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Fundamental fouling mechanisms of dissolved organic
matter fractions and their implications on the surface
modifications of ceramic nanofiltration membranes:
insights from a lahoratory scale application

Welldone Moyo, Machawe M. Motsa, Nhamo Chaukura,
Titus A. M. Msagati, Bhekie B. Mamba WA, Sebastiaan G. J. Heijman
and Thabo T. I. Nkambule

ABSTRACT

This work reports on the fundamental factors influencing inter-foulant and foulant-membrane
interactions during simulated dissolved organic matter removal using ceramic nanofiltration. Fouling
tests were performed using sodium alginate (SAL), humic acid (HA) and bovine serum albumin (BSA)
as model foulants. Fouling potentials of each foulant and their mixtures were investigated using feed
solutions containing fixed concentrations of K*, Na*, Mg>" and Ca®* with a total ionic strength of
10 mM. The impact of modification by atomic layer deposition on fouling mitigation was also
assessed. The flux decline in the first 100 min for single foulants was 4.16 x 1072, 2.69 x 1072 and
1.60x 1072 Lm~2 for SAL, HA and BSA, respectively. These results demonstrated that for the single
foulants, deposition on the membrane surface in the early stages of filtration was primarily governed
by membrane-foulant interactions. Interestingly, cake filtration was the least fouling mechanism in
feed solutions composed of BSA and SAL (RZ =0.519, 0.374 for BSA + SAL and BSA + SAL + HA,
respectively) and the most favorable fouling mechanism of feed solution which included HA and SAL
(R? =0.972). The water contact angle dropped from 58° to 35° after coating, thus improving its
anti-fouling properties.
Key words | atomic layer deposition, ceramic membrane, dissolved organic matter, membrane
fouling, nanofiltration
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There is a continual deposition and accumulation of organic
and inorganic substances in the aquatic systems as a result
of both natural and anthropogenic activities. With water scar-
city and an increase in industrial activities, the concentration
of these compounds and other emerging micropollutants is
intensified, thus compromising the quality of the natural
water streams. Dissolved organic matter (DOM) is one
class of pollutants found in abundance in water sources
(Nkambule 2012). Previous studies have reported that DOM
compromises the quality of water by giving it color, bad
odor and a foul taste (Chaukura et al. 2018). Because of
this, there is a need to monitor and remove DOM and its frac-
tions in drinking water. One treatment approach that has

doi: 10.2166/wst.2019.419

Downloaded from https://iwaponline.com/wst/article-pdf/80/9/1702/647801/wst080091702.pdf
bv TECHNISCHE UUNIVERSITEIT DEI FT user

shown good success in removing DOM in water is membrane
technology. However, one of the enduring challenges of
membrane processes is fouling.

While studies on membrane fouling mechanisms are
well documented in the case of polymeric membranes
(e.g. Mahlangu et al. 20153, 2015b; Shang et al. 2015; Shen
& Schaffer 2015), conflicting reports on DOM fractions con-
tributing more to membrane fouling have been reported.
Some studies report that colloidal DOM fraction contributes
more to membrane fouling than other fractions (Kim &
Dempsey 2013). Other studies reported that aromatic or
hydrophobic compounds (humic and fulvic acids) were the
major DOM foulants on ultra and nanofiltration membranes
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(Rubia et al. 2008). Besides, polysaccharides have been
reported to contribute more to membrane fouling
(Mahlangu et al. 20152, 2015b). Furthermore, macromolecu-
lar biopolymers such as dextran and sodium alginate
increase the severity of fouling, especially in the presence
of inorganic particles (Yamamura ef al. 2014). Interestingly,
the presence of inorganic particles alone has no effect on
the severity of membrane fouling (Yu ef al. 2015). Many
simulation studies have focused on investigating the fouling
behavior of polymeric membranes by mono-dispersed
foulants, which have homogeneous physico-chemical
properties and a defined character (Motsa et al. 2015).
However, investigations of fouling by mono-dispersed fou-
lants cannot be reliably extrapolated to field applications
where foulants exist as mixtures, and fouling cannot be
attributed to a single foulant.

Although ceramic materials have been introduced in the
water treatment industry more than a decade ago, little is
known about their fouling behavior by organic macromol-
ecules. Therefore, in order to advance the use of ceramic
membranes in water treatment, it is important to understand
the fundamental fouling mechanisms involved during the fil-
tration process. The commonly used fabrication method for
ceramic membranes is the sol-gel method. However, this
method returns a challenge in the development of tight
ceramic nanofiltration (NF) membranes. Atomic layer
deposition (ALD), a gas-solid phase coating procedure for
growing atomic-scale thin films, is a potential route to
address sol-gel fabrication deficiencies and for modifying
ceramic membranes (Shang et al. 2017). The surface reac-
tions of ALD result in exquisitely uniform and conformal
pinhole-free 3-D coatings of metal oxides on the membrane
surface and pore walls, resulting in predetermined pore size.
For instance, TiO, loose NF membranes fabricated by the
sol-gel method were tuned from a pore size of 20 to 1 nm
via the ALD method (Song et al. 2016). Intriguingly, the
clean water permeability of the ALD-modified NF mem-
branes almost doubled that of the unmodified sol-gel-made
NF membranes (PuhlfiirB et al. 2000). The ALD modified
membranes show promise in increased water permeability;
however, there is no reported study to demonstrate the
impact or mechanism of fouling on these membranes
compared to the pristine (unmodified) membranes.
Consequently, this research study focuses on identifying
the contributions of each DOM fraction in permeate flux
decline during ceramic membrane filtration. The purpose
of this research was to investigate, model, and identify the
contributions of each DOM fraction (humic acid, bovine
serum albumin, and sodium alginate) in permeate flux
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decline at pilot scale during ceramic membrane filtration
of ALD-modified membranes and compare them with the
pristine membranes. The reduction in permeate flux was
modelled using the FEEM-PARAFAC model.

MATERIALS AND METHODS
Materials

Analytical grade reagents were used and were purchased
from Sigma Aldrich, South Africa. Deionized (DI) water
(Milli-Q, Millipore, USA) was used for all experiments.
Humic acid (HA) (50 mg/L), bovine serum albumin (BSA)
(20 mg/L), and sodium alginate (SAL) (30 mg/L) were
used as model dissolved components of organic matter;
humus substances, protein-like and polysaccharide-like sub-
stances, respectively (Table 1) (Angelis et al. 2013; Mahlangu
et al. 20152, 2015b; Schulz ef al. 2016). To make up the ionic
strength of the solutions to 10 mM, NaCl, KCI, CaCl,, and
MgCl, were used as background electrolytes. While these
concentrations are above those in surface waters (Sun
et al. 2016), they mimic foulant concentrations after
extended operation. All experiments were carried out at
room temperature, and membranes were used as received
from the manufacturer without any further pretreatment.

Membranes characterization
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

Table 1 | Compositions of the various feed solutions tested during filtration experiments
(n=3)

DOC concentration Turbidity Conductivity

Feed solution (mgL™ ") pH (NTU) (usm™)
SAL 13 6.08 0.65 935
BSA 7 5.08 0.68 688
HA 18 6.69 18.88 442
SAL + BSA 27 5.9 0.00 973
SAL + HA 18 6.1 17.89 1,237
BSA +HA 22 58 16.21 449
SAL+BSA+HA 35 85 14.01 1,132

BSA - bovine serum albumin; HA — humic acid; SAL - sodium alginate; DOC - dissolved
organic matter.
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thickness, and an effective filtration area of 0.00563 m?, with
a porosity of 30% and MWCO of 450 Da. The active and sup-
port layer of the as-received membrane was made of TiO,
and Al,Os, respectively. A field emission scanning electron
microscope (JSM-IT300, JEOL, Oxford, UK) with an energy
dispersive X-ray detector was used to analyse the surface mor-
phology and elemental mappings of the membrane.

Modification of ceramic membranes via the atomic layer
deposition

Coating TiO, onto substrates was achieved by the use of a
flow-type ALD reactor (TU Delft, The Netherlands). The pre-
cursors for this reaction were TiCl, (Sigma-Aldrich/Fluka,
The Netherlands) and demineralized water vapor. Nitrogen
gas (HiQ 5.0, Linde Gas Benelux, The Netherlands) was
used as a carrier for the diluted precursors. An infrared
lamp connected to a digital temperature probe was used to
heat up the ALD reactor to an operating temperature of
70 °C. The gaseous precursors deposited on the substrate
in a direction perpendicular to its surface. Upon exposure
to the substrate, TiCl; chemisorbed following Equation (1)
(Shang et al. 2017):

n(~OH) + TiCly(g) — (—O-), TiCly_n* -+ nHCl(g) )

The asterisk denotes the surface species. Thereafter, dry
N, was used to purge the excessive TiCl4 and produced HCl
vapors. Then the co-reactant water vapour was introduced
into the chamber to complete one cycle of coating (Equation
(2)) (Shang et al. 2017):

(-0-), TiCly_n* + (4 — n)H,0(g)
— (-09),Ti(OH),_,* + (4 — n)HCI(g) @)

Residual H,O and produced HCI vapors were then
purged off using dry N». The process was carried out to
obtain two coats to keep the pore sizes close to the unmodi-
fied membranes so that the only variable for comparison
was surface modifications.

Contact angle

Contact angles were measured using the sessile drop method
whereby three liquids (Milli-Q water, diiodomethane and
glycerol) with well-characterized surface tension com-
ponents were used. A microlite syringe was used to place
at least 10 drops per liquid on the membrane. The contact
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angle was then determined (mean+standard deviation). Sur-
face tension and interfacial free energies of interactions was
then calculated from the contact angles value.

Membrane surface energetics

In this study, water, glycerol, and diiodomethane were used
as probe liquids. In-depth characterization and measure-
ments of these liquids are reported elsewhere (Motsa ef al.
2014). In brevity, the total surface tension component of
any material is the sum of the Liftshitz-van der Waals com-
ponent (y“%V) and Lewis acid-base components y*8 (yAB =
2\/yTy~) with y* and y~ being the electron acceptor and
electron donor, respectively (Equation (3)):

7/TOT — 7/LW + VAB (3)

Using the three liquids of known surface tension to
measure the contact angles (6) makes the calculation of
y*W: y* and y~ possible using Young-Dupree equation

(Equation (4)) (Motsa et al. 2015):

Cos6
(1 +T> 7ot = 2<\/V£W7,-LW +\Jriv + \/y;ﬁ> @)

where r accounts for the increase in surface area due to
membrane roughness, subscripts i and s are the test liquid
and solid surface, respectively.

Concentrate and permeate characterization
Fluorescence and DOC measurements

Parafac modeling using the SOLO software (Eigenvector
Inc., USA), which is inbuilt in the fluorescence spectrometer,
Aqualog (HORIBA Jobin Yvon), was used to quantify the
foulants in the feed water and in the permeate. The quantitat-
ive distribution of the components after each treatment stage
was determined using their maximum fluorescence intensi-
ties (Fyqy). An in-depth treatment of the Parafac model can
be accessed in Ndiweni ef al. (2019). Triplicate DOC measure-
ments for all samples were determined using a total organic
carbon analyzer (TOC fusion, Teledyne Tekmar). The TOC
analyzer was calibrated using potassium hydrogen phthalate
(KHP), and instrument performance was assessed by placing
additional KHP standards along with, and in the same
manner as, the samples. These ‘check standards’ were
within 2.5% of their known concentrations.
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Filtration operation and fouling model mechanisms

The different feed solutions (Table 1) were circulated by a
pump operated at 1,100-1,180 RPM. The membrane was
housed in a circular disc membrane module (TAMI,
Germany), and the system was pressurized by altering the
concentrate valve. Measurements were run under an oper-
ational pressure of 3 bar and a feed flow of 175 L/h in cross
flow mode. During pure water permeability tests, measure-
ments were done at 10 min intervals to determine initial
permeate flux and until the flux stabilized. During fouling
tests, the permeates were collected after every 5 min for the
first 2 h, then after every 10 min for the subsequent 2 h, there-
after after every 30 min for another 2 h, then ultimately per
hour for the last 2 h. The impact of each foulant on permeate
flux and the fouling behavior was investigated by filtering the
foulants in the presence of Na®, K" Mg?" and Ca®*.

The flow rate was correlated to the sample mass, and
the flux and temperature-corrected permeability were
determined (Box 1) (Shang et al. 2017):

Box 1 | Mass flow equations

Ve = (MSC - MC)
s = (T} » 60)/1000
AP — Pf ; P,
_w
A ] onp  Je 0020020
Lp20-c AP mg AP

Where v is the flow rate, My, and M, is the mass (g) of
the sample container plus permeate sample and the mass (g)
of the empty container respectively, T is the temperature of
water (°C), AP is the measured TMP (bar), Ps (bar) is the feed
pressure and P. (bar) is the concentrate pressure, J is the
measured membrane flux (Lm 2k 1) A is the effective mem-
brane filtration area, L,p-c is the permeability at 20 °C
(Lm =2 h~'bar~) and ns and 57 are the permeate viscosity
at 20 °C and at the measured water temperature.

The fouling mechanisms were determined using the
model equations in Box 2:

Box 2 | Models to describe fouling mechanisms: (1) complete blocking, (2) stan-
dard blocking, (3) intermediate blocking, and (4) cake filtration, respectively
(Angelis et al. 2013)

(1) J=Joe A = Kauo
__b _
@ J= (1]+Bt)2 B = Kguop
o
G J= T+ A) Jr]At)
_ 0 _
(4) ] = m C= (2R7)Kcu0
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Where ], and J are initial and final flux respectively; u,
average initial filtrate velocity; R, is the ratio of resistance of
the cake to the clean membrane; K4 is membrane surface
blocked per unit of total volume permeated through the
membrane; Kg is decrease in cross-section area of the
pores due to the particles deposited on the walls per unit
of total permeate volume; K¢ is total permeate volume per
unit of membrane area.

After operation membranes were chemically cleaned by
soaking for 7 h in 0.1% NaClO, thereafter rinsed in DI water
and then clean water permeability followed.

RESULTS AND DISCUSSION

Fouling characteristics of single foulants on the pristine
membranes

Permeate flux loss due to single foulants on the pristine
membranes

Permeate flux drop caused by alginate was drastic (54%)
(Figure 1), indicating severe membrane fouling, and is in
good agreement with similar reports of other SAL fouling
studies (Motsa et al. 2018). Compelaxation with cations
could have enhanced the SAL-SAL interactions, leading
to their subsequent deposition on the membrane surface.
In the early filtration stage, flux decline decreases drastically
at a rate of 4.16 x 1072 Lm 2 in the first 100 min. Thus, the
interplay of permeation drag force generated in the early
stages of the filtration process and membrane-SAL inter-
actions promoted the adhesion of SAL onto the membrane
surface (Mahlangu et al. 2015a, 2015b).

1
%5
.
.CD
> *
-5
5 0.8 - m
oy - C&Boggg o840
5 - e 2 @
= * * L, o (o]
3 . T =
N Y3 . . N
= s
[ +o, ®
Eos e,
z e
+ SAL . .,
*
e BSA % %
oHA
0.4 T T T T J
0 100 200 300 400 500

Time (min)

Figure 1 | Permeate flux loss due to single model organic foulants on the pristine
membrane. BSA - bovine serum albumin; HA — humic acid; SAL - sodium
alginate.
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The presence of cations promotes the formation of alginate-
cation aggregates, which in turn were responsible for the flux
decline and its severity was increased with the increases in
the effective size of the alginate molecules. HA-calcium com-
plexes have been shown to form in the presence of Ca®", and
can intensify the HA fouling (Metsdmuuronen et al. 2014). More-
over, it has been shown that HA is not especially selective to
Ca?" cations alone. In this case, other cations (Na", K* and
Mg>*) were present, which competed for the negative charges
in HA, resulting in the formation of varying sizes of HA aggre-
gates that were not easily deposited onto the membrane
surface (Metsdmuuronen et al. 2014). In the early filtration
stage, flux decline decreased moderately at a rate of 2.69 x
102 Lm 2 in the first 100 min (Figure 1). Permeation drag
force generated in the early stages of the filtration process
and membrane-HA interactions could have promoted the
adhesion of HA onto the membrane surface at differential
rates. The deposition of HA onto the membrane was
moderately stable after the initial 100 min of flux decline,
suggesting the small HA-cation aggregates did not favorably
form a multilayered structure which would result in increased
flux decline.

Membrane fouling due to BSA deposition showed a flux
decline rate of 1.60 x 102 L~ in the first 100 min. Perme-
ate flux remained stable due to the inability of the deposited
monolayer of the less negative BSA having a negligible effect
on the membrane flux. However, as the filtration progressed
permeation drag formed a multi-layered film of protein on the
membrane that provided resistance to the permeate flow. It
can therefore be conjectured that a multi-layered film was
built up by the interactions between adsorbed BSA molecules
and incoming molecules, and BSA-membrane interactions
were at play at the initial stages of the macromolecular
adsorption. Polysaccharides and protein-like fractions have
been reported to be responsible for severe membrane fouling
during wastewater treatment, thus corroborating our findings
(Zularisam et al. 2007). The results demonstrated that, for the
single foulants, foulant deposition on the membrane surface
in the early stages of filtration was primarily governed by
membrane-foulant interactions.

Modeling fouling mechanisms of single foulants on the
pristine membranes

The SAL filtration experiments showed a sharp drop in flux
from the beginning, to almost 33% of the initial flux after only
100 min of filtration. Similar behavior was reported for SAL fil-
tration with polymeric membranes, and was associated with the
rapid formation of a gellike layer that presents an extra
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resistance to water permeability (Kim & Dempsey 2013).
Interpretation of the experimental data with the mechanistic
models for SAL (Figure 2(1a)-2(1d)) are consistent with the
cake filtration mechanism (R?=0.985) preceded by inter-
mediate blocking (R? = 0.964), where pores on the surface
are blocked by particles but also deposit onto each other.
The initial large decay observed in the flux evolution with
time ends at this point, and a considerably slower reduction
of permeability begins. The mechanistic fouling models
showed cake filtration as the predominant fouling mechan-
ism, thus supporting our findings. Due to the bigger size of
the aggregates formed during SAL-Ca®' complexation, a
loose, rather permeable gel layer is formed on the surface.

In BSA filtration, experimental data adjusted well to
standard (R?=0.937) intermediate blocking (R*=0.956)
and ultimately complete blocking (R? = 0.941) mechanisms,
indicating adsorption onto the inner pores of the membrane.
It is interesting to note that cake filtration was the least likely
mechanism of fouling (R? = 0.899) (Figure 2(2a)-2(2d)).

HA fouling mechanisms had almost equal occurrence for
complete blocking, standard blocking, and intermediate block-
ing (R%=0.873; 0.869 and 0.833 respectively) (Figure 2(3a)-
2(3d)). These results suggest equal interplay of these fouling
mechanisms. However, it could not be established whether
these fouling mechanisms occurred sequentially or concur-
rently. The deposition of small HA-cation aggregates formed
a somehow soft cake layer without further forming multilayers
and did not alter the rate of flux decline.

Permeate flux loss due to single foulants tracked by
FEEM-PARAFAC model on the pristine membranes

Because HA and BSA fluoresce in the UV-Vis regions (Shao
et al. 2014), it was possible to follow their filtration progress
using fluorescence excitation emission matrix spectroscopy.
The quantification of the foulants in the concentrate and
permeate was followed using the inbuilt SOLO software for
PARAFAC analysis (Figure 3). As expected, the fouling be-
havior of BSA was constant in the first 120 min as depicted
by minimum fluctuations of the F,,,, of the concentrate.
There was a decrease in the F,,, signal of the permeate,
suggesting less BSA was permeating through the membrane
barrier after 180 min through to 300 min of filtration. This
implies more protein molecules were deposited on the
adsorbed BSA monolayer due to BSA-BSA interactions,
forming a multi-layered film that provided resistance to
permeate flow (Figure 3(a)). There was a shift in F,,,, after
300 min through to the end of the filtration run, suggesting
a change in the fouling mechanism. This staged filtration
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Figure 2 | Mechanistic fouling of single foulants on the pristine membrane - 1: SAL; 2: BSA; 3: HA and modified membrane; 4: SAL. Where (a) is complete blocking, (b) is standard blocking,
(c) is cake filtration, (d) is intermediate fouling. BSA — bovine serum albumin; HA — humic acid; SAL - sodium alginate. (Continued.)
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Figure 2 | Continued.
character of BSA has been reported by Motsa et al. (2018). concentrate and almost consistent throughout the filtration

Little variation of F,,, was observed for HA throughout run (Figure 3(b)). This result is consistent with previous
the filtration run, although the F,,,, signal is greater in the reports and our findings that the presence of Ca®' ions
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Figure 3 | EEM contours of model foulants identified by PARAFAC and their relative abundance in the concentrate and in the permeate of the pristine membrane. (a) BSA component and

(b) HA component. BSA - bovine serum albumin; HA - humic acid.

chelates with HA forming aggregates that do not easily settle
nor easily pass through the membrane barrier (Angelis ef al.
2013; Shao et al. 2014; Wang et al. 2017).

The fraction of NOM that fluoresces in the UV-Vis range
is referred to as fluorescent natural organic matter (fNOM).
Because they are the main components of membrane foul-
ing, the fNOM fractions important to NF are proteins and
humic substances (Shao ef al. 2014). Therefore, fluorescent
NOM fractions have to be monitored and controlled in
NF membrane operations.

Effect of foulant mixtures on the pristine membranes

Permeate flux loss due to combined foulants on the
pristine membranes

The combinations of HA + SAL + BSA and HA + SAL fol-
lowed a similar trend with 22 and 25% flux loss,
respectively within the first 100 min (Figure 4). SAL and
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BSA caused 38 and 20% flux loss, respectively, in the
same duration. The presence of SAL with other foulants
reduced its fouling propensity, probably because of the com-
petitive effect of the foulants for cations. The cations
concentration was far less compared to the foulants concen-
trations, therefore SAL complexation was minimal, and the
bulk of SAL remained in solution instead of aggregates that
could settle on the membrane surface, resulting in lower flux
loss compared to SAL alone. A summary of the experimen-
tal R? values is shown in Table 2. It was interesting to note
that cake filtration was the least fouling mechanism in feed
solutions containing BSA and SAL (R?=0.519, 0.374 for
BSA +SAL and BSA-+SAL+HA, respectively), this
finding is contrary to reported literature, whereby such
mixtures supported cake filtration since the BSA macro-
molecules are incorporated into the SAL-cation complexes
(Nguyen et al. 2012). The most favorable fouling mechanism
of cake filtration was of a feed stream containing HA and
SAL (R? = 0.972); this can be explained by the complexation
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Figure 4 | Permeate flux loss profiles due to combined foulants on the pristine mem-
brane. BSA - bovine serum albumin; HA — humic acid; SAL - sodium alginate.

of cations to the organics due to the formation of large HA-
cation, SAL-cation and SAL-HA complexes which settle on
the surface of the membrane and increase the resistance to
permeate flow. Permeate flux loss was enhanced by the
deposition of these large aggregates via permeation drag
forming a layer that also reduced the back-diffusion of
salts from the membrane surface to the bulk solution. How-
ever, previous studies showed that the surface charges of
these foulants are negative, and should repel each other
(Nguyen et al. 2012). Depending on the magnitude of the
negative charge, the formation of combined macromolecu-
lar structures is hindered due to charge repulsion. The
presence of cations then necessitates the formation of smal-
ler aggregates on a competitive basis that do not easily settle
on the surface of the membrane, thus keeping the cake
filtration effect to a minimum.

The combination of BSA + HA and BSA + SAL resulted
in a flux loss of 15 and 25%, respectively, whereas the flux
loss of individual HA and SAL was 21 and 54%, respect-
ively. Again, of interest in this study was that dual
combinations containing BSA favored the complete

Table 2 | Summary of the R? of the mechanism of fouling for single and combined foulants

unmodified membrane

blocking fouling mechanism (R? = 0.848; 0.78 for BSA +
HA and BSA + SAL respectively), and standard blocking
fouling mechanism (R®>=0.85, 0.75 for BSA+HA and
BSA + SAL respectively) (Figure S1, Supplementary Infor-
mation). These results suggest the presence of BSA
disrupts the formation of large macromolecular structures
of organic-cation and organic-organic complexes. This
could be because BSA has a larger charge density and smal-
ler size, attracting more positive charge to itself and leaving
the bulkier HA and SAL in solution. The trend in flux loss
was strikingly similar to that of BSA alone, exhibiting a
two-stage fouling behavior. Firstly, there was a rapid flux
loss from the onset to about 200 min for BSA + HA, and
150 min for BSA + SAL, followed by a steady state flux
through to the end of the experiment.

Even though the single and dual combination of HA and
SAL favored cake filtration (R?®=0.971; 0.985; 0.972 for
HA; SAL and HA + SAL, respectively) (Table 2, Figure
S1), and the flux loss of 21; 54 and 25% for HA; SAL and
HA + SAL, respectively, the co-existence of HA and SAL
in the feed reduced the fouling propensity of SAL on its
own. This could be attributed to competition for cations in
solution, with HA attracting more positively charged species
than SAL, thus leaving most of SAL in solution. The result-
ing trend in flux loss for the combined HA + SAL is
dissimilar to the constituent foulants. The trend for HA +
SAL fouling showed an almost linear decline, whereas
single foulants showed a two-part fouling behavior. Initially,
a rapid flux decline was exhibited, followed by an almost
steady state flux towards the end.

Influence of membrane surface modification on flux
decline

The impact of membrane surface modification was studied

with feed solutions that caused the most severe fouling on
the pristine membranes, namely: SA and HA + BSA + SAL

Modified membrane

SAL HA BSA HA + SAL HA + BSA BSA + SAL SAL + HA + BSA SAL SAL+HA +BSA
Complete blocking 0.979 0.873 0.941 0.804 0.848 0.780 0.761 0.056 0.744
Standard blocking 0.975 0.869 0.937 0.801 0.850 0.750 0.750 0.057 0.739
Cake filtration 0.983 0.971 0.899 0.972 0.454 0.519 0.374 0.820 0.992
Intermediate blocking 0.964 0.833 0.956 0.800 0.699 0.572 0.598 0.170 0.392

BSA - bovine serum albumin; HA — humic acid; SAL - sodium alginate.
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(Figure 5). The rate of flux decline (25%) was similar for
both membranes in the first 50 min with SA as the foulant,
thereafter a steady state flux was observed for the coated
membrane. However, a declining flux trend was exhibited
by the pristine membrane (Figure 5(a)). The modification
of the membranes improved flux loss by 35% when SAL
was the foulant. For both types of membranes, cake fil-
tration was the favored fouling mechanism (R?=0.985
and 0.8196 for the pristine and coated membranes, respect-
ively). These results suggest modification improved the
anti-fouling property of ceramic membranes. Inherent to
the ceramic membrane surface is the presence of the nega-
tively charged OH group (Kim & Jang 2016). It appears
coating introduced more OH groups onto the surface of
the membrane, resulting in greater electrostatic repulsion
of SAL.

However, there was no significant difference when fou-
lants were combined in the feed. In fact, the pristine
membrane performed better than the coated membrane
by a 5% difference of the resultant flux decline (Figure 5(b)).
The fouling mechanism was almost similar for both mem-
branes. For the coated membrane, R? = 0.744; 0.7388 and
0.3962 for complete blocking, standard blocking, and inter-
mediate blocking, respectively, while for the pristine
membrane, R? = 0.761; 0.75 and 0.598 for complete block-
ing, standard blocking, and intermediate blocking,
respectively. Cake filtration was the favored fouling mech-
anism for the coated membrane (R?=0.9916), whereas
cake filtration was the least favored fouling mechanism
for the pristine membrane (R?=0.374). The cations have
been reported to act as bridges between the increased
OH groups introduced by coating and the foulants in the
feed solution, thus promoting the sedimentation of foulants
onto the coated membrane (Kim & Jang 2016).
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Fundamental differences brought about by modification
Contact angle

Upon additional deposition of TiO, layers on the membrane
surface, the measured water contact angles dropped from 58
to 38° (Figure S2, Supplementary Information), indicating
the improved water affinity. This means the membrane
could be easily wetted by water during filtration, which
has a positive impact on mass transfer (water transport)
and weakens the adhesion forces between the membrane
surface and foulants. The anti-fouling properties are thus
improved. This observation was further complemented by
the surface free energies for the two membranes (Table 3).
After atomic layer deposition of TiO,, the membrane hydro-
philicity was enhanced by the addition of more OH groups.
In general terms, surface hydrophilicity/hydrophobicity has
been defined by the value of the measured contact angle;
with an angle of less than 90° considered hydrophilic, with
90° and above regarded as hydrophobic.

Surface energetics

All the membranes had a strong electron donor mono-
polarity (Table 3). The values of the surface free energy com-
ponents correlated with the measured water contact angles.
The pristine membranes had a slightly higher Lifshitz-van
der Waals component, which corresponds to the contact
angle of the apolar liquid, dilodomethane, thus the inclined
water contact angle. The computed value of the acid-base
(y*B) component, which is an indicator for hydrophilicity
was 6.62, which increased to 9.06 upon coating with TiO,,
confirming the increase in surface hydrophilicity. The depo-
sition of TiO, creates favorable interactions between the
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Figure 5 | Comparison of fouling profiles of coated and pristine membranes due to (a) SAL foulant and (b) HA + BSA + SAL. BSA — bovine serum albumin; HA — humic acid; SAL - sodium

alginate.
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Table 3 | Surface free energy components for the unmodified and modified membrane
samples

surface free energy components

yLW 7+ 77 ,},AB ,},TOT
Pristine 38.57 0.24 45.09 6.62 45.20
Coated 35.30 0.36 56.69 9.06 44.36
yW - Lifshitzvan der Waals component; v*® Lewis acid-base component;

y* — electron acceptor and y~ - electron donor; and y™°T - (W + yA8)

membrane surface and water molecules, which sub-
sequently lowers the adhesion forces between on-coming
foulants and the membrane surface, thus limiting fouling
propensity.

Surface elemental composition

The scanning electron microscopy (SEM) imaging and
energy dispersive X-ray spectroscopy (EDS) mapping

B Vo S Spectnm

&

. Map Sern Spectrum

. Msp Sarn Spectrum

Figure 6 | Surface elemental composition of the (a) top side of the coated membrane, (b) cross section of the coated membrane and (c) top side of the pristine membrane.
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(Figure 6) of the coated and pristine membranes indicates
that the membrane consists of a porous support that con-
tains a significant amount of Al. The selective layer
showed the presence of both Al and Ti, confirming that
the ALD process deposited an ultrathin layer on the surface.
Interestingly, the cross-sectional elemental analysis of the
coated membrane did not show any presence of Ti as a con-
stituting element, thus confirming pore constriction did not
occur (Figure 6(b)). Hence, the observed change in water
affinity was mainly due to favorable interactions between
the TiO, on the active layer and water molecules, which sub-
sequently led to enhanced anti-fouling properties.

CONCLUSION

The contributions of each DOM fraction and their combi-
nations (SAL, HA and BSA) in permeate flux decline
during ceramic membrane filtration was investigated in
this study. The effect of membrane surface modification
on fouling resistance was studied by comparing the per-
formance of both TiO, ALD coated and pristine
membranes. The results showed that SAL caused the
most extensive fouling on pristine membranes and coating
reduced its fouling potential by 35%. Cake filtration was
the least fouling mechanism in feed solutions composed
of BSA and SAL, and the most favorable fouling mechan-
ism of feed solution which included HA and SAL. The
fouling mechanisms were almost similar for both mem-
branes. For the coated membrane, R? = 0.744; 0.7388 and
0.3962 for complete blocking, standard blocking and inter-
mediate blocking, respectively whilst for the pristine, R? =
0.761; 0.75 and 0.598 for complete blocking, standard
blocking, and intermediate blocking, respectively. How-
ever, cake filtration was the favored fouling mechanism
for the coated membrane (R®=0.9916), and the least
favored fouling mechanism for the pristine membrane
(R?=0.374). Coating the ceramic membrane increased its
hydrophilicity, as established through contact angle
measurements, which showed a 23% decline in hydropho-
bicity from uncoated to coated membrane.
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