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ABSTRACT 

 Biological clogging “bioclogging” is the occupation of pore space between soil 

particles by biological material including microorganisms and their associated structures. 

Substances, both synthesized and naturally occurring, and referred to as quorum sensing 

inhibitors or quorum quenchers, can be applied to biological systems to manipulate 

quorum sensing, the phenomenon by which microbes communicate and signal to adjust 

their growth based on cell density. One such substance that has been observed to inhibit 

quorum sensing in biofilm formation of Aeromonas hydrophila on membranes is the 

common food additive, vanillin.  

The goal of this study was to apply results from reverse osmosis membrane 

biofilm research to sand columns contained in permeameters. Microbial clogging of pore 

space in soils was modeled on the laboratory scale using columns designed with 

piezometers to monitor hydraulic pressure differentials. Operating under saturated 

conditions with nutrient solution provided in upward flow from Mariotte bottles, four 

columns (two with Hunter’s minimal media and 50mM sucrose and two with, in addition, 

0.16 g/L of vanillin) were inoculated with Aeromonas hydrophila ATCC® 7966™ and 

run in parallel for six days.  

Piezometer readings were recorded periodically and analyzed for change over 

time corresponding to microbial activity. Scanning electron microscopy analysis 

following dismantlement of each column provided insight to where and to what extent 

microbial growth occurred. Future studies could involve several modifications of the 

experimental technique to test the impact of different concentrations of vanillin on A. 

hydrophila growth in porous media.



 1 

CHAPTER 1 

1. Introduction 

Microbial activity in soils frequently results in the reduction of hydraulic 

conductivity, a process generally referred to as bioclogging (Baveye, Vandevivere, 

Hoyle, DeLeo, & de Lozada, 1998; Vandevivere & Baveye, 1992a). Greater 

understanding of the mechanisms that control biological activity of specific 

organisms and how they act in systems with varying nutrient availabilities and flow 

conditions can increase the ability of scientists and engineers to control 

environmental systems, ideally harnessing microbial growth to their advantage. 

Bioclogging, if carefully implemented and monitored, can be utilized effectively as a 

liner in water distribution systems or as a barrier in bioremediation efforts (Baveye et 

al., 1998). 

Previous research on bioclogging has demonstrated that, in a range of 

conditions, the ability of bacteria to aggregate seemed significantly correlated to their 

propensity to clog porous media. Therefore, any process such as quorum sensing, that 

is supposed to increase the aggregation of bacterial cells, should also promote the 

onset of bioclogging. Conversely, the use of quorum quenchers, or quorum sensing 

inhibitors, which decrease the ability of cells to communicate with each other and 

their tendency to aggregate, should decrease bioclogging. In this context, the key 

objective of the research described in this thesis is to assess the potential of vanillin, a 

substance most frequently used as a food additive, to be used as a quorum sensing 

inhibitor for Aeromonas hydrophila growth in porous media. Vanillin, in previous 
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studies, has demonstrated a negative impact on A. hydrophila biofilm growth but the 

same effect has not yet been studied in the context of soils. Typically characterized as 

an aquatic microorganism, A. hydrophila has also been isolated from food and 

notably, from groundwater occupying pore space in the subsurface (Rodríguez et al., 

2005; Vally, Whittle, Cameron, Dowse, & Watson, 2004). Biofilm growth in A. 

hydrophila strains is regulated by density-dependent quorum sensing (Lynch et al., 

2002). Should vanillin prove to be an effective quorum sensing inhibitor for A. 

hydrophila in porous media, its widespread application in bioremediation and 

biological control efforts would be preferable to more abrasive and hazardous 

chemical treatments. Vanillin does not pose great threats to human health and could 

be used as part of a strategy to reduce frequent and intense industrial biofilm removal 

demands. 

1.1 Bioclogging: Extension of biofouling to additional dimension 

Biofilm growth can occur almost anywhere, under a wide range of 

conditions and not limited to any particular type of organism. Membrane 

biofouling, for example, commonly include bacteria in the Corynebacterium, 

Pseudomonas, Bacillus, Arthrobacter, Flavobacterium, and Aeromonas genus 

groups as well as non-bacterial fungi and yeast species (Baker & Dudley, 1998). 

Growth and development of biofilms on permeable surfaces such as membranes is 

commonly referred to as biofouling. A plague to the water treatment industry in 

particular, biofouling results in decreased hydraulic conductivity of 

microfiltration, ultrafiltration, and reverse osmosis membranes, decreasing flux in 
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water treatment processes and causing system pressure buildup (Paul, Kim, 

Ponnusamy, & Kweon, 2009; Yeon, Cheong, et al., 2009).  

Bioclogging is an analogous problem to biofouling, except that the process 

unfolds in a three-dimensional space and involves the occupation of pore space 

between soil particles as well as the surfaces of the soil particles themselves. 

Though typically considered most heavily influenced by biomass, mineral 

precipitation and gas production also contribute to bioclogging in porous media 

(Seifert & Engesgaard, 2012). Emerging predominantly through the development 

of “sparse and heterogeneous” microbial occupation of soil particles instead of as 

the result of the extracellular substances noted to be heavily influential in biofilm 

development, bioclogging is believed to impact several soil hydraulic 

characteristics (Vandevivere & Baveye, 1992a). 

Most frequently studied in laboratory-scale soil column experiments with 

controlled flow and pressure conditions, bioclogging (in this context) manifests in 

a variety of forms but innately impacts hydraulic conductivity, porosity, and 

hydrodynamic dispersion (Baveye et al., 1998; Zhong, Wu, & Xu, 2013). Under 

continuous flow conditions in a column experiment with upward flow, the 

bioclogging process in sand can be characterized in four stages (Zhong & Wu, 

2012). The first stage involves rapid microbial growth around the nutrient inlet 

leading to decreased hydraulic conductivity and porosity (Zhong & Wu, 2012). 

This trend was observed in columns inoculated through the inflow tubing and can 

be avoided by injecting inoculate through a septa installed in the middle of the 

columns. In the second stage described by Zhong and Wu (2012), growth across 



 4 

the entire column combined with gas emission and decreases hydraulic 

conductivity and porosity but increases hydrodynamic dispersion. Next, in the 

thirst phase, biofilm and heightened gas production are paired with steady 

decreases in hydraulic conductivity and porosity but sharp decreases in 

hydrodynamic dispersion responding to flow channels blockage (Zhong & Wu, 

2012). In the fourth and final stage of Zhong and Wu (2012), slowed microbial 

growth in limited nutrient and oxygen conditions is observed; hydrodynamic 

dispersion, hydraulic conductivity, and porosity all continue to decrease but at 

very slow rates.  

Both biofouling and bioclogging inherently have drawbacks when 

pervasive in membrane systems (Paul et al., 2009; Yeon, Lee, & Kim, 2009; Yeon, 

Cheong, et al., 2009), and in subterraneous systems including septic tanks, aquifer 

recharge, and injection wells respectively (Vandevivere & Baveye, 1992a). 

However bioclogging, if carefully controlled, can be used advantageously as a 

type of liner in artificial ponds or lakes, around oil-bearing formations, or in 

agricultural applications to alter drainage patterns (Vandevivere & Baveye, 

1992a). In the operation of bioremediation strategies such as permeable reactive 

barriers, microorganisms are used to degrade groundwater contaminants (Zhong 

et al., 2013). Improper biological management can cause these systems to cease to 

function properly, hence the need for increasing scientific understanding of 

biofilm growth and development in the subsurface. 

Biofouling and bioclogging are typically controlled through combinations 

of biological and mechanical cleaning regimens. Though chlorine has a high 
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potential for membrane degradation, it is most frequently used to remove 

biological matter when treatment systems become fouled (Ponnusamy, Paul, Kim, 

& Kweon, 2010). Though biofouling can be, and in numerous industries currently 

is, controlled by microbiocides (chlorine and other abrasive chemicals), these 

cleaning processes induce secretion of extracellular polysaccharides (EPS) from 

some microbes as a defense mechanism (Baker & Dudley, 1998). These dense 

structures cannot be removed from surfaces with the same treatments as living 

biological matter. Thus, despite the initial benefits of using chemical treatments to 

alleviate the impacts of biofouling, the long term “hardening” of biological 

material on membrane surfaces ultimately negates the cleaning efforts rendering 

membranes useless (Baker & Dudley, 1998). 

1.2 Quorum Sensing (QS) 

Microbial growth is mediated by a plethora of biotic and abiotic 

environmental and biological “cues” (Whitehead, Barnard, Slater, Simpson, & 

Salmond, 2001). Biofilm development specifically, for example, tends to increase 

with surface roughness and hydrophobicity (Pasmore et al., 2001). Gene 

expression and repression in microorganisms occur in response to factors 

including temperature, pH, and nutrient availability, but can also be influenced by 

biotic triggers that activate responses in growth patterns (Whitehead et al., 2001; 

Withers, Swift, & Williams, 2001). One such biotic trigger is quorum sensing 

(QS), a form of intercellular communication induced following attainment of a 

threshold population density. Though quorum sensing has many observed 

outcomes, one of particular interest is induction of dense biofilm formations 
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(Ponnusamy, Kappachery, Thekeettle, Song, & Kweon, 2013; Swift, Throup, 

Williams, Salmond, & Stewart, 1996).  

The specific molecules responsible for this intercellular signaling differ 

among bacterial species and strains but can be categorized broadly depending on 

whether it is carried out by Gram-positive bacteria, predominately employing 

amino acids and oligopeptides for signaling, and Gram-negative bacteria signaling 

most often using fatty acids (Choo, Rukayadi, & Hwang, 2006; Whitehead et al., 

2001). A large fraction of Gram-negative bacteria analyzed for occurrence of 

quorum sensing use N-acylhomoserine lactones (AHLs) (Swift et al., 1999; 

Whitehead et al., 2001). Within the group of AHL-regulated quorum sensing 

bacteria, AHL chain lengths range from 4 to 16 carbons (Fuqua & Greenberg, 

2002; Withers et al., 2001). The AHL chain length can play a significant role in 

the development of the quorum sensing mechanism, causing it to act and respond 

differently to various environmental conditions. 

In addition to contributing to growth moderation, AHL-regulated quorum 

sensing also contributes to patterns emergent in processes ranging from “conjugal 

plasmid transfer to bioluminescence to antibiotic synthesis, to virulence” (Fuqua, 

Parsek, & Greenberg, 2001). As a “critical cell population density” is achieved, 

AHLs activate gene expression (Swift et al., 1999), which lead to transcriptional 

processes yielding synthesis, hereby inciting positive feedback loops of growth, or 

any number of a variety of physiological processes. Harmful bacteria can improve 

their virulence by invading hosts, settling in habitable locations, and then 
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initiating the positive feedback loop resulting via quorum sensing (Swift et al., 

1999). 

A simplified depiction of the mechanism by which quorum sensing occurs 

in A. hydrophila (and a plethora of other AHL-producing Gram-negative bacteria) 

(Figure 1.1) (Defoirdt, Bossier, Sorgeloos, & Verstraete, 2005) illustrates the 

generation of an AHL molecule and its pathway exiting and then re-entering the 

cell. 

 

Figure 1.1.  Quorum sensing in Aeromonas hydrophila (Defoirdt et al., 2005). 

 

An Ahyl enzyme synthesizes AHLs, which exit the cell. When the critical 

AHL concentration is achieved outside of the cell membrane structures, AHL 

molecules are transported through both the inner and outer cell membranes and 
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bind to AhyR response regulator molecules. Once bound, the “AHL-AhyR 

complex activates transcription of target genes” (Defoirdt et al., 2005). 

1.3 Quorum Sensing Inhibitors (QSIs) 

Biological mechanisms can slow biofilm development before mechanical 

or chemical treatments are necessary to remove biological material from surfaces 

that require frequent cleaning. An example of one such strategy is quorum sensing 

inhibition (Xiong & Liu, 2010). By the practice of quorum sensing inhibition, 

quorum sensing inciting the “[coordination of] communal behaviors” (including 

biofilm development) is prevented (Xiong & Liu, 2010). Quorum sensing 

inhibitors degrade the AHL molecules which serve as the signal molecules 

(“autoinducers”) in quorum sensing mechanisms, thereby preventing intercellular 

interactions (Chu, Jiang, Yongwang, & Zhu, 2011; Kim et al., 2009; Paul et al., 

2009; Xiong & Liu, 2010). 

Quorum sensing inhibitors limit virulence of pathogenic bacteria without 

inhibiting growth. Enabling control over quorum sensing mechanisms in specific 

systems is advantageous over the use of antibiotics which contribute to the 

emergence of antibiotic resistant bacterial strains over time (Bruhn et al., 2005). 

Additionally, in some systems it may be advantageous to maintain overall growth 

levels and to solely prevent the aggregation patterns characteristic of quorum 

sensing controlled growth. 

There are a variety of substances that can be used as quorum sensing 

inhibitors, some of which are plant-secreted substances. These include salicylic 
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acid (Rosenberg, Carbone, Römling, Uhrich, & Chikindas, 2008), 

cinnamaldehyde (Brackman et al., 2011), furanone (Defoirdt et al., 2007), peas 

(Teplitski, Robinson, & Bauer, 2000), and vanillin (Ponnusamy et al., 2013). 

Using natural substances as quorum sensing inhibitors has many benefits. This 

class of QSIs is less likely to be harmful to humans or produce byproducts that 

could be hazardous. They typically are easily derived from their sources and are 

potentially relatively cheap compared to synthetically manufactured compounds. 

1.4 Background on Aeromonas hydrophila 

Aeromonas hydrophila is a Gram-negative, rod-shaped bacterium typically 

found in freshwater and brackish water ecosystems. It is a facultative anaerobe 

expressing the capability to adapt to oxygen-rich and oxygen-depleted 

environments (Annous, Fratamico, & Smith, 2009). Growth of A. hydrophila is 

not pH sensitive but is impacted by temperature, with liquid cultures grown at 

higher temperatures showing greater survival rates when transferred to nutrient-

poor solutions (Sautour, Mary, Chihib, & Hornez, 2003). A. hydrophila is a well-

established and very common pathogen in fish and has been gaining recognition 

over the past decade as an opportunistic pathogen in humans where it most 

frequently affects the digestive system (Swift et al., 1999). Because of its more 

recent emergence as a threat to human health, commonly entering human hosts 

either through direct consumption of the pathogen in food or through blood 

exposure, the growth characteristics and patterns of A. hydrophila have become of 

increasing interest to microbiological research spanning fields from fish and 

ecosystem health to food science.  
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1.4.1 Quorum sensing in A. hydrophila 

One research metric of particular interest is the tendency of A. hydrophila 

to develop biofilms consisting of large, complex microcolonies and cell 

aggregations in response to quorum sensing. These biofilms have been observed 

to span large areas of various surfaces including industrial stainless steel and 

membranes used in water treatment systems (Kappachery, Paul, Yoon, & Kweon, 

2010).  

In previous studies, biofilm development in A. hydrophila communities 

have demonstrated association with quorum sensing (Lynch et al., 2002). The 

quorum sensing system in A. hydrophila follows “an AhyRI monitor system 

homologous to the LuxRI system” (Garde et al., 2010). In this system, AhyI is the 

signal molecule synthetase and AhyR is the transcriptional regulator (Garde et al., 

2010). This system is responsible for the generation of AHL biosensors (Swift et 

al., 1997). AHL molecules produced by the same strain of A. hydrophila may vary, 

reflecting environmental conditions (Chu, Liu, Jiang, Zhu, & Zhuang, 2013), 

complicating the analysis of the bacteria’s quorum sensing mechanisms. To 

prevent potential variation in experimental protocol, environmental variables 

including nutrient availability, temperature, and pH should be carefully controlled.  

The quorum sensing mechanism in A. hydrophila is moderately 

complicated. The AhyI protein is typically produced in the exponential growth 

phase and then degraded in the stationary phase, but in an ahyR
-
 mutant strain 

AhyI production did not occur until the end of the exponential phase and persisted 

through the stationary phase (Kirke, Swift, Lynch, & Williams, 2004). These 
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results indicate a potential for AhyR to control “timing of AhyI expression and 

turnover,” but the exact pathway of AhyI production will not be able to be 

identified until the A. hydrophila genome is sequenced (Kirke et al., 2004). To 

better understand quorum sensing in A. hydrophila, a greater biological 

characterization of ahyI expression is necessary (Kirke et al., 2004). 

1.4.2 Quorum sensing inhibition in A. hydrophila 

Though more detailed research is needed to further elucidate the 

mechanism of quorum sensing in A. hydrophila, there have been several studies 

focusing on quorum sensing inhibition in this microorganism. Especially in 

natural systems, it is advantageous to inhibit cell reproduction and growth through 

the use of plant-secreted polyphenolic substances (Xiong & Liu, 2010). Results 

from laboratory experiments indicate that vanillin (4-hydroxy-3-

methoxybenzaldehyde) derived from vanilla beans and frequently used as a 

consumable food additive, may be an amicable QS inhibitor in Gram-negative A. 

hydrophila colonies (Paul et al., 2009; Ponnusamy, Paul, & Kweon, 2009; Xiong 

& Liu, 2010). Predominantly focusing on biofouling, which is limited to a two-

dimensional field, a number of previous studies have exhibited results 

demonstrating reductions in A. hydrophila biofilm surface coverage ranging from 

46.3 percent to 97 percent on reverse osmosis membranes used in water treatment 

processes when treated with vanillin (Kappachery et al., 2010; Ponnusamy et al., 

2009). 
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1.5 Previous studies involving the use of vanillin 

The use of vanillin as a quorum sensing inhibitor is still a relatively new 

and not extensively tested concept. In the few existing studies focusing on reverse 

osmosis membranes, vanillin extracted from vanilla beans applied in different 

concentrations yielded consistent but variable biofilm surface coverage reductions 

(Kappachery et al., 2010; Ponnusamy et al., 2009). One study, comparing the 

impact of vanillin treatment on microfiltration, ultrafiltration, and reverse osmosis 

membranes rendered results demonstrating prevention of biofilm development 

(Ponnusamy et al., 2013). In this study, the minimum inhibitory concentration 

(MIC) of vanillin was found to be 0.16 g/L, impacting biofilm formation in a 

biofilm reactor without affecting overall growth (Ponnusamy et al., 2013). Overall 

biofilm growth in this study was inhibited with a vanillin treatment of 0.16 g/L by 

up to 57 percent compared to a biofilm reactor operating without vanillin 

(Ponnusamy et al., 2013). 

In soil-borne Chromobacterium violaceum, quorum sensing incudes 

change in coloration for the violacein pigment (Choo et al., 2006). The 

mechanism involved in this response to quorum sensing uses autoinducer N-

hexanoyl homoserine lactone (HHL), differing from A. hydrophila, but following 

a similar progression of release from cells and re-entering through the outer and 

inner membranes when the critical cell density has been achieved (Choo et al., 

2006). Violacein quantities, measured using a microplate reader at a wavelength 

of 585 nm, were reduced by the application of vanillin by up to 98.41 percent 

(using 2 percent w/v extract) (Choo et al., 2006). 
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Another study investigating the impacts of vanillin on C. violaceum, 

Agrobacterium tumifaciens, and A. hydrophila, suggests that the AHL structure is 

an important characteristic to identify and consider as vanillin may actually 

contribute positively to quorum sensing induction in long-chain AHLs 

(Ponnusamy et al., 2009).  To confirm the work of previous publications (Choo et 

al., 2006), Ponnusamy et al. (2009) cultured an environmental strain of A. 

hydrophila in LB with vanillin concentrations ranging from 0 to 0.25 mg/mL on a 

polystyrene surface at 30 °C for 6 hours. Presence of vanillin at any concentration 

created biofilm growth inhibition but the greatest reduction (46.3 percent) was 

observed in the samples with vanillin at maximum concentrations of 0.25 mg/mL 

(Ponnusamy et al., 2009). 

Although vanillin, in several studies, has demonstrated inhibitory impacts 

of biofilm development, it has not shown an ability to remove established 

biofilms from membranes. This trend likely owes to the complex network of 

materials incorporated in biofilms (Kappachery et al., 2010). Because vanillin 

cannot be used as part of a cleaning process, its application in industrial settings 

would need to be a part of a continuous feed control strategy. 

1.6 Development of novel equipment for soil science research 

Recently, three-dimensional (3-D) printing technology has rapidly evolved 

and is widely available for applications in a variety of research fields. Some of the 

challenges of designing apparatuses for soil science research can be alleviated 

through the use of rapid prototyping in place of traditional machining techniques 

(Rangel et al., 2013). One component of this research project was the 
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development of a new soil permeameter cap that is constructed entirely of 3-D 

printed parts and minimal additional pieces of hardware. Though the upfront 

development of these parts requires the time taken to visualize the piece using 

computer-aided design (CAD) software, once the part design is perfected, it can 

be replicated wherever an additive printer is available, in any part of the world. 

1.7 Goal of present research 

The goal of the present research is to determine if the trends observed in 

membrane studies translate to porous media using the same bacterium (A. 

hydrophila) and quorum sensing inhibitor (vanillin) of interest. 

Though critical for development of quorum quenching techniques, results 

from biofouling studies may not be indicative of manipulation of biological 

activity in porous media because of the additional dimension. Based on existing 

knowledge of bioclogging combined with the results from biofouling QS 

inhibition studies, our goal is to determine if a natural substance, vanillin, can be 

used as a quorum sensing inhibitor to direct microorganism behavior in porous 

media.  
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CHAPTER 2 

2. Methods 

Conceptualization of this project as a compilation of several separate 

components allows for its most complete comprehension. Ultimately, four soil 

permeameters operated under gravity-fed conditions with upward flow ran in parallel 

for six days. However, prior to beginning of flow through the columns, preliminary 

stages of this project included designing and building each permeameter, cultivating 

liquid stock of A. hydrophila ATCC® 7966™, cleaning carbonates, iron oxides, and 

organic matter from the soils, and assuring sterility of the column and nutrient media. 

During the six-day period of continuous flow, pressure readings were collected from 

piezometers in triplicates at five heights in each column. Flow rates were also 

measured periodically based on effluent volumes collected. After termination of flow, 

each permeameter was deconstructed and small core samples were taken and 

prepared for assessment with scanning electron microscopy (SEM). Piezometer 

readings were analyzed using Microsoft Excel.  

2.1 Construction of soil permeameter 

The design and construction of the soil permeameters used in the 

experiment required an assembly incorporating purchased hardware, acrylic 

cylinders modified in a machine shop, and caps designed using computer-aided 

design (CAD) and 3-D printing technology. As opposed to some previously-used 

permeameter designs, limited in functionality by the capabilities of heavy 

machinery, the use of CAD facilitates even flow and improves the uniformity of 

saturation through the acrylic column. Printed pieces are easily integrated with 



 16 

purchased hardware through a CAD function that allows downloaded files 

(provided by hardware suppliers i.e., McMaster-Carr) to be incorporated to new 

designs.  

Despite the seemingly endless opportunity for design improvements with 

CAD and 3-D printing, the additive printing method of the Stratasys uPrint series 

yields semi-porous pieces. To complete the production of the caps used in this 

experiment, we treated each printed cap with epoxy to ensure they would be 

watertight under the light pressure conditions induced during the experiments. 

Eliminating the porosity of the caps also allows for easy cleaning and re-use in 

subsequent experiments.  

Supplementary pieces purchased include stainless steel threaded rods (¼ 

in diameter, 8 in long), flat washers (¼ in), hex nuts (¼ in), acrylic tubing (ID = 2 

in, OD = 2.5 in), barbed tube fittings (for ¼ in tube ID, 3/8 in pipe size), stainless 

steel tubing (OD = 1/16 in), wire meshes (0.023 in and 0.0055 in wire diameters, 

0.027 in and 0.007 in opening sizes), silicone O-rings (OD = 2 1/2 in, ID = 2 3/8 

in), clear FEP Tubing (ID = 1/16 in, OD = 1/8 in) and chemical resistant, clear 

PVC tubing (ID = ¼ in, OD = ½ in, and ID = 3/16 in, OD = ¼ in), all acquired 

from McMaster-Carr.  

Using a lathe, acrylic tubing was sized to 10 cm pieces. Radially at 1.7 cm 

intervals starting 1.5 cm from the top of the column, three 1/16 in holes were 

drilled in each acrylic tube and eventually each hole was affixed with a metal tube 

approximately 5 cm in length. One end of each of these metal tubes first had to be 
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covered with a small piece of fine stainless steel mesh, glued with super glue, to 

prevent sand from exiting the acrylic columns. Methylene chloride, a chemical 

that re-polymerizes acrylic, sealed the metal tubes into walls of the acrylic 

columns. Heat-shrink tubing was used to attach an 18 in segment of 1/16 in inner 

diameter clear FEP tubing to each metal tube protruding from the acrylic column.  

The barbed tube fittings were wrapped with plumber’s Teflon tape and 

screwed into the ports incorporated in the printed caps. Internally in the cap, an O-

ring was placed in the ridge and two mesh disks, one coarse stainless steel and 

one fine stainless steel, were placed on top of the radial support fins. The acrylic 

piece was compressed between two caps using threaded rods, washers, and hex 

nuts, and tested for leaks by filling the entire apparatus with water through the 

PVC tubing attached to the barbed fittings on the bottom cap and letting the liquid 

exit the system through tubing attached to the barbed fitting on the top cap.   

2.2 Biological characterization of A. hydrophila ATCC® 7966™  

Gram-negative bacterium Aeromonas hydrophila was selected for this 

study based on previous published work establishing quorum sensing inhibition 

by vanillin in biofilm growth. A. hydrophila ATCC® 7966™ is described as the 

most characteristic and widely representative strain and was therefore selected for 

this research. Dehydrated samples were reconstituted in 20% glycerol and stored 

in a -80 °C freezer until active cultures were needed. 
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2.2.1 Plating A. hydrophila ATCC® 7966™ on Hunter’s minimal media 

Frozen stock of A. hydrophila ATCC® 7966™ was transferred to 

Hunter’s minimal media and 50 mM sucrose plates using the streak-for-singled 

method. Plates were incubated for a minimum of 24 hours at 30 °C and 150 rpm 

until several single colonies were observed at which point they were sealed with 

Parafilm and stored upside-down at 4 °C. Hunter’s media plates were used to 

reduce adjustment time to new media; liquid Hunter’s media with sucrose would 

be the nutrient source for the A. hydrophila ATCC® 7966™ during operation of 

the soil permeameters. Hunter’s minimal media (5.65 g/L Na2HPO4, 5.44 g/L 

KH2PO4, 1.00 g/L (NH4)2SO4, 0.2 g/L nitrilotriacetic acid, 0.29 g/L MgSO4, 0.07 

g/L CaCl2  2H2O, 0.19 g/L (NH4)6Mo7O24  4H2O, 8.3 mg/L FeSO4  7H2O, 3.1 

mg/L EDTA, 13.7 mg/L ZnSO4  7H2O, 1.9 mg/L MnSO4  7H2O, 0.5 mg/L 

CuSO4  5H2O, 0.3 mg/L Co(NO3)2  6H2O, and 0.2 mg/L Na2B4O7  10H2O) is 

chemically defined, as opposed to more generic liquid media for which exact 

elemental concentrations are incalculable (i.e., Luria broth). Based on preliminary 

growth curves comparing Luria broth, Hunter’s media with glucose, and Hunter’s 

media with sucrose, for minimal media, sucrose yielded more growth and was 

therefore selected as the additional carbon source. The Hunter’s media and 

sucrose were autoclaved separately and then mixed to a final sucrose 

concentration of 50 mM. An additional 7.5 g of agar was added to the Hunter’s 

media prepared for Petri plates prior to being autoclaved. 
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2.2.2 Transition to liquid culture  

A single culture removed from A. hydrophila ATCC® 7966™ plates was 

used to inoculate liquid media using sterile pipet tips. The first scrape was 

transferred into 5 ml total volume sterile Hunter’s media and 50 mM sucrose and 

the second scrape (with a second pipet tip) was transferred to 5 ml total volume 

sterile Hunter’s media, 50 mM sucrose, and 0.16 g/L vanillin. The vanillin 

concentration of 0.16 g/L was found to be the minimum inhibitory concentration 

(MIC) in previously published research (Ponnusamy et al., 2013). These liquid 

cultures were grown overnight at 30 °C and 150 rpm and optical densities were 

measured with a Shimadzu UV-1800 spectrophotometer at 600 nm using sterile 

media as a blank. Individual one mL volumes were transferred to 250 mL sterile 

media and sucrose, one flask with vanillin and one without and cultured at 30 °C 

and 150 rpm to generate comparative growth curves.  

2.2.3 Growth curves 

Growth curves were completed for A. hydrophila ATCC® 7966™ in 

liquid Hunter’s media with 50 mM sucrose with and without vanillin concurrently 

over a 24-hour period. Optical density readings were taken on a Shimadzu UV-

1800 spectrophotometer at 600 nm using sterile Hunter’s media with sucrose (and 

with vanillin for vanillin culture) as a blank. Frequency of readings varied based 

on growth stage ranging from once per hour to once per quarter hour. Readings 

were plotted against time in Microsoft Excel.  
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2.3 Cleaning sand in preparation for use in column 

Following methods adapted from Methods of Soil Analysis (Ulery & Drees, 

2008), silica sand purchased from AGSCO Corporation was treated in a three-part 

process to remove carbonates, organic matter, and iron-oxides to prevent 

interference of these substances with microbial activity. Sand can be cleaned in 

quantities of approximately 400 g, which is slightly more than enough sand to fill 

one 10 cm column with a 2 in inner diameter. These methods can be repeated with 

400 g quantities or scaled up to accommodate larger sand needs (assuming 

glassware capacity is adequate to allow for bubbling without spilling in several of 

the required steps). 

2.3.1 Removal of carbonates 

Carbonates are removed by rinsing the sand with sodium acetate. In a 

large beaker, the pH of 500 mL of 1 M sodium acetate was adjusted to 5 using 

glacial acetic acid. This solution was then heated to 80 °C and 400 g of sand was 

slowly added with constant stirring. Effervescence indicates the destruction of 

carbonates and should be visible initially. When the bubbling subsides, or after 30 

minutes of constant stirring, the beaker can be removed from the heat and 

decanted after the sand has settled. The pH should then be adjusted back to 

between 9 and 10 by adding 150 mL distilled water and increasing pH with 1 M 

NaOH, stirring periodically. Again, when the sand has settled, the liquid can be 

decanted and discarded. 
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2.3.2 Removal of organic matter 

The hydrogen peroxide method was used to remove all organic matter 

from the sand. Following this method, 20 mL of water was added to the sand in a 

large beaker and heated to 80 °C. Carefully, 1 mL of 30 percent H2O2 was added 

to the beaker. If copious frothing is observed (more frothing will occur in soils 

rich in organic matter), acetic acid or acetone can be used to reduce bubbling. 

Stirring constantly, a total of 25 mL 30 percent H2O2 was added in 5 mL 

increments. When no more frothing is observed, oxidation of organic matter can 

be considered complete; this may take up to several hours for soils with high 

organic content. Once the sand settles, the liquid can be decanted and discarded. 

The sand was then rinsed twice with 50 mL of a 1 M NaCl solution and decanted 

following each rinse.  

2.3.3 Removal of iron oxides 

The removal of iron oxides requires the use of sodium dithionite, Na2S2O4 

(sodium hydrosulfite), which emits toxic fumes. This process should therefore be 

performed under a fume hood. The sand was first rinsed with 100 mL saturated 

NaCl solution (36 g NaCl in 100mL H2O) and 500 mL distilled water and 

decanted. A stock citrate buffer solution mixed with 0.3 M sodium citrate and 1 M 

sodium bicarbonate in an 8:1 ratio was measured into 500 mL volumes and added 

to the 400 g portion of sand and heated to 80 °C under a fume hood. Five grams 

of sodium dithionite was slowly added to the heated solution and continuously 

stirred for 5 minutes and periodically for another 10 minutes. A second 5 g 

portion of sodium dithionite was added to the heated solution and stirred in the 
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same method for an additional 15 minutes. After periodically stirring for another 

30-45 minutes, the beaker was removed from the hotplate and allowed to cool and 

settle. The supernatant was discarded and the sand was rinsed with 500 mL 1 M 

NaCl twice. At this point, the sand was left to dry for 24 hours in a drying oven. 

2.4 Assembly of permeameter with sand 

Each column was filled with clean sand (filtered through 212 micron sieve 

to break up any residual aggregates) by evenly distributing sand through a 30 mL 

syringe across the cross-section of the column. After every 30 mL of sand was 

added to the column, the whole apparatus was tapped on the laboratory bench 

surface 20 times to ensure even packing. When each column was full, a disk of 

fine mesh and a disk of coarse mesh were placed on top of the packed column and 

an O-ring was placed into a cap. The cap was then aligned over the meshes and 

lowered on to the column. Threaded rods with washers and hex nuts held the 

whole apparatus together. Foil was used to cover the opening to the barbed 

fittings on the bottom and top caps and additionally used to cover the openings of 

the piezometer tubing. Piezometers were bundled together carefully to reduce 

movement during transport to the ethylene oxide gas sterilization system. All four 

columns were sterilized in the same chamber and remained sealed in a plastic bag 

until ready to be set up for use. 

2.5 Preparation of media 

Hunter’s media, 1 M sucrose, and 0.1 M vanillin were all mixed and 

autoclaved separately and combined to final concentrations of 50 mM sucrose, 

and 0.16 g/L vanillin in large stock quantities prior to beginning flow. Solutions 
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must be allowed adequate time to cool before introduction to the soil 

permeameters, so maintaining a large stock is critical to the continuous operation 

of the columns particularly in the early phases of the experiment before microbial 

growth was expected to slow the flow rates. During operation of the soil 

permeameters, Hunter’s media, sucrose, and vanillin solutions had to be 

replenished through continuous operation of the autoclave, with a maximum 

capacity of 12 L of liquids per cycle. 

2.6 Experimental set up 

The two control permeameters not receiving the vanillin treatment and the 

two permeameters receiving feed solution with 0.16 g/L vanillin were each 

supplied liquid media from 6 L Mariotte bottles. The flasks, glass tubing, rubber 

stoppers, and flexible PVC tubing used in the assembly were all autoclaved prior 

to use. The flexible PVC tubing ran from the top of the Mariotte bottle to a UV 

sterilizer, separate but comparable sterilizers were used for the solutions without 

and with vanillin. Another segment of the same tubing connected the outflow of 

the UV sterilizers to a splitter that diverted flow in two directions, to the bottom 

caps of each of the two columns receiving the same treatment. Flexible PVC 

tubing was attached to the barbed fitting on the top caps of each permeameter and 

fed into a 12-gallon waste jug. All waste was sterilized with bleach before 

disposal.  

Piezometer tubing was affixed to a backboard covered in centimeter graph 

paper using Velcro to facilitate easy measurements and stabilize the tubing 
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against a rigid support structure. Foil coverings were left on the piezometer tubing 

to prevent contamination through these tubes. 

By increasing the height of the Mariotte bottles (filled with Hunter’s 

media and sucrose (and vanillin)) very slowly, columns were saturated over a 12-

hour period. This lengthy process of saturating the permeameters with upward 

flow reduces the chance of preferential flow pathways emerging later in the 

experiment by ensuring complete liquid-for-air substitution and avoiding 

entrapment of air pockets. The outflow tubing was also elevated above the level 

of the cap to eliminate the potential for air to enter the cap once the columns were 

fully saturated.  

After the columns were saturated, they were maintained with no flow until 

the microbial colonies achieved adequate growth levels for inoculation. At the 

time of inoculation, the optical density of the non-vanillin liquid culture was 

0.839 and the optical density of the vanillin liquid culture was 0.700 at 600 nm. 

Because of the lengthened lag phase induced by the presence of vanillin in the 

liquid media, serial inoculations were used to create stock cultures of varying ages. 

Optical density readings were taken from several cultures and the two selected for 

inoculation to the columns had the most similar readings. Approximate volumes 

of 10 mL were injected to each permeameter. This volume is equivalent to 1 cm 

of pore space assuming a porosity of about 50 percent for silica sand of this grain 

size. The liquid inoculate was injected in thirds, across the diameter of the column 

using a 1.5 in needle retracted 0.5 in after each portion of the inoculation. This 

distribution technique was employed in an attempt to create an even layer of 
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microbial inoculation covering a majority of the cross-section of the column. 

After the liquid inoculate was injected to the columns, the culture was permitted 

to establish itself with no flow for approximately 1.5 hours. Mariotte bottles were 

raised to 10 cm above the outflow tubing heights after this stagnant period to 

begin flow. 

2.7 Data collection 

Piezometer readings were recorded prior to starting flow, approximately 

one hour after starting flow, and up to five times daily throughout the six-day 

period that flow was induced. Liquid media was continuously supplied from the 

Mariotte bottles under constant head and was not interrupted barring times when 

tubing was clamped to refill the Mariotte bottles. Outflow tubing was monitored 

closely to ensure desaturation or substantial backflow did not occur during 

refilling events. Effluent volume was also collected and measured in graduated 

cylinders periodically during the experimental period. 

2.8 Collection of samples for SEM 

At the termination of the experimental phase, two core samples 

approximately 5 mm in height were collected in brass tubes from each 

permeameter. One sample was taken from the center of each column directly 

behind the inoculation port. The second samples collected from the permeameters 

were either 1 cm from the top, or 5 cm from the top (one of each was taken to 

represent the non-vanillin and vanillin columns). Nylon mesh and o-rings were 

used to cap each end of the brass tubes. 
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Following methods developed specifically to maintain biofilm structure in 

porous media (Vandevivere & Baveye, 1992b, 1992c), each sample was fixed in 

2.5 percent glutaraldehyde, 50 mM lysine, and 0.05 M cacodylate buffer at room 

temperature for 90 minutes. The lysine was used to assist in the structural 

preservation of the biological material between the sand grains. Samples were 

slowly lowered into the fixative solution to prevent air entrapment in the nylon 

mesh. After the initial 90 minute period elapsed, samples were transferred to 2.5 

percent glutaraldehyde and 0.05 M cacodylate buffer and stored at 4 °C overnight. 

Each sample was then rinsed three times in 0.05 M cacodylate buffer for 10 

minutes and then progressively dehydrated in 10, 25, 50, 75, 90, and 100 percent 

ethanol solutions. The 100 percent dehydration step was repeated three times to 

ensure complete elimination of all water from samples. From the 100 percent 

ethanol, samples were placed into an Autosamdri®-815, Series B CO2 

supercritical point dryer.  

After removal from the critical point dryer, the samples were sputter 

coated with Au/Pd (gold/palladium) on carbon tape. The nylon mesh covering the 

non-tapered end of the hollow metal tubing was gently lifted, revealing dry sand 

grains. Using a wooden dowel and pushing in an upward motion on the covered, 

tapered end of the dried sample, a layer of sand approximately 0.5 mm in 

thickness was pushed out of the tube, scraped off with a razor blade, and 

discarded. A piece of double-sided carbon tape affixed to an aluminum SEM stub 

was then pressed down on to the exposed sand layer and lifted; a layer of sand 
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only a few grains thick adhered to the surface of the tape. These stubs were then 

sputter coated with Au/Pd. 

2.9 Data analysis 

The interpretation of the data collected during the duration of this project 

was completed both through comparison of the measurements collected from the 

piezometers in Microsoft Excel and through visualization of microbial growth 

using scanning electron microscopy. Sand samples prepared for SEM analysis 

were imaged in a JEOL JSM-6332 FESEM. Captured images included 

magnifications of 250x to 5000x at 5kv.   
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CHAPTER 3 

3. Results 

Over the duration of this project’s initial phases, throughout the 

experimental operation, and following termination of microbial growth, several 

forms of data were collected. Initially, the growth patterns of A. hydrophila 

ATCC® 7966™ were characterized by a sequence of growth curves. The main 

outcome of the experimental phase of this research was twofold: primary outcome 

of the piezometer head readings yielded variable, but abundant data, and 

secondary analysis using scanning electron microscopy supplemented the pressure 

measurements. 

3.1 Growth curves 

A lengthening of the lag phase was observed in the growth curve of the A. 

hydrophila ATCC® 7966™ with vanillin in comparison to the concurrent growth 

curve of the same bacterium in the same media excluding vanillin. This trend was 

observed in two separate growth curves completed ten days apart with different A. 

hydrophila colonies both taken from Hunter’s media plates (Figure 3.1).  
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Figure 3.1.  A. hydrophila growth curves conducted on October 11, 2013 (top) and 

October 21, 2013 (bottom) in Hunter’s media with 50 mM sucrose (± 0.16 g/L vanillin). 

 

In the first set of growth curves (Figure 3.1, top), the lag phase in liquid 
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while growth of the liquid culture without vanillin enters the exponential phase 

(absorbance = 0.238) in the same time period. A similar trend is observed over a 

more abbreviated time period in the second set of growth curves (Figure 3.1, 

bottom). The lag phase in the liquid culture with vanillin extends beyond 360 

minutes (absorbance = 0.038) while growth of liquid culture without vanillin is 

well within the early exponential phase (absorbance = 0.137) over the same time 

period. Despite differences in the lengths of the lag phases in the growth curves 

conducted on separate days, the overall observation that the 0.16 g/L vanillin 

treatment delays the onset of the exponential phase in batch growth holds. Other 

partial growth curves, conducted over shorter time periods showed similar trends, 

with the batches containing vanillin entering the exponential growth phase later 

than the batch cultures grown in just Hunter’s media and sucrose. 

The slopes of the lines generated from the exponential growth phases’ 

absorbance data represent the growth rates over these time intervals. Though the 

liquid cultures entered exponential growth phases at different times, when 

considering the exponential phases in isolation from the rest of the growth curves, 

the slopes of the linearized data reflect small, but apparent differences in growth 

rates (Figure 3.2).  
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Figure 3.2.  Absorbance measurements during exponential phases show variation in 

growth rates of vanillin and non-vanillin treatments (October 11, 2013 – top; October 21, 

2013 – bottom). 
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standard error = 0.00014) and 0.0078 to 0.00852 (mean = 0.0082, standard error = 

0.00045) for vanillin cultures from October 11, 2013. The overlap in these 

confidence intervals indicates no significant difference in this set of growth rates. 

However, there is no overlap in confidence intervals generated by linear 

regression analysis of the October 21, 2013 growth curves with 98 percent 

confidence intervals of 0.00935 to 0.01172 (mean = 0.0105, standard error = 

0.00038) and 0.00774 to 0.00825 (mean = 0.008, standard error = 0.00009) for the 

non-vanillin and vanillin cultures respectively.  

Growth rates in the exponential phases ranged from 0.008 to 0.0105 across 

the four liquid A. hydrophila cultures. These values are not identical, nor should 

they be expected to be since they are calculated from different liquid batches. 

However, if the noted differences in growth rates are incorporated in further 

analysis using liquid inoculates of similar optical densities, the probability of 

assumptions resulting in misinterpretation of data collected during soil 

permeameter experimental operation can be minimized. Generally, it can be 

concluded that the growth rates of batch A. hydrophila cultures without vanillin 

will be on the order of 10 to 20 percent higher than the growth rates of batch 

cultures with 0.16 g/L vanillin. 

3.2 Visual observations 

During the operational phase of the experiment, preferential pathways 

emerged and disrupted the packing of sand particles. These channels of rapid and 

unpredictable flow were observed visually in both of the non-vanillin 

permeameters and one of the vanillin permeameters, but were likely present in all 
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four columns. The areas with preferential flow were most apparent against the 

surface of the acrylic material in the columns and resulted in tumbling of the sand 

particles.  

   
Figure 3.3.  Images captured from different columns during the experiments. 

 

The large gaps in the soil structure inside the permeameters (Figure 3.3) 

are saturated with free fluid circulating upward through the columns. Emergence 

of these large void spaces typically began at the bottom of the permeameters and 

progressed up the sand structure until the excess liquid reached the cap and sand 

settled along its pathway. Flow pathways were visually observed to move along 

the internal surface of the acrylic columns (Figure 3.4 and Figure 3.5).  
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Figure 3.4.  Progression of preferential flow pathway emergence captured over the 

course of 15 seconds. 

 

The channels of rapid flow were more evident while the Mariotte bottles 

were elevated 10 cm above the outflow level. Sand void regions extended deep 

into some of the permeameters; because the sand particles ultimately did resettle 

into seemingly uniform distribution, the precise depth to which the packing was 

disrupted is incalculable.  
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In one of the permeameters, extensive networks of multiple, distinct 

preferential flow pathways developed, splitting and rejoining in a large void 

(Figure 3.5). This flow channel movement resulted in both lateral and horizontal 

shifting of sand. These pathways were shallow and remained close to the acrylic 

surface of the column but the void at their terminus extended to a much greater 

depth. 
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Figure 3.5.  Evolution of network of preferential flow pathways over a 15 second time 

period. Note the movement along the acrylic at the bottom of the permeameter, just above 

inflow from the cap. 

 

Other visual observations of the permeameters included slight yellow 

discolorations around the inoculation ports, particularly in the columns receiving 

the vanillin treatment (Figure 3.6). Notably, there was cracking around the 

boundaries of the discolored zones. The discoloration, combined with the 
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cracking and disruption of flow patterns could not be supported by piezometer 

reading evidence of pressure buildup from microbial growth. 

  
Figure 3.6.  Discoloration and cracking in the sand around the inoculation ports of a 

permeameter receiving 0.16 g/L vanillin on two different days. 

 

Visual observations indicate potential problems with soil permeameter 

packing techniques and possibly some other controllable experimental metrics, 

namely flow rates. Since discoloration zones were not uniform and did not extend 

through the entire cross-sections of the columns, there may be some clogged 

regions that are not accounted for by the piezometer readings. 

3.3 Pressure and flow measurements  

Periodically throughout the duration of the experiment, effluent from the 

soil permeameters was collected and measured. Effluent volumes, standardized 

for collection times were variable and unpredictable (Figure 3.7).  
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Figure 3.7.  Flow rates collected mid-day over the duration of the experiment. 
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non-vanillin left column. The hydraulic gradients were reduced prior to the 

November 11, 2013 measurement in the non-vanillin columns and prior to the 

November 13, 2013 measurement in the vanillin columns selected for analysis. 

By decreasing the change in head between the inflow and outflow of the non-

vanillin columns, the flow rates were decreased, but the same effect was only 

observed in one vanillin column.  
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and piezometric head (H2-H1) measured in the lab and other static parameters 

including cross-sectional area (A), time (t), and length of the column (L). 

    
   

           
          (Eq. 1) 

Hydraulic conductivity should decrease over time with the onset of 

bioclogging. However, variable flow rates influenced the calculation of hydraulic 

conductivity, as they are input for Q values. The change in hydraulic conductivity 

over time in piezometer sets from a representative non-vanillin and vanillin 

columns do not follow anticipated patterns (Figure 3.8).  
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Figure 3.8.  Hydraulic conductivity values calculated from Darcy’s Law using measured 

flow rates and changes in piezometric head in a non-vanillin column (top) and vanillin 

column (bottom). 
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Hydraulic conductivities seemed to approach zero over the course of the 

140 hours of permeameter operation. In these continuous flow experiments, it is 

unlikely that conductivity should fall below zero. Due to the negative calculated 

changes in piezometric head, some resulting hydraulic conductivity values were 

negative. Because of the variability in the measured flow rates and piezometric 

head, the resulting outcome of the Darcy’s Law calculation of hydraulic 

conductivity is not indicative of biological activity causing clogging in the soil 

permeameters. 

3.4 Scanning electron microscopy imaging 

The images acquired through scanning electron microscopy illustrate 

differences in the vanillin and non-vanillin columns. The subsamples collected 

and analyzed from the permeameters represent the exact center of the columns 

level with the inoculation ports where, in theory, the densest microbial occupation 

of pore space would occur. Though several large cell aggregates were discovered 

in the vanillin-receiving samples, the cell distribution was more extensive in the 

non-vanillin samples (Figure 3.9 and Figure 3.10). Imaging techniques provided 

insight into the microbial activity inside the permeameters, but cannot yield 

quantifiable information about biofilm growth on soil particles or in pore spaces. 
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Figure 3.9.  Sand core samples collected from vanillin (left) and non-vanillin (right) 

treatments directly behind inoculation ports. Magnifications, increasing from top to 

bottom, are 250x, 500x, and 1kx at 5KV. 
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Figure 3.10.  Sand core samples collected from vanillin (left) and non-vanillin (right) 

treatments directly behind inoculation ports. Magnifications, increasing from top to 

bottom, are 2kx and 5kx at 5KV. 

 

The scale at which core samples are analyzed does not give a thorough 

representation of the soil permeameters’ micro-fauna. By sampling at the same level as 

the inoculation port, the goal was to obtain samples with the highest potential for 

exhibiting bioclogging.  
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CHAPTER 4 

4. Discussion 

The results of the present research are not substantial enough to support 

the hypothesis that vanillin, at a concentration of 0.16 g/L, can serve as a quorum 

sensing inhibitor for A. hydrophila in porous media. Despite the lack of trends 

observed in the changes in piezometer readings calculated for the course of the 

data collection period, there are several recommendations for improvements in 

operation of the permeameters that may ultimately result in more meaningful data 

collection representative of the biological activity in the porous media. 

4.1 Microorganism characterization 

The differences in the exponential growth rates in the vanillin and non-

vanillin cultures should be accounted for in analysis of the timeline of the 

bioclogging progression. While previous studies claimed no impact on A. 

hydrophila growth rates with the introduction of vanillin, the series of growth 

curves conducted for this research does not entirely support that claim. More 

extensive growth characterization could aide in future research application of A. 

hydrophila quorum sensing inhibition. 

Previous studies used strains of A. hydrophila isolated from biofouled 

reverse osmosis membranes (Deasan, Chungbuk, Korea), which is not the same 

strain used in this research (Ponnusamy et al., 2009). In the selection of A. 

hydrophila ATCC® 7966™ which is described as the most characteristically 

representative strain, the goal was to culture a strain that could be purchased 
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commercially but would react the same to vanillin treatment. To ensure that A. 

hydrophila ATCC® 7966™ follows the same quorum sensing mechanistic 

pathways as the strain isolated from reverse osmosis membranes, more detailed 

biological characterization should be completed.  

More extensive biological assessment of A. hydrophila ATCC® 7966™ 

could be completed for a more well-rounded study. Flow cytometry, a 

technological method used to generate cell counts, could be paired with 

absorbance measurements from a UV spectrophotometer during growth curves to 

determine the number of cells present in liquid cultures. Another method to 

determine cell counts would be just simple culture counts on plates generated 

from serial dilutions. Either of these additional steps in the research process could 

help elucidate the impact of the microbial activity in the columns. 

Colorimetric protein assays (i.e., the Bradford assay) could be completed 

to quantify the amount of protein in small sand samples collected after the 

dismantlement of the soil permeameters. Adopting the standard methods of the 

Bradford protein assay using Coomassie Brilliant Blue G-250, equivalent 

quantities of sand could be analyzed for protein content based on measured 

absorbance (typically at 595 nm). These measurements are considered 

representative of biological matter. Sand samples could be taken from different 

depths and locations over the cross-section of each soil permeameters and could 

be coordinated with pressure measurements collected from piezometer readings.  
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4.2 Preferential flow pathways 

The rapid flow and circulating sand grains in the preferential flow 

pathways were particularly disruptive to the intended operation of the soil 

permeameters. Likely emerging as a result of imperfect packing technique, the 

preferential flow potentially disrupted the sand particle arrangement to the extent 

that it prohibited progression of bioclogging beyond early developmental growth 

phases. Even if the non-uniform flow did not prevent or delay the onset of 

bioclogging, results would be representative of flow conditions that are not easily 

replicable and would therefore not be incredibly useful to establish a basis for 

other bioclogging research. Modification of packing technique to avoid disruption 

of even flow conditions is essential in future endeavors. 

Several controls or mechanisms can be used to improve density and 

uniformity of packing in silica sand permeameters. There is inherently variability 

in having different people responsible for packing the columns; the first and most 

simple methodological modification to induce uniformity would be to have the 

same person responsible for sand layering and packing. Like the initial column 

saturation process, the sand packing process should be very thorough and span a 

large timeframe; it is one of the most crucial steps in permeameter assembly. 

Based on the settling observed in the wake of the preferential flow pathways, the 

tapping component of the present methodology could be much more vigorous to 

construct packed columns with higher sand densities.  

Instead of tapping the partially assembled permeameters on the lab bench 

following the application of each 30 mL layer of sand from a syringe, a vibrating 



 47 

platform could be used during the packing process. Depending on the type and 

settings of such a platform, the sand could still be added in half-centimeter depths 

and then allowed to fully settle from shaking conditions for a defined amount of 

time, or sand could just be added continuously across the surface area of the 

permeameter while the platform is relied on to shake the column. Alternatively, 

sand could be distributed from a syringe and then the permeameter could be 

placed on a vibrating table for a certain amount of time between layering.  

Oliviera et al. (1996) review alternative methods for packing columns 

including wet sand packing techniques. Packing methods in wet conditions could 

be adapted for other soil science research, but are impractical when sterile 

conditions must be implemented and maintained since gas sterilization is not as 

effective in wet sands. A sequence of simplified permeameters with fewer 

piezometers could be assembled to test some of the described methods and select 

the best one for silica sand with analogous flow conditions to those required for 

operation of a gravity fed, constant head system. 

Other possible explanations of the emergence of preferential flow include 

high initial hydraulic gradient or flow rates and permeameter design. In an 

attempt to prevent extraneous preferential flow, head differentials between the 

inflow Mariotte bottles and the outflow tubes were reduced to 3.5 cm and 5 cm in 

the non-vanillin columns (where more channelization was observed) and vanillin 

columns respectively but to no avail. Unfortunately, after the rapid flow pathways 

first developed, it seemed impossible to reverse their impacts on the sand 

structure. Permeameter design could be improved by supporting the wire meshes 



 48 

by glass beads arranged in the caps preventing any potential for bending or 

movement under pressurized conditions. Despite the sources of error from flow 

conditions or soil column design, the packing technique seems to offer the 

greatest room for improvement. 

4.3 Pressure and flow measurements 

The lack of substantial and progressive decreases in flow rates are not 

consistent with trends observed in systems reflecting bioclogging. Perhaps if the 

duration of the experiment were extended to allow for more microbial growth, 

constant declines in effluent volumes collected would have occurred. The head 

measurements from the piezometers also did not provide conclusive evidence of 

bioclogging represented by steadily declining hydraulic conductivity. Though the 

use of Darcy’s Law to calculate hydraulic conductivity with laboratory 

measurements should indicate where and to what extent flow is inhibited by 

occupation of pore space, the unpredictable flow rates and relatively static 

piezometer levels did not yield conductivity data in support of bioclogging 

presence. 

Since there was no evidence of bioclogging based on flow and pressure 

measurement, re-inoculation could have been attempted. Promoting microbial 

growth from new liquid cultures could have stimulated observable levels of 

bioclogging. However to render more well-rounded results for this preliminary 

study on the impact of vanillin on A. hydrophila in porous media, SEM analysis 

was critical and needed to be completed before addition of more liquid inoculate.  
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4.4 Scanning electron microscopy  

Since very small silica sand subsamples were analyzed relative to the size 

of the column, more extensive sampling and analysis could offer more support to 

the interpretation of pressure measurements in future research endeavors. The 

disruptive flow pathways along the internal surfaces of the acrylic columns likely 

yielded non-representatively high microbial growth along the outer edges of the 

permeameters’ cross-sectional areas. However, these pathways also could have 

diverted a substantial amount of the nutrient flow from the center of the 

permeameters, stifling internal microbial growth. Locus choice for sampling in 

the center of the columns had some drawbacks; despite being in the center of 

initial inoculation zone, subsequent flow patterns may actually have reduced 

microbial activity in this region of each permeameter. Future sampling 

methodology should reflect an interest in a wider distribution across the column’s 

cross-sectional area.  

Though not observed at the time of column deconstruction, the zones that 

(at several times through experimental operation) had yellow discoloration may 

have been interesting target areas for SEM assessment. If the color change on the 

surface of and between the sand particles is in fact representative of biological 

activity, SEM sample preparation and analysis could easily confirm microbial 

growth and a concurrent protein assay could aide in the quantification of cell 

density. Caution must be taken to consider the impact of preferential flow 

pathways in the context of this type of results.  
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The SEM analysis was very helpful in visualizing the microbial activity in 

the sections sampled. Since piezometer readings were non-conclusive toward 

supporting development of biological clogging over the course of the 

experiment’s operation, the general lack of extensive biological material in the 

samples was expected. What was not expected, however, were the large 

aggregations of cells found in the vanillin treatment-receiving permeameters. 

These congregations of cells are characteristic of quorum sensing, illustrating the 

positive feedback loop of growth response to signals induced in areas of high cell 

density. Particularly since these colonies were present in multiple locations 

through the vanillin-receiving samples with nothing comparable obtained from 

the non-vanillin columns, there is no evidence that the 0.16 g/L vanillin treatment 

was effective as a quorum sensing inhibitor.  

The microbial coverage of the sand particles in the non-vanillin samples 

could be interpreted to indicate a more widespread distribution, but the existing 

colonies are not nearly as dense as quorum sensing bacterial growth would be 

expected to generate. Considering the frequency and extent of flow induced sand 

particle disruption, the SEM pictures cannot be relied on to draw conclusions 

about the efficacy of vanillin as a quorum sensing inhibitor. If the problem of 

preferential flow pathways is alleviated in future work, SEM could be used to 

depict the exact locations of microbial occupation of pore spaces following the 

same preparation techniques.   



 51 

CHAPTER 5 

5. Conclusions 

Based on the results of this study, there is currently no evidence to support 

the hypothesis that vanillin at 0.16 g/L can serve as a quorum sensing inhibitor for 

A. hydrophila in porous media. There are several confounding problems that 

prevent clear analysis of piezometer readings, most significantly the emergence of 

preferential flow pathways. Despite the lack of quantifiable results related to 

quorum sensing inhibition rendered by this research, many positive outcomes can 

be drawn upon in future research endeavors.  

5.1 Recommendations for future work 

Since A. hydrophila is most frequently considered an aquatic bacterium 

plaguing water treatment systems and only recently becoming an organism of 

interest in groundwater, more extensive work should be conducted regarding its 

potential to grow in porous media under laboratory conditions. A series of 

permeameters either with piezometers or attached to a pressure transducer (if 

operated under constant flux conditions) could be packed with sand, using an 

improved packing method. These permeameters could then be inoculated with A. 

hydrophila and run until clogging is observed. Pressure measurements could be 

collected relatively infrequently, as the timing of the onset of clogging is less 

important than establishing that there is biological activity and occupation of pore 

space.  
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In conjunction with a simple assessment of A. hydrophila growth in silica 

sand, different concentrations of vanillin could be applied to a sequence of 

permeameters to determine if the minimum inhibitory concentration is different in 

porous media than on membranes. Additionally, vanillin stock solution could be 

filter sterilized instead of autoclaved to prevent any heat or pressure induced 

changes in structure, following the methods of the previous membrane studies. If 

the results of this series of experiments indicates quorum sensing inhibition by 

vanillin, the determined minimum inhibitory concentration could then be used in 

future experimentation in permeameters with more detailed pressure reading 

assessments.  

5.2 Field application of this research 

Some modifications to the methodology from this research could make 

this system more analogous to a natural ecosystem. There are benefits and 

drawback to modeling natural systems as control of as many variables as possible 

is generally preferable in preliminary studies. However, for the data collected to 

have ecological significance, there must ultimately be fewer controlled 

component of the experimental design. Following successful completion of a 

series of experiments demonstrating quorum sensing inhibition with a chemically 

defined nutrient media (i.e., Hunter’s media), a synthetic groundwater solution 

could be substituted as the nutrient source to more closely represent 

concentrations that would exist in wetland ecosystems. Another amendment could 

be to adopt better control of flow rates through the use of a peristaltic pump 

instead of a Mariotte bottle to reflect groundwater flow rates through sandy soils. 
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5.3 Ancillary benefits of this research 

The quality of the 3-d printed parts and their successful incorporation into 

the overall permeameter design shows promise for adaptation in future 

experimental designs. Additionally, other or different features can easily be 

incorporated into the current permeameter cap design through modification of 

existing CAD files, should other research groups want to modify the design to 

meet their research needs. 

5.4 Future use of natural quorum sensing inhibitors 

The concept of using naturally derived substances to control biofilm 

development is certainly of interest to the environmental engineering community. 

Though most detrimental to membrane water treatment, biofouling is of utmost 

concern in a number of other industries. More extensive testing of the quorum 

sensing inhibition both with single strains and in mixed cultures with natural 

compounds could be universally beneficial for future industrial biological control 

techniques. 
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APPENDICES 

1.1 Rapid prototyping and "3-D printing" of experimental equipment in soil science research: 

Rangel et al. (2013) 
1
 

Abstract   

Until recently, the custom manufacture of equipment for laboratory or field experiments in soil science 

required appreciable know-how, and was extremely time-consuming. Technological advances in rapid 

prototyping and 3-D printing in the last decade afford significant, and as yet untapped, opportunities to 

manufacture equipment in a very different way. In the present note, we demonstrate with two concrete 

examples that 3-D printing is not only a very effective and versatile technique to produce laboratory or field 

equipment. It also alleviates some of the restrictive technical constraints imposed by lathes and moulding 

processes used traditionally, and it permits a much more efficient sharing of information among researchers. 

Given the tremendous advances in 3-D printing unfolding at the moment, it is anticipated that this 

technology will revolutionize the way we design, and especially replicate, experiments in soil science.  

                                                 

1
 This chapter previously appeared as: Rangel, D. P., Superak, C., Bielschowsky, M., Farris, K., Falconer, 

R. E., Baveye, P. (2013) ‘Rapid prototyping and 3-D printing of experimental equipment in soil science 

research’, Soil Science Society of America Journal, vol. 77, 1, pp. 54-59. 
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On many occasions in the past, research on soils or sediments has required the custom design and 

manufacture of unique, oftentimes intricate pieces of equipment (e.g., Miller, 1970; Horiguchi and Miller, 

1980; Hill and King, 1982; Black and Miller, 1990; DeLeo and Baveye, 1996, 1997; Darnault et al., 2003; 

Qureshi et al., 2003; Heister et al., 2005; Bagarello et al., 2010; Lauer et al., 2012). Invariably, to produce 

them from several different materials  (plastics, stainless steel), researchers have had to master a range of 

skills, such as the operation of various types of drills and lathes. If they could not work on these machines 

themselves, researchers conducting the experiments at least had to know enough about machining basics to 

have some idea of how to direct the work of experienced professionals. Once articles were published to 

describe the research, individuals interested in replicating the work could in theory try to duplicate the 

equipment, as long as the schematics provided in the articles were detailed enough, and someone in the 

researchers' laboratory had the needed skills and a solid dose of patience. 

This time-consuming process may be close to becoming history. Tremendous technological advances 

over the last decade, in what is routinely referred to as "additive manufacturing" or more commonly "3-D 

printing" (Jones, 2012; Chen, 2012), make it feasible to adopt a very different approach to design 

experimental equipment and to disseminate precise information about them for other people to use. 

Currently commercialized 3-D printers include a wide range of technologies, with very different operating 

costs and capabilities, but all compatible in terms of input formats (Waldbaur et al., 2011). At the low-cost 

end, akin to traditional dot-matrix printers, table-top "Fused Deposition Technology" (FDT) or "Fused 

Deposition Modeling" (FDM) machines sequentially deposit 200-300 µm-wide strips of melted plastic 

layer by layer to eventually create 3-dimensional structures. At the upper end, significantly more expensive 

technologies use lasers to melt powders of different compositions (plastics, ceramics), or to polymerize 

resins, at µm-size spots. 

Surprisingly, even though these technologies have been available for a number of years (some 

equipment manufacturers are already at their ninth generation of printers!), use of any type of 3-D printing 

in soil science research has been extremely limited. A very recent article has described the use of 3-D 

printing to produce heterogeneous soil microcosms with reproducible micro-scale features (Otten et al., 

2012). However, the potential of the technology to rapidly design and manufacture apparatuses, e.g., 
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permeameters and chemical kinetics reactors for use in soil science research, appears to have remained 

entirely untapped.  

In this context, the objective of the present note is to demonstrate, apparently for the first time and with 

two practical examples, that rapid prototyping and 3-D printing not only can be implemented with relative 

ease to produce various pieces of equipment that are useful in research on soils and sediments but, perhaps 

even more significantly, that these technologies present a number of very significant advantages over the 

lathes and moulds traditionally used in the past. Technical details on various aspects of the 3-D printing of 

soil science laboratory equipment are discussed. In addition, we argue that since the computer files 

developed for subsequent 3-D printing can be easily shared via e-mail, adoption of this 3-D printing would 

considerably facilitate and speed up the process of replicating experiments. At the end of the note, we 

outline a number of future prospects, given what can be anticipated now in terms of the rapid evolution of 

adaptive manufacturing technologies in years to come. 

Basic permeameter headpiece 

A first example, which illustrates particularly well the potential and practical appeal of 3-D printing, is 

that of a permeameter, used to measure the saturated hydraulic conductivity or solute breakthrough curve of 

soils. A common design (Figure 1a) involves a cylindrical acrylic tube capped at both ends by headpieces 

fastened by threaded steel rods and bolts. The soil in the acrylic tube is held in place by stainless steel wire 

meshes with a suitably small mesh size, supplemented, for structural support, by a more rigid screen, with 

coarser mesh. Circular o-rings, lodged in a specifically-dimensioned groove, assure a watertight contact 

between cylinder and headpiece. 

To ensure that the boundary condition, at both ends of the soil sample, be as uniform as possible, and 

therefore the flow through the soil be very nearly one-dimensional, it is essential that the geometry of the 

headpieces be such that it does not produce hydrodynamic dead zones, causing limited mixing of the 

incoming or outgoing fluid. This is optimally achieved, as depicted in Fig. 1a and 1b, by cone-shaped inlet 

and outlet chambers, with thin, radially-oriented, and partially hollowed fins to keep the screen or wire 

mesh in place. The conical geometry presents no real challenge for a skilled lathe operator, but the radial 
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fins do. Indeed, since the principle of the lathe is that pieces that are worked on are spun, only concentric 

structures can be produced. The latter can be cut at periodic intervals along their circumference (e.g., with a 

jigsaw) to facilitate flow, but that process is tedious. Alternatively, radial supports in the inlet and outlet 

chambers can be obtained if the headpieces are manufactured by moulding, but then the hollowed-out 

portions of these supports cause practical problems during de-moulding, and typically have to be eliminated 

from the design. 

An additional problem with traditional techniques used to produce permeameter headpieces concerns 

the inlet and outlet conduits for the fluid. In headpieces manufactured with a lathe, conduits are typically 

drilled at the end of the process. The drilling has to be very slow in acrylic, to dissipate heat and prevent the 

melting acrylic from entrapping the mesh. A conduit like the one in Fig. 1a and 1b requires drilling in two 

perpendicular directions, and great care to make sure the two holes connect precisely. A conduit with a 

smooth bend like that in Fig. 1a and 1b could in principle be obtained by moulding the headpiece as two 

separate halves, and gluing them afterwards. Experience suggests, however, that some types of glue reduce 

the usable lifespan of acrylic pieces, which tend to crack after a number of months. 

By comparison, additive manufacturing or 3-D printing does not suffer from any of the limitations 

mentioned above for lathes and moulding processes. The only constraints imposed by 3-D printers on the 

design of a given object is that it consist of contiguous solids, and that the smallest features of the object be 

larger than the minimum printable resolution. If, as in Fig. 1a, one decides to insert a metal part (e.g., a 

tube-fitting adapter) in the object, the supporting wall thickness should be adequate to resist the pressure 

exerted. However, in many cases, the insertion of such metal parts can be avoided, and protruding tube-

fitting adapters can be incorporated directly in the printed design. 

Computer-aided design 

The first step in the process of producing a permeameter headpiece like that of Figure 1 with a 3-D printer 

is to draw a 3-D representation of the headpiece with a computer automated design (CAD) software 

program. There are quite a few CAD programs available commercially at present (e.g., AutoCAD, NX, and 

SolidWorks), but they tend to be onerous. Fortunately, several freely available CAD programs (e.g., 
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FreeCad, Sketchup) are equally suitable. These programs have slightly different features and capabilities, 

and as a result there are slight differences in the learning curves associated with each of them. However, all 

of these CAD programs are able to produce files encoded in the Standard Tessellation Language (STL), 

also referred to as "stereolythography files", which are required for 3-D printing on most machines. Higher-

end printers also accept other formats, like ".obj" files.  

Once an STL file is available, it takes very little time to re-open it, make modification, , for example to 

change the diameter of the acrylic cylinder, or the geometry of the conical inlet and outlet chambers, and 

save the result again in STL format. The size of STL files of permeameter headpieces like that in Figure 1b 

is of the order of just a few Mbytes, which means that they can be shared easily via e-mail.  

As shown in the partially transparent depiction of the permeameter headpiece in Fig. 1b, the 

inlet/outlet port incorporates threading to accommodate a tube-fitting adapter. This threading can be 

generated somewhat painstakingly using CAD programs, but most often it does not need to be. Various 

manufacturers of adapters (like McMaster-Carr, for example) supply CAD files for their products on their 

website. These files can be integrated with the STL file of the permeameter and can be used to mold a 

cylindrical hole in the headpiece, ensuring a tight fit with the adapter. If needed, eventually, Teflon tape or 

a flexible washer can be used to still improve the tightness of the connection. 

The STL file that is produced with the CAD program can include not only the permeameter headpiece 

but also, if desired, the retaining screens. In some cases, it may be easier to print two screens, at the exact 

same time the two headpieces are printed, than to have to cut a circular piece from commercially-available 

stainless steel wire mesh. 

 3-D printing of headpiece 

Once an STL file is available, a prototype of the permeameter headpiece can be obtained rapidly, and 

at minimal cost, with an entry-level, benchtop FDT printer. Experience we had with the most basic (and 

cheapest, at about $4000) FDT printer was not satisfactory. This type of printer does not appear to be 

robust enough to print objects beyond small children toys or chess pieces; bigger have from our experience 

a tendency to buckle due to cooling stresses. However, a slightly more sophisticated bench-top machine 
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(uPrint SEPlus, Stratasys Inc.), with a price tag of about $9,000 at the time this article was written, was able 

to print the permeameter headpiece in a matter of a few hours (Fig. 1c). This printer uses two plastics 

simultaneously, one of which serves as a support for hanging structures like arches, channels and tubes, and 

is eventually removed from the final product through a dissolution process, using a separate piece of 

equipment (UPrint WaveWash Support Cleaning System), which costs approximately $6,000. 

Even though the STL file sent to the printer assumes the headpiece to be entirely solid, the software 

controlling the printing process replaces selected internal parts of the piece with a honeycomb structure, to 

decrease plastic consumption. However, the external surfaces of the printed piece (including the walls of 

the flow conduits) remain, in principle, smooth and continuous. Sometimes, there may be surface 

roughness due to contour lines (Galantucci et al., 2009), however, by orienting the pieces differently, e.g., 

obliquely (which is possible with the support material that is removed afterwards) or sometimes by 

redesigning parts, problems with contour lines can be minimized. Nevertheless, when one looks at these 

external surfaces under a microscope, it is apparent that contiguous extruded plastic bands are not always 

touching perfectly, and that there are occasionally small gaps between them. These small gaps, occurring at 

different locations in the printed pieces, cause the latter to be slightly porous, which of course creates 

difficulties in experiments where liquids inside the printed pieces are meant to be under positive pressure. 

There are fortunately several practical and effective options to resolve this issue. A number of 

manufacturers (e.g., Fortus, Stratasys) commercialize "smoothing stations" in which printed pieces are 

brought in contact briefly (for 15-20 seconds) with the vapor of a solvent that dissolves the plastic 

superficially. After curing for 45 minutes, the external surfaces eventually become smooth and 

impermeable. One recommended "smoothing station fluid", sold by Microcare (New Britain, CT), is a 

mixture of decafluoropentane and dichloroethylene, both of which require special handling procedures. Do-

it-yourself versions of this technology, using acetone as a solvent, can be built cheaply and appear to be 

equally effective (see, e.g., http://www.soliforum.com/topic/183/diy-smoothing-station; last accessed 

September 30, 2012). Another option is to dip the pieces for a short time (5 minutes) in liquid acetone, or as 

Galantucci et al. (2009) suggest, in an aqueous solution of 90% dimethylketone/10% water, the advantage 

of both of these solvents being that they are less toxic than decafluoropentane and dichloroethylene. Resin 

impregnation, brush coating or a combination of the two have also been used. Impregnation with lower 
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viscosity resins under vacuum can help minimize the blockage of small conduits. Our experience is that 

dipping in either acetone or a low-density resin seals FDM pieces so that they can withstand at least a 

pressure of 276 kPa, as the tests of Mireles et al. (2011) suggest, and beyond. The level of sealing we 

observed is compatible with most of the intended uses of permeameter headpieces, and it appears to be 

stable over long periods of time (months). 

In any event, this issue of printed headpieces being porous is significant only when using the low- to 

mi-resolution fused deposition printers. Once the rapid prototyping step is carried out satisfactorily using 

this type of printer, it is likely that in most cases (and increasingly so, in the future, as high-quality 3-D 

becomes increasingly affordable), STL files will be sent to commercial outfits equipped with much faster, 

laser-based 3-D printers. These machines have much higher resolution, with voxel sizes of a most a few 

microns, which puts the porosity problem, if it occurs at all, under a very different light. In addition, the 

technology is now evolving in directions (e.g., two-photon polymerization) that may entirely eliminate the 

risk of spurious pores.  

More advanced headpiece design 

The headpiece depicted in Fig. 1 presented a number of features that would be difficult or even impossible 

to produce with a lathe or a classical moulding process. Nevertheless, it is still a simple design, not that 

different from what is achievable with old technologies. 

The dual-flow permeameter headpiece shown in Fig. 2 is of a much higher level of complexity, and 

consequently demonstrates even more conclusively the advantages of 3-D printing. The design in Figs. 2a 

and 2b is inspired by a dual-flow permeameter developed by Hill and King (1982) to eliminate boundary 

flow errors in saturated hydraulic conductivity measurements. These authors considered that by isolating 

the central and peripheral portions of the flow at the bottom of the permeameter (in analogy with double-

ring infiltrometers), boundary flow errors could be prevented. This idea can be easily extended to both 

bottom and top headpieces of a permeameter. In either case, a circular divider separates the flow from two 

concentric funnels as liquid enters the soil. Radial fins on either side of the divider provide support for 
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printed and cut meshes. Pressure measurements can be taken from the inner and outer funnels 

independently through separate sampling ports. 

A practical problem one readily encounters in this case is that quite a few conduits need to be 

connected to both central and peripheral areas in order to insure uniform boundary conditions in both. The 

cross-section in Fig. 2b shows how intricate the geometry of these conduits should be, which makes it 

entirely impossible to produce the headpiece with a lathe and a drill. When manufacturing the headpiece 

with a 3-D printer, however, one encounters no significant difficulty (Fi. 2c). There may be a slight 

problem during the printing phase if, for some reason, the conduits are too small relative to the resolution 

of the printer. For mid-range printers like the UPrint SE, the inner diameter of conduits needs to be at least 

twice the resolution, or about 500-600 µm. That should not constitute much of practical problem, as one 

would probably rarely need to have conduits that small anyway. Of course, if and when the minimum size 

of these conduits becomes an issue, one always has the option of printing pieces on high-resolution printers, 

for a small nominal fee, or even for free, in an academic research center (Otten et al., 2012), or by sending 

a CAD design file to a commercial outfit, where fees are typically higher but depend largely on the number 

of pieces that need to be manufactured. 

Future prospects 

The description of these two practical cases, as well as the illustration of the results in Figures 1c and 

2c, suggest that 3-D printing is already at a stage now where it can be used effectively to produce 

sophisticated apparatuses for use in soil science research. Aside from manufacturing aspects, the portability 

and ease of exchange of STL files make it possible to envisage that researchers who design and print novel 

equipment could systematically share STL files in the online Supplemental Information accompanying the 

articles they publish. This would mean that anyone interested in reproducing the experimental set-up in 

question could easily do so in just a few hours. Also, as long as students have had some introduction to 

CAD design, formally or on their own, soil science laboratory courses could easily include an instrument 

design component, which along with other approaches (Baveye et al., 2006) may contribute to make these 

courses more attractive to a wider student body. 
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Things are likely to become even easier and faster in the very near future. Indeed, progress in the field 

of additive manufacturing is extremely rapid at this point. Just a few months ago, Cicha et al. (2011) 

demonstrated the use of a two-photon polymerization process in liquid resin, which represents a quantum 

leap in terms of speed and resolution. In 4 minutes, among other objects, they were able to produce a 280 

µm long print of a sports car, with micrometric resolution and amazing detail. From this perspective, it is 

conceivable that a 3-D printing job that takes a few hours nowadays, followed by the dissolution of a 

support material, may take only a total of a few minutes in the not too distant future. Concomitantly, one 

should expect the price associated with 3D printing to drop significantly, as more and more opportunities 

become available to use printed pieces in a wide range of contexts, just as the price of color laser printing, 

for example, has dropped over the last few decades. Therefore, it seems reasonable to expect that this 

technology will revolutionize the way we design and replicate experiments in soil science, as in most other 

disciplines. 
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1.1.3 Figure captions: Rangel et al. (2013) 

Figure 1.  Schematic CAD-generated diagram of the basic permeameter assembly (a), headpiece  design 

(b), and picture of the printed headpiece (c). The parts of the permeameter in (a) that are printed are the 

two endpieces (a) and coarse circular meshes (b). Two discs of fine mesh (size 325) (c) are cut from 

commercially-available stainless steel wire mesh. Additional components include an acrylic cylinder, 

fully threaded stainless steel rods, hex nuts, locking washers, o-rings, and multi-barbed tube fitting 

adapters (d). 

Figure 2. Schematic CAD-generated diagram of the dual-region permeameter assembly (a), cross-section 

of the headpiece design (b) showing the intricate geometry of conduits, and picture of the printed 

headpiece (c). 
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1.1.4 Figures: Rangel et al. (2013) 

 

 



 73 

 


