 0.2024 545 0.030 100 0.2029 529 

11.406 0.284 100 0.2004 5,550 0.649 100 0.2030 5,299 
11.406 0.207 100 0.2078 5,389 0.719 100 0.2001 5,341 
11.406 0.278 100 0.2053 5,420 0.477 100 0.2064 5,295 
23.831 0.606 100 0.2021 11,492 6.713 100 0.2022 8,466 
23.831 0.694 100 0.2010 11,511 7.088 100 0.2068 8,096 
23.831 0.686 100 0.2006 11,538 6.786 100 0.2003 8,509 
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APPENDIX C. PERCHLORATE SORPTION ONTO SMM AT HIGH INITIAL 

CONCENTRATIONS. 

 
 
  

C0 
(mg/L) 

Caq 
(mg/L) 

Vol 
(mL) 

Mass 
(g) 

Cads 
(mg/kg) 

49.42 0.293 50 0.5000 4,913 
49.42 0.0318 50 0.5008 4,931 
150.0 53.123 50 0.4995 9,697 
150.0 56.521 50 0.5008 9,333 
352.1 228.6 50 0.4996 12,367 
352.1 239.8 50 0.5003 11,224 
472.2 359.6 50 0.4998 11,258 
472.2 340.0 50 0.5001 13,209 
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APPENDIX D. DATA FOR PERCHLORATE SORPTION BY SMM IN DEIONIZED 

WATER SPIKED WITH NITRATE.  

Mass 
SMM 
(g) 

Volume 
Solution 

(L) 

Perchlorate Nitrate 
C0 

(mg/L) 
Caq 

(mg/L) 
Cads 

(mg/kg) 
C0 

(mg/L) 
Caq 

(mg/L) 
Cads 

(mg/g) 
0.1997 0.1 33.16 9.875 11,658 0.00 0.00 0.00 
0.1975 0.1 33.16 10.107 11,670 0.00 0.00 0.00 
0.198 0.1 33.16 10.041 11,674 0.00 0.00 0.00 
0.199 0.1 32.95 10.053 11,508 1.742 1.696 0.023 
0.198 0.1 32.95 10.089 11,548 1.742 1.643 0.050 
0.1974 0.1 32.95 10.338 11,457 1.742 1.700 0.021 
0.2015 0.1 33.34 10.695 11,240 8.144 8.018 0.063 
0.1991 0.1 33.34 10.892 11,276 8.144 8.006 0.069 
0.2048 0.1 33.34 10.258 11,272 8.144 7.992 0.074 
0.2006 0.1 32.98 10.895 11,011 12.65 12.327 0.161 
0.1966 0.1 32.98 11.219 11,070 12.65 12.376 0.139 
0.1992 0.1 32.98 10.965 11,053 12.65 12.326 0.162 
0.1985 0.1 33.37 11.289 11,125 17.49 16.528 0.486 
0.2033 0.1 33.37 11.021 10,994 17.49 16.465 0.505 
0.2022 0.1 33.37 11.481 10,827 17.49 16.639 0.422 
0.199 0.1 33.16 12.13 10,566 20.82 20.418 0.202 
0.2014 0.1 33.16 11.396 10,805 20.82 20.382 0.217 
0.1998 0.1 33.16 11.564 10,807 20.82 20.962 -0.072 
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APPENDIX E. DATA FOR PERCHLORATE SORPTION BY SMM IN GROUNDWATER 

SPIKED WITH NITRATE.  

Mass 
SMM 
(g) 

Volume 
Solution 

(L) 

Perchlorate Nitrate 
C0 

(mg/L) 
Caq 

(mg/L) 
Cads 

(mg/kg) 
C0 

(mg/L) 
Caq 

(mg/L) 
Cads 

(mg/g) 
0.1958 0.1 32.13 11.10 10,739 0.09 0.10 -0.001 
0.2017 0.1 32.13 9.84 11,049 0.09 0.08 0.005 
0.1972 0.1 32.13 10.69 10,874 0.09 0.09 0.004 
0.2011 0.1 32.37 11.29 10,483 1.8 1.8 -0.019 
0.2018 0.1 32.37 10.44 10,872 1.8 1.8 -0.009 
0.2018 0.1 32.37 10.57 10,803 1.8 1.8 -0.009 
0.1989 0.1 32.37 11.15 10,672 8.8 8.2 0.307 
0.1992 0.1 32.37 11.05 10,706 8.8 8.4 0.219 
0.1984 0.1 32.37 11.37 10,588 8.8 8.2 0.312 
0.1984 0.1 32.22 11.61 10,387 12.6 12.6 0.041 
0.1964 0.1 32.22 11.64 10,478 12.6 12.4 0.145 
0.2012 0.1 32.22 11.44 10,326 12.6 12.7 -0.021 
0.2067 0.1 32.49 11.39 10,212 16.5 16.1 0.207 
0.2028 0.1 32.49 11.40 10,400 16.5 16.2 0.174 
0.2029 0.1 32.49 11.28 10,456 16.5 16.2 0.154 
0.1951 0.1 32.76 11.84 10,725 20.0 23.3 -1.679 
0.2056 0.1 32.76 11.53 10,326 20.0 20.5 -0.213 
0.2018 0.1 32.76 11.69 10,444 20.0 20.0 0.035 
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APPENDIX F. PERCHLORATE ADSORPTION BY SMM FROM BRINE. 

 
C0 

(mg/L) 
Caq 

(mg/L) 
Vol 

(mL) 
Mass 

(g) 
Cads 

(mg/kg) 

Fu
ll-

St
re

ng
th

 B
rin

e 

5.607 1.912 100 0.5003 739 
5.607 2.069 100 0.5016 705 
5.607 1.876 100 0.4994 747 
9.039 5.021 100 0.5002 803 
9.039 4.913 100 0.5001 825 
9.039 3.928 100 0.5020 1,018 

13.572 6.564 100 0.5009 1,399 
13.572 6.062 100 0.5048 1,488 
13.572 6.886 100 0.5023 1,331 
22.117 11.094 100 0.5048 2,184 
22.117 11.464 100 0.5007 2,128 
22.117 9.252 100 0.5030 2,558 
26.362 11.097 100 0.5003 3,051 
26.362 10.607 100 0.5004 3,148 

Ha
lf-

St
re

ng
th

 B
rin

e 

2.347 1.272 100 0.5040 213 
2.347 0.994 100 0.5034 269 
2.347 1.337 100 0.5003 202 

10.177 2.896 100 0.5033 1,447 
10.177 2.995 100 0.5010 1,434 
9.039 2.749 100 0.5015 1,254 

16.876 6.569 100 0.5020 2,053 
16.876 6.877 100 0.5037 1,985 
16.876 3.593 100 0.5022 2,645 
28.501 9.301 100 0.5006 3,835 
28.501 9.389 100 0.5030 3,800 
28.501 5.885 100 0.5017 4,508 
36.06 12.342 100 0.4999 4,745 
36.06 11.225 100 0.5033 4,934 
36.06 7.062 100 0.5014 5,783 
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APPENDIX G. PARAMETERS USED TO MODEL MASS TRANSPORT THROUGH 

SMM. 

Hydraulic 
Gradient 

Velocity 
(cm/d) 

Mechanical 
Dispersion (cm) 

Dispersivity 
(cm2/d) 

Flow Rate 
(cm3/d) 

EBCT 
(days) 

1 0.336 50 16.8 659 298 
1 0.336 75 25.2 659 298 
1 0.336 100 33.6 659 298 
1 0.336 125 42 659 298 
1 0.336 150 50.4 659 298 
2 0.672 50 33.6 1319 149 
2 0.672 75 50.4 1319 149 
2 0.672 100 67.2 1319 149 
2 0.672 125 84 1319 149 
2 0.672 150 100.8 1319 149 
3 1.008 50 50.4 1978 99 
3 1.008 75 75.6 1978 99 
3 1.008 100 100.8 1978 99 
3 1.008 125 126 1978 99 
3 1.008 150 151.2 1978 99 
4 1.368 50 68.4 2685 73 
4 1.368 75 102.6 2685 73 
4 1.368 100 136.8 2685 73 
4 1.368 125 171 2685 73 
4 1.368 150 205.2 2685 73 
5 1.704 50 85.2 3344 59 
5 1.704 75 127.8 3344 59 
5 1.704 100 170.4 3344 59 
5 1.704 125 213 3344 59 
5 1.704 150 255.6 3344 59 
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APPENDIX H. PARAMETERS USED TO MODEL MASS TRANSPORT THROUGH 

SMZ. 

Velocity 
(cm/hr) 

Mechanical 
Dispersion (cm) 

Dispersivity 
(cm2/hr) 

Flow Rate 
(cm3/hr) 

EBCT 
(hr) 

1 50 50 1962.5 100 
1 75 75 1962.5 100 
1 100 100 1962.5 100 
1 125 125 1962.5 100 
1 150 150 1962.5 100 
5 50 250 9812.5 20 
5 75 375 9812.5 20 
5 100 500 9812.5 20 
5 125 625 9812.5 20 
5 150 750 9812.5 20 
10 50 500 19625 10 
10 75 750 19625 10 
10 100 1000 19625 10 
10 125 1250 19625 10 
10 150 1500 19625 10 
12 50 600 23550 8.3 
12 75 900 23550 8.3 
12 100 1200 23550 8.3 
12 125 1500 23550 8.3 
12 150 1800 23550 8.3 
15 50 750 29437.5 6.7 
15 75 1125 29437.5 6.7 
15 100 1500 29437.5 6.7 
15 125 1875 29437.5 6.7 
15 150 2250 29437.5 6.7 
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APPENDIX I. MODELED MASS TRANSPORT THROUGH SMM. 

Vx 
(cm/d) 

D 
(cm2/d) 

Breakthrough (days) Volume treated before 1% 
perchlorate breakthrough 

Perfect Tracer Perchlorate m3 Pore Volumes 
0.336 16.8 39.9 1,215,000 801 8875 
0.336 25.2 28.2 857,700 566 6265 
0.336 33.6 21.7 658,900 434 4813 
0.336 42 17.6 533,500 352 3897 
0.336 50.4 14.7 447,600 295 3269 
0.336 67.2 11.1 338,100 223 2470 
0.336 68.4 10.9 332,300 219 2427 
0.336 75.6 9.88 301,100 199 2199 
0.336 84 8.91 271,400 179 1982 
0.336 85.2 8.78 267,600 176 1955 
0.336 100.8 7.44 226,500 149 1654 
0.336 102.6 7.31 222,700 147 1627 
0.336 126 5.96 181,600 120 1326 
0.336 127.8 5.88 179,000 118 1307 
0.336 136.8 5.49 167,300 110 1222 
0.336 151.2 4.97 151,400 100 1106 
0.336 170.4 4.41 134,400 89 982 
0.336 171 4.4 134,000 88 979 
0.336 205.2 3.67 111,700 74 816 
0.336 213 3.53 107,600 71 786 
0.336 255.6 2.95 89,700 59 655 
0.672 16.8 33.1 1,009,000 1331 14740 
0.672 25.2 25 760,200 1003 11106 
0.672 33.6 20 607,200 801 8870 
0.672 42 16.6 503,500 664 7355 
0.672 50.4 14.1 428,900 566 6266 
0.672 67.2 10.9 329,500 435 4814 
0.672 68.4 10.7 324,100 427 4735 
0.672 75.6 9.68 294,900 389 4308 
0.672 84 8.76 266,800 352 3898 
0.672 85.2 8.64 263,200 347 3845 
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Vx 
(cm/d) 

D 
(cm2/d) 

Breakthrough (days) Volume treated before 1% 
perchlorate breakthrough 

Perfect Tracer Perchlorate m3 Pore Volumes 
0.672 100.8 7.35 223,800 295 3269 
0.672 102.6 7.22 220,000 290 3214 
0.672 126 5.91 180,100 238 2631 
0.672 127.8 5.83 177,600 234 2595 
0.672 136.8 5.45 166,200 219 2428 
0.672 151.2 4.94 150,600 199 2200 
0.672 170.4 4.39 133,800 176 1955 
0.672 171 4.38 133,400 176 1949 
0.672 205.2 3.66 111,400 147 1627 
0.672 213 3.52 107,300 142 1568 
0.672 255.6 2.94 89,500 118 1307 
1.008 16.8 28.2 858,100 1697 18804 
1.008 25.2 22.1 672,100 1330 14728 
1.008 33.6 18.2 552,400 1093 12105 
1.008 42 15.4 467,900 926 10253 
1.008 50.4 13.3 404,800 801 8870 
1.008 67.2 10.5 317,400 628 6955 
1.008 68.4 10.3 312,500 618 6848 
1.008 75.6 9.38 285,900 566 6265 
1.008 84 8.53 260,000 514 5697 
1.008 85.2 8.42 256,600 508 5623 
1.008 100.8 7.21 219,700 435 4814 
1.008 102.6 7.09 216,100 427 4735 
1.008 126 5.84 177,900 352 3898 
1.008 127.8 5.76 175,500 347 3846 
1.008 136.8 5.4 164,400 325 3603 
1.008 151.2 4.9 149,200 295 3269 
1.008 170.4 4.36 132,900 263 2912 
1.008 171 4.35 132,400 262 2901 
1.008 205.2 3.64 110,800 219 2428 
1.008 213 3.51 106,800 211 2340 
1.008 255.6 2.93 89,200 176 1955 
1.368 16.8 24.4 743,300 1996 22105 
1.368 25.2 19.6 597,200 1603 17760 
1.368 33.6 16.5 500,900 1345 14896 
1.368 42 14.2 431,400 1158 12829 
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Vx 
(cm/d) 

D 
(cm2/d) 

Breakthrough (days) Volume treated before 1% 
perchlorate breakthrough 

Perfect Tracer Perchlorate m3 Pore Volumes 
1.368 50.4 12.5 378,400 1016 11253 
1.368 67.2 9.93 302,600 812 8999 
1.368 68.4 9.79 298,300 801 8871 
1.368 75.6 9.01 274,600 737 8166 
1.368 84 8.24 251,100 674 7467 
1.368 85.2 8.14 248,000 666 7375 
1.368 100.8 7.03 214,100 575 6367 
1.368 102.6 6.92 210,700 566 6266 
1.368 126 5.74 174,700 469 5195 
1.368 127.8 5.66 172,500 463 5130 
1.368 136.8 5.31 161,900 435 4815 
1.368 151.2 4.84 147,300 395 4381 
1.368 170.4 4.32 131,500 353 3911 
1.368 171 4.32 131,100 352 3899 
1.368 205.2 3.61 110,000 295 3271 
1.368 213 3.48 106,100 285 3155 
1.368 255.6 2.92 88,760 238 2640 
1.704 16.8 21.8 663,000 2217 24560 
1.704 25.2 17.8 542,000 1813 20078 
1.704 33.6 15.2 460,700 1541 17066 
1.704 42 13.2 401,300 1342 14866 
1.704 50.4 11.7 355,400 1188 13165 
1.704 67.2 9.47 288,700 965 10694 
1.704 68.4 9.35 284,800 952 10550 
1.704 75.6 8.65 263,600 882 9765 
1.704 84 7.95 242,300 810 8976 
1.704 85.2 7.86 239,500 801 8872 
1.704 100.8 6.83 208,200 696 7712 
1.704 102.6 6.73 205,000 686 7594 
1.704 126 5.61 171,300 573 6346 
1.704 127.8 5.55 169,200 566 6268 
1.704 136.8 5.22 159,100 532 5894 
1.704 151.2 4.77 145,200 486 5379 
1.704 170.4 4.27 130,000 435 4816 
1.704 171 4.25 129,500 433 4797 
1.704 205.2 3.58 109,000 365 4038 
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Vx 
(cm/d) 

D 
(cm2/d) 

Breakthrough (days) Volume treated before 1% 
perchlorate breakthrough 

Perfect Tracer Perchlorate m3 Pore Volumes 
1.704 213 3.46 105,200 352 3897 
1.704 255.6 2.9 88,260 295 3269 
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APPENDIX J. MODELED MASS TRANSPORT THROUGH SMZ. 

Vx 
cm/hr 

D 
cm2/hr 

Breakthrough (hr) Volume treated before 
perchlorate breakthrough 

Perfect 
Tracer Perchlorate m3 Pore 

Volumes 
1 50 13.4 219,400 430.6 4,388 
1 75 9.46 154,900 303.9 3,097 
1 100 7.27 119,000 233.5 2,380 
1 125 5.89 96,340 189.1 1,927 
1 150 4.94 80,820 158.6 1,616 
1 250 3 49,000 96.2 980 
1 375 2.01 32,780 64.3 655 
1 500 1.51 24,620 48.3 492 
1 625 1.21 19,720 38.7 394 
1 750 1.01 16,424 32.2 328 
1 1000 0.76 12,322 24.2 246 
1 1125 0.67 10,954 21.5 219 
1 1250 0.61 9,860 19.4 197 
1 1500 0.51 8,218 16.1 164 
1 1875 0.41 6,574 12.9 131 
1 2250 0.34 5,480 10.8 109 
5 50 7.37 120,640 1183.8 12,060 
5 75 6.02 98,500 966.5 9,850 
5 100 5.11 83,660 820.9 8,366 
5 125 4.45 72,820 714.5 7,282 
5 150 3.94 64,460 632.5 6,446 
5 250 2.68 43,860 430.4 4,386 
5 375 1.9 30,980 304.0 3,098 
5 500 1.46 23,800 233.5 2,380 
5 625 1.18 19,270 189.0 1,927 
5 750 0.99 16,160 158.6 1,616 
5 1000 0.75 12,210 119.8 1,221 
5 1125 0.67 10,880 106.7 1,087 
5 1250 0.6 9,800 96.2 980 
5 1500 0.5 8,182 80.3 818 
5 1875 0.41 6,556 64.3 656 
5 2250 0.34 5,468 53.7 547 
10 50 4.87 79,700 1564.1 15,940 
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Vx 
cm/hr 

D 
cm2/hr 

Breakthrough (hr) Volume treated before 
perchlorate breakthrough 

Perfect 
Tracer Perchlorate m3 Pore 

Volumes 
10 75 4.18 68,380 1342.0 13,680 
10 100 3.69 60,320 1183.8 12,060 
10 125 3.31 54,160 1062.9 10,830 
10 150 3.01 49,240 966.3 9,848 
10 250 2.23 36,420 714.7 7,284 
10 375 1.68 27,460 538.9 5,492 
10 500 1.34 21,940 430.6 4,388 
10 625 1.11 18,180 356.8 3,636 
10 750 0.95 15,484 303.9 3,097 
10 1000 0.73 11,900 233.5 2,380 
10 1125 0.65 10,650 209.0 2,130 
10 1250 0.59 9,634 189.1 1,927 
10 1500 0.5 8,082 158.6 1,616 
10 1875 0.4 6,504 127.6 1,301 
10 2250 0.33 5,438 106.7 1,088 
12 50 4.31 70,560 1661.7 16,934 
12 75 3.74 61,240 1442.2 14,698 
12 100 3.33 54,520 1283.9 13,085 
12 125 3.02 49,320 1161.5 11,837 
12 150 2.76 45,140 1063.0 10,834 
12 250 2.08 34,020 801.2 8,165 
12 375 1.6 26,120 615.1 6,269 
12 500 1.29 21,120 497.4 5,069 
12 625 1.08 17,670 416.2 4,241 
12 750 0.93 15,150 356.8 3,636 
12 1000 0.72 11,730 276.3 2,816 
12 1125 0.65 10,530 247.9 2,527 
12 1250 0.59 9,542 224.7 2,290 
12 1500 0.5 8,028 189.1 1,927 
12 1875 0.4 6,474 152.5 1,554 
12 2250 0.34 5,420 127.6 1,301 
15 50 3.69 60,400 1778.0 18,120 
15 75 3.25 53,140 1564.3 15,940 
15 100 2.92 47,800 1407.1 14,340 
15 125 2.67 43,620 1284.1 13,090 
15 150 2.46 40,220 1184.0 12,070 
15 250 1.9 31,000 912.6 9,300 
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Vx 
cm/hr 

D 
cm2/hr 

Breakthrough (hr) Volume treated before 
perchlorate breakthrough 

Perfect 
Tracer Perchlorate m3 Pore 

Volumes 
15 375 1.49 24,280 714.7 7,284 
15 500 1.22 19,950 587.3 5,985 
15 625 1.04 16,896 497.4 5,069 
15 750 0.9 14,620 430.4 4,386 
15 1000 0.7 11,460 337.4 3,438 
15 1125 0.64 10,320 303.9 3,097 
15 1250 0.58 9,386 276.3 2,816 
15 1500 0.49 7,934 233.6 2,380 
15 1875 0.4 6,422 189.0 1,927 
15 2250 0.33 5,388 158.6 1,616 
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APPENDIX K. BIOLOGICAL TREATMENT OF SPENT CLAY USING COLUMN 

EFFLUENT. 

Time 
(days) 

Perchlorate (mg/L) 
CE-1 CE-2 CE-3 CE-4 CE-5 CE-6 Average 

4 11.2 10.7 14.4 11.2 15.7 12.2 12.6 
7 11.0 10.3 13.6 12.4 15.7 10.8 12.3 

14 10.4 9.50 11.6 11.1 15.6 10.1 11.4 
19 9.91 8.23 10.8 10.5 15.3 9.93 10.8 
21 10.7 10.3 10.8 10.1 16.8 10.5 11.5 
25 6.81 7.24 5.82 5.23 11.0 5.93 7.01 
28 7.125 6.63 7.28 7.47 10.8 7.25 7.76 
33 6.74 5.73 6.56 7.17 9.76 6.70 7.11 
35 3.90 2.21 3.66 3.55 5.18 3.97 3.75 
39 2.96 1.67 2.83 3.38 3.20 1.54 2.59 
46 4.93 3.96 4.74 5.00 5.95 4.69 4.88 
55 5.92 5.20 6.10 10.8 7.70 5.96 6.95 
61 5.69 5.49 6.47 6.75 8.84 5.84 6.51 
68 1.30 4.41 3.38 3.45 5.71 3.45 3.62 
80 3.37 5.63 3.50 4.64 6.35 4.81 4.72 
88 3.16 3.46 2.70 3.49 5.04 4.56 3.73 
101 1.09 1.99 1.60 0.79 2.98 1.95 1.73 
109 0.68 1.43 1.10 0.54 1.98 1.42 1.19 
120 0.75 0.41 0.78 0.75 1.05 0.85 0.77 
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APPENDIX L. BIOLOGICAL TREATMENT OF SPENT CLAY USING MUSHROOM 

COMPOST TEA. 

Time 
(days) 

Perchlorate (mg/L) 
MC-1 MC-2 MC-3 MC-4 MC-5 Average 

4 5.55 3.33 3.03 3.41 3.15 4.29 
7 3.34 5.56 5.87 6.91 5.83 5.50 
18 3.54 2.45 4.20 4.77 3.64 3.72 
21 4.01 4.94 4.38 5.04 4.57 4.59 
28 3.83 4.49 4.00 4.27 3.43 4.00 
32 3.10 4.39 3.49 4.05 3.94 3.79 
35 3.41 4.21 2.62 3.35 2.91 3.30 
39 3.28 3.67 3.27 3.87 3.55 3.53 
47 4.53 5.02 5.11 5.05 4.50 4.84 
56 6.64 4.66 4.83 4.98 4.73 5.17 
62 5.35 4.77 4.94 4.87 5.11 5.01 

 
 
 
 
  



154 

 

 

 

APPENDIX M. CONTROL BIODEGRADATION DATA FROM TREATMENT OF SMM 

USED TO ADSORB PERCHLORATE FROM DEIONIZED WATER. 

Time 
(days) 

Perchlorate (mg/L) 
Control-1 Control-2 Average 

4 7.42 8.51 7.96 
7 11.50 11.42 11.46 
16 8.63 10.01 9.32 
21 8.77 9.45 9.11 
25 7.23 6.88 7.05 
30 7.70 7.84 7.77 
32 7.41 7.33 7.37 
37 9.80 8.81 9.30 
45 9.57 10.73 10.15 
54 8.68 9.29 8.99 
59 9.12 9.66 9.39 
60 10.22 9.83 10.02 
67 11.10 9.78 10.44 
79 11.12 9.91 10.52 
98 11.48 11.01 11.25 

101 11.32 10.94 11.13 
109 11.54 10.35 10.95 
120 11.40 10.67 11.03 
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APPENDIX N. BIOLOGICAL TREATMENT OF SMM USED TO FILTER BRINE. 

Treatment Time 
(days) 

Perchlorate (mg/L) 

Reactor-1 Reactor-2 Average 

C
ol

um
n 

Ef
flu

en
t 

0 92 96 94 
6 155 124 139 
8 124 122 123 

13 124 125 125 
23 120 115 117 
29 125 121 123 
33 122 119 120 
34 122 119 120 
41 116 112 114 
53 126 122 124 
70 114 102 108 

M
us

hr
oo

m
 C

om
po

st
 

0 87 91 89 
6 95 63 79 
8 112 117 115 
13 104 103 103 
23 109 104 107 
29 126 116 121 
33 108 123 116 
34 116 110 113 
41 95 98 97 
53 111 108 109 
70 99 92 96 

C
on

tr
ol

 - 
D

ei
on

iz
ed

 W
at

er
 0 96 96 96 

6 97 93 95 
8 125 124 125 

13 119 118 118 
23 116 121 118 
29 123 121 122 
33 119 118 119 
34 121 126 124 
41 113 107 110 
53 111 109 110 
70 124 118 121 

 


