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ABSTRACT

A detailed post-mortem study of fouling formation mechanism and cleaning behavior of fouled
membrane elements, used for titanium dioxide (TiO,) particle separation is of great significance.
In this study, a simple but systematic membrane post-mortem analytical procedure was used to
investigate foulant composition, fouling formation mechanism and one-time cleaning behavior of
fouled flat sheet polyvinylidene fluoride-based membrane elements, used in membrane bioreactor
for separating TiO, particle. This was achieved by attenuated total reflectance-Fourier-transform
infrared spectroscopy, X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray
spectrometer, zeta-potential, contact angle, visual inspection, pure water flux, cleaning efficiency
and porosity analysis. The morphology, elemental composition and structural result analysis show
the scaling elements such as S, Fe, Si, Ti and Al as primary contributors to the overall fouling of the
membrane. The zeta potential, contact angle and porosity analysis revealed the electrostatic inter-
actions and adhesion mechanism between the foulant and the membrane surface which were nega-
tively charged and hydrophilic in nature. The chemical cleaning result reveals that 3 M NaClO gave
the best cleaning efficiencies having pure water flux of 1,212.7 + 70.79 and 783.62 + 26.14 L m? h*'
and flux recovery of 81% and 51% for cross-flow and dead-end filtration units respectively while
the use of H,0, at higher concentration shows tendencies of refouling the membrane surface.

Keywords: Membrane post-mortem; Polyvinylidene fluoride; Membrane fouling; Chemical cleaning;
Membrane bioreactor; Titanium dioxide

1. Introduction

In recent decades, the concept of membrane bioreac-
tors (MBRs) in membrane technology has been a reliable
and promising technology that has been widely applied in
the treatment of domestic and industrial wastewater. This
is because of its undisputable and proven advantages such
as ease of operation and scale-up, high-quality permeate,

* Corresponding author.

small footprint and low capital and operating cost [1,2].
Amidst the MBRs, flat sheet MBR has been reported as one
of the main constellations because of its advantages such
as good water and wastewater treatment performance, low
operating cost and mechanical stability [3,4]. However,
membrane fouling which is mainly caused by foulant depo-
sition on membrane surface and pores has been and still
remain the primary hindrance of its effective application,
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which usually result in increased energy consumption,
operation cost, treatment time, excessive chemical con-
sumption, flux declination which promotes filtration resis-
tance and on the long-term, degrade membrane life [5-7].
Several studies in the past have revealed various fouling
mechanisms and also proffered possible solutions, by
developing measures that can mitigate membrane fouling
in MBR application [8-10], and there seems to be a contin-
uous interest of researchers in exploring more possibilities
in providing better outcome as regarding membrane tech-
nology [7,11].

Chiefly, membrane material used in MBR application
is of utmost importance in membrane fouling study and
nearly all the ones used for vital industrial applications are
made of either inorganic or organic polymers with the lat-
ter leading the existing market. Several organic ones such
as polyacrylonitrile, poly(ethersulfone), polysulfone, poly-
imide, polyamide, polypropylene, polyethylene, polytetra-
fluoroethylene and poly(vinylidene fluoride) (PVDF) have
been widely employed in ultrafiltration and microfiltration
(MF) wastewater treatment and other applications [12-14],
but one of them which have received increasing atten-
tion with regards to external shape is the flat-sheet PVDF
membrane [15]. Its multifaceted properties such as high
mechanical strength and thermal stability, excellent aging,
chemical and anti-oxidation resistance, good thermody-
namic compatibility in blending, appreciable processability
and solubility in common organic solvents have made it an
enviable choice [12,16,17].

One of the most efficient and excellent photocatalyst
which has found its use in water and wastewater applica-
tion is titanium dioxide (TiO,) and this is due to its special
properties such as low cost, chemical stability, high photo-
catalytic activity and non-toxicity [18,19]. TiO, photocata-
lyzed degradation technique is one of the choicest ways for
treating wastewater containing organic contaminants, but
separating TiO, particles during this process is another chal-
lenge to be solved in real-life applications because of their
fine particle size, which is difficult to be removed by gravity
settling [20,21]. To overcome this, some attempts have been
made on the separation of TiO, particles by various coagula-
tion techniques [21-23] and membrane separation using low-
pressure flat sheet membranes [20,24,25]. However, the latter
process of removal often results in blockage of the pores by
the continuous deposition of the TiO, particles on the sur-
face of the membrane thus leading to membrane fouling and
secondary pollution [19,26].

To avoid continuous deposition of foulant on the surface
of the membrane during MBRs operation, the concept of
membrane cleaning (which can be in-situ or ex-situ) has
been embraced as a recovery approach in both the engineer-
ing and academy community [11]. Several cleaning meth-
ods exist but the three most generally recognized ones are
physical cleaning, chemical cleaning and combined physical
and chemical cleaning methods [27-29]. Unfortunately, the
simplicity of the physical cleaning process and its limita-
tion in eliminating thoroughly irreversible foulants, make
the chemical cleaning processes more preferable. For effec-
tive chemical cleaning of fouled membranes to be achieved,
utmost importance must be given to the selection of a suit-
able cleaning solutions or agents. These agents must possess

the ability to dissolve and remove most (if not all) of the
deposited materials on the membrane surface without caus-
ing severe damage, which can utterly alter the membrane
virgin properties [30,31]. Some cleaning agents include
acids, alkalis, surfactants, oxidizing agents, enzymes and
metal chelating agents. An example of one of these afore-
mentioned cleaning agents is sodium hypochlorite (NaClO),
which is a versatile chemical oxidant that has been widely
applied in membrane cleaning owing to its ease of use, avail-
ability and low-cost [32]. Most of the irreversible fouling in
the membrane could be eliminated by NaClO depending on
the membrane material, foulant type and operating condi-
tions [33,34]. Another strong oxidant having the potential
of removing foulants from membrane surface is hydrogen
peroxide (H,0,). Although, less attention has been given to
its application in membrane cleaning due to its restriction
of reactivity limited by a high activation energy barrier [35].
In addition, the report on its cleaning efficiency provided in
literature particularly on its interaction with organic mem-
brane foulant seems unclear.

Sequel to the continuous and usual cleaning of fouled
membranes by cleaning agents, it is essential to periodi-
cally and strategically check the well-being of membranes
during operation (after consistent reduction of perfor-
mance have been noticed) and most importantly after ser-
vice life, in order to fully understand the fouling mecha-
nism. This phenomenon is generally described as mem-
brane autopsy or membrane post-mortem. It is a unique
way of revealing the cause of membrane damage caused by
fouling events in the membrane system by following some
guided analytical techniques and procedures. It is also an
advantageous way of investigating the nature and char-
acteristics of foulants and their mechanism of occurrence
[2,36,37]. A Plethora of research have reported autopsy of
some membrane elements applied in water and wastewa-
ter treatment, but most of these studies focused mainly on
seawater desalination, groundwater desalination and sur-
face water using high-pressure membranes [38-44]. Others
reported membrane elements used in processing synthetic
wastewater containing common model foulants such as
bovine serum albumin, humic acid and sodium alginate,
rather than the real wastewater containing various con-
taminants, and this most often is considered in mild condi-
tions [15,44,45]. Inarguably, there are tendencies that some
variance will exist between the properties of real wastewa-
ter and mimicked or modeled wastewater owing to their
complex constituents; which may have an adverse effect
on the membrane and also lead to complicated fouling
phenomena. Also, studies which present simple but effec-
tive analytical protocol in identifying membrane fouling
caused by contained TiO, particles wastewater and possi-
ble damages during/after membrane service life, especially
in the low-pressure membrane are limited. On this note,
it is therefore essential to understand the effect of TiO,
particles and other related contaminant deposition on the
low-pressure membrane and its associated fouling mecha-
nism via a simple but systematic membrane post-mortem
study. This study, therefore, provides some useful insights
into the fouling formation mechanism and chemical clean-
ing behavior of flat-sheet PVDF-based membrane used in
MBR for separating TiO, particles and this was achieved
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specifically via two main objectives which are: (a) to analyze
the foulant composition and fouling formation mechanism
of the fouled membrane using a systematic post-mortem
analytical procedures of characterization and (b) to assess
the membrane cleaning efficiency using DI water, NaClO
and H,O, as cleaning solutions in relation to flux recovery.

2. Materials and methods
2.1. Materials

A flat sheet PVDF-based membrane manufactured by
a renowned flat-sheet membrane manufacturer in Fujian
Province, China was used in separating TiO, particles
from feedwater in a treatment plant located at Panzhihua,
Sichuan Province, China. This membrane was used for
approximately seven months (January to July 2020) with-
out cleaning, after which it was severely fouled. The fouled
membrane was carefully transported to the laboratory for
investigation. Another membrane, produced via a similar
operation, which has not been used (designated as ‘neat
membrane’ in this study) was also supplied by the manu-
facturer. The manufacturer’s detail parameter was not sup-
plied as it was considered proprietary. Analytical grade
of chemicals used include sodium hypochlorite aqueous
solution (NaClO, 10%-12%), hydrogen peroxide (H,O,,
30% aqueous solution), pure ethanol (moisture <0.3%),
hydrochloric acid (HCl, 37% purity), methylene blue solu-
tion (0.05 wt.% in water), and sodium hydroxide (NaOH,
100% purity) and were all supplied by Sinopharm Chemical
Reagent Co., Ltd., China with the exception of methylene
blue solution which was purchased from Sigma-Aldrich
(Germany). All the reagents were used as received without
further purification and deionized (DI) water with con-
ductivity less than 10 us cm™ was used for washing and
solution preparation throughout the experiments.
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2.2. MBR design and operation set-up

TiO, particles in raw wastewater were separated using
MF membrane as an advanced pretreatment medium. The
schematic diagram of the MF pretreatment process is pre-
sented in Fig. 1. Prior to being pumped to the MBR, the
wastewater was stored in a feed tank. The bioreactor in the
system consisted of an acrylic tank, in which a flat sheet MF
membrane with a mean pore size of 0.2 pm and an area of
0.12 m? was vertically immersed. A small space of about
15 mm was set between the wall of the reactor and the mem-
brane for proper scouring of the membrane via the flow of
air. Aeration and backflush were introduced at an air rate of
7 L min™ to drive the permeate sucked from the raw waste-
water tank by constant flow pumps and to mitigate fouling.
Pressure transducers were used to monitor the transmem-
brane pressure (TMP) at about 25 kPa. Other accessories
such as airflow control valve, liquid level sensor and sys-
tem data acquisition software were connected to the MBR
system. The membrane was continuously used without
cleaning. After some months of operation, the membrane
elements were fouled and their performance was reduced.
They were then autopsied by transporting them to the lab-
oratory to study the fouling composition and mechanism.

2.3. Experimental procedures
2.3.1. Water quality and constituent analysis

TiO, feed water was collected in a guided plastic con-
tainer which had been thoroughly washed with disinfec-
tants and deionized water prior to collection. To preserve
and maintain its original properties, the feedwater was
transported in an ice chest to the laboratory and thereaf-
ter kept in the refrigerator prior to analysis. The feedwa-
ter sample was analyzed in accordance with the standard
methods for the examination of water and wastewater [46].
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Fig. 1. Schematic diagram of the MBR set-up and operation.
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The pH was measured using a portable pH meter
(Beckman 260, Fullerton, CA), conductivity measure-
ment was taken with sensION+EC5, Hach, turbidity was
measured by a turbidity meter (Hach 2100AN, Colorado,
USA). Before chemical oxygen demand (COD) measure-
ment, the feedwater was filtered through a 0.45 pm mem-
brane filter. COD was measured using Hach DRB 200,
(Colorado, USA) and Hach DR 900, (Colorado, USA) for
digesting and measuring respectively. The concentrations
of the elements were quantified with an inductively cou-
pled plasma-optical emission spectrometer (Perkin Elmer,
Optima 7000 DV, Waltham, USA). The summary of the
characteristics of the feedwater is presented in Table 1.

2.3.2. Foulant constituent’s analysis

Foulant in form of a cake layer on the membrane sur-
face was gently extracted using a light plastic plate. Before
extraction, the plate was cleaned with absolute ethanol,
rinsed with DI water and then dried. Thereafter, the accu-
mulated foulant was characterized by attenuated total
reflectance-Fourier-transform infrared spectroscopy (ATR-
FTIR), scanning electron microscopy (SEM) and energy-dis-
persive X-ray (EDX) spectroscopy in order to comprehend
the underlying mechanism of the membrane fouling. Other
tests such as chemical solubility test and surface den-
sity were also performed and their detailed explanation
is provided in supporting information.

2.3.3. Membrane sample preparation and analysis protocol

Upon reception of the fouled membranes, they were
gently taken out of a guided waterproof box using a clean
glove to prevent any further contamination and damage.
At first, representative membranes were visually inspected
for visible damages and cracks/fractures. Afterward,
they were systematically cut into uniform coupon sizes
[47] before commencing the experiment. Three sampling
positions were selected on the representative fouled flat
sheet membrane element to represent the top (T), middle
(M) and bottom (B) section for adequate analysis. For the
neat membrane, spots were randomly selected and cut
for testing. The schematic diagram of the sample prepara-
tion is provided in Fig. S2. The prepared membrane sam-
ples were then analyzed using a systematic post-mortem
analysis protocol (Fig. 2) for proper investigation.

2.3.4. Fouled membrane characterization

In line with the adopted post-mortem analysis protocol
in Fig. 2, analytical tests including chemical, mechanical/
integrity and physical properties of the fouled membrane
were characterized alongside the neat membrane for com-
parison. The membrane surface morphologies were exam-
ined under a field emission scanning electron microscope
(FESEM, Hitachi S-4800, Japan) at an accelerating voltage
of 5-10 kV. Prior to the examination, the samples were
fastened on tape placed on an aluminum metal holder
and then splashed with a thin layer of gold to prevent or
reduce charging reduction under the electron beam of the
machine. The relative elemental composition of the mem-
branes was detected using an EDX spectrometer attached

Table 1
Characteristics of the raw TiO, feedwater

Parameters Values

pH 2.15+0.12
Temperature, °C 24.5
Turbidity, NTU 1,383 +4.54
Conductivity, pus cm™ 3,820 + 14.14
COD, mg L 13,110
Chlorine (Cl), mg L 750
Sodium (Na), mg L 1,810
Potassium (K), mg L 420
Calcium, mg L™ 480
Aluminum (Al), mg L™ 1,630

Iron (Fe), mg L 16,300
Magnesium (Mg), mg L 1,770
Silicon (Si), mg L™ 17,700
Titanium (Ti), mg L 54,230
Sulphur (S), mg L* 13,330
Phosphorus (P), mg L™ 540
Manganese (Mn), mg L™ 510

to the FESEM machine. The FTIR spectroscopy (Nicolet
6700 FTIR, Thermo Fisher Scientific Inc., USA) was used
to investigate the present functional groups on the mem-
branes. Spectra were acquired using OMNIC software at
a resolution of 4 cm™ and 32 scans per spectrum within
a wave number range of 4,000-400 cm™, using the ATR
method. X-ray diffraction (XRD, X'Pert Pro PANalytical,
The Netherlands) was used to characterize the crystallo-
graphic phases of the membranes. This was achieved by
gently placing the membrane sample on Plexiglass and
thereafter placing it on the diffractometer. Scanning was
achieved from 5 < 20 < 90 with a scanning step of 0.02°
with the generator set at 40 kV and 40 mA. Zeta potential
of the membranes was measured with a streaming poten-
tial analyzer (SurPASS 3, Anton Paar, Australia) having an
automatic titrating assemblage, containing 0.010 mol L
KCI electrolyte solution. The pH was adjusted from 3-11
using a flowing liquid of 0.05 mol L HCI and NaOH solu-
tion at room temperature of 23°C + 2°C, with gap height
of approximately 100 + 5 pm maintained all through the
test. Eq. (1) was used to compute the surface zeta poten-
tial based on Helmholtz—Smoluchowski equation and
three values were averaged. The membrane’s adhesion and
hydrophilicity properties were analyzed by a contact angle
analyzer (DSA100, Kriiss, German). Prior to testing, mem-
brane samples were sliced into the desired size and taped
on a flexible Plexiglass. Using DI water as the reference sol-
vent of measurement, 3 puL of DI water was dropped from
a microsyringe with a stainless-steel needle on the mem-
brane surface at room temperature. The contact angle was
immediately measured after placement and five mea-
surements were taken for each sample at various points
for averaging. Membrane porosity was determined by the
gravimetric method while its tortuosity was estimated
from the porosity. The thickness was also measured using
a digital micrometer (293-252, MITUTOYO, Kanagawa,
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Fig. 2. Schematic diagram of the membrane post-mortem analysis protocol.
Note: FSD and ABCST means foulant surface density and acid-base chemical solubility test respectively.

Japan), with a precision of +0.01 mm. Ten points were ran-
domly selected on each membrane and their mean and
standard deviation are reported. Detailed measurement
procedures for the porosity, tortuosity and thickness cal-
culation equation are given in previous reports [17,48].
The air bubble test was achieved on the membrane surface
by introducing air pressure of about 0.02-0.030 MPa into
permeate tube and the membranes are then monitored
for the escape of air bubbles. A dye test was conducted
following the procedure of [47] to verify the presence
of microstructural damage on the fouled membranes.

_dUm
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)

where U is the streaming potential, P is the pressure, 1 is
the viscosity of the electrolyte solution, € is the dielectric
constant of the electrolyte solution, ¢, is the vacuum permit-
tivity and K is the electrolyte conductivity.

2.3.5. Membrane cleaning protocol and evaluation

To investigate the recovery rate of the fouled membrane,
a one-time chemical cleaning method was employed using
DI water, NaClO and H,0O, as cleaning agents. The effects
of these cleaning solutions on the fouled membrane were
investigated. Firstly, the fouled membrane was embedded
in the prepared concentrated cleaning solution. Two con-
centrations were selected each for NaClO and H,0, based
on previous reports [35,49,50]. The selected volume con-
centration for NaClO is 1.5% and 3% while for H,0, is 0.5%
and 1.5%. The static soaking time in both solutions is 12 h.
Similarly, fouled membranes were also soaked in slightly
warm DI water maintained at a temperature of 30°C + 1°C.
After the completion of the embedding period, the mem-
branes were altogether gently removed and rinsed with
DI water in order to allay the chemical effect and remove
residue of the cleaning agents prior to further testing. The
cleaned membranes were characterized for FTIR, XRD,
SEM, EDX, surface charge, surface hydrophilicity, porosity

and thickness as described in Section. 2.2.4 and their results
were compared with the neat and fouled membranes.

2.3.6. Membrane filtration process and cleaning efficiency

The permeation performance of the neat, fouled and
cleaned membranes was evaluated using both the dead-
end (Model 8010, Millipore Corp., Burlington, MA, USA)
and cross-flow filtration units (Memb-flow model, USA).
The dead-end filtration cell has an effective membrane area
of 12.56 cm? and prior to measurement, the membranes
were pre-stressed with DI water for 30 min at 0.15 MPa
in order to achieve a steady flux. The permeate flux was
then tested at a TMP of 0.10 MPa for 10 min. In the same
vein, the cross-flow filtration unit has an effective mem-
brane area of 8.4 cm? and a cross-flow velocity of 0.2 m s™.
Before commencement of measurement, each membrane
was pre-stressed for 30 min at 0.20 MPa to get a stable flux,
the permeate was then collected for 10 min at 0.10 MPa.
The permeation flux for the fouled (J,,), cleaned (J_,)
and neat membranes (J,,), (in L m™ h™) were calculated
by Eq. (2). In addition, the cleaning efficiency was deter-
mined with the recovery of pure water flux via the cleaned
membrane and was estimated as given in Eq. (3).

1%

(IFMOVCMmNM):m )

Cleaning Efficiency (%) = - 100 ®)

where V is the volume of permeated water (L), A is the effec-
tive membrane area (m?) and Af is the permeation time (h).

3. Results and discussion
3.1. Foulant characterization analysis

The foulant was examined under the FESEM machine
at magnifications of both 1,000x and 5,000x and EDX was
used to obtain their elemental composition. The result of
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Fig. 3. Foulant (a) SEM image at 1,000x magnification, (b) SEM image at 5,000x magnification, (c) EDX spectra and average element
composition and (d, e) EDX typical elemental sites acquired for analysis.

the analysis is presented in Fig. 3. The weight and atomic
percentage recorded are the average of points taken during
the analysis. The results of the SEM-EDX analysis of the
foulants indicate that O (~37% by weight) and Fe (~32%
by weight) are the two major foulants with S, Mg and Ti
making up the other elements. As revealed in the detailed
analysis result of the EDX, the O and S were compounded
with Si, Fe and Mg to form silicon dioxide (SiO,, known as
silica), iron disulfide (FeS, known as pyrite) and magne-
sium oxide (MgO) respectively. SEM images further vali-
date the presence of these compounds which show several
rod-like with well-defined shapes having a triangular, pen-
tagonal and rhombohedral crystalline structures with sharp
edges (Fig. 3a and b). The shapes of FeS,, 5iO,and MgO have
been reported in previous literature [51-53]. Furthermore,
Fe, Mg and S are also seen as part of the major constitu-
ents of the feedwater analysis (Table 1). Generally, foulants
(especially Fe and Si) when deposited on the surface of the
membrane even in a small quantity, have great tendencies
of reducing the membrane life [43]. In addition, the FTIR
spectra of the foulant are presented in Fig. 4. As shown,
the characteristics band peaks were detected at 2,350;
1,790 and 1,028 cm™ representing C-O stretching (CaCO,),
1,088 cm™ representing symmetric stretching of Fe-S (FeS,)
and 583-414 cm™ representing symmetric stretching of

Si-O (Si0,). The broad peak in the range 3,100-3,500 cm™
indicates the presence of MgO constituents in the foulant
[54,55]. This result further validates the elemental compo-
sition revealed by the EDX analysis, Although, CaCO, was
not captured by the EDX analysis, it was visibly acquired
by the FTIR analysis. The chemical solubility analysis (sup-
porting information) also revealed the presence of some
elements which was observed through gas evolution and
color change when dissolved in acid and base.

3.2. Membrane characterization analysis
3.2.1. SEM and EDX analysis

The surface morphology of the neat, fouled and cleaned
membranes characterized using the FESEM machine at
magnifications of 5,000x is presented in Fig. 5. As observed,
the fouled membrane was completely covered by the fou-
lant but none was found on the surface of the neat mem-
brane, as it was defect-free (Fig. 5a and b). When cleaned
with DI water, a good degree of membrane surface recov-
ery was achieved but there was some deposition of the
foulant left on the membrane surface (Fig. 5c), which
were stubborn and could not be easily removed with DI
water. In the same manner, the fouled membrane cleaned
with 1.5 M NaClO shows some areas of the membrane
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Fig. 5. SEM images of the (a) neat membrane, (b) fouled membrane, (c) DI water cleaned membrane, (d) 1.5 M NaClO cleaned mem-
brane, (e) 3 M NaClO cleaned membrane, (f) 0.5 M H,O, cleaned membrane, and (g) 1.5 M H,0O, cleaned membrane.
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surface still covered by minor deposition of the foulant
(Fig. 5d) but none was visibly seen on the surface of the
membrane cleaned with 3 M NaClO (Fig. 5e). The fou-
lants were weakened with their polymeric chains decom-
posed into minute fragments by the NaClO. Although, the
membranes were observed to suffer some degradation in
the process by the action of the NaClO [33], which was
more severe at 3 M of the cleaning solution (Fig. 5d and e).
It has been established that NaClO, though effective in
removing most inorganic and organic foulants, has the
potential to degrade the membrane mechanical strength
and alter its physicochemical properties [49]. Likewise,
the fouled membrane cleaned with 0.5 M and 1.5 M of
H,O, tends to show appreciable removal of foulant, as
their surfaces look rough and porous (Fig. 5f and g).
Nevertheless, the membrane suffers some intense degree
of degradation. Compared to the membranes cleaned with
NaClO, H,O, cleaned membrane surfaces were defected
thus reflecting the strong oxidative power of H,O,.

The elemental composition of the neat, fouled and
cleaned membrane elements were obtained from EDX spec-
tra and the results are presented in Fig. 6. As clearly shown,
the main constituent elements observed in the spectrum of
the neat membrane are carbon (C) and fluorine (F) (which
are the main elements existing in polymeric PVDF chains)
but with a small amount of oxygen (O) which could results
from contamination during experimental work (Fig. 6a).
However, the constituent elements observed in the spec-
trum of the fouled membrane are carbon (C), oxygen (O),
aluminum (Al), silicon (Si), sulfur (S), titanium (Ti) and iron
(Fe) (Fig. 6b). The weight and atomic percentage of element
C were drastically reduced to only ~ 4% and 7% respec-
tively while element F was not detected at all thus reflect-
ing the severe coverage of the foulants deposition on the
membrane. Element O was also abundantly detected with
weight and atomic percentage of ~ 64% and 77% respec-
tively. This may result from the presence of the hydroxyl
groups contained in the foulant and attached to elements
such as Si and Ti. This thus reveals the pore blocking of the
membrane caused by the cake deposition during separation.
Moreover, the amount of S, Fe, Ti, Si and Al in the spectrum
were also significant as they contribute to the overall foul-
ing mechanism of the membrane. After cleaning the fouled
membrane with DI water and NaClO solutions, element F
was recovered and C increased while O significantly dimin-
ished. Also, the composition of other elements such as Mg,
Ti and Fe reduced while S and Si were successfully elim-
inated (Fig. 6c—e). For membranes cleaned with H,O,, the
spectra revealed the removal and reduction of elements
such as Al, S, Ti and Fe but could not seems to eliminate O
and Si, rather they were refouled with them (Fig. 6f and g).

3.2.2. FTIR and XRD analysis

To reveal the change in the chemical groups and func-
tional structures caused by deposited and absorbed parti-
cles on the neat, fouled and cleaned membrane surfaces,
ATR-FTIR set in transmittance was employed and this was
accomplished using peak spectrum. The acquired spectra
are given in Fig. 7. From the spectra, the neat membrane
displayed the typical characteristic band peaks of PVDF

indexed to a-phase located at 615, 763 and 795 cm™ all rep-
resenting CF, bending and stretching vibration while the
band peaks located at 975 and 1,070 cm™, represent CH,
rocking [17,56]. The band peaks located at 840; 1,033; 1,275
and 1,404 cm™ are bands corresponding to [3-phase repre-
senting skeletal C—C stretching and CH, rocking [57], CF,
stretching [57,58] and CH, stretching [59,60] respectively.
Furthermore, band peaks noticed at 2,930 and 2,967 cm™
represent CH, symmetric and asymmetric stretching vibra-
tion modes [61] while at band peak 1,454 cm™, there was
deformation of CH, groups. The spectrum acquired for
the fouled membrane shows a drastic reduction in the
transmittance intensity when compared to the neat mem-
brane, as it takes a flat/straight-line form. This spectrum is
somewhat expected as the fouled membrane surface was
covered by the foulants, thus overlying the vibration of
the membrane during spectra acquisition [62]. Moreover,
the spectra acquired for the DI water cleaned, NaClO (at
1.5 and 3 M) cleaned and H,O, (at 0.5 and 1.5 M) cleaned
membranes revealed a similar pattern with the neat mem-
brane indicating a good recovery, as there were no notable
differences from 500 to 4,000 cm™ except some few bands’
adjustments noticed between broad absorption band peaks
of 2,500 and 3,600 cm™. Also, the effect of the cleaning agents
on the membrane was noticed in the rocking, wagging and
deformation of band peaks as observed in their spectra.
XRD analysis was employed to investigate the crystal-
line structure of the neat, fouled and cleaned membranes
and to see if there are noticeable changes as shown in Fig. 8.
The existence of PVDF polymers can be seen generally in
five crystalline forms namely «, B, v, d and € phases [14,63]
but it is basically and mostly noticed in the first three major
phases out of the five [64]. From the figure, it can be noticed
that the neat PVDF membrane exhibits two crystalline
characteristic peaks at 17.86° and 26.02° (representing dif-
fractions in crystallographic planes 020 and 021) which are
both attributed to the a-phase while a third characteristic
peak at 20.66° (representing diffraction in crystallographic
plane 110) is indexed to the p-phase. In the fouled PVDF
membrane, a strong peak at 9.81° (indicated in light green
circular symbol) was observed while other weak peaks at
9.81°, 14.49°, 22.13° and 28.85° were also noticed. These
peaks are envisaged to be caused by the interaction between
the PVDF polymer and the deposited constituent of the
foulants (such as Ti, Fe, Si, Al) on the surface of the mem-
brane which influenced the polymer crystal structure during
phase transition [65]. Furthermore, similar crystalline char-
acteristic peaks were observed in all the cleaned membranes
as seen in the neat membrane. Although, some insignifi-
cant shifts were detected in their characteristic peaks using
XRD pattern analysis software. These characteristics peaks
are recorded in Table S3. This further attests to the fact
that the cleaning solutions (especially NaClO and H,O, at
higher concentrations) were effective in recovery the mem-
branes but with some intrinsic changes in the hydrophilicity,
surface charges and flux as explained in later sections.

3.2.3. Visual examination

As a vital step in membrane fouling investigation, the
membrane components transported from the wastewater



144 K.H. Lasisi et al. / Desalination and Water Treatment 230 (2021) 136-154

Element Weight%  Atomic% Weight%  Atomic%
439 7.04
e > B s 716
“ 0.19 0.07 B 10 0.86
| Si EERES 129
F e IR s [ETETRY
100 100 432 1.74
9.97 344

| Total ST

100

10 12 14 16
ull Scale 2200 cts Cursor: 0000 ke Full Scale 3084 cts Cursor: 0,000

Weight%  Atomic% Weight%  Atomic%
32.67 4425
c 42.16 53.36 o BRI 11
498 473 B o 40.80
52.04 41.65 | Mg BERE 142
Ti 0.70 024
o8 026 = 532 1.55

100

100 100

0 2 4 £
ull Scale 2200 cts Cursor: 0,000

14 16

kel| Full Scale 9084 cts Cursor: 0.000

Weight%  Atomic%

Weight%  Atomic% nt
C 728 10.94

39.50 5132 ¢ |
:éf;)zg 3?9_3;) I .72 S
128 0.82 034 032
028 0.09 | si [N 2017
332 0.93 T o 0.10

100

Total 100
| Total |

100 100

1 2
ull Scale 9084 cts Cursor; 0.000

Weight% Atomic%

1] 1 2 3
ull Scale 9084 cts Cursaor; 0,000

7.54 1121
“ 62.47 69.72
2999 19.06

100

1] 1 2 3
ull Scale 9084 cts Cursor, 0,000
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plant was visually examined internally and externally in
order to check for physical cracks, embossments, scales,
flaws, blistering and extent of fouling on the surface of the
membrane layer, the permeate carriers, feed spacers and
the membrane leaves. As shown in Fig. 9, the surface of
the fouled flat sheet membrane element was widely spot-
ted with foulant having light grey color in some regions
and dark grey in others (Fig. 9al and a2). The feed spacer
and the permeate carrier had no visible stain of the foulant
on them (Fig. 9b1 and b2). In addition, the fouled mem-
brane element extracted from the membrane module has
its surface covered with grey spots, indicating the foulant
(Fig. 9cl). These grey spots were easily cleaned off when
soaked and washed with DI water. Nevertheless, some
irregular transparent light brown was left on the surface of
the membrane (Fig. 9c2). The cleaning of the fouled mem-
brane with 1.5 M and 3.0 M NaClO changed their colors
to light and dark reddish-brown respectively (Fig. 9d1
and d2) indicating the presence of Fe as one of the major
constituents of the foulant. Moreover, no visible cracks or
defects were observed on the surfaces of the membrane.
In contrast, some slight embossments were noticed on the
surface of the membrane cleaned with 0.5 M H,O, which
were more severe on the membrane cleaned with 1.5 M
H,0,, even though the cleaning solution was physically
effective in removing the foulant from the surface of the
membrane (Fig. 9el and e2). In sum, no permanent phys-
ical damage was observed on the surfaces of the cleaned
membranes, feed spacers and membrane leaves.

3.2.4. Dye and air bubble test

The dye and air bubble test was used to verify the
integrity and strength of the membrane to check if there is
any structural damage done to the membrane during oper-
ation in the MBR plant. Prepared methylene blue solution
was randomly dropped without any pressure applied on

the surface of two membrane coupons, which were ini-
tially placed on a flat platform prior to testing. The result
(Fig. S3) shows that the fouled membrane had suffered
some slight microstructural damage during operation as
traces of methylene blue solution were seen on the perme-
ate sides of tested membrane elements (M1 and M2). In the
same manner, the air bubble test indicates that the mem-
brane had suffered some microstructural damage during
operation, as air bubbles were seen escaping via some sec-
tions of the membrane when air pressure was applied. It is
envisaged that this structural damage could be a result of
long exposure of the membrane to the wastewater which
exhibits a low pH (Table 1). As reported in our previous
work, PVDF-based membranes exposed to the region
of low pH for an extensive period of time could suffer
some structural damage which will evidently affect their
mechanical properties [48].

3.2.5. Thickness, porosity and tortuosity

The thickness and porosity of a membrane are two
key parameters that provide a clear understanding of
the flux and integrity characteristics a membrane will
potentially exhibit. Table 2 presents the thickness and
porosity of the neat, fouled and cleaned membranes with
their respective standard deviations. It was essential to
measure the thickness of the fouled membrane to know
the degree of foulant deposition and distribution on the
membrane. The thicknesses of the neat and fouled mem-
branes which were randomly measured at different points
of the extracted membrane coupons are 202.7 + 2.21 um
and 220.6 + 6.40 um respectively. This result reveals
that some deposition of the foulant was firmly stuck
to the surface of the membrane which thus increases its
thickness. This was also confirmed by the visual exam-
ination representation in Fig. 9. Undoubtedly, the clean-
ing of the fouled membrane with DI water and different
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Fig. 9. Visual inspection of the membrane elements (al, a2, b1, b2), fouled and DI washed membrane (c1, c2), NaClO cleaned mem-
branes (d1, d2) and H,O, cleaned membranes (el, e2).

Table 2

Thickness, porosity, tortuosity and contact angle of the neat, fouled and cleaned membranes
Membrane type Thickness (um) Porosity (%) Tortuosity Contact angle (°)
Neat 202.7 +2.21 66.64 +0.45 2.69 £0.10 80.1£0.62
Fouled 220.6 +6.40 53.42 +2.87 4.04 +0.39 57.5+2.17
DI water 210.7 £1.70 71.05+0.33 2.34+0.07 252 +3.54
NaClO@15M 195.4 +1.39 74.03 +0.64 2.14+0.04 17.0+1.84
NaClO @3 M 194.4 +1.27 74.11+1.05 2.14 +0.06 15.6 +2.72
H0,@05M 198.3 +1.60 78.68 +0.32 1.87 £0.03 12.9+1.34

HO,@1.5M 196.6 +0.98 78.49 +0.35 1.88 £ 0.05 12.3+£0.97
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concentrations of NaClO and H,O, slightly affect the thick-
ness of the membrane thus resulting in reduction, but
no remarkable influence on the physical structure of the
membrane matrix was noticed. This outcome is in agree-
ment with the findings of [49]. Meanwhile, the porosity of
the membranes exhibits a similar pattern of result, but in
the opposite direction. The neat and fouled membrane has
a porosity of 66.64% * 0.45% and 53.42% =+ 2.87% respec-
tively while the cleaned membrane porosity gradually
increases in the order DI water cleaned <1.5 M NaClO
cleaned <3 M NaClO cleaned <0.5 M H,O, cleaned <1.5 M
H,0O, cleaned as given in Table 2. The cleaning of the mem-
brane results in flux and contact angle increments which
are discussed in later sections. The tortuosity of the neat,
fouled and washed membranes were further estimated
from the porosity. It is an important parameter used in
revealing the ruggedness and ability of the membrane to
withstand extreme conditions. It has an inverse relation-
ship with porosity [66]. The tortuosity of the neat mem-
brane is 2.69 = 0.10 as shown in Table 2. Meanwhile, the
tortuosity of the fouled membrane increased by approxi-
mately 1.65 times the neat membrane. This result is expected
as the porosity of the fouled membrane is reduced due to
membrane pore blocking caused by the foulant. In addition,
the tortuosity of the cleaned membranes decreases as their
porosity increases, but they still fall within the permissible
limit of tortuosity 21 proposed by Matyka et al. [67].

3.2.6. Surface charge and hydrophilicity analysis

One of the most important parameters useful in
supplying information about the membrane surface charge
is the zeta potential. It helps to better understand the mem-
brane retention mechanism and fouling properties of the
fouling processes [68,69]. Fig. 10 presents the surface zeta
potential analysis of the neat, fouled and cleaned mem-
branes. As shown, the zeta potential of the neat membrane

at pH range 3 to 11 shows a pattern that is similar to
polymeric PVDF membranes thus having a zeta poten-
tial of —14.27 + 0.68 mV at neutral pH 7. Furthermore, all
the membranes with the exception of the fouled and the
H,0O, cleaned membranes, exhibited similar surface charge
trends as they become more negatively charged with pH
increment. For the fouled membrane, the positive zeta
potential value of 2.70 + 1.23 mV at pH 3, which further
transit to become negatively charged with increasing pH,
could be attributed to the deposition of the foulant on the
surface of the membrane. This could be further explained
by the electrostatic interaction existing between the foulant
and the charge on the membrane surface which is not the
same case for the neat membrane. This is a critical factor to
consider because, there will be a reduction in fouling pro-
pensity on the membrane surface when their zeta potential
is more negative, due to the electrostatic repulsion between
the foulant and the membrane’s surface [70]. In addition,
the zeta potential of the NaClO cleaned membranes (for
1.5 M and 3 M) were found to be more negatively charged
when compared with those cleansed with DI water and
H,O, (for 0.5 M and 1.5 M) particularly at a pH range of
3-7. This observation is similar to the findings of [35]. As
observed from the same Fig. 10, there was no significant
difference in the zeta potential of all the membranes at a
pH range of 9-11, as they tend to falsely plateau without
any further significant change but with the exception of
the fouled membrane, which displayed an abrupt decli-
nation throughout the pH range considered. Generally,
it was evident from the analysis that the zeta potential
of the membranes is influenced by pH change as they
expressly exhibit an inverse relationship.

Similar to zeta potential parameter, surface hydrophilic-
ity of membrane also has a significant effect in controlling
or assessing membrane fouling both in bench-scale and
pilot-scale of membrane bioreactor system and this can
be achieved by measuring the water contact angle of the
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membrane material. The contact angles of the neat, fouled
and cleaned membranes were measured and the aver-
age values are presented in Table 2. The neat membranes
exhibited a contact angle of 80.1° + 0.62° thus revealing the
hydrophobic property of the PVDF membrane. It has been
established that contact angle values ranging from 0° to 80°
represent hydrophilic surfaces while those from 81° to 180°
correspond to hydrophobic surfaces [62,71]. For the fouled
membrane, a significant reduction was recorded in the con-
tact angle, which was caused by the marked constituent of
the foulant as seen in Fig. 5b spreading over the surface of the
membrane, thus making it hydrophilic owing to its hydroxyl
properties [72]. Similarly, there was a drastic reduction in
the contact angles of the cleaned membranes in the decreas-
ing order of DI water cleaned >1.5 M NaClO cleaned >3 M
NaClO cleaned >0.5 M H,O, cleaned >1.5 M H,O, cleaned,
thus making the membrane more hydrophilic. This is
believed to be caused by the segregation of the PVDF poly-
mer chain on the membrane surface membrane during clean-
ing, as there was the rapid spread of the water droplet on
the membrane surface during testing. This has been reported
to be caused by electrostatic interactions and the likely
presence of hydrogen bonds of the cleaning constituent [73].

3.2.7. Permeation flux and cleaning efficiency

To further understand the fouling formation on the
membrane element and the chemical removal efficiency, the
results of the water permeation flux of the neat, received
fouled and cleaned membranes evaluated using cross-
flow and dead-end filtration cell, alongside the clean-
ing efficiency of the cleaned membranes is presented in
Fig. 11. For the result of the cross-flow filtration unit as
shown in Fig. 11a, the permeation flux of the neat mem-
brane is 1,465.5 + 36.48 L m™ h™! which is relatively mod-
erate for low-pressure PVDF membranes, but there was a
drastic reduction for that of the fouled membrane, having
164.2 + 20.58 L m™ h! as the resulting permeation flux,
which is almost one-tenth of the neat membrane. This sig-
nificant reduction is a result of the massive covering and
blockage of the membrane surface and pores by the foulant
as revealed by the SEM images in Fig. 5, thus reducing the
permeation of water through the membrane. The previous
study has reported the permeation flux of the membrane
to be greatly influenced by both pore size and surface
porosity [49]. Moreover, the permeation flux of membrane
cleaned with DI water raised to 631.2 + 25.07 L m? h™
while permeation flux of those cleaned with different con-
centrations of NaClO and H,O, increased relatively from
1,023.5+45.99 t0 1,212.7 + 70.79 Lm? h™! and 1,054.4 + 55.73
to 1,139.6 + 8.13 L m™ h" respectively. The permeation flux
of all the membranes tested using a dead-end filtration unit
as shown in Fig. 11c followed a similar trend with that of
the cross-flow filtration system. The neat and the fouled
membranes have permeation fluxes of 1,148.5 + 53.69 and
405.1 + 15.02 L m™? h respectively while the DI water
cleaned membrane has the least among the washed mem-
branes to be 544.1 + 41.46 L m™ h'. Justifiably, this result
trend is similar to that of the contact angle given in Table 2,
which reveals the hydrophilicity nature of the membrane
with increasing concentration of the cleaning agents. In

addition, their membrane cleaning efficiency (i.e., pure
water flux recovery) was evaluated. For the cross-flow fil-
tration unit result (Fig. 11b), the membrane cleaned with
3 M NaClO has the highest cleaning efficiency (81%), fol-
lowed by the membrane cleaned with 1.5 M H,O, having
a cleaning efficiency of 75%. The cleaning of 1.5 M NaClO
and 0.5 M H,O, cleaning was just a bit different from each
other with approximately 2% while the DI water cleaned
membrane has the lowest cleaning efficiency of 36%. The
membrane cleaning efficiency of the dead-end filtration
unit (Fig. 11d) followed the same pattern as that of the
cross-flow filtration unit but with some minor differences.
The cleaning efficiency of the membrane cleaned with 1.5 M
H,O, was a bit lower than the one cleaned with 1.5 M NaClO.
This may be attributed to the rate of reaction of the clean-
ing agents in relation to the extent of foulant deposition on
both the surface and pores of each membrane. Generally,
it has been reported that effective cleaning of foulants can
be achieved with adequate duration whereas prolonged
duration can possibly result in secondary fouling and even
cause potential damage to the membrane when exposed
to the high concentration of strong cleaning oxidants [27].
Based on this, it is envisaged that the cleaning efficiency
of membranes cleaned with both NaClO and H,0O, may
likely drop if their concentration is further increased.

4. Conclusion

This study has investigated the foulant composition and
fouling formation mechanism of low-pressure PVDF-based
membrane elements used in separating TiO, particles in
the MBR system. This process was combined with one-time
chemical cleaning, altogether accomplished via a simple but
systematic approach. It was evident from the SEM-EDX and
FTIR analysis that the elements S, Fe, O, Si, Ti and Al were
the main constituents of the inorganic scales on the sur-
face of the fouled membrane while FeS, and SiO, were the
dominant inorganic compounds of the foulant. Meanwhile,
the cleaned membranes revealed that these aforemen-
tioned foulants were almost completely removed by the
one-time cleaning but H,O, could not effectively remove
O and Si. The obvious change in the crystalline character-
istic peaks of the fouled membrane proves the dominance
effect of the foulant on the surface of the membrane in the
XRD diffractogram. The zeta potential of fouled, neat and
cleaned membranes was predominantly negatively charged
particular at higher pH which was explained by the elec-
trostatic interaction existing between the foulant and the
charge on the membrane surface. Drastic reduction in the
contact angle of the fouled and cleaned membrane reveals
the surface adhesion weakening caused by the foulant,
thus resulting in a hydrophilic surface. The porosity, tor-
tuosity and visual inspection results all show the impact
of the foulant on the membrane elements. The permeation
flux of the fouled membrane was significantly low com-
pare to the neat membrane and the cleaning agents such as
NaClO and H,O, at selected concentrations were effective
in flux recovery although, NaClO has a higher cleaning effi-
ciency on a molar basis than H,O,. On the other hand, DI
water as a cleaning agent could barely recover the flux of
the fouled membrane.
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Supporting information

S1. Foulant chemical solubility analysis and foulant sur-
face density tests

51.1. Chemical solubility test

The chemical solubility test was carried out on the fou-
lant which was gently scraped from the surface of the fouled
membranes, in order to further understand its nature.
Water, concentrated HCI and NaOH were used as the sol-
ubility solutions. Firstly, these solutions were prepared in
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three-round bottom conical flasks by (i) measuring 100 mL
of DI water in one of the flasks and adding 0.1 g of the fou-
lant into it (ii) preparing 5% concentrated HCl and adding
0.1 g of the foulant into it and (iii) dissolving 0.1 g of the
foulant into 5% NaOH. After this, the round bottom con-
ical flasks were vigorously shaken individually and left
for about 2-5 min for further observation. The experiment
set-up before and after the addition of foulant into the pre-
pared solution is depicted in Fig. S1. The observation of the
foulant dissolution in the solution is given in Table S1.

Fig. S1. Chemical solubility test experimental set-up (before and after the test).

Table S1
Summary outcome of the chemical solubility analysis

Solubility medium  Homogeneous solution ~ Colour change

Gas/heat evolution Remark

Water Insoluble No change in color
Acid Soluble Colour changes to light green
Base Partially soluble Colour changes to reddish

brown

No evolution occurred  No significant reaction
was noticed

Evolution of heat Presence of Ti
occurred

No evolution occurred  Presence of Fe and S

51.2. Foulant surface density

The degree/extent of the fouling on three fouled flat
sheet membrane surface elements were determined in order
to know their foulant surface density. This was achieved by
measuring the mass of the foulant gotten from the surface
of the membrane and dividing it by the surface area of the
membrane. It was done upon membrane reception and after

oven-drying the foulant at 105°C overnight. The average
value with the standard deviation is given in Table S2.
Mathematically,

Mass of the foulant(kg)

FSD =
Surface area of the membrane (mz)

(1)
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Table S2
Calculation of the foulant surface density

Membrane Mass of foulant (kg) Membrane surface area (m?) FSD (kg m?) Mean FSD (kg m™)

Upon membrane reception

Membrane 1 0.00406 0.12 0.034
Membrane 2 0.00685 0.12 0.057 0.0045 £ 0.012
Membrane 3 0.00516 0.12 0.043

After oven-drying overnight at 105°C

Membrane 1 0.00226 0.12 0.019
Membrane 2 0.00312 0.12 0.026 0.0023 + 0.002
Membrane 3 0.00278 0.12 0.023

S2. Membrane sample preparation for characterization

' N Representative |
) fouled l

membrane -

Sliced fuuie;l
membrane elements

|As-received fouled '
membrane

As-received ‘ Whole piece
neat membrane

7
;-‘;.c./

(’ Sliced neat
membrane elements

Fig. S2. Schematic representation of the fouled and neat membrane elements preparation process for analysis.

§3. X-ray diffraction characteristic peaks

Table S3

Diffraction angles 20 of their characteristic peaks
Cleaned membrane Crystalline phase diffraction angles 20

a B a

DI water 17.80 20.82 25.99
NaClO@15M 17.77 20.84 26.09
NaClO @3 M 17.74 20.92 26.04
H,0,@05M 17.82 20.84 26.12

H,0,@15M 17.80 20.95 26.02
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S4. Dye test

Fig. S3. Dye methylene blue test result of the received fouled membranes surfaces.



	_Hlk54181544
	_Hlk69184341
	_Hlk69087900
	_Hlk69089522
	_Hlk69088109
	_Hlk57799289
	_Hlk61211081
	_Hlk54187908

