
B
r

N
a

b

a

A
R
R
A
A

K
E
S
D
B

1

o
i
t
t
d
m
a
a
h

w
p
o
t
i
c
n
t
s

P

(

0
d

Journal of Hazardous Materials 217– 218 (2012) 133– 140

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

jou rn al h om epage: www.elsev ier .com/ loc ate / jhazmat

reakthrough  analysis  for  water  disinfection  using  silver  nanoparticles  coated
esin  beads  in  fixed-bed  column

omcebo  H.  Mthombenia,  Lizzy  Mpenyana-Monyatsib,  Maurice  S.  Onyangoa,∗,  Maggie  N.B.  Mombab

Department of Chemical and Metallurgical Engineering, Tshwane University of Technology, Pretoria, South Africa
Department of Environmental, Water and Earth Sciences, Tshwane University of Technology, Pretoria, South Africa

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 17 October 2011
eceived in revised form 2 February 2012
ccepted 2 March 2012
vailable online 7 March 2012

a  b  s  t  r  a  c  t

This  study  demonstrates  the use  of  silver  nanoparticles  coated  resin  beads  in deactivating  microbes
in  drinking  water  in  a  column  filtration  system.  The  coated  resin  beads  are  characterized  using  X-ray
diffraction  (XRD),  Fourier  transform  infra-red  (FT-IR),  scanning  electron  microscope  (SEM),  transmission
electron  microscope  (TEM)  and  energy  dispersive  spectroscopy  (EDS)  to  confirm  the functional  groups,
morphology  and  the presence  of silver  nanoparticles  on  the surface  of  the  resin.  The  performance  of  the
eywords:
. coli
ilver nanoparticles
isinfection
reakthrough analysis

coated  resin  is evaluated  as  a function  of  bed  mass,  initial  bacterial  concentration  and  flow  rate  using
Escherichia  coli  as model  microbial  contaminant  in  water.  The  survival  curves  of  E.  coli  are  expressed  as
breakthrough  curves  (BTCs),  which  are  modeled  using  sigmoidal  regression  equations  to obtain  relevant
rate parameters.  The  number  of  bed  volumes  processed  at breakthrough  point  and  capacity  of  the bed
are used  as performance  indicators.  Results  show  that  performance  increases  with  a  decrease  in initial

n  inc
bacterial  concentration,  a

. Introduction

Water-borne diseases are a direct indication of deterioration
f water quality. The greatest water-borne risk to human health
s microbial contamination of drinking water sources, leading
o disease outbreaks [1].  It is estimated according to the WHO
hat 1.8 million people in the world die annually from diarrheal
iseases (including cholera) of which 90% are children under 5,
ostly in developing countries [2].  In terms of escalating demands

nd pollution of the limited water sources, particularly in rural
nd developing communities, the risk may  even be relatively
igh [3].

To prevent or reduce the risk of waterborne diseases, many
ater utilities use disinfection processes. Chemical and physical
rocesses such as chlorination [4],  ultraviolet light [5,6], reverse
smosis and use of silver catalyst [7] are well developed. However,
hese disinfection processes raise health, economic or technical
ssues. For instance, chemical disinfectants such as free chlorine,
hloramines and ozone can react with various constituents in

atural water to form disinfection byproducts which are harmful
o health. Studies have also shown that resistance of pathogens
uch as Cryptosporidium and Giardia,  to conventional chemical

∗ Corresponding author at: Private Bag X680, Pretoria 0001, Staatsartillerie Road,
retoria West, South Africa. Tel.: +27 12 3823533; fax: +27 12 3823532.

E-mail addresses: OnyangoMS@tut.ac.za, onyi72uk@yahoo.co.uk
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304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.03.004
rease  in flow  rate  and  an  increase  in  bed  mass.
© 2012 Elsevier B.V. All rights reserved.

disinfection implies that a large dosage of chemicals is required
[8]. Other methods like UV purification and reverse osmosis are
not cost effective [9].  Because of the limitations of the conventional
methods there is a need to explore other innovative alternatives
such as the use of nanotechnology.

Nanotechnology is considered as a new generation of technol-
ogy, is revolutionary and will impact on economies through new
consumer products, manufacturing methods and materials usage
[10]. The technology could lead to cost effective and high perfor-
mance water treatment systems [11]. Under this new technology,
the use of oligodynamic nanoparticles for water disinfection is
being explored. Oligodynamic nanoparticles based disinfection
includes the use of metals such as silver, gold, zinc, tin and copper
due to their antimicrobial properties. Besides their oligodynamic
nature, they also possess catalytic properties [12]. Ever since sil-
ver was  recognized as a biocide, its application in purification of
water is increasing. In nanoparticle form, silver becomes more reac-
tive, has increased catalytic properties, large surface area to volume
ratio, unusual crystal morphologies and thus toxic than silver ion
[13,14]. To effectively apply silver nanoparticles in water disinfec-
tion, they should be impregnated in a substrate.

Several studies have shown the use of silver nanoparticles
coated on various substrates. For instance, silver nanoparti-
cles were incorporated in materials such as montmorillonites

[15], polysulfone [16] cellulose acetate [17], fiberglass [18],
polyurethane foams [19], ceramic filters [20], activated carbon
[21,22]. There is however concerns about the ability of carbon
based substrates to completely remove bacteria because it has been

dx.doi.org/10.1016/j.jhazmat.2012.03.004
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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eported that bacteria metabolize carbon [23], and that bacteria
ttached to carbon can be a source of contamination of water in
reated water supplies [24]. Moreover, most of the above studies
ere inclined towards testing antibacterial properties of the pre-
ared media using the plate culture technique but failed to consider
etailed breakthrough analysis that can aid water treatment sys-
ems design. In addition, silver nanoparticles loaded on some of the
bove substrates/media showed poor disinfection performance and
re not structurally stable for use in water treatment systems. Thus
here still exists a need to explore nanotechnology-based water
isinfection in appropriate system configuration such as fixed-bed.
ater treatment using fixed beds has inherent advantages such

s production of high quality drinking water, its simplicity, ease of
peration and handling, and being suitable for use as a point-of-use
POU) system [25]. The foregoing discussion warranties the need to
earch for alternative substrates that show good disinfection per-
ormance, are structurally stable and hydraulically conducive to
erform transport experiments in fixed beds.

Consequently, in this study polystyrene resin beads were
oated with silver nanoparticles and were applied in deactivating
scherichia coli as model biological contaminant in water. Immobi-
ization of metal nanoparticles on the surface of polystyrene beads
s one of the most popular routes for their synthesis [26], and the
ntrapment of silver nanoparticles is due to electrostatic attraction
etween polystyrene beads and the oppositely charged complex
recursor ions [27]. The silver nanoparticles coated resin was then
sed to perform breakthrough analysis. To the best of our knowl-
dge there is very little information in literature on breakthrough
nalysis using silver nanoparticles in fixed bed column for water
isinfection. Yet, for system design to achieve optimal operation
f water disinfection systems, breakthrough data and modeling
re prerequisite. It is for these reasons that the fixed-bed perfor-
ance was investigated under various process conditions; namely,

ow rate, initial bacterial concentration and bed mass for the effec-
ive inactivation of E. coli. Empirical models were utilized to tract
arameters for the analysis of breakthrough curves in the fixed bed
olumn. Furthermore, the number of bed volumes processed and
he antibacterial media exhaustion rate were used as performance
ndicators.

. Materials and methods

.1. Materials

Rohm and Haas Amberlite-IR-120 (hydrogen form) cation resin
sed in the study was purchased from Lenntech (Johannesburg,
outh Africa). Silver nitrate and reducing agent sodium borohy-
ride was purchased from Merck (South Africa). Nutrient broth and
gar were also purchased from Merck. The microbial strain used
or the inactivation experiments was E. coli (ATCC 43895), from the
merican Type Culture Collection.

.2. Preparation of silver nanoparticle coated resin beads

Silver was coated on the cation resin beads by modifying the
ethod described by Nath et al. [28] to obtain optimum condi-

ions for deactivating E. coli. Accordingly, liquid ammonia (25%)
as added to 200 mL  aqueous solution of 0.1 M AgNO3. Then a

nown amount (20 g) of cation exchange resin was mixed with the
ilver amine complex and stirred using a magnetic stirrer for 3 h.
fterwards, the resin coated with silver amine was washed three
imes with distilled water and heated in an oven at 150 ◦C for 1 h.
hen freshly prepared aqueous solution of 0.01 M sodium borohy-
ride was used to reduce the silver oxide-resin beads to zero-valent
ilver nanoparticles. The resulting silver nanoparticle coated resin
s Materials 217– 218 (2012) 133– 140

beads were washed three times with distilled water and dried in a
water bath at 65 ◦C overnight. Finally, the dry silver nanoparticles
coated resin beads were used for characterization and microbial
inactivation tests.

2.3. Characterization

The structure of the resin beads was  characterized by using
an ALPHA Fourier transformed infra-red (FT-IR) spectrometer
(Bruker Optics GmbH, Ettlingen, Germany), on the attenuated total
reflection (ATR) diamond crystal at 4 cm−1 resolution. Surface mor-
phology of the silver nanoparticles coated on the resin substrate
was examined with a JSM-5800LV JEOL (JEOL Ltd, Tokyo, Japan)
scanning electron microscope (SEM) coupled with X-ray energy
dispersive spectroscopy (EDS). The EDS using a NanoTrace detector
(Thermo Fisher Scientific, Inc.) at an accelerating voltage of 20 kV
was applied to confirm the silver content on the substrate. JEOL
2100F (JEOL Ltd, Tokyo, Japan) transmission electron microscope
(TEM) with an electron beam operating at 100 kV was  used to exam-
ine the size of the silver nanoparticles coated on the resin beads.
The TEM samples were prepared by dispersing a drop of the colloid
on a copper grid, which was  coated with a carbon film to reduce
charging. X-ray diffraction (XRD) measurement was performed on
a Bruker D8 Advance (Cu K�, radiation with 1.5416 Å wavelengths)
diffractometer.

2.4. Fixed bed column experiments

E. coli (ATCC 43895) was selected as a model biological con-
taminant in water. Column experiments were performed using a
polyvinyl chloride (PVC) column of 20 mm diameter and 30 cm
length. Each column was  packed with resin beads coated with silver
nanoparticles with glass beads and glass wool placed in the upper
and bottom ends of each column to hold the disinfection media. The
column was  washed and sterilized under UV light for 30 min. The
glass beads and wool were autoclaved before use. Water contam-
inated with E. coli was pumped vertically upwards continuously
through the column using a Rainin Dynamax peristaltic pump. The
effect of several process variables was explored as described below.

2.4.1. Effect of bed mass of antibacterial material
Contaminated water containing E. coli bacterial strain at initial

concentration of 6 × 103 CFU/mL was pumped through column at
different mass of 5, 10, 15 and 20 g of silver nanoparticles coated
cation resin beads, at a flow rate of 2 mL/min. The effluent samples
were collected at 60 min  time intervals and analyzed for viable cells
using spread plate technique.

2.4.2. Effect of flow rate
Bacterial contaminated water at initial concentration of

6 × 103 CFU/mL of E. coli was  pumped vertically upward at a flow
rate of 2, 5, 7 and 10 mL/min through columns packed with 15 g sil-
ver nanoparticles coated resin beads. Effluent collection and viable
cells analysis was done as in Section 2.4.1.

2.4.3. Effect of initial concentration
The mass of silver coated resin material was  kept constant at

15 g while contaminated water was pumped at a constant flow
rate of 2 mL/min through the column. The initial concentrations
of E. coli were 6.5 × 104, 1.6 × 104, 6 × 103 and 6.6 × 102 CFU/mL.
Effluent collection and viable cells analysis was done as in Section
2.4.1.
2.4.4. E. coli removal from environmental water
Two environmental water samples (groundwater) were col-

lected from Delmas boreholes in Mpumalanga Province of South
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frica. In the dynamic experiments, the water was pumped verti-
ally upward at a flow rate of 2 mL/min through columns packed
ith 15 g silver nanoparticles coated resin beads. Effluent collection

nd viable cells analysis was done as in Section 2.4.1.

.5. Enumeration of viable cells

Samples from the effluent were collected in sterile conical flasks
t known time intervals of 60 min. The collected samples were neu-
ralized by adding 1 mL  of 15% sodium thiosulfate. Effluent samples
ere analyzed for bacterial concentration. The bacterial concen-

ration was determined by serial diluting in sterile saline solution
nd plated on selective medium by using spread plate technique
ccording to Standard Methods [29]. Triplicate plates were used
or counting viable cells from each diluted suspension and average
alues used. Inactivation data are expressed as Nt/Ni, with Nt being
urvivor colonies at any time and Ni being the bacterial load in the
olumn influent.

.6. Modeling of breakthrough curves using non-linear equations

Non-linear sigmoidal regression models are utilized to fit
nd extract model parameters. When Ni cells of E. coli are fil-
ered through the column bed containing resin modified with Ag
anoparticles, a series of Nt survivor colonies are obtained at time

ntervals t. A plot of Nt versus t generates a sigmoidal curve. Empir-
cal sigmoidal models utilized in this study are: logistic, Gompertz
nd Boltzmann equations.

The general form of the logistic equation used to analyze break-
hrough data is:

t = Ni

1 + e−k(t−t50)
(1)

hich resolves to

n
(

Nt

Ni − Nt

)
= k(t − t50) (2)

here k (min−1) is the rate constant which is a measure of the
teepness of the slope of the breakthrough curves. The time it takes
o reach median concentration (half Ni) of bacterial count is referred
o as t50 (min). The Gompertz equation is given as:

t = Nie
− exp(−k(t−t50)) (3)

he linear form of Eq. (3) is given by:

n ln
Nt

Ni
= −k(t − t50) (4)

here t50 is the center at inflection point, Ni/e. The Boltzmann
igmoidal regression equation takes the form:

t = Ni − No

1 + e((t−t50)/k)
+ N0 (5)

here No is the bottom asymptote, which is the bed bacterial con-
entration at time zero. In this study the value of No is considered to
e zero, and t50 in the Boltzmann equation is [(Ni + No)/2]. Therefore
q. (5) reduces to:

t = Ni

1 + e((t−t50)/k)
(6)

hich linearizes to

n
Nt = 1

(t − t50) (7)

Ni k

The models described in Eqs. (1)–(7) were fitted to the experi-
ental data using Origin 6.0 software and the extracted parameters

re summarized in Table 1.
Fig. 1. FT-IR spectra of resin beads before coating (a) and resin coated with silver
nanoparticle (b).

When operating a fixed bed column, the objective is to reduce
the concentration of a given contaminant to a value below the
maximum allowable concentration. For a given bed mass the
performance is directly related to the number of bed volumes pro-
cessed before the breakthrough point (point when E. coli is first
detected column effluent) is reached. The number of bed volumes
is given by the following equation:

BV = Volume of water at breakthrough point(L)
Volume of antibacterial material bed(L)

(8)

The rate of at which the antibacterial material become
exhausted indicates how often the material is replaced and the
operating costs involved. The antibacterial material exhaustion rate
(AER) is defined as the mass of antibacterial material exhausted per
volume of water treated at breakthrough point and is expressed as:

AER = Mass of antibacterial material(g)
Volume of water treated(L)

(9)

Low value of AER indicates good performance of the bed and is
the main performance indicator for comparing different operating
conditions.

3. Results and discussion

3.1. Characterization

The FT-IR spectra shown in Fig. 1 are used to identify the func-
tional groups present on the resin beads. The FT-IR spectrum of
resin beads before coating with silver (Fig. 1(a)) depicts peaks at
3373, 3248, 2927 cm−1 that are considered to arise from the O H
stretching vibration of carboxylic, while the C C stretching vibra-
tion of aromatic, the N H bend mode of C NH3

+ and the S O
stretching vibration of sulfonates are observed at 1638, 1558, and
971 cm−1, respectively. Similar peaks corresponding to the func-
tional groups were also confirmed by Smith [30] and Özacar et al.
[31]. The O H vibration shifted by 19 cm−1 from 2927 cm−1 to
2946 cm−1 after coating the resin with silver-nanoparticles indi-
cating the interaction of silver nanoparticles with the resin beads
(Fig. 1(b)).
Elemental composition and morphology of resin coated with
silver nanoparticles were investigated by scanning electron
microscopy (SEM) assisted with energy dispersive X-ray spec-
troscopy analysis (EDS). Fig. 2 shows the SEM image of a silver
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Table 1
Summary of model parameters for water disinfection using silver nanoparticle coated resin beads in fixed bed column.

Logistic model parameters Gompertz model parameters Boltzmann model parameters

Rate constant
k (min−1)

Time at Ni/2
t50 (min)

R2 Rate constant
k (min−1)

Time at Ni/e
t50 (min)

R2 Rate constant
k (min−1)

Time at Ni/2
t50 (min)

R2

Mass of antibacterial material (g)
5 0.00426 1325 0.978 0.00189 1283 0.968 0.00426 1325 0.978
10 0.00527 2841 0.979 0.00201 2927 0.979 0.00527 2841 0.979
15 0.00577 4373 0.996 0.00256 4362 0.993 0.00577 4373 0.996
20  0.00696 6048 0.990 0.00262 6126 0.994 0.00696 6048 0.990
Flow  rate (mL/min)
2  0.00577 4373 0.996 0.00256 4362 0.993 0.00577 4373 0.996
5  0.01718 3110 0.993 0.01116 3077 0.994 0.01718 3110 0.993
7 0.01353 2705 0.994 0.00787 2668 0.993 0.01353 2705 0.994
10 0.01212 2442 0.988 0.00588 2434 0.983 0.01212 2442 0.988
Initial bacterial concentration (CFU/mL)
660 0.00823 5389 0.988 0.00485 5330 0.991 0.00823 5389 0.988
6000  0.00577 4373 0.996 0.00256 4362 0.993 0.00577 4373 0.996
16000 0.01007 2479 0.986 0.00535 2432 0.985 0.01007 2479 0.986
65000 0.07317 1774 0.991 0.04717 1760 0.989 0.07317 1774 0.991
Environmental water
A4 0.00485 11286 0.995 0.00291 11180 0.997 0.00485 11286 0.995
A7 0.023  9078 0.979 0.01695 9055 0.973 0.023 9078 0.979

F  the SE
s

n
o
v
l
c
T
i

ig. 2. SEM image (left) and EDS spectra of silver coated resin bead. The insert on
urface of the resin bead (B).

anoparticles-coated resin bead, indicating the complete coverage
f polystyrene beads with silver. The inserted images show the sil-
er free resin surface (A) and as can be observed silver formed a thin

ayer (B) on the surface of the resin after synthesis. The EDS spectra
onfirm the presence of metallic silver on the resin particles. The
EM image (Fig. 3) of the coated resin bead confirms that the silver
s indeed nano-scale in size. Specifically, the silver nanoparticles

Fig. 3. Histogram of size distribution of silver nanoparticles. The inserted figu
M image shows surface of resin bead before coating (A) and a coated film on the

are within a size range of 15–50 nm.  The diffraction pattern of
the synthesized silver nanoparticles on cation resin beads shown
in Fig. 4 matches the face-centered cubic (fcc) structure of silver

◦ ◦ ◦ ◦
observed at 2� angle 37.7 , 44.0 , 64.2 and 77.1 . These correspond
to the four diffraction peaks (1 1 1), (2 0 0), (2 2 0) and (3 1 1) crystal
planes, respectively, indicating the formation of metallic silver
nanoparticles on the surface of the cation resin beads.

re shows the TEM image of silver nanoparticles coated on resin beads.
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Fig. 4. XRD patterns of the silver nanoparticles coated on cation resin.

.2. Breakthrough analysis for water disinfection

Operating parameters such as bed mass, flow rate and initial
acterial loading are very important when designing a column for
ater treatment. In this study the effects of these parameters for
ater disinfection by resin beads coated with silver nanoparticles
ere investigated.

.2.1. Effect of mass of antibacterial material
By varying the bed mass of the resin media coated with silver

anoparticles and fixing the flow rate and initial bacterial loading
n the influent, the amount of active sites in the material avail-
ble and the contact time between bacteria and the antibacterial
aterial are increased. In this experimental run, the initial E. coli

oncentration was 6 × 103 and the flow rate was  set at 2 mL/min.
he effect of variation of bed mass is shown in Fig. 5 as breakthrough
urves (BTCs). As can be seen, the predicted and experimental
reakthrough curves compare very well for all the three sigmoidal
odels. From the BTCs, the various model parameters were deter-
ined and are summarized in Table 1. The parameters k and t50

ncrease with an increase in the mass of the antibacterial material.
he trend in k and t50 may  be explained by the fact that as the mass
s increased, there are more active silver sites present to inactivate
he bacteria. Silver is required to attach, accumulate and penetrate
he inside of the bacterial membrane to inactivate and cause cell
alfunction [32–34].  Meanwhile, the volumes processed at break-
hrough point (when 1 CFU/mL was present in the column effluent)
ere 1.8, 3.6, 7.2 and 11.16 for 5, 10, 15 and 20 g bed masses,

ig. 5. Breakthrough curves for the removal of E. coli from water using silver
anoparticles coated resin beads at different bed masses. Initial bacterial concen-
ration = 6000 CFU/mL and flow rate = 2 mL/min.
Fig. 6. Breakthrough curves for the removal of E. coli from water using silver
nanoparticles coated resin beads at different flow rates. Initial bacterial concen-
tration = 6000 CFU/mL, antibacterial material mass = 15 g.

respectively. The corresponding bed volumes (BVs) are 94, 133,
216 and 273 and the AER values are 2.8, 2.1 and 1.8 g/L for 5, 10,
15 and 20 g, respectively. The lower the AER value the better the
performance of the column. The results indicate that it is favor-
able to increase the bed mass as it increases the bed performance
in inactivating microorganisms. The increased performance can be
attributed to the fact that the contact time between the E. coli bac-
teria and active media increases resulting in increased inactivation
performance.

3.2.2. Effect of flow rate
Contaminated water was pumped in an upward flow mode at an

average volumetric flow rate of 2, 5,7 and 10 mL/min while the bed
mass and initial E. coli concentration were maintained at 15 g and
6 × 103 CFU/mL, respectively. The results are summarized in Fig. 6
in which it is shown that more processing time was required for low
flow rate for breakthrough to be reached. For all the three sigmoidal
models, the experimental and predicted curves match very well. As
expected, all the models predict a decrease in t50 parameter as the
flow is increased. There is no specific trend in the values of k. The
volume processed at breakthrough point was  found to be 7.2, 10.2,
12.6 and 14.4 with corresponding bed volumes of 218, 309, 382 and
436 for 2, 5, 7 and 10 mL/min, respectively. The AER values obtained
are 2.1, 1.4, 1.2 and 1.0 g/L (see Table 2) at the flow rate of 2, 5, 7,
and 10 mL/min, respectively. The effect of flow rate on the bacterial
inactivation can be due to various factors, such as, the mechanical
stress promoted by the movement of the water in which bacteria
are dispersed and the contact time of bacteria with the antibacterial
material bed [34].

3.2.3. Effect of initial concentration
The bacterial concentration in contaminated water can have a

very wide range of variation depending on the nature of the source
water. As such it is important to know how a given media will
perform under such conditions. Consequently, the influent contam-
inated water at three different initial concentrations of 6.6 × 102,
6 × 103, 1.6 × 104 and 65 × 104 CFU/mL were used in the study
while a bed mass of 15 g and a flow rate of 2 mL/min was  main-
tained throughout the experimental run. The BTC obtained from the
investigation of the effect of initial bacterial concentration is shown

in Fig. 7. The experimental and predicted curves match very well. It
is observed that the breakthrough point decreases with an increase
in initial bacterial concentration. As a result, all the models predict
a decrease in t50 parameter as the initial concentration of bacteria
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Table 2
Summary of results at breakthrough point.

Time at breakthrough point
tb (min)

Capacity (CFU/g) Volumes processed at
breakthrough (L)

Bed volume
processed (L)

AER (g/L)

Mass of antibacterial material (g)
5 960 2.09 × 106 1.80 94 2.8
10  1800 2.16 × 106 3.60 133 2.8
15  3600 2.90 × 106 7.20 218 2.1
20  5580 3.34 × 106 11.2 273 1.8
Flow  rate (mL/min)
2 3600 2.90 × 106 7.20 218 2.1
5 2040 4.08 × 106 10.2 309 1.4
7 1800 5.04 × 106 12.6 382 1.2
10  1440 5.70 × 106 14.4 436 1.0
Initial  bacterial concentration (CFU/mL)
660 4740 4.16 × 105 9.50 283 1.6
6000 3600 2.9 × 106 7.20 216 2.1
16000  2220 4.44 × 106 4.50 133 3.4
65000 540 7.15 × 107 1.10 33 13.6
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Environmental water
A4 10680 1.17 × 105

A7  8768 1.73 × 105

ncreases. This is due to the fact that at higher bacterial concentra-
ion, more silver is required to effect bacteria inactivation. Because
uantity of the inactivation media is fixed, the breakthrough point
nd t50 are reached faster. There is no specific trend in the val-
es of k. The volumes of water treated at breakthrough point were
.4, 7.2, 4.44 and 1.1, and the corresponding BV are 283, 216,133
nd 33 at the initial bacterial concentration of 6.6 × 102, 6 × 103,
.6 × 104 and 65 × 104 CFU/mL, respectively. More bacterial cells
re inactivated at higher initial bacterial concentration as indicated
y capacity values (CFU/g) in Table 2. This effect can be due to
he fact that an increased initial bacterial cell loading (i) enhances
he probability of interaction between bacterial cells and the silver
anoparticles (ii) reduces the overall mass transfer limitations and
ii) results in an increase in inactivation rate [35,36]. The AER val-
es obtained are 1.6, 2.1, 3.4 and 13.6 for 6.6 × 102, 6.0 × 103 and
.6 × 104, respectively. High values of AER at higher initial bacte-
ial concentration indicate that in operation the coated resins will
eed to be replaced at a higher frequency when processing water
ontaining higher initial cells concentration.
.2.4. E. coli removal from environmental water
Two borehole water samples coded A4 and A7 with E. coli

oncentrations of 85 and 150 CFU/mL, respectively, were used to

ig. 7. Breakthrough curves for the removal of E. coli from water by silver
anoparticles coated resin beads at different initial bacterial concentrations. Flow
ate = 2 mL/min, mass of antibacterial material = 15 g.
21.4 647 0.70
17.5 531 0.86

explore the capability of silver nanoparticles coated resin beads
to disinfect real water. The physico-chemical characteristics of
the borehole water samples used in this study are summarized
in Table 3. Most of the water quality parameters are within the
acceptable limit as defined by the South African National Standards
(SANS241). The BTCs for the two  borehole water samples are shown
in Fig. 8. An earlier breakthrough point is observed for sample A7
which agrees with results presented in Section 3.2.3 in which higher
concentration was  found to lead to a faster saturation of the bed.
Meanwhile the experimental and predicted BTCs match very well.
A summary of the three models parameters is given in Table 1. All
the models predict a higher value of t50 for sample A4 which had a
lower E. coli concentration. The volumes of water treated at break-
through point were 21.4 and 17.5 and the corresponding BV are
647 and 531 for samples A4 and A7, respectively. More bacterial
cells are inactivated for sample A7 compared to sample A4 as indi-
cated by capacity values (CFU/g) in Table 2. This observation is due
to the fact that sample A7 had a higher initial concentration of bac-
terial cells. The computed AER values are 0.70 and 0.86 for sample

A4 and A7, respectively. As such the frequency of exhaustion and
replacement of the media will be faster when processing sample
A7 in comparison to sample A4.

Fig. 8. Breakthrough curves for the removal of E. coli from environmental water.
Sample A4 initial bacterial concentration = 85 CFU/mL, sample A7 initial bacterial
concentration = 150 CFU/mL, flow rate = 2 mL/min, mass of antibacterial mate-
rial = 15 g.
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Table 3
Selected physico-chemical property of raw water from Delmas Boreholes (A4 and A7).

Parameters Units A4 A7 SANS 241

Escherichia coli CFU/mL 85 150 <1
pH 8.94 ± 0.61 7.22 ± 0.14 5.0–9.5
Turbidity NTU 2.78 ± 0.96 1.59 ± 0.11 <1
Fluorides mg/L 41.21 ± 0.92 0.46 ± 0.18 <1
Nitrates mg/L as N 14.16 ± 1.13 1.59 ± 0.02 <10
Calcium mg/L as Ca 126.89 ± 4.52 98.25 ± 1.12 <150
Magnesium mg/L as Mg  62.87 ± 0.31 26.36 ± 7.18 <70
Phosphates mg/L 18.14 ± 3.79 1.00 ± 0.04
Arsenic mg/L 7.49 ± 2.58 2.99 ± 0.12 <10 �g/L
Iron mg/L 0.40 ± 0.18 0.40 ± 0.18 <200 �g/L
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E. coli inactivation was investigated using resin beads modified
ith silver nanoparticles in a column experimental set up. Results

howed that the breakthrough point where bacteria first appeared
n the effluent water was reached faster at lower bed mass, higher
acterial concentration and high flow rate. Three sigmoidal mod-
ls were successfully used to interpret the breakthrough curves.
he AER and the number of BVs processed at breakthrough point
ere used as performance indicators. Low values of AER and large
V were observed at lower bacterial concentration, higher flow
ate and higher bed mass. This study has shown that nanoparticles
oated resins can be used to inactivate bacteria and be employed
n water treatment. Concentrations of bacteria used are typically
igher than those that would be found in environmental water and
s preliminary results suggest, the material is expected to perform
xtremely well when treating environmental water of low bacterial
ell concentration.
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