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Modelling of Escherichia coli removal by a low-cost
combined drinking water treatment system
Stephen Siwila and Isobel C. Brink

ABSTRACT

This work presents mathematical modelling of Escherichia coli (E. coli) removal by a multi-barrier Stelfhlen Siwillf (corresponding author)
Isobel C. Brin

point-of-use drinking water system. The modelled system is a combination of three treatment stages: Department of Civil Engineering,

X . . . X . .. . . . Water Engineering Division,
filtration by geotextile fabric followed by filtration and disinfection by silver-coated ceramic granular Stellenbosch University,

media (SCCGM) then granular activated carbon (GAC) filtration. The presented models accounted for et 828 X Matieland 7602 Cape Town,
removal mechanisms by each treatment stage. E. coli was modelled as a microbial particle. E. coli E-mail: ssiwilatabbie@yahoo.co.uk
inactivation by SCCGM was modelled using the Chick’s, Chick-Watson, Collins-Selleck and complete
mix system bacterial inactivation kinetic models, which were considered adequately representative
for describing the removal. Geotextile removal was modelled using colloidal filtration theory (CFT) for
hydrosol deposition in fibrous media. The filtration removal contributions by the SCCGM and GAC
were modelled using CFT for removal of colloidal particles by granular media. The model results
showed that inactivation by silver in the SCCGM was the main bacterial removal mechanism.
Geotextile and GAC also depicted appreciable removals. The theoretical modelling approach used is
important for design and optimization of the multi-barrier system and can support future research in
terms of material combinations, system costs, etc. Collector diameter, particle size, filtration velocity
and contact time were identified as critical parameters for E. coli removal efficiency.
Key words | CFT models, combined system, disinfection models, E. coli removal modelling, SCCGM,
system optimization

HIGHLIGHTS

® Demonstrates that suitable removal mechanisms can be applied integrally to model bacterial
removal of a combined drinking water system.

® Modelling of combined point-of-use drinking water systems is generally a new concept.

® System modelled as a series of three compartments, effluent of one compartment was
modelled as influent to the next.

® Was useful in predicting that the main bacterial removal mechanism was inactivation by silver in
the SCCGM.

® |mportant for design and optimization of the modelled and similarly combined systems.
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GRAPHICAL ABSTRACT
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INTRODUCTION

Availability of safe drinking water is a major challenge in
many rural and suburban areas of developing countries
(Pandit & Kumar 2019; Treacy 2019). Globally, around 780
million rural and 136 million urban dwellers lack access
to an improved drinking water supply (RWSN 2010). In
sub-Saharan Africa, the discrepancy is even bigger with
272 million rural population lacking access to safe water,
compared to 54 million in urban areas (RWSN 2010). Con-
sumption of contaminated water results in waterborne
disease outbreaks. Safe drinking water provision through
point-of-use (PoU) water treatment is among the key
measures required to prevent such outbreaks. While centra-
lized piped water supply is the ideal solution for meeting
drinking water needs in many communities worldwide
(Lantagne & Yates 2018; Pandit & Kumar 2019), PoU
water treatment has been shown by various authors
(CAWST 2011; Kausley et al. 2018; Lantagne & Yates 2018;
Pandit & Kumar 2019; Treacy 2019) to improve drinking
water safety and reduce the burden of waterborne diseases.
It is sometimes the only cost-effective option in many rural
and suburban areas of developing countries. Although
efforts to develop simple yet effective low-cost PoU technol-
ogies for rural and suburban areas have intensified globally
(Treacy 2019), challenges still exist (Treacy 2019). Therefore,
there is still need for development and/or optimization of

Downloaded from http://iwaponline.com/ws/article-pdf/20/5/1757/728513/ws020051757.pdf
bv STEI | ENROSCH LINIVERSITY user

more PoU techniques appropriate to poor communities.
Mathematical modelling may assist in the design and optim-
ization (costs, material combination, etc.) of various PoU
systems and can support further research in terms of con-
figuration, flow rate, media combination, and so on while
also serving as a decision support tool.

Low-cost PoU water treatment technologies can be
broadly classified into five groups (Lantagne & Yates
2018): (1) chemical disinfection (e.g. chlorine disinfection);
(2) disinfection by heat (e.g. boiling), ultraviolet or solar
radiation; (3) coagulation, flocculation, and sedimentation;
(4) filtration (e.g. slow sand filtration); and (5) combined
(multi-barrier) systems (CAWST 2o1r; Pandit & Kumar
2019). The priority of most PoU systems is to make water
bacteriologically safe (CAWST 2017, 201m1) and aesthetically
acceptable (WHO 2017). Good aesthetic quality promotes
health gains from drinking safe water (Lantagne & Yates
2018). Water of poor aesthetic quality, although safe, is
often avoided (WHO 2017). Additionally, particles that con-
tribute to poor aesthetic quality hinder bacterial inactivation
(WHO 2017).

A thorough review of literature showed that modelling
of PoU and similar systems for contaminant removal or
system optimization has mainly been done on uncombined
systems, for example: (i) intermittently operated slow sand



1759 S. Siwila & I. C. Brink | Modelling of Escherichia coli removal by a drinking water system

Water supply | 20.5 | 2020

filters (Fulazzaky et al. 2009; Jenkins et al. 20m), (ii) disinfec-
tion using chlorine (Lee & Nam 2002), (iii) disinfection by
natural herbs (Somani & Ingole 2012), (iv) disinfection by
silver or silver-coated materials (Chong et al. 201
Rossainz-Castro et al. 2016; Singh ef al. 2019), (v) granular
activated carbon filtration (Hijnen et al. 2010), (vi) filtration
by geotextile fabrics and other fibrous filter media (Choo &
Tien 1991; Siwila & Brink 2018), and (vii) ultraviolet disinfec-
tion (Brownell et al. 2008), etc.

This paper presents modelling of Escherichia coli
removal by a combined drinking water system developed
by the authors (Siwila & Brink 2020) as a contribution to
research and development on low-cost PoU drinking
water treatment. The combined system consists of three
treatment stages: pre-filtration by geotextile fabric fol-
lowed by filtration and disinfection by SCCGM then
GAC filtration (Siwila & Brink 2020). Each of these
steps were modelled as a series of compartments by
using specialized theoretical removal mechanisms for
each barrier. E. coli was modelled as a microbial colloid
or particle as proposed in literature (Tufenkji ef al. 2003;
Hijnen et al. 2010).

E. coli inactivation by SCCGM was modelled using
Chicks, Chick-Watson, complete mix system and Collins-
Selleck disinfection models (MWH 2012; Metcalf & Eddy
2014; Qasim & Zhu 2018), which were considered suffi-
ciently representative to describe the removal. The Chick’s
and Chick-Watson models have been applied by various
authors (Rossainz-Castro et al. 2016; Shimabuku et al. 2018;
Singh et al. 2019) to model bacterial removal by silver and
other metals. Additionally, Chick worked with silver nitrate
among other disinfectants and E. coli among other organ-
isms (MWH 2012). Geotextile removal was modelled using
colloidal filtration theory (CFT) models for removal of hydro-
sols by fibrous media developed by Guzy et al. (1983) and
Choo & Tien (1991) as presented by Tien (2012). The filtration
removals by the SCCGM and GAC were modelled using the
Yao CFT model for removal of colloidal particles from liquids
by granular media developed by Yao ef al. (1971) then refined
by Rajagopalan & Tien (1976) (the RT model) and expanded
further by Tufenkji & Elimelech (2004) (the TE model)
(MWH 2012). The highlighted removal theories, governing
equations and respective modelling procedure are explained
in the methodology section of this paper.
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Applied modelling of multi-barrier systems such as
presented here can be helpful to system design and
optimization (MWH 2012). This can help engineers under-
stand the governing characteristics and contribution of
each barrier to the effluent quality, subsequently enabling
them to make informed decisions on the appropriate optim-
ization measures. The importance of each treatment stage
and associated removal mechanisms can be assessed as a
function of system parameters (MWH 2012). This can allow
engineers to vary design parameters until the desired
system effectiveness and cost are achieved. For example,
the modelling may assist in minimizing cost while ensuring
the system is effective while deciding on which component
needs more attention to increase removal efficiency of the
water quality parameter of interest.

Since testing for every possible pathogen in water is dif-
ficult, time consuming, and expensive, indicator organisms
such as Escherichia coli are often employed to assess bac-
teriological safety of drinking water (CAWST 2017). The
presence of E. coli is definitive evidence of fecal contami-
nation (Horan 2003; Brandt et al. 2017). Thus, if E. coli is
detected in treated water, it indicates the presence of
fecal matter and potentially pathogens (CAWST 2017). This
signals potential malfunctioning in the responsible water
treatment system posing a health risk requiring urgent
action. In addition, E. coli has been indicated to be a better
indicator for predicting diarrhoeal and gastrointestinal dis-
ease-causing pathogens than fecal coliforms particularly
when detected in tropical drinking waters (Horan 2003,
Brandt ef al. 2017; Qasim & Zhu 2018). Therefore, bacterial
removal by use of E. coli was chosen for modelling in this
research. However, future research should expand to include
the other pathogen classes (i.e. viruses, protozoa and
helminths).

MATERIALS AND METHODS

The general experimental methodology aspects (study set-
ting, design aspects, set up, sampling, testing methods,
etc.) are presented in Siwila & Brink (2020). For instance,
the measured E. coli log removal values (Table 4 and
Figure 4) and contact time (Table 4) and resulting Ct
values were calculated based on the work done in Siwila
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& Brink (2020). Furthermore, flow rate measurement,
sample collection, contact time estimation, etc. as well as
E. coli testing and enumeration procedures are given in
Siwila & Brink (2020). The methodology for the present
work primarily presents the mathematical modelling
approach for prediction of E. coli removal by the modelled
system. The schematic diagram of the combined system
that is modelled is given in Figure 1. The system consisted
of geotextile fabric for pre-filtration, SCCGM for filtration
and disinfection, GAC filtration and a safe storage compart-
ment for treated water. The key system parameters,
particularly, those applied directly to the modelling in this
paper are included in Table 1.

Sampling was done after at least 7.5 liters of water
was passed through the system and at varied flow rates
for the first 9 runs and at 2 L/h for the last 3 runs
(Siwila & Brink 2020). The first four filtration runs were
done at the maximum obtainable flow rate of 10 L/h
(Table 4), while subsequent flow rates were varied from
8 L/h to 2 L/h (Table 4). Varying the flow rate was done
to arrive at an optimal flow rate and produce varied con-
tact time, and provide data for the modelling done here.
Thus, flow rates were staggered from the highest obtain-
able to an optimal 2L/h where 0 CFU/100ml for
E. coli and fecal coliform in the effluent (>99.99%
removal) were consistently achieved.

E. coli removal performance modelling procedure

E. coli removal by the combined system was modelled as a
series of three compartments. The models were coupled as
depicted in Figure 2, whereby the effluent from the geotextile
was modelled as the influent to the SCCGM and effluent
from the SCCGM was modelled as influent to the GAC. Thus,
the effluent of one compartment was modelled as influent to
the next (Masters & Ela 2014). This modelling approach was
derived from the works of (i) Metcalf & Eddy (2014), who mod-
elled a number of wastewater reactors in series for pollutant
removal, (ii) Rietveld (2019), who modelled a large-scale multi-
barrier water treatment plant comprising ozone and sand fil-
tration for E. coli reduction as units in series, as well as (iii)
Masters & FEla (2014), who modelled a four-chamber tank for
large scale drinking water disinfection as tanks in series.

E. coli removal was calculated using numerical models
appropriate to each compartment. Input parameters (Table 1)
used in the mathematical calculations were obtained using
experimental data and from literature. The modelled removals
were then calculated using Equation (1) adapted from de Moel
et al. (2007) and Tien (2012) while log removal values (LRV)
were obtained using Equation (2) adapted from MWH (2012).
The total removal efficiency for each experimental run was cal-
culated using Equation (3) (Tien 2012) and was then applied to
the influent E. coli counts for each run. Computation and
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Figure 1 | Novel multi-barrier filter system, (a) designed system and (b) process schematic diagram (Siwila & Brink 2020).
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Table 1 | Key input parameter values used in the numerical computations

source of parameter and/or data used to calculate the

Parameter Units value parameter
Microbial particle (E. coli) size (d,) m 0.0000015  Medema et al. (1998); Qasim & Zhu (2018)
Diameter of the collector (d.) for GAC m 0.0006 Siwila & Brink (2020)
GAC media porosity (g) - 0.34 Siwila & Brink (2020)
Attachment efficiency («) for GAC - 0.57 Hijnen et al. (2010)
Absolute temperature (T) of water K 298.15 Siwila & Brink (2020)
E. coli density (pp) kg/m> 1,100 Bouwer & Rittmann (1992)
Acceleration due to gravity (g) m/s? 9.81 MWH (2012)
Density of water (py,) kg/m?> 997 Metcalf & Eddy (2014)
Dynamic viscosity (u) kg/m-s 0.00089 Metcalf & Eddy (2014)
Filtration rate (v¢) for GAC and SCCGM m/h 0.34-1.72 Siwila & Brink (2020)
GAC bed depth (L) m 0.2 Siwila & Brink (2020)
Hamaker constant (H,) for E. coli PVC water interface kg-m?/s? 9.72E-20 Rijnaarts et al. (1995)
Boltzmann constant (kg) kg-m?/s>K 1.381E-23 MWH (2012); Tobiason et al. (2011)
Empty bed contact time (EBCT) h 0.12-0.58 Siwila & Brink (2020)
Chick’s model inactivation constant, k, min~? 0.21 Siwila & Brink (2020)
Chick-Watson coefficient of specific lethality, K., L/mg-min 0.103 TAM Ceramics (2019)
Range of Ct values for Chick-Watson model mg-min/L 13.9-69.7 Siwila & Brink (2020)
Geotextile fabric porosity () - 0.75 Kaytech Engineering (2018)
Geotextile single fiber diameter (ds) um 25 Kaytech Engineering (2018)
Geotextile total thickness (h) mm 36 Siwila & Brink (2020)
Geotextile solidity (@) - 0.25 Siwila & Brink (2020)
Filtration rate (v¢) for the geotextile m/s 0.0098 Siwila & Brink (2018)
Hamaker constant (H,) for E. coli geotextile water kg-m?/s* 6.48E-20 Rijnaarts et al. (1995)
interface
Diameter of the collector (d.) for SCCGM m 0.0005 TAM Ceramics (2019)
SCCGM bed depth (L) m 0.2 Siwila & Brink 2020
SCCGM porosity () - 0.30 TAM Ceramics (2019)
Hamaker constant (H,) for E. coli SCCGM water interface ~ kg-m?/s? 8.10E-20 Rijnaarts et al. (1995)
Attachment efficiency (a) for SCCGM - 0.10 Tufenkji et al. (2003)

integration of removal efficiencies by each stage (Figure 2and  Tool Pak VBA a Microsoft Excel 2016 add-in.
Table 3) and respective removal mechanisms was done in

Microsoft Excel 2016. Statistical analysis was done using Removal yregicted = (1 7%) 1)
[

E.Coli (CFU/100 ml)

G il SCCGM GAC —
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Figure 2 | Definition sketch for modelling the multi-barrier system'’s E. coli removal using compartments in series.
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where: N, = Influent E. coli count [CFU/100 ml]; N, = Efflu-
ent E. coli count [CFU/100 ml];
Removal ,yegicicq = Predicted removal fraction

N,
LRVpredicted = *IOgIO (ﬁ) (2)
0

where: LRV yyegiciea = Predicted log removal value

Ntotal efficieny = 1-[(1- 1ﬂlgeotextile)(l —nsccam)( —=Mgac)l  (3)

where: Ngeorexize = geotextile removal  efficiency; nsccom =
SCCGM removal efficiency; ngac = GAC removal efficiency.

Remembering that the length of the filter bed and the
residence time play key roles in determining bacterial
removals, contact time between E. coli and silver was esti-
mated using Equation (4), adapted from Metcalf & Eddy
(2014), for each run and flow rate

Vmedia _

Voedi
EBCT — meadia — _ meaia
Q v.A

)

Q|
NN
(SN

where: EBCT = empty bed contact time (h); Q, = flow rate

(m3/h); A = cross sectional area of GAC or SCCGM filter
2

%) ; Vinedia = column

volume occupied by GAC or SCCGM (m®); v = filtration

velocity (m/h); # = height of GAC or SCCGM bed (m).

A total of eight combined mathematical models (see

bed (m?) of diameter d (m) ( =

Table 3) were tested using combinations of disinfection
and filtration modelling approaches as given below. The
respective disinfection and filtration modelling approaches
alongside the various E. coli removal mechanisms and par-
ameter equations are explained below. Thereafter, the
eight combined models as were used in the numerical calcu-
lations of this study are summarized in Table 3 and the
associated text just above Table 3.

Modelling E. coli removal by the SCCGM

E. coli removal by SCCGM was first modelled using disinfec-
tion Kinetics in the first four combined models (see Table 3).
The removal was thereby modelled as being only due to
bacterial inactivation by the silver coating of the media.
The inactivation by silver was modelled using Chick’s,
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Collins-Selleck, complete-mix system (CMS) model and the
Chick-Watson bacterial inactivation models (de Moel et al.
2007; Metcalf & Eddy 2014) explained below. Thereafter,
E. coli removal contribution by SCCGM filtration (Table 3)
was included in the last four combined models using the
colloidal filtration theory (CFT) numerical modelling pro-
cedure explained under E. coli removal by GAC filtration,
but using appropriate SCCGM characteristics.

Chick’s and Plug flow model

Assuming that for any length, dx, and throughout the corre-
sponding cross section, (i) mixing of the microbial particles
is ideal (Figure 3), (i) flow rate is constant, and (iii) no
storage exists in the SCCGM filter bed, mass balance was
done as follows (de Moel et al. 2007):

Inlet = outlet + decay

QN = Q(N +dN) + k,NAdx 5)

where: Q = flow rate, N = E. coli count (CFU/100 ml), dx =
length; k, = mortality or inactivation rate (CFU inactivated/
min), A = cross-sectional area

Simplifying Equation (5) gives Equation (6):

—k,—=dx (6)

Applying the following boundary conditions to the
SCCGM filter bed: (i) at x=0; N=N,, and (ii) at x=1L;

N

| ¢
|

dx

N +dN Q

Figure 3 | Schematic element for the plug flow model.
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. AL 'V . .
N = N,, and remembering that — = — = ¢; yields Equation

(7) (de Moel et al. 2007): Q Q

N,
= VZ = exp (—kot) (7)
where: N, =Influent E. coli count [CFU/100 ml];

N, = Effluent E. coli count [CFU/100 ml]; (%) = fraction
[

of influent E. coli [CFU/100 ml] remaining in the effluent,
t=time (in this study, t~EBCT (de Moel et al. 2007)).

ko (CFU inactivated/min) was estimated by plotting

N, . . .
—In (N_e) versus contact time, where k&, is the gradient of
o

the best fit line (Metcalf & Eddy 2014).

Since the form of Equation (7) is exactly like the Chick’s
model (Chick 1908; MWH 2012; Metcalf & Eddy 2014; Qasim
& Zhu 2018) for disinfection, it was handled as such to sim-
plify the theoretical approach. The Chick’s model (Equation
(7)) and Chick-Watson model (Equation (11)) were also
used by Rossainz-Castro et al. (2016) to model E. coli and
Candida albicans inactivation by silver and copper-coated
granular zeolite, by Singh et al. (2019) to model E. coli inac-
tivation by silver and other metals as well as by Somani &
Ingole (2012) for kinetic modelling of water disinfection by
natural herbs.

Complete mixing system (CMS) model

The SCCGM bed was modelled as having a volume V (m°)
fed by a flow rate Q and an E. coli count N, and with efflu-
ent E. coli count of N, and flow rate Q same as the influent
flow rate. Steady state mass balance for the filter bed was as
follows (de Moel et al. 2007; Masters & Ela 2014):

Inlet = outlet + decay

QN, = QN, + k,VN,

= 0= QN, — QN, — k,VN, @®)
. . \%4
Solving for N, and remembering that ¢ = (—2, then
rearranging gives Equation (9)
_ QN
= Ne= Q+ Vk,
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N, 1
- No 1+kot ©
where: N, =Influent E. coli count [CFU/100 ml]; N, =
Effluent E. coli count [CFU/100 ml]; k, = mortality or inac-
tivation rate; ¢ = contact time (in this study, t~EBCT (de
Moel et al. 2007)).

The Collins-Selleck model

The Collins-Selleck model Equation (10) (Metcalf & Eddy
2014) was developed by Collins for chemical disinfection of
coliform bacteria in domestic wastewater (MWH 2012).
The model has overtime been proven valuable for modelling
bacterial inactivation by various alternative disinfectants as
well (MWH 2012).

N, 1
Ne _ 10
No (1+0.23Ct)° 10

where: C = concentration of disinfectant, mg/L; ¢ = contact
time (in this study, T~ EBCT (de Moel et al. 2007)).

The Chick-Watson model

The Chick-Watson model Equation (11) is a refined version
of the Chick’s model and emphasizes that time required to
achieve a certain inactivation level is related to the disinfec-
tant concentration (MWH 2012; Metcalf & Eddy 2014).

& = exp (—KCt) (11)
No

where: N, = Influent E. coli count [CFU/100 ml]; N, = Efflu-
ent E. coli count [CFU/100ml]; C=concentration of
disinfectant [mg/L]; t = contact time [s]; Kcw = specific leth-
ality [L/(mg-min)] and was estimated by plotting -Ir(Ne/No)
versus Ct (concentration x contact time) and obtaining the
slope for the best fit line (MWH 2012; Metcalf & Eddy
2014; Qasim & Zhu 2018) using experimental data; Ct was
calculated by multiplying C by ¢ (MWH 2012; Metcalf &
Eddy 2014).
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E. coli removal modelling by the GAC filtration

The removal of E. coli as microbial particles by GAC was
modelled using the Yao CFT approach (Yao et al. 1971
MWH 2012) by relating the E. coli removal performance of
the GAC column of depth L to the SCE of GAC (Equation
(12)). Doing a mass balance on a small differential element
and integrating over the entire depth Equation (12) gives
Equation (13), which is the classical Yao CFT model (Yao
et al. 1971; Tobiason et al. 2011; MWH 2012). Particle removal
from water is modelled based on the single collector effi-
ciency (SCE) model (Equation (14)). The fraction of
particles that actually get captured by a single collector is
a product of the SCE () and the attachment efficiency («)
(Equations (12) and (13)).

g% — AN =— (; (151_08) om)N (12)

where: A =filter coefficient, £=porosity of GAC, L=
column depth (m), « = attachment efficiency, which reflects
the chemistry of the system, n=SCE, d.=diameter of
collector (m), N =concentration of microbial particles
(E. coli).

Ne oo {—3 1- s)omL}

No 24, (13)

where: N, = effluent concentration of E. coli (CFU/100 ml);
N, = influent concentration of E. coli (CFU/100 ml);

The n and «a respectively give the fractions of E. coli con-
tacting and being retained by the GAC grains as defined by
Equations (14) and (15). SCE (n) was computed using the
optimized SCE model (Equation (14)) presented by Tufenkji
& Elimelech (2004), which is a semi-empirical expression
that was derived using results of numerical simulations
(MWH 2012). It is an expansion on Rajagopalan and Tien’s
SCE model and fully integrates hydrodynamic and van der
Waal forces interactions into all particle removal mechan-
isms (MWH 2012). The removal efficiencies by each
mechanism (interception, sedimentation and diffusion) are
assumed as additive and are accounted for in the SCE.
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The parameters in the TE model are defined in Table 2,
while the summary of the input values for the present
study are given in Table 1.

(SCE) = E. coli bacteria contacting the GAC collector
!  E.coli bacteria approaching the GAC collector

=1np +n+nc

1
— 244l NROOSIN-OTISNOS2 | 554 NLSTNG125

i
+ 0.22NZ 24N NO.OSS (14)

where: np = transport due to diffusion, n; = transport due to
interception, ng = transport due to gravity

o (attachment efficiency)

_ E.coli bacteria sticking to the collector (15)
" E.coli bacteria contacting the collector

Theoretically o ranges between 0 and 1 from poor to
optimal sticking conditions respectively (Tufenkji & Elime-
lech 2004; Tobiason et al. 2011).

E. coli removal modelling by the geotextile fabric

The prediction of E. coli removal as a microbial particle by
the geotextile was modelled using CFT filter coefficients
for hydrosol deposition in fibrous media (Tien 2012). The
correlations were originally derived by Guzy ef al. (1983)
and Choo & Tien (1991), who assumed that removal of
hydrosols in fibrous media is due to combined effects of
gravitational settling, interception and the London-van
der Waals force (Tien 2012). Guzy et al. (1983) and Choo
& Tien (1991) did trajectory analysis using various cylin-
der-in-cell models to obtain filter coefficient correlations
under conditions of favorable surface interactions (Tien
2012). They considered molecular dispersion, electro kin-
etic and hydrodynamic forces on the hydrosol using
Swarm theory for flow through a system of fibers (Guzy
et al. 1983). Using results from their application of Kuwa-
bara’s cylinder-in-cell model, Choo & Tien (1991) derived
the correlation applied in the present study as given by
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Table 2 | Definitions of the TE model SCE equations and parameters adapted from MWH (2012) and Tobiason et al. (2011)

Parameter Definition equation Parameter Definition
Lo . . dp . .
Nk (relative size group, dimensionless) Ngr = 7 dp Particle diameter (m)
(4
— d)?
Ng (gravity number, dimensionless) Ng = s = w d. Collector diameter (m)
VF 18/1Vp
N, (attraction number, dimensionless) Ny = Nodw = Ha 5 kg Boltzmann’s constant, (1.381 x 10723 J/K)
NrNpe  3mu(d,)* Ve
N4 (van der Waals number, dimensionless) Nyaw = ;I—”} € Filter media porosity, dimensionless
B
Npe (Peclet number, dimensionless) Npe = Vgi c _ S :”;{CVF g Gravitational acceleration (m/s?)
L B
As (porosity dependent function, dimensionless) As = 2(1;75) H, Hamaker constant (J)
’ 2 -3y +3y> —2y5
Dy, (diffusion coefficient, m?/s) L= ;Z Z; T Absolute temperature, K (273 +° C)
D
1
y (porosity coefficient, dimensionless) y=>01-¢) ) VE Filtration rate (m/s)
Pp E. coli (particle) density, (kg/m°)
_ d.)?
Vs (Stokes’ settling velocity, m/s) Vs = W [ Absolute viscosity of water (kg/m-s)
P Density of water (kg/m’)
Equation (16) (Tien 2012). 2g(pp — Pu)a;
Ng = 7‘; p. (17b)
U s
M= (9) (1 ~ 8)As [0.216 x 10" ***NEP N} 3> H,
)\ 4 16) N0 =g 170

+2.99x 10* x 10*NEINR %3]

For 10° <Np< 107%;
1074 <Ng < 107},
108 < Nyp < 1073

001 <d< 0.65;

where: 1; =filter coefficient, &= porosity, Nr = intercep-

where: d, = particle diameter (m), d; =fiber diameter (m);
w=absolute viscosity of water (kg/m-s), wus=filtration
(m/s);
density (kg/m®), p, =density of water (kg/m’), H,=

velocity ap =particle radius (m); p, = particle

Hamaker constant (J).

tion parameter defined by Equation (17a) Ng= (%) (4C, +Cy)
dimensionless gravitational parameter defined by Equation A, = . 3 . (18a)
(17b); Npo =London-van der Waals force parameter C ((5) -2+ cD) + (f) (@-1-In®)
defined by Equation (17c); As = a hydrodynamic parameter
for the Kuwabara cylinder-in-cell model defined by Equation c ® C, 18b
(18a); @ =solidity (packing density) =1-e, &= geotextile T (18b)
orosity:
p y C2 = — Cl - C3 (18C)
d
Ne = (178)  Cs= Cy + (9) (18d)
f 2
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—4
2In® + 3 — 40 + @?

Cy = (18e)

O=1-¢ (181)
where: ® = solidity (packing density) (m®/m?), & = porosity.
To cater for the SFCE by Brownian diffusion, which is
not accounted for in Equation (16), the filter coefficient
accounting for Brownian diffusion (1;,,) was calculated by
Equation (19a) (Tien 2012) and was then added to A;
(Equation 20), assuming additivity (Tien 2012). Equation
(19a) was established by Choo & Tien (1991) to account
for hydrosol deposition by Brownian motion based on
results of the convective diffusion equation solutions.

1 -2
/92 (g) (1-¢) (_3>
m = (22) €1+ 09\ ANy (19%)
d,«us
Ny = 19b
P = Dpny (19b)
o CSKBT
Dpy = Smud, (19¢)
=144 [1.23 +0.41exp <*0'88“”>} (19d)
ap 14
(=t (19)
(2p,P)
T

where: N, = Peclet number, dimensionless; Dgy = Brownian
diffusivity (m?/s); &= porosity ¢, = Cunningham correction
factor, Kz=Boltzmann constant (1.381x 10 >*J/K), d;=
fiber diameter (m); u = absolute viscosity of water (kg/m-s),
u; = filtration velocity (m/s); d, = particle diameter (m), a, =
particle radius (m); p,, = density of water (kg/m°); P = pressure
(pa) assumed equal to atmospheric pressure (Tien (2012); T=
temperature (K); C;and Cs are as defined in Equation (18)
above; # = mean free path of water molecules (m).

Adding 4; and A4,, we obtain a geotextile filter coeffi-
cient (1) that was used in Equation (23):

A=+ Apm (20)
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Assuming further that the geotextile filter has the same
porosity and uniform collector size distribution throughout
its depth, the filter coefficient (1) is defined in Equation
(21) (Wakeman & Tarleton 2005):

()

where: —d&y is the reduction of the concentration of E. coli
as microbial particles passing through a layer of thickness
SL. Rearranging the above equation yields Equation (22)
(Wakeman & Tarleton 2005; MWH 2012).

dN
—qr =N (22)
Representing the influent concentration of the microbial
particles by Ny and integrating Equation (22) with L =0 (as
initial conditions) at filter inlet, we obtained Equation (23)
which was then used to estimate the fraction of microbial
particle concentration remaining in the effluent.

N,
N~ ©XP (=AL) (23)

where: N, = effluent concentration of E. coli (CFU/100 ml);
N, =influent concentration of E. coli (CFU/100 ml); L=
fibrous filter thickness, L; (m).

Definitions of the combined system mathematical
models

Overall, eight combined mathematical models as defined
below and summarized in Table 3 were used in the numeri-
cal calculations of the present study. It is worth noting here
that most of the model equations used are associated with
the various removal mechanisms and parameter equations
explained above.

Model 1 refers to the modelled combined removals,
starting with geotextile filtration governed by Equation
(23) coupled to SCCGM disinfection removals modelled
by Chick’s model (Equation (7)) followed by GAC filtration
removals modelled by Equation (13). Model 2 refers to the
modelled combined removals starting with geotextile
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filtration governed by Equation (23) coupled to SCCGM dis-
infection removals modelled by the complete mixing system
model (Equation (9)) followed by GAC filtration removals
modelled by Equation (13). Model 3 refers to the modelled
combined removals starting with geotextile filtration gov-
erned by Equation (23) coupled to SCCGM disinfection
removals modelled by the Collins-Selleck model (Equation
10) followed by GAC filtration removals modelled by
Equation (13). Model 4 refers to the modelled combined
removals starting with geotextile filtration governed by
Equation (23) coupled to SCCGM disinfection removals
modelled by Chick-Watson model (Equation 11) followed
by GAC filtration removals modelled by Equation (13).
Model 5 refers to the modelled combined removals of
Model 1 plus SCCGM filtration contribution modelled by
Equation (13). Model 6 refers to the modelled combined
removals of Model 2 plus SCCGM filtration contribution
modelled by Equation (13). Model 7 refers to the modelled
combined removals of Model 3 plus SCCGM filtration con-
tribution modelled by Equation (13). Model 8 refers to the
modelled combined removals of Model 4 plus SCCGM fil-
tration contribution modelled by Equation (13). Model
calculations for each run began with E. coli counts in the
influent then integrated removal efficiencies (Equation (3))
by each stage (Figure 2 and Table 3) were applied succes-

Model performance assessment

The E. coli removal performance of each model was
assessed using the following statistical techniques (Krause
et al. 2005; Gikas & Tsihrintzis 2012; Chen & Liu 2015):

SSE

2_q_2=
RE=1 SST

2
Zf\il (Ol - Omean)(Pi—Pmean)

B \/Zi\il (Oi - Omean)z\/25\i1 (Pi - Pmean)2

(24)

where: R?=coefficient of determination; SSE=sum of
squared errors; SST=total sum of squares. P;=model
predicted value; O; = observed value. P,,,.,,, = mean of pre-
dicted values; O,;,c0n, = mean of observed values. R? values
range between 0.0 and 1.0. The ideal value of R? is 1.0,
which signifies a perfect match between the predicted and
measured values, while R? values larger than 0.5 are gener-
ally considered acceptable and indicate an acceptable fit. An
R? value of 0.0 indicates there is no correlation between pre-
dicted and measured values.

sively to the influent counts to get effluent E. coli counts RMSE SN P —-0)? (25)
and respective LRVs (Table 4). N
Table 3 | Summary of the E. coli removal prediction combined mathematical models
Model1 | Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
E.coli counts Influent Influent Influent Influent Influent Influent Influent Influent
- | - - o o - o
Geotextile E.coli removal | Equation | Equation 23 | Equation 23 | Equation 23 | Equation 23 Equation 23 Equation 23 | Equation 23
governed by: 23
SCCGM E.coli removal | Equation | Equation Equation Equation Equation Equation Equation Equation
governed by: 76 9 10 11 7 9 10 11
plus, plus, plus, plus,
Equation 13 Equation 13 Equation 13 | Equation 13
GAC E.coli removal | Equation | Equation 13 | Equation 13 | Equation 13 | Equation 13 Equation 13 Equation 13 | Equation 13
governed by: 13
8- (- - - ~8- - - -
E.coli counts Effluent Effluent Effluent Effluent Effluent Effluent Effluent Effluent
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Table 4 | Measured and predicted E. coli log removal values for each run number

Flow
Run rate
number (L/h)

Chick-Watson model Measured
Ct values (mg-min/L)  LRVs

Estimated
contact time (h)

Predicted LRVs

Model Model Model Model Model Model Model Model
1 2 3 4 5 6 7 8

1 10 0.12 13.9 2.57
2 10 0.12 13.9 1.90
3 10 0.12 13.9 1.95
4 10 0.12 13.9 2.94
5 8 0.15 17.4 1.94
6 8 0.15 17.4 2.01
7 7 0.17 19.9 2.48
8 5 0.23 27.9 2.62
9 3 0.39 46.5 4.00
10 2 0.58 69.7 4.00
11 2 0.58 69.7 4.00
12 2 0.58 69.7 4.00

121 0.97 2.46 121 1.26 1.02 251 1.26
121 0.97 2.46 121 1.26 1.02 2.51 1.26
121 0.97 2.46 121 1.26 1.02 251 1.26
1.21 0.97 2.46 1.21 1.26 1.02 251 1.26
1.38 1.05 2.70 1.39 1.44 111 2.76 1.44
1.38 1.05 2.70 1.39 1.44 1.11 2.76 1.44
1.51 1.10 2.86 1.51 1.57 1.16 2.92 1.57
1.90 1.24 3.27 1.91 1.97 131 3.33 1.97
2.82 1.50 3.94 2.82 291 1.59 4.03 291
3.95 1.74 4.52 3.95 4.07 1.86 4.64 4.07
3.95 1.74 4.52 3.95 4.07 1.86 4.64 4.07
3.95 1.74 4.52 3.95 4.07 1.86 4.64 4.07

where: RMSE = root mean squared error; N = total number
of observations; P; =model predicted value; O; = observed
value. The smaller the RMSE, the better the model
predictions.

RMSE

Omean

NOF =

(26)

where: NOF = normalized objective function, and Oeqn =
mean of observed values. The optimal value of NOF is 0.0.
However, the model is acceptable if NOF values range
between 0.0 and 1.0. The smaller the NOF, the better the
model predictions.

SN (O; — P;)+(100)

PBIAS = &
Y1 (0))

(27)

where: PBIAS =Percent bias, and measures the average
deviation between predicted and observed values expressed
as a percentage; P; =model predicted value; O; = observed
value. The ideal value of PBIAS is 0.0, with smaller absolute
values signifying more accurate predictions. Positive values
signify model underestimation bias, while negative values
indicate model overestimation bias.

Downloaded from http://iwaponline.com/ws/article-pdf/20/5/1757/728513/ws020051757.pdf
bv STEI | ENROSCH LINIVERSITY user

Sensitivity analysis

Sensitivity analysis was carried to test (i) the effect of
neglecting the filtration removal component by the
SCCGM to the models, (ii) the effect of modelling E. coli
removal by disinfection alone, and (iii) the sensitivity of con-
tact time, filtration rate, collector diameter and microbial
particle (E. coli) size to the models. Condition (i) was
assessed by essentially comparing the predicted E. coli
removals by models 1-4 with the corresponding removals
by models 5-8 (Figure 4), while conditions (ii) and (iii)
were tested using models 3 and 8 to test the sensitivity of
simulated E. coli removal to each condition or parameter
(Figures 5 and 6). The results of the sensitivity analysis are
given and explained below under results and discussion.

RESULTS AND DISCUSSION

Comparison of measured and predicted effluent E. coli
removals

Predicted E. coli removals were calculated using the
coupled models presented above, which are based on the
removal mechanisms elaborated on earlier. Figure 4 gives
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Figure 4 | Graphical visualization of predicted and measured E. coli log removal values.

comparative plots of theoretically predicted and measured
E. coli Log Removal Values (LRVs) for each run and
model respectively. The results (Figure 4 and Tables 4 and
5) show that the coupled models - except for models 2
and 6 - reasonably described the combined E. coli removals
by the multi-barrier system. Although models 1, 4, 5, and 8
gave slight underestimations for runs with lower contact
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time, their predictions were considered satisfactory as also
shown by the model performance criteria in Table 5.
Models 3 and 7 gave the closest predictions of E. coli
removal values with respect to the measured values,
but generally overestimated the LRVs. The appreciable
performance by models 1, 3, 4, 5, 7 and 8 signifies they
simulated the combined physical and chemical E. coli
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Figure 5 | Effect of modelling E. coli removal by disinfection only.
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Figure 6 | Effect of contact time, filtration rate, collector diameter and microbial particle (E. coli) size.
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Table 5 | Model performance assessment for measured vs. predicted values

Mathematical model R? RMSE NOF PBIAS
Model 1 0.822 0.887 0.309 254
Model 2 0.828 1.717 0.599 56.3
Model 3 0.826 0.520 0.181 -12.9
Model 4 0.820 0.885 0.309 253
Model 5 0.821 0.839 0.293 22.8
Model 6 0.825 1.639 0.572 53.7
Model 7 0.825 0.580 0.202 -155
Model 8 0.821 0.839 0.293 22.8

disinfection mechanisms by the multi-barrier system rela-
tively well.

The silver disinfection component by these models was
theoretically within the findings by Singh et al. 2019, who
indicated that about 24 mg-min/L of Ct (silver concentration
multiplied by time) value is required to eliminate 99% of
E. coli from natural stream waters. The calculated Ct
values in this study, which corresponded to approximately
99% (~2 LRV) and higher, were >20 mgmin/L. These
were from runs 8 to 12 (Table 4 and Figure 4). Further
improvement of the models, particularly in terms of the
input parameter values obtained or calculated from litera-
ture, could conceivably minimize the underestimations (by
models 1, 4, 5 and 8) and overestimation (by models 3 and
7) of E. coli removals. Long term experimentation is there-
fore recommended to improve or calibrate the model input
parameter values (especially those obtained from literature).

Models 3 and 7 may prompt the design engineer to
under design the system, since the expected removals were
higher than those measured. Conversely, models 1, 4, 5
and 8 may prompt the design engineer to over design the
system. This shows that different model and removal mech-
anism combinations can produce different bacterial removal
predictions. Therefore, using an array of models coupled
with larger experimental data sets may help minimize
under and over predictions and correspondingly minimize
over and under designs of multi-barrier PoU water treatment
systems such as the modelled system.

The higher removals by models 3 and 7 could be attrib-
uted to the silver disinfection by the Collins-Selleck model,
which generally gave higher predictions for E. coli inacti-
vation rates. On the other hand, silver disinfection by
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models 1 and 5 was simulated by the Chick’s model while
silver disinfection by models 4 and 8 was simulated by the
Chick-Watson model. The Chick’s and Chick-Watson
models generally under predicted the E. coli inactivation
rate. However, with further refinement, models 1, 4, 5 and
8 are tentatively expected to give a better match since
their removals showed a more realistic gradual increment
in E. coli removals, which closely corresponded to the con-
tact time, as is theoretically supposed to be the case.

Figure 4 shows that models 2 and 6 were essentially
unable to predict the E. coli removals. The weak predictions
of the two models could be attributed to the CMS model
(Equation (9)) being weak at simulating E. coli inactivation
by silver in the SCCGM, which is the main disinfection step
in the multi-barrier system. The CMS model predicts
microbial inactivation by using natural die-off kinetics
assuming microbial die-off with time (de Moel ef al. 2007;
Qasim & Zhu 2018). It may thus need higher contact time
for substantial removals, and is principally applicable to bac-
terial die-off in non-disinfection treatment processes like
natural treatment reservoirs (Qasim & Zhu 2018).

Effect of neglecting the filtration contribution by the
SCCGM

The effect of neglecting filtration contribution by the
SCCGM was assessed by essentially comparing the pre-
dicted removals by models 1-4 with the corresponding
removals by models 5-8 (Figure 4). Modelling the additional
removal contribution by SCCGM had minimal effect on the
predicted overall removal (Figure 4 and Tables 4 and 5). This
was not surprising because, except for advanced technol-
ogies such as reverse osmosis and iodine resin filters
(Backer 2000), bacterial removal by fabric and granular fil-
tration alone is primarily most efficient for suspended
solids removal, not for removal of bacteria, due to large
pore sizes (Backer 2002, 2000; Kausley ef al. 2018; Siwila &
Brink 2018). Therefore, fabric and granular filtration are nor-
mally used as a first stage before other treatment steps
(Kausley et al. 2018). The need for an in-built disinfection
step by silver in the SCCGM is therefore indicated. This
finding is supported by literature from various authors
where bacterial removal by silver-impregnated filter media
(Chong et al. 2011; Rossainz-Castro et al. 2016; Shimabuku
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et al. 2018) was satisfactorily modelled by considering silver
disinfection only without consideration of physical removal
by filtration. Thus, porous media impregnated with silver or
other metal disinfectants have been shown to be efficient at
bacterial inactivation (Chong et al. 2011; Rossainz-Castro
et al. 2016). However, disinfection may also be improved if
fabric pre-filtration is provided to increase bacterial contact
with the metal disinfectant (Tobiason ef al. 2011) while GAC
post filtration was provided to make the water more accep-
table (Backer 2002; Tobiason et al. 2011).

Effect of modelling E. coli removal by disinfection only

It was assessed whether E. coli removal could be modelled
by disinfection kinetics only (Figure 5) using two models
(models 3 and 8) representing possible overestimation
and underestimation. Thus, the removal of the coupled
models was contrasted with removal by SCCGM disinfec-
tion alone. Model 3 was selected for this purpose over
model 7 because it showed better performance statistics
than model 7 (Table 5). Similarly, model 8 was chosen
over models 1, 2, 4, 5 and 6 since it also depicted better
statistics (Table 5). It can be seen from Figure 5 that,
although E. coli removal prediction by SCCGM alone
seemed to be a good representation, modelling additional
removal by other treatment steps (i.e. geotextile and GAC
removals) was still important for the models to be fully
representative of the multi-barrier system. Thus, from the
results shown in Figure 5, it can be seen that disinfection
removal alone could not fully describe the E. coli removals,
giving predicted LRVs below measured values for both
models.

Effect of contact time, filtration rate, collector diameter
and microbial particle (E. coli) size

The effect of contact time, filtration rate, collector diameter
and microbial particle size on E. coli removal was assessed
using models 3 and 8 (Figure 6). Both models indicated that
larger contact time (Figure 6(i)) resulted in higher E. coli
removal. Since contact time is dependent on filter media
depth and filtration rate (see Equation (4)), optimizing
either or both of the parameters optimizes contact time
and subsequently enhances E. coli removals. Each of the
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models used in this study was affected by contact time and
(h) and filtration rate (v).
For instance, as filtration rate increases (Figure 6(ii)),

hence by media depth

E. coli removal by both models decreases. Therefore, careful
optimization of these parameters is expected to enhance
E. coli removal performance. It is worth noting that fil-
tration rate is affected by various factors, of which particle
size distribution is the key factor (Siwila & Brink 2020).
Therefore, to optimise contact time it is necessary to not
only look at filtration rate but also at factors affecting it,
such as particle size distribution. If fine granules are insuffi-
cient in a filter media the filtration rate is very high, leading
to lower contact time, while if coarse granules are insuffi-
cient the filtration rate is too low, leading to higher
contact time. The collector diameter (d.) depends on par-
ticle size distribution and subsequently affects E. coli
removal prediction.

The sensitivity of models 3 and 8 to collector and fiber
diameter is shown in Figure 6(iii) and 6(v). The smaller
the collector or fiber diameter, the higher the removals
(Figure 6(iii) and 6(v)). The sensitivity of microbial particle
(E. coli) size was also assessed (Figure 6(iv) and 6(vi)). The
effect of the collector/fiber diameter and microbial particle
diameter were assessed by applying the varied particle
sizes on the geotextile and GAC CFT models, which are
directly affected by particle size. This analysis was done
using the input parameters listed in Table 1 but keeping
the optimal flow rate (2 L/h) constant. It can be seen from
Figure 6(iv) and 6(vi) that the microbial particle diameter
having the least removal efficiency by GAC and geotextile
in both models is somewhere between 1 and 2 um. Removal
of microbial particles below this range increases with
decreasing particle diameter because removal is primarily
by diffusion (Yao et al. 1971; Tufenkji & Elimelech 2004),
while removal of bacteria with diameters larger than 2 um
increases with particle diameter and removal is mainly by
sedimentation and interception (Yao et al. 1971; Tufenkji &
Elimelech 2004). This explanation consequently entails
that removal of microbial particles by porous media fil-
tration alone is a huge challenge. This finding is important
because it further supports the need for a carefully opti-
mized inbuilt disinfection step to ensure continued safety
of the produced water. Overall, the sensitivity analysis
results of predicted E. coli removals by models 3 and 8
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were significantly similar for each parameter assessed
(Figure 6).

CONCLUSIONS AND RECOMMENDATIONS

The modelling exercise has demonstrated that suitable
removal mechanisms can be integrally used to model a com-
bined PoU system to predict the overall effluent bacterial
quality. This kind of modelling can be used to optimize
system design by allowing the engineer to systematically
vary design parameters until the desired system effectiveness
is attained. This research has also indicated that each barrier
or treatment stage contributes to the overall E. coli removal.
Therefore, the bacterial load on the SCCGM (which is the
main disinfection stage) can be significantly reduced by opti-
mizing all components of the multi-barrier (combined)
system, especially the pre-filtration stage. Some reasons for
differences between predicted E. coli inactivation and
actual inactivation by models such as the Chick’s and
Chick-Watson models include (Qasim & Zhu 2018): (i) disin-
fectant residue may not be constant or uniform throughout
the system and filter runs, (ii) pH changes may affect the
inactivation rate, (iii) variations in the incoming suspended
particle loads of the water being treated, (iv) varying temp-
erature, and (v) the disinfectant may be consumed by
other competitive reactions.

It is recommended that future research should keep the
obtained optimal flow constant then model the break-
through of E. coli for several runs, ensuring water is
passed in triplicate for each run. Furthermore, modelling
of data obtained from field testing to assess possible applica-
bility of the mathematical models on field data is proposed.
Also, concurrent modelling of E. coli and turbidity is pro-
posed, since performance of filter systems is usually
monitored by measuring effluent turbidity (MWH 2012).
Additionally, since the proposed multi-barrier water treat-
ment design is scalable such that the capacity is flexible
and can be increased to serve more consumers, modelling
the effect of scalability is proposed. Long term experimen-
tation is also recommended, and may help in calibrating
model parameters to achieve the best fit between the mod-
elled and measured values. Quantification of measured
influent and effluent E. coli counts using particle counting
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techniques is also recommended. This may help character-
ize the modelled microbial particle diameter (d,) better.
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