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ABSTRACT 

 

 

Three studies were conducted in this thesis, and all were related to measurement 

of biological and physiochemical parameters in porous media. The first study focused on 

the detection of biological parameter, and investigated the effects of cerium oxide 

nanoparticles on soil enzyme activity. Different concentrations of soil-NP mixture were 

applied, and exposure time length in addition to the harvest events were considered 

during the experiments. The second study focused on the quantification of physical 

parameter, and revealed water saturation percentage profiles during infiltration process 

along the preferential flow fingers. Two microbial exudates, catechol and riboflavin, with 

varying concentrations were applied to the flow experiments. Light transmission method 

was utilized to acquire information of light intensity, which was later converted to water 

saturation percentage. The third study focused on the measurement of physiochemical 

parameters, and evaluated the pH and dissolved oxygen concentration gradients in 2D 

tank sand system. Optical image technique was used to obtain data, and emitted 

fluorescence from the sensor foils were captured by the camera. 
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CHAPTER ONE 

 

INTRODUCTION 

 

 Three independent studies were described in this thesis, and all three studies took 

place in porous media. Different aspects of biological and physiochemical parameters 

were measured and examined. More details are shown in later chapters. 

The objective of the first study was to primarily determine whether CeO2 NPs 

would affect soil quality and fertility by changing soil enzyme activities. Engineered 

nanoparticles (NPs) released in the soil, water, and air can return to the environment 

through the agronomic land application of biosolids, and their potential effect on 

agricultural ecosystems is most concerning. Soil enzyme activity, often treated as an 

indicator of soil quality and soil biota, is also useful in determining the sustainability of 

agricultural ecosystems, particularly the soil physico-chemical and microbiological 

processes. The concentration and exposure time-dependent potential toxicity of CeO2 

NPs on soil microorganisms was examined by testing the activity of three enzymes--

urease, phosphatase and ß-glucosidase—in a soil-grass microcosm system, and estimated 

through specific enzyme assays. NPs were applied at different concentrations at 0, 100, 

500 and 1000mg/kg soil mixtures in separated pots in which organic hard red wheat 

(Triticum aestivum) was grown. The effect of exposure time of NPs on soil enzyme 

activity was also examined through different harvest time events, by cutting the 

wheatgrasss in cut group at week two (cut 1), thirteen (cut 2) and twenty two (cut 3) and 

analyzing the soil enzyme activities, which were then compared with those in non-cut 

groups. 
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The primary objective of the second study entailed an investigation of how 

different microbial exudates with varying concentrations alter the infiltration process in 

an unsaturated sand system and the distribution of the soil moisture content. Specifically, 

the microbial exudates catechol and riboflavin were examined to determine any influence 

of flow in porous media. In the hydrological cycle, the infiltration process is a critical 

component in the distribution of water into the soil and in groundwater system which 

provides millions of individuals worldwide with potable water. As a major flow pattern, 

the preferential flow that interacts with microbial and plant activity has been analyzed in 

heterogeneous media. Although the relationship between the plant root exudates and 

water transport in soil has been the subject of extensive study, only a few cases of 

microbial exudates are available in the literature. Here the authors investigated the 

influence of two artificial microbial exudates–catechol and riboflavin–on preferential 

flow process, and to specifically show the various concentrations acting upon them. The 

experiments were conducted in a two-dimensional initially dry tank that was filled with 

quartz sand with the contact angle and surface tension measured to obtain the interfacial 

forces. The light transmission method (LTM) was used to capture light intensity, which 

was then converted into a percentage of vertical and horizontal soil water saturation 

profiles. 

The main objective of third study was to evaluate the performance of pH and O2 

sensor foils in porous media with simulated scenarios. Understanding the spatial and 

temporal distribution of physical and chemical parameters (e.g. pH, O2) is imperative to 

characterize the behavior of contaminants in a natural environment. As a non-invasive 
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method, the optical imaging technique utilizes optical sensor foils and a digital camera to 

acquire data. Calibration experiments measured pH value in the range from 3 to 7, and 

dissolved oxygen concentration from 0 mg/L to 20.74 mg/L. Application tests of sensor 

foils involved zero valent iron (ZVI) and sulfuric acid drainage solution in order to obtain 

gradients of parameter changes. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 4 

CHAPTER TWO 

 

INFLUENCE OF CERIUM OXIDE NANOPARTICLES ON THE SOIL ENZYME 

ACTIVITIES IN A SOIL-GRASS MICROCOSM SYSTEM 

 

 

This chapter is reprinted (adapted) with permission from Elsevier. Copyright (2017) 

Elsevier B.V. This material may be found at: 

http://www.sciencedirect.com/science/article/pii/S0016706116304785 The chapter is a 

first-author manuscript published in the Geoderma journal in 2017. 

 

1. Introduction 

Engineered nanoparticles have been developed in large quantities for use in a 

wide range of industrial applications (Casals et al., 2008; Keller et al., 2013; Roco, 2011). 

This significant and widespread use of engineered nanoparticles following accidental 

releases or from end of life cycle disposal has made their introduction into the 

environment inevitable (Gottschalk and Nowack, 2011). Nanoparticles in sizes ranging 

from 1 to 100 nm and with unique physico-chemical properties are not only be valuable 

materials to science and industry, but also hazardous materials to the environment and 

organisms (Klaine et al., 2008). Therefore, exploring the potential impacts of engineered 

nanoparticles in the environment is critical to assess the toxicity risk to human health and 

ecosystems. The potential effect of engineered nanoparticles on agricultural ecosystems, 

particularly on their soil physico-chemical and biological processes is most concerning. 

Nanoparticles come in contact with soil and plants through deposition from the 

atmosphere, transportation through bodies of water bodies, and through the application of 

nanofertilizers and biosolids in wastewater sludge (Gardea-Torresdey et al., 2014; Gogos 



 5 

et al., 2012; Keller et al., 2013; Suppan, 2013). As a cheaper nutrient and organic matter 

alternative to fertilizers, biosolids are widely used in agriculture (Antolín et al., 2010). 

However, those biosolids may contain high concentrations of engineered nanoparticles 

based on types (Gottschalk et al., 2013; Keller and Lazareva, 2014).  

Of the many engineered nanoparticles available, cerium oxide nanoparticles 

(CeO2 NPs) are of particular concern in that the level of production and use of CeO2 NPs 

are immense (Piccinno et al., 2012). CeO2 NPs, are normally used as additives to catalyze 

diesel fuel engine systems to reduce emissions, as agents to polish materials such as 

glass, and as materials for UV light adsorption (Cassee et al., 2011; Dahle and Arai, 

2015; EPA, 2009; HEI, 2001).  

There are several pathways by which CeO2 NPs may find their way into the 

environment. For example, cerium oxides from abandoned engines and polished 

materials drift into the environment and are transported into water bodies and soil 

systems. CeO2 NPs are also present in both the effluents and biosolids of wastewater 

treatment plants (Barton et al., 2015; Blaser et al., 2008; Limbach et al., 2008). The 

potential amounts of CeO2 NPs ending up in the soil, water, air, and landfill have been 

assessed at 1,400, 300, 100, and 8,200 metric tons/year, respectively (Keller et al., 2013).  

Therefore, it is critical to undertake research to elucidate the effect of engineered 

nanoparticles in the soil-water environment, particularly in terms of the possible 

ecotoxicological effects (Handy et al., 2008a,b; Unrine et al., 2008), as they may be 

released for the first time in the soil, water and air, or as they may return to the 

environment for a second time through the agronomic land application of biosolids. 
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Many studies undertaken to  investigate the toxicological effects of nanoparticles have 

focused on aquatic and terrestrial microorganisms (Blaise et al., 2008; Jemec et al., 2008; 

Lovern et al., 2007; Lovern and Klaper, 2006; Roh et al., 2010; Velzeboer et al., 2008; 

Wang et al., 2009), and microbes (Antisari et al., 2013; Bae et al., 2010; Bandyopadhyay 

et al., 2012; Fang et al., 2010; Frenk et al., 2013; Gajjar et al., 2009; Lee et al., 2009; 

Pelletier et al., 2010). However, few studies have investigated the potential influence of 

engineering nanoparticles on soil enzyme activities (e.g. Jośko et al., 2014;  Tong et al., 

2007). Indeed, the alterations of soil enzymes activities may affect soil biological systems 

which may have important ecological and economical outcomes. 

The evaluation of microbial activity as an indicator of soil quality to assess 

environmental changes is more rapid and sensitive than monitoring soil physico-chemical 

properties. The elements and phenomena that affect soil microbial activity also govern 

soil enzyme activities that are integral to soil biology, and nutrient cycling within plants 

(Sinsabaugh et al., 1993). As a consequence, soil enzyme activity is one indicator of soil 

quality and soil biota, and therefore larger indicator of the sustainability of agricultural 

ecosystems, particularly the soil physico-chemical and microbiological processes (Aon 

and Colaneri, 2001). Soil enzyme activity is a sensitive indicator of changes on soil 

quality and fertility, particularly for nutrient availability, as well as soil biota that are 

induced by and through the environment (Chen et al., 2003). Water is not only a limiting 

factor in agricultural ecosystems. Indeed, the availability of essential nutrients of nitrogen 

and phosphorus are important for the sustainable growth and development of agricultural 

ecosystems.  



 7 

Very limited data is available on the effect of nanoparticles on soil enzyme 

activities, and the data that is available indicates conflicting activity responses when 

different enzymes were exposed to nanoparticles. Specifically, ZnO, Cr2O3, CuO and Ni 

NPs (10, 100 and 1000 g g-1 soil) exhibited inhibiting and promoting effects on the 

activities of acid and alkaline phosphatases, dehydrogenase, and urease, as a function of 

soil type, contact time, and NP size (Jośko et al., 2014). Also Ag NPs (1-100 g g-1 soil) 

inhibited the activities of phosphomonoesterase, arylsulfatase, β-D-glucosidase, and 

leucine-aminopeptidase (Peyrot et al., 2014). Ag NPs (1-1,000 g g-1 soil) may inhibit the 

activities of urease, acid phosphatase, arylsulfatase, β-glucosidase (Shin et al., 2012). 

Although Ag NPs (0.32 g g-1 soil) did not affect the activities of β-glucosidase, β-

cellobiohydrolase, acid phosphatase, chitinase, and xylosidase, a limited inhibition was 

observed on the activity of the leucine-aminopeptidase (Hänsch and Emmerling, 2010). 

Zero valent iron nanoparticles (10,000 g g-1 soil) promoted the activity of 

dehydrogenase, while the activity of fluorescein diacetate hydrolase was not hindered 

(Cullen et al., 2011). In addition, Zn and ZnO NPs (2,000 g g-1 soil) was observed to 

inhibit the activities of acid phosphatase, β-glucosidase, and dehydrogenase (Kim et al., 

2011). Multiwall carbon nanotubes (5,000 g g-1 soil) exhibited a negative effect on the 

activities of β-glucosidase, β-N-acetylglucosaminidase, acid phosphatase, 

cellobiohydrolase, and xylosidase (Chung et al., 2011). However, the single walled 

carbon nanotubes (1-1,000 g g-1 soil) decreased the activities of b-1,4-glucosidase, b-

1,4-xylosidase, b-1,4-N-acetylglucosaminidase, cellobiohydrolase, while the activities of 

the  L-leucine aminopeptidase was increased (Jin et al., 2013). Although fullerene 
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nanoparticles were observed to limit the inhibition of the activities of urease, acid 

phosphatase, β-glucosidase, and dehydrogenase (Tong et al., 2007). TiO2 and ZnO NPs 

significantly enhanced the activities of catalase, protease and peroxidase, while no effects 

of the activity of urease were increased (Du et al., 2011). 

Unfortunately, little is known about ecotoxicological effects of CeO2 on the 

critical biogeochemical cycles, particularly on soil enzyme activities linked to the C, N 

and P cycles. Urease, phosphatase and β-glucosidase are microbe-produced enzymes of 

primary importance for their role in the C, N and P cycles in various soil ecosystems. 

Urease, which is an indicator of soil quality for nitrogen cycling, acts on organic matter 

containing nitrogen, mostly urea, and produces inorganic nitrogen ammonia (NH3), 

which then is transformed to ammonium (NH4) and available for the uptake in plants 

(Bandick and Dick, 1999; Zimmer, 2000). This microbial-secreted urease is very resistant 

to environmental breakdown in the soil (Zantua and Bremner, 1977). Phosphatase, which 

indicates phosphorous cycling in the soil-plant system,  hydrolyzes organically-formed 

phosphorus into plant-available phosphate (Henneberry et al., 1979). ß-glucosidase, 

which is an excellent indicator of decomposition of organic matter in the soil, produces 

simple sugars and smaller organic structures to provide energy for soil microbes and 

enable further microbial enzyme activity (Bandick and Dick, 1999).  

Introduction of CeO2 NPs to soil ecosystems may occur repeatedly as waste 

water, biosolids, and/or fertilizers are applied to land surfaces. Significant environmental 

doses of CeO2 NPs may accumulate in soils as a result of these repeated applications 

because of agricultural practices. Consequently, these environmental conditions create a 
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realistic exposition of soil microorganisms to CeO2 NPs. Our research focuses on how 

CeO2 NPs impact soil quality and the aging effects of nanoparticles. We work with CeO2 

NPs that may be introduced to agricultural soils through the land application of biosolids, 

waste water, in phosphate fertilizers, or dispersed in diesel engine exhaust. The main 

objective of this research was to investigate the effect of CeO2 NPs on biochemical soil 

quality indicators--soil enzyme activities--in order to evaluate their toxicity to soil 

ecosystems. To test the potential toxicological effects of CeO2 NPs on the soil 

biochemical dynamics, we performed a study that involved microcosms that were 

prepared using agricultural soil from Illinois and organic soil and planted with 

wheatgrass. An accelerated cropping management and harvesting system was employed 

under a sodium grow light to simulate normal growth over time and regrowth of plants 

following harvest—wheatgrass cutting—events, under different CeO2 concentrations (0, 

100, 500 and 1000 mg kg-1 soil). Three harvests over 22 weeks were performed for the 

normal growth (also known as non-cut group). Similarly, over the same period, three cuts 

and three harvests of the plants were also performed to simulate plants regrowth. At the 

time of each harvest, soil enzymes activities were examined as a function of various dose 

treatments of CeO2 NPs, enzyme types, contact time and cut type. Urease, phosphatase 

and β-glucosidase were the three enzymes selected to examine in this study because of 

the critical role these soil enzymes play in biogeochemical cycles, particularly linked to 

the C, N and P cycles. Each enzyme had a specific assay to detect its activity. 

 

2. Material & Methods 
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2.1 Soil preparation 

The soil was composed of a mixture of a Gilford and an organic soil. The soil 

mixture was prepared by adding 250 g of Gilford soil and 125 g of organic soil in a 2:1 

ratio. The physico-chemical characteristics of the Gilford soil, which was a sandy loam 

soil collected from Kankakee County, Illinois, were established by the Utah State 

University Analytical Laboratories (USUAL). It had 84.40% sand, 7.70% silt and 7.90 

clay. Soil pH was 5.20; electrical conductivity was 0.68 dS m-1; total organic matter 

content ranged from 3.30% (Walkey-Black method) to 4.20% (loss on ignition method); 

total nitrogen was 0.19%; and soil carbon was 2.91% for total carbon (TC) and 2.91% for 

total organic carbon (TOC). The organic soil (Harvest, Waltham, MA) was composed of 

organic matter and organic fertilizer, which provided soil mixture with nutrients and good 

porosity for air and water movement. It had 0.1% of total nitrogen, 0.05% of available 

phosphate in the form of P2O5, and 0.05% of soluble potash as K2O. For each pot, 375 g 

of dry soil mixture was measured on the NewClassic MS3002S Balance (Mettler Toledo, 

Columbus, OH) and mixed in High-Density Polyethylene (HDPE) wide mouth bottles 

(VWR International, Radnor, PA) by shaking. The physico-chemical characteristics of 

the soil mixture were analyzed by the Agricultural Service Laboratory at Clemson 

University (Table 2.1). Among the measurements tested to evaluate the initial conditions 

of the soil mixture, analyses showed a pH value of 5.7, an organic matter content of 5.40 

%, and a cerium concentration of 0.148 ppm (Table 2.1).  

2.2 Nanoparticle suspension preparation  
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Cerium (IV) oxide with a nanopowder size smaller than 25 nm was obtained from 

Sigma-Aldrich, St. Louis, MO. A MX5 Microbalance (Mettler Toledo, Columbus, OH) 

was used to prepare the specific masses of nanoparticles under a 2' XPert Nano Enclosure 

(Labconco, Kansas City, MO), which filtered nanoparticle powders and provided 

protection during the operation processes. Four concentrations of CeO2 nanoparticle were 

applied to the soil, which were 0 mg/kg soil, 100 mg/kg soil, 500 mg/kg soil and 1000 

mg/kg soil. The quantities of CeO2 prepared for each concentration were 0 g, 0.675 g, 

3.375 g, and 6.75 g, respectively. The weighted CeO2 nanopowder were then dispersed 

using the Sonicator 4000 (Misonix Inc, Farmingdale, NY) with an operating frequency of 

20 kHz and power rating of 600 Watts for ten minutes in 100 mL of 18.2 MΩ•cm of 

ultrapure deionized (DI) water (Millipore Corporation, Billerica, MA). The nanoparticle 

solution was further diluted to one liter of volume using ultrapure DI water. Nanoparticle 

suspensions were kept dispersing in the Bransonic® CPXH Ultrasonic Baths with a 

frequency of 40 kHz and high power control (Emerson Electric, St. Louis, MO) before 

they were added to the soil mixtures.   

2.3 Soil-Nanoparticle mixture preparation 

The 1L of mixed nanoparticle suspension for every concentration was divided 

into 18 portions, and each soil mixture (375 g) was watered with 55.6 ml of the 

suspension and then mixed in a seed pot with a diameter of 4.5 inch (Clovers Garden, 

North Riverside, IL) with a small garden shovel. The complete soil-nanoparticle mixtures 

were reloaded into the pots according to the corresponding concentrations. Seventy two 

pots with separate trays were prepared based on four concentrations of nanoparticles and 
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six sets of groups. The replicates contained three cut groups, two non-cut groups and one 

additional backup cut group to ensure that the live plant system in the pots were present 

at time of harvest, which were all done in triplicates. 

2.4 Germination of wheatgrass 

Organic Hard Red Wheat (Triticum aestivum) was selected as the crop for growth 

in the soil-nanoparticle mixtures to establish a soil-plant microcosm system. Fifteen 

grams of Organic Hard Red Wheat with a purity of 99% (Todd’s Seeds, Novi, MI) were 

weighted for each pot and disinfected using NaClO solution with 5% of available Cl 

(Fisher Scientific, Waltham, MA). The seeds were first washed in the sodium 

hypochlorite solution for 30 seconds and were rinsed by ultrapure DI water for three 

times (Kiemnec et al., 2003). The disinfected seeds were then soaked with a layer of 

water in containers for 12 hours, covered with a wet paper towel after draining and left to 

sit for another 12 hours. The disinfection and soaking process helped germination and the 

seeds were ready to grow in the soil after this step.  

2.5 Seeding 

The germinated seeds were spread evenly on the soil surface in the pots with the 

top 1 cm of soil temporally removed. The seeds were again loosely covered with the 

previously removed layer of soil, and watered.   

2.6 Growing of plants 

Seventy two pots were randomly placed on a table in trays under a Yield Master 

8in Air Cooled Reflector (Sunlight Supply, Vancouver, WA) having a Hortilux 1000 

Watt High Pressure Sodium Bulb (Eye Lighting, Mentor, Ohio) installed. The sodium 
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bulb was specifically designed to promote plant growth by giving sufficient spectral 

energy, and was connected to a Galaxy Grow Amp 1000 Watt and 600/750/1000/Turbo 

charge electronic ballast (Sunlight Supply, Vancouver, WA). The whole lighting unit was 

hooked to a Sun Stand (Sunlight Supply, Vancouver, WA) with an adjustable height from 

52in to 88in. The day light length was adjusted to be about 12 hours per day, and the 

plants were watered every two to three days. After every harvest, the regrowth of 

wheatgrass required more nutrients. To be consistent, the non-cut groups also got access 

to them. The nutrient solutions were prepared by adding one packet (12g) of soluble 

fertilizers (The Scotts Miracle-Gro Company, Marysville, OH), containing 3.5% of 

ammoniacal nitrogen, 20.5% of urea nitrogen, 8% of available phosphate (P2O5) and 16% 

of soluble potash (K2O), to two gallons of ultrapure DI water, and were applied to plants 

via watering.   

2.7 Harvest 

Counting from the first day of seeding, the whole growing period was five 

months. Plants were harvested at two week, thirteen week, and twenty-two week intervals 

after the seeding event, respectively. After each harvest, all sets of pots for the cut groups 

were mowed and the sets for the non-cut groups continued to grow until the next harvest 

assigned. The sets of targeted pots for each harvest were then destroyed for soil and 

enzyme analyses. During the first harvest, one set of cut group for each concentration was 

destroyed, and all cut groups were mowed. For the second harvest, one set of cut group in 

addition to a set of non-cut group were destroyed, and all cut groups were mowed again. 
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For the third harvest, one set of cut group and the last set of non-cut group were 

destroyed. 

2.8 Soil sampling 

Soil was separated from the massive roots as cleanly as possible by avoiding large 

chunks of wood chips and roots. Twelve grams (2g each) of wet soil samples from 

different locations in the pot were collected, and three portions of 2g wet soil were used 

to calculate the dry soil mass after oven-drying to determine soil enzyme activity. The 

other three portions of the 2g of wet soil were blended with 50 mM, pH 5 acetate buffer, 

made from sodium acetate trihydrate (≥ 99%, Sigma-Aldrich, St. Louis, MO), as soil 

suspensions in triplicates for further enzyme analysis.  

2.9 Enzyme activity analysis 

Three enzymes were tested: urease (EC 3.5.1.5), phosphatase (EC 3.1.3.2) and β-

glucosidase (EC 3.2.1.21), with urea (Sigma-Aldrich, St. Louis, MO) used as the 

substrate for the urease protocol (Allison, 2001a). The 50 mM acetate buffer was made 

from sodium acetate trihydrate (≥ 99%, Sigma-Aldrich, St. Louis, MO), glacial acetic 

acid (≥ 99%, Sigma-Aldrich, St. Louis, MO) and ultrapure DI water. The soil suspensions 

were mixed with both the substrates and the buffer for sample groups and suspension 

controls, respectively, and done in triplicate. Three substrate controls were also 

conducted without soil suspensions. After incubation for two hours at room temperature, 

sodium salicylate (≥ 99.5%, Sigma-Aldrich, St. Louis, MO), sodium nitroprusside 

(Sigma-Aldrich, St. Louis, MO) and BDH ACS Grade sodium hydroxide (VWR 

International, Radnor, PA) were mixed with ultrapure DI water. This solution was then 
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added to the soil supernatant, which was obtained by centrifugation at a speed of 10,000 

rpm for one minute using Centrifuge 5810R (Eppendorf, Hamburg, Germany). Sodium 

dichloroisocyanurate (96%, Sigma-Aldrich, St. Louis, MO) was finally added to halt the 

reaction and to develop color. An Epoch 2 Microplate Reader (BioTek, Winooski, VT) 

was then used to read the optical density. The urease activity was calculated as: 

Activity (μmol NH4 h
-1 g-1)  =  

               Final OD / [(EC/μmol/ml)/(1.5ml/assay)(incubation time, h)(g dry soil used to    

               make sample suspension / ml sample suspension) (0.75 ml sample suspension)] 

where OD was the optical density read from the Microplate Reader, EC was the slope 

value obtained from the standard curve. 

The final OD value was calculated by subtracting the OD values of sample 

controls and substrate controls from sample assays. The EC value for urease was 0.9751 

ml/μmol. The substrates used for the phosphatase and β-glucosidase protocols (Allison, 

2001b), were p- Nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO) and 4-

Nitrophenyl β-D-glucopyranoside (≥ 98%, Sigma-Aldrich, St. Louis, MO), respectively.  

A similar method of preparation was used to incubate the phosphatase samples for 

45 min and β-glucosidase samples for 1 h. The reactions of the supernatants were then 

terminated by adding 1N of NaOH. After adding ultrapure DI water to dilute, the 

Microplate Reader was used to read the developed colors at 410 nm. The phosphatase 

and β-glucosidase activity were both calculated as:  

Activity (μmol h-1 gDOM-1)  =  

               Final OD / [(EC/μmol/ml)/(1.5ml/assay)(incubation time, h) (gDOM  / ml   
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               sample suspension) (0.75 ml sample suspension)] 

where gDOM was the oven dried mass from 2g of wet soil sample. 

The final OD value was calculated by subtracting the OD values of the sample 

controls and the substrate controls from the sample assays. The EC value for phosphatase 

and β-glucosidase was 2.2369 ml/μmol. 

2.10 Statistical analysis 

General Linear Models were developed that related the means of the three enzyme 

concentrations to the effects of the experimental factors (concentration, treatment) at the 

different harvests.   ANOVA was used to test the statistical significance of the 

experimental factors.  When factors were determined to be statistically significant, 

Tukey’s Honestly Significant Difference (HSD) was used to make specific comparisons 

among the factor level means. Results are reported as the enzyme means and associated 

standard errors. 

ANOVA assumptions of normal distribution and homogeneity of variance were 

assessed and found to be satisfied.  Statistical significance was set at an alpha value of 

0.05.  Microsoft Excel 2010 and JMP Pro 12 were used for all calculations.  

Inhibition and promotion percentages were calculated in Microsoft Excel 2010 

using the equation shown below: 

% inhibition/promotion = 
𝐶𝑡−𝐶0

𝐶0
 × 100% 

where, Ct is the enzyme activity at different treatments with CeO2 NP present, and C0 is 

the enzyme activity at 0 mg/kg CeO2 NP concentration within each cut. The calculated 
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negative values were treated as inhibition effect, while the calculated positive values 

were considered as promotion effect.  

 

3. Results 

Three types of soil enzyme activities were measured and analyzed after each of 

the three harvest events as non-cut and cut groups. A comparison of the first harvest and 

the control group without CeO2 NPs indicated a significant decrease in the activities for 

urease and β-glucosidase, and an overall increase in phosphatase activity. The results also 

indicated a different influence of the CeO2 NPs on the respective soil enzyme activities, 

depending on enzyme type, NP dose, contact time, and plant harvest event.  

3.1 Effect of concentration of CeO2 NPs on enzyme activities 

3.1.1 Urease activity 

An increased concentration of CeO2 NPs resulted in a corresponding decrease in 

the urease activity for each harvest of the non-cut group (Figure 2.1a). For the cut group, 

a decrease in activity was also observed for the first and second harvest events, with no 

such obvious trend observed for the third harvest (Figure 2.1b). The negative effects from 

CeO2 NPs on urease activity are shown in Figures 2.2a and 2.2b. The increasing trend for 

each harvest event indicated a more negative influence on urease enzyme activity at 

higher concentrations. Specifically, for the non-cut 1 and cut 1 groups, the inhibition 

effect increased from a -5.07% at a 100 mg/kg concentration to -13.2% at a 500 mg/kg 

concentration to -19.91% at a 1000 mg/kg concentration compared to the treatment 

without CeO2 NPs. An inconsistency of positive values of 15.18% and 6.88% at 
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concentrations of 500 mg/kg and 1000 mg/kg, respectively, was observed for the cut 3 

group. 

Significant differences were observed in the urease non-cut group samples, 

however, between 0 and 500 mg/kg, 0 and 1000 mg/kg, and 100 and 1000 mg/kg 

concentrations at the first harvest. At the second and third harvest, the significant 

differences between 100, 500 and 1000 mg/kg concentrations were observed to diminish 

(Figure 2.1a), as was a clear difference between pots with nanoparticles and pots without 

nanoparticles. As time increased, the low concentrations (100 and 500 mg/kg) with no 

detectable differences did have an effect on the enzyme activity, compared to 0 mg/kg 

concentration. A possible threshold affect was observed in the second and third harvests 

of the non-cut group, with the presence or absence of nanoparticles falling into two 

distinct categories. Although the differences between the cut and non-cut groups for 

urease were identical for the first harvest, no significant difference was observed between 

all concentrations for the second and third harvests (Figure 2.1b). These trends indicated 

a significant decrease in the difference between urease concentrations with a 

corresponding increasing in time regarding urease activity.  

3.1.2 Phosphatase activity 

For both the non-cut and cut groups, except for the second and third harvests 

where no large difference between concentrations of 0, 100 and 500 mg/kg (Figure 2.1c, 

2.1d) were observed, the phosphatase activity increased for each harvest event with a 

corresponding increase in concentration. Using this positive trend observed for 

phosphatase activities, promotion percentages, as shown in Figure 2.2c and 2.2d, were 
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calculated based on the concentration of 0 mg/kg at each concentration. The non-cut and 

cut 1 groups exhibited the greatest effect on promotion, with an increase from 97.46% to 

131.37% to 181.45% at 100, 500 and 1000 mg/kg concentrations, respectively, compared 

to the 0 mg/kg concentration.   

Significant differences were observed within the phosphatase non-cut group 

between 0 and 100 mg/kg, 0 and 500 mg/kg, 0 and 1000 mg/kg, 100 and 1000 mg/kg 

concentrations at the first harvest. At the second harvest, significant differences were 

observed between 0 and 100 mg/kg, 0 and 500 mg/kg, 0 and 1000 mg/kg, 100 and 1000 

mg/kg, and 500 and 1000 mg/kg concentrations. At the third harvest, these differences 

were reduced to only a range between 0 and 500 mg/kg, and 0 and 1000 mg/kg (Figure 

2.1c). A possible proportional effect - CeO2 NPs dose dependent relationship - was 

observed in all three harvest events. Among the cut group for phosphatase, significant 

differences were identical for the non-cut group at the first harvest.  Although no 

significant difference in NP presence was observed between the concentrations of 0, 100 

and 500 mg/kg at the time of second and third harvest, they differed significantly with the 

highest concentration of 1000 mg/kg (Figure 2.1d). The trends indicated that the 

significant difference between concentrations decreased with an increased timespan for 

phosphatase activity.  

3.1.3 Beta glucosidase activity 

For both the non-cut and cut groups, an increasing concentration caused decrease 

in the β-glucosidase activity was observed at the first and second harvest events, while it 

remained relatively constant at the third harvest event (Figure 2.1e, 2.1f). The negative 
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effects were observed for both non-cut and cut groups and at all concentration levels 

(Figure 2.2e, 2.2f). For the cut 2 group, the inhibition effect increased from -0.32% to -

70.84% at the 100 mg/kg and 1000 mg/kg concentrations, while an inhibition percentage 

for the non-cut 2 group was between -16.89% to -50.22% at the 100 mg/kg and 1000 

mg/kg concentrations.   

Regarding the β-glucosidase non-cut group at the time of the first harvest, 

significant differences existed at concentrations between 0 and 500 mg/kg, 0 and 1000 

mg/kg, 100 and 500 mg/kg, and 100 and 1000 mg/kg. At the time of the second harvest, 

significant differences existed at concentrations between 0 and 500 mg/kg, 0 and 1000 

mg/kg, 100 and 1000 mg/kg, and 500 and 1000 mg/kg. At the time of the third harvest, 

no significant differences were observed at concentrations between 0, 100,500 and 1000 

mg/kg (Figure 2.1e). Regarding the β-glucosidase cut group at the time of the first 

harvest, the significant differences were identical to that of the non-cut group. At the 

second harvest, however, significant differences were observed at concentrations between 

0 and 500 mg/kg, 0 and 1000 mg/kg, 100 and 500 mg/kg, 100 and 1000 mg/kg, and 500 

and 1000 mg/kg. At the time of the third harvest, no significant difference was observed 

between all four concentrations (Figure 2.1f). These trends indicated that the overall 

significant difference between concentrations decreased as the time increased for the β-

glucosidase activity. 

3.2 Effect of length of exposure time to CeO2 NPs on enzyme activities 

Variations were observed within each concentration between all harvesting events 

for both the cut and non-cut groups for all three enzyme types. As the time elapsed 
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towards the third harvest, a greater reduction in urease activity was observed.  The urease 

activity for the non-cut group decreased from 0.0625 NH4 h
-1 g-1 to 0.0065 NH4 h

-1 g-1 at 

concentrations of 100 mg/kg, from 0.0571 NH4 h
-1 g-1 to 0.0048 NH4 h

-1 g-1 at 

concentrations of 500 mg/kg, and from 0.0527 NH4 h
-1 g-1 to 0.0038 NH4 h

-1 g-1 at 

concentrations of 1000 mg/kg. These trends indicated that a longer exposure time to 

CeO2 NPs decreased the urease activity. A comparison of the non-cut and cut groups 

indicated at greater inhibition of urease activity in the cut group, especially at the second 

harvest event.   

Phosphatase activities had higher values with an increase in time among the non-

cut groups in all but the third harvest, where the activity subjected to 1000 mg/kg was 

lower than that of the second harvest.  These trends indicated that a longer exposure time 

to CeO2 NPs promoted phosphatase activity. A comparison of the non-cut and cut groups 

indicated less promotion of phosphatase activity in the cut groups in the presence of 

nanoparticles. At the 500 mg/kg concentration for non-cut groups, the phosphatase 

activities were 0.0417 μmol h-1 g-1and 0.0454 μmol h-1 g-1 at the second and third 

harvests, and the activities for cut groups were reduced to 0.0295 μmol h-1 g-1 and 0.0342 

μmol h-1 g-1, correspondingly. 

For the first and second harvest events among both non-cut and cut groups, a 

significant reduction of β-glucosidase activity was observed under each concentration. At 

the 100 mg/kg concentration, the β-glucosidase activity was reduced from 0.1941 μmol h-

1 g-1 to 0.0142 μmol h-1 g-1 for the non-cut groups, and from 0.1941 μmol h-1 g-1 to 0.0240 

μmol h-1 g-1 for the cut groups. At the third harvest, the activity for β-glucosidase was 
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slightly higher than that of the second harvest for non-cut group, while it was lower than 

that of the second harvest for cut group. The trends indicated that a longer exposure time 

to CeO2 NPs inhibited the β-glucosidase activity at the first and second harvest events. 

This trend did not continue until time for the third harvest at which point the activity 

values were relatively constant for both non-cut and cut groups across the concentrations.  

 

4. Discussion 

As an important soil quality indicator, microbial activity and its related enzyme 

activity are possibly influenced by surrounding environment, due to the high sensitivity 

to changes in geochemical parameters and the accumulation of toxics either by 

intentional or unintentional applications. The relationship between nanoparticles and 

enzyme activities is hard to generalize, because it relies on specific properties of NPs: 

type and size, concentration applied, plant and enzyme type selected, and media 

composition (Dimkpa, 2014). In this study, enzyme types, different concentration 

treatments, contact time and cut type were examined. The soil enzyme activity was 

variously affected by the CeO2 NPs, depending on the enzyme types. The experimental 

results showed that both urease and β-glucosidase activities were inhibited by CeO2 NPs; 

and the higher concentration increased the inhibition except for urease in the third harvest 

event in that particular cut group. These results were consistent in that the highest 

percentage of inhibition percentage corresponded to the highest concentration of 

nanoparticles treated (Jośko et al., 2014). Although several enzyme activity data sets 

showed large standard deviations, these variations were thought to commonly exist in the 
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soil enzyme assays (Kim et al., 2011; Shin et al., 2012; Tong et al., 2007). It was 

determined, in one study undertaken to assess dehydrogenase, phosphatase and β-

glucosidase, that all of these activities were reduced after the treatment with ZnO NPs 

(Kim et al., 2011). In an analysis of Xu et al. (2015) about the concentrations of CuO NPs 

and enzyme activities for both urease and phosphatase, a negative dose-response 

relationship was observed between each. It was determined that the decrease in enzyme 

activities from the CuO NP treatment was possibly due to the toxic effects from their 

heavy metal characteristics, which can inhibit enzyme activities by inactivating protein 

groups or blocking the binding sites on the enzymes (Dick et al., 1997; Kizilkaya and 

Bayrakli, 2005). It is also known that engineered nanoparticles of very small size with 

large surface-area-to-volume ratio are more reactive, unlike their bulk heavy metal 

counterparts, and thus have greater inhibition impacts on enzyme activity (Jośko et al., 

2014). In this research, the authors presumed that the toxic properties of the engineered 

nanoparticles were responsible for the inhibition of soil enzyme activities. The possible 

mechanisms for such nanoparticle toxicity to soil organisms and plants are thought to be 

the generation of ROS, the disturbance of cell membranes, the disruption on electron 

transfer from the retaining of electrons, and the interaction with proteins within the cells 

(Pan and Xing, 2010). The results of a study involving the Caenorhabditis elegans (C. 

elegans) nematode suggested a positive correlation between the ROS accumulation, 

which caused oxidative damage to the C. elegans and exposure to CeO2 NPs (Zhang et 

al., 2011). This evidence also indicated that the inhibition of both the urease and β-
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glucosidase activity was possible due to the ROS accumulation, which would cause 

oxidative stress to the cells (Pan and Xing, 2010).   

Nanoparticles, however, exhibited various influences on the enzyme activities, 

depending on the types of enzyme to which they were exposed. CeO2 NPs were observed 

to inhibit the effects of urease and β-glucosidase activities, while a stimulation effect was 

recorded for phosphatase activity. For both the cut and non-cut groups, the promotion 

effect was greater at higher NP concentrations during the first harvest event, which was 

consistent with the inhibition results. An increased presence of CeO2 NPs in the system 

increased the activity of the phosphatase. It has been established that enzyme activities 

such as amylase, acid phosphatase, catalase and urease increase significantly when the 

soil samples are treated with Fe3O4 NPs (Fang et al., 2012). It has also been established 

that iron oxide magnetic nanoparticles (IOMNPs) promote soil urease and invertase 

activities, and the possible reason for which is the change of the microbial community in 

the soil (He et al., 2011). Studies have shown that CeO2 NPs could be applied to prevent 

retinal disorders (Silva, 2006), to elongate cell lifespan by protecting human normal cells 

from radiation (Tarnuzzer et al., 2005), and to enhance adult rat spinal cord neuron 

survival (Das et al., 2007). Based upon those benefits of CeO2 NPs, it is possible that the 

stimulation effect of CeO2 NPs on phosphatase activity may be caused by a shift in the 

microbial community to that of the phosphatase-associated microbes, as well as an 

increase in both their census and in vitality. However, further study is needed to elucidate 

the detailed mechanism of the promotion phenomenon between CeO2 NPs and 

phosphatase. 
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The length of time that soil enzymes are exposed to the nanoparticles is also an 

important influence upon enzyme activities. A comparison of the first harvest event with 

the second and third events showed a continuously decrease in different concentration 

treatments with a corresponding inhibition or promotion of NPs. This decrease was 

particularly prevalent for the third harvest with some of the enzyme activities impervious 

to the influence of the concentration variance. In a study of nano-scale zerovalent iron 

(nZVI), the dehydrogenase activity was observed to increase greatly during a seven day 

testing period, from day 1 to day 7, which was interpreted as either a promoting effect on 

the microbial population or an assay artifact (Cullen et al., 2011). In the study of the 

promoting effect on dehydrogenase in soil type SL1, Jośko et al. (2014) noted a decrease 

with an increase in the contact time with ZnO NPs, which was consistent with the results 

for phosphatase activity. A longer exposure time was found to provide more 

opportunities for soil components, specifically clay particles and NOM, to interact with 

nanoparticles. This process in turn may immobilize NPs by adsorption and lower the 

bioavailability of NPs that come in contact with microbes, therefore reducing the toxicity. 

Regarding the ability of the soil microorganisms to  metabolize and tolerate NPs, in 

addition to the self-protection mechanism and rapid adaptation to a changing 

environment through regeneration and horizontal gene transfer may also reasonably 

explain the reduced toxicity of NPs over time (Allison and Martiny, 2008; Dinesh et al., 

2012; Meyer et al., 2004). These reduced inhibition and stimulating effects on selected 

enzyme activities with longer contact time with CeO2 NPs could summarize to be a 
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possible lower bioavailability of CeO2 NPs along with a resilient and resistant microbial 

response. 

Comparing the results between the cut and non-cut groups, the enzyme activities 

decreased in cut groups at the second harvest for urease and phosphatase and at the third 

harvest for β-glucosidase. Similarly, in their analysis after wheat harvest, Du et al. 

observed a great reduction in enzyme (protease, catalase and peroxidase) activities (Du et 

al., 2011). The results also agreed with a study from Guitian and Bardgett (2000), in 

which the three tested grass species exhibited their highest microbial activities in the 

uncut control groups compared to the other two cut groups, respectively. Wheatgrass was 

chosen because it added a level of variability and complexity to the system compared to 

bare soil, and was also deemed a nutritious food source in forms of juice and powder 

(Wigmore, 1985). Such uses however, may cause adverse health effects if wheatgrass 

uptake of CeO2 was observed. Although the primary focus of this study involved 

examining soil enzyme activity, the authors recommend a future study to determine how 

the traits of various plants may affect CeO2 uptake.  

 

5. Conclusion 

CeO2 NPs were found to influence soil enzyme activities in terms of enzyme type, 

dose treatment, contact length and cut type. Both inhibition and promotion effects were 

observed among the three enzymes tested, with urease and β-glucosidase exhibiting 

inhibition and phosphatase revealing stimulation under the treatment with CeO2 NPs. The 

inhibition effect was deemed to be the accumulation of ROS that damaged the microbial 
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cells, while the stimulation effect on phosphatase was assumed to be a shift in microbial 

community, in addition to the antioxidant property of CeO2 NPs that could improve the 

cell lifespan and vitality. The reduction in toxicity and promotion effects over time along 

the three harvest events was hypothesized to be a lower bioavailability of NPs and a 

microbial adaption and evolutionary process.  

 

6. Tables and Figures  

Table 2.1 Physicochemical properties of soil mixture. 

  

Soil 

Mixture 

pH  5.7 

Organic Material (%)  5.4 

CEC (meg/100g)  17.7 

Elements and Ions 

Nitrate-N (ppm) 144 

Phosphorus (ppm) 139.5 

Potassium (ppm) 608.5 

Calcium (ppm) 1827.5 

Magnesium (ppm) 253.5 

Zinc (ppm) 18.55 

Manganese (ppm) 33.5 

Boron (ppm) 1.1 

Copper (ppm) 0.75 

Sodium (ppm) 123 

Cerium (ppm) 0.148 
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Figure 2.1 Enzymatic activity of urease as non-cut and cut groups (a, b), phosphatase as 

non-cut and cut groups (c, d), β -glucosidase as non-cut and cut group (e, f) under 

different concentrations of CeO2 NPs and harvest periods. Error bars represent the 

standard deviation of the mean. The upper letters (A, B, C) mean statistically significant 

differences (P ≥ 0.05) among concentrations. 
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Figure 2.2 Influence of CeO2 nanoparticles concentration and harvest times on urease 

activity as non-cut and cut groups (a, b), phosphatase activity as non-cut and cut groups 

(c, d), β –glucosidase activity as non-cut and cut group (e, f). 
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CHAPTER THREE 

DYNAMICS OF FLUID INTERFACES AND NONEQUILIBRIUM AND 

PREFERENTIAL FLOW IN THE VADOSE ZONE:  

IMPACT OF MICROBIAL EXUDATES 

 

 

 

1. Introduction 

The infiltration process is a most important factor within the hydrological cycle as 

it filters water from both the atmosphere and the ground surface into the soil, which in 

turn revives the underground ecosystem through a recharged ground water table to ensure 

the continuity of the cycle. A combination of gravity and capillarity forces act upon the 

water and upon entry into the soil pores with gravity always acting vertically and with the 

capillary forces channeling the water horizontally (Gray and Norum, 1967). Derived in 

1931 by Lorenzo A. Richards, the Richards equation is used to determine water flow in 

the vadose zone under constant temperature from Darcy’s law and the conservation of 

mass. It is expressed as:  
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where θ represents the volumetric water content in soil, t the time, z the vertical axis 

pointing downward indicating positive, K the soil hydraulic conductivity, Ψ the soil water 

potential, and D the soil water diffusivity. This highly nonlinear problem makes the 

analytical and numerical solutions to the Richards equation typically non-unique  (Celia 

et al., 1990). Many simplifications and approximations to the Richards equation have 

been proposed  (e.g. Bras, 1990; Smith et al., 1993; Waechter and Philip, 1985).  
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Water flow during the infiltration processes in soil systems is either uniform, with 

wetting fronts flowing in parallel to the soil surface level; or non-uniform, with wetting 

fronts flowing irregularly (Green and Ampt, 1911). In a non-uniform flow, water 

movement in some areas of the unsaturated subsurface is faster and more intense than in 

others. Macropore flow, unstable flow, funnel flow and preferential flow are a few of the 

characteristic non-uniform flows that may occur. Of these, preferential flow refers to the 

movement of water in addition to the solutes in a non-uniform flow and is independent 

from common conditions that characterize soils in various locations (Andreini and 

Steenhuis, 1990; Baveye et al., 1998; Dekker and Ritsema, 1996; Doerr et al., 2007, 

2006). The occurrence of fingering flows, one form of preferential flows, which 

frequently occurs in coarse media can occur (i) with the entrapment of air during the 

movement of the wetting front, (ii) the movement through water-repellent soils, (iii) the 

process of continuous non-ponding infiltration, and (iv) among layered materials with 

different textures (Baker and Hillel, 1990; Diment and Watson, 1985; Du et al., 2001; 

Glass et al., 1991, 1990, 1989a, 1989b, 1989c; Hill and Parlange, 1972; Hillel and Baker, 

1988; Parlange and Hill, 1976; Philip, 1975a, 1975b; Raats, 1973; Selker et al., 1992; 

Tamai et al., 1987; Yao and Hendrickx, 1996, 2001). The surface tension and contact 

angle are the two parameters most commonly examined that occur in an infiltration 

process (Yuan and Lee, 2013).  

The formation of preferential flow may derive either directly or indirectly from 

various biological influences. Although plant root zones induce water into the soil, 

microorganisms and their secreted compounds can change the hydraulic conductivity by 
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modifying the soil porosity and inducing water repellency, which then forms preferential 

flow paths (Morales et al., 2010). These  preferential flow paths of a soil profile can then 

form a saturated distribution zone near the top surface and an underlying conveyance 

zone with the fingering flow paths (Kim et al., 2005; Steenhuis et al., 1994). These 

unstable wetting fronts for unstable flow then splits the original horizontal profiles into 

fingering flow paths that can possibly cause a leaching of contaminants via the soil into 

the groundwater (Bauters et al., 2000; Doerr et al., 2007; Hendrickx and Flury, 2001; 

Wang et al., 2000). In addition, unexpected dry and wet soil patches from fingering flow 

paths can negatively affect microbial populations and plant growth (Morales et al., 2010). 

For example, the agrochemicals and wetting agents (surfactants) regularly applied to golf 

course greens can rapidly move through the subsurface from a preferential flow (Kostka, 

2000; Morales et al., 2010). 

Soil moisture is an integral component concerning the support of biogeochemical 

processes as nutrient cycles, and a catalyst for microbial and plant activities (Wang et al., 

2015). Soil modification by microorganisms and plant roots creates preferential flow, 

which in turn facilitates the microbial and plant activity by supplying more oxygen, 

moisture content, available nutrients, and different dissolved substrates along the wetted 

flow path. The soil-water dynamics are complex due to the heterogeneity in soil media 

from the nonuniform spatial distribution of microorganisms and plant roots, different soil 

structures, numerous interrelated biogeochemical reactions, spatial and temporal 

variability, and the scaling factor for hydrological processes (Ettema and Wardle, 2002; 

Morales et al., 2010).  
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Microorganisms growing in the soil tend to accumulate low molecular weight 

organic molecules, also known as osmolytes. The semi-permeability of membranes of 

these microorganisms causes a release of the intracellular solutes as exudates which in 

turn preserves their osmotic potential with the surrounding medium. Although the 

exudate production between microorganisms varies, this microbial response is a useful 

strategy to prevent cell lysis and death caused by changes in soil water content (Boot et 

al., 2013; Griffin, 1981; Halverson et al., 2000; Kieft et al., 1987; Potts, 1994; Wang et 

al., 2015). It has been determined that plant exudates released by roots can function as 

surfactants and change surface tension of soil solutions, which in turn alters the hydraulic 

conductivity and water flow around the rhizosphere (Passioura, 1988; Read et al., 2003; 

Read and Gregory, 1997). As surface-active organic compounds, surfactants can alter 

both surface tension of liquids and contact angle at the solid-liquid interface, which can 

further influence both the water flow and the potential transport of contaminants in the 

vadose zone (Bashir et al., 2008; Karagunduz et al., 2015). However, little research has 

been undertaken to examine the influence of different microbial exudates on water 

infiltration processes into the vadose zone. Catechol is one compound produced by 

certain bacteria (e.g. Escherichia coli) that can be synthesized by feeding those microbes 

on glucose and as intermediates during the biodegradation processes of aromatic 

compounds (e.g. phenol) (Draths and Frost, 1995; Li et al., 2005; Nair et al., 2008). 

Riboflavin (or vitamin B2), which is naturally produced by many microorganisms, 

including Candida famata, Bacillus subtilis, and lactic acid bacteria is a second 

compound that can be treated as a microbial exudate (Bacher et al., 2001; Perkins et al., 
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1999; Perkins and Pero, 1993; Schallmey et al., 2004; Stahmann et al., 2000; Thakur et 

al., 2016).  

First used in by Hoa in 1981 to measure water the content in two-dimensional 

unsaturated sandy porous media the Light Transmission Method (LTM) is ideal for 

studying the infiltration process without disturbing the porous media system. This non-

invasive imaging technique is inexpensive, fast responding and and provides high 

resolution with a mininum of acquisition time (Darnault et al., 1998; Werth et al., 2010). 

In order to acquire available data, a transparent (thin enough to be two dimensional) 

system that enables visible light to transmit through is needed. For data capture device, 

charge-coupled device (CCD) camera is commonly used for acceptable resolution 

purpose (Werth et al., 2010). The light intensity data separated from the original RGB 

image can be converted to the percentage of water saturation based on respective 

calibration equation. As a result, profiles of water distribution of wetting front and 

fingered flow during infiltration process can be obtained and then analyzed for flow 

characteristics. 

Very little study has been undertaken to examine the infiltration process in porous 

media using the LTM, and even less to elucidate the influence of microbial exudate on 

the flow process. Although plant exudates act as surfactants to influence water flow, the 

effect of microbial exudates upon the infiltration process is unknown. Therefore, a 

random rain event, rather than point source was simulated to mimic natural conditions, 

and to use LTM to investigate the effect of these microbial on preferential flow with 



 46 

different concentrations, which relate to different concentrations of biomass when 

applying real microbes.  

The primary objective of this research study entailed an investigation of how 

different microbial exudates with varying concentrations alter the infiltration process in 

an unsaturated sand system and the distribution of the soil moisture content. Specifically, 

the microbial exudates catechol and riboflavin were examined to determine any influence 

of flow in porous media. The surface tension and the contact angle were dynamically 

monitored to obtain the interfacial properties of exudate solutions, and the infiltration 

experiments were conducted in a homogeneous and initially dry porous media in a two-

dimensional (2D) tank. A light transmission method (LTM) with high spatial and 

temporal resolution was used to construct the flow patterns and to visualize the water 

content distribution followed by the use of MATLAB to process the imaging and data 

analyses.  

 

2. Material and Methods 

2.1 Microbial exudates solution preparation 

Two solutions of microbial exudate were simulated using catechol and riboflavin, 

the molar concentrations of which were 10, 100, 500, and 1000 μM, respectively. For the 

catechol (≥99.5%, Sigma-Aldrich, St. Louis, MO) solution, 1.10, 11.01, 55.05, and 

110.10 mg of catechol powder were mixed with 0.01M of BDH ACS Grade NaCl (VWR 

International, Radnor, PA) solution. For the riboflavin (≥98%, Sigma-Aldrich, St. Louis, 

MO) solution, 3.76, 37.64, 188.18, and 376.36 mg of riboflavin powder were mixed with 
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0.01M of NaCl solution. Ultrapure deionized (DI) water with a resistivity of 18.2 MΩ•cm 

(Millipore Corporation, Billerica, MA) was used to limit any errors from impurities. Prior 

to measurements, all solutions were adjusted to pH of 4.80 ± 0.03 by adding 0.01M of 

HCl (36.5-38.0%, Sigma-Aldrich, St. Louis, MO) or 0.01M of BDH ACS Grade NaOH 

(VWR International, Radnor, PA) using a XL 500 pH meter (Fisher scientific, Waltham, 

MA).  

2.2 Contact angle and surface tension 

The FM40Mk2 EasyDrop model instrument was used to measure the contact 

angle (Krüss, Hamburg, Germany), and the EasyDrop complimentary Drop Shape 

Analysis software was used to process the detected data. A 5 μL drop of sample was 

excreted from a 1 mL Norm-Ject syringe (Fisher Scientific, Waltham, MA) with an 

attached needle to form a sessile drop on a glass slide that was continuously measured at 

30 seconds increments when placed in front of a camera for 10 minutes. All samples were 

conducted in triplicate, and the results were recorded in Excel.   

A Krüss and Dropshape Analysis apparatus with a needle of approximately 1.8 

mm in diameter was then used to experimentally measure the surface tension. A pendant 

drop was formed from the tip of the needle and imaged by the camera to determine the 

interfacial tension measurement in mN/m. The parameters for embedding phase density 

(air in this case) and temperature were adjusted in the setting to 0.0012 g/cm3 and 23°C 

for the surface tension measurements. Droplets from the sample solutions were measured 

at 30 second increments in front of the camera over five full minutes. All samples were 

also again conducted in triplicate, and the results were recorded in Excel.   
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2.2 Two-dimensional tank flow experiment 

A two-dimensional tank with two plates constructed of scratch-resistant 

polycarbonate and an inner dimension of 30.2 cm  1.2 cm  30.8 cm (LWH) was 

used for the microbial exudate flow experiments. The bottom of the tank on which was 

layered four pieces of ceramic porous plates for permeability was inclined downwards to 

the left. Four evenly distributed drainage outlets and one additional outlet on the left 

corner were also placed within the tank. During flow experiments, a filter sheet was 

placed at the bottom to prevent sand clogging and for the proper solutions to drain. A 

picture of the 2D tank with setup is shown in Figure 1. ASTM C778 Graded sand with 

unground silica was used and the surplus was loaded into a handmade Y-shaped sand 

loader with a piece of cloth within, with the loader taped above the tank (U.S. Silica 

Company, Ottawa, IL). The cloth was then quickly removed from the tank to create a 

uniform packing of sand within the tank. The rest of the sand in the loader and the loader 

were then removed. To ensure a consistent density of sand, a plastic rod was used to tap 

the top edge of the tank several times to “settle” the top sand layer.  

After the tank was loaded with sand, the microbial exudate solutions were 

pumped into the tank through a Model 77200-60 Easy-Load II peristaltic pump head 

(Masterflex, Gelsenkirchen, Germany) via a connecting tube at a constant flow rate of 10 

mL/min. Solutions were continuously stirred during the experiment in their containers 

which were positioned on a MS3002S NewClassic balance (Mettler Toledo, Columbus, 

OH) to record the initial and final weights. The other end of tube was connected to an 

actuator, which moved back and forth at a constant speed above the tank. Two short tube 
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openings were suspended from the actuator, and solutions randomly dropped from either 

tube to simulate a random rainfall event with an infiltration velocity of 16.56 cm/hr into 

the sand system.  

2.3 Visualization and light transmission method  

The light transmission method was used to visualize the microbial exudate 

solution flow pattern within the 2D tank. A 0.6 m  0.6 m square even-glow LED panel 

light fixture with natural white color and a maximum of 2,900 lumens (Super Bright 

LEDs, St. Louis, MO) was placed behind the 2D tank. The entire configuration was fully 

covered by a black plastic sheet except for the tank front surface to avoid extra light 

emanation from the side. A D5500 DSLR camera (Nikon, Tokyo, Japan) on a VTSL7200 

72" tripod (Bower, Long Island City, NY) was placed in front of the tank at a distance to 

record the transmitted light through the sand column in the 2D tank with a constant flow 

of exudate solution. The camera setting was adjusted to “manual” to avoid overexposure 

with only the LED panel light activated when both pump and actuator started to function. 

The camera then began imaging automatically every 30 seconds until the bottom of the 

tank was saturated and then drained for at least five minutes. Each flow experiment was 

performed in duplicate. 

2.4 Data and imaging analysis  

For each flow experiment, four pictures representing different stages of the main 

finger formation, prior to reaching the tank’s bottom, were analyzed in addition to the 

original picture at a time of 0 minutes and a drainage picture for calibration purposes. 

MATLAB R2016a was used to process the pictures, specifically to convert RGB (red, 
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green and blue) files to the form in HSV (hue, saturation and intensity), where the 

intensity was solely used later. The imaging method yielded both a high spatial resolution 

by tracking the main finger formation and a constant temporal response at 30-second 

intervals. Both of the vertical and horizontal distribution profiles were analyzed along 

and across the main finger for each stage of its development. A 30 pixel-wide rectangle 

appearing as a vertical line was drawn through the middle of the main finger to provide a 

vertical water distribution profile along the length, with a second rectangle horizontally 

drawn across the main finger at 90% of its total length to provide a horizontal profile. 

Regression equations were calculated using a previously observed linear relationship 

between the water content and the image light intensity based on the initial and fully 

saturated images with water saturation degree of 0% and 100%, respectively (Darnault et 

al., 2001; Hoa, 1981). MATLAB was then used to code the regression equations to 

calculate the water saturation based on the captured intensity values of each finger.   

 

3. Results 

3.1. Contact angle and surface tension 

3.1.1 Catechol  

The contact angles for the catechol solutions that were continuously measured for 

10 minutes at 30-second intervals are shown in Figure 3.2. The lowest concentration of 

10 μM catechol solution with 0.01 M NaCl exhibited the highest contact angle among the 

four concentrations. An increase in the catechol concentration from 10 μM to 1000 μM 

reduced the contact angle from 75 ± 2.82° to 69 ± 3.52° at time 0 min successively. At 
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approximately 10 minutes, all contact angles decreased and slowly plateaued. The initial 

contact angle of 76.7 ± 1.61° in the 0.01 M NaCl control solution suddenly declined and 

finally exhibited a higher contact angle compared to the solutions with catechol added.  

The measurements of surface tension for catechol solutions in Figure 3.3 show 

similar results between 72.5 mN/m to 74.5 mN/m within a period of 5-min. The initial 

surface tension for a 10 μM solution of catechol was greater than the 100 μM and 1000 

μM solutions of catechol, with the lowest surface tension within the 500 μM solution. 

However, within five minutes, a slight fluctuation of surface tensions indicated no 

significant difference overall. Compared to the control solution of 0.01 M NaCl with the 

surface tension at 73.7 ± 0.04 mN/m, the 10 μM and 100 μM catechol solutions caused 

an increased in surface tension, whereas the 500 μM and 1000 μM solutions caused a 

decrease.  

3.1.2 Riboflavin 

The contact angles for the riboflavin solutions were monitored for 10 minutes at 

30-second intervals, the results of which are shown in Figure 3.4. Of the four 

concentrations analyzed, the lowest contact angle was for the 10 μM concentration of 

riboflavin solution with 0.01 M NaCl at 0 min, and the solution with the 1000 μM 

concentration exhibited the highest value. The contact angle increased from 75.3 ± 0.70° 

to 80.3 ± 1.47° when the riboflavin concentration increased from 10 μM to 1000 μM, the 

rise of which was concentration-dependent and increased in order. When the time 

approached 10 minutes, all decreasing trends began to plateau, however.  Although the 

initial contact angle of the 0.01 M NaCl control solution was greater than 10 and 100 μM 
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solutions, the overall trend was similar to the 10 μM of riboflavin solution in the later 

stage.  

The surface tensions for riboflavin solutions were then measured continuously 

every 30 seconds for 5 minutes, which are shown in Figure 3.5, indicated a lower surface 

tension with higher riboflavin concentrations. These values fluctuated slightly, however, 

which failed to indicate any great differences within the range of 73.5 to 75 mN/m. The 

initial surface tension decreased from 74.6 ± 0.12 mN/m to 73.9 ± 0.25 mN/m when the 

riboflavin concentration increased from 10 μM to 1000 μM. The 0.01 M NaCl control 

solution exhibited the lowest surface tension during this five-minute interval, however.   

3.1.3 Microbial exudate solutions versus control  

The percentage difference in contact angle for catechol and riboflavin solutions 

compared to the control NaCl solution is shown in Figure 3.6. At concentration of 500 

μM and 1000 μM, the two microbial exudates exhibited the opposite percentages 

compared to the baseline of control. For example, the contact angle for catechol solution 

was about 11% smaller than the control, while it was almost 13% greater than the control 

for riboflavin solution at 1000 μM. 

Similarly, the percentage difference in surface tension for catechol and riboflavin 

solutions compared to the control is plotted in Figure 3.7. At concentration of 500 μM 

and 1000 μM, the two microbial exudates also showed opposite values, however the 

overall difference in percentage was not large compared to that in the contact angle. For 

example, at 500 μM, the catechol solution was -0.36% and the riboflavin solution was 

0.68% different from the control.   
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3.2 Profile analysis of the finger development 

The 2D tank visualizations of the flow experiments representing the microbial 

exudate dependent infiltration processes were subsequently displayed for water 

distribution profiles as original RGB pictures, extracted intensity figures, and water 

saturation percentage profiles. Detailed information about the finger numbers and 

characteristics are shown in Table 3.1. 

3.2.1 Catechol 

Catechol solutions with four different concentrations were analyzed along and 

across the main finger of the intensity and water saturation distribution profiles. These 

four successive stages, beginning at 5 min and ending prior to contact of the primary 

finger to the tank bottom are shown in their vertical profiles and respective 

concentrations (Figures 3.8(a) to 3.8(d)). It was determined, from a comparison of the 

main finger shapes between catechol concentrations that more small branches formed on 

the two sides of the finger formed at higher concentrations. The finger exhibiting the 

most tendrils was that observed within the 1000 μM catechol solution, while the sides 

were flat and smooth at the 10 μM solution. As the catechol concentration increased from 

10 μM to 1000 μM, the water saturation percentage at the fingertip increased from 

approximately 70%, to 80%, to 90% and finally to full saturation. Two fingers were 

mostly formed among the four concentrations of catechol exudate solution. In terms of 

velocity of the main finger development, the finger velocity increased from 1.63 cm/min 

at concentration of 10 μM to 2.17 cm/min at concentration of 1000 μM in sequence. 

Regarding the NaCl control solution (Figure 3.8(e)), three fingers were formed, which 
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were mostly smooth at two sides, and the water saturation percentage at the fingertip was 

in a similar range with the 500 μM of catechol solution, roughly around 90%. 

The horizontal profiles of the final stages for four concentrations of catechol as 

well as the control NaCl solution are collectively shown in Figure 3.9. The main finger 

width at the fingertip was widest for 10 μM catechol solution, which was 11.72 cm, and it 

decreased to a range of five to seven centimeters at higher concentrations. As for the 

control NaCl solution, the width was 8.4 cm at the fingertip. At 90% of the total length of 

the main fingers, the saturation percentage profiles suddenly increased and dropped at 

both sides where the solution failed to reach the sand matrix. The middle portion of the 

water saturation percentage profiles increased from approximately 70% to 80%, to 90% 

and to almost 100% as the catechol concentrations raised from 10 μM to 1000 μM, which 

was consistent with the vertical profiles.  

3.2.2 Riboflavin 

Four concentrations of riboflavin solutions were analyzed along and across the 

main finger beginning at 5 min and terminating when the main finger almost contacted 

with the bottom. The vertical profiles by concentrations for the four successive stages of 

finger formation, including their original RGB pictures, the corresponding intensity 

figures and the water saturation percentage distribution profiles, as well as the NaCl 

control for purposes of comparison are respectively shown in Figure 3.10.  An analysis of 

the main finger shapes indicated a more bulbous main finger within an increase in 

riboflavin concentration from 10 μM to 500 μM. Further, the water saturation percentage 

also increased at the fingertip of the riboflavin solutions from 75% to 85% and to 90% as 
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the concentrations increased from 10 μM to 500 μM, with the exception of the 1000 μM 

solution (which decreased to 80%). Each of the four riboflavin concentrations also 

formed two fingers during which the velocity was the highest (2.07 cm/min) at 10 μM 

concentrations and decreased to 1.63 cm/min at 1000 μM concentrations. For a 1000 μM 

concentration of riboflavin solution, the slightly inclined main finger was relatively 

thinner compared to the fingers at lower concentrations, and it did not exhibit the highest 

water saturation percentage as the fingertip in the last stage. The highest percentage of 

water saturation in the NaCl control was approximately 90%, which was quite close to 

the 500 μM of the riboflavin solution.  

The horizontal profiles for the final stages of the four concentrations of riboflavin 

and the control NaCl solutions are shown in Figure 3.11. The widest main finger width 

was 9.84 cm at 500 μM, with the width decreasing to 6.97 cm a 100 μM and to 6.66 cm 

at 10 μM. An approximate 75% of water saturation percentage was observed in the 

horizontal profiles for the 10 μM solution， and it increased to nearly 90% for the 500 

μM solution and then decreased to 80% for the 1000 μM solution, which were consistent 

with the vertical profiles.  

 

4. Discussion 

Microbial exudate, as the first step in the simulation of a microbial effect, does 

affect the preferential flow through porous media. In this research, catechol and 

riboflavin were studied particularly as were the interfacial characteristics of contact angle 
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and surface tension, which played an important role in the analysis of the fingering 

process.  

The study of interfacial characteristics of catechol and riboflavin provided the 

basic information for their linkage to preferential flow features. The opposite behaviors in 

contact angle in addition to different performances in surface tension induced various 

flow patterns for two exudate solutions among four concentrations at 10, 100, 500 and 

1000 μM. The light transmission method was then used to correlate the light intensity to 

the water saturation percentage, which showed significant differences among the profiles.   

In a porous medium, the preferential flow leads to finger-shaped wetted zone 

filled with water and solutes. The fingers in the initially dry medium formed wet cores 

with relatively high water content in contrast to their dry surroundings as initially 

described by Hill and Parlange (1972). The movement of the main fingers downwards, as 

indicated in the images, failed to disturb the widths of the finger cores for a short distance 

immediately behind the fingertip. This stasis was due to the drying process after the 

fingertip passed, and the reduction of the matric potential of that area that affected the 

medium sorptivity and prevented a rapid expansion of the fingers (Glass et al., 1989c). 

Similarly, an analysis of the relationship between the width and velocity of the finger 

determined that a higher flow rate led to a wider and faster moving finger (Glass, 1985). 

In this examination of the flow experiments under the same infiltration rate, the physical 

properties of the microbial exudate solutions were deemed the major cause of variability 

in the preferential flow paths (i.e. fingered flow), however. The sizes and shapes of the 

fingers and the water distribution profiles for all the 2D tank experiments provided the 
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most direct evidence of the catechol and riboflavin solutions that were analyzed. Each of 

the four concentrations of respective microbial exudate solution indicated distinct contact 

angles and surface tensions, all of which placed different stresses upon the infiltration 

process and finger formation. 

The number of fingers observed in the results was similar for each chemical 

solution. Two fingers were mostly formed in the system with the vertical profiles for the 

main fingers exhibiting similar patterns. From top to bottom of the 2D tank, these main 

fingers often encompassed two zones, both of which differed from the theoretical finger 

profile described by Glass et al. (1989). An ideal finger has three zones of classification 

indicating a downward migration of the solutions in an initially dry medium. The 

conceptual profile transitioned from a zone with a constant moisture content of between 

50% to 60% to that of an increasing gradient in water content, and which reached near or 

full saturated at the fingertip. Further, although only the transition and saturation zones 

were clearly observed in the vertical profiles for catechol and riboflavin solutions, all 

three zones were present in the NaCl control solution. The difference between the control 

solution and the exudate added solutions indicated a possible increase of water content in 

porous medium by the microbial exudate prior to saturation. It is now known that 

microbial excreted extracellular polymeric substance (EPS) can increase the holding 

capacity of soil water (Morales et al., 2010), which was consistent with the findings 

detailed here. Specifically, an application of EPS on soil particles showed an increase in 

soil-water contact angle and a great change in soil matric potential, which caused the 

formation of preferential flows (Bauters et al., 2000). Similarly, the use of commercially 
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prepared dextran and xanthan to model the microbial exudates of polysaccharides to 

analyze the soil structure and water transport indicated a reduction in water repellency of 

soils after the microbial exudate treatment (Czarnes et al., 2000). Clearly, these studies 

validated the effect of the microbial exudates on the infiltration process that was detailed 

in this study.  

An analysis of the effect of concentration differences for each microbial exudate 

solution was also undertaken during the infiltration experiment. It is well known that the 

underground migration of contaminants is closely related to the properties and 

chemistries of the solution, meaning that the solute concentration, ionic strength and pH 

affect both the surface tension and contact angle (Bashir et al., 2009, 2008; Henry and 

Smith, 2002; Lord et al., 1997). Therefore, the Young-Laplace equation can be used to 

clearly express the relationship between the surface tension and the contact angle and 

capillary pressure at the pore scale. This equation is expressed as: 

                                                             𝑃𝐶 =  
2𝛾 𝑐𝑜𝑠𝜃

𝑟
                                                                      (2) 

where PC is the expression for capillary pressure, γ and θ are the surface tension and 

contact angle of a solution, respectively, and r is the radius of the pore size of medium 

(Lord et al., 1997).  

To explain the action of the interfacial forces upon the solution’s infiltration 

process, we assume a constant radius for pore size under various combinations of surface 

tension and contact angle. The capillary pressures will then correspondingly contribute to 

water flow and distribution changes across the porous medium, which finally results in 

diverse infiltration processes and finger shapes. Here, a decrease in contact angle at 
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higher concentrations of catechol solution likely increased the wettability of porous 

medium thus causing a greater protrusion of the solution into the dry matrix, and quickly 

reach conditions of near saturation. The slopes of the transition zone shown in vertical 

profiles increase with increasing catechol concentrations can reflect this faster water 

distribution rate. Based on these horizontal profiles for the catechol solutions under study, 

the water distribution profile at 90% of the total finger length of the highest catechol 

concentration of 1000 μM showed the greatest drops at two edges, the greatest constancy 

of water content in between and the narrowest width. As expressed in Equation 2 at 1000 

μM of catechol solution for example, the largest cosine of the contact angle, which was 

given by the smallest contact angle value, multiplying by the second small surface 

tension nearly cancelled out its resulted capillary pressure change (Figure 3.2, 3.3). 

Therefore, the capillary pressure may not be the causative factor in the difference in 

finger development process among concentrations for catechol. A better water holding 

capacity induced by a catechol solution at higher concentration may be useful in 

explaining the greater wettability and water saturation percentage at fingertip and a 

reduction in drainage to the surrounding dry matrix (Figure 3.9). Here, the water holding 

capacity resulting from catechol may dominate the preferential flow patterns over the 

interactives forces that occur at the interfaces of soil-water solution and sand grain, and 

of soil-water solution and air.  

An increase in contact angle that was observed with an increase in concentration 

of riboflavin indicated that more time was required within the medium to form a fully 

developed main finger due to decreased wettability. The difference in the slope of the 
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transition zone, the water content at the fingertip, and the horizontal water distribution 

profile between four riboflavin concentrations was not as apparent as in the catechol 

solutions (Figure 3.10). However, a slight increase in saturation percentage at the 

fingertip and in the overall finger width shown in riboflavin’s vertical and horizontal 

profiles from 10 to 500 μM could still be observed, with an exception of 1000 μM where 

the finger might be affected by the incline. While the surface tension from the catechol 

solutions indicated no obvious trend among concentrations, it decreased when the 

riboflavin concentration increased from 10 μM to 1000 μM (Figure 3.5). In the context of 

Equation 2, at 10 μM of riboflavin solution for example, the smallest contact angle, 

which led to the largest value of its cosine, in addition to the largest surface tension 

resulted in the largest capillary pressure value (Figure 3.4, 3.5). At higher concentrations 

for riboflavin, this reducing capillarity pressure therefore enhanced the water saturation 

except for 1000 μM. A wider finger width at higher concentration except for 1000 μM 

might due to a decrease in water holding capacity, where water diffused more into the dry 

soil matrix. Moreover, by adding chemicals, the surface tension of water could decrease 

and therefore the fingers’ size would reduce (Glass et al., 1989a). Although the 

phenomenon described by Glass et al. (1988) is opposite to our findings, the study above 

further supports that surface tension also plays a role in changing the preferential flow 

process.  

Previous point source experiments have determined that at the same flow rate 

with a lower contact angle of media, the fingers tend to be more bulbous and wider than 

under a higher contact angle (Wallach et al., 2013). However, our observance of the 
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fingers from the catechol and riboflavin solutions indicated a decreased contact angle that 

narrowed the bulbous finger shapes with an increase in catechol concentration and a 

decrease in riboflavin concentration. The findings could have resulted because the 

infiltration process was conducted by simulating a random rain event rather than using 

point source dripping. The application of the random rain event completely saturated the 

top layer. Consequently, the capillary force acting on the wetting front that caused the 

finger to spread was slightly smaller as compared to the gravitational force. Therefore, 

for the lower contact angles, the bulbous shape failed to persevere as gravity caused the 

eventual elongation of all fingers to different degrees of shapes at the respective contact 

angles and surface tensions.  

As finger flows through a porous medium, the water carries solutes and nutrients 

to microbes in pores, and in turn the microbes and their exudates also possibly affect the 

finger flow pattern and water distribution. As a degraded intermediate of aromatic 

compound, catechol is poisonous and possibly harmful to microbes. As the catechol 

concentration increases from 10 to 1000 μM, the fingers become narrower and produce 

more branches (Figure 3.9). A possible relationship between microbial behaviors and 

fingering flow may manifest the microbes metabolizing to more rapidly dispense with the 

catechol faster, as they increase the contact area to the surrounding matrix and minimize 

or narrow the internal hold zone for the catechol. An increased water saturation 

percentage at higher concentration may also be useful in catalyzing the chemical 

reactions in a wet system. However, riboflavin also serves as nutrient for microbes. 

Specifically, in studies with riboflavin at increased concentrations from 10 to 1000 μM, 
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the fingers were observed to grow wider except for the 1000 μM sample (Figure 3.11). A 

possible explanation is that the riboflavin exudate effect on the preferential flow is tied to 

the degree to which the microbes favor this nutrient. At higher concentrations of 

riboflavin solution (500 μM), microbes might favor this nutrient and wish to retain it for 

further use, which leads to wider fingers and a maximum internal zone. However, once 

the concentration reaches to 1000 μM, which might be too high for microbes, the flow 

pattern becomes narrow again. The highest water saturation percentage at 500 μM of 

concentration observed in profiles creates the wettest system for the maximum microbial 

activity.  

This research so far has used the LTM to evaluate the concentration effects of 

artificial microbial exudates on infiltration process, which was not yet widely studied. 

The use of LTM, an optical imagery system using visible light, has been used in such 

diverse applications as contaminant hydrogeology, in the measurement of flow paths and 

in determining the velocity of both fluid and solutes, and in characterizing both fluid 

distribution and contaminant transport (Werth et al., 2010). Many such optical methods 

have been used to evaluate many biotic and abiotic systems in either saturated or 

unsaturated porous media. However, very little research has been undertaken on 

unsaturated systems, and only a few studies emphasizing the process of infiltration 

(Keller and Auset, 2007). Of the studies analyzing biomass growth, microbial and 

colloidal transport, and biofilm process in unsaturated porous media, most only involved 

the use of optical methods to qualitatively visualize pore-scale flow or transport, with 

additional results derived from a further model calculation or graphing breakthrough 



 63 

curves (Auset et al., 2005; Dunsmore et al., 2004; Sirivithayapakorn and Keller, 2003). 

The application of LTM in this research directly related image information (i.e. light 

intensity) to flow characteristics (i.e. water saturation percentage) quantitatively through 

calibration greatly simplified the data acquisition process. The study also filled the gap 

and expanded the research regarding infiltration process related to microbial activity, 

where the previously mentioned study solely looked at the contact angle influence 

(Wallach et al., 2013). This paper, however, was more specific to types and 

concentrations of fluid. Infiltration, as one of the most important processes that occurs in 

natural systems is worth investigating given its effects on both biotic and abiotic 

characteristics in subsurface. Future research must entail the use of actual microbes and 

different biomass concentrations, which closely corresponds to the various microbial 

exudate concentrations. A departure from the analysis of microbial transport, biofilm 

growth or bioclogging would involve studying the effect of microbial existence on 

infiltration process in nearby flowing water.  

Furthermore, the evolution of the research involving microbes should emphasize 

the secreted microbial exudates diffusing from those microbes, which may cause a 

change in the water gradient potential around the microbial colony. A study using the 

LTM to reveal the microbial exudates’ distribution around living microbes and to 

evaluate the relationship between media moisture and exudates’ diffusion process (e.g. 

rate) would be quite interesting. The integration of hysteresis with repeated wetting and 

drying cycles to investigate the influence of microbes and microbial exudates is also 

recommended. The image and data acquired from imaging techniques will be useful for 
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depicting colony morphology in porous media, to show the shifting variations in water 

content between dry and wet conditions, and to explain the water uptake strategies used 

by microbes under changing media hydrological properties (Carminati et al., 2016). 

 

5. Conclusion 

The important findings of this 2D tank microbial exudate flow study are summarized 

below: 

• Microbial exudates affected the preferential flow during the infiltration process by 

forming two zones in the vertical water content profiles for both of the artificial 

exudate-added solutions, catechol and riboflavin, rather than three zones in the 

NaCl control solution. This formation is perhaps from the enhancement in the 

water retaining capacity of the porous medium.  

• An examination of the infiltration process under the same intake flow rate 

determined the influence of various concentrations upon the preferential flow, 

which was indicated by different water content profiles. 

• The interfacial measurements and distinguished flow patterns of the two microbial 

exudates indicated different actions of each upon the infiltration process.  

• An increased wettability of the catechol solutions was caused by a reduced 

contact angle at higher concentrations, which created more branches in the fingers 

that greatly accelerated the time to saturation.   

o A faster finger moving velocity, a greater water saturation percentage, and 

a narrower finger width were observed at higher concentrations. An 
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increase in water holding capacity at higher concentration was 

hypothesized as the main cause of this phenomenon. 

• The contact angle within the riboflavin solutions increased with a corresponding 

increase in concentration, which decreased the wettability at higher concentration.  

o A slower finger moving velocity, a small increase in water saturation 

percentage at the fingertip, and a larger width of the overall finger size 

was observed as the riboflavin concentration increased from 10 to 500 

μM. The reduced capillarity gave a greater saturation at fingertip at higher 

concentration of riboflavin.  

• Possible relationships between the microbial activity and preferential flow 

characteristics were assumed according to the properties of chemicals.  

o Microbes may try to minimize contact with catechol and tend to affect the 

preferential flow by narrowing the finger. 

o Microbes favor the usage of riboflavin and tend to increase the width of 

fingers. 
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6. Tables and Figures  

Table 3.1 The characteristics of the main fingers for catechol and riboflavin solutions and 

the NaCl control solution 

 

 

 

Figure 3.1 An overall structure and configuration of the 2D tank 
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Figure 3.2 Contact angle measurements for the catechol solution at concentrations of 10, 

100, 500, and 1000 μM 

 

 

 

Figure 3.3 Surface tension measurements for the catechol solution at concentrations of 

10, 100, 500, and 1000 μM 
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Figure 3.4 Contact angle measurements for the riboflavin solution at concentrations of 

10, 100, 500, and 1000 μM 

 

 

 

 

Figure 3.5 Surface tension measurements for the riboflavin solution at concentrations of 

10, 100, 500, and 1000 μM 
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Figure 3.6 Percentage change of contact angle for microbial exudate solutions compared 

to NaCl control 

 

 

 

Figure 3.7 Percentage change of surface tension for microbial exudate solutions 

compared to NaCl control 
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Figure 3.8 Vertical profile analysis for catechol solution at different stages of the main 

finger formation. Row 1 is the original RGB picture, Row 2 is the Matlab processed 

image with intensity only, Row 3 is the converted water saturation percentage 

distribution along the center of the main finger. (a) Concentration at 10 μM; (b) 

Concentration at 100 μM; (c) Concentration at 500 μM; (d) Concentration at 1000 μM; 

(e) NaCl control solution for comparison. 
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Figure 3.9 Horizontal profile analysis for catechol solution at the final stage of the main 

finger formation: (a) Concentration at 10 μM; (b) Concentration at 100 μM; (c) 

Concentration at 500 μM; (d) Concentration at 1000 μM; (e) NaCl control solution for 

comparison. 
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Figure 3.10 Vertical profile analysis for riboflavin solution at different stages of the main 

finger formation. Row 1 is the original RGB picture, Row 2 is the Matlab processed 

image with intensity only, Row 3 is the converted water saturation percentage 

distribution along the center of the main finger. (a) Concentration at 10 μM; (b) 

Concentration at 100 μM; (c) Concentration at 500 μM; (d) Concentration at 1000 μM; 

(e) NaCl control solution for comparison. 
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Figure 3.11 Horizontal profile analysis for riboflavin solution at the final stage of the 

main finger formation: (a) Concentration at 10 μM; (b) Concentration at 100 μM; (c) 

Concentration at 500 μM; (d) Concentration at 1000 μM; (e) NaCl control solution for 

comparison. 
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CHAPTER FOUR 

APPLICATION OF OPTICAL IMAGING TECHNIQUE USING SENSING FOILS 

FOR DETECTION OF PH AND DISSOLVED O2 CONCENTRATION  

DYNAMICS IN POROUS MEDIA 

 

1. Introduction 

Contamination in soil and water system from human activities due to 

industrialization and urbanization has brought a series adverse effect on environment and 

human health (Fu et al., 2014). According to the US Environmental Protection Agency’s 

(EPA) record, heavy metals including Cd, Pb, Hg, Cu, Ni and Zn are considered as major 

contaminants in environment (Cameron, 1992). Pollutants contained in municipal and 

industrial effluents are released into environment if they are not treated thoroughly in 

wastewater treatment plants, and will adsorb and deposit in soil and leach to water bodies 

or even groundwater systems. Potential uptake and bioaccumulation of those 

contaminants are hazardous when exposed to living organisms (Blossfeld et al., 2010; 

Christensen, 1984; Mulligan et al., 2001).  

In order to remediate and remove the contaminants in environment, various 

technologies and materials are developed and used. As one of the common remediation 

approaches, immobilization is important and beneficial when treating heavy metals 

(Wuana and Okieimen, 2011). Heavy metals tend to adsorb on soil particles once they are 

in the field, and then transform to other forms with varying mobility and toxicity through 

chemical and physical speciation (Buekers, 2007; Dube et al., 2001; Kot and Namiesńik, 

2000; Levy et al., 1992; Wuana and Okieimen, 2011). The transport of heavy metals in 

the soil could be problematic if the metals leach to groundwater system, which will cause 
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further contamination (Dube et al., 2001; Kanungo and Mohapatra, 2000). Many physical 

and chemical characteristics of soil have shown to influence on metal speciation, its 

solubility and mobility, including soil pH, redox potential (Eh), temperature and organic 

matter content (Chuan et al., 1996; Dube et al., 2001; Mulligan et al., 2001; Sun et al., 

2007). For example, studies have shown that metal pollutants are usually more mobilized 

in an acidic environment (Calmano et al., 1993; Dube et al., 2001). Unlike the general 

trend for pH effect, the mobility of metals after redox reactions varies based on types of 

metals and microenvironments (Violante et al., 2010).    

Given that the condition of pH and redox potential is important on contaminant 

sites during remediation, two treatment techniques under related cases are chosen to 

discuss. In the case of acid mine drainage (AMD) treatment, the generated low pH 

effluents, for instance sulfuric acid from oxidation of FeS2 from sulfide-bearing mines, 

can be mitigated by neutralization through adding limestone (Akcil and Koldas, 2006). In 

some treatments of AMD effluents, an application of passive approach using anoxic 

limestone drains (ALD) can add alkalinity to the drainage water and improve water 

quality when coupled with constructed wetlands (Johnson and Hallberg, 2005; 

Kleinmann et al., 1998). Zero valent iron (ZVI), on the other hand, is also treated as a 

remediation material by reacting with contaminants like metal oxides and organic 

compounds (Rangsivek and Jekel, 2005). When ZVI transfers electrons to oxidized 

metals, it reduces the contaminants to non- or less toxic forms of metals. During the 

reaction between ZVI and dissolved oxygen (DO), hydrogen peroxide (H2O2) is 

produced, which can further trigger oxidized Fe2+ to react with it to produce hydroxyl 
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radicals (•OH). The formation of this strong oxidizing agent targets on a broad range of 

organic pollutants and degrades them (Fu et al., 2014). A novel technique constructing a 

permeable reactive barrier (PRB) to treat groundwater is developed. The targeted 

contaminants could be inorganic, organic or radioactive depending on the usage of 

reactive materials in the PRB (Cundy et al., 2008). Some possible mechanisms for a ZVI-

based PRB system to remove metals and radionuclides are through reductive 

precipitation, adsorption or complexation (Morrison et al., 2002; Scherer et al., 2000).  

As mentioned previously, the pH and oxygen level (or redox potential) not only 

affect the mobility and transport of pollutants on contaminant sites, but also play an 

important role in soil living organisms and plants activities. Both pH value and oxygen 

concentration are heterogeneously distributed in soil systems (Brune et al., 2000; Fischer 

et al., 1989; Hinsinger et al., 2009, 2005; Jaillard et al., 1996). Knowing of their gradients 

or changes by locations will provide useful information about microbial community 

(Klimant et al., 1995) and plant (Rudolph et al., 2012) activity, and soil condition. In 

order to measure the changes in value of pH and dissolved oxygen, many different 

techniques and instruments have been developed from the traditional destructive 

approaches to nowadays non-invasive methods (Gregory and Hinsinger, 1999). Different 

from the use of arrays of microelectrodes (Schaller and Fischer, 1985), pH dye indicators 

developed by Weisenseel et al. (1979) were able to spatially measure the pH changes 

around the rhizosphere qualitatively. An innovation by coupling pH dye indicator with 

image analysis captured by camera has greatly improved the precision of measurement 

and resolution both in space and time (Gregory and Hinsinger, 1999; Jaillard et al., 1996). 



 87 

Similarly, two traditional approaches to measure dissolved oxygen, which are Winkler 

method and the amperometric detector method, are less attractive compared to the novel 

developed optical oxygen sensors in microenvironment. The latter technique can quickly 

measure DO with a small amount of solution without stirring and consuming oxygen 

(McEvoy et al., 1996).  

Applications of optical sensors in fields of plant, microbial and marine have 

increased rapidly in the last twenty years (Blossfeld and Gansert, 2007; Glud et al., 1998, 

1996; Precht et al., 2004). There are many types of optical sensors developed to measure 

various physical and chemical parameters, including pH, DO, CO2, and temperature 

(Fuller et al., 2003). The optical sensors, in this study specifically for fluorescence-based 

sensors, have shown considerable advantages. Besides the non-destructive measurement, 

those sensors are sensitive and reversible with a quick response time, and they also 

provide high spatial and temporal resolution of information acquired from the camera 

imaging (Baleizão et al., 2008; Rudolph et al., 2012). Possible limitations of optical 

sensors can come from camera drift and non-uniform lighting source (Borisov et al., 

2006; Liebsch et al., 2000). General compositions of optical sensors contain fluorescent 

dyes bedded into polymeric matrix, and the final product looks like a thin sheet of foil. 

Depending on the type of dye and polymeric matrix selected, the fluorescence emitted by 

the dye changes when reacting with the tested parameters after excited by the light source 

(Rudolph et al., 2015). The emitted incident light is then captured and recorded by 

charge-coupled device (CCD) cameras and analyzed by software (Werth et al., 2010). 
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Up to date, numerous applications of fluorescence-based optical sensors are 

related to rhizosphere, biofilms and marine sediments (Glud et al., 1998; Precht et al., 

2004; Rudolph et al., 2015, 2012). However, a few literatures study about the application 

of those sensors in scenario of contaminant remediation in soil or groundwater, where pH 

and dissolved oxygen greatly impact on pollutants’ mobility and toxicity (e.g. Huang et 

al., 2003). This research focused on the measurement of pH and oxygen using optical 

sensor foils in a two-dimensional (2D) tank system. Simplified cases on contaminated 

sites, where only CaCO3 and zero valent iron (ZVI) were added to sand media, were 

simulated for each sensor foil application test. Gradients of pH and oxygen were 

generated and monitored throughout the experiments. The goals of the study were mainly 

to evaluate the performance of pH and oxygen optical sensor foils in a 2D system under a 

simplified remediation environment, and the precision of measurement by checking the 

influents, effluents, and sampled solutions along the 2D tank during experiments.  

 

2. Material & Methods 

2.1. Optical imaging: principle and material preparation 

2.1.1. pH optical sensor 

The pH optical sensor works based on the selection of proton-permeable 

polymeric matrix. Its degree of protonation changes with respective pH value in the bulk 

solution, that is reflected by the emitted fluorescence spectra’s intensity (Schröder et al., 

2007; Weidgans et al., 2004). A normalized relationship between pH and fluorescence 
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intensity can be expressed by the Boltzmann equation shown in Equation 1, and the plot 

is in sigmoidal shape.  

                                                         
𝐹

𝐹0
=  

𝐴1−𝐴2

1+exp (
𝑝𝐻−𝑝𝐾𝑎′

𝑝
)

+ 𝐴2                                         (1) 

where F0 is the fluorescence intensity captured at the highest pH chosen for calibration, F 

is the fluorescence intensity during experiment at other pH values, A1 and A2 are initial 

and final values determined by empirical factors, pKa’ is the point of inflection, and p is 

the width of the sigmoidal plot (Rudolph et al., 2015; Schröder et al., 2007). 

During preparation step for pH sensor foil, 9 g of ethanol and water mixture in a 

9:1 ratio was prepared and used to dissolve 1 g of hydrogel (HydroMed D4, 

AdvanSource Biomaterials, Wilmington, MA). The produced 10% (w/w) of mixture 

solution was the stock for making polymeric matrix. For the pH sensing part, 10 mg of 

pH indicator 5-hexadecanoylaminofluorescein (HAF) (Thermo Fisher Scientific, USA) 

was prepared and mixed with 1 g of hydrogel. The two components were then stirred 

together for at least 12 hours, and later coated onto a 75 μm-thick transparent polyester 

sheet using a coating rod. The foil with the solvent air dried to a thickness of 10 μm at the 

ambient temperature and was stored in dark for later use (Rudolph et al., 2015).  

2.1.2. Oxygen optical sensor 

The mechanism for oxygen optical sensor relies on the fluorescence quenching 

effect of oxygen, where quantum yield of the sensor dye decreases when reacting with 

oxygen (Carraway et al., 1991a). Under the same temperature, the performance of 

quenching can be expressed in forms of Stern-Volmer equations shown in Equation 2. 
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𝜏0

𝜏
= 1 +  𝐾𝑆𝑉[𝑄]                                                 (2a) 

                                                                 𝐾𝑆𝑉 =  𝑘2𝜏0                                                    (2b) 

                                           
𝐼0

𝐼
= 1 + (𝐾𝑆𝑉 + 𝐾𝑒𝑞)[𝑄] +  𝐾𝑒𝑞𝐾𝑆𝑉[𝑄]2                            (2c) 

where τ0 is the lifetime for sensor material when quencher is absent, τ is the lifetime 

under certain quencher concentration, I0 is the fluorescence intensity when quencher is 

absent, I is the fluorescence intensity measured at certain quencher concentration, KSV 

and k2 are the Stern-Volmer and bimolecular quenching constants, Keq is the associated 

constant from the binding of quencher and fluorescent species, and [Q] is the 

concentration of quencher, in this case oxygen (Carraway et al., 1991a, 1991b).  

When preparing for the oxygen optical sensor, 20 mg of platinum (II) 5,10,15,20-

tetrakis (2,3,4,5,6-pentafluorophenyl) porphyrin (PtTFPP) (Porphyrin systems, Germany) 

and 1.98 g of polystyrene were dissolved in 18 g of toluene (Sigma-Aldrich, St. Louis, 

MO) to create a “cocktail”. The rest of the procedures for stirring and coating were 

similar with the ones for pH sensor preparation. The final product of oxygen foil had a 

thickness about 10 μm and were kept in dark for later use (Rudolph et al., 2015, 2012). 

2.2. Calibration tests 

2.2.1. pH optical sensor calibration 

For pH optical sensor’s calibration, the pH foil was cut into rectangles and fitted 

into cuvettes. The side with sensing material faced to the bulk surrounding, and the other 

side was fixed to touch the wall. The cuvettes were then filled with ASTM C778 Graded 

sand (U.S. Silica Company, Ottawa, IL), which was consistent with the application 

experiments. Nine buffer solutions from pH 3 to pH 7 with an increment of 0.5, which 
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were made from sodium phosphate dibasic dodecahydrate (Sigma-Aldrich, St. Louis, 

MO) and citric acid monohydrate (Sigma-Aldrich, St. Louis, MO) in proportions, were 

later injected into cuvettes in sequence to initiate the reactions. A blue LED array 

(Banner Engineering, Co, USA) with an excitation wavelength at 480 nm was chosen to 

be the light source. The LED light was anchored vertically towards the cuvettes, and a 

D5500 DSLR camera (Nikon, Tokyo, Japan) on a VTSL7200 72" tripod (Bower, Long 

Island City, NY) was positioned facing the setting. For all experiments in this study, an 

OD 2 long-pass 525 nm filter was put in front of the camera lens when taking images. 

Photos were continuously taken for two hours in order to monitor the time effect on the 

foils. The position for the camera, light and cuvettes were kept at the same place 

throughout the experiments (Figure 4.1). 

2.2.2. Oxygen optical sensor calibration 

Seven oxygen concentrations were simulated for O2 sensor foil calibration test. 

Cuvettes were inserted with oxygen foils and filled with sand. When preparing for 

various DO-contained solutions, seven 160 mL of serum bottles were firstly purged with 

N2 gas, and were poured with 60 mL of degassed ultrapure deionized (DI) water with a 

resistivity of 18.2 MΩ•cm (Millipore Corporation, Billerica, MA). Those bottles were 

then injected with 0, 5, 10, 20, 30, 40 and 50 mL of pure O2 after taking out same 

volumes of N2 using syringe to remain the same pressure inside. The bottles were sealed 

and left for overnight upside down. After reaching the gas-liquid equilibrium, the gases in 

headspace were sampled and tested by a gas chromatography to get a linear regression 

line, so that this process confirmed the accuracy of operations which would provide 
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credible DO concentrations later. The liquids with respective DO concentrations were 

extracted from the serum bottles and injected into the cuvettes in sequence. A UV LED 

light (Banner Engineering, Co, USA) with a wavelength of 395 nm was used to excite the 

foils, and pictures were taken by the DSLR camera continuously for two hours once the 

foils and solutions contacted. The concentrations of dissolved O2 in water in unit of mg/L 

were later calculated based on Henry’s law. The position for the camera, light and 

cuvettes were kept consistently throughout the experiments. 

2.3. Applications in two-dimensional porous media system 

2.3.1. Limestone neutralization with pH gradient 

A two-dimensional (2D) tank with two plates made of scratch-resistant 

polycarbonate and an inner dimension of 30 cm  1.2 cm  30 cm (LWH) was used 

during the application experiments. Twelve evenly distributed sample pores were drilled 

on the back of the plate to withdraw solution if applicable for checking purpose. A 

simplified scenario for treatment of acid mine drainage was simulated, and sulfuric acid 

(Fisher Scientific, Waltham, MA) was prepared as the acid drainage solution. Bulk 

limestone containing mainly CaCO3 (Sigma-Aldrich, St. Louis, MO) was crushed using a 

portable rock crusher (Sore Thumb, eBay), and sieved through a handmade 0.635 cm x 

0.635 cm sifter modified from a piece of wire netting. The packing in 2D tank consisted 

of three layers. The top and bottom layers with a same depth of 7.5 cm applied just sand 

that was used during calibration, and the middle layer with a depth of 15 cm was filled 

with sand and CaCO3 mixture with a mass ratio of 10:1. A long strip of foil was inserted 

into the center of the 2D tank that was later uniformly packed with media material. 
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During the experiment, a peristaltic pump head with a constant flow rate at 5 mL/min was 

used to pump acid solution into the tank. The end of the tube was positioned right above 

the midpoint of the tank and dripped solution as a point source. The blue LED light was 

on when all the other lights shut off, and pictures were taken continuously throughout the 

two-hour period. Besides the imaging taking, influent and effluents were gathered and 

checked using a pH meter. 

2.3.2. ZVI barrier with dissolved oxygen gradient 

By borrowing the ideas from contaminant treatment using ZVI and the reaction 

between ZVI and oxygen, a simplified context with ZVI applied was simulated in the 2D 

tank. A 1L stock of DI water was air bubbled for an hour and capped when not using. The 

packing for oxygen foil experiment also had three layers with the top and bottom layers 

filled with sand. The middle layer was a mixture of sand and ZVI (Sigma-Aldrich, St. 

Louis, MO) with a ZVI-to-sand mass ratio of 1:10. Other procedures including packing 

and pumping were similar with the pH ones. Images were taken continuously for two 

hours when the UV LED light was on. Influent and effluents were checked using the GC. 

 

3. Results 

3.1. pH optical sensor foil  

Calibration curves for pH foil from pH of 3 to 7 were plotted against intensity 

values at 10min, 30min, 1hr and 2hr periods (Figure 4.2). The 4th order polynomial 

trendline was used to express the calibration curves. When pH increased from 3 to 7, the 

intensity values became bigger except at the range from 6.5 to 7, where the intensity at 
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pH 7 was similar or even slightly smaller than that at 6.5. The four curves indicated that 

the time effect during the two-hour period was not significant overall and only slightly 

affected more at higher pH range from 6 to 7.  

During the 2D tank experiment with crushed CaCO3 applied, the strip of pH foil 

was analyzed using Matlab at 10min, 30min, 1hr and 2hr periods. The original RGB 

pictures were extracted to intensity figures, and a rectangle in the middle along the foil 

was selected to show vertical intensity profiles for later pH calculation purpose (Figure 

4.3). At 10min, the acid solution did not yet fully flow through the mixture layer that left 

the bottom part darker. When time increased from 30min to 2hr, intensity maps became 

less intense and started to have more obvious winding flow marks on the right side. The 

intensity values along the vertical rectangle were then converted to pH values based on 

the calibration equations at respective time periods. The plots of pH values against 

vertical pixels at different time periods were shown in Figure 4.4. Gradients of pH were 

observed at top half of the foil which increased along the depth, whereas the pH values 

became similar at the bottom part. When time increased from 10min to 2hr, the pH 

profiles shifted from about 6.5 to 5. At bottom part of the foil, the pH profiles at 1hr and 

2hr overlapped and did not show much difference.  

3.2. Oxygen optical sensor foil 

Calibration curves for oxygen foil from dissolved oxygen concentration of 0 to 

20.74 mg/L were plotted against intensity values at 10min, 30min, 1hr and 2hr periods 

(Figure 4.5). The 2nd order polynomial trendline was selected to express the calibration 

curves, and the shapes slightly curved upward. When DO concentrations increased, the 
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intensity values decreased respectively. After comparing the four calibration curves 

among two-hour period, the result indicated that the intensity values decreased when time 

length increased, and the time effect became less significant at higher DO range.   

During the 2D tank experiment with ZVI applied, the strip of oxygen foil was 

analyzed using Matlab at 10min, 30min, 1hr and 2hr periods. The original RGB pictures 

were extracted to intensity figures, and a rectangle in the middle along the foil was 

selected to show vertical intensity profiles for later DO calculation purpose (Figure 4.6). 

At 10min, the aerated DI water only flowed through part of the mixture layer that left the 

bottom part lighter. The intensity maps at 30min, 1hr and 2hr periods were similar in 

colors that indicated a minimal time effect in this experiment. The intensity values along 

the vertical rectangle were then converted to DO values based on the calibration 

equations at respective time periods. The plots of DO values against vertical pixels at 

different time periods were shown in Figure 4.7. Gradients of DO at top half of the foil 

were observed that the values decreased at deeper depth, whereas the DO concentrations 

fluctuated at the bottom part. When time increased from 10min to 2hr, the DO profiles 

shifted from left to right toward higher DO values. Consistently with the intensity 

analysis, the DO profiles at 30min, 1hr and 2hr were similar, therefore the minimal time 

effect was observed at longer period.   

 

4. Discussion 

The performances of two optical sensor foils were evaluated through calibration 

tests and application experiments in simulated environments. Data (i.e. intensity) 
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extracted from images were used to reveal the temporal and spatial information with high 

resolutions.    

4.1. pH foil performance in porous media 

Calibration test of pH foil was conducted to relate the light intensity to pH values 

for later application experiment purpose. The intensity generally increased when pH 

value raised from 3 to 7. However, from pH of 6.5 to 7, the intensity did not show much 

difference, and a possible reason to explain this phenomenon was the self-absorption due 

to small Stokes shift. By definition, the Stokes shift represents the gap between the 

absorption and emission fluorescence spectra, and self-absorption is due to the overlap of 

the two. A wider Stokes shift is beneficial for easier fluorescence detection (Valeur and 

Berberan-Santos, 2012).  

During application experiment, the extracted intensity map provided lots of 

information about the performance of the pH foil across the whole strip (Figure 4.3). The 

decrease in intensity color and value when time increased from 10min to 2hr was because 

less CaCO3 was left to react with new acidic influent. The relative darker band on the top 

part became wider as time increased was also due to the fact that the continuing reaction 

between CaCO3 and sulfuric acid influent. The winding flow marks formed at the bottom 

showed more obviously at longer period, and this might be the result of the flow 

bypassing pieces of CaCO3. As shown in Figure 4.4, gradients of pH at top half of the foil 

were observed as the acidic flow continuing to react with mixed CaCO3 and consume H+ 

when moving downward. Consistently with the intensity map, when time increased, less 

CaCO3 was left to react with influent and therefore the pH values reduced.   
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4.2. Oxygen foil performance in porous media 

The phenomenon for oxygen foil calibration was opposite from the pH one, where 

higher DO concentration had a darker or less intense color. The reason for this was due to 

the quenching effect from oxygen, and the highest fluorescence intensity was observed 

when oxygen was absent (Rudolph et al., 2015). Study showed that temperature also had 

an effect on quenching behavior, in order to avoid unexpected error from temperature 

change, this research was conducted under the consistent room temperature (Baleizão et 

al., 2008). The calibration curve in the form of I0/I gave a nonlinear plot, which was 

supported by the Stern-Volmer figure (Carraway et al., 1991b). The only difference was 

the direction of the curvature, where the curvature was upward in this test. Possible 

reason could be the case difference that data was completely empirical. The shifts among 

time periods shown in Figure 4.5 indicated that oxygen continuously reacted with foil in 

a relatively slower rate compared to pH foil one.  

The intensity map from application experiment applied with ZVI showed less 

variation across the foil strip compared to the pH one (Figure 4.6). A clear decreasing 

gradient shown in Figure 4.7 indicated a continuous reaction between ZVI and oxygen 

along the depth. When time increased from 10min to longer periods, the DO 

concentration raised. This shift in DO was because of the consumption of ZVI, that less 

ZVI was available to react and consume oxygen when new influent flowed through. 

Minimal time effect reflected by the overlap of pH profiles at 30min, 1hr, and 2hr 

revealed a consistent reaction rate between ZVI and oxygen within this time period.  
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5. Conclusion 

Evaluations of pH and oxygen foil in porous media were conducted through 

calibration tests in cuvettes and application experiments in 2D tank. Crushed CaCO3 and 

ZVI were mixed with sand for pH and oxygen foils to react with, respectively. The 

results showed gradients of pH and DO concentration change along the vertical depth, 

where pH value increased and DO decreased. For pH foil, when time increased from 

10min to 2hr, the pH continuously decreased and the pH profile shifted toward left. 

However, at time 30min, 1hr, and 2hr, oxygen foil did not show great difference in 

intensity and DO values among time periods, which was shown by the overlap of 

profiles. This might result from different reaction rates between applied materials and 

two sensor foils.    
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6. Figures 

 

Figure 4.1 General setup of the experiment 
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Figure 4.2 Calibration curve for pH sensor foil at time 10min, 30min, 1hr and 2hr 
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Figure 4.3 Processed image of application experiment for pH foil strip. First row: 

original RGB image; Second row: extracted intensity image; Third row: intensity profile 

based on the selected rectangle area  
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Figure 4.4 pH profile along vertical foil strip at time 10min, 30min, 1hr and 2hr 
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Figure 4.5 Calibration curve for oxygen sensor foil at time 10min, 30min, 1hr and 2hr 
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Figure 4.6 Processed image of application experiment for oxygen foil strip. First row: 

original RGB image; Second row: extracted intensity image; Third row: intensity profile 

based on the selected rectangle area  
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Figure 4.7 Dissolved oxygen concentration profile along vertical foil strip at time 10min, 

30min, 1hr and 2hr 
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CHAPTER FIVE 

CONCLUSION 

 

 

The first study evaluated the enzyme activity with CeO2 nanoparticles applied in 

porous soil media. Higher NP concentration above and equal to 100 mg/kg was found to 

inhibit the urease and ß-glucosidase activities, and to stimulate the phosphatase activity. 

Specifically, the inhibition effect from CeO2 NPs on urease activity for the non-cut 1 and 

cut 1 groups increased from a -5.07% at a 100 mg/kg concentration to -13.2% at a 500 

mg/kg concentration to -19.91% at a 1000 mg/kg concentration compared to the 

treatment without CeO2 NPs. The inhibition effect from CeO2 NPs on beta glucosidase 

activity for the cut 2 group, increased from -0.32% to -70.84% at the 100 mg/kg and 1000 

mg/kg concentrations, while an inhibition percentage for the non-cut 2 group was 

between -16.89% to -50.22% at the 100 mg/kg and 1000 mg/kg concentrations.  The non-

cut and cut 1 groups exhibited the greatest effect on promotion of the phosphatase 

activity, with an increase from 97.46% to 131.37% to 181.45% at 100, 500 and 1000 

mg/kg concentrations, respectively, compared to the 0 mg/kg concentration. The aging 

effect of CeO2 NPs indicated that a longer contact time between NPs and the soil 

alleviated the impact from CeO2 NPs on soil enzymes, and potentially reduced the 

ecotoxicity of NPs in soil environment.  

The second study investigated the preferential flow in two-dimensional (2D) sand 

system with microbial exudates applied. The experimental results showed that the 

microbial exudate addition affected the infiltration process by differing from the control 

NaCl solution, which was possibly due to an improved water holding capacity. Moreover, 
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a higher wettability was observed in the catechol solution at an increased concentration. 

Although the wettability of the medium for riboflavin solution decreased with an increase 

in concentration, very little change was observed for the other flow characteristics. These 

results of water profile analysis and comparison of the interfacial parameters, in addition 

to the water holding capacity, are expected to elucidate the microbial exudates interacting 

with preferential flow pattern, and also reveal the importance of the infiltration process 

on microbial activity. 

The third study measured the pH and dissolved oxygen concentration in 2D sand 

system using optical sensor technique. Application tests of sensor foils involved zero 

valent iron (ZVI) and sulfuric acid drainage solution in order to obtain gradients of 

parameter changes. Results showed that gradients were formed at the top half of the foil. 

Based on the data obtained at time 10min, 30min, 1hr, and 2hr, the time effect on pH foil 

was greater than that on the oxygen foil.  

Although the three studies were independent researches, they could be related in 

the aspects of contaminant evaluation and various approaches of measuring biological 

and physiochemical parameters in porous media systems.  
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Appendix A 

Supplementary Figure for Chapter Four 

 

 

Figure A-1: Oxygen foil calibration curve in the form of I0/I against dissolved oxygen 

concentration among time periods. 
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