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Abstract

This work presents the first comprehensive investigation of natural organic mat-
ter (NOM) fraction removal using ceramic membranes in South Africa. The rate
of removal of bulk NOM (measured as UV,s, and DOC % removal), the biode-
gradable dissolved organic carbon (BDOC) fraction, polarity-based fractions, and
fluorescent dissolved organic carbon (FDOM) fractions was investigated from
water abstracted from drinking water treatment plants (WTPs) in South Africa.
Further, mechanisms of ceramic membrane fouling by waters of South Africa
were studied. Ceramic membranes removed more than 80% DOC from samples
from coastal WTPs, whereas for inland plants, the removal was between 60%
and 75% of DOC. FDOM was removed to at least 80% regardless of the site of the
plant. The BDOC removal by the ceramic membranes was above 85%. The
hydrophobic fraction was the most amenable to removal by ceramic membranes
regardless of the site of sample abstraction (above 60% for all sites). The fresh-
ness index (p:a) correlated strongly to UV,s, removal (R = 0.96), thus UV,s,
removal can serve as a proxy for the susceptibility to removal of such class of
NOM by ceramic membranes. This investigation demonstrated that ceramic
membranes could be a valuable technology if integrated into the existing WTPs.

Practitioner Points

« The removal of bulk parameters by ceramic membrane was greater than
unit conventional processes used in all the sampled water treatment plants.

« The hydrophobic polarity-based fraction of NOM was the most amenable to
removal by ceramic membranes regardless of the site of the WTP.

« Polarity-based fractions, aromaticity, and initial DOC had a combined influ-
ence on the removal of organic matter by ceramic membranes as explained
by principal component three.
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INTRODUCTION

South African water treatment plants employ the conven-
tional water treatment processes that include processes
such as coagulation/flocculation, disinfection, filtration,
and sedimentation. However, these traditional unit pro-
cesses do not efficiently remove natural organic matter
(NOM) (around 35% at conventional pH) (Tshindane
et al., 2019). Detrimental to water treatment and distribu-
tion, NOM is the major contributor to the fouling of
membranes, is a precursor to the formation of disinfec-
tion by-products (DBPs), impacts on the organoleptic
properties, accelerates the clogging of the pores of acti-
vated carbon, and thus decreases their efficiency, and cer-
tain fractions of NOM promote biological growth in the
distribution networks (Hua et al., 2015; Lobanga
et al., 2013; Lyon et al., 2014; Park et al., 2016). Therefore,
modifications of the existing water treatment methods or
adding new unit processes are required. Such methods
could include adsorption, catalysis methods including
photocatalysis and photo-Fenton catalysis, and mem-
brane technology.

Membrane technology has great promise for the bulk
removal of inorganic and organic pollutants in water.
Particularly, nanofiltration (NF) can efficiently remove
colloids, particulate matter, and pathogenic bacteria and
viruses from water (Metsimuuronen et al., 2014). NF
membranes can either be polymeric or ceramic. Although
polymeric membranes are generally cheaper than
ceramic membranes, they are limited by poor chemical
stability, low thermal resistance, diminished mechanical
robustness, a short life span, and limited recyclability
(Hofs et al., 2011; Pendergast & Hoek, 2011). Ceramic
membranes are porous inorganic materials synthesized
from oxides of aluminia, titania, zirconia, and of late sili-
con carbide (Shang, 2014). They are characterized by
high selectivity and ability to withstand thermally and
chemically aggressive environments (Hofs et al., 2011).
However, regardless of more than 20 years of use in the
water industry and other separation industries, research
on their selectivity in removing specific NOM fractions in
surface waters is still in its infancy. Moreover, besides
limited work from our research group, there is no any
other reported information on the use of ceramic mem-
branes for NOM removal from South African surface
waters.

Therefore, in order to effectively use ceramic mem-
branes in water treatment, it is paramount to understand
the character of NOM fractions found in source surface
waters and removal during membrane filtration. This
requires robust and sensitive analytical instrumentation
so as to investigate the character and treatability of NOM
by ceramic membranes in real time.

Current research uses properties such as biodegrad-
able dissolved organic carbon (BDOC), fluorescence
intensity, molecular weight, polarity, and UV absorption
to characterize NOM (Chen et al., 2017; He et al., 2013;
Li et al., 2017; Moyo et al., 2019). The BDOC fraction is
the fraction of NOM that is utilized by bacteria for
growth. The polarity of organic matter influences its pal-
atability for uptake by heterotrophic bacteria and is a
measure of the degree of chemical change caused by
ecological or engineered processes and other metabolic
processes (Krzeminski et al., 2019; Liao et al., 2015).
Low molecular weight hydrophilic fractions of NOM are
more palatable to bacteria than high molecular weight
hydrophobic fractions (Chen et al., 2014). Fluorescence
spectroscopy is a robust tool useful for characterizing
FDOM in various natural and engineered aquatic sys-
tems (Baghoth et al., 2010; Sanchez et al., 2013; Tijani
et al., 2014; Zhang et al., 2015). Fluorescence excitation—
emission matrix (FEEM) spectroscopy has the potential
to predict the removal efficiency of NOM during drink-
ing water treatment processes (Kastl et al., 2016; Li &
Hur, 2017; Wang & Benjamin, 2016). Coupled with mul-
tivariate statistical methods such as self-organizing maps
(SOM), principal component analysis (PCA), parallel fac-
tor analysis (PARAFAC), and fluorescence regional inte-
gration (FRI), FEEMs have been used to identify NOM
components and provide further insight into the fate of
NOM in diverse aquatic systems (Bieroza et al., 2011;
Henderson et al.,, 2009; Korak et al.,, 2013; Sanchez
et al., 2013).

Ceramic membranes have been in the water indus-
try for a period spanning more than two decades; how-
ever, little is known about their fouling behavior by
organic matter from “real waters.” The understanding
of fundamental fouling mechanisms involved during
the filtration process of surface waters is pivotal in
order to advance the use of ceramic membranes in
water treatment. This work seeks to investigate the
effectiveness of ceramic membrane filtration technology
in treating surface waters from different water quality
regions of South Africa. The objectives were to (1) char-
acterize the NOM found in the different region of
South Africa using DOC, UV,s,, FEEM, BDOC, polarity
fractions, and fluorescence indices; (2) investigate the
removal efficiency of the BDOC, DOC, FDOM, and
polarity-based fractions by ceramic membranes through
analysis of the differences in the feed and filtrate water
quality; (3) evaluate quality indices as predictors of
NOM removal that can be expected from South African
water quality types; and (4) use modeling techniques to
investigate the dominant fouling mechanism on ceramic
membranes by waters from different water quality
sources in South Africa.
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METHODS AND MATERIALS
Raw water sources

Five surface water sources, characteristic of the surface
water quality types found in South Africa, and serving
WTPs were selected (Figure 1): source water supplying
the Plettenberg Bay WTP, namely, Keurbooms River in
the Southern Cape (PL); Debose Dam, which supplies
Veolia WTP and serving Hermanus and parts of
Cape Town (H); source water supplying Midvaal WTP,
namely, the Vaal river in the North West province (MV);
Hezelmere River, which supplies Hezelmere WTP oper-
ated by Umngeni water treatment company serving the
greater Umngeni municipality (HL); and source water
supplying the Mpumalanga province and parts of
Polokwane City, namely, Lepelle River (OL). The coastal
plants sampled were H, PL, and HL, whereas the inland
plants were MV and OL.

Characterization of feed and permeate
water

Fluorescence, UV absorbance analysis, and
polarity fractionation of NOM

Fluorescence EEMs and absorbance spectra were
obtained using a fluorescence spectrometer (Aqualog,
HORIBA, Jobin Yvon) to measure the absorbance spectra
as well as the determination of EEMs. The applied
wavelength range of analysis was 200-800 nm at 2 nm
excitation intervals and in the wavelength range 248.58-
830.59 nm at 3.28 nm emission intervals. UV absorbance
at 254 nm (UV,s,) measurement of the permeates and
concentrate was carried out after every hour during the

FIGURE 1
surface water sources representing different

The location of selected

water quality regions of South Africa,
adapted from Chaukura et al. (2018).
*Coastal plants: H, PL, and HL. Inland
plants: MV and OL

Region F
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filtration experiments to determine UV transmission
through the membrane. The UV,s, transmission during
the filtration process was calculated as the UV,s, quotient
of permeate to that in the feed water.

The character of the three fractions (hydrophobic,
hydrophilic, transphilic) obtained through the polarity
rapid assessment method (PRAM) was also analyzed
using UV,s, measurement. The modified polarity rapid
assessment method (m-PRAM) was used to partition
NOM into three fractions, namely, the hydrophobic
(HPO), hydrophilic (HPI), and transphilic (TPI) fractions
(Nkambule et al., 2012). A full UV-Vis scan of samples in
all filtrate samples was performed for quality assurance
and quality control. Readings at representative wave-
lengths was recorded after each round of cleaning, which
included eluting 100 ml of deionized (DI) water.

Parameters such as SUVA were obtained by dividing
UV,s, absorbance by the corresponding DOC value of the
sample. Spectroscopic indices such as fluorescence index
(FI), freshness index (f: a), and humification index (HIX)
were calculated (Box 1).

BOX 1 Spectroscopic indices for NOM
characterization

L ) _UVss (em™)
SUVA (k) = CpsdEy %100

HIX = " Ius5-.480/ (D _I300—345 + D La3s—4s0)

FI = Emyz/Ems;o

f:a=Em380/max (Em420 — 435)

UV 354 Removal (%) = UVZSWE#‘),;%%P ermeate) y 100

UV 354 Transmission (%) = %’W}( 100

*Coastal

H - Debose Dam

PL - Keurbooms River
HL - Hezelmere River
®Inland

OL - Lepelle river

MV - Vaal river

Region A

Region D
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PARAFAC modeling of FDOM fraction data

The Aqualog instrument equipped with the SOLO soft-
ware (Eigenvector Inc.) was used to carry out the PARA-
FAC algorithm analysis following the method by
Ndiweni et al. (2019). In short, the EEM dataset is
decomposed into a set of trilinear terms and residual
array (Equation 1). The goodness of fit of the model and
the maximum fluorescence intensities (F,,,) Wwas
obtained through alternating least squares regression
procedure.

F
Xje = Y aybjcis + e (1)
=

wherei=1 ... ... Lj=1.... Jiandk=1.... K

The variable x;; is the ith sample fluorescence inten-
sity set at excitation—emission wavelength (k:j). The
parameter a; contained in the ith sample (score) varies
with the quantity of the fth fluorophore, and the
emission—excitation spectrum of the fth fluorophore is
given by the parameters b and ¢y respectively (load-
ings). The residual variables of model are denoted by the
variable e;;, The sum of components making up the fluo-
rophore is denoted by the variable F.

The identification of the fluorescent components
emanating from the model was cross-referenced against
those reported in literature using the OpenFluor database
(Murphy et al., 2014). It should be noted that the results
of the identification of components from the model and
cross-referenced are indicative not necessarily from the
same origin. The split half validation procedure
established four components. The F,,,, was used to quan-
tify the validated components from the feed, concentrate,
and permeate.

Determination of DOC and BDOC fractionation
of NOM

The organic carbon quantity of the BDOC fraction, raw,
and permeate of all samples was determined in triplicate
using a total organic carbon analyzer (TOC fusion, Tele-
dyne Tekmar). The procedure used by Moyo et al. (2020)
was followed in determining the BDOC. In brief, biologi-
cally active sand (BAS) inoculum was collected from the
filter beds of the respective WTP. Sodium thiosulphate
solution (0.1 M) was used to wash off excess carbon in
the BAS. A steady UV,s, absorbance was used as an indi-
cator for an effective wash. Thereafter, the BAS was
rinsed in DI water, and the supernatant analyzed for
fluorescence, UV,s, and DOC, the results of which were
used as the baseline. Aliquots of 100 g washed BAS were
placed in 500-ml Erlenmeyer flasks, and 300 ml of the

respective raw/permeate water samples was then added.
The flasks were then completely covered with aluminum
foil and incubated in a water bath set at 22°C for 5 days.
Daily measurements of fluorescence, UV,s,, and DOC
from each flask were conducted. Control solutions of glu-
cose (5, 8, and 10 mg L™ 1) dissolved in DI water was sub-
jected to the same experimental conditions.

Membrane and filtration equipment setup
Substrate membranes

Commercial ceramic NF membranes purchased from
TAMI, France, were used in these experiments. The
membranes had a disc configuration of 90 mm diameter,
2.5 mm thickness, 30% porosity, and an effective filtration
area of 0.00563 m%, and a molecular weight cutoff
(MWCO) was 450 Da. The active layer of the received
membranes was made of titanium dioxide, TiO,. The sep-
aration layer of the received membranes was made of
TiO, with a porosity of 30%, as described by the manufac-
turer, and the other layers are made of alumina (Al,O3).

Filtration equipment and operation

The membranes were housed in a circular disc mem-
brane module (TAMI, France), and the system was pres-
surized by altering the concentrate valve. The feed was
circulated by a pump operated at 1100-1180 rrp. Mea-
surements were run under a transmembrane pressure
(TMP) of 3 bar and a feed flow of 175 L/h. In the case of
DI water, permeates were collected at 10 min intervals
and weighed. In the case of the raw water feed, hourly
samples were collected from the feed and permeate side
for 8 h after equilibration.

Membrane fluxes and water temperature were moni-
tored. The flow rate was correlated to the sample mass,
and the flux and temperature-corrected permeability
were determined using mass flow equations (Box 2)
(Shang et al., 2017):

BOX 2 Mass flow equations

__ (Mye-M.)

(Ty+60) /1000
_ PrtPe
AP ==
= %
I =3
L _ J ir 71.270.0239 (T—20)
‘p,200C — APp* E - AP
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where vy is the flow rate; M,. and M, are the mass (g) of
the sample container plus permeate sample and the mass
(g) of the empty container, respectively; Tyis the tempera-
ture of water (°C), AP is the measured TMP (bar); Py (bar)
is the feed pressure and P, (bar) is the concentrate pres-
sure; J is the measured membrane flux (Lm 2 h™%); A is
the effective membrane filtration area; L, 2°c is the per-
meability at 20°C (Lm 2h~'bar~'); and 7, and 7 are the
permeate viscosity at 20°C and at the measured water
temperature.

Determination of fouling resistance

The resistance-in-series model gives the best description
of membrane fouling behavior (Equation 2):

TMP
Rt:Rm +Rf:Rm +Rrev+Rirr:”—J (2>

where R; denotes the summation of all resistance during
the membrane process (m™'); the intrinsic membrane
resistance is denoted by R,, (m™'); fouling resistance due
to fouling resistance is represented by Ry (m™), including
irreversible and reversible resistance (R;, and R,
respectively); the transmembrane pressure is denoted by
TMP, which was held constant at 3 bar in these experi-
ments; the permeate flux is represented by J (m*/m? s);
the dynamic viscosity was represented by the variable u
(Pa-s); and J is the permeate flux of the membrane during
the filtration process (m>/m? s).

The intrinsic membrane resistance R, was calcu-
lated by determining pure water flux at the onset of
the experiment. Thereafter, the total resistance (Ry) of
the membranes was determined by filtering for 8 h var-
ious feed streams of the surface waters. The permeate
mass was recorded at 5-min intervals. The normalized
form (R#/R,,) was used to express the total fouling
resistance.

Determination of fouling mechanisms

The fouling mechanisms were determined using the
model equations in Box 3. The goodness of fit (R°) of the
plot of time () versus Ln (Ji) in the first 2 h was used as
a measure of dominancy of complete blocking mecha-
nism. The goodness of fit (R) in the first 2 h of the plot of
time (¢) versus (%) — 1 was used as a measure of domina-
ncy of standard blocking mechanism. The goodness of
fit (R®) between 2 and 4 h of the plot of time (f) versus
(]—") —1 was used as a measure of dominancy of interme-

7
diate blocking mechanism. The goodness of fit (R°) in the
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BOX 3 Models to describe fouling
mechanisms: (1) complete blocking,

(2) standard blocking, (3) intermediate
blocking, and (4) cake filtration, respectively
(de Angelis et al., 2013)

(1) ]:J()eiAt A :KAMO
__J —_
(2) J= (1+(l]3t)2 B 7KBM0
J
3).J= (1+0At)
(4).J= J]ﬁcr C=(2R/)K,uo

last 2 h of the plot of time (¢) versus (]J—")Z —1 was used as
a measure of dominancy of cake filtration mechanism.

where the initial and final flux are represented by J,
and J, respectively; u, denotes the mean initial filtrate
velocity; R, represents the proportion of resistance of the
cake to that of the clean membrane; K, is the ratio of the
membrane surface blocked to the total volume perme-
ated; K denotes the reduction in cross-sectional area of
the pores due to the particles deposited on the walls per
unit of total permeate volume; and K¢ is total permeate
volume per unit of membrane area.

RESULTS AND DISCUSSION

Removal of bulk parameters by ceramic
membranes

The UV,s; removal by the ceramic membranes was
largely constant over time for all WTPs (Figure 2a). This
demonstrates the chemical stability and mechanical
strength of ceramic membrane operation over time
treating water of different physicochemical properties
(Table 1). Notably, coastal plants (H and PL) had the
highest values for UV,s, removal (both 80% on average),
and UV,s, removal by inland plants was in the range
55%-60%. The lower UV,s, removal in inland plants was
due to the character of NOM that was probably largely
non-UV absorbing and composed mainly of polysaccha-
rides. Interestingly, a similar trend was observed with
DOC removal (Figure 2b). Coastal plants (PL and H)
removed more than 80% of DOC, whereas inland plants
removed between 60% and 75%. Initial UV,s, values for
coastal plants were 0.17, 0.29, and 0.41 cm~! for HL, H,
and PL, respectively, whereas inland plants had UV,s,
values of 0.14 and 0.21 cm ! for OL and MV, respec-
tively. Remarkably, the UV,s; removal efficiency
followed the order of magnitude of UV,s; values at
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Bulk parameter removal by ceramic membranes: (a) UV,s, removal; (b) DOC removal; (c) correlation between initial DOC

and DOC removals and (d) correlation between initial UV,s, and DOC removal. Experimental conditions: permeate sampling time: every
hour; treatment time: 8 h; TMP: 3 bar; Flux: 130 LMH. Sites: H, Debose Dam; PL, Keubooms River; HL, Hezelmere River; MV, Vaal River;

OL, Lepelle River

respective sources. UV,s, is a measure of aromaticity of
NOM; therefore, the results suggest that ceramic mem-
branes are selective depending on the aromaticity of
NOM. This finding serves as a prediction tool by water
treatment companies to forecast the removal efficiency of
NOM by determining the UV,s, values of the source
waters.

Figure 2c shows the observed relationship between
the initial DOC values of the feed waters and the rate of
DOC removal by the ceramic membranes. A poor correla-
tion was observed (R? = 0.16) between the initial DOC
and rate of DOC removal, suggesting the rate of removal
of bulk DOC is not entirely dependent on the quantity of
DOC in the water sample. Other factors influencing the
removal of DOC could be at play, such as the physico-
chemical characteristics of the NOM in the sample; the
physicochemical characteristic of the membrane separa-
tion layer; the hydrodynamic properties, including flow
rate, TMP; and feed water chemistry, including pH and
ionic strength (Metsdmuuronen et al., 2014). Therefore, it
is not enough to assume greater or lesser removal based

on the initial DOC values alone; there is need for in-
depth study of the chemistry of NOM in the feed waters
to predict removal by ceramic membranes. This is the
premise of this study.

Figure 2d shows the observed relationship between
the initial UV,s, and the rate of DOC rejections by the
ceramic membranes. A modest correlation was observed
(R® = 0.62) between the initial UV,s, and rate of DOC
rejections, suggesting that the rejection mechanisms for
DOC and UV,s, correlate to a moderate extent. UV,sy
reflects aromatic and chromophoric NOM, whereas DOC
reflects all carbon in a water sampling (including chro-
mophoric and non-chromophoric NOM). Therefore, the
modest correlation could be attributed to the NOM char-
acteristics and selective pressures applied on ceramic
membranes for NOM treatment.

The SUVA values for the coastal plants were 5.97,
4.97, and 3.97 for PL, H, and HL, respectively, whereas
for the inland plants, they were in the range 2-4
(Figure 3). Strong correlations existed between initial
SUVA and the rate of DOC removal by the ceramic
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TABLE 1 Summary of initial/raw water quality information for the sites with relevant measured parameters
H PL HL MV OL
pH 5.39 + 0.3 6.14 + 0.4 6.51 + 0.1 7.47 £ 0.3 7.48 +0.2
Conductivity (uS/m) 315 + 14 176 + 13 179 + 11 448 + 10 624 + 13
UV,s (cm™) 0.287 + 0.03 0.411 + 0.02 0.168 + 0.01 0.206 + 0.01 0.144 + 0.02
DOC (mg/L.C.) 5.803 + 0.08 6.892 + 0.02 4.232 + 0.07 6.180 + 0.06 3.676 + 0.04
BDOC (mg/L.C.) 1.451 + 0.05 0.882 + 0.02 1.058 + 0.01 1.300 + 0.04 0.772 + 0.03
Froax (a0.)
(o} 0.008 =+ 0.0002 0.007 + 0.0003 0.006 + 0.0001 0.005 + 0.0002 0.006 + 0.0002
C, 0.006 =+ 0.0001 0.005 + 0.0004 0.005 + 0.0003 0.004 + 0.0002 0.005 + 0.0003
Cs 0.005 =+ 0.0003 0.003 + 0.0004 0.003 + 0.0002 0.003 + 0.0002 0.004 + 0.0002
C, 0.002 + 0.0002 0.002 + 0.0001 0.001 + 0.0002 0.001 + 0.0001 0.002 + 0.0001
Polarity-based fractions (cm™ %)
HPO 0.082 + 0.003 0.126 + 0.002 0.044 + 0.001 0.068 + 0.005 0.045 + 0.004
HPI 0.056 + 0.002 0.084 + 0.003 0.029 + 0.001 0.045 + 0.002 0.031 + 0.001
TPI 0.042 + 0.001 0.063 + 0.003 0.022 + 0.001 0.035 + 0.002 0.024 + 0.001
Spectroscopic indices
SUVA 4.974 + 0.003 5.966 =+ 0.002 3.977 + 0.001 3.331 + 0.003 3.910 =+ 0.001
HIX 0.942 + 0.03 0.921 + 0.06 0.890 + 0.05 0.870 + 0.03 0.811 + 0.01
FI 1.366+ + 0.06 1.360 + 0.01 1.604 + 0.04 1.530 + 0.06 1.746 + 0.03
B:ot 0.455 + 0.05 0.429 + 0.03 0.694 + 0.04 0.628 + 0.08 0.822 + 0.03
95_‘ R2 =0.89 is an indication of the predominance of non-humics, low
molecular mass compounds and hydrophilicity. SUVA
90 | % /[ between 2 and 4 is exhibited by water that contains
1 [ R ’ roughly an equal mixture of hydrophobic and hydrophilic
. i L7 moieties (Nkambule et al., 2012). Therefore, the results
°_3 ao-‘ L7 - suggest ceramic membranes are particularly selective to
g 1 I hydrophobic NOM as demonstrated by high DOC and
E 751 1 g UV,s; removals by coastal plants. However, extant
5 - 7 - research has demonstrated that rejection by NF mem-
8 | L ’{ branes is a physical rejection process determined mainly
65+ R by the pore size (Chae et al., 2015; Fang et al., 2018).
so-. f . Therefore, the high DOC and UV,s; removals in the
) coastal plants can only point to larger molecular sizes of
55 — T T T the NOM in those regions, not necessarily implying
30 38 4.0 45 50 58 6.0 higher hydrophobicity, namely, greater rejection by the
Initial SUVA (L.mg"".cm”) ceramic NF membranes. Therefore, the selectivity to
FIGURE 3 Correlation of the initial SUVA with DOC removal. hydrophobic NOM removal by the ceramic membranes

Experimental conditions: treatment time: 8 h; TMP: 3 bar; flux:
130 LMH. Pooled data from sites: H, Debose Dam; PL, Keubooms
River; HL, Hezelmere River; MV, Vaal River; OL, Lepelle River

membranes (R = 0.89) (Figure 3). These results were
expected because SUVA is a quotient of UV,s, absorbance
and DOC of the sample. Research has shown that
SUVA > 4 indicates high hydrophobicity and SUVA < 2

deserves further investigation. In general, the hydrophilic
fraction of NOM is reported to be recalcitrant to removal
by membrane technology compared with the hydropho-
bic fraction (Metsimuuronen et al., 2014).

Our previous research efforts were directed toward
investigating the removal efficiencies of DOC using con-
ventional methods (coagulation, sedimentation, filtra-
tion, and disinfection) at South African plants including
those being investigated in the current research study,



sty | ywwater

MOYO Er AL.

ENVIRONMENT RESEARCH

and DOC removal efficiencies were in the range —35%—
48% (Tshindane et al., 2019). The current study has dem-
onstrated DOC removal efficiency of between 60% and
80%; therefore, integrating ceramic membrane technol-
ogy with the conventional methods should result in
greater DOC removal.

Excitation (nm)

600

Excitation (nm)

(e

95

90 4

(%)

F __Removal

3
£ 85

80
H HL Mv

FIGURE 4

Removal of fluorescent fractions by ceramic
membranes

Components representing universal variance were

achieved by pooling EEM data from all sources and
inputting into the PARAFAC model. Therefore, the

Excitation (nm)

oL PL

Output of the validated components from the PARAFAC model (a) (CI), (b) (C2), (c) (C3), and (d) (C4), and (e) the F,qx

removal efficiency by ceramic membranes. Experimental conditions: treatment time: 8 h; TMP: 3 bar; flux: 130 LMH. Sites: H, Debose Dam;
PL, Keubooms River; HL, Hezelmere River; MV, Vaal River; OL, Lepelle River
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produced model culminated from diverse data points.
The graphical representation of components is shown in
Figure 4a-d. The identification of components was deter-
mined by comparing with those in the OpenFluor data-
base that give similarity scores greater than 0.97
(Table 2). All fractions were removed to at least 80% of
FDOM regardless of the location of the plant. This sug-
gests ceramic membranes have high selectivity toward
the removal of fluorescent NOM fractions. Raw water
from coastal plants had a yellowish-brown coloration,
characteristic of the presence of humic and fulvic acid
matter. This finding was further corroborated by high
Fpox for components C2 and C3. Notwithstanding, the
removal efficiency of these components was strikingly in

ENVIRONMENT RESEARCH

the same range as the other plants, suggesting pollutant
loading had no bearing on the efficiency of their removal
by ceramic membranes. Further studies should investi-
gate the dependence of produced water quality and pol-
lutant loads in terms of character and quantity.

Removal of BDOC fractions

The removal of BDOC by the ceramic membranes was
above 85% with coastal plants—PL (96%) and H (97%)
having the highest removal rate (Figure 5a). Similar rates
of BDOC removal (>90%) by NF membranes have been
reported (Escobar & Randall, 2001). Fraction of BDOC

TABLE 2 Identification of the derived components from the PARAFAC model

Reference

Component identity

Reprocessed organic matter, terrestrial humic like
Photo degradation by-products mimicking humic-

Soil-derived fulvic acid-like

Conjugated macromolecular substances of
terrestrial origin exhibiting aromatic humic
acid-like character

Tryptophan-like, protein

Component Similarity score
C1 0.97
max Ex/Em 316/240(292) 0.98
like matter
C2 0.98
max Ex/Em 336/240(348)
C3 0.97 Humic acid-like
max Ex/Em 364/240(450) 0.98
C4 0.99
max Ex/Em 270/270 0.98 Tryptophan-like

100

(a)

(b)

100

Wiinsch et al. (2017)
Osburn et al. (2012)

Osburn et al. (2016)

Cawley et al. (2012)
Osburn et al. (2012)

Murphy et al. (2011)
Yamashita et al. (2011)

Initial BDOC (mg.L" C)

- R2 =1E-5
80 4 { I
95 1
£ £
S 60+ 3
g g |
© [~]
£ £ F-ae__
Q Q S-—a
€ 4] € 904  TTe-- -
Iy o ---
o] <] i -
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@ @
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85
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FIGURE 5 Dynamics of BDOC removal (a) BDOC removal by ceramic membrane at respective sites; (b) correlation of BDOC removal
with initial BDOC. BDOC removal (%): 97, 89, 87, 92, and 96 for H, HL, MV, OL, and PL, respectively. Experimental conditions: treatment
time: 8 h; TMP: 3 bar; flux: 130 LMH. Sites: H, Debose Dam; PL, Keubooms River; HL, Hezelmere River; MV, Vaal River; OL, Lepelle River
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making up the initial DOC was in the range 20%-25%
(Table 1). The relationship between the BDOC in the
respective sample correlated well with the initial DOC in
the same sample (R° = 0.85). The good correlation was
because of the similar technique of analysis and treat-
ment using the total organic carbon analyzer. Interest-
ingly, the trend in the removal efficiencies of BDOC
removal by ceramic membranes correlated poorly to the
initial BDOC in the feed water (R*> = 1E-5) (Figure 5b).
Similarly, a poor correlation was observed between rate
of DOC and initial DOC in the water sample
(Section 3.1). Besides the fact both parameters use similar
technique of analysis, the results suggest the rate of
removal of DOC making of the BDOC fraction is not
entirely dependent on the quantity of BDOC in the water
sample. Other factors influencing the removal of DOC
are at play, such as the physicochemical characteristics of
the BDOC fraction in the sample; the physicochemical
characteristic of the membrane separation layer; the
hydrodynamic properties, including flow rate, TMP; and
feed water chemistry, including pH and ionic strength
(Metsdmuuronen et al., 2014). However, the good corre-
lation between the rate of BDOC and initial DOC implies
that the removal of DOC can be a predictor of BDOC
removal by ceramic membranes for the sampled water.
The management of the BDOC fraction is important
because it potentially causes bacterial regrowth in the
water distribution system (Terry & Summers, 2018). The
BDOC fraction is also responsible for the alteration of the
physicochemical properties of treated water, affecting the
taste and odor, elevating turbidity, causing loss of resid-
ual chlorine, and subsequently increasing the formation
of DBPs (Li et al., 2017; Vital et al., 2010).

However, it should be noted that the use of
membrane-based filtration methods does not completely

Polarity Fraction Removal (%)

FIGURE 6

obliterate posttreatment microbial proliferation. This is
because of the passage of the assimilable organic carbon
fraction (AOC) through the pores of the membrane even
in the NF range (1-10 nm). The AOC represents the low
molecular DOC fraction assimilated by specific strains of
bacteria for growth, whereas BDOC is a measure of the
gross amount of DOC that is biodegraded over a fixed
time frame by a microflora of bacteria suspended or fixed
on media such as glass beads (Marais et al., 2017). It is
vital to measure BDOC because it gives an indication of
the potential of bacterial proliferation in the distribution.
Ceramic membranes in the NF range are capable of phys-
ically removing bacterial cells; however, nutrients benefi-
cial for the bacterial growth and proliferation can easily
pass through NF membranes and promote recolonisation
in the distribution system (Nescerecka et al., 2018).

Removal of NOM polarity-based fractions

The HPO fraction was the most amenable to removal,
whereas the hydrophilic fraction was the least removed
30%-47% by ceramic membranes regardless of the loca-
tion of the WTP (above 60% for all sites) (Figure 6a). The
HPI fraction is characterized by a low molecular weight
and low C/O ratio, indicative of less aromatic carbon con-
tent (Lavonen, 2015). The HPO fraction is removed from
at least 60% by ceramic membranes regardless of the
location of the WTP. The high removal of the HPO frac-
tion is usually enhanced when the membrane is charged
due to charge repulsion between the membrane and the
carboxylic and phenolic groups whose pK, values are in
the range 2.5 and 5, whereas the phenolic hydrogens
have pK, values around 9 and 10 (Virtanen et al., 2018).
As a result, HPO fractions are negatively charged due to

(b)

80 4
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NOM polarity fraction removal by ceramic membranes; (b) correlation between HPO removal with UV,s, removal by

ceramic membranes. Experimental conditions: permeate sampling time: every hour; treatment time: 8 h; TMP: 3 bar; flux: 130 LMH.
Sites: H, Debose Dam; PL, Keubooms River; HL, Hezelmere River; MV, Vaal River; OL, Lepelle River
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ionization of carboxylic groups in the pH range of natural
waters (Metsimuuronen et al., 2014). Further, HPO frac-
tions have a quasi-linear molecular configuration due to
intra-charge repulsion caused by the ionized carboxylic
groups (Metsamuuronen et al, 2014; Zularisam
et al., 2007). Besides charge repulsion, steric repulsion
can play a role in the high rejection of HPO compared
with HPI fraction (Trubetskaya et al., 2016).

The removal efficiency for the HPO fraction had a
modest correlation with the initial UV,s, (R® = 0.81)
(Figure 6b). Because UV,s, is a measure of aromaticity
and the HPO fraction is composed of aromatic groups
with conjugated structures, it was expected that a linear
relationship should exist between the initial UV,s, and
HPO removal.

The distribution of polarity fractions of the raw water
ranged 20%-24%, 28%-31%, and 42%-45% for TPI, HPI
and HPO, respectively (Table 1). These results corrobo-
rate previously reported studies, which reported NOM in
surface water consists of about 50% HPO, the HPI frac-
tion contributing between 25% and 40% and the TPI frac-
tion occupying the remainder (Knowles, 2011).
Interestingly, polarity-based fraction removal correlated
modestly with the initial DOC (R? = 0.78, 0.77, and 0.77
for HPO, HPI, and TPI, respectively) (Figure 7). There-
fore, to some extent, initial DOC can be a measure of the

removal of polarity-based fractions by ceramic
membranes.
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FIGURE 7
removal by ceramic membranes. Experimental conditions:

Correlation of polarity based fractions and DOC

permeate sampling time: every hour; treatment time: 8 h; TMP:

3 bar; flux: 130 LMH. Pooled data from sites: H, Debose Dam; PL,
Keubooms River; HL, Hezelmere River; MV, Vaal River; OL,
Lepelle River
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Correlation of fluorescent indices at source
to removal of bulk parameters by ceramic
membranes

UV,s, removal by ceramic membranes and HIX of the
feed showed a good correlation (R® = 0.75) (Figure 8a).
The humification index is reported to be good predictor
of NOM removal efficiency (He et al.,, 2013; Lidén
et al., 2017). Surface waters with high humic substance
content are characterized by high HIX value
(Shang, 2014). Therefore, high HIX content water is
equally susceptible to removal as waters containing
high humic substances can be easily removed by mem-
branes (Shang, 2014). This investigation confirms the
aforementioned assertion, whereby higher HIX values
corresponded to high UV removal (Figure 8a). A strong
correlation between FI and UV,s, was established
(R° =0.93) (Figure 8b). Terrestrially derived NOM
(FI ~ 1.7) susceptibility to removal by ceramic mem-
branes is less than that of microbial derived NOM
(FI ~ 1.4) (Figure 8b). A previous study reported similar
findings that when the FI index of raw water was
greater than 1.5, the NOM in that water was less sus-
ceptible to removal by ultrafiltration membranes (Lidén
et al., 2017). A strong correlation was observed between
the freshness index (f:) and UV,s, removal (R® = 0.96)
(Figure 8c). Surface water containing aged and con-
densed humic substances is characterized by low pf:a;
such water is amenable to removal by coagulation or
membrane filtration (Lidén et al., 2017). The high corre-
lation of FI and p:a with UV,s, removal can be traced to
the character of NOM with microbial derived NOM hav-
ing the greatest influence to the extent of removal by
ceramic membranes. However, very poor correlations
existed between the spectroscopic indices and DOC
removal by ceramic membranes (R® = 0.33, 0.41, and
0.47 for HIX, FI, and f:a, respectively) (Figure 8d,e). The
poor correlation affirms the fact that the indices describe
portions of the DOC (hence the heterogeneity) not neces-
sarily representative of all the organic matter in the
sample.

Figure 9 shows a poor correlation of polarity based
fraction removal and HIX of the feed water (R2 =0.42,
0.42, and 0.41 for HPO, HPI, and TPI, respectively).
However, modest correlations existed between polarity
fractions and FI of the feed water (R’ = 0.72, 0.72, and
0.71 for HPO, HPI, and TPI, respectively) again with
p:a of the feed water (R2:O.77; 0.77 and 0.76 for
HPO, HPI, and TPI, respectively). Therefore, FI and
p:a of the feed can be a good predictor of the extent
of polarity-based fraction removal by ceramic
membranes.
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UV,s4. Experimental conditions: permeate sampling time: every hour; treatment time: 8 h; TMP: 3 bar; flux: 130 LMH. Pooled data from
sites: H, Debose Dam; PL, Keubooms River; HL, Hezelmere River; MV, Vaal River; OL, Lepelle River

Influence of initial water quality
parameters on DOC removal by ceramic
membranes

Pearson correlation

Raw water quality parameters influences on the effi-
ciency of DOC removal by the ceramic membranes was
tested using Pearson correlation matrix (Table 3). Positive
correlations existed between DOC removal and UV,sy
(r=0.79) and SUVA (r = 0.94). Further, DOC removal
had positive correlations with polarity-based fractions:
HPO (r = 0.65), HPI (r = 0.75), and TPI (r = 0.73). Inter-
estingly, spectroscopic indices such as FI and f:a had
negative correlations with DOC removal (r = —0.64 and
—0.69, respectively), whereas HIX had a positive

correlation with DOC removal by ceramic membranes
(r =0.57).

As demonstrated in Section 3.1, the quantity of DOC
in the sample is not sufficient as a predictor for the rate
of DOC removal; rather, other factors such as the chemis-
try of the organic matter in the feed water can have a
bearing on the rate of DOC removal. As shown here, the
rate of DOC removal correlated well with polarity-based
fractions. Further, previous studies report terrestrially
derived NOM (FI = 1.7) susceptibility to removal by
ceramic membranes is less than that of microbial derived
NOM (FI~1.4) (Lidén et al., 2017). In this study, FI
ranged from 1.3 to 1.7, suggesting a lower propensity to
removal by ceramic membranes, conversely resulting in a
negative correlation with the rate of DOC removal. A pre-
vious study reported similar findings that when the FI
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Correlations of spectroscopic indices with polarity based fraction removals: (a) HIX and polarity based fractions; (b) FI and

polarity-based fractions and (c) f:a and polarity based fractions. Experimental conditions: permeate sampling time: every hour; treatment
time: 8 hours; TMP: 3 bar; flux: 130 LMH. Pooled data from sites: H, Debose Dam; PL, Keubooms River; HL, Hezelmere River; MV, Vaal
River; OL, Lepelle River

TABLE 3

DOC removal
Initial DOC
Initial UV254
Initial BDOC
Initial SUVA
HIX of feed
FI of feed

B:o of feed
HPO of feed
HPI of feed
TPI of feed

index of raw water was greater than 1.5, the NOM in that
water was less susceptible to removal by ultrafiltration
membranes (Lidén et al., 2017). Surface water containing

DOC Initial Initial  Initial

removal DOC UV254 BDOC
0.403 =
0.788 0.849 -

—0.086 0.382 0.062 =
0.944 0.546 0.905 —0.148
0.574 0.684 0.734 0.584

—0.643 —0.880 —0.885 —0.511

—0.688 —0.877 —0.914  —0.453
0.652 0.921 0.882 0.450
0.748 0.875 0.988 0.030
0.733 0.883 0.984 0.031

Initial
SUVA

0.655
—0.726
—0.771

0.683

0.860

0.846

HIX of
feed

—0.933
—-0.921
0.760
0.647
0.635

FI of p:ax of
feed feed
0.997 -
—0.938 —0.942
—0.848 —0.877
—0.842 —-0.871

Pearson correlations testing the influence of initial water parameters on DOC removal by ceramic membranes

HPO of HPIof TPIof
feed feed feed
0.893 -

0.895 1.000 -

aged and condensed humic substances is characterized
by low P:a; such water is amenable to removal by coagu-
lation or membrane filtration (Lidén, 2017). The poor
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correlations existed between the spectroscopic indices
and DOC removal affirms the fact that the indices
describe portions of the DOC (hence the heterogeneity)
not necessarily representative of all the organic matter in
the sample.

The understanding of fundamental fouling mecha-
nisms involved during the filtration process of surface
waters is pivotal in order to advance the use of ceramic
membranes in water treatment. From Table 1, it can be
noted that coastal plants had relatively high initial DOC,
UV,s4, and SUVA values compared with the inland
plants. Further, in this work, we have established the
influence of raw water quality parameters on DOC
removal, and we have noted interesting correlations such
as that of polarity-based fractions of the raw water having
a bearing on the DOC removal. The next section delves
on the role of such fractions on fouling mechanisms on
ceramic membranes and how they can be used as predic-
tors for the extent of fouling.

Loss of permeate flux and fouling
mechanism of different waters on ceramic
membranes

The effect of the physicochemical properties of water on
fouling resistance is shown in Figure 10a. Plants MV and
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FIGURE 10

UV, transmission (%)

PL had the similar rates of fouling in the first 75 min,
followed by a steady state for the subsequent 30-40 min.
However, the rate of UV transmission was different
within the same time frames for both plants (Figure 10b).
UV transmission decreased for MV although it remained
constant for PL. This suggests the mechanism of fouling
was different, probably depending on the character of
NOM in each of the sites. Several theoretical models of
flow reduction based on blocking mechanisms have been
proposed (de Angelis et al, 2013; Lee et al., 2013;
Mohammad et al., 2015; Teychene et al., 2016). These
models describe four possible mechanisms, namely, cake
filtration, complete blocking, intermediate blocking, and
standard blocking. Usually, individual models cannot
completely explain the variation of flux with time, but
rather a combination of mechanisms is present.

The size of the solutes relative to the pores of the
membrane determines the extent and progression of each
mechanism. For molecules smaller than the mean pore
size of the membrane, intermediate blocking is expected
to dominate the fouling at the initial phase, and the sub-
sequent stage is dominated by cake filtration fouling
mechanism (de Angelis et al., 2013). The dominant foul-
ing mechanisms for PL were intermediate fouling and
cake filtration (R of 0.85 and 0.83, respectively)
(Table 4). Thus, the UV transmission was constant
because after intermediate fouling the cake layer did not
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- |
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30
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(a) Fouling resistance development during filtration of water from different sites and (b) UV-Vis transmission during

filtration of waters from different sites. Experimental conditions: permeate sampling: every hour; treatment time: 8 h; TMP: 3 bar; flux:
130 LMH. Sites: H, Debose Dam; PL, Keubooms River; HL, Hezelmere River; MV, Vaal River; OL, Lepelle River

Summary of the closeness of fit (R?) of different fouling mechanism of water collected in different regions of South Africa

TABLE 4
Complete blocking Standard blocking
H 0.24 0.23
MV 0.94 0.94
HL 0.96 0.89
PL 0.40 0.40
OL 0.42 0.41

Cake filtration Intermediate blocking
0.78 0.68
0.98 0.79
0.80 0.65
0.83 0.85
0.97 0.90
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allow any further significant amounts of NOM to pass
though the membrane. For MV, all fouling mechanisms
had almost equal contribution on fouling (for complete
blocking, standard blocking, cake filtration, and interme-
diate blocking, with R’ =0.94, 0.94, 0.98, and 0.79,
respectively). However, the UV transmission of MV was
higher than that of PL, implying fouling was severe with
PL than MV.

Plants H, HL, and OL showed similar fouling rates in
the first 3 h (Figure 10a). However, the rates of UV trans-
mission at that time frame were different. Complete
blocking and standard fouling were the dominant fouling
mechanisms for HL (R® =0.96 and 0.89, respectively)
(Table 4). As the buildup of fouling progressed, the UV
transmission in the first 3 h increased, suggesting NOM
particles smaller than the pores of the membranes were
passing through, and HL probably had NOM molecules
small enough to pass through the pores compared with
NOM from other sites. Further verification of the molecu-
lar size distribution of NOM found in these sites should
be investigated.

Whereas for OL and H there was a constant UV trans-
mission within the first 3 h and there was an initial
increase in UV transmission for HL, implying cake filtra-
tion was the least fouling mechanism within that time
frame (Figure 10b). However, UV transmission for OL
was higher than for all the other sites, implying OL least
fouled the ceramic membranes compared to the other
sites. Complete blocking (R’ = 0.24 and 0.42 for H and
OL, respectively) and standard blocking (R° = 0.23 and
0.41 for H and OL, respectively) were the least fouling
mechanisms for H and OL. Intermediate blocking
(R’ = 0.68 and 0.90 for H and OL, respectively) and cake
filtration (R° = 0.78 and 0.97 for H and OL, respectively)
were the dominant fouling mechanisms. This implies for
H and OL an initial phase dominated by intermediate
blocking was followed by a transition to cake filtration at
a subsequent stage in the filtration process.

Influence of initial water quality
parameters on the extent of fouling

Pearson correlation analysis

Raw water quality parameters influences on the main
fouling mechanisms (cake filtration and complete block-
ing) and fouling resistance was tested using Pearson cor-
relation matrix (Table 5). There was a negative
correlation between the models of fouling and the rate of
DOC removal (r = —0.59 for cake filtration and —0.89 for
complete blocking), suggesting, as the DOC was being
removed, it did not necessarily imply the organic matter

was settling on the ceramic membrane surface and
influencing the formation of a cake layer or complete
blocking; specifically, rather all fouling mechanisms were
at play. Very weak negative correlations were observed
between the initial DOC and fouling models (r = —0.19
and —0.16 for cake filtration and complete blocking,
respectively); further, a weakly negative correlation was
observed between initial DOC and fouling resistance
(r = —0.03). These findings suggest fouling is not purely
depended on the quantity of DOC, but other factors such
as hydrodynamic parameters such as transmembrane
pressure; flow rate; solution physicochemical properties
such as pH, ionic strength and temperature; and mem-
brane properties such as hydrophilicity and pore size
(Tylkowski & Tsibranska, 2015).

Positive correlations were observed between the foul-
ing models and spectroscopic indices such as FI (r = 0.61
and 0.37 for cake filtration and complete blocking,
respectively) and f:a (r = 0.61 and 0.41 for cake filtration
and complete blocking, respectively). Again, positive cor-
relations were observed between fouling resistance and
spectroscopic indices such as FI (r=0.33) and f:a
(r=0.37). Interestingly, negative correlations existed
between cake filtration fouling indices and polarity based
fractions (r = —0.34, —0.33, and —0.31 for HPO, HPI, and
TPI, respectively) and similarly between complete block-
ing and polarity based fractions (r = —0.5, —0.5, and
—0.49 for HPO, HPI, and TPI, respectively). This implies
polarity on its own was not a strong factor in influencing
fouling. These results reiterate the multifaceted nature of
fouling by organic matter found in surface waters.

CONCLUSION

The rate of removal of bulk NOM (measured as UV,sy,
and DOC removal), the BDOC fraction, polarity fractions,
and FDOM fractions was investigated, and the key find-
ings were as follows:

1. Ceramic membranes were more effective in removing
bulk NOM for coastal plants than inland plants
mainly because coastal had relatively high DOC
values compared with inland plants.

2. The removal of FDOM did not depend on the location
of the WTP.

3. The removal of BDOC was high for coastal plants and
correlated well with DOC removal. Thus, DOC
removal can be an indicator to predict BDOC
removal.

4. The HPO fraction was the most amenable to removal
by ceramic membranes regardless of the site of the
WTP. UV transmission for OL was higher than all the
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other sites, implying OL waters least fouled the
ceramic membranes compared with the other sites.

This investigation revealed the dynamics of NOM fraction
removal by ceramic membranes, specific to
South African waters, and the results serve as an initial
appraisal for the application of ceramic membranes in
removing NOM fractions in South Africa.
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