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ABSTRACT 

Endocrine disrupting chemicals (EDCs) are a group of synthetic and natural 

chemicals that have the potential to mimic the hormone-like activities in the human body. 

This study was conducted to recognize whether recycled water (a source of EDCs) has 

the potential to contaminate the environment when such water is used for irrigation 

purposes. Batch sorption and miscible displacement experiments were conducted to 

elucidate the fate and transport of four EDCs including estrone, 1713 estradiol, 

octylphenol and nonylphenol in a soil from Hawaii. The sorption capacity of the soil 

from two depths (2 ft as topsoil and 15 ft as saprolite) was estimated using recycled water 

and deionized water as the mobile phases. The transport parameters of these 

contaminants were obtained by using inverse modeling approaches as provided in the 

HYDRUS 1D code. 

All four EDCs sorbed significantly on the soil. Octylphenol and Nonylphenol 

rapidly degraded during sorption. The Freundlich model was suitable to describe the 

sorption isotherm. The sorption nonlinearity was relatively higher for saprolite compared 

to topsoil. Both physical and chemical non-equilibrium processes were found to affect the 

mobility of the EDCs in the soil. The migration of EDCs in the soil was enhanced in 

recycled water due to the presence of dissolved organic carbon and elevated salt 

concentration. The ambient pH had little effect on sorption of EDCs on the soil from 

either depth. 
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1.1. Endocrine Disruptors 

1.1.1. Endocrine System 

CHAPTER! 

INTRODUCTION 

The endocrine system in the human body (Figure 1.1) is comprised of several 

glands which secret chemicals or honnones to regulate growth and developmental 

process of different metabolic activities in cell or organ. A brief description of different 

glands in the human endocrine system along with their functions is provided in Table 

1.1[1]. The mechanism of action for most of the endocrine honnones (e.g. estrogens) 

were explained using a simplified model by Gorski et al. [2]. Steroid honnones, being 

hydrophobic molecules, diffuse freely into all cells after being transported through blood 

vessels attached to a serum globulin. In target cells, steroid honnones bind to cytoplasmic 

and/or nuclear proteins and then attack the specific sequences of DNA, called the 

estrogen (or progesterone) response elements located in the promoters of genes. The 

honnone-receptor complex acts as a transcription factor which turns on the transcription 

of those genes. Gene expression in the cell produces the response. A simplified model 

describing the cellular action ofhonnones is presented in Figure 1.2. 



Mote femote 
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Figure I . I . Endocrine glands in human body] 
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RNA 
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Figure 1.2. A simpli fied model of cellular action ofho]l11ones 

I http://web.lemoyne.edul- hevem/psy340/graphics/endocrine. glands. jpg (04/01 /2006) 
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Gland 

Pineal 

Pituitary 

Thyroid 

Adrenal 

Pancreas 

Ovaries 

Testis 

Thymus 

Table 1.1. Summary of endocrine glands and their functions 

Hormones Produced 

Metatonin 

Growth hormone 

Thyroxine 

Adrenaline 

Insulin, Glucagon 

Activity 

Reproductive development 

Growth of Bones and muscles 

Rate of metabolism such as respiration 

Control the heart rate and breathing rate 

Control glucose and glycogen amount in liver 

Oestrogen, Progesterone Control ovulation 

Testosterone 

Thymosin 

Control sperm production 

Production of white blood cells 

1.1.2. Endocrine Disrupting Chemicals 

Except for natural hormones produced in our body, a series of synthetic chemicals 

are found in the environment which have the potential to interfere with the natural 

hormonal activity in the body. These chemicals are categorized as endocrine disrupting 

chemicals (EDCs). The USEPA [3] has defined the EDCs as: 

"An exogenous agent that interferes with the synthesis, secretion, transport, 

binding, action, or elimination of natural hormones in the body those are responsible for 

the maintenance of homeostasis, reproduction, development, and/or behavior" 
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Honnone molecules are generally short lived in the body due to metabolic 

clearance mechanisms. On the other hand, EDCs may not be deactivated by these 

mechanisms, leading to the persistence and bioaccumulation of these chemicals in the 

body. Due to the high affinity of receptors for EDCs, these chemicals at low 

concentrations may cause detrimental effect on the health. There are several different 

ways that EDCs can influence natural honnone activity on humans. It can prevent the 

natural processes in body by mimicking natural honnones, simulating the fonnation of 

more receptors, blocking the honnones, and accelerating the honnone breakdowns, 

interfering with enzyme that are required to breakdown the honnone and even destroying 

or changing the honnone structure [4]. A schematic of various mechanisms are described 

in Figure 1.3. Nonnally, honnones activate the receptor cells in order to transmit certain 

response (Figure 1.3. a). EDCs can also activate the receptor and can simulate the similar 

response in cell. This effect is termed as agonistic effect, where the specific organ will 

simulate the response when it is not necessary (Figure 1.3. b). In other way. EDCs can 

also prevent or block the honnones from interacting with receptor. This mode of action is 

referred to antagonistic effect (Figure 1.3. c). 
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Figure 1.3. Endocrine disruption mechanisms. (a) Natural response; (b) Agonistic effect; 
(c) Antagonistic effect [4]. 

Homlonall y active agents encountered in the environment can be produced 

synthetically or naturally. Exposure to them can occur [Tom a variety of sources. Several 

environmental agencies throughout the world, including the US Environmental Protection 

Agency (USEPA) and the European Union, developed screening methods (both in vitro 

and in vivo assays) to identify possible EDCs in the environment [3]. Like other 

pollutants, EDCs have a variety of sources including point sources such as industrial 

wastewater, falln effluent, landfill leachate, and medical waste as well as non point 

sources such as agricultural runoff and contaminated ri vers [4]. 

5 



The detailed description of all the EDCs discovered so far are provided in a recent 

book published by the National Research Council [5]. These include, but not are not 

limited to: 

1. Steroid compounds: Ethinyl estradiol, 1713 estradiol, estrone, mestranol, 

diethylstibestrol 

2. Surfactants: octylphenol, nonylphenol and their ethoxylates 

3. Pesticides: organochloride pesticide, DDT, chlordane, dieldrin, lindane, atrazine, 

simazine, dichlorvos, endosulfan, 2, 4-D, tributyltin 

4. Polyaromonatic compounds: Poly aromatic hydrocarbons (PARs), 

Polychlorinated biphenyls (PCBs), brominated flame retardants 

5. Organic oxygen compounds: phthalates, biphenol A 

6. Heavy metals: cadmium, mercury (organoform) 

1.1.3. Impact on the Environment 

Before 1 990s, literature on EDCs were limited only to the medical science. 

However, the famous book "Our Stolen Future" by Colborn et al. [6] drew a large 

amount public attentions. Due to various applications of these EDCs in different 

industrial and agricnltural process, these compounds are introduced in the food chain. 

Detectable concentration of steroid hormones have been found in fish, poultry, eggs, 

pork, cheese, milk and milk products [7]. Conventional wastewater treatment plants do 

not remove these EDCs completely from the effluent [8-12]. Therefore, constant 

accumulation of these harmful chemicals in the environment poses serious challenge for 

the aquatic biota [13], wild life [14,15] and even human health. 
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Exposure to EDCs leads to the induction of typically female proteins and Western 

Blot in adult males of the Mediterranean swordfish [16]. Mandana and Eva [17] showed 

that EDCs including plasticizers, alkylphenols, pesticides, PCB metabolites and 

brominated flame-retardants have the potential to exert thyroid hormone disruption, 

increase the risk or a negative impact on fetal brain development, resulting in cognitive 

dysfunctions in rats. 

Epidemiological studies showed that there are no EDCs which clearly possess 

carcinogenic potential in man, except dioxin and hormonal medicines [18]. However, 

recent studies by Swon and Suman [19] revealed that EDCs might impact sexual 

differentiation and development and induce hormone-dependent cancers. Ottinger [20] 

found a correlation between the exposure to EDCs and their possible interference with 

sexual differentiation of neural systems that direct reproduction. Borgeest et al. [21] 

suggested that EDCs may be acting as estrogen mimics, interfering with apoptosis, 

altering cell signaling pathways, or affecting estrogen metabolism in the ovary. Recent 

work by Chin-Chun et al. [22] indicated that some EDCs exerted modulatory activity on 

endotoxin-induced macrophage activation either positively or negatively, which might 

lead to the development of infectious diseases. It was also confirmed that there could be 

variable clinical features in children's neurobehavioral development, and thyroid and 

immune functions in relation to exposure to EDCs such as polychlorinated biphenyls 

(PCBs) and dioxins [23]. It is found that herbicide atrazine exerts inflammatory activity 

through activation of putative G(q/ll)-coupled neurosteroid receptor and phospholipase 

C [24]. PCBs and PCB metabolites can affect regulation of adrenocortical steroidogenesis 

[25]. PCBs can also bind to ERalpha and to elicit a response which can be agonistic or 
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antagonistic, thus behaving as EDCs in endothelial cell [26]. Recent work by Masayoshi 

et al. [27] revealed some inhibitory effects of EDCs on the isozymes of human 11 beta

Hydroxysteroid dehydrogenase and these chemicals could also affected the expression of 

their mRNA in gonads and adrenal glands. Several publications can be found in literature 

updating the current advancement in our knowledge to understand the ecotoxicological 

effect of EDCs [28-30]. Therefore, the fate of EDCs in environment is considered as a 

high priority research since the last decade. 

1.2. Project Background 

1.2.1. Wastewater Reuse 

Wastewater reuse is widely embraced as an alternative to extend and conserve the 

limited groundwater supply [31,32]. In addition to the advantages such as conservation of 

drinking water supplies and aquifer recharge, wastewater reuse can substantially 

minimize the effluent discharge to receiving waters [33]. The obvious concerns in 

wastewater reuse are contamination of soil and water in the application area by harmful 

wastewater constituents including synthetic organic chemicals, pesticides, nitrate, 

phosphate and pathogens which are not completely removed by the conventional 

wastewater treatment plant (WWTP). Recently, many synthetic chetnicals were found in 

streams allover the United States [34-37]. Several studies indicated that contaminants 

consistently found in wastewater including pesticides, pharmaceutical compounds, 

antibiotics, and hormones are quite resistant to conventional wastewater treatment system 

[9,10,38,39]. Most of the compounds are previously classified as EDCs. Recently, Ternes 
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et al. [11] reviewed the fate of these compounds in wastewater with the implication to the 

potential problem associated with their removal by treatment facilities. 

Prolonged application of wastewater can introduce these contaminants which 

might eventually leach through the soil to contaminate both potable and non-potable 

aquifers. Contamination associated with direct and indirect reuse of wastewater has been 

described elsewhere [40]. As a precautionary measure, USEPA and U. S. Agency for 

International Development (USAJD) published the guidelines for wastewater reuse [41]. 

However, the risk assessment involved in wastewater reuse can considerably vary 

depending on several factors including the climate and hydro-geological condition of 

application area. Therefore, each state has developed its own guidelines in order to 

minimize the risk associated with wastewater reuse. 

The wastewater branch of Hawaii State Department ofHea1th imposes guidelines 

on local water supply agencies for wastewater treatment and use of reclaimed water [42]. 

Limited land for wastewater application, absence of surfacewater sources and the 

complexities of the groundwater aquifer (freshwater lens over saltwater) adds intricacy 

for developing any plan for wastewater reuse in Hawaii. The Honolulu Board of Water 

Supply (HBWS), which provides potable water to most part of Oahu has given emphasis 

to sustainable use of water in order to prevent further saltwater intrusion into the water 

table [43]. Most of the wastewater treatment plants are located in the areas where people 

live (Figure 1.4).Currently, the wastewater disposal practice on Oahu is limited to 

coastline injection through deep wel1s and application on golf courses in costlines, where 

the contamination potential is low for potable water. On the other hand, this practice 

might have other environmental implication such as marine pol1ution [44]. Therefore, the 
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USEPA is requiring the City and County of Honolulu (CCH) and other counties to 

consider alternatives for ocean disposal. Consequently, the application of wastewater in 

the interior regions of the islands is envisioned as an alternative to meet the regulatory 

requirements and to reduce the overdraft of the aquifers . 

• WahIaWa 

Figure 1.4. Location of wastewater treatment plants in Oahu 

The interior parts of the islands lie over extensive basal aquifers which are the 

primary sources of water for each island. The depth to water table varies from less than 

100 m to more than 300 m in targeted reuse areas. Chemicals that travel past the root 

zones of crops could eventually appear in the basal aquifer. On Oahu, pesticides such as 

dibromochloropropane (DBCP), ethylene dibroruide (EDB) and pesticide impurities such 

as trichloropropane (TCP) have been found in drinking water wells located on central 

Oahu. It is still unknown whether the contaruinants including EDCs present in 
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wastewater would possess any threat to groundwater contamination after prolonged 

application to the land. Therefore, proper assessment of wastewater reuse prior to 

application on the interior region is required in order to eusure the safety of potable water 

resources. 

1.2.2. Previous Work 

HBWS has taken a cautious approach toward allowing recycled water use over 

potable water aquifers because of concerns over degrading or contaminating the 

underlying groundwater. Recently, HBWS has supported a project to investigate potential 

impacts of irrigation with recycled water on Central Oahu [45]. The objective of the 

project was to investigate the transport behavior of seven chemicals including estrone 

(El), 1713 estradiol (E2), octylphenol (OP), nonylphenol (NP), atrazine, lindane and N

Methyl-N-nitroso-methanamine (NDMA) by conducting leaching experiments in the 

field and in the laboratory under controlled conditions. These contaminants are found in 

treated wastewater effiuent due to their incomplete removal by conventional treatment 

plants. Some of these pesticides (e.g., atrazine and lindane) used in agriculture are found 

in groundwater. In a field experiment, Cites [46] evaluated the mobility of contaminants 

by measuring the percolate water quality differences between irrigation with recycled 

water and the local groundwater (current source of irrigation water). In an independent 

study, Snehota et al. [47] conducted miscible displacement experiments in the laboratory 

to determine the transport parameters of the same contaminants. He obtained distinct 

breakthrough curves (BTCs) for compounds including atrazine, NOMA, and lindane and 

the transport parameters of these chemicals were determined using inverse modeling 
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approach from the BTCs. However, transport parameter of emerging contaminants such 

as El, E2, OP, and NP could not be determined due to insignificant BTCs resulted from 

substantial adsorption to soil. These experiments were not designed to investigate the 

influence of different components of soil and wastewater on the mobility of these 

contaminants in the environment. No specific reason for elevated adsorption could be 

established as column experiments alone are inadequate to explain the results without 

more controlled batch studies. The presence of sorption non-equilibrium was not verified, 

which might be important for long-term leaching behavior. Soil organic matter (SOM) 

was hypothesized as the primary sorbent for sorption considering the minimal 

contribution of other components including clays and metal oxides. However, SOM 

decreases significantly with soil depths. Below a few feet from ground surface (or below 

root zone), the primary components of soil consists of secondary minerals such as metal 

oxides and clay minerals. In the absence of significant SOM, the mobility of the 

contaminants would increase. Therefore, the relative contributions of other mineralogy 

except soil organic carbon on sorption of contaminants should be investigated for a 

complete feasible study. Most of the previous studies were limited to pure mineral which 

have completely different properties from the minerals present in soil [48-50]. 

Performing experiments on the minerals isolated from soil will provide additional 

information on transport of these contaminants below the root zone. Different wastewater 

constituents such as salinity and dissolved organic carbon (DOC) could increase the 

mobility of these compounds. Effect of different controlled parameters such as pH and 

ionic strength on the mobility of the contaminants was not examined in the previous 

study. 
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1.3. Motivation 

There is certain long term prospective of this thesis work as summarized below. 

(a) The research on environmental fate ofEDCs in relevance to wastewater reuse will 

provide vital information to the ongoing research of these emerging contaminants. 

Previous studies, as mentioned earlier, were limited to tests where deionized (DI) 

water was used to characterize the transport parameters. Using recycled water 

could reveal any additional information that can be a representative of real 

environment. 

(b) Using two depths of soils, high and another low in organic carbon could provide 

better assessment to the feasibility study of wastewater reuse. 

(c) By investigating the relative importance of different components of soil and 

wastewater in relevance to mobility of these contaminants, precautionary 

measures could be taken in different areas prior to wastewater irrigation. 

1.4. Hypothesis 

There are two hypothesis involved in this work: 

1. Organic carbon in soil provides the maximum sorption sites to bind EDCs. 

Reason: Hydrophobic interaction dominates over other ion specific interaction 

considering high octanol-water partition coefficient (K.,w) and acid dissociation 

constant (PKa) of EDCs. Therefore these chemicals will have strong affinity 

towards organic carbon in soil. 
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2. Dissolved organic carbon (DOC) in wastewater will increase the mobility of these 

chemicals in soil. 

Reason: Presence of DOC in water will decrease the hydrophilic nature of water 

(more hydrophobic media), thereby, creating more favorable environment for 

EDCs to remain in the solutions. As a consequence, the relative affinity toward 

solid surfaces will decrease. 

1.5. Objectives 

The primary objectives of the current work are as follows: 

(a) Determine the partition coefficient of four EDCs including EI, E2, OP and NP on 

soil from two different depths (2 It and 15 It) 

(b) Evaluate the effect wastewater components including dissolved organic carbon, 

salinity, and pH on the transport of the above chemicals, and 

( c) Estimate the transport parameters of these chemicals by using an appropriate 

model. 

1.6. Methodology 

The current work is going to divide into several sections. Each section will 

address a specific area that is required to meet the overall goal of the proposed study. 

First, the characterization of wastewater and recycled water will be done in order to 

correlate the experimental outcomes with type of soil and water used. The result of this 

study will be helpful to design the laboratory experiments including batch sorption and 
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infiltration through packed soil column. The detection limit of analytical method to detect 

EDCs in environmental sample including wastewater is genera1ly improved to ngIL by 

concentrating the sample using technique such as SPE. However, both batch sorption and 

column leaching experiments designed in this study will produce low sample volume 

where any preconcentration technique is not suitable to improve the detection limit. 

Therefore, it is required to use an analytical method to analyze the EDCs from 1 mL 

sample volume without using any preconcentration technique. The detailed analytical 

method used in this work will be addressed in separate section. Two different types of 

experiments, i.e., batch sorption and column leaching study, will be performed to reveal 

the behavior of EDCs in soil. The results of both experiments will be compared by 

anticipating the uniqueness of the principle involved in both type of experiment. At the 

end. inverse modeling will be performed to determine the transport parameters of the 

chemicals using the result obtained from column leaching study. The detailed 

methodology for this work is briefly described in Figure 1.5. 
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1.7. Thesis Outline 

Chapter 2 describes the experimental methods used for physical and chemical 

characterization of soils and wastewater followed by result in relevance to EDCs 

mobility. The detailed analytical method to analyze selected EDCs in water samples 

using HPLC-fluorescence spectrometry is described in Chapter 3. Chapter 4 presents the 

experimental procedure for all the batch sorption experiments. The results are analyzed 

and compared with other published data before presenting conclusions. Miscible 

displacement studies and breakthrough curve analysis of these chemicals are reported in 

Chapter 5 followed by a description of the flow interruption method to determine the 

effect of non-equilibrium sorption on transport of EDCs. Inverse modeling using 

HYDRUS 1D is performed in Chapter 6 to determine transport parameters of these 

compounds. The general conclusions are synthesized in Chapter 7 followed by a 

discussion of few limitations of the current work. Lastly, possible recommendations of 

the work are presented 
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CHAPTER 2 

CHARACTERIZATION OF SOIL AND WASTEWATER 

2.1. Introduction 

Soils can be defined as a porous media created from rocks by the weathering 

process including biological, geological and hydrologic phenomena. The basic 

composition of soils can vary from one to another depending on its source and the 

weather or surrounding it has been subjected to during the process of weathering. Most 

soils are composed of primary minerals and secondary minerals irrespective of their 

sources [51]. Primary minerals are the minerals that have not been altered chemically 

after their formation from molten lava. These types of minerals include quartz, feldspars, 

micas, olivine, amphiboboles, pyroxenes. On the other hand, secondary minerals are the 

weathering products of primary minerals which consist of oxides (goethite, hematite, and 

gibbsite), layer silicates (Kaolinite, smectite, vermiculite etc.) and organic amorphous 

materials. However, the final composition of any soils depends on five soil formation 

factors such as parent mineral, climate, topography, organisms, and time [52]. The 

mineralogy of tropical soils is substantially different from soil from temperate region due 

to the existing warm and humid condition of tropic that has potential to accelerate the 

weathering process of soil [53]. 

The mineralogy of soil has direct correlation with the physical and chemical 

properties of soil. The retention of contaminant by soil depends on several physicals and 

chemical properties of soil. The physical properties which have definite role in 
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contaminant transport includes (not limited to) soil surface area (related to texture and 

structure), porosity, and particle size distribution. The chemical properties of soil that can 

affect the mobility of contaminants are soil pH, cation exchange capacity (CEC), charge 

characteristic at surface and the elemental composition of minerals associated with soil. 

Unlike soils from temperate region, tropical soils show variable charge properties. 

Soils from this region primarily consist of permanent structural charge and variable 

surface charge. The permanent structural charge, CTo (negative) is created by successive 

isomorphic substitution of trivalent (A13
), divalent (Mg2+, Ca2) and monovalent (Na+, 

K) cation replacing tetravalent silicon from crystalline structure of parent minerals. This 

process produces significant surface charge in 2: I layer silicates than 1: 1 layer silicates 

[54]. The hydroxyl groups exposed on the outer periphery of minerals are the origin of 

variable charge in soil. However, the reactivity of OIr group in response to change in 

solution pH depends on the orientation and coordination of OIr groups in mineral 

surfaces. The absorption and dissolution of proton takes place giving rise to different 

surface charge at different pH. Therefore, this charge is often termed as proton dependent 

charge, CT H • The sign of CT H depends on the solution pH. Point of zero charge, pRo is the 

value of pH at which the net surface charge is zero. Silica and organic matter have low 

pRo values; thereby increase the CEC of soil. On the other hand, soils rich in iron or 

aluminum oxides show relatively high pRo value and it also contribute to the anion 

exchange capacity of soil. Beside intrinsic surface charge, soil particles also consist of 

inner-sphere complex charge (other than HT and OIr), CTIS and outer-sphere complex 
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charge, 0' os (Equation 2.1). Therefore, the total particle charge is sum of all the four 

components as shown below. 

(2.1 ) 

The soil particle charge is always balanced by the ions present in soil solution. 

These charges are termed as the diffuse-ion, 0'0' Several theories have been proposed to 

describe the distribution of charge at the soil surface [55]. The charge interaction in soil 

colloids has been described by Guoy-Chapman theory and stern theory where the surface 

charge is expressed as a hyperbolic function of pH [53]. According to this theory, the 

ions (co-ions or ions with same charge and counter ions or ions with opposite charge) 

within electrolyte solution arranged in layers surrounding the soil particles in order to 

neutralize any particle charge associated with soil. The charge distribution in these layers 

depends on the magnitude of the variable charge. Consequently, it is the variable surface 

charge that has greater effect in defining the interaction between soil surface and 

contaminants by affecting the solution at soil-water interface. 

The soils for the experiment were collected from the Poamoho experiment station 

of University of Hawaii located in central Oahu was categorized as Oxisol (Rhodic 

Eutrustox, Wahiawa series). Briefly, the soil contains primarily kaolinite coated with 

oxide (Fe, AI), forming water-stable silt and sand-sized aggregates. The typical particle 

density of soil is 2.93 g/cm3
• The bulk density in the A horizon ranges from 0.96 to 1.11 

g/cm3 and the typical bulk density of the B horizon is 1.33 glcm3 [56]. Soils of this series 

usually have high residual water content due to the high proportion of micropores. Miller 

et aI. [56] found the residual water content to range from 0.26 to 0.54 at 15,000 mm of 
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suction while conducting water retention measurements. Some of the properties in 

relevance to contaminant transport such as particle size distribution and charge properties 

of soil are missing in the previous study. Again, due to the variability associated with 

soils from different parts of the same site, it is essential to characterize physical and 

chemical properties of the soil. 

The fate of chemicals in the enviromnent also depends on the property of water 

which carries the contaminants to deeper soil. Therefore, it is necessary to characterize 

the wastewater prior to conduct the transport experiment. The primary goal of this 

chapter is to characterize selected physical and chemical properties of soil and 

wastewater in relevance to contaminant transport. 

2.2. Materials and Methods 

2.2.1. Sampling and Storage 

The soil was sampled using hand augur at two depths (2 ft and 15 ft). The soils 

were collected in a polyethylene bag and dried at room temperature for one week inside 

the laboratory. Then the soils were stored in an air tight polyethylene bag until further 

use. The wastewater for this study was obtained from the City of Honolulu's Honouliuli 

Treatment Plant. The plant uses an activated sludge (secondary) treatment process. The 

treated wastewater is filtered and disinfected with ultraviolet (UV) light and termed as Rl 

water. The wastewater was collected in 20 L glass jar and stored at 4 °C to prevent any 

microbial growth during storage. The visible colloids were separated by filtering the 

wastewater using with 0.45 Ilm syringe filter. 
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2.2.2. Particle Size Distribution 

The extent to which the aggregate can influence the particle size distribution 

curve was determined by comparing the results obtained from sieve analysis and 

hydrometer test. First, approximately 1000 g of dry soil was sieved in a mechanical 

shaker to obtain the distribution curve above size 0.075 mm (200 mesh sieve). The rest of 

the curves below 0.075 mm were obtained performing the hydrometer test with 

remaining soil passing through sieve no 200. The detailed procedure for sieve analysis 

was described else where [57]. In another test, the whole soil was used in hydrometer 

test. 

Particle size distribution of soils from both depths were obtained by conducting 

hydrometer test as outlined in [58]. In this method, the particles sizes were determined by 

observing the relative settlement of particles against viscous drag described by Stokes 

law. The soil used in this study has relatively higher amount of iron oxides, which acts 

like a coagulant and forms aggregate in water. The true particle size distributions are 

difficult to determine becanse of strong cohesion of aggregates and the tendency of 

suspended particles to reform large flocs in the absence of appropriate amount of 

stabilizing agents. Different pretreatment methods to determine the true particle size 

distribution curve of soils were discussed by EI-swaity [59]. The author recommended to 

use higher amount of anti-coagulant followed by sonication of the soil suspension to 

destabilize the flocs. Therefore the method was modified slightly to obtain the true 

particle size distribution. It is generally recommended to use 4% sodium metaphosphate 

(calgon) to prevent coagulation [57]. However, this amount was increased to 8% and 

16% in order to destabilize the aggregate. Approximately 50 g soil (ovendried equivalent) 
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was soaked in calgon for 12 hours and the soil solution was sonicated periodically to 

enhance the breaking of aggregates. 

2.2.3. Organic Carbon 

The soil passing through number 200 sieve was oven dried for 24 hours at 104°C 

prior to use for total organic carbon analysis using total organic carbon (TOC) analyzer 

(Shimadzu model: SSM-5000A). The soil (0.5 g) was subjected to catalytic aided 

combustion oxidation at 900°C to analyze total carbon (TC). The inorganic carbon was 

determined by preacidifying the soil with concentrated HCI at 250°C. Similarly, the total 

organic carbon in wastewater was obtained by catalytic combustion method [60] using 

TOC analyzer (Shimadzu model: TOC-Vcph). 

2.2.4. pH and pRo 

The pH of soil solution was measured by a pH meter at a soil to solution ratio 1:5. 

The soil suspension was properly mixed in a shaker at moderate speed (10 rpm) for 24 

hours and the pH of the supernatant was measured after centrifugation at 5000 rpm. The 

pH was measured in pure water as well as 1 M KCl solution to determine the sign of 

surface charge. The detailed procedure to determine the pH of acidic soil has been 

elaborated elsewhere [61]. 

The pRo of soil from both depths were obtained using the method outlined by 

Uehara and Gillman [53]. This method is based on the principle that ionic strength 

solution has least effect on pH of soil suspension near pRo. Briefly, a soil suspension (4 g 

soil and 20 mL electrolyte solution) was prepared with 0.002 M CaCh solution at 8 
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different vials with 40 mL capacity. The pH of each solution was decreased by addition 

of suitable amounts of 0.01 N HCI. The equilibrium pH was measured by gently shaking 

the vials at 10 rpm for 48 hours. In the preliminary study, 48 hours was found to be 

suitable time to attain equilibrium pH. The ionic strength of suspension was raised to 

0.05M CaCh by adding 0.5 mL of 2M CaCh to each vial. The suspension was again 

shaken for 3 hours before measuring the pH of suspension at this elevated ionic strength. 

The pH (corresponding to ionic strength of 0.002M CaCh) at which change in pH was 

minimum was designated as pHo. 

2.2.5. Cations and Anions 

Major cations and anions in soil that could leach into the water by dissolution 

were determined by gently (20 rpm) mixing 15 g of dry soil in 30 mL of DI water for 8 

hours. The supernatants were extracted after centrifugation at 5000 rpm and analyzed for 

cations and anions using ion chromatography (Dionex DX-120). Similarly, the ions 

present in wastewater were determined after filtering through a 0.45 J.Ull syringe filter. 
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2.3. Results and Discussion 

2.3.1. Particle Size Distribution 

The results of hydrometer analysis were summarized in Table 2.1. In both case, 

the hydrometer reading was remained constant after 24 hours of settling time. However, 

no reading was taken for first one minute as the hydrometer was floating above the lower 

limit (scale in hydrometer) when 16% calgon was used. Therefore, the result 

corresponding to 16% calgon (high viscosity) should not be used. The clay content of the 

soil was found to be about 50%. However, the clay content of this soil is generally more 

than 75% [56]. Relatively higher amount of sand percentage found in this study was due 

to the contribution of soil aggregate, not individual soil particles. Presence of higher 

oxide content prevents the aggregate to break down into individual particles. Therefore, 

this method is not suitable to determine the mineralogy of soil. 

Table 2.1. Mineralogy of Poamoho soils using hydrometer 

Calgon(%) 
Soil depths 

Sand(%) Silt (%) Clay(%) 
(ft) 

8% 
2 15 35 49 

15 46 13 41 

2 25 21 54 
16% 

15 35 26 39 

25 



The effect of soi l aggregate fomlation on particle size distribution was apparent 

from hydrometer test. More than 80% of particles were found to be less than size 100 !!m 

when hydrometer test was perfollned with whole soil. In contrast, only 10% of particles 

were found to be less than 100 !!m size when both sieve analysis and hydrometer test was 

used to get the final particle size distribution curves (Figure 2.1). This indicates that most 

of the bigger size particles are actually soil aggregate. In that case, the macropores in soil 

aggregate can be interconnected by micropores. FOllllation of aggregate also reduces the 

surface area, in tum reduces the sorption capacity and CEC of soil. This finding is very 

important in understanding the experimental outcome of this research as it is already 

revealed that micropore diffusion can also control the rate limited sorption process [62-

64]. 
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Figure 2.1. Cumulative particle size distribution ( . ) obtained by combining the results of 
sieve analysis with soil ( > 0.075 mm) and hydrometer tests with soil « 0.075 mro). Size 

distribution of the whole soil (D ) by hydrometer test. 
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2.3.2. Organic Carbon 

The total organic carbon as detennined from the TOC analysis was 1.15% for 2 ft 

soils and 0.25% for 15 ft soils. No traceable amount of inorganic carbon was detected in 

either soil. The organic carbon content reported by Sanda et al. [65] was 1.34 % for the A 

horizon and 0.85% for the B horizon. The lower value of TOC for 15 ft soils in this 

current study might be due variability associated with sites. 

2.3.3. pH and pHo 

The pH and pHo of soils from both depths are summarized in Table 2.2. The soils 

from both depths showed acidic properties (PH < 6.1). The pH measured in KCl solution 

was found to be lower than that measured in water without any salt solution. Ions in the 

potassium chloride solution depressed soil pH in the both depths, indicating that the soil 

was net negatively charged [61]. The negative charge density was higher for the deeper 

soil. Soils, whose colloid fraction is dominated by silica and organic matter, have low 

pRo value and therefore increase the CEC of soil. On the other hand, soils rich in iron or 

aluminum oxides show relatively high pHo value. However, the soil used for this study 

showed pHo value at a very acidic range « 3.2). Only high organic carbon content and 

clay fraction could suppress the pRo to such an acidic range. However, it was not clearly 

understood why the pRo is so low eventhough the soil was rich in iron oxide. Again, the 

deeper soil (15ft) should have pRo higher than that of 2 ft soil due to the absence of 

organic carbon. Uehara and Gillman [53] chose 4 days equilibrium time for pH 

measurement while calcu1ating pHo. The same method was repeated by continuous 

shaking (10 rpm) of soil in order to ensure fast equilibrium within 2 days. However, this 
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method significantly affected the by lowering pHo up to two order magnitude (Figure 

2.2). Since, the equilibrium is ensured in later case, the pRo measured in the later method 

was assumed to be more practical. 

Table 2.2. pH and pHo ofPoamoho soils 

Soil depth pH 
.6.pH pHo 

(ft) (H2O) (1 MKCI) 

2 6.03 5.69 -0.34 3.1 

15 5.8 5.28 -0.52 2.6 

Use of CaCh to determine pRo as suggested by Uehara and Gillman is not an 

indifferent electrolytes. Divalent cation such as Ca2
+ could interact with soil surface and 

could change the charge distribution around the soil particle. It should be noted that pRo 

is the pH corresponding to a particular charge distribution so that net surface charge of 

soil vanishes by adsorption of OIr or W. Therefore, monovalent cation such as K+ 

should be used as an indifferent electrolyte to determine pRo. Again, the outlined method 

[53] was based on the adsorption of potential determining ion such as Ir or OIr, where 

the assumptions are made regarding the Nemstian behavior of the soil particle surfaces 

(not necessarily so) and also the insignificance of structural charge. Chorover and Sposito 

[66] modified this method by using lithium chloride instead of acid or base. They 

measured the point of zero charge by estimating the concentration of lithium and chloride 

ions adsorbed at different electrolyte concentrations. 
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10 

For this work, the accurate detemlination of pHo is not necessary. It is rather 

important to detemline the range of pH at which the surface charge becomes negative or 

positive. ft is expected that the major dissolution of soil mineral might occur near pH 4 

since the pHo of soi Is from both depth lies below 4. 
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2.3.4. Cations and Anions 

The concentrations of di fferent cations and anions found in supernatant of soil 

solution were shown in Figure 2.3. The higher concentration of monovalent ions (e.g., 

Na) indicates the loose affinity toward soil surface compared to divalent cations. 

Relatively lower concentration of nitrate and higher concentration of sulfate in the top 2 

It so il might be due to possible fertili zer amendments at different time prior to soi l 

sampling. Similarly, the relative concentration of sodium ion was found to be one order 

higher than other divalent cations in recycled water (Figure 2.4). Bromide was used as a 

tracer in infiltration study due to its relatively less concentration in recycled water 

compared to chloride ions. 
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2.4. Summary and Recommendations 

Following are the summary of the resu lts obtained in this chapter. 

(a) The soil is composed of highly aggregated structure. 

(b) The organic carbon of2 ft soil is 1.15 % and that of 15 ft soil is 0.25%. 

(c) The soils have net negative surface charge and the pHo of soils fTom both depths 

are below 4. However, the underlined test to determine pHo might not be accurate. 

It is recommended to redo it using other methods [66]. 
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CHAPTER 3 

HPLC - FLUORESCENCE MEmOD TO ANALYZE EDCs 

3.1. Introduction 

Both high perfonnance liquid chromatography (HPLC) and gas chromatography 

(GC) coupled with mass spectroscopy (MS) have been widely used to analyze many 

emerging contaminants including phannaceuticals, honnones, and endocrine disrupting 

chemicals in aqueous environmental samples [67,68]. Non polar or less polar pollutants 

(less water soluble) are preferably analyzed using GC which requires evaporating the 

sample at high temperature [69]. However, polar compounds (less volatile) involve 

further derivatization to replace the polar component prior to analyze in GC [70]. Again, 

the effectiveness of derivatization procedure can depend on several factors including 

compounds properties, nature of derivatization reagent, the solvent, and the reaction 

conditions such as temperature and time [71]. Therefore, this method is inadequate to 

analyze group of compounds widely different in the physical and chemical properties. 

For this reason, HPLC-MS method was used to analyze most of the aqueous 

environmental samples [72]. The detection limit and sensitivity of HPLC method have 

increased significantly up to concentrations as low as ngIL by coupling tandem-MS with 

LC-MS [73-75]. The detection of compounds by MS is based on their mass to charge 

ratio at its fragmental (ionized fonn). Therefore, it is required to eliminate other 

unwanted ions (referred to ion suppression in MS) that could be present in the matrix 

[76]. Ion suppression was a problem in treated and raw wastewater, and even in surface 
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water [77,78]. Several review paper were published to summarize the current knowledge 

about the analysis of estrogens in aqueous matrixes [79-81]. 

The current study involved batch sorption experiment and packed column 

infiltration experiment where the lower effluent volume (maximum 10-20 mL) limits the 

effective use of any preconcentration method. Again, the time required to obtain the 

breakthrough curve in column infiltration study is not feasible if the input concentration 

is lower than 100J.1gIL [47]. Therefore, a higher input concentration (- 500J.1g1L) was 

used to ensure observable breakthrough. Use of higher input concentration also 

e1iminated the need of lower detection limit for which rigorous analytical techniques are 

required. HPLC coupled with a fluorescence detector can be used to analyze EI, E2, OP 

and NP in aqueous sample without any pretreatment. The presence of unsubstituted 

aromatic rings in these compounds ( see Figure 3.1) makes it fluoresce in solution [82]. 
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(Estrone; E I) 

(17~ Estradiol; E2) 

(Octylphenol) 

(Nonylphenol) 

Figure 3.1. Structural properties ofEI, E2, OP, and NP. El and E2 have plannar structure 
with cyclic ring of carbon. OP and NP contains one phenol substituted by a alkyl groups 

[83] 
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The HPLC-fluorescence method has been used by several authors to analyze 

EDCs in environmental samples[84,85]. Ying and Kookana [86] studied the degradation 

of five EDCs including EI, E2, OP, NP, and biphenol A in marine environment using 

HPLC fluorescent detector. However, these methods were accompanied by 

preconcentration method such as SPE. Therefore, it is necessary to develop or modifY the 

current HPLC fluorescent methodology in order to analyze the aqueous sample without 

pretreatment. 

This chapter mainly focused on the development and validation of the HPLC

fluorescence method for analysis of selected EDCs without any pretreatment. 

3.2. Materials and Methods 

3.2.1. Materials and Supplies 

Estrone (E 1) (99% pure, Sigma), 1713 estradiol (E2) (97% pure, Aldrich), 

octylphenol (OP) (99% pure, Aldrich), and nonylphenol (NP) (98+ % pure, Alfa Aesar) 

were used in this study without further purification. The selected physico-chemical 

properties of these compounds are given in Table 3.1. HPLC grade methanol, acetone, 

acetonitrile were obtained from EMD chemicals Inc. (NJ). Milli-Q reagent grade 

deionized ron water (Millipore) with conductivity less than 10 )1S m· l was used for all 

experiments including cleaning of glassware. Stock solutions of 1000 mgIL for all 

compounds (not mixture) were prepared in acetonitrile and stored at 4 °C for further use. 

The stock solution was diluted to desired concentrations for the sorption experiments. No 

degradation or transformation of these compounds in the stock solutions was found 

during the experimental period. 
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A Thermo Finnigan Surveyor HPLC system (Waltham, MA, USA) coupled with 

photo diode array (POA) detector and RF 10XL fluorescence detector (Shimadzu) was 

used to analyze the four EOCs. A Resek Ultra CS reverse phase column (100 mm x 2.1 

mm, 3.0 !lm) protected by a guard column with a matching stationary phase was used to 

separate these compounds. Both columns were kept at 30°C during analysis. Acetonitrile 

and 01 water were used as mobile phase. 

Table 3.1 Structure and physicochemical properties of selected endocrine disruptors 

Estrone 1713 estradiol Octylphenol Nonylphenol 
Properties 

(E1)" (E2)b (OP)b (NP)b 

Chemical formula CUiH2202 C1sli240 2 CI~220 C1sH240 

Water solubility (mg L-1
) 13 3.S5 1.66 4.52 

LogK.w 3.43 4.01 5.76 5.85 

pK. 10.23 10.3 10.25 10.24 

" From [S7], b from[8S] 
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3.2.2. Instrumental Method 

The stock solution was prepared using 100% acetonitrile and stored at 4° C. A 

concentration of 750 Ilg/L was prepared by spiking a few microliters of stock solution in 

to 100 mL of DI water so that the acetonitrile concentration in final solution remained 

below 0.05%. The final solution was diluted several times to prepare calibration standard 

with concentration ranging from 5 Ilg/L to 750 Ilg/L. 

Two separate isocratic methods with flow rate of 0.3 mUmin were employed to 

analyze these four EDCs. The samples were injected at full loop volume (25 ilL) to 

attend maximum detection limit. Estrone and 17~ estradiol were analyzed by using 50:50 

acetonitrile/water mobile phase. On the other hand, an 80:20 acetonitrile/water mobile 

phase was used to separate the peaks ofOP and NP. The standard solution was scanned 

to optimize the excitation and emission wavelength corresponding to each compound. 

The best peaks for OP and NP were obtained at an emission wavelength of 225 nm and 

adsorption wavelength of 300 nm in fluorescence detector whereas the absorption and the 

emission wavelengths of 280 nm and 310 nm respectively, were set to analyze El and 

E2. In both cases, the run time was limited to 10 minutes. El and E2 were also monitored 

by UV detector at emission wavelength 280 nm. However, the UV detector was not 

sensitive to analyze El and E2 below a concentration of 100 Ilg/L for wastewater 

samples and below a concentration of 50 Ilg/L for DI water satnples. 
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3.3. Results and Discussion 

The peaks were separated within the run time of 10 min as shown in Figure 3.2 

and Figure 3.3. E1 and E2 were eluted at times 5.95 and 7.91 minute respectively. The 

retention time of OP and NP were found to be 6.43 min and 7.66 min, respectively. The 

Kaw values of two alky1phenols are one order higher than both E1 and E2. Therefore, 

higher amount (80%) of non polar solvent (acetonitrile) were required to elute more 

hydrophobic alky1pheno1 in contrast to 50% acetonitrile needed to elute the estrogens. 

The peak intensity corresponding to OP and NP were comparable to each other. On the 

other hand, E I showed one order less sensitivity compared to E2 (Figure 3.2). 

The detection limit of the fluorescence detector was found to be I ).lg/L without 

any impurities in the samples. However, the baseline of the chromatograph was raised 

while analyzing the samples containing recycled water or supernatant of batch sorption 

experiments. The detection limits for the samples in recycled water ranged from 5 ).lg/L 

(E2) to 20 ).lg/L (EI). However, higher concentrations (500 ).lg/L) of these compounds 

were used in both the batch sorption and column leaching experiments. Therefore, a 

detection limit of20 ).lg/L is appropriate within the experimental uncertainty. 
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A six point calibration curve with an excellent linear fitting (R2 > 0.997) was 

obtained for each compound. The calibration curves for OP and NP were shown in Figure 

3.4. At lower concentration « 50 ~gIL) while approaching to detection limit (- 10 ~glL), 

there was slight deviation fTom the linear trends of calibration curve. However, the 

sample concentrations (> 50 ~glL) for the experiments lied within the linearity range. 

The impurity present in wastewater samples might not have the fluorescence 

properties within the wavelengths used in the analysis. Therefore, the base line was 

relatively stable in fluorescence spectroscopy compared to UV-spectroscopy. 
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Figure 3.4. Calibration curve of octylphenol and nonylphenol 
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Figure 3.5 . Calibration curve ofEI and E2 

The HPLC-fl uorescence method can be suitable in analyzing aqueous samples 

without any pretreatment. However, it is not an appropriate analytical method when the 

concentrations of the contaminants in the samples are below Illg/L. The detection and 

sensitivity of this method could further be enhanced by using a preconcentration 

technique such as solid phase extraction prior to analysis ofEDCs. 
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CHAPTER 4 

BATCH SORPTION EXPERIMENTS 

4.1. Introduction 

4.1.1. General Theory 

Batch equilibrium tests are the most convenient and widely practiced tests to 

evaluate the capability of suspended soil solids to adsorb contaminants in the liquid or 

gas phase. This technique involves agitation of previously air-dried, uniformly grounded 

soil in aqueous solution containing contaminants with a range of concentrations at 

constant temperature [89]. After the equilibrium is achieved, the soil particles are 

separated from supernatant by centrifugation. The supernatants are then analyzed for the 

equilibrium concentration of contaminants to determine the partition coefficient 

(Equation 4.1) of the corresponding compounds. 

where, 

K 
_ C, 

d-
Caq 

Kd is the partition coefficient (kgIL), 

(4.1 ) 

Caq is the equilibrium concentration of contaminants in the aqueous phase (J.LgIL), 

C,[ 
(Co-Cmaq, )xVo] is the concentration of contaminants in solid phase 

(J.Lglkg), 
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Co, Va and m, are the initial concentration of contaminants added to the batch, 

volume of liquid phase (water) and mass of solid phase (soil) in each batch respectively. 

The graphical relationship between concentrations of contaminants in liquid phase 

and solid phase at equilibrium is referred to the isothenn of the contaminants. Any loss of 

contaminants in the aqueous phase during agitation is assumed to be due to the adsorption 

of contaminants into solid phase. Most of the hydrophobic organic contaminants are 

implicitly adsorbed to the organic carbon present in soil. Therefore. the partition 

coefficient is often normalized to the fraction of organic carbon foe present in the soil. 

The normalized partition coefficient is referred to Koc [ = KY;oeJ. For ionic or semi

polar compounds, organic carbon might not be the primary source to adsorb 

contaminants. The isothenn described by Equation 4.1 is often referred as linear isothenn 

model where the partition coefficient, Kd is independent of aqueous concentration of 

contaminants. Again, linear model assumes the infinite adsorption capacity of soil 

irrespective of contaminant concentration. Therefore, the linear model does not hold well 

when the sorption sites are limited and the concentrations of contaminants is relatively 

higher to saturate the sites [90]. Several non-linear models, including the Langumuir and 

the Freundlich models, have been used to fit the adsorption isotherms when the linear 

partitioning theory failed to explain the adsorption of organic contaminants [91]. Among 

these models, the Freundlich empirical model (Equation 4.2) is widely used to fit the 

isothenns of different contBminants in soil. It should be noted that the choice of isothenn 

can effectively change the prediction of solute mobility in the soils [92]. 
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(4.2 ) 

Where, KF is the Freundlich coefficient and the Freundlich exponent, n represent 

the non-linearity of isotherm. 

It is important to note that the partition coefficient is not a state property. It is 

rather dependent on experimental conditions (e.g., soil to solvent ratio) as well as the 

properties of the analyte and adsorbent (soiIs).Therefore, several guidelines are developed 

by different agencies [93,94] for a consistent determination of partition coefficient. The 

proposed guidelines are based on some basic criteria for batch sorption experiments. Few 

of them are outlined below. 

1. The solid to solution ratio should be at least 1:5 or 1: 10 by mass. 

2. The equilibrium concentration after shaking should lie between 20-80% of 

initial concentration. 

3. Experiment should be designed to incorporate any loss of contaminants from 

solution other than sorption (e.g., degradation, evaporation). 

Irrespective of the variability involved in the calculation of partition coefficient, 

the batch technique has several advantages over other techniques. Those are summarized 

below. 

1. In addition to the less time and effort required to determine the partition 

coefficient, it also provided an easy control to change the conditions that can 

effect the sorption 
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2. The effect of different controlling parameters such as temperature, pH, ionic 

strength, organic carbon (in solutions as well as in sorbent) can be evaluated 

with less effort. 

3. This experiment can also be designed to evaluate the sorption mechanism. 

4.1.2. Batch Sorption Studies on EDCs 

Endocrine disrupting chemicals (EDCs) are currently the priority in 

environmental research because of their long-term health and biological effects. Much of 

the current research on EDCs are primarily focused on ecotoxicological identification of 

a ranges of chemicals with characteristic of potential endocrine disruptors, development 

of new analytical technique for detecting trace levels of EDCs at ).lg/L or ng/L level, and 

field-monitoring studies to evaluate transport of EDCs as a result of land application of 

EDCs source including biosolids. The impact of the entry of these harmful chemicals in 

aquatic system and their subsequent fate in environment largely depends on their 

interaction with soil and sediments. However, very little research has been done in this 

area. 

Lai et aI. [83] determined the partitioning of estradiol, estrone, estriol, 

ethynylestradiol, mestranol, and estradiol valerate from water to sediments by conducting 

batch sorption experiment. Several authors studied the persistent of estrogens in 

agricultural soils and biosolids [95-97]. Casey et aI. [98] used equilibrium and kinetic 

batch sorption experiments, and column study to evaluate the fate and transport of 17B 

estradiol and its primary metabolite, estrone, in natura1 soil. Yu and Huang [99] examined 

the competitive sorption between EE2 and two aromatic hydrocarbon compounds, 
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phenanthrene and naphthalene on three sediments. Jacobsen et al. [96] explored the 

dissipation of testosterone over a range of amendment concentrations, temperatures, and 

soil types. Recently, Lucas and Jones [100] looked into the biodegradation of estrone and 

17{1 estradiol in grassland soils amended with animal waste. Shareef et al. [101] 

conducted batch study to evaluate the sorption of bisphenol A (BPA), 17a

ethynylestradiol (EE2) and estrone on minerals including goethite, kaolinite and 

montmorillonite. Xia and Jeong [102] investigated the effect of artificial sunlight on 4-

nonylphenol degradation in biosolids applied to soil in laboratory experiment. Jacobsen et 

al. [103] used lysimeter to evaluate the degradation and mobility of linear aIkylbenzene 

sulfonate and nonylphenol in sludge-amended soil. Zhou [104] studied the effect of 

colloid on the sorption and desorption of 4-tert-octylphenol to sediments. During et al. 

[lOS] quantified sorption and desorption behavior of radio leveled nonylphenol in a set of 

5 I soils using the batch equilibrium approach. Hesselsoe et al. [106] scrutinized the 

mineralization of 14C-Iabeled NP in homogenized and nonhomogenized sludge-soil 

mixtures. Very recently, Shibata et al. [107] studied the microbiological degradation of 

phenol and some of its aIkyl-derivatives under both aerobic and anaerobic conditions in 

seven Japanese paddy soils. 

All these recent research evaluate the fate of these EDCs based on the degradation 

and sorption in soil environment. None of the above studied addressed the effect of 

recycled water on the transport of these contaminants. The presence of dissolved organic 

carbon and elevated salinity level in recycled water might accelerate the mobility of the 

organic contaminants [108]. 
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This chapter addressed the following objectives: 

1. To determine the partition coefficients of these chemicals in this soil, 

2. To investigate the sorption capacity of different constituents (oxides, SOM, 

clays) ofOxisol, and 

3. To evaluate the effect wastewater on transport ofEDCs 

4.2. Materials and Methods 

4.2.1. Quality Assurance and Quality Control 

The protocol followed in this experiment was similar to the guidelines developed 

by the Organization of Economic Co-operation and Development (OECD) [93]. 

However, the liquid to solid phase ratio in the batch sorption experiments were reduced 

to 100:1, so that nearly 50% of initial mass input could be partitioned into the solid phase. 

Several authors discussed the effect of soil to solution ratio on partition coefficient. Voice 

et al. [109] showed that the lower soil to water ratio overestimated the final value of Kd • 

On the other hand, Boesten [110] identified this discrepancy as an inherent error in the 

experiment. He derived a mathematical expression to quantify the error in determining 

Kd at different soil to water ratios. In his statistical analysis, he attributed the 

experimental error in equilibrium concentrations as the primary result for the error in the 

sorption coefficient. Use of higher amount of soil (soil to water radio> 1: 100) limited the 

analysis of trace concentration due to complete adsorption at the soil surface. Therefore, 

sorption experiment were carried out at this soil to water ratio anticipating some error 

involved in the final determination of K d • 
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Batch sorption experiments were carried out in glass vials with Teflon lined cap 

(40mL capacity; I-Chem). The photodegradation was minimized by covering the vial 

with aluminum foil. The standard samples were processed through the same method as of 

the supernatant to incorporate the loss due to other factors including degradation, 

evaporation. Sodium azide (100 mgIL) was used to inhibit the microbial activity inside 

the batch. All the experiments were performed with triplicate samples. 

The vials after use were rinsed with acetone and soaked in DI water for 2 hours. 

The washed vials were kept at 180°C for 8 hours. No residual concentration ofEDCs was 

found in washed vial. Therefore, they were reused in future experiments. 

4.2.2. Methods 

Unless otherwise specified, 0.25 g of soil (dry equivalent) was used in 25 mL of 

solution for isotherm experiments. A background electrolyte (0.OO5M CaCh) was used to 

maintain the same ionic strength as used in column leaching experiments. Using salt 

solution also prevent dissolution of minerals during batch sorption. The equihbrium time 

was determined through kinetic experiments. The mixture of the compounds was used for 

each study except for the experiments where the effect of competitive sorption was 

evaluated. The maximum concentration used for the batch study was 0.5 mgIL (less than 

their aqueous solubility) for each compound. Both the topsoil (2ft depth) and the saprolite 

(l5ft depths) from Poamoho were used to identify the change in sorption properties at 

different depths. Both recycled water (RI) and DI water were used in the experiment to 

estimate the effect of recycled water on sorption. 
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Kinetic experiments were conducted to detennine the order of reaction as well as 

to estimate the equilibrium time for sorption experiment. Approximately, 0.25 g dry soils 

were mixed in a vial with 25 mL of solution containing a mixture ofE!, E2, OP, and NP 

at concentration 0.5 mg/L each. The samples were analyzed at time intervals of 0.5, I, 2, 

4, 8, 19, 30, 50, 96 and 144 hr. Triplicate vials were used at each sampling time. 

Batch sorption experiments were conducted using the same procedure as 

mentioned above. The concentrations of contaminants used in these experiments were 

0.1, 0.2, 0.3, 0.4 and 0.5 mg/L. The solution containing a specified concentration of 

contaminants were mixed with soil in a shaker at 25 rpm till equilibrium was achieved 

(equilibrium time was detennined in the kinetic experiment). The equilibrium aqueous 

concentration was analyzed by extracting approximately 1.5 mL of supernatant followed 

by centrifugation at a speed of 5000 rpm for IS minute. Isotherms of the compounds 

were obtained for each soil depth using both DI water and RI water. 

Experiments were designed to investigate the change in partition coefficient in 

presence of other competitor. Here EI was used as the competitor ofE2 and vice versa in 

two different sets of batch experiments. First, the Kd of each compound was detennined 

in absence of a potential competitor. Then the Kd of the compound was reevaluated 

using a mixture of competitors at similar concentrations mentioned earlier. 

The effect of soil organic matter on the sorption of EDCs was investigated by 

comparing the isotherms of these compounds in soils from the two depths having 

different amount of organic matter. Similarly, the effect of DOC on sorption was 

examined by comparing the isotherms obtained using DI water and RI water. Here RI 
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water was used as the source of dissolved organic carbon instead of preparing solution 

containing known organic carbon such as humic acid [49]. The salt content of the DI 

water was increased to the same level of Rl water to ignore any effect of ionic strength 

while estimating the effect of dissolved organic carbon in wastewater. 

The effect of pH on the sorption of each compound was analyzed by conducting a 

sorption edge experiment as described by Figueroa and Mackay [Ill]. The only 

difference of sorption edge experiment from usual sorption study is the number of 

samples used to calculate Kd • In this experiment, only one equilibrium concentration was 

used to estimate the partition coefficient Kd estimated in this method can provide a 

comparative result to elucidate the change in Kd at different pH though this method 

assumes perfect linearity of the isothenn. The pH of soil suspension was changed by 

adding either 15 ilL or 30 ilL of 1M Hel or 1M NaOH. The equilibrium pH was 

measured prior to sample analysis. The same methodology was followed to determine the 

effect of salinity (ionic strength) on the sorption of EDCs. Both NaCI and CaCh salt 

solutions were used to investigate any possible change in Kd corresponding to divalent 

cation (Ca2+) and monovalent cation (Na+I
). The concentrations ofNaCI or CaCh were 

varied form 0.005 M to 0.5 M. In these experiments, only topsoil was used. 

The sorbed EDCs were recovered from soil using different solvents. This 

recovery test can provide information about the relative contributions of different kinds 

of reactions on overall sorption on the soil surfaces. The numbers of mechanisms tested 

in this method were hydrophobic. ion specific. complexation with iron oxide. or 

complexation with divalent cations using methanol, 3M NaCI. 0.25 M EDTA and 1M 
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CaCh, respectively at pH in the order of 8. EDT A dissolved completely at a pH range 

above 7.5. Therefore, the pH of other solutions including 3M NaCI and 1M CaCh were 

kept at the same pH level (-8) in order to rule out the effect of pH on recovery or 

desorption. A similar method has been used by other researchers [111]. Briefly, 0.7g of 

dry soil was presaturated with contaminants by spiking 30 ILL of concentrated solution 

(1000 mgIL in acetonitrile) into the soil suspension (60 mL electrolyte solution) three 

times at 12 hour intervals. In this way, the relative adsorption of contaminants to soil was 

increased without using higher concentration (near solubility limit) of contaminants 

initially. The pH of the final solution was raised above 7.5 for each solution. The 

equilibrium concentration in the solid phase was estimated by calculating the aqueous 

concentration at equilibrium. The supernatants were discarded after centrifugation. The 

mass of residual water inside soil was determined by measuring the weight of soils after 

discarding the supernatant. Correction was made to calculate the actual amount of 

contaminants absorbed into the soil by subtracting the concentration contributed by the 

entrapped water. Then the soil was re-suspended in 30 mL of appropriate solvent for 12 

hours to enhance the effect of one specific type of reaction in the desorption process. The 

supernatant was again analyzed for the concentration of the recovered contaminant. The 

degree to which each solvent was able to recover the sorbed contaminants from soil, was 

used as an indicator of the dominant mechanism in sorption. 
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4.3. Results and Discussion 

4.3.1. Kinetics 

The results of kinetic studies for the four EDCs are shown in Figures 4.1 and 4.2, 

respectively. Both OP and NP were degraded into their metabolites within 20 hours of 

reaction time. Significant adsorption and degradation limited the determination of their 

partition coefficients and other relevant parameters using batch sorption techniques. 

Generally, higher sorption of contaminants is expected for soil with higher 

organic carbon. However, OP could not be recovered from saprolite that has less organic 

carbon (0.25%). Therefore, it suggested that minerals other than organic carbon might 

have contributed to the decrease concentration of phenols during sorption experiment. 

Several authors [112-114] identified the role of metal (Fe, AI, and Mn) oxides in 

irreversible transformation of phenol. 

Due to the rapid degradation of OP and NP in topsoils and saprolite, batch 

sorption experiment was not the suitable technique to determine their transport 

parameters. However, column infiltration tests were performed for further investigation 

of these compounds. 
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Figure 4.1. Kinetics study with Octylphenol and Nonylphenol in 2ft soil 
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Figure 4.2. Kinetics study with estrone and 17/3 estradiol in 2 ft soil 
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Equilibrium could not be achieved even after 144 hours of reaction time for the 

two estrogens. However, the uptakes of these EDCs were well-described by second order 

exponential decay as described below. In other words. the uptake kinetics was two step 

processes consisting of a first initial kinetics followed by a relatively slow uptake 

process. The results were fitted with a two phase decay function (Equation 4.3) as 

provided in the built-in program of OR GIN PRO 7.5. 

I I 

C=CO+Cle a, +C2e a, (4.3 ) 

Here al and a2 are the decay constant for two phase exponential decay. It was 

evident that the uptake rate was quite fast within first 10 hours and it slowed down after 

20 hours and remained constant till 144 hours. Similar phenomena were observed for the 

same compounds in independent studies [83,115]. The decay constants of E1 and E2 

obtained by fitting the Equation 4.3 were provided in Table 4.1. 
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Figure 4.3. Two phase exponential decay fitting with the kinetic data for E1 
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Table 4.1. Exponential decay constants for El and E2 

4.3.2. Isotherms 

Compounds 

El 

E2 

Decay constant (hr-l) 

al a2 
0.0021 0.089 

0.0026 0.023 

The isotherms of estrone and 17/3 estradiol are provided in Figure 4.4 and Figure 

4.5, respectively. Freundlich model is fitted to the isotherm data to determine the 

parameters of isotherm. A summary of the parameters obtained in isotherms are provided 

in Table 4.2. The partition coefficients of El and E2 are found to depend on aqueous 

concentration (nonlinearity). Sorption nonlinearity is observed for each compound 

irrespective of the sorbent and solvent used. Higher nonlinearity was associated with 

isotherms obtained from saprolite which has relatively lower organic carbon (0.25% in 

contrast to 1.15% for topsoil). The Freundlich model can not be fitted for E2 sorption on 

when Rl water was used. This might be due to complete saturation of sorption site even 

at lower concentration. 

Table 4.2. Freundlich constants ofEI and E2 obtained from sorption experiments 

Saprolite (13 ft) Topsoil (2ft) 

Solvent Compounds Kr n R2 Kr n R2 

El 1.1854 0.2388 0.9806 0.2019 0.8546 0.9806 

DI E2 0.2063 0.4956 0.8185 0.1078 1.023 0.9659 

E1 0.3773 0.4937 0.9981 0.3022 0.6565 0.9838 

Rl E2 0.0423 0.926 0.9848 
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4.3.3. Competitive Sorption 

The result of competitive sorption is provided in Figure 4.6. Two di fferent 

phenomena are observed in tlus experiment. First, the sorbed concentration 

corresponding to an equi li brium concentration decreases in presence of competitor. 

Second, the sorption nonlinearity increases when there is similar compounds competing 

with the compound of interest for sorption sites. Therefore, a decline in sorption capacity 

of soil could be attributed to the saturation of high energy sorption site (e.g., organic 

carbon) in presence of other competitors. Due to the same reason, the absorbed 

concentration is greatly dependent on the site available for further sorption, thereby 

increases the sorption nonlinearity. Therefore, the presence of other organic compounds 

in wastewater could enhance the leaching potential of these EDCs. 
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Figure 4.6. Competitive sorption between estrone and l7~ estradiol 

57 



4.3.4. Effect of DOC 

In the previous section, the competitive sorptions in presence of other organic 

contaminants are found to reduce the sorption capacity of estrogens. The concentrations 

of competitors in the previous experiments are set to be the same as the compounds of 

interest. Higher concentration of competitor could not be used due to the solubility limit 

of the chemicals. In this experiment, the R1 water itself was used as the source of 

competitor. The dissolved organic carbon present in RI water was regarded as the 

potential competitor irrespective of their nature and properties. The results of this 

experiment were shown in Figures 4.7 and 4.8. 

Two interesting observations could be made from these figures. First, the use of 

R1 water decreased the uptake ofEl and E2 up to 65% (slope of both isotherm decreased 

when R1 water was used). Second, the suppression of uptake rate was stronger for E2 

than E 1. Several reasons can be postulated to explain the increase in aqueous 

concentrations of E2 and E1 in RI water compared to DI water. First, the DOC in R1 

water occupied some of the sorption site previously available for contaminants uptakes. 

Therefore, less contaminant absorbed in presence of high DOC. Second, the sorption on 

to the soil media is entropically unfavorable in presence of dissolved organic carbon or 

other hydrophobic competitors [116]. This mechanism is referred to as solubility 

enhanced effect. In other words, DOC makes the water media more hydrophobic where 

the estrogens are more soluble compared to DI water. It should be noted that organic 

solvents are hydrophobic and excellent solvent for EDCs. The same phenomena can be 

explained by in terms of thermodynamical constants. The partitioning between the two 

media depends on the free energy available for the transformation of EDCs from one 
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phase to other. Change in free energy depends on both change in enthalpy and entropy 

during sorption. Entropy change is associated with the changes occurring in the 

intermolecular interaction in both phases when removing or adding the contaminants. 

Estrogens will be more stable in water containing DOC than DI water due to the 

hydrophobic attraction with DOC. Therefore, more energy is required to remove the 

estrogens from water when DOC is present The decrease in sorption is more for £2 

compared to El in presence of DOC which again supported the thermodynamic 

explanation. 

From the above discussion, it can be concluded that the effect of DOC on sorption 

of any compound greatly depends on its aqueous solubility. Higher solubility in water 

implies less interaction with hydrophobic media including DOC. The Kow of E2 is 

greater than that ofEI. Similarly, the aqueous solubility ofEI is one order higher than E2 

(Table 3.1). Due to the above reason, E2 is more stable in water than EI. Therefore, El is 

expected to be less affected by DOC change. 
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4.3.5. Effect ofSOM 

In contrast to DOC, soil organic matters (SOM) are expected to provide the 

primary sorption sites to immobilize the environmentally active estrogens due to 

hydrophobic attraction between them . The isothelills obtained for two soils having 

di fferent organic carbon fractions were compared to quantify the effect of SOM on 

sorption (Figure 4.9 and 4.10). From these figures it is evident that, SOM greatly reduced 

the mobility of the estrogens irrespective of the type of liquid phase (DI water or RI 

water) . The mineralogical composition of the topsoil is similar to saprolite except for the 

amount of organic carbon it contains. The topsoil is rich in organic residue that is 

regularly deposited from the decaying plants and living organisms. Therefore, the 

mobi lity of estrogens is expected to increase several folds once they are able to penetrate 

the top few feet soil layers. 
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So far, it is understood that SaM enhanced the sorption and DOC reduced the 

sorption of EDCs in soil environment. It is also postulated that DOC acts in the sim ilar 

manner as the EDCs while competing for a sorption site. Therefore, the mobility of 

EDCs, not only depends on the concentration of SaM or DOC, but also on the interaction 

among them. Comparing the Figures 4.4 and 4.5, it is found that DOC not necessarily 

reduces the sorption capacity of soil , especially for the soi l with low organic carbon 

content such as saprolite. It acts in a completely opposite manner depending on the 

availability of SaM. For example, the use of RI water decreased the sorption capacity of 

topsoil (high SaM) with respect to sorption ofEI and E2. On the other hand, it increased 

the sorption capacity of saprolite (low SaM). This might be due to the modification of 
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saprolite surface which becomes favorable for further contaminant absorption. Shareef et 

aI. [48] conducted batch sorption experiment using pure clay minerals and found that the 

sorption capacity of clays increased when hmnic acid or DOC was present. 

4.3.6. Effect of pH 

Except at extremely low pH « 4), there is no significant effect of pH on sorption 

of two estrogens observed (Figure 4.11 and Figure 4.12). J{,j increased abruptly when the 

solution pH decreased below 4 case of saprolite and below 5 in case of top soil. The 

results suggested that the properties of contaminants and soil remained constant within 

the pH ranges of 5 to 10. However, the surface charge properties reversed within the ph 4 

to 5. The pHo of these soils are below 4.5. This implied that the surface charge plays 

important role in sorption of EDCs in variable charge soil such as the one used in this 

study. The partition coefficient of EDCs increased when the pH is lower below pHo. 

The pKa value ofEI and E2 are above 10 (Table 3.1). They remained unionized 

in any pH below 10. Therefore, ambient pH has little effect on sorption. The pHo of 

topsoil and saprolite are below 4. Therefore, the surface properties of soil can change 

below pH 4 due to dissolution of minerals. Consequently, more sites will be active for 

adsorption. thereby elevating the partition coefficients of E I and E2 at lower pH level. 

Shareef et aI. [48] also found no contribution of pH (from 3 to 10) on the sorption ofEI 

and E2 on soil minerals. This is quite expected as the minerals used in their study don't 

show strong pH dependent surface charge. 
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4.3.7. Effect ofIonic Strength 

In the previous section (4.3.7), it was understood that both EI and E2 remained 

unionized within the environmental pH range. Therefore, any direct interaction of cations 

or anions with these compounds can be ruled out. However, absorbed ions (from RI 

water) can change the surface properties of soil and consequently affect the sorption of 

the contaminants. The change in adsorption properties of soil at different concentration of 

monovalent cation (Na+) and divalent cations (Ca+2
) are summarized in Figures 4.13 and 

4.14, respectively. An increase in the amount of salt concentration reduced the sorption 

capacity of the soil, though the trend is quite prominent for divalent cations. Ionic 

strength of any salt species depends on concentration as well as the valence of the charge 

associated with different ionic species present in salt solution. Therefore, an ionic 

strength of 0.1 M NaCI is three times less than that of O.IM CaCh. Hence, the Kd value 

in NaCl solution is approximately three times higher than that of CaCho 

As explained earlier, the reduction of sorption can not be interpreted as the 

decrease in the interaction of El and E2 on the soil surface. It is rather due to the change 

in the property of soil-water interface which makes it more unfavorable for these 

chemicals to access the sites for adsorption. Increase in concentration of salts in water 

results in diffusion of ions into the intra-pores of the aggregate. The presence of large 

concentration of ions on the soil surface can block the available sites, thereby reducing 

their sorption capacities. Increase in salt concentration also favors the coordination of 

water molecule near the soil-water interface and consequently obstruct further interaction 

ofEDCs with soil surface. 
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4.3.8. Recovery Test 

The results of the recovery of sorbed EI and E2 in different solvents are 

summarized in Figure 4.15. Less than 10% of the sorbed concentration was recovered for 

each solvent. This indicated their irreversible nature of sorption to the soil surface. The 

orders in which the solvents are effective in removing the sorbed estTogens are methanol 

> EDT A > MgCI2 > aC!. Other parameters such as pH and ionic strength did not affect 

the recovery as these parameters of each solvent are equivalent to each other. Therefore, 

the relatively order of sorption mechanism that might be expected for estrogen uptake are 

hydrophobic sorption > metal complexation > complexation with divalent ions > ion 

specific interaction. 
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Figure 4.1 5. Recovery of two hormones from saprolite using different solvents 
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4.4. Summary 

A summary of the series of batch sorption experiments is outlined below. 

1. The uptakes of the EDCs are accompanied by a fast initial sorption followed 

by a relatively slower reaction, 

2. OP and NP are rapidly degraded or transformed in both soils. Therefore, these 

contaminants would not be expected to leach to deeper soils, 

3. El and E2 strongly adsorb to both topsoil and saprolite. The sorption 

isotherms of these compounds exhibit nonlinearity with a decrease in soil 

organic matter, 

4. Dissolved organic carbon reduced the sorption of contaminants in soil rich in 

organic carbon. However, it shows opposite trend for a soil rich in metal 

oxides and low organic carbon content (saprolite). This can be due to the 

adsorption of DOC by saprolite. 

5. Soil organic carbon effectively reduced the mobility of EDCs in the 

environment, 

6. pH has little effect on sorption of EDCs to topsoil and saprolite when the pH 

remained above the pRo of soil. K.! increases abruptly at pH below pRo. 

7. Higher salt concentration effectively reduced the sorption capacity of soil for 

these compounds, and 

8. The sorptive uptakes of EDCs can be due to the sum of all mechanisms 

including hydrophobic sorption, metal complexation, complexation with 

divalent ions, ion-specific interaction with the decreasing order of their 

contribution to the overall binding to soil surface. 
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CHAPTER 5 

MISCIBLE DISPLACEMENT EXPERIMENTS 

5.1. Introduction 

Both batch sorption and flow through soil column experiments have been used to 

determine the partition coefficient of contaminants in soil. A batch experiment is 

effective to elucidate the sorption reaction mechanism associated with contaminant 

partition between soil-water interfaces. However, the hydrodynamics conditions 

(dispersed soil) entailed in this technique may not necessarily represent the field 

conditions. On the other hand, soil column leaching experiments are performed with 

intact and packed soil samples, where the hydrodynamics of solute transport are similar 

to the field conditions. The adsorption characteristics obtained in this technique is the 

result of contaminant interaction with a structured system where not all soil particle 

surfaces are exposed for interaction with the contaminants. In this method, soils are 

packed in a confined cylindrical cell made with material which is inert to the 

contaminants of concern. The concentration of the chemicals appearing in the effluent is 

measured over time and the results are plotted in the form of solute breakthrough curves 

(BTCs). Generally, the BTC is expressed in dimensionless form, i.e., the relative 

concentration versus pore volumes (PV) of flow. Here the pore volume (PV) is defined as 

the cumulative volume of flow through the soil divided by the volume of the void spaces 

in the soil. The solute transport is explained in terms of I-D classical convective

dispersion equation (CDE) under steady flow conditions [117]: 
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(5.1 ) 

where 

C = concentration of solute in liquid phase, 

t = time, 

DL = longitudinal dispersion coefficient, 

v. = average pore-water velocity ofliquid, 

Pb = bulk density of soil, 

{} = water content (porosity for saturated soil), and 

S = amount of solute adsorbed per unit mass of soil. 

Here the first, second and third terms on the right correspond to the spatial change 

of solute concentrations due to dispersion, advection and sorption respectively. The last 

term corresponds to a solute reaction with soil other than sorption. In absence of other 

reactions and under the assumption of linear sorption (though HYDRUS can use 

nonlinear isotherms such as Freundlich isotherm), Equation 5.1 can be rearranged to 

generate Equation 5.2. 

ac DL a2c ac 
-=---v-at RiJx' 'ax (5.2 ) 

where 

R ( = 1+ ~ Kd ) is the defined as retardation factor, 
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Kd ( = ~) is the linear partition coefficient of solute, and 

Vc ( = ~) is the average velocity of solute front where the concentration is one-

half of the original 

The sorption properties of the contaminants were determined to the degree of 

which the contaminants are retarded during transport study. An accurate detennination of 

retardation factor depends on the choice of isothenn to correlate the concentration of 

contaminants partitioned between the solid phase and the liquid phase [92]. The 

derivation of retardation factors or other parameter in Equation 5.2 assumed equilibrium 

of solute at the soil-water interface. However, under high flow conditions or reaction 

involving slow sorption, equilibrium might not be achieved during the contact time 

( retention time). The transport parameters obtained under these conditions overestimate 

the mobility of contaminants in soil. Therefore, it is necessary to identifY non-equilibrium 

process during the transport of contaminants. 

Several theories have been proposed to explain the possible physical and chemical 

non-equilibrium in solute transports. These include mobile-immobile region model 

[118], two-flow domain model [119,120], capillary bundle theory model [121] and 

multiple flow domain [122]. Several attempts have been made to couple physical and 

chemical non-equilibrium model to fit the experimental data. A comparative discussion 

on all these models was made elsewhere [123]. 

In addition to non-equilibrium study, a miscible displacement transport study can 

also be designed to evaluate the effect of dissolved organic carbon (DOC) on the 

71 



transport of hydrophobic contaminants. DOC from soil and water (transported from other 

region) could significantly facilitate the contaminant transport in soil [124,125]. Unlike 

groundwater, DOC is quite ubiquitous in recycled water which might compete with other 

contaminants for sorption sites in soil. AI!. a result of this competitive effect, the 

contaminants can effectively be transported into deeper soil [126]. 

The sorption of highly hydrophobic compounds such as polyaromatic 

hydrocarbons and pesticides to soil and its different components such as clay minerals 

and oxides have been extensively studied over the last three decades [127-130]. However, 

little is known about the transport of emerging contaminants such as steroid estrogens 

and alkylphenols. Limited batch sorption experiments were conducted to characterize the 

sorption phenomena in of these contaminants in soil [48,88,131]. Except for a few 

exceptions [115,132,133], limited leaching experiments were performed to evaluate the 

transport of these contaminants in soil. These previous studies were limited to estimating 

the transport parameters of these contaminants from their BTCs where the effect of other 

factors including non-equilibrium conditions and DOC were ignored. Again, none of the 

previous studies addressed the effect of recycled water on transport of EDCs. Therefore, 

miscible displacement experiments were performed to draw further insight into this 

research related to wastewater reuse. 
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These are the following objectives of the current chapter. 

1. To obtain the breakthrough curves of estrone, 17~ estradiol, octylphenol, and 

nonylphenol in column packed with soils from 2 depths (2 ft and 13 ft). 

2. To elucidate the effect of DOC present in recycled water on transport of these 

EDCs. 

3. To analyze the effect of sorption non equilibrium on transport by flow 

interruption method 

5.2. Materials and Methods 

5.2.1. Materials and Supplies 

Four columns were packed with sands and soils (either saprolite or topsoil) as 

shown in Figure 5.1. Stainless steel cylinders (internal diameter 4.75 of em x height of 

7.60 em) were used to pack the column. Plates made of pie xi glass were used to hold the 

packed cylinder. A fine wire mesh (TWP thread count 325 x 325, wire diameter 0.0014 

em, air entry value -18 cm water tension) was attached to the bottom of the soil column. 

The wire mesh was encased in a custom-made infiltration head and attached to the 

bottom of the soil column. The detailed column design was described in Figure 5.2. 

Teflon FEP tubing was used to connect the infiltration head with the fraction collector. 

Use of plastic tube was avoided as OP and NP was found to adsorb to plastic in the 

preliminary experiments. The top of the soil column was covered with a thin layer of 

non-woven glass wool to distribute the water or tracer/contaminant solution from the drip 

source over the entire soil surface. A fraction collector and the bottles containing 

background solution, and the contaminant solution were placed in a large cooler. Low 
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temperature « 15 0c) was maintained by regular replacement oficepacks to slow down 

the degradation of chemicals in the influent and the effluent. The schematic of 

experimental set up was described in Figure 5.3. The soil column assembly was elevated 

above the dripper of the fraction collector in order to gravitationally maintain a small 

water tension (-9 em of water tension) in reference to the center of the column (see 

Figure 5.4). Fraction collector was used to collect the effluent samples. Glass vials with 

10 mL capacity were used to collect the effluent (Figure 5.5). Series II HPLC pump was 

used to deliver the solution containing contaminants on top of the soil column. 

Topsoil Saprolite 

Sand layer (6.1 em) 
" , 

Soil layer (1.5 em) 

V V 
DI water RI water DIwater Rlwater 

+ + + + 
EDCs EDCs EDCs EDCs 

Figure 5.1. Four columns packed with sand and two soils (topsoil and saprolite) 
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Figure 5.4. Four column set up for miscible displacement experiment 

Figure 5.5. Sample collection by fraction collector kept inside a cooler 
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5.2.2. Methods 

The soils from both depth were sieved through ASTM sieve number 8 (opening 

size 2.36 mm) and the gravimetric water content of previously air-dried soil was adjusted 

to approximately 20% prior to the packing. The sand was treated with 6% NaOCI to 

remove any impurities including organic matter if present in the surface. Approximately, 

0.2 kg of sand was soaked in 500 mL ofNaOCI for 12 hours at room temperature prior to 

replacing the supernatant with fresh NaOCl. The above procedure was repeated 3 times to 

ensure complete removal of any organics or other surface impurities. Then the sand was 

washed with DI water with several pore volumes until the specific conductance of 

washed solution reached below 50 ).IS/cm. A few drops of AgCl (0.1M) solution were 

added to discarded solution ofNaOCI to form the white precipitate with excess cr ions. 

Absence of white precipitate also indicated the complete removal of residual chlorine ion 

from sand after washing with DI water. The treated sand was dried in oven at 104° C for 

24 hours and stored in an air tight glass bottle until further use. The effectiveness of 

removal of organic matter from sorbents using NaOCl has been discussed elsewhere 

[134]. 

A preliminary experiment was conducted using the colunm packed with sand only 

in order to differentiate the effect of sand and soil on contaminant transport. Here, the 

sand was used as an inert material to elucidate the effect of DOC on the transport of 

EDCs when little amorphous organic matter are present as adsorbent (in sand). In a 

previous study [47]. BTC was not obtained for these four EDCs after passing more than 

50 pore volume of contaminants through colunms packed with soil. Therefore, the soil 

height was reduced to 1.5 em in order to ensure the breakthrough. Sands were packed 
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over the soil to ensure hydraulic stability during unsaturated flow. The sands or soils 

were compacted uniformly by O.S em layers using a mechanical shaker. The weight of the 

column was measured after each compaction to ensure uniform packing. 

Each column was saturated with water through the bottom for one day by 

applying positive pressure from a water reservoir where water level was maintained at the 

same level that of top of the colunms. The column was equilibrated with water (de-aired) 

to ensure the removal of entrapped air in the column. This entrapped air could 

significantly reduce the hydraulic specific conductance of packed soil as well increase the 

immobile zone inside the column. This might be one of the reasons for physical non-

equilibrium [118]. 

After removal of air from the column, the background solution (CaCh solution in 

or water or Rl water) was infiltrated through the column till the flow was equilibrated 

within 0.17-0.2 mllem range for four colunms. The background electrolyte (O.OOS M 

CaCb) was used to preserve the aggregate size and the structure of soil. Higher flow rate 

(-16 cmIday) was used to obtain the BTC within few days. The half-life period ofEDCs 

used in this study are ranged from 30 days to 60 days inside soil. Consequently, an 

leaching test continuing for more than 20 days might effectively degrade the 

contaminants inside the column. Therefore, the leaching study was continued only for 10 

days to minimize the degradation of compounds. Bromide (O.OOS M KBr) was used as a 

non-reactive tracer. NaN3 (1.5 roM) was used with the input solution to inhibit microbial 

activity at soil-water interface. The concentration of each compound was kept at O.S 

mglL. Though the concentration of these compounds in environmental samples is below 

1 11g/L, higher concentration was used to get the BTCs within reasonable time. 
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Several other parameters such as specific conductance, UV absorbance (at 254 

nm), pH and temperature were monitored along with the effiuent concentration of 

chloride, bromide and the contaminants. Temperature, pH, specific conductance 

(Accumet Model 30) of effiuent was monitored for quality control or to insure the 

consistency of column condition through out the experiment. The absorbance of the 

effiuent at UV range (254 nm) was attributed to the presence of dissolve organic matter 

similar to the nature of humic acid. 

The flow was interrupted for 3 days for the sand column and 37.5 hours for the 

column packed with both soil and sand. The half life periods of the EDCs are in the range 

of 12 - 50 days. Therefore, any observed decay after resuming the flow would be 

attributed to the effect of non-equilibrium process on transport. During flow interruption, 

the outlet tube and inlet were completely sealed to prevent evaporation. 

Several transport parameters including Freundlich coefficients, degradation 

constant in water and soil, non-equilibrium parameters were obtained using the HYDRUS 

lD code. However, inclusion of several variables to fit the BTC added intricacy in 

determining the accurate set of transport parameters that can represent the soil-water 

system. 
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5.3. Results and Discussion 

5.3.1. Effluent Chemical Analysis 

For the sand column, the fraction collector was set to 0.16 mUmin which was 

equivalent to the input flux rate about 13.3 cm/day (0.16 mUmin). However, the flux rate 

was increased to16.6 cm/day (0.2 crn3/min) when soil layer was introduced beneath the 

sand layer inside the column. The flow rate was monitored by measuring the volume of 

effluent collected by the fraction collector (Figure 5.6).As an indicator of effluent ionic 

strength, the effluent specific conductance was measured for colunrns packed with sand 

only (Figure 5.7) and for colunrns packed with sand and soils. The contaminant 

concentration, added salt concentration (CaCh as background (Figure 5.8) and bromide 

from KBr as tracer) and possible cations and anions that might have leached from sand 

during the infiltration experiment, collectively contribute to the ionic strength or specific 

conductance of the effluent solution. The BTC of specific conductance fluctuated with 

variation of different components mentioned earlier. However, it can be used as a good 

indicator of possible changes of water chemistry inside the colunrns. The effluent pH 

corresponding to Rl water (Figure 5.9 and 5.10) was slightly basic (7 - 8). On the other 

hand, the pH of DI water effluent was remained in acidic range (PH - 6). However, it 

becatne basic (PH 7-8) after passing more than 15 - 20 pore volumes. It might be due to 

the adsorption of hydrogen ions to the silica surface. In the previous batch sorption 

experiment, the sorption of these contatninants was found to be unaffected by the change 

in pH from 6 to 8. Therefore, any change in solution pH inside the column should not 

affect the shape of the BTC. 
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Figure 5.9. Effluent pH of sand column 
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Figure 5.10. Efnuent pH of columns packed with sand and soils 

The chloride solution (0.005 M CaCh) was used to preserve the aggregate size 

during infiltration experiment. The chloride concentrations for each column were 

presented in Figure 5.11. The conductance of effluent was measured at 254 run as shown 

in Figure 5.12. Nomlally, most of the organic carbon with similar property to humic acid 

showed significant absorption band at wavelength of 254 nm. The total organic carbon 

concentration of effluent could not be measured accurately using TOC analyzer after 

addition of contaminants as the stock solution also contains organic solvent which can 

increase the organic level of influent. It should be noted that the characteristic of the 

effluent (specific conductance, pH and UV-absorbance) were monitored for quality 

control. The infiltration study was not designed to evaluate the effect of change of any of 

these parameters on the transport of EDCs. 
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Figure 5.11. Effluent chloride concentration of columns packed with sand and soi ls 
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Figure 5.12. Effluent UV -absorbance (at 254 nm) for column packed with soil and sand 
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5.3.2. BTCs Analysis 

The BTC of bromide tracer was obtained for or water and R I water influent. 

Bromide was found to be adsorbed to the sand surface as 20% of the input concentration 

was absorbed after passing one pore volume (Figure 5.13). The presence of soil in 

addition to sand layer did not affect the shape of BTC (Figure 5.14). The sand was 

rigorously washed with highly oxidizing agent (NaOCl). As a result, the silica surface 

became highly reactive for ion specific interaction. The reactive surface could adsorb the 

anions including bromide and chloride. Any channeling near the wall surface of column 

was mled out due to the absence of fast BTC. If there would have been any preferential 

flow, then more than 50% of input concentration should have appeared before passing 

one pore volume. 
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Figure 5.13. Bromide BTC in sand column 
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Figure 5.14. BTC of bromide through colwnns packed with sand and soil 

Similar to bromide, the BTC of the two estrogens (Figure 5.15 and Figure 5.16) 

appeared within the first two pore volume when passed through the column packed with 

sand. Use of 1.5 cm saprolite layer beneath the sand layers did not significantly reduce 

the mobili ty of these two compounds (Figure 5.1 7). However, significant absorption of 

El and E2 by top soil was confirmed from their BTCs (Figure 5.18). Both El and E2 

(non polar molecule or hydrophobic) were quite inert to the sand surface (polar). 

Therefore, adsorption ofEDCs at specific (ionic) site in sand surface was ruled out. The 

inert nature of sand surface corresponding to adsorption of Eland E2 were also 

confililled [Tom the preliminary balch sorption experiment in sand. High organic carbon 

coment in the top soil was the primary source to slow down the BTC of these two 

compounds. Use of R 1 water resulted in early appearance of BTC irrespective the soil 
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used to pack the column (Figure 5.19 and Figure 5.20). The presence of DOC and other 

ions in RI water could be the primary factor in occupying some of the sorption sites those 

are otherwise available for contaminants sorption. Therefore, Rl water enhanced the 

mobility of these compounds in soil. This was in agreement with the results obtained in 

batch sorption experiment. 
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Pore Volume 

Figure 5.15. BTCs ofEDCs in Dr water through sand column 
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Figure 5.16. BTCs ofEDCs in Rl water through sand colunm 
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Figure 5.17. BTC of four EDCs and bromide in or water through sand and saprolite 
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Figure 5.18. BTC of the four EOCs and bromide in 01 water through sand and topsoil 
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Figure 5.19. BTC of the four EOCs and bromide in RI water through sand and topsoil 
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Figure 5.20. BTC of the four EDCs and bromide in Rl water through sand and saprolite 

in contrary to the two estrogens, the two alkylphenols were found to adsorb 

considerably on the silica surface of Ottawa sand and soil from both depths. The BTC of 

OP appeared after passing six pore volumes (Figure 5.15) of iniluent solution containing 

the mixture of four EDCs. However, the BTC of NP was not signi ficant in any columns 

(Figure 5. 15 to Figure 5.20). The effluent concentration of OP and NP fluctuated as it 

was detected near their detection limit (- 20 ;tg/L). The absence of these two 

alkylphenols in the effluent solution can be contributed to several processes including 

sorption and degradation or transformation into other metabolites. Unlike two hormones, 

OP and NP are the breakdown products of surfactant. The structure of these two 

alkyJphenols comprise of a hydrophobic group (alkyl chain) and polar hydroxyl group 

(pheno l) as shown in Figure 3.1 . Therefore, it can react with both the polar and the non-
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polar surface group present in the adsorbent. The BTC of OP was diminished to 

concentration below detection limit after the flow interruption. This result was an 

indicator for the enhanced degradation of these compounds with increase in contact time 

(due to flow interruption). The degradation or irreversible transformation of OP and NP 

was also confirmed when only less than 10% of sorbed concentration was recovered from 

sand after washing with acetone. Degradation or transformation of these compounds in 

presence of metal oxides including silica surface could be another dominant mechanism 

for significant retardation of these two compounds in sand. Several previous studies 

confirmed the role of metal oxides on transformation of phenols [112-114]. However, no 

specific reason could be attributed for the decrease in effluent concentration of the two 

alkylphenols without further spectroscopic investigation. 

5.3.3. Effect of Wastewater 

The BTCs of El and E2 in sand columns were not affected by the presence of 

other chemicals that might be present in Rl water (Figure 5.21 and 5.22). Similarly, the 

shape of BTCs for El (Figure 5.23) and for E2 (Figure 5.24) were quite similar for 

saprolite irrespective of Rl water and D 1 water influent. However, the effect of Rl water 

was prominent when these contaminants were passed through top soils (Figure 5.23 and 

5.24). From these figures, it was evident that the recycled water could effectively 

facilitate the transport of these coDtaminants when the soil contained more organic 

carbon. A soil with high organic carbon content has relatively high energetic sorption 

sites to adsorb these contaminants as well as the dissolved organic carbon (DOC). 

Therefore, addition of DOC or high salt content (Rl water) effectively reduced the 
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sorption energy of the sorption sites by occupying the free site available for EDCs 

adsorption. Because of similar reasons, adsorbents with low sorption energy (e.g., 

saprolite or sand) can not attract the DOC effectively, thereby, the sorption sites were still 

available for EDCs adsorption. 

The effect of DOC on the transport of hydrophobic organic contaminants has been 

extensively studied in literature [108,124,125]. Secl and Lee [108] found that sorption of 

atrazine and prometryn decreased significantly when the soil was irrigated with 

wastewater. Yamamoto et at. [135] showed that the sorption of 1713 estradiol and p

nonylphenol on synthetic membrane vesicles reduced by 20-30% when dissolved organic 

matter in influent increased from 0 to 4 mgIL. 

These findings have greater environmental significance. The DOC can effectively 

transport the contaminants into deeper soil. Again, the effect of DOC on mobility of 

contaminants is higher if the soil is rich in organic carbon. Therefore, higher organic soil 

may not necessarily act as a good filter if irrigated with recycled water with higher DOC 

concentration. 
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Figure 5.2 J. BTC of estrone through sand column 
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Figure 5.22. BTC or 17~ estradiol through sand column 
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Figure 5.23. BTC of estrone in OJ and R I water through column packed with sand and 
soils 

Figure 5.24. BTC of 17P estradiol in OJ and Rl water through column packed with sand 
and soils 
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5.3.4. Effect of SOM 

Tbe SOM most likely provided the active sorption sites for tbe adsorption of 

EDCs. Tberefore, tbe BTCs of E I and E2 the compounds appeared late in the effluent 

compared to the tracer when passed through top soil (Figure 5.23 and Figure 5.24). 

Similar results were obtained for OP as shown in Figure 5.25. This is in agreement with 

the results of the batch sorption experiments where the sorption capacity ofthe topsoi l is 

at least one order higher than the saprolite. The presence of SOM also inhibits the 

equilibrium process causing sorption non-equilibrium. This phenomenon is discussed 

extensively in the section 5.4.5. 
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95 



5.3.5. Effect of Non-equilibrium (Flow Interruption) 

Flow interruption method is an effective tool to determine the effect of sorption 

non-equilibrium on the transport of the contaminants in porous media. The flow through 

column was stopped for 1.5 to 3 days after the BTC of all the compounds appeared 

(Figure 5.26 and Figure 5.27). Higher interruption time (3 days) was used for sand as the 

sorption of the contaminants on relatively low energetic site (sand) was expected to be 

relatively slower than that of soils. The half-life periods of the EDCs are in the order of 

30 - 60 days. Therefore, the degradation within 3 days should not be significant. Further, 

the use of sodium azide (1.5 mM) in influent also prevented the microbial activity inside 

the column. Under the above criteria, there should not be any change in effluent 

concentration irrespective of the time interval through which flow was disrupted. 

However, any decrease in concentration after resuming the flow can be attributed to non

equilibrium inside the soil-water media, not due to degradation of compounds. 

The results offlow interruption are shown in Figures 5.28 to 5.31. The effect of 

flow interruption on transport ofE 1 and E2 was distinctly characterized from the BTC as 

the concentration of effluent after resuming the flow was significantly smaller relative to 

the concentration before flow interruption. No inspection can be made on OP and NP as 

their concentratious were near to the detection limit before and after the flow interruption. 
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Figure 5.28. Flow interruption in Dl water through sand column. A decrease in 
concentration of OP was observed. 
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Figure 5.29. Flow intenuption in Rl water through sand column 

Several phenomena related to non-equilibrium were observed from the BTCs of 

E1 and E2. Some ofthem are outlined below. 

1. The effect of non-equilibrium was insignificant in the sand column (with the 

exception of E2) as the decrease in concentration was not significant after 

resuming the flow (Figure 5.28 and 5.29), 

2. The effect of non-equil ibrium was higher in topsoil (2 ft) than saprolite (15 ft) and 

insignificant in sand (Figure 5.30 and 5.31), and 

3. The decrease in concentration after flow interruption was relatively larger when 

recycled water was used. 
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Figure 5.30. BTC of estrone during 36 hours flow interruption in column packed with soil 
and sand 
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There could be several explanations for the decrease in contaminant 

concentrations during flow interruption. Both physical and chemical non-equilibrium are 

responsible of decrease in concentration after flow interruption. The detailed descriptions 

of these two types of non-equilibrium theories are explained below. 

Chemical non-eguilibrium 

In order to simplifY the complex nature of the soil pore reaction, it is assumed that 

there are basically two types of soil reaction sites. The first type is a group of sites where 

the reaction is instantaneous and the sites adsorb or react rapidly with the coDtaminants. 

On the other hand, the second type of sites absorbs coDtaminants more slowly, resulting 

in a kinetic reaction. Sites where the reaction rate is limited by diffusion are grouped into 

the kinetic category. Again, the presence of sorption sites with widely different energy 

can also influence the rate of reaction. Brusseau et al. [136] explained these rate limited 

equilibrium in terms of two processes including retarded intra particle diffusion and 

intraorganic matter diffusion. The detailed description of chemical non-equilibrium can 

be found elsewhere [136-140]. 

PhYSical non-equilibrium 

The concept of two-region, dual-porosity type solute transport was originally 

introduced by van Genuchten and Wierenga [118] to describe the physical non

equilibrium process in solute transport through soil. According to this theory, the liquid 

phase is divided into two regions. One region is termed as mobile zone where the 

transport due to diffusion is negligible and other region is referred to immobile zone 

where the advection dominated transport can be neglected. The equilibrium in immobile 
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region where contribution of advection process is negligible, depends on diffusion 

processes [141]. Several reasons that might be responsible for immobile-mobile regions 

are outlined below: 

(a) Unsaturated flow: A decrease in water content increases the fraction of air-filled 

macropores, resulting in the creation of additional dead end or blind pores which 

rely on diffusion process to attain equilibrium with the displacing solution [141]. 

(b) Aggregated media: Soils are composed of interconnecting pores with different 

size. Displacement of solute inside the micropores of aggregate greatly depends 

on diffusion, since convention in these smaller pores is usually negligible. The 

presence of large portion of micropores increases the fraction of immobile region, 

thereby, resulting long tailing of breakthrough curves [142]. 

(c) Pore-water velocity: Experimental study by Biggar and Nielsen [142] revealed 

that a decrease in pore water velocity can contribute to the observed long tailing 

of breakthrough curve. Decreasing the pore water velocity can increase the 

retention time, which is long enough to allow the solute to diffuse into or out of 

the micropores. 

From the above discussion, it is evident that the depletion of solute during flow 

interruption can be attributed to the diffusion of solute from mobile zone to immobile 

zone. Several publications can be found in literature that describe the physical non-

equilibrium theory in solute transport [64,90,118,143-145].The presence of secondary 

pores in aggregate of the soil was evident from the hydrometer analysis (Chapter 2). In 

large aggregates the amounts of immobile water increases while the diffusion pathway 

becomes longer, causing BTC with long tailing due to slow mixing [142]. Strong tailing 
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was observed for the BTCs of these contamjnants as shown in Figure 5.33 and 5.34. 

Several experimental studies indicate that the tailing became more prominent as the flow 

velocity decreases due to effective suppression of convective transfer by diffusive 

transport process [120,142]. A detailed description of flow interruption theory is provided 

elsewhere [146]. The long tailing was also observed by Casey et al. [133] in the transport 

study with E2. However, the long tailing in this study was truncated due to the 

experimental and analytical difficulties in detecting EDCs at lower concentrations. 

Nevertheless, the transport of EDCs in soil can be affected by a non-equilibrium process 

that might arise from physical and chemical non-equilibrium inside the column. 

The effect of SOM on non-equilibrium can be explained by considering the 

hypothesis originally proposed by Brusseau et al. [136]. They attributed rubbery organic 

carbon for the observed slow sorption process. Various sorbents can be categorized into 

three groups depending on the amount of soil organic matter (SOM). Therefore, the 

extent of non-equilibrium has a direct correlation with the SOM present in the sorbent. 

During et al. [105] observed fast initial sorption followed by a slow sorption for 

nonylphenol in terrestrial soil. They ascribed this phenomenon to the intra-organic matter 

diffusion process of sorbed CODtamjnant. The contribution of SOM for the tailing of BTC 

was evident as significantly less tailing was obtained for sand column when no soil was 

used (compare Figure 5.31 to Figure 5.32). Therefore, the non-equilibrium can be 

considered as the dominant mechanism for the top layer of soil where the soil organic 

matter is higher than the deeper soil. 

Sorption non-equibrium was distinct in presence of recycled water compared to 

DI water. The non-equilibrium mainly depends on the diffusion dominated transport of 
104 



contaminants. Again, diffusion of contaminants depends on the relative concentration 

gradient. Therefore, DOC which may act like a solute and can effectively increase the 

diffusive transfer by increasing the relative concentration gradient across the soil-water 

interface. Because of the above reasons, the relative mass transfer rates fo r the EDCs are 

enhanced in presence of DOC from R 1 water. Consequently, the concentration of EDCs 

in mobile zone was found to be lower when the flow was resumed. The relatively long 

tailing of BTC in recycled water (Figure 5.32) can be explained using the same argument. 
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5.4. Summary 

The findings of the miscible displacement experiments are summarized below. 

1. The mobility of the four EDCs decreased in the order El > E2 > OP > NP. This is 

in agreement with the increasing order of hydrophobicity (low water solubility 

and high Kow), 

2. The retardation of the four EDCs has direct correlation with the soil organic 

matter. OP and NP were degraded even in the absence of soil organic matter, 

thereby, limiting their mobility to deeper soil, 

3. DOC in recycled water enhanced the transport of EDCs in porous media by 

competing for sorption sites. This effect is higher for the media rich in organic 

carbon compared to the media with less organic carbon, and 

4. Sorption non-equilibrium occurred during the transport of all EDCs. The non

equilibrium is prominent for the soil with higher organic carbon and for the 

solution with higher dissolved organic carbon. 
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CHAPTER 6 

INVERSE MODELING 

6.1. Theory 

Water Movement in Porous Media 

HYDRUS 10 is one of the most widely used numerical code for unsaturated flow 

and solute transport modeling. It uses finite element method to solve Richards' equation 

for variably-saturated water flow. The obtained velocities are used to numerically solve 

the convection-dispersion type equations for heat and solute transport [147]. 

ae =~[K(ah +cosa)]-s at ax ax (6.1 ) 

where 
e is volumetric water content, 

h is the water pressure head (em), 

t is time (day), 

x is the spatial coordinate (cm), 

S is the sink term (day"l), 

a. is the angle between the flow ditection and the vertical axis, and 

K is the unsaturated hydraulic conductivity function (cmJday). 

The sink term, S, is defined as the volume of water removed from a unit volume 

of soil per unit time due to plant water uptakes. For our study, it is zero. The unsaturated 

hydraulic properties, e (h) and K (h) in Equation 6.1 are highly nonlinear functions of 
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the pressure head. HYDRUS 10 code uses three different analytical models for the 

hydraulic properties [148-150]. Once the pressure or water content is solved at a given 

node point, the velocity is determined from Darcy's law. 

Solute Transport Equation 

To describe solute transport in porous media, HYDRUS has a broad range of 

functionalities to incorporate fully kinetics, two-site [138,151] and nonlinear model into 

convective-dispersion equation. It assumes that solute can exist in two phases, i.e., 

aqueous and sorbed phase. The governing equation [133] that describes the solute 

transport for a homogeneous system during one dimensional steady flow is: 

(6.2 ) 

where, 
C and S are the concentration of solute in liquid phase and sorbed phase 

respectively, 

Pb is bulk density of soil (g/em3
), 

A. is the dispersivity (em), 

/Jw and /J, are first order degradation/transformation rate constants (day-I) for 

liquid and sorbed phase respectively. 

Both chemical non-equilibrium and physical non-equilibrium model can be 

implemented in the HYDRUS code. The chemical non-equilibrium arises due to the time 

dependent sorption in presence of sorption sites with different affinity towards solute. 

The physical non-equilibrium can be attributed to the partitioning of aqueous phase 
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concentration among mobile phase (flowing) and immobile phase (stagnant) regions. 

Therefore, the chemicals non-equilibrium is more likely a characteristic process related to 

property of soil (stationary solid carrier) surface and physical non-equilibrium accounts 

the hydrodynamic properties of water (mobile liquid carrier). The concepts of chemical 

and physical equilibrium were presented in Chapter 5. A brief description of each of this 

process is discussed below. 

The concept of two-site sorption [137,138,151] is incorporated in the HYDRUS 

code to account for possible non-equilibrium adsorption-desorption reactions. The two-

site nonequilibrium concept assumes that sorption sites in soils can be classified into two 

fractions. In the first fraction, sorption is instantaneous and is described by an equilibrium 

sorption isotherm (Type I, equilibrium). In the second fraction, sorption is time-

dependent and follows first-order kinetics (Type 2, kinetic). In other words, a fast or 

instantaneous sorption can occur on labile exchange sites followed by a kinetically time 

dependent sorption on remaining exchange sites. The mass balance equations for the 

kinetically active sites in presence of degradation/transformation is given by Equation 6.3 

to 6.5 [133] 

(6.3 ) 

(6.4 ) 

as' [( f) • 'J ' Tt=OJ 1- KpC -S -p,S (6.5 ) 

where, 
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S· and Sk are the sorbed concentration on labile exchange sites and kinetically 

sorbed sites, 

aJ is the first-order kinetic sorption coefficient (day-I), 

f is the fraction of exchange sites that are in equilibrium with the solution phase, 

and 

K F is the Freundlich coefficient and n is the Freundlich exponents_ 

The detailed description of chemical non-equilibrium model and its implications 

are discussed thoroughly by several authors [136-140,152]_ 

The concept of two-region, dual-porosity type solute transport originally 

introduced by van Genuchten and Wierenga [118] is implemented by HYDRUS to 

incorporate physical non-equilibrium transport Here the total liquid phase is divided into 

two regions as shown in Equation 65_ Several reasons including unsaturated flow [141], 

micropores in aggregated media [142] and sma11 pore water velocity [142] can be the 

reasons behind physical non-equilibrium. An extensive discussion of this process is 

provided in previous chapter (section 5.45). 

From the discussion above, it is evident that Equation 6.2 can not describe the 

non-equilibrium process during solute transport. Therefore, the dual domain approach has 

been used by several authors to elucidate the physicals non-equilibrium [64,90,118,143-

145]. 

The governing equations to depict physical non-equilibrium are illustrated by 

Equation 6.6 to 6.8. 
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(6.6 ) 

(6.7 ) 

8 aCIm =p(c -G. ) 1m at m ... 
(6.8 ) 

where, 
8m and 81m are the mobile and immobile fraction of water respectively, 

Cm and Cim are corresponding concentration of solute in mobile and immobile 

regions, 

v'" is the average pore-water velocity of water in mobile region, and 

P is a mass transfer coefficient (time"I). 

The detailed description of physicals non-equilibrium modeling approach can be 

found elsewhere [123]. 

Inverse Modeling and Parameter Optimization 

HYDRUS ID code uses an inverse modeling technique to fit the model solution 

to observed data in order to calculate the reaction and transport parameters. Inverse 

methods are based upon the minimization of a suitable objective function which 

expresses the discrepancy between observed values and the predicted system response. 

The system response is represented by a numerical solution of the flow equation 

supplemented with parameterized hydraulic functions, selected transport parameters, and 

suitable initial and boundary conditions. The inverse modeling approach uses a least-

squares optimization routine to obtain the best-fit model solution and does this 
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interactively changing the model parameters until the desired degree of precision is 

achieved. This methodology was applied to one-step [153] and multi-step [154] colunm 

outflow data generated in laboratory and transport data during steady state flow in field 

[155]. Recently, this method was used to simulate the transport of some EDCs in soil

water system [98,115,133]. 

The objective of this chapter is to obtain the transport parameters of the EDCs 

using HYDRUS 1D code. 

6.2. Procedures 

Simulations of BTCs were performed individually for each of the four EDCs 

including bromide (tracer) on each colunm as described in Figure 5.1. The experiment 

was simulated as unsaturated flow with general solute transport. Small variations of the 

flow rate and the flow interruptions were introduced into the model as prescribed time 

variable (flow) boundary conditions at the top. The solute transport parameters were 

estimated from flux concentrations. No internal weighing was done for the inversion data 

in the objective function. The maximum number of iterations to attain the best optimized 

function was set to 20. A single porosity model without hysteresis was used for initial 

optimization of soil hydraulic function. The water flow parameters for sand was obtained 

by using the neural network prediction tool provided in HYDRUS code. However, the 

same parameters for soils were obtained from the soil-water retention curve [47]. 

Atmospheric boundary condition with surface layer was set as upper boundary conditions 

and constant pressure head (-9 em) was set for lower boundary condition. The initial 

estimate of the solute transport parameter was done by using the published data in 
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literature. The input concentration (0.5 mgIL for EDCs) and free drainage (zero gradient) 

were used as the upper and lower solute transport boundary conditions respectively. 

The simulated BTCs were fitted with the observed BTCs of individual 

compounds to estimate their solute transport parameters either in DI water or RI water. 

First, the above procedure was followed for sand column BTCs and the optimized solute 

transport parameters were obtained. These parameters were used to characterize the sand 

layer while simulating the BTCs obtained from column packed with soil and sand. In this 

case, the solute parameters corresponding to soil layer were optimized keeping the sand 

layer parameters fixed. In order to simplify the model run, only one parameter was 

optimized at a single run. This optimized parameter was set constant in further simulation 

while optimizing remaining parameters. This procedure was repeated several times until 

each parameter was optimized individually. Then the final simulation was done taking all 

parameters simultaneously. The best results (lowest objective function) were achieved 

using the nonequilibrium model for all the four EDCs. However, bromide BTC was 

simulated using the equilibrium model. 
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6.3. Results and Discussion 

For all compounds except bromide, the BTCs were simulated for a pulse input 

The aim of the solute transport modeling was to find a set of parameters that would 

produce the closest fit of the observed and modeled concentration in the effluent over 

time. The transport parameters were optimized either manually or automatically using the 

built-in function ofHYDRUS lD code. In most of the case, the fitting was an iterative 

procedure, which involved manual adjustment of one or more parameters and automated 

optimiVltion of same or different set of parameters. The results of inverse modeling for 

sand column and column packed with topsoil were presented in Table 6.1 and 6.2. The 

bulk density is the only parameter that was kept constant. 

The longitudinal dispersivity for each column was estimated from the BTCs of 

bromide. The dispersion coefficient obtained in this method was used as the input 

parameter to simulate the BTCs of EDCs. The simulated bromide BTCs for the column 

packed with topsoil and sand were shown in Figure 6.1. The longitudinal dispersivity and 

Kd were optimized to obtain the best fit curve. Both physical and chemical non-

equilibrium parameters were not used to describe the transport of bromide. The simulated 

BTCs for sand columns were provided in Figure 6.2 and 6.3. The effect of flow 

interruption was simulated by manipulating the non-equilibrium parameters. The best fit 

was obtained by optimizing each parameter in separate run. First, Kd and n were 

simulated to match the point where BTCs appeared. Then the longitudinal dispersivity 

was optimized to adjust the slope of rising portion of BTCs. Bim and f were optimized 

to simulate the effect of flow interruption on BTCs. At the end, the first order rate 
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constant in dissolved phase and solid phase were introduced to adjust the area or height 

ofBTCs. Then the BTCs were simulated by simultaneous optimization of all parameters. 

The estimated parameters for each compound were summarized in Table 6. 1 and 6.2. 

Due to the insignificant BTCs ofOP and NP, the transport parameter of these two 

compounds could not be detellllined. Due to rapid degradation and irreversible sorption 

of these compounds on soil surface, the recovered concentration is not high enough to 

perf 01 III the mass balance analysis. Therefore, the simulation was done only to obtain the 

transport parameters of E I and E2. 
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Table 6.1. HYDRUS 1D Parameters for modeling BTCs of the four EOCs through sandt 

Parameters 
Compounds 

R2(%) A- I (Jim Kd n flw fl, fJ 

01 water 

Bromide 0.300 1.00 1.2SE-OS 0.112 0.979 - - - 97.8S 

EI 0.300 1.00 2.4SE-03 0.106 0.999 1.89E-03 3.38B-03 l.2SE-OS 96.29 

E2 0.300 1.00 6.00E-06 0.067 1.000 S.OOE-OS S.00E-06 1.2SE-OS 98.71 

OP 2.0 0.7S 1.00E-04 S.400 1.000 2.S 0.2 - 0.9 

NP - - - - - - - - -

Rl water 

Bromide 0.300 1.00 S.8SE-OS 0.101 0.990 - - - 96.98 

El 0.300 1.00 1.00E-06 0.099 0.719 1.00E-OS 1.00E-OS - 96.90 

E2 0.300 0.899 2.S0E-06 0.079 0.961 2.41E-02 3.0S6E-Ol 2.32E-OS 97.70 

OP I.S 1.00 1.00E-OS 7.8 1.00 4.S - - 2S.20 

NP 0.300 - - - - - - - -

: Bulk density of sand layer was 1.78 f!/cm3
• 
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Table 6.2. HYDRUS ID Parameters for modeling BTCs ofthe four EDCs through topsoil§ 

Parameters 
Compounds 

Pw (day·I) p, (datI) p(day·I) R2(%) Ii. (em) f (Jim Kd n 

Dlwater 

Bromide 0.952 1.00 - 0.235 1.00 - - - 99.07 

EI 1.557 0.994 7.962E-05 99.18 0.95 1.86 0.111 0.003 59.98 

E2 2.023 0.996 1.97E-04 166.7 1.00 9.89 0.105 0.003 50.01 

OP - - - - - - - - -
NP - - - - - - - - -

RI water 

Bromide 0.952 1.00 - 0.0009 1.00 - - - 99.43 

EI 3.226 0.995 1.56E-06 7.50 0.76 0.197 0.397 0.002 41.309 

E2 4.8 0.984 2.00E-4 21.95 1.00 0.557 0.417 0.002 65.90 

OP - - - - - - - - -
NP - - - - - - - - -

§ The bulk density of the topsoil was 1.12 Wcm3
• 
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A. : Longitudinal dispersivity (em) 

f : Dimensionless fraction of adsorption sites that are in contact with mobile water when physical non-equilibrium option is 

considered. For chemical non-equilibrium, it can also consider as the fraction of total site that undergoes instantaneous 

equilibrium process with respect to containant adsorption. 

81m is immobile water content which is set to 0 when the physical non-equilibrium option is not considered. 

Kd is the Freundlich isothenn coefficient, and n is the nonlinearity factor associated with isotherm. The unit of these two 

parameters depends on the magnitude ofn. 

Pw and p, are the first-order rate constant (l/days)for dissolved phase and solid phase respectively. , mw 

P is the first-order rate coefficient for one-site or two-site non-equilibrium adsorption, mass transfer coefficient for solute 

exchange between mobile and immobile liquid regions, w (l/days) 
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Comparing the results obtained for sand column (Table 6.1) and soil column 

(Table 6.2), it could be easily inferred that the mobility of both El and E2 increased in 

presence of Rl water. However, the Freundlich coefficient estimated from inverse 

modeling showed the linear nature of isotherm ( n - 1). In contrary, the result of batch 

sorption experiments (Table 4.2) revealed the non-linearity of EDCs sorption. This 

difference might be due to the principle involved in both techniques to measure these 

parameters. Batch sorption required complete exposure of sorption sites where sorption 

non-linearity might arise due to partial saturation of sorption sites. 

Again, the fitting of simulated BTCs with the observed BTCs were consistent for 

sand column (R2 > 95 %). Poor correlation could be established between the observed 

and simulated BTCs of column packed with both sand and soil. Several reasons could be 

attributed to explain this discrepancy. First, HYDRUS code is based on the Richard's 

equation and convection dispersion equation for continuum media In this experiment, 

sand layers were packed above the soil layer making a sudden change in hydraulic 

properties at the interface. The solution of the governing equation in finite different 

method (as used in HYDRUS code) is based on the assumption that the continuity exist 

across the boundary. However, this might not be the case in the current experimental set 

up. 

Again, the reliability of the parameters estimated in the inverse modeling 

approach depends on the accuracy of curve fitting and the choice of parameters for 

optimization. The same degree of fitting can be achieved by optimization of different 

group of parameters. The level of uncertainty in estimating the parameters can be 

minimized by choosing a relatively simpler system. Several factors that can affect the 
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solute transport are identified in previous chapters. For example, non-equilibriwn (both 

physical and chemical), presence ofODC and saline water can intricate the system where 

relatively simpler model like HYDRUS might not be accurate to estimate the transport 

parameters. 

6.4. Summary 

HYDRUS 1D code is an important tool to estimate the transport parameters of 

EOCs. Several transport parameters including Freundlich coefficients, degradation 

constant in water and soil, non-equilibriwn parameters are obtained using the HYDRUS 

10 code. Relatively best fit is achieved for sand colwnn compared to colwnn packed 

with sand and soil. However, several variables in the model have added intricacy while 

determining a unique set of transport parameter that can represent the system. 

123 



CHAPTER 7 

OVERVIEW 

7.1. Researcb Significance 

In recent times, there has been increasing concern regarding the impact of EOes 

on aquatic biota, wildlife, and humans. A considerable amount ofliterature that addresses 

issues related to the treatment of EOes by wastewater treatment plants, and analytical 

methods to identify EOes (at concentrations as low as part per trillions), has emerged in 

recent years. However, there is still very little information available related to the fate 

and transport of these compounds in the environment. 

The research work addressed another issue related to use of recycled water for 

irrigation. Recycled water has been widely adopted in many parts of the world as the 

source to fulfill the growing demand of water in non-potable use including industrial, 

agricultural and recreational areas. However, public concerns prevail due to the potential 

infiltration of contaminants including pesticides and other chemicals such as EOCs when 

recycled water is used for land appliction. Laboratory experiments have been performed 

using clean water as a media to elucidate the transport of these chemicals. However, the 

mobility of contaminants could be different in recycled water. Limited researches has 

been done where the transport of contaminants are concomitantly evaluated using both 

clean water and recycled water. Therefore, the current research work carries a greater 

significance by addressing the fate and transport of emerging contaminants such as EOCs 

when recycled water is used for land application. 
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7.2. Conclusions 

7.2.1. Sorption ofEDCs on Soil 

All the four EDCs showed high sorption affinity towards soil. The compounds in 

the decreasing order of their mobility in soils are nonylphenol > octylphenol > 17~ 

estradiol> estrone. This is also in the decreasing order of their hydrophobicity (less water 

solubility and high Kow) which support the hypothesis that the mobility has a positive 

correlation with hydrophobicity of EDCs. Both batch sorption (chapter 4) and column 

leaching study (chapter 5) revealed the same results. Degradation of contaminants also 

further limit their mobility in soil. Higher retardation of the two alkylphenols in soil is 

further enhanced by rapid degradation in soil. Less than 10% of the sorbed concentration 

was recovered by using methanol. Therefore, the sorption mechanism can be considered 

irreversible. However, the attachment mechanism consists of a fast initial sorption (first 

10 hours) accompanied by a relatively slower sorption until it attains equihbrium. 

7.2.2. Effect of Sorption Non-equilibrium on the Mobility of EDCs 

Sorption non-equilibrium was found to be the characteristic of the transport of 

EDCs. A flow interruption for 30 hours could appreciably change the aqueous 

concentration of all the four EDCs during column leaching experiment, suggesting that 

the equilibrium was not achieved during transPort. Diffusion dominated mass transfer 

mechanism was suggested as the primary reason for non-equilibrium. The surfaces inside 

the micropores are not accessible by convective flow and the solute can transfer by 

diffusion. Presence of DOC enhanced the diffusion by increase the effective solute 
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concentration. Therefore, the effect of flow interruption was prominent when recycled 

water was used. 

7.2.3. Competitive Sorption 

Other organic compounds including dissolved organic carbon (DOC) were found 

to be competing with EOCs for sorption sites. Therefore, the partition coefficient of any 

compound greatly depends on the available sites for adsorption after being occupied by 

other competitor compounds. The compounds with relatively high affinity towards soil 

are less affected by the presence of other compounds. For example, sorption of E2 is not 

affected appreciably in presence of E1. On the other hand. sorption of El is greatly 

reduced by the presence ofE2 in solution (section 4.4.3) 

Sorption non-linearity was increased due to the presence of other compounds. 

However, this characteristic of sorption isotherm is due to probable saturation of high 

energetic sorption site in presence of EOCs at high concentration irrespective of their 

relative affinity towards the soil surface. 

7.2.4. Effect ofSOM 

SOM was found to be the primary mineral in soil that could increase the sorption 

capacity of soil in relevance to the sorption of EOCs. Elevated sorption of EDCs was 

found in topsoil (2 ft depth) compared to saprolite (15 ft depth). The only difference in 

mineralogical composition of soil from two depths is the percentage of organic matter 

present in it (1.15% for topsoil and 0.25% for saprolite). Absence of soil organic matter 

resulted in saturation of low energy sorption sites (provided by other minerals such as 
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clay, metal oxide) at high concentration and consequently it increased the non-linearity of 

sorption isoth=s. 

7.2.5. Effect of DOC 

In contrast to SOM, DOC enhanced the mobility of EDCs in top soil (high 

organic carbon). On the other hand, DOC in recycled water showed an opposite behavior 

in deeper soils where there is less organic carbon. The presence of DOC enhanced the 

uptakes of EDCs in pure mineral by modifying the sorption site. However, with 

mineralization of parent mineral (clay and metal oxide) and accumulation of organic 

carbon in soil, the dissolved organic carbon increase the mobility of EDCs by either 

competing for sorption site or by making the water more hydrophobic to hold the EDCs 

(solubility enhanced effect). 

7.2.6. Effect of pH 

The sorption of EDCs is not affected by the change of solution pH as long as the 

pH remained above the pRo of soil. The EDCs used in this study have pKa value greater 

than 10. Therefore, they remained neutral within the pH of environmental water sample. 

However, the sorption capacity of soil significantly increased below pH 4. This might be 

due to the dissolution of minerals such as iron/aluminum oxides. Again, the pRo of soil 

used are near pH 4-5. Therefore, a change in surface properties below pRo substantially 

affected the partition ofEDCs in soil. 

127 



7.2.7. Effect oflonic Strength 

The salinity of recycled water increased the mobility of the EDCs in soil. They 

could change the characteristic of the water layer enclosing the sorption sites though both 

cation and anions have no direct interaction with the unionized EDCs. The presence of 

ions near the surface could increase the polar nature of medium. Consequently, it is 

increasingly difficult for EDCs to replace the water molecule for effective adsorption in 

to the available sorption sites. The effectiveness of sorption depends on the charge of 

cation. For example, divalent calcium reduced the sorption capacity of soil more 

effectively than monovalent sodium. Therefore, increase in salinity level of water can 

effectively increase the mobility of even non-ionic compounds such as EDCs. 

7.2.8. Transport Modeling 

The transport parameters of OP and NP could not be obtained due to the 

insignificant BTCs obtained in miscible displacement study. Absence of immobile phase 

ruled out the presence of any physical non-equilibrium during transport. Use of recycled 

water decreased the sorption capacity of soil (K f decreased several fold for Rl water). 

Several transport parameters including Freundlich coefficients, degradation constant in 

water and soil, non-equilibrium parameters were obtained using the HYDRUS 10 code. 

However, inclusion of several variables to fit the BTC added intricacy in determining the 

accurate set of transport parameters that can represent the soil-water system. 
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7.3. Limitations 

A major practical limitation encountered during this work was the very low 

aqueous solubilities of the EDCs. Using low concentrations of EDCs in sorption 

experiments yielded the effiuent concentration that was near detection limit of the 

analytical method. Therefore, the behavior of these compounds at lower concentration 

(relevance to the environmental level) could not be obtained due to the inherent 

experimental difficulties. 

A lower soil to water ratio (1:100) was used in batch sorption experiment in order 

to get appreciable change in concentration of CODtaminant in both phases (sorbed phase 

as well as aqueous phase). The results obtained in batch sorption were compared with the 

miscible displacement study where the hydrodynamics of soil-water interface was 

completely different Though both these experiments qualitatively led to the same 

conclusions as described earlier, but it was not possible to quantity the effect of recycled 

water on mobility ofEDCs. 

OP and NP degraded within first 10 hours when come in contact with the soil 

used in this experiment. Therefore, batch experiments could not be performed for these 

two compounds. Miscible displacement study produced mild breakthrough of both 

compounds. However, the concentrations of these compounds in effiuent were near 

detection limit due to rapid adsorption and degradation inside the packed soil columns. 

Sodinm azide was used as the microbial inhibitor to prevent microbial degradation of 

these compounds. However, degradation and transformation of these compounds by 

chemicals means could not be ruled out due to the presence of active sites such as metal 
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oxides in soils. The effiuents were not analyzed to detect the possible metabolites of the 

compounds. 

Best fit could not be achieved using the HYDRUS 10 inverse modeling approach. 

Use of several variables added complexities in determining a unique set of parameters to 

represent the system. 

7.4. Recommendations 

Several recommendations can be made to extend the current work for the better 

understanding of the behavior ofEDCs. Few of them are summarized below: 

A soil with less metal oxides should be used characterize the transport of 

octylphenol and nonylphenol where the chance for reduction is minimal.The DOC in 

recycled water should be distillated to conduct separate batch sorption experiment in 

order to examine the sorption of EDCs by DOC only in absence of any solid media such 

as soil. Extensive study should be conducted on improving the HYDRUS 10 code to 

incorporate the facilitate transport of EDCs by DOC. Use of other models should be 

explored to obtain the transport parameters of EDCs. ATR-FrIR spectroscopic or X-ray 

diffraction technique should be used to obtain more convincing result for sorption 

mechanisms by analyzing the solid samples after sorption experiments.The last but not 

the least, more study should be conducted to determine the bio-availability of EDCs that 

are adsorbed to the soil during transport through water. 
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