Accepted Manuscript

WATER
WA RESEARCH

"AJournal o the

Highly efficient inactivation of bacteria found in drinking water using chitosan-
bentonite composites: Modelling and breakthrough curve analysis

Sarah C. Motshekga, Suprakas Sinha Ray

Pll: S0043-1354(17)30003-9
DOI: 10.1016/j.watres.2017.01.003
Reference: WR 12604

To appearin:  Water Research

Received Date: 4 August 2016
Revised Date: 6 December 2016
Accepted Date: 2 January 2017

Please cite this article as: Motshekga, S.C., Ray, S.S., Highly efficient inactivation of bacteria found in
drinking water using chitosan-bentonite composites: Modelling and breakthrough curve analysis, Water
Research (2017), doi: 10.1016/j.watres.2017.01.003.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.watres.2017.01.003

L Effluent
(D > AT
Inert beads
4
—> . v
Composite )
material |
<« —> Column

Bed mass/height
Treated water

T Glass wool

N/N.

Influent
1
Pump
S
Bacteria contaminated water

1.04

River water|
Logistic
River water| %
Gompertz
River water|
Boltzmann

0.5+

0.0
T T T

T
75

T
100

T
125

T
150

1
175

25

Time (h)




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Highly efficient inactivation of bacteria found in drinking water using chitosan-bentonite
composites. modelling and breakthrough curve analysis

Sarah C. Motshekga®, Suprakas Snha Ray*™,

®DST-CSIR National Centre for Nanostructured Materi€ouncil for Scientific and Industrial
Research, Pretoria 0001, South Africa

PDepartment of Applied Chemistry, University of Johasburg, Doornfontein 2028,
Johannesburg, South Africa

*Corresponding author. E-mail: rsuprakas@csir.caaprakas73@yahoo.com

Abstract

Disinfection of bacterially-contaminated drinkingat@r requires a robust and effective technique
and can be achieved by using an appropriate detarfe material. The advanced use of
nanomaterials is observed as an alternative arettafé way for the disinfection process and
water treatment as a whole. Hence, the inactivatioBscherichia coli (E. coli) using chitosan-
Bentonite (Cts-Bent) composites was studied inxadfibed column. Cts-Bent composites were
synthesised using in situ cross-linking method gisBent-supported silver and zinc oxide
nanoparticles. These composites were charactebydeourier transform infrared spectroscopy,
X-ray diffraction, scanning electron microscopydamergy dispersive spectroscopy. The effect of
the composite bed mass, initial concentration oftdréa, and flow rate on the bacterial
inactivation was investigated. The characterizatiesults revealed that the composites were
successfully prepared and confirmed the presenbetbfsilver and zinc oxide nanoparticles in the
chitosan matrix. The growth curveskfcoli were expressed as breakthrough curves, baseaon th
logistic, Gompertz, and Boltzmann models. The hieakigh time and processed volume of
treated water at breakthrough were used as perfmenandicators, which revealed that the
composites performed best at low bacterial conagotr and flow rate and with substantial bed
mass. The chitosan composites were found to bdyhejfective, which was demonstrated when

no bacteria were observed in the effluent samptrinvihe first 27 h of analysing river water. All



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

the models were suitable for adequately describamd reproducing the experimental data with a
sigmoidal pattern. Therefore, the prepared compasishowing potential to work as a disinfectant
and provide an alternative solution for water dmsition; hence this study should propel further
research of the same or similar materials.

Keywords: chitosan-bentonite composites; fixed bed coluntfscherichia coli; bacteria
inactivation; disinfection models; breakthrough lsieis

1. Introduction

Contamination of water sources by biological, cleahiand physical contaminants is a health
threat to humans, living organisms, and the enwiremt. Water quality continues to deteriorate;
and as such, the problem needs to be addressedcasstitutes a major public health issue.
National and international guidelines for waterlgydave been implemented to meet the demand
for safe drinking water. Due to the stringent wajeality standards that have been adopted, cost
effective and robust methods for water remediation required. According to the World Health
Organization (WHO), contaminated water leads tdiom$ of deaths per year worldwide. In 2014,
more than 840 000 adults and 360 000 children utheeage of five died in developing countries,
due to unsafe water supplies (WHO, 2014). Choletareaks were reported in 2015, from parts
of the African continent (Mozambique/Malawi, 20Mandiga, 2015). The WHO concluded that
most of these diseases and deaths could have bmemnted by increasing the availability of clean
and safe water supplies.

Various chemical disinfection methods are availgbleontrol and improve the microbiological
quality of drinking water, including chlorinationzonation, chloramines, and ultraviolet radiation,
as well as others (Richardson, 2003a, 2003b, 20fxher et al., 2006; Li et al., 2008a). Whereas
these methods are effective at inactivating baateantaminants to desired levels, some are often
costly and time-consuming, produce harmful disitiéecby-products (DBPs), or even require that

a secondary disinfectant be used. Because of twsserns, more emphasis is being placed on
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finding other alternative disinfectants that welquire less processing time and not produce DBPs
(Krasner et al., 2006), yet still meet the watealiy requirements.

Advances in nanoscience and nanotechnology are igr@nmin that most of the problems
involving water quality issues could be solved gsproducts based on them. Nanomaterials
possess a broad range of enhanced physicochemugarpes that make them attractive for use as
reactive media for water treatment (Savage andidi&i005; Warheit, 2008). These materials
have large surface areas, small sizes, and incteasctivity that drastically enhance their
usability for water treatment, which cannot be aghd by their bulky counterparts (Raghupathi et
al., 2011). For instance, the antibacterial agtiof metallic silver (Ag) has been known for
centuries (Amato et al., 2011; Tartanson et all420This property originates from the silver ions
that dissolve from the surface of the bulk Ag (Fetal., 2000). Although silver ions are being
used, bulk Ag is more advantageous, as the reswdtsnore stable and last longer. However, it is
difficult to use bulk Ag in industrial or domestpplications because it is more expensive and has
a low ion release rate (Feng et al., 2000).

Therefore, Ag nanoparticles (AgNPs), which havewsh@nhanced inactivation properties that
bulk Ag cannot achieve, have been employed. Theipbghemical properties of AQNPs are size-
dependent, and AgNPs exhibit strong and enhancdibaaterial properties even when
administered in small quantities (Warheit, 2008)atldition, nanomaterials can be functionalized
with various chemical groups to improve their pmjes even further (Savage and Diallo, 2005).
Under the nanotechnology umbrella, active researchbeing done to develop novel
nanocomposites with increased selectivity towardgferent contaminants. Different
nanocomposites are at various stages of reseadcearelopment for the remediation of drinking
water (Chong et al., 2011; Loo et al., 2013). Thesgerials include antibacterial nanoparticles
(Ag, zinc oxide (ZnO), copper oxide, magnesium exietc.) (Ren et al.,, 2009; Rana and
Kalaichelvan, 2011; Quang et al., 2013), magnedicoparticles (iron oxide) (Zhan et al., 2015),

and carbonaceous materials (activated carbon, garéotubes, graphene, etc.) (Li et al.; 2008b ;
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Bao et al., 2011; Tuan et al., 2011; Sze and McR&2), in addition to many others. At this
stage, the key focus is on the preparation of caig® containing nanoparticles and their
antimicrobial properties. Although these composies reported to be highly effective in the
inactivation of various microorganisms, very fewtloése studies further continue to report on the
use of the same composites for water disinfecttondrjargal et al., 2013; Jin et al., 2013; Deng et
al., 2014; Wehling et al., 2015; Deng et al., 20R&nt et al., 2016; Saravanan et al., 2016; Xia et
al., 2016; Zhang et al., 2016; Zhu et al., 2016m8& of these studies reported on the effectiveness
of the composites to inactivate bacteria, eithangighe inhibition zone method or the batch
method, which are the two preliminary methods, ésttthe antibacterial activities of the
composites. The success of the inactivation refnalts these studies should propel and encourage
further studies for water disinfection. For instepPant et al. (2016) prepared a multifunctional
nanocomposite of silver-titanium nanoparticles sufgdl on reduced graphene oxide for chemical
and biological disinfection. In their study, thetl@ars reported the nanocomposite to have been
prepared by the simple and efficient method, whigheconomical and being non-toxic. The
authors presented the nanocomposite to have supamitbacterial properties, and this was
potential to be used in wastewater treatment. Hewevhese studies were using both
graphene/oxide and activated carbon as the supgamaterials for the nanoparticles which are
more expensive. Considering how difficult it may teecontrol the nanoparticle sizes and avoid
agglomeration between the nanoparticles, this ambroof supporting the nanoparticles on
substrates is good as it allows a better dispersidhe nanoparticles and provides full usage of
their properties. Introducing nanoparticles to éhegpports the result in composites of enhanced
properties that can be used for various applicafitimerefore less expensive materials are needed.
Clays and polymers make excellent supports for bo#tal and metal oxides nanopatrticles.
Environmental concerns and economic advantagesramng the interests in clays, as they are
abundantly accessible around the world. In thidystbentonite, clay from the smectite group was

used to support the nanoparticles due to its hpgitiic surface area, chemical stability and other
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surface and structural properties (Juang et dl2Rd-or these composites to effectively be applied
in water disinfection, they were dispersed withipaymer matrix which helps in limiting the
leaching rate of the nanoparticles into the watee{ al., 2008). Polymers help in controlling the
release rate of the nanoparticles from the malwxice a controlled amount is released. Chitosan,
a biopolymer is the second most plentiful naturalymer that has been used in this study to
effectively deliver the robust disinfection propest of the nanoparticle composites. Chitosan is
less expensive, non-toxic and possesses inheréntienobial properties (Li et al., 2008; Raafat
and Sahl, 2009; Kittinaovarat et al., 2010; Guitall., 2013).

Consequently, the objective of the current study W@ evaluate the performance of chitosan
composites in a continuous-flow fixed-bed columnniactivate bacteria. This is a continuation of
our previous research study (Motshekga et al., ROdBich evaluated the performance of the
composites using a batch mode method and providediamental information about the
effectiveness of the composites based on the seddtiwever, such data is not sufficient to be
used for the design of water treatment systems eviiew rate is an essential parameter for the
water system. Hence, fixed bed column studies asergial because they are simple, produce
good quality treated water, and provide additionfdrmation for the design of point-of-use water
treatment systems. The continuous-flow fixed-bedcess is also good for controlling and
reducing the contaminant concentration in the efftuso it does not exceed the allowable limit.
This can be achieved by varying the composite bassimnitial bacterial concentration, and flow
rate. To analyse the breakthrough curves (BTC#h@Experimental data, the logistic, Gompertz,
and Boltzmann models were used to analyse thetsediile correlation coefficienRf) predicted

by the models was compared, to check which modstl thescribed the experimental data. The
effectiveness of the composites was investigat@tyu=ontrol water spiked witkscherichia coli

(E. coli, ATCC 11775) and environmental water from the AgRever in South Africa.

2. Materialsand methods

2.1. Materials
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Pristine bentonite (Bent), which was used as a @udpr the Ag and ZnO nanoparticles, was
obtained from Ecca Holdings (Pty) Ltd, South Afri€hitosan (Cts) was purchased from Sigma
Aldrich (South Africa) as a flake material. Glutigehyde (GLA, 50 wt% in bD); phosphate
buffered saline (pH 7.4); sulphuric acid (98%); tacecid (99%); sodium chloride; sodium
hydroxide pellets (NaOH); silver nitrate (99.98%hich was used as the Ag precursor; and ZnO
nanoparticles dispersed in ethanol were purchased $igma Aldrich, South Africa. All aqueous
solutions were prepared using distilled water. 8odihiosulfate and nutrient agar were purchased
from Merck, South Africa. The bacterial strain usegrovide the antibacterial activity was gram-
negativek. coli (ATCC 11775) from the American Type Culture Cadliea, USA.

2.2. Synthesis of chitosan-bentonite (Cts-Bent) composite

The Cts-Bent composites were prepared as reporexiopsly (Motshekga et al., 2015). Briefly,
the Cts-Bent composites were obtained by mixingBegt-supported Ag and ZnO nanopatrticles
(Ag-ZnO/Bent) (Motshekga et al., 2013) into 250cahMdistilled water and stirring at 200 rpm for
an hour at room temperature (25 + 2 °C). Then, @b@f 1 wt% Cts solution was added to the
Bent suspension and stirred at 500 rpm overnighé mixture was then added to 1 M NaOH
solution under gentle stirring and left overnigbt neutralise the acid. The resulting Cts-Bent
composites were rinsed extensively and filteredhistilled water to remove any residual NaOH.
The wet Cts-Bent composites, now with irregularpghafter filtering, were then dispersed in a 1%
GLA solution and stirred overnight. The cross-lidk€ts-Bent composites were washed
extensively to remove any excess GLA solution. IRmshe composites were air dried at 30 °C
for 4 h, followed by an increase in temperatur&®°C at which they remained overnight. The
Cts-Bent composites were crushed to a sizeh7 mm.

2.3. Characterization of Cts-Bent composites

The surface morphology and dispersion of the Bartigles in the Cts matrix were explored using
scanning electron microscopy (Zeiss Auriga SEM, nary). The powdered samples were

mounted on a copper stub using carbon tape andesmatated with carbon to avoid charging.
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Energy dispersive X-ray spectroscopy (EDS) analgsigthe Cts-Bent composites was performed
to obtain a qualitative determination of the eletakgomposition of the Ag and ZnO (as Zn)
nanoparticles. For the crystalline phases, the Emmpere analysed with powdered X-ray
diffraction (XRD, PANalytical X’PERT-PRO diffractoater, the Netherlands) measured using Ni-
filtered Cuka radiation { = 1.5406 A) and a variable slit at 35 kV and 50.rkAurier transform
infrared (FTIR) spectra were recorded using a Ré&ilkner Spectrum 100 (USA) spectrometer
equipped with a germanium crystakaching tests were performed to study the stgbiftthe
nanoparticles in the composites, which is of gnegiortance, as this determines the suitability of
the composites for water treatment. Into 20 mL isfiked water, 0.2 g of composite was added,
and the mixture was shaken vigorously in a watéin-khaker (at 36 £ 1 °C, 200 rpm) for various
lengths of time. After each shaking interval, acfiran of the water was withdrawn. The samples
were analysed using inductively coupled plasma #mtoamission spectroscopy (ICP-AES,
PerkinElmer, USA) to determine the quantity of tiamoparticles that leached into the water.

2.4. Fixed-bed column experiment

Fixed-bed column experiments were performed in allssoale Plexiglas (acrylic) column with an
internal diameter of 20 mm and length of 300 mme Tts-Bent composites were packed between
glass wool and bracketed by inert glass beadseatippber and bottom ends of the column, which
were closed using nylon caps. Prior to the columckmg, the column tubes, column caps, and
glass wool were sterilized using laminar flow undiév light, whereas the glass beads were
sterilized using an autoclave. Control bacterialewavith initial concentrations of 3 x 3% x 10,
and 1 x 16 cfu/mL was prepared and fed into the column ayiwnar flow rates of 2, 5, and 10
mL/min. The control water was pumped continuougiyards into the column using a peristaltic
pump. The effluent sample was then collected atlrantervals in sterile, 2 mL Eppendorf tubes
containing 15% sodium thiosulfate. After collectigretri dishes containing agar (plates) were
inoculated with the samples. The plates were in@gbat 37 °C for 24 h. The plates were prepared

in triplicate and averages of such were reportdterAncubation, the colonies that formed in each

7
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plate were counted to express the bacterial coratenis as number of colony forming units per
mL of sample (cfu/mL). The effects of bed massyflate, and initial bacterial concentration were
investigated.

2.5. Environmental water sampling and analysis

Environmental water samples were collected fromApies River which is located in the Gauteng
Province, South Africa. The Apies River flows thgbuthe city of Pretoria from the south
northward until it meets with the Pienaars RiveneTwater samples were collected aseptically
using sterile bottles and transported on ice to thkoratory for physicochemical and
microbiological analysis within 1-4 h of collectiomhe analyses were performed following the
procedure recommended by the American Public Hesddociation (Standards Methods, 1998).
The analyses dE. coli, Salmonella spp., and total and faecal coliforms were doneotfalhg the
procedure. To quantify the antibacterial efficienoy the Cts-Bent composites, column
experiments were conducted as outlined in Sectidn Effluent samples were collected every
hour, and the pour plate method was used to intectitee samples into plates, which were then
incubated at 37 °C for 24 h. The number of colomesach plate was then counted to express the
bacterial concentration in cfu/mL. Triplicate pkteere prepared, and the averages of such were
used. Final bacterial concentrations were calcdlagmd expressed as cfu/mL, and the
experimental data was expressedNdN;, with N being the concentration at tinteand N;, the
initial bacterial concentration.

2.6. Modédlling of breakthrough curves and data analysis

The performance of a fixed bed column is descriiedugh the concept of breakthrough curves.
The breakthrough point is the time where bacterea getected in the column effluent with a
known concentration, whereas the breakthrough cisvthe shape of the concentration-time
profile (Ghasemi et al., 2011). The breakthrougmfpand curve are important characteristics for
determining the process operation and responsaubedhey affect the feasibility of the process

design. In the present study, an attempt to evalilnet inactivation of bacteria through a fixed bed



208 column by mathematical models was performed baseth® logistic, Gompertz, and Boltzmann
209 models. Both the Gompertz and Boltzmann sigmoidatiels are formulated from the logistic
210 sigmoidal equation, which is an appropriate stgrtipoint for expressing phase transition
211 phenomena. The proposed models can be used exignsos describe and understand the
212 dynamics of fixed-bed growth curves for the inaation of bacteria (Aksu et al., 2007; Ghasemi
213 et al., 2011). The model effectiveness dependshernrdbustness of the inactivation process and
214  the consumption of the disinfectant during the aohtime (Gyurék and Finch, 1998). The amount
215  of the effluent concentration and the growth cumare calculated by the logistic equation given

216 as:

dN N
217 — =-Nk|1-— Eqg. 1
N ( NJ (Eq. 1)

218  wherekis the rate constant that describes the steepnéss sibpe ang 0.

219  The equation becomes

N N N
220 | =k(t-C)orin—-In|1-— |=kt +C Eq. 2
(o an i @

221 whereN andN; are the final and initial concentrations, respatyi; t is time; andC is a constant
222  equal totsp, Wheretsg is the time required to reach the median conceotrdéime.

223 ForN number of colonies, the equation becomes:

Ni

225 EqQ. 3 can be written as:

— N;
226 N = m (Eqg. 4)

227  The Gompertz equation can be expressed by thenMokipequations:

28 In In[%j = —k(t-t,) (Eq. 5)
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_ —exp( —K(t-
N = Nie exp( -k (t-ts)) (Eq. 6)

And the Boltzmann equation takes the form:

Ni B No
N=N, () (Eq. 7)
1+e ~

whereN, is the bottom concentration at time 0, which isxamonly made a constant = 0.
Therefore, Eq. 7 reduces to:

Ni
N _Tso)] (Eq 8)

1+ e[ K
3. Resultsand discussion
3.1. Morphology and formation of Cts-Bent composites
Fig. 1 presents the SEM micrographs of the Cts @tstBent composites, showing the
morphological differences between the twWoag. 1(a) shows that Cts exhibited a smooth and
uniform morphology, whereas the Cts-Bent compo@$itg. 1(b)) exhibited a rough morphology
with numerous protruding bulk-like agglomeratesiigating the presence of Bent within the Cts
matrix. The presence of Ag and ZnO nanopatrticles eanfirmed by EDSHig. S1, Supporting
Information), because as expected, the EDS spedhawed Ag and Zn peaks. Considerable Zn
was recorded which approximated to 21 wt%, andAfpra 1.7 wt% was recorded.

<Fig. 1. SEM micrographs of (a) chitosan and (b) Cts-Bempasites.>

The leaching results are presented able 1. The results revealed that both nanoparticlesgAd)
ZnO) were released into the water, but were withi& allowable limits recommended by the
WHO. The acceptable concentrations for Ag and Zarinking water are set at 0.1 and 3-5 mg/L,
respectively (WHO, 2011). Any water containing naawticles above these levels is neither
suitable nor recommended for drinking. Thereforéthwithe acceptably small quantities that
leached over a 12 h period, the composite coulsulitable as an alternative disinfectant material,

thus providing an affordable and environmentaligrfdly material for drinking water treatment.
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<Table 1. Leaching results of Ag and ZnO (Zn) nanopartiais the water (mg/L).>
XRD analyses were conducted to ascertain the foomadf the Cts-Bent compositeBig. 2S
(Supporting Information) shows the presence of bwoad peaks at62= 6.94° and 20°, which
indicate poor crystallinity of the chitosan. An XRdpectrum of chitosan is characterised by two
sharp peaks att2= 10° and 20°. Similar observations were repoiteprevious studies (Wang et
al., 2005; Beppu et al., 2007; Li et al., 2013)winich the poor crystallinity of Cts was thought to
have been caused by crosslinking with GLA. The peatkBent were observed af 2 26° and
28°. Other peaks of Bent are usually observeddat B°, 20°, and 35°, which overlapped with
those of chitosan. All the peaks of Bent were daorated in other published literature (Wang et
al., 2005; Motshekga et al., 2013). Peaks confignine presence of Ag were observedtat B5°
and 62°, which are attributed to the crystallogratanes of the face-centred cubic silver crystals
(Shameli et al., 2011; Quang and Chau, 2013). Opeaks observed aBh 2= 31.94°, 36.39°,
62.50°, and 68.60° were allocated to the wurtzitacture of hexagonal ZnO (Li et al., 2010;
Raghupathi et al., 2011; Talebian et al., 2013¢ dbservation of the peaks for Cts, Bent, and Ag
and ZnO nanopatrticles confirms the formation of@te-Bent composites.
Fig. 2 shows the FTIR spectra used to identify the fuumati groups present in the Cts-Bent
composites. The strong broad band at 3338",cwhich is evident in both the Cts and Cts-Bent
composites, is assigned to the N-H stretching vima of —~NH groups. The band at 2885 ©m
corresponds to the C-H stretching vibrations of ~@kbups, the bands at 1656 and 1559 am
N-H bending, the band at 1363 ¢nto C-H bending, and the intense band at 1033'dm
assigned to C-O stretching (Beppu et al., 200%tlal, 2013). The interlayered O-H group band at
3630 cm*, which originates from bentonite in the Cts-Bepmposites, had a relatively low
intensity. Other bands that correspond to Si-Of8ugs, which are characteristic of phyllosilicate
minerals, were revealed at 1006 ¢nand 796 cil, in the absence of Cts (Motshekga et al.,
2013). After the addition of Cts, the band at 1086 shifted slightly to 1015 cm and

manifested as a very sharp band, whereas the b&t@6a&m® remained the same. The bands for
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—NH, groups appeared at 1656 and 1559'dor Cts. The band at 1656 chshifted to 1647 cit
in the Cts-Bent composites, whereas the band & £85' remained in the same position but
exhibited reduced intensity (Shameli et al., 20I)us, the FTIR spectra reveal that all the
functional groups that could be expected from eitBent or Cts were observed. However, no
bands were observed for both Ag and ZnO nanopestiti the Cts-Bent composite sample, as
indicated by the lack of difference between thedltd Cts-Bent composite spectra. Bands of these
nanoparticles are said to be observed at the lawgenumbers of the spectrum, but in this case,
their absence could be due to overlap with the ®avfdthe Bent (Sigingaowa et al., 2006;
Chandrappa et al., 2010; Wankhede et al, 2013;4Kotla et al., 2015). Fig. 3S (Supporting
Information) shows the characteristic bands ofitickevidual materials.

<Fig. 2. FTIR spectra of chitosan and chitosan-Bentonitepusites.>
3.2. Bacterial inactivation of control water and river water using Cts-Bent composites
The inactivation efficiency of Cts-Bent compositeas evaluated with control water and river
water through a fixed-bed column operation. Operati parameters, such as bed mass, flow rate,
and initial concentration of bacteria, were evatdatas they are important for column design in
water treatment. The breakthrough results are sgstli based on these parameters. The
mechanism in which the Cts-Bent composites exeit @ntibacterial activity is through Ag and
ZnO nanoparticles. The antibacterial property of @as not observed in this study because Cts is
reported to show its antibacterial activity at wéo pH (less than 6.0), where the positive amino
groups are charged (Li et al.,, 2008; Kong et al1® Regiel et al., 2013). Although the
mechanism of both nanoparticles is still not weltlerstood, it has been reported that the release
of the Ad and Zri* by the active surfaces of Ag and ZnO nanopartjalespectively, are the
biocidal agents which interact with the criticalllceonstituents causing disruption of the cell
contents, hence causing cell death. Additional @ntibacterial activity not only relies on the

release of the nanoparticle ions, but also the Isigtiace area to volume ratio in which the
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nanoparticles bind on the surfaces of the bactrthcause damage to the cell membrane (Li et al.,
2008; Li et al., 2010; Xu et al., 2013; Biswas &ahdyopadhyaya, 2016; Haider et al., 2016)
3.2.1. Effect of bed masson bacterial inactivation

Bed mass is an important parameter in evaluatireg grformance of bacterial inactivation
particularly for a continuous system. The BTCs fbe inactivation ofE. coli by Cts-Bent
composites with varying bed mass, fixed initial cemtration of 5 x 10cfu/mL, and flow rate of 5
mL/min are shown inFig. 3, and the results are summarizedTiable 2. As the bed mass
increased, more active sites were available fotamnwith the water which resulted in higher
inactivation efficiency of the bacteria. The residhowed that the inactivation activity was highly
dependent on the increase in bed mass, with théimaivation occurring with the maximum of
15 g of the composite. The effect of mass was pnentj as the breakthrough and saturation times
both increased, from 8 to 19 h and 46 to 51 h sy, with increased bed mass. It is apparent
that the bacterial inactivation increased rapidithvan increase in the amount of bed mass, due to
an increase in the number of active sites and abailsurface area of the composite. The results
also indicate that the volume of treated water ragkthrough varied with the bed mass. The
breakthrough volume was 2.4, 3.6, and 5.7 L forin@ds loadings of 5, 10, and 15 g respectively.
Furthermore, the bed mass became saturated mocklygwith smaller mass loading, which
corresponds to fewer active sites of the chitosanposite and smaller amounts of treated water.
The R? values predicted by the three models were verig, hidhich means the models fitted the
experimental data very welll @ble 3). The values increased with an increase in maasdirig,
showing that high mass loading was preferable tainlgood inactivation results. The Gompertz
model was the best of the three models in reproduthe experimental data and gave decent
goodness of fitKig. 3). Although the Boltzmann model was good in deseglihe experimental
data, its goodness of fit at the initial phase (fHwase) was lacking, as demonstrated by an

underestimation of the lag phase by immediatelysgméng an exponential phase, which
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contrasted the experimental data. The logistic hats® gave good results with higf values
and decent goodness of fit.
<Fig. 3. Breakthrough curves @. coli inactivation using chitosan composites with vagyired
masses of 5, 10, and 15 g and fixed initial bagtedncentration and flow rate of 5 x*u/mL
and 5 mL/min respectively.>
<Table 2. Summary of breakthrough results tarcoli inactivation.>
<Table 3. Summary of parameters predicted from the logi€Gmmpertz, and Boltzmann models
for the inactivation oE. coli.>
3.2.2. Effect of flow rate on bacterial inactivation
To determine the effect of flow rate on bacteri@adtivation, three flow rates of 2, 5, and 10
mL/min were used, with a fixed initial bacterialnmentration of 5 x 10cfu/mL and bed mass of
15 g. The BTCs are presentedriy. 4, the results of which show that the use of higlwfrates
reduced the contact time between the composite thedwater, thus allowing an earlier
breakthrough time. This was observed as a redumgdlase in the growth curves, where the
phase was longer for the low flow rates and shaxidh the high flow rate. With an increase in
flow rate, the breakthrough time decreased from 8 t, whereas the saturation time decreased
from 30 to 17 h. The volume of treated water assshim Table 2 increased with an increase in
flow rate, and then decreased with a further irsxaa flow rate. This is because the breakthrough
point was reached more quickly with a higher flater because such a rate reduces the amount of
treated water. The results show that a higher fite did not allow the column to perform well, as
indicated by the low volume of processed water. fdseilts also show that the medium flow rate
of 5 mL/min is the optimum flow rate to use witletgiven parameters. In general, the volume of
processed water at higher flow rates can be exgéatee low, as high flow rates mean the contact
time between the composite and the water is skdrich leads to an early breakthrough. The
BTCs show that the models fitted the experimenggh dvell Table 3), as the growth curves were

closer to the experimental ones from the lag phasdéise stationary phases. With a higher flow
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rate, the models failed to describe the experimeddta fully. The best goodness of fit for the
models was observed with the lowest flow rate @l2Zmin, and as the flow rate increased, the
models failed to reproduce the experimental dalidnofigh there was a lack of decent goodness of
fit in reproducing the experimental data with psimn, theR? values were high for all the models.
Furthermore, th& values decreased with an increase in flow ratalfahe models.
<Fig. 4. Breakthrough curves @. coli inactivation using chitosan composites with vagyilow
rates of 2, 5, and 10 mL/min and fixed initial @l concentration and bed mass of 5 % 10
cfu/mL and 15 g respectively.>
3.2.3. Effect of initial bacterial concentration on bacterial inactivation
The effect of initial bacterial concentration wasdied using a fixed bed mass of 15 g and flow
rate of 5 mL/min by varying the bacterial concetitras to 3 x 16, 5 x 16, and 1 x 16 cfu/mL.
The BTCs are presented king. 5. As the bacterial concentration increased, thakiheough time
decreased from 15 to 5 h. This is because, asdtternml concentration increases, the availability
of active sites are reduced as more composite eslatk which leads to the breakthrough and
saturation times being reached more quickly. Initaaid the volume of treated water at
breakthrough was reduced considerably as the linizcterial concentration increased. As
expected, the low bacterial concentration hadex lateakthrough time, and the volume of treated
water was greater, when compared to the high bakteoncentration. The predicted model
parameters are presentedliable 3. The BTCs of the models showed that the best gessdaf fit
occurred with the lowest bacterial concentratio of 1¢ cfu/mL, and it started to decrease with
the highest concentration of 1 x*I€fu/mL. The goodness of fit by the Boltzmann mofdled
dismally to reproduce the lag phase of the expeariaiedata at the higher concentrations. The
model produced a straight line at the highest bitteoncentration of 1 x f0cfu/mL and arR?
value of 0.9971. This observation of a straight limas observed for all three models at this
concentration. This means that the experimentalraurves were not adequately reproduced by

the models, especially for the lag phase. HowetherR? values were very high which indicates
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that despite not giving decent goodness of fittha lag phase, the models were still accurate in
describing the experimental data.
<Fig. 5. Breakthrough curves @. coli inactivation using Cts-Bent composites with vagyinitial
bacterial concentrations of 3 316 x 16, and 1 x 16cfu/mL and fixed bed mass and flow rate
of 15 g and 5 mL/min respectively.>
3.3. Inactivation model comparison
The reliability and accuracy of the selected modeése assessed by ti& values and the
goodness of fit of the experimental data. The gesdnof fit of the growth curves to the
experimental data showed the accuracy of the mottelsufficiently predict the bacterial
responses, whereas the highvalues indicated that all the models predicted mpioduced the
experimental data very well. The models were vempetitive, with allR? > 0.9715. The slight
differences in model fitting confirmed the variai®in the model equations or were the result of
model overfitting. Fakruddiet al. (2011) reported in their study that models uguatedict faster
growth rates than what is observed, which makes ttespond in a fail-safe manner. Therefore,
the models often tend to overestimate the expetmhatata. From the BTCs predicted by the
models in this study, the stationary phases wenmelnebserved, whereas the lag phases, in most
instances, were underestimated. Therefore, thenfysdof the present study corroborate what
Fakruddin et al. (2011) reported. Both the logistic and Gompertzdet® described the
experimental data very well, whereas the Boltzmarodel underestimated the lag phase. The
stationary phase results may be due to the expetiniing stopped immediately after the bed
mass reached its saturation point, resulting imatsduration of this phase. For all the other
phases, the models reproduced the experimentamdtitaaccuracy. Another considerable aspect
in modelling is that, although the BTCs predicted the models might deviate from the
experimental data, it does not mean the modelfectiee. Rather, it implies that more knowledge
is needed because other factors or parametersimgbd model development are affecting the

growth curve behaviour (Fakruddghal., 2011).
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3.4. River water analysis and bacterial inactivation
The physicochemical properties of the sampled rivater are summarized ihable 4. The
analyses show that the river water was within #geommended physical and chemical limits for
drinking water (SANS 241:1 (2011); WHO (2011)). Tieenperature and pH ranges of 22.3 + 0.56
°C and 7.6 + 0.82, respectively, and the turbidity).25 NTU were nonthreatening. The chloride,
sulphate, and fluoride concentrations of 31, 3@, ar0.2 mg/L, respectively, were also found to
be within acceptable limits. These analysed physiemical properties suggested that the water
did not pose a threat to the health of the conssnaer stipulated by the SANS 241:1 (2011) and
WHO (2011).

<Table4. Analysis of physicochemical and microbiological eraquality of the Apies River.>
However, the water showed poor microbiological dyaks shown by the viable countstfcoli
and faecal and total coliform$dble 4). These counts exceeded the maximum recommendéd li
for no risk, which raises concern about how vulbkrahe consumers of this water source are
because of the poor microbiological quality of Water. The water was also tested $almonella
and O viable counts per 100 mL of sample were foMutlereas indicator organisms may not
necessarily be pathogenic, their presence incredsesrisk of having pathogenic bacteria.
Observations of high levels of indicator organismdicate the potential presence of pathogenic
bacteria that are frequently known to cause wateddiseases such as outbreaks of diarrhoea.
But in this study, for instance, the pathogeSatmonella was not observed even though high
counts ofE. coli and faecal and total coliforms were observed.
Because of the high counts of the indicator organiafter repeated isolations, the river water was
analysed with the composites to investigate thealoifify of the composites to inactivate the
bacteria in the river water through a continuowsvflfixed-bed column. The results showed that
the composites were highly effective, with no veabbunts of any bacteria detected in the effluent
sample. In fact, no bacteria were detected in ffleeat sample in the first 27 h of running the

column at 5 mL/min with 15 g of bed mass. Viablems were observed after more water passed
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through the composites (after 27 h) and increasatieabed mass became saturated. These results
show that the Cts-Bent composite inactivated theteoia in both the control water and the river
water. It should be noted that the initial bactecancentrations of the control water were very
high when compared to what would normally be foimdver water. This was done purposely to
test the efficiency of the composites in inactingtbacteria at higher concentrations. Therefore,
the results suggest that the composites are seiibugh to use for bacterial inactivation, and
that the high inactivation efficiency should be esgj@d with bacterial concentrations as high as
1x10" cfu/mL.
The breakthrough time and volume of processed vedtbreakthrough were used to evaluate the
inactivation performance of the composites. The akil@ough time was reached after
27 h with a breakthrough volume of 8.1 L, and sattan time was reached after 47 h. The logistic,
Gompertz, and Boltzmann models were used to prétegperformance of the compositésy 6).
All the models described the experimental datagoélf well with high R* values of 0.9945,
0.9979, and 0.9950 for the logistic, Gompertz, Bottzmann models, respectively. The goodness
of fit was also very good for all the models, asraborated by the high? values. The models
described the experimental data with great pretjsis shown by the accuracy of the experimental
growth curves and reproducing of the data from lt#te phase to the stationary phase. All the
disinfection profile curves (lag phase, exponenpdlase, and stationary phase) were well
described by the models, as shown by their signhpiakserns.
<Fig. 6. Breakthrough curves of bacterial inactivation usiitg-Bent composites with river water,
at a fixed mass load and flow rate of 15 g and %mmh respectively.>

4. Conclusions

* The Cts-Bent composites were successfully synteddiy the in situ cross-linking method

to effectively inactivate bacteria in controlledteaand river water.
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» The chitosan ensured that the nanoparticles wecaoaed around/within the polymer
matrix which administers a controlled release @& tianoparticles to inactivate bacteria
either by contact or release of the nanopartiais.io

* The inactivation of bacteria using both controNeater and river water was evident, as was
determined by the lack of viable counts in theusffit sample after 27 h of continuous
column operation with river water. Compared withestdisinfectants, the cost implication
of the materials allows for a large-scale productnd the composites that can be used in
rural communities especially where they rely oreriwater for their daily needs. These
results imply that the composites are promisingiéok as a disinfectant and could be used
for water treatment systems.

* Furthermore, the concentration of the control wat@ployed in the study was typically
higher from what would normally be found from theveonmental water; hence the
composites would be expected to perform excellemtlg water treatment system using
environmental water.
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Table 1. Leaching results of Ag and ZnO (Zn) nanoparticles into the water (mg/L)

Sample NPs O min 05h 1h 4h 12h
Ag-Cts-Bent Ag <0.005 0.010 0.023 0.050 0.069
ZnO-Cts-Bent Zn <0.020 0.270 0.160 0.180 0.220
Ag/ZnO-Cts-Bent | Ag <0.005 0.008 0.011 0.023 0.022

Zn <0.020 <0.02 0.047 0.440 0.460




Table 2. Summary of breakthrough results for E. coli inactivation

Quantity Breakthrough  Saturation Timerequiredto  Volumeat Volume at

time (h) time (h) reach median  breakthrough  saturation
concentration L) L)
(ts0) (h)
Mass effect 59 8 46 27 2.4 13.8
10g 12 48 37 3.6 14.4
159 19 51 41 5.7 15.3
Flow rate 2mL/min 9 43 30 1.08 5.16
effect 5 mL/min 9 34 22 2.7 10.2
10 mL/min 4 30 17 2.4 18
Initial 3x10° 15 41 31 4.5 12.3
bacterial cfu/mL
concentration 5x 10° 10 46 33 3 13.8
cfu/mL
1 x 10" 5 54 30 15 16.2

cfu/mL




Table 3. Summary of parameters predicted from the logistic, Gompertz, and Boltzmann

models for the inactivation of E. coli.

Quantity Logistic model Gompertz model  Boltzmann model

K (h™ R K (h™ R K (h™ R
Masseffect 59 0.1308 09715 0.0699 0.9831 17.5689 0.9849
109 0.1039 09795 0.0392 09861 19.7518 0.9881
159 0.1429  0.9954 0.0484 09972 7.8931  0.9964
Flow rate 2 mL/min 0.1611 09948 0.0692 0.9972 7.258  0.9962
effect 5mL/min 0.2227 09931 01104 09977 54117  0.9958
10 mL/min 02190 0.9872 0.1094 09944 7.5301  0.9944
Initial 3x10°cfwmL 01941  0.9952 0.0780 0.9970 5.6237  0.9959
bacterial 5x10°cfu/mL 01115  0.9847 0.0429 0.9901 17.8530 0.9926
concentration 1 x 10% cfw/mL  0.1087  0.9919 0.0561 0.9965 14.2411 0.9977




Table 4. Analysis of physicochemical and microbiological eraquality of the Apies River

Units Sampled water value | Guidelinevalue
Escherichia coli cfu/mL 12 Not detected
Faecal coliforms cfu/mL 55 Not detected
Total coliforms cfu/mL 80 <10
Salmonella spp. cfu/mL Absent/100 mL Not detected
Temperature °C 22.8 £0.56 <15
pH value pH units 7.6 £0.36 >5t0<9.7
Turbidity NTU 0.25 <1
Calcium mg/L Ca 31 <150
Chloride mg/L CI 31 <300
Fluoride mg/L F <0.2 <15
Magnesium mg/L Mg 18 <70
Nitrates mg/L N 2.7 <11
Sulphates mg/L SO 36 <500




Fig. 1. SEM micrographs of (a) chitosan and (b) Cts-Bemjpaosites.
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Fig. 2. FTIR spectraof chitosan and chitosan-Bentonite composites.
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Fig. 5. Breakthrough curves d. coli inactivation using Cts-Bent composites with vagyin
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Manuscript Highlights

» Chitosan composites provide an alternative solution for water disinfection

» Performance of chitosan composites through fixed bed column was investigated
» High efficient bacteria inactivation by chitosan composites

» Disinfection models describe experimental data adequately

* No bacteriawas observed in the effluent sample within the first 27 hours



