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Abstract

There are few research works that experimentallytetenines the tortuosity
of the porous media and investigate its impact dwe transport of bacteria as this
is microscopic parameter that influences the hydyméimics characteristics of
porous media. This study examined the effect oftbmsity on the migration of
Escherichia coli (a rod, negative strained bactewiged as indicator for fecal
contamination of groundwater) in saturated porous edia.Electrical and
downward flow methods were used for tortuosity detmation and filtration
respectively. The findings show that as tortuositgreases, fraction of bacteria
retained increases with increasing depth and dewieg porosity. It was also
concluded that tortuosity is a function of depth dnporosity and that any
increment in the tortousity of the sample aids ffdtion and adsorption which
considerably decreases the rate of migration of tem@. These findings would
add to the existing literature on the influence gthysical parameters on the
migration and retention of bacteria in sand mediahigh has its application in
various areas of environmental science and engiriegr
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1.0 Introduction

The tortuosity is defined as the ratio of the agerkength of all particle path lines passing thfoaggiven cross-section
during a unit time period to the width of thesamipleras realized that elongation of streamlines oy affects the
hydraulic discharge, but also mediates other tygesansport phenomena in the porous medium. Itheen known
since long that flow through a porous medium depesrd many factors such as porosity, tortuosityngie shape and
size distribution, saturation, Reynolds number, Etir proper understanding of transport of micrpgcgarticles like
bacteria and viruses in porous media, it is esalettidepart from simple macroscopic physical gaastwith a limited
media-particles interaction and focus on basicsatkat examine the parameter that microscopicabcdbes the flow
pattern of aquifer and tortuosity is consideredhis work because it measured the effect of porephwogy on the
bacterial migration and its attenuation. Also, étetmined the influence of hydrodynamic, chemicééractions and
surface interaction between particles and the media

Few research examined the effects of this pathttheng migration of bacteria using chemotaxis; Barémd Ford [1]
studied the effects of path length in their worlngssilica sand in presence of chemical attractérgty observed that
chemotaxis does not enhance bacterial penetrddioify et al. [2] used random walk algorithm speddfly designed to
model bacterial migration in a constructed poroadrix to investigate the effect of the obstaclettom effective random
motility coefficient of bacteria and to compare tesults with experimental measurements. They gbsdehat tortuosity
increases with decreasing obstacle diameter. Thenk was based on theoretical expression for thmudsity on
analogies to Knudsen diffusion, which suggested tha tortuosity increased in proportion to thetiohe diameter;
however, tortousity is not well defined in termgasily measured properties of the porous mediagthis would result
in shortcomings from their prediction. Former sagdion tortuosity did not examine its effect on bdat migration
attenuation and on porosity as this is medium patanthat determines either directly or indire¢tg relation between
the hydraulic parameters and the particles tramspor

The purpose of this research work is to investigladeeffects of tortousity on the transport andratation of migration
of bacteria through sand media using Escherichlia The tortuosities were determined in an indegeridexperiment
using electrical method at different depths for gka® of varying porosity. This enabled us to exantime relationship
between tortuosity, porosity and depth. The formere then compared with the bacteria recoveryfégrdint depths for
various porous media.Escherichia coli is a granatieg, faculatively anaerobic, straight, rod shapetterium,
measuring approximately 26 long and 1.1 — 1.pm wide occurring singly or in pair [3,4]and is adaomically well-
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defined member of the family Enterobacteriaceaeol are considered to be specifically of fecalgori[5]. Three
general clinical syndromes that can result fronedtibn with this pathogenic type are enteric/diaedd disease, urinary
tract infections, and sepsis/meningitis [6].

2.0 Materials and Method
Sand samples were collected from the river bed pitlythene bags, washed with deionised water irrotd remove
fine organic materials that were in the procesdeafaying as a result of the work of soil micro origen. The sample was
then boiled in 1M hydrochloric acid for 2 hrs ardtér treated with 1M of NaOH to remove metalligdexcoating on
the sand and equilibrate the pH respectively. Bselting sand sample was washed again in deiomiagzt two to three
times; sundried and stony pebbles were removedThgse were sieved using different mesh sizes taifferent soil
textures and were labeled A, B, C, D, and E re$gedgt
Determination of tortuosity
Apparatus used to determine the tortuosity of theslim consist of calibrated Pyrex glass 1.0 m léh@9 x 10° m?
diameter. Sheet of copper plates mounted onto dhle were used as electrode at the opposite facest@cover the
bottom side tightly that no water were allow toidravhile the other electrode were attached tdkdtiat can be inserted
through the second opening (Figure 1). The cylindas filled with water up to 10.00cm and the otbBkxctrode was
made to rest tightly on the fluid. A steady D.(pgly voltage of 4.50V was fed and the currenf ) flows were
measured with multimeter. The cylinder was empty tren filled with saturated sand up to length @00cm and were
tightened. The same steady voltage were suppliddtan current (Lang+ 29 Were read and recorded. Ohm’s law was
used to determine the resistance of conducting fiwiater) and that of mixture (sand and conductinigl). This was
repeated for length 20.00, 30.00, 40.00 and 50.0Gxspectively and their corresponding current agistance were
recorded and determined. The tortuosity of the $asnpas determined using equationbelow [8]
‘T’ — R(sand+water) X CI)

R(water)
Where R = resistance in Ohn®3)( ¢ = Porosity (dimensionless) afids the tortuosity of the media (dimensionless)
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Figure 1: Experimental Setup for the Determinatbi ortousity.

Bacteria collection and Preparation

The bacteria used were isolated from septic tanthénDepartment of Microbiology and Tedder Hall,ikénmsity of
Ibadan. Bacteria isolates were prepared by platér@al dilution of nutrient free water [9] on Eod¥tethlene Blue Agar.
The isolates with characteristic dark centre grgemnetallic sheen was subcultured repeatedly laalsitng on the new
agar plates until pure culture were obtained. Flotates were characterized morphologically, Grame gnd motility.

The pure culture of the bacteria was inoculatetth witrient broth that have been prepared by &atibn at 123C for
15 minutes and cooled. This was then incubated idithtified bacterial for 48 hrs at 7. The inoculated broth was
centrifuged by dispensing them into sterilized d@at spinned at 4000 rpm to harvest the bactelig dde cells were
washed two to three times, after centrifugation supended in normal saline to avoid osmotic biitss was then kept
aseptically in the refrigerator af@ [7]. Exactly 1ml of the suspension was serialitgil and plated to determine the
colony forming unit per milliliter (CFU/ml).

Column preparation and operation

Glass columns (1m long, 2.79cm diameter) pyrexsglesre washed and disinfected with 70% ethanolséerdized in
hot air oven at 12€C for 2 hrs. The column cylinder which was covevéth muslin cloth at outlet was blocked so as to
prevent the water passage. The saturated sandheaspbured into the water column up to height &ferred to the
depth equal 10cm. The column was repeatedly tagpddg packaging to prevent any entrapment of abttte with the
pore space [10]. The cover was removed and watsrallewed to pool down, until the dripping wateorfr the column
has a frequency of one drop per 10 seconds. TmelhpfZbacterial suspension of known concentrati@s wWropped onto
the sand bed in the column with aids of 5ml stesijgnge and this was followed by intermittent syppf 250ml of
distilled water. The effluents of the column wallextied and analyzed for the bacteria load. This d@ne five times to
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have five rainfall simulations as it may occur undatural condition. Five effluents were collectdtferently in sterile
beakers and covered immediately and subjected ¢oobial analysis using pour plate technique forltheteria count.
The effluents concentrations of bacteria were ntimed to the respective influent concentration [IMhis process was
repeated for four different depths (20, 30, 40 50dm).

3.0 Results and Discussion

We conducted column experiment to investigate éiationship between tortuosity with porosity angttie and later

compared the results with the recovery of bactesiag the same design and column calibration. Btaslies on the
effect of tortuosity on the bacteria motility likleat of Duffy et al.[2], did not base their obsdiea on the experimental
data of tortuosity but mere model prediction. Thigerved a complications in their results due ss@nce of porous
media texture and nature of the chemotactic meshgniheir application of chemical attractants wontd produce a
clear relationship between pore morphology andbteteria motility and thus cannot be use to charaet the use of
porous media for groundwater supplies source piiotewvith such parameter. In our work, we perforrtteel experiment
using an independent experiment to determine #niameter under no assay as this could be the lagsbywhich sand
media can be characterized with flow parameterleTdbpresents the values of tortuosity at differéepths for five

porosities (i.e sample A(0.28), sample B(0.36), ganT(0.37), sample D(0.40) and sample E(0.42)).

Table 1: Experimentally determined values of tosityoat different depths for five samples of vagmorosities

Tortuosity
Porosity) 10.00 cm 20.00 cm 30.00 cm 40.00 cm 50.00 cm
0.28 1.850 2.100 2.579 2.800 4.200
0.3¢ 1.70¢ 1.851 1.96¢ 2.057 2.16(
0.37 1.670 1.753 2.024 2.041 2.056
0.40 1.644 1.756 1.892 1.829 1.970
0.42 1.689 1.800 1.838 1.816 1.853

In Figure 2(a) we observed that tortuosity is agpnately inversely proportional to porosity; theyher the porosity, the
lower the tortousity. Porosity is function of sizghape and surface characteristic of the mediumtbaddegree of
compaction. The more rough the surface of partiseemore tortuous the structure which can incrélasdikelihood of
straining, adsorption and even die-off of bacténat can be resulted from the effect of cloggindiéthe pore diameter
is much larger than the run length of the bactehia,motility is unaffected by the presence of ploeous media except
for the excluded volume, which is accounted fortty porosity[1]. This reflects the importance ofgmity vis —a via
tortuosity in quantification of bacteria migratiomsand media.Also, it is critically revealed irg&ie 2(b) that as depth
increases, the tortuosity of all the samples irsgeaAn increment in the tortuosity of the mediauldoincrease the
travelling time of bacteria thus increases attapnaand retention which reduces the rate at whiattdrial seep into
groundwater supplies source.
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Figure 2(a) and (b) show the dependence of toityasi the porosity at different depths and on defpthvarious
samples respectively. Tortuosity was found to heiisely proportional to porosity while it was apyiroately directly
proportional to depth.

Inference on the relationship between tortuositgt arigration of bacteria from column experiment wpresented in
Table 2. The Table showed the relative concentrta@dCo of bacteria for five samples of differentrgmity and at
different depth.
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Table 2: Average values of relative concentrati@iC{) for five drains at different porosity for the &vdepths

considered (Escherichia coli).

Porosity () 10.00cm
0.28 0.1818
0.36 0.3365
0.37 0.3067
0.40 0.523¢
0.42 0.6916

20.00cm

0.0970
0.2019
0.2067
0.373¢
0.6355

30.00cm 40.00cm 50.00cm
0.0788 0.0606 0.0667
0.1827 0.1635 0.0962
0.1667 0.1000 0.0800
0.336: 0.253¢ 0.186¢
0.4953 0.4393 0.2804

Figure 3(a-e) presents the relative concentratiobacteria recovered for different samples compavét tortuosity.
The figures depict a Brownian motion. The averagduction in the migration of bacteria cells is aseault of
irreversible adsorption of bacteria to filter matwhich depends on the contact time between theebaand the porous
medium. The more tortuous the path length takebauyeria, the less the conductance propertiesedidfd carrying the
cells, hence the more the hindrance render toltlve dnd this will increase the adhesive betweenbéeteria cells and
media matrix. Sample A showed the highest trenobeteria migration attenuation and reduction wittréase tortuosity
followed by sample B up to sample E. For sampléd@Gnd E, we observed a sudden decrease in C/Cartasdity
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Figure 3(a-e): Plot of relative concentration ofteaia (E coli) versus tortuosity for various saepl
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beyond 1.85. This showed that when the flow pathigély tortuos, then, the flow distance will inase; consequently,
long time of travelling will subsequently increashe number of contact between the bacteria cellstie media grains,
thus high sticking efficiency and increasing the@gtion to the grain surfaces. This would increthgecoefficient of
attenuation. High tortuous path length will incredee number of collision between bacteria celld parous media
hence increase the rate of adsorption as this impartant mechanism influencing bacteria transpogorous media
[12, 13, 14]. The high difference observed in tosity between sample A and the rest is due to highgin between
their porosity. We observed that as porosity insesa say sample C, D and E, the response of maahrsion is
fluctuating with tortuosity showing that tortuosisymost relevant when quantifying the transpootatf bacteria in fine
to medium size particles.

4.0 Conclusion

We conducted column experiments to investigateeffect of tortousity on the migration of bactermagaturated sand
media. First, we examine the influence of mediatliegmd porosity on the tortuosity and we observed tortuosity is

inversely proportional to the porosity and diregbiypportional to the depth. We further compared riflative bacteria
concentration with toutuosity and concluded thatéase in the tortuosity of the porous media resltice migration of

bacteria. The implication of these experiments wébpect to attenuation and retention of bacterigaiturated porous
media is elucidated (i.e the mass concentratidmaoferia that could be retained was purely dependse geometry of
the media of which tortuosity quantified).

References

[1] Barton J. W, Ford R. M., Determination of effective transport coefficierits bacterial migration in sand
columns. Applied Environmental Microbiology; 61:22835, 1995

[2] Kelvin J. Duffy, Peter T. Cummings and Rosamine M.Ford, Random Walk Calculations for Bacterial
Migration in Porous Media. Biophysical Journal, Mwole 68, p 800 — 806, 1995

[3] Koppes, L. J., and N. B. GroverRelationship between size of parent at cell-divisimd relative size of its
progeny in Escherichia coli, Arch. Microbiol., 157(402— 405, 1992

[4] Julia, O., J. Comas, and J. Vives-RegBecond-order functions are the simplest correlatioatween flow
cytometric light scatter and bacterial diameteMigrobiol. Methods, 40, 57— 61, 2000

[5] Medema, G.J., P. Payment, A. Dufour, W. Robertsoriyl. Waite, P. Hunter, R. Kirby and Y. Andersson,
Safe drinking water: an ongoing challenge. In: Asggy microbial safety of drinking water: improving
approaches and methods, Dufour et al. (eds.). Wteklth Organization, 2003. ISBN 92 4 154630, 1992.

[6] Kaper, J.B., J.P. Nataro and H.L.T. Mobley, Pathogenic Escherichia coli. Nature Reviews Mimiayy,
Vol. 2, p. 123-140, 2004.

[7] Adegoke, J. A., Ogunjobo A. A and Lateef T. AAttenuation of Migration of Bacteria with Porosaynd Depth
in Homogeneous Sand Media. Journal of the Nigefissociation of Mathematical Physics, Vol. 25, Nopp
377 — 383, 2013.

[8] Tyler James RossiBehaviour of low-frequency sound waves in porouslimeM. Sc. thesis, Department of
Electrical and Computer Engineering in Universityllinois at Urbana-Champaign, Urbana, IllinoiQ1D.

[9] Harrigan, W.F. and McCance, M. E. 1966 Laboratory method in microbiology. Academic Pres%?, 1966,
New York.

[10] Carl, H., Bolster, Sharon, L., Walker and Kimberly, L. C. “Comparison of Echerichia coli and
campylobacter jejuni transport in saturated pomoeslia”. Journal of Environmental Quility, 35; 1048.025,
2006.

[11] Rysz, M. and Alvarez,P. J. J“Transport of antibiotic — resistance bacteria agsistance carrying plasmids
through porous media”. Water science and Technolwgy. 54 No. 11 — 12 Pg 363 -370 @ IWA Publishing
2006.

[12] Gerba C. P and Bitton G.Microbial pollutants: their survival and transppgttern to groundwater. In: Bitton
G,Gerba CP, editors. Groundwater pollution micrtdgg.New York. NY: Wiley. 65-88, 1984.

Journal of the Nigerian Association of Mathematic&thysics Volume 28 No. 1, (November, 2014), 1782 1
181



Effects of Tortuosity on the... Adegoke and ateef J of NAMP

[13] McDowell-Boyer L.M, Hunt J. R. and Sitar N., Particle transport through porous media. Water Ress
Research 22:1901-1921, 1986.

[14] Tan Y., Bond W.J. and Griffin D. M., Transport of bacteria during unsteady unsaturatéddasiter flow. Soil
Science Society of America Journal 56:1331-1340219

Journal of the Nigerian Association of Mathematic&thysics Volume 28 No. 1, (November, 2014), 1782 1
182



