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ARTICLE INFO ABSTRACT

Editor: Gaohong He Membrane surface properties and interactions with organic species can influence selective separation processes
such as hydrophobic membrane contactors (HMC). The selective separation of volatile fatty acids (VFAs) from

Keywords: nutrients in industrial fermented food waste (FFW) was investigated using HMC. The focus was on (1) in-

Fermentation teractions induced by VFAs on membrane surface, (2) trends in membrane surface free energy (YY", and (3)

Surface free energy

Volatile fatty acids

Food waste

Hydrophobic membrane contactor

nutrient rejection (Rnu) and VFA separation efficiency (Ses). The Y¥' and interactions varied with feed

composition and concentration. The presence of VFAs increased the dispersive and polar interactions, and Lewis
base components of the membrane surface by up to 2, 27, and 7-fold, respectively, while the Lewis acid com-
ponents increased by three orders of magnitude. Consequently, the Y{* tripled at maximum compared to the
Control membrane, leading to decreased Ryt and VFA Ser. The HMC separated 40-73 % of VFAs to the permeate
while rejecting >95 % of nutrients in the feed. Increasing Y{*' above 36 mJ/m? combined with decreasing water

contact angle (WCA) below 90° were most detrimental to VFA Seg and Ryy.

food wastes for VFA and nutrient production, selectively separating
VFAs from nutrients in FFW is challenging due to the complexity of the
fermented media [3,4,16,17,21,22]. For this purpose, various
membrane-based, adsorption-desorption, precipitation, extraction, and
chromatographic methods have been explored [16,23-27]. These
methods often face constraints like high energy consumption (thermally
driven membrane distillation), low VFA-nutrient selectivity (electrodi-
alysis), high operating pressure (RO and NF), or significant chemical
usage (chemical extraction) [16,23].

1. Introduction

The presence of organic fractions in discharged waste streams causes
economic losses and significant environmental damage, including high
chemical oxygen demand (COD) and eutrophication [1,2]. To mitigate
environmental harm from organic waste streams, current research fo-
cuses on converting organic fractions into volatile fatty acids (VFAs) and
nutrients through anaerobic digestion and fermentation [3-7], aiming Among these methods, direct contact hydrophobic membrane con-
that the VFAs can partly or entirely be used for industrial and com- tactor (HMC) and adsorption—desorption have gained attention due to
mercial applications [8]. With market demand ranging from US$600 to their higher affinity for VFAs over nutrients [8,24,27-30]. Briefly, 76 kg
US$4000 per ton [9], VFAs have substantial potential as chemical VFAs per kg adsorbent or 68-89 % VFAs were separated from model and
platforms in the chemical and pharmaceutical industries [10-14], while real VFA solutions using adsorption—desorption [30-32]. However, in
the nutrients can be used in bio-based fertilizers. some cases, adsorbents suffer from co-adsorption of HoSO4, HCl, and

Food waste (FW) is a considerable source for producing VFAs and H3PO, [30]. In most cases, the desorption step requires high tempera-
releasing nutrients. Food and green wastes comprise 44 % of the 2.01 ture (e.g., 120-200 °C) and high chemical addition [30-32]. Therefore,
billion tonnes of global municipal solid waste [15]. Moreover, 4-30 g/L HMC is widely utilized for VFA separation from FFW due to its lower

and 0.02-14.7 g/L VFAs and nutrients have been measured in fermented energy demand and reduced chemical additive requirements compared
food waste (FFW) respectively [3,4,16-22]. Despite the availability of
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Nomenclature

[RCOO™] Total molar amount of dissociated VFA in the feed

[RCOOH], Total molar amount of protonated VFA in the feed

[RCOOH,, + RCOO ] Total molar amount of protonated and
dissociated VFAs in the feed

BO (1) Feed solution containing 0.05 equimolar (Nutrients + Co
+ C3 + Cy4)

BO (ii) Feed solution containing 0.05 equimolar (Nutrients + Cs
+ Ce + Cg)

BO (iii)  Feed solution containing 0.05 equimolar (Nutrients + C,
4+ C3+ C4 + Cs + C + Cg)

B1 (ii) Feed solution containing 0.0075 M Cs + 0.0075 M C¢ +
0.0035 M Cg + 0.05 M Nutrients

B1 (iii) Feed solution containing 0.05 equimolar (C, + C3 + C4) +
0.0075 M Cs + 0.0075 M Cg + 0.0035 M Cg + 0.05 M
Nutrients

B2 Feed solution containing 0.035 M C; + 0.01 M C3 + 0.035
M C4 + 0.05 M Nutrients

Cy Acetic acid

Cy-Cy Combination of acetic, propionic and butyric acid

Cy-Cg Combination of acetic, propionic, butyric, valeric, caproic,
and caprylic acid

Cs Propionic acid

Cy4 Butyric acid

Cs Valeric acid

Cs5-Cg Combination of valeric, caproic, and caprylic acid

Ce Caproic acid

Cg Caprylic acid

Control Feed solution containing nutrients only (without VFAs)
DPM Dry pristine membrane

FFW Fermented food waste

FW Food waste

N Membrane exposed to Control feed solution

NC,-C4 Membrane exposed to feed solution containing (Nutrients
+ Cy+ C3 + Cy)

NCp-Cg Membrane exposed to feed solution containing (Nutrients
+Cy+C3+C4+Cs5+ Cg + Cg)

NCs-Cg  Membrane exposed to feed solution containing (Nutrients
+ Cs + Cg + Cg)

np,p " Initial amount (mol) of nutrients in feed solution

nF,XF A Initial amount (mol) of VFA in the feed

np,Nut Amount (mol) of nutrients in feed solution at any given
time

np,YFA Amount (mol) of VFA in the permeate at any given time

Pow Octanol-water partition coefficient

RFFW Membrane exposed to real feed solution (FFW)

Ryut Nutrient rejection

Seff Separation efficiency

WCA Water contact angle

B Percent protonated VFA (undissociated VFA) in the feed

0 Liquid contact angle on membrane

Yy Liquid (water, or diiodomethane, or glycerol) surface
tension

Yiv Lewis base component of liquid surface

Yiv Lewis acid component of liquid surface

rdy Dispersive component of liquid surface

Y Lifshitz Van der Waal component of liquid surface

iy Polar component of liquid surface

Ys Lewis base component of membrane surface

ré Lewis acid component of membrane surface

Y4B Lewis acid-base component of membrane surface

rd Dispersive component of membrane surface

riv Lifshitz Van der Waal component of membrane surface

g Polar component of membrane surface

e Surface free energy of membrane surface

to adsorption—desorption [29,33,34]. For instance, 10-98 % VFAs have
been separated from model and real streams using HMC [16,29,35,36].

Operating conditions substantially impact VFA recovery in HMC
[37,38]. Briefly, increasing feed temperature by 10 °C from 25 °C
enhanced the diffusion coefficient by 33 %, while a 3.2-fold increase in
flow rate nearly doubled the VFA transport [37]. In addition to oper-
ating conditions, membrane materials like polyvinylidene fluoride
(PVDF), polyethersulfone (PES), polytetrafluoroethylene (PTFE), sili-
cone, polysulfone (PS), polyethylene (PE), and polypropylene (PP) have
been employed for VFAs separation due to their high hydrophobicity,
large interfacial area, and superior selectivity for VFAs over nutrients
[29,35,39,40]. About 96-98 % VFAs were recovered using PTFE and PE
membranes while rejecting 98-100 % nutrients [16,29].

Clearly, all the studies focused on operating conditions and mem-
brane materials on separation efficiency (Sefr) of VFAs neglecting the
membrane surface interactions induced by VFAs and their effects on
VFA Se¢r and nutrient rejection (Ryy). The membrane surface free energy
(YY) describes the equilibrium state of atoms on the membrane surface,
influencing wetting, dispersion, dipole-dipole interactions, and Lewis-
acid-base interactions [41,42]. Therefore, interactions between the
VFAs and the membrane surface, and changes in Y§' during HMC may
influence the membrane behavior and impact the VFA S and nutrient
rejection (Rnyt) [43,44]. To the best of our knowledge, this study is the
first to investigate the membrane surface interactions and Y§" effect on
Rnut and VFA Seg via PTFE HMC.

The objectives of this study are to investigate (1) surface interactions
induced by VFAs on HMC membrane surface, (2) trend in membrane TEt
influenced by VFAs, and (3) Ryyt and VFA S via PTFE HMC applied to
FFW. For that purpose, HMC was applied to separate VFAs (acetic (Cy),

propionic (C3), butyric (C4), valeric (Cs), caproic (Cg), and caprylic (Cg)
acids) from synthetic solutions, and industrial FFW while rejecting nu-
trients. Thereafter, liquid (water, dilodomethane, and glycerol) contact
angles on the membranes were measured to calculate the magnitude of
VFA-membrane interactions. This study demonstrates how VFA-
membrane interactions alter Y¥' and water contact angle (WCA)
which influence VFA St and Ry in HMC. Particularly, it highlights the
critical role of maintaining optimal WCA and Y in enhancing VFA St
and Ryy: during HMC applied to FFW. By demonstrating how these
membrane surface properties directly influence separation performance,
the findings offer a valuable pathway for improving the recovery and
valorization of VFAs and nutrients. This not only supports the
advancement of sustainable resource recovery and circular economy but
also contributes to reducing adverse environmental impacts of food
waste.

2. Materials and methods
2.1. Membranes, chemical reagents, and fermented food wastes

The PTFE membrane had a thickness of 230 um, a pore size of 0.45
um (provided by manufacturer), and a water contact angle (WCA) of
136.95 + 3.59°. It was purchased from Aquastill BV (Nusterweg 69, the
Netherlands). PTFE membrane was chosen because of its high hydro-
phobicity, and VFA selectivity against inorganic ions making it suitable
for VFA recovery via HMC as widely reported in literature
[29,37,38,45,46]. Additionally, PTFE has low Y{' (18-22 mJ/m?),
making it suitable for repelling water and minimizing potential organic
fouling [47-51]. The acetic (96 % purity), propionic (99.5 %), butyric
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(>99 %), valeric (99 %), caproic (99 %), and caprylic (99 %) acids
bought from Sigma-Aldrich (Belgium) were used as synthetic VFAs. The
KOH(S) (=99 %), NH4OH(1) (>25 %), HNOB(conc) (65 %), H3P04(conc)
(>85 %), NaOHgs) (>98.5 %) and HCl(conc) (37 %) were purchased from
Sigma-Aldrich (Belgium). The FFW prepared from fruits and vegetable
wastes was obtained from Dranco nv (Belgium).

2.2. Nutrient rejection and VFA separation efficiency from synthetic feed

In this section, the feed solutions were categorized into four groups,
namely Control, BO, B1, and B2 (Table 1). The B0 and B1 groups were
further subdivided to account for variations in VFA and nutrient com-
positions. BO was subdivided into BO (i), BO (ii), and BO (iii), whereas B1
was subdivided into B1 (ii), and B1 (iii). The compositions of BO (i), BO
(ii), BO (iii), B1 (ii), and B1 (iii), and B2 are described in Table 1. The
selection of Cy to Cg as feed VFAs was based on feed composition of FFW
in this study and literature [18,19,22,38,39,52,53]. Normally, FFW is
dominated by high molar concentration of Cp; to C4 (Cp-C4)
[4,18,39,54,55], hence, equimolar and non-equimolar concentrations of
Co-C4 were prepared in BO (i), and B2 respectively. However, since the
highest individual nutrient concentration was 0.05 M (Table 2), the
maximum individual C,-C4 concentration was maintained at 0.05 M
which was within the range of Cy-C4 concentrations in FFW
[4,18,38,39,54,55]. Equimolar concentration was necessary to equally
compare the impacts of nutrients and C,-C4 on the membrane. Addi-
tionally, to compare the influence of Cy-C4, and nutrients with Cs to Cg
(Cs5-Cs), similar equimolar concentrations of Cs5-Cg were also prepared as
shown in BO (ii). A combined equimolar mixture of Cy-Cg, based on
concentrations from BO (i) and BO (ii) was prepared in BO (iii) to eval-
uate the overall influence of VFAs. Feed solutions B1 (ii), B1(iii), and B2
were prepared to explore non-equimolar concentrations of VFAs. In
FFW, individual Cs  C¢ and Cg concentration range 130-2000 mg/L with
typical total molar concentration of ~0.02 M has been reported
[22,52,56], therefore B1 (ii) was prepared within the range, having total
concentration of ~0.02 M. Typically, FFW is dominated by total molar
concentration of Cy-C4 as in BO (ii) and less Cs-Cg as in B1 (ii)
[18,22,38,52], hence, B1 (iii) was prepared to contain VFAs dominated
by Cy-C4 concentration compared to Cs-Cg. Thus, VFA concentrations in
BO (i), and B1 (ii) were maintained in B1 (iii) to make a fair comparison.
Given that the real feed has a pH of around 5, all experiments were
conducted at a feed pH of 5.

Table 1
Overview of experiments using model feed solutions.
Component Control BO (mol/L) B1 (mol/L) B2 (mol/L)
Nutrients Mixed
(0.05 K"
equimolar) NO3
NHj
H,PO;
Nutrients + BO (i): 0.05 B2: 0.035C, +
Cy-Cy equimolar 0.01C3 +
(Nutrients + Cy 0.035 C4 +
+C3+Cy) 0.05 Nutrients
Nutrients + BO (ii): 0.05 B1 (ii): 0.0075
Cs-Cg equimolar Cs + 0.0075C¢
(Nutrients + Cs + 0.0035Cg +
+ Ce + Cg) 0.05 Nutrients
Nutrients + BO (iii): 0.05 B1 (iii): 0.05
Co-Cg equimolar equimolar
(Nutrients + Cy (Cz+ C3+ Cy)
+C3+C4+Cs -+ 0.0075
+ C + Cg) Cs + 0.0075C¢
+0.0035 Cg +

0.05 Nutrients

C,-C4 represents a combination of acetic, propionic and butyric acid. Cs-Cg
represents a combination of valeric, caproic and caprylic acid. C,-Cg represents
combination of acetic, propionic, butyric, valeric, caproic, and caprylic acid.
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Table 2
VFA and nutrient content of FFW.

VFA Concentration (mg/ Nutrients and other ions (mg/
L) L)

Acetic acid: C, 4308 + 186 1881 + 134 K+

Propionic acid: C3 401 + 71 634 + 88 NHj

Butyric acid: Cy4 1245 + 84 225 + 51 NO3

Valeric acid: Cs 156 + 59 409 + 77 H,POZ

Caproic acid: Cg 1783 + 111 296 + 49 SO%’

Caprylic acid: Cg 368 + 97 1201 + 88 Cl

Conductivity (11.5 mS/
cm)
pH 5.01

236 + 41 Mg**

621 + 71 Ca*
152 + 32 Na™

The Control solution (without VFAs), containing 0.05 equimolar of
mixed K*, NO3, NHJ, and H,POy3 in a 1 L volumetric flask, was prepared
using KOH, HNOs, NH4OH, and HsPOy,. Individual K*, and NH} con-
centrations in FFW (Table 2) were 0.04-0.05 M while NO3, and H,POZ
were 0.004 M each. However, nutrient concentration in FFW is normally
dominated by K', and NHj than H,POz, and NO3 [4,16,57,58].
Therefore, to equally compare the impact of the nutrients and VFAs at
the same concentration, the 0.05 M equimolar concentration was chosen
and used as the Control. Thus utilizing 0.004 M equimolar of Cy-C4 for
example due to the 0.004 M NO3, and HoPO4 would result in too low
concentration of Cy-C4 outside the range observed in literature
[4,18,38,39,54,55]. Ca®*, Mg?*, and SOF~ nutrients were excluded from
the synthetic solution to avoid precipitation with sulphate, phosphate,
and the VFAs. Na+, and Cl™ were also excluded because they are not
considered nutrients. A 0.1 N NaOH(,g) solution (pH 13) was prepared in
a 2 L volumetric flask and used as the permeate solution
[3,4,16,17,35,37-39,57]. To assess Ryy in the absence of VFAs, 150 mL
of each of the Control feed solution and permeate solution were trans-
ferred into the HMC feed and stripping chambers, separated by a 5.31
cm? membrane (Fig. 1) and stirred at 20 % using a LABINCO stirrer
(model LD-746, The Netherlands). The experiment was conducted at 25
°C for 24 h. To investigate the VFA Se and Ryyt, 0.5 L of each feed so-
lution was prepared by mixing nutrients with different concentrations of
VFAs (Table 1). The experiment was repeated using 150 mL of each feed
solution: BO (i), BO (ii), BO (iii), B1 (ii), B1 (iii), and B2 separately.
Throughout these experiments, we maintained consistent volumes for
both feed and permeate solutions, as well as uniform pH levels, stirring
rates, operation time, and temperature, which were identical to those
used with the Control feed solution.

2.3. Nutrient rejection and VFA separation efficiency from FFW

The VFA S and Ryyt from FFW were studied via HMC (Fig. 1). The
FFW (Table 2) was filtered through a flat sheet commercial ceramic
membrane (SiC) with a surface area of 0.17 mz, a pore size of 0.56 pum,
and a porosity of 42 % to remove suspended particles. The same oper-
ating conditions were maintained as in Section 2.2.

The concentrations of cations were determined using a Metrohm 930
Compact IC Flex ion chromatography machine (Switzerland) with a
Metrosep Cg-150/4.0 column, while inorganic anions were quantified
using Metrosep A Supp 16-250/4.0 column and Metrosep organic acids
250/7.8 column, respectively. VFA concentrations were measured using
gas chromatography (GC-2010 Plus, Japan).

2.4. Membrane surface characterization via contact angle measurements

Each membrane used for VFA separation from nutrients (Tables 1
and 2) was removed from the HMC set-up (Fig. 1) after 24 h. The
membranes were then vertically clamped in the air for 2 h to remove
excess water from their surfaces. This approach was adopted to mini-
mize water interference on the membrane surface during subsequent
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Fig. 1. Experimental set-up of HMC.

contact angle measurements. The resulting membranes were labeled as
N, NC,-C4 and NCs-Cg, NCo-Cg, and RFFW, corresponding to membranes
exposed to nutrients only (Control feed), Nutrients + C3-C4, Nutrients +
Cs-Cg, Nutrients + Cy-Cg, and FFW respectively. Water contact angle
(WCA) measurements were conducted using a goniometer (Kriiss,
DSA25, Germany) at 20 °C [59]. WCAs were determined at five positions
on the membrane surface previously in contact with feed solutions. To
assess surface interactions and Y§", contact angle measurements were
also performed using diiodomethane and glycerol [41,42,60]. All ex-
periments in Sections 2.1 to 2.4 were performed in triplicate unless
otherwise specified.

2.5. Separation efficiencies, surface interactions, and surface free energy
calculations

The Sc¢ of VFA (Eq. (1)) describes the percentage of VFAs separated
by the membrane.

VFA

Serr = 100 x n"v; €h)
Ngo

Here, np‘ffA is the amount (mol) of VFA in the permeate at a given time,

and n/f is the initial quantity (mol) of VFAs in the feed solution.

The relation between the liquid contact angles, dispersive compo-
nent (Yg), and polar component (Y8) of membrane surface is expressed
by Eq. (2) [60,61]. The Yg and Y% were obtained using Eq. (3), as
demonstrated in [41,42,47].

The Yg and YB relate to the Lifshitz Van der Waal component k™
described in (Eq. (4) [41,42,47].

7w X (1+cosf) = 2 x (yfvxyg)o‘s +2 % (A x ;};)"'5 @

Here 0, Yy, YEV, YPy are the contact angle of the liquid (water,
diiodomethane, or glycerol) on the surface of the membrane, surface
tension, dispersive component, and polar component of the liquid
surface.

0.5
0.57;4(1 tscosa) )% (@) N (72)0'5 @)
(}’Ldv) 7
YV =y A ()]

The Lewis acid-base component (YQB) demonstrates acidity (elec-
tron-pair acceptor interactions, Y¢) and/or basicity (electron-pair donor
interactions, Yg) of the membrane surface (Egs. (5) and (6) [42,60].

0.57,(1+cos8) = (/)" (E")*° + (i) (75)° + ) 50" B

7B =2 (r xy5)*° 6

Here y,y, 71V, v}y, and y;,, sequentially represent the surface tension,
Lifshitz Van der Waal, electron-pair acceptor (Lewis acid), and electron-
pair donor (Lewis base) components of liquid (either water, diiodo-
methane, or glycerol. The y{, and y5 represent the electron-pair acceptor
(Lewis acid component) and electron-pair donor (Lewis base compo-
nent) of the membrane surface. The y}, and y;,, were considered zero for
diiodomethane, as reported elsewhere [42,49,60].

The Y¥, which encompasses overall intermolecular forces and acid-
base components of membrane surface, was calculated using Eq. (7)
[41,42,60,61].

7= @
The nutrient rejection (Ryyt) was calculated using Eq. (8).
nNut
Ft
Ry (%) =100 x | 8)
Npo

nﬁ" is the amount (mol) of nutrients in the feed at a given time, and nyfg
is the initial quantity (mol) of nutrients in the feed solution. The percent
of protonated VFAs in the feed was calculated from Eq. (9) [16,37].

[RCOOH],

1(Q(PKa-pH)
= —x100 = | ————
[RCOOH, + RCOO ]T 1 + 10(PKa—pH)

) x 100 9

where f is percent protonated VFA (undissociated VFA) in the feed,
[RCOOH];, is total molar amount of protonated VFA in the feed, [RCOO™]
is total molar amount of dissociated VFA (unprotonated) in the feed, and
[RCOOH, +RCOO™], is the total molar amount of protonated and
dissociated VFAs in the feed,

3. Results and discussion
3.1. Water, diiodomethane, and glycerol contact angles on the membrane

The liquid contact angles were initially measured on the dry pristine
membrane (DPM) and subsequently on membranes exposed to various
feed solutions. The DPM exhibited a high WCA of 137 + 4° prior to
experimentation. Post-experimentation, the WCAs of membranes
exposed to the various feed decreased by 1.1-3.3-fold compared to the
DPM (Fig. 2a). Despite the decrease in WCA, each membrane exposed to
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Fig. 2. (a) Liquid contact angles of membranes; (b) VFA adsorbed by membrane. The N, NC,-C4, NC5-Cg, NC»-Cg, and RFFW denote membranes exposed to nutrient
feed only (Control), nutrients mixed with C,-C4, nutrients mixed with Cs-Cg, nutrients mixed with C,-Cg, and FFW respectively (refer to Tables 1 and 2).

the Control, BO (i), B1 (ii), B1(iii), and B2 maintained WCA above 90°. A
WCA >90° suggests that the membranes retained some level of hydro-
phobicity during HMC operation. Nonetheless, the WCA of NCs-Cg and
NC,-Cg membranes removed from B0 (ii) and BO (iii) decreased below
90°. The decreased WCA was particularly noticeable in membranes
exposed to high concentrations of Cs-Cg compared to Cy-C4 (Fig. 2a),

A follow-up adsorption experiment was conducted by introducing
150 mL each of the BO feed containing equimolar VFAs into the feed and
permeate chambers of Fig. 1. The Cs-Cg adsorbed within 24 h were 9-
fold the Cy-Cy4. (Fig. 2b). Particularly, Cg and Cg were the most adsor-
bed VFAs. A previous study demonstrated that fatty compounds, e.g Cs-
Cg, act as surfactants by adsorbing at the solid-liquid interface, leading
to decreased WCAs [62,63]. WCA below 90° is very detrimental to VFA
Sefr, and Ryyt since salts and inorganic ions rapidly penetrate the
membrane [43,44,64-66], competing with the VFAs.

3.2. Lifshitz Van der Waal, polar, dispersive components on membrane

The DPM exhibited Van der Waal (Ys"), dispersive (Y‘g), and polar
(¥®) components of 14.1, 13.1, and 0.96 rnJ/mz, respectively (Fig. 3a).
These values align with literature reports ranging from 14 to 15.7 mJ/
m? for Y&W, 15.1 mJ/m? for ré, and 0.1-1.5 mJ/m? for Y% [47-49].
Across all membranes tested, Y‘si dominated the membrane surfaces
compared to Y%, contributing to 64-98 % and 2-36 % of Y%, respec-
tively (Fig. 3a and b). Higher r$ and Y% values were observed on the
membranes exposed to the BO feeds, containing the highest VFA con-
centration, while lower values were noted in B2 and Bl due to lower
VFA concentrations. Since HMC is a diffusion process, increasing VFA
concentration promotes high VFA flux [29,37,39], and increases VFA-
membrane interactions. This accounts for the maximum Y‘g and Y% of
membranes exposed to all BO feed solutions but minimum in B2 and B1.
However, increasing VFA concentration can cause excessive VFA
adsorption on membrane surface, and decrease WCA (Fig. 2a, and b),
leading to decreased Ryyt.
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Dispersive interactions are ubiquitous and operate even at molecular
and atomic scales [67]. The VFAs contain multiple atoms. Therefore, the
transfer of VFAs onto the membrane increased atomic and molecular
interactions, thereby amplifying rd (Fig. 3a). The increased ricaused by
VFAs suggests a higher affinity of the membrane for VFAs over the nu-
trients [29], which is desirable for high VFA S and Ryy. Similarly, due
to the polarity of -COOH group [59-62]; the VFAs on the membrane
reinforced 1%. Nonetheless, since some nutrients, protonated, and
dissociated VFAs in the feed have comparable polarities, it is insufficient
to attribute the change in polarity solely to the -COOH without
considering Lewis acid (r$) and Lewis base (Y's™) components yet to be
discussed in Section 3.4.

The influence of Cs-Cg on surface interactions was pronounced
compared to equimolar amounts of Cy-C4. For example, the NCs-Cg
membrane from BO (Table 1) displayed Y‘g, Y%and Y5" 2.5and 12.2, and
3-fold the values exhibited by NC;-C4, respectively (Fig. 3a). Due to the
higher hydrophobicity of Cs-Cg, they exhibit a stronger affinity towards
hydrophobic membranes [29,35,37] than Cy-C4. Moreover, Cs-Cg

contains more atoms, which enhances dispersive interactions than Cp-
C4. The increased )"g and Y% caused by NCs-Cg compared to NCa-Cy4
indicate that Y5 of NC,-Cg was primarily contributed by Cs-Cg. The
higher r? and % induced by the Cs-Cg imply that the membrane has
superior affinity for Cs-Cg, hence higher flux and Se¢s compared to C2-Cy.
A previous study demonstrated that the PTFE membrane exhibited
higher mass transfer coefficients for C¢ and Cg, which were 1.1 to 4.4-
fold the values attained for C,, C3, and C4 [35].

For non-equimolar concentrations, decreasing the VFA concentra-
tion decreased the Yg and Y% due to a lower amount of atoms interacting
with the membrane. Thus, decreasing Cp-C4, Cs-Cg, and Cy-Cg concen-
trations in BO (i), BO (ii), and BO (iii) feed respectively to the concen-
trations of B2, B1 (ii), and B1 (iii) reduced the magnitude of Yg and Y% on
the NC;-C4, NCs-Cg, and NC,-Cg membranes (Fig. 3a).
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3.3. Proposed mechanisms of surface characteristics and effect on Ryy;
and VFA S

VFAs decrease WCA and increase membrane surface interactions
through two main mechanisms. Firstly, VFAs accumulate on the feed
water surface [68-71]. As surfactants, VFAs accumulate on water sur-
face and within water molecules due to their hydrophobic alkyl carbon
chains (Fig. 4). This disrupts cohesive forces between water molecules,
leading to rapid water spreading and decreasing WCA. In the absence of
VFAs (Fig. 4a), or at low VFA concentrations (Fig. 4b), compared to high
VFA concentration (Fig. 4c), surface accumulation of VFAs is minimized,
hence less membrane wetting occurs, leading to high VFA Seg and Ryt

Secondly, VFAs adsorb at the feed-membrane interface (Fig. 4b, and
c), leading to a decreased interfacial tension [72]. The VFAs adsorb
mainly via dispersive (Fig. 3a) and hydrophobic interactions by their
alkyl group. Following adsorption, their -COOH group re-orient towards
water, due to hydrophilicity of ~-COOH, enhancing polar, and Lewis
acid-base interactions. The re-oriented -COOH has the potential to draw
more feed water towards the membrane surface, thereby, decreasing
WCA, and increasing Y%, leading to a low VFA Seg and Ryy. The
mentioned first and second mechanisms are amplified by high VFA
concentrations and the presence of higher carbon chain VFAs, e.g. Cs5-Cg
than Co-C4 [35,73].

3.4. Surface free energy and Lewis acid-base component on membrane

The DPM exhibited Y'¥ and Lewis-acid base (Y4%) values of 14.1 and
0.10 mJ/m? concurrently (Fig. 5a). These were consistent with
15.5-15.8 mJ/m? for Y% and 0.12-0.14 for Y4® in literature [49,60].
The r§" of the membranes NC5-C4, NCs-Cg, and NC»-Cg (Fig. 5a) fol-
lowed Y5" trend discussed in Section 3.2 due to increasing Yg, Y% and
Y4B [67,74] (Fig. 3). The Y§® of NC»-C4, NCs-Cg, and NCy-Cg (Fig. 5a)
increased, accounting for 0.7-8.5 % of Y§". The increased Y‘?B values
were mainly due to either protonated or dissociated VFAs. The Y'§ cor-
responded to 0.4-34 mJ/m? and contributed a greater portion of Y§?
compared to 0.02-1.8 mJ/m? of Ys~ (Fig. 5b).

The increase in 1§ is attributed to the acidity of protonated VFAs
containing -COOH, whereas the Y's is contributed by dissociated VFAs

Non wetting membrane
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comprising -COO~ [75,76]. Thus, the higher values of ¥'§ than Yg~
indicate that protonated VFAs permeated the membrane than dissoci-
ated VFAs, hence increasing VFA Seg. Therefore, the increase in Yg and
Y% discussed in Section 3.2 above was mainly due to more protonated
VFAs permeating and interacting with the membrane. A previous study
demonstrated that low feed pH levels (2-6) result in high protonated
VFA flux whereas high pH levels (8-12) decrease VFA flux due to few
quantities of protonated VFAs [35]. Thus, the feed pH plays an impor-
tant role in VFA interaction with the membrane; however, investigating
the effects of various feed pH is outside the scope of this research.
Overall, the results indicate that VFAs increase Y'¥' primarily through
increasing Y5" and Y¢ during VFA separation from nutrients via HMC.

The Cs-Cg impacted the ¥'§ 9.3-fold compared to Cy-C4 (Fig. 5b). This
effect is attributed to the Cs-Cg higher hydrophobicity factor (expressed
as octanol water partition coefficient, P,y), which is 30 to 1600-fold that
of C2-C4 [35]. As a result, C5-Cg extensively adsorbed on the membrane,
leading to increased Y'§ due to their -COOH group compared to Co_Cy4
[67,75,76]. The higher ¢ induced by Cs-Cg indicates that, for equi-
molar VFAs, protonated Cs-Cg generally interact and permeate the
membrane more than C,-Cy4. The increased in Y'Yon membrane surface
Y§ can attract Lewis bases e.g.-Ho0, SO?{, H,PO4, NHj etc. from the
feed to the membrane, resulting in decreased WCA, Ryyt and VFA Seg
[771. However, for non-equimolar VFA concentrations, while the type of
VFA affects Y'¢, the specific concentration levels of Cy-C4 or Cs-Cg also
play a substantial role.

3.5. Changing trend in membrane surface components due to feed
composition

The B0, B1, and B2 feeds enhanced surface interactions. On average,
Y’ showed the most enhanced component, followed by Y%, while Y‘g and
Ys~ were the leas affected (Fig. 6).

The ¥{ increased to 1-3 orders of magnitude, whereas Y‘si and Y5~
changed by 1-2, and 0.1-7-fold, respectively. The increased Y'§ was
discussed in Section 3.4 [42,67,78,79]. Despite the Y'¢ changing by up to
three orders of magnitude, ¥¥" only increased maximally by 3-fold.
Moreover, the enhancement factor of Y¥* followed a trend similar to
Y, suggesting that ¢ had less contribution to Y¥* than ¥'%. Thus, the ¥
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is an indication of protonated VFAs permeating the membrane but does
not entirely account for interactions of other VFA atoms, such as alkyl
carbon, which increases the Y'¥". However, the extent of this alteration
depends on the composition and concentration of VFAs in the feed.

3.6. Surface energies of membrane exposed to industrial FFW

The surface interactions of the membrane exposed to the FFW
exhibited a trend similar to the membranes subjected to the synthetic
feed solutions. Particularly, Yg and Y% accounted for 76 % and 24 % of
the Y5" sequentially (Fig. 7). Overall, the Y&, Y%, and Y4® components
contributed 63.9, 20.5, and 15.6 % of Y'¥", respectively. The dominance
of the Yg over Y% and Y48 suggests that during HMC, the dispersive in-
teractions primarily alter the overall membrane surface properties. As a
result, modifying rd can substantially tune the membrane behavior for
high VFA Segr and Ryt

The membrane exhibited Y4B, Y&, and Y5~ values of 6.7, 10.0, and
1.1 mJ/mZ, respectively. The Y¢, which was 12-fold the magnitude of
Y5, contributed a greater portion of the 14% due to protonated VFAs
permeating the membrane (discussed in Section 3.4).

3.7. Nutrient rejection and VFA separation efficiency
The study explored the Ryy; and VFA S alongside the changing Y'§*
of membranes exposed to various feeds.

3.8. Nutrient rejection

The nutrient rejection (Ryyg declined from ~ 100 % to 94.5 % as Y'§*
increased from 16 to 51 mJ/m? (Fig. 8a). Increasing Y¥' enhanced
nutrient flux, leading to a decreased Ryyt (Fig. 8b). With the Control
feed, Ryy: remained at 99.99 % (Fig. 8a). However, the presence of VFAs
decreased Ryy, depending on VFA concentration and composition. For
example, C2-C4 (0.15 M total concentration) and Cs-Cg (0.15 M total
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concentration) in BO (i) and BO (ii) (Table 1) respectively decreased Ryyt
t0 99.7 % and 95.8 %, compared to 99.9 % and 99.1 % obtained from B2
(0.08 M total concentration of C,-C4) and B1 (ii) (0.019 M total con-
centration of Cs-Cg) (Fig. 8a, and c). The Cs-Cg, due to increased YE¥and
Y{ relative to C,-Cy4, intensified the nutrient flux, resulting in a
decreased Ryyt. This undesirable situation, caused by the VFAs them-
selves, though not yet reported in the literature, can deteriorate VFA
selectivity over nutrients in HMC systems, especially, for separating
high-concentration Cs-Cg. For instance, about 0.02-0.04 M of Cg and Cg
similar to feed BO (ii) have been produced from FFW [19]. In such high
concentrations, the stability of the Y and WCA above 90° are impor-
tant for high VFA Segr and Ryyt.

The decline in Ry is associated with decreased WCA (Fig. 2), and
increased Y¥" (Fig. 5a). Thus, the VFAs caused partial membrane wet-
ting, leading to a decreased Ryy.. However, the decreasing Ryt was
gradual (~100 % to 99.1 %) from 16 mJ/m? (WCA 125°) to 36 mJ/m?
(WCA 102°), but a sharp drop occurred at 43 mJ/m?. This transition
indicates that changes in Y'§"* do not equivalently affect Ryy; during HMC
operation. In this research, ¥ < 36 mJ/m? and WCA > 102° are
considered crucial for achieving Ryyt above 99 %. This crucial region
attained a highly stable nutrient rejection. Previous studies showed that
ion rejection decreased from >99.9 % to 95 % as WCA declined from
over 140° to below 100° [43,44,64-66]. Since the Y$ and Y2 (Y™
contributed to >80 % and aligned closely with Y§* than ¥'¢, and ¥'s~
(r§?®) (Fig. 6), the impact of Y% on Ryy is predominantly due to changes
in Y5V than Y‘?B.

Individually, Yg, YR r¢, and Ys  increased as Ryy: decreased
(Fig. 8d—e). This indicates that the interaction of VFAs with the mem-
brane surface undesirably enhanced nutrient flux through the mem-
brane. This effect is attributed to the combined increase in Y'¥* and the
decrease in WCA, as discussed earlier. However, at the same Ry, the
components 1% and Y4 changed sharply than Y% and Ys~. The pro-
nounced increase in ¥'§ and Y% suggests that the Lewis acid and polar
components of the hydrophobic membrane are more sensitive to the
presence of VFAs on the membrane surface due to the -COOH group of
the VFAs. Nonetheless, similar to Y in Fig. 8a, the changes in Y, 1%,
Y$, and Y's™ were not proportional to changes in Ryy. For instance, as
Rnut decreased slightly from 99.9 % to 99.1 %, Yg, Y%, Y¢, and Yg~
enhanced from ~1 to 1.5, 1.1 to 6.1, 39 to 453, and 0.1 to 2.3-fold
respectively (Fig. 8d-e) respectively.

Though Ca?t, Mg?", Cl~, and Na' were excluded from synthetic
solutions, their rejections in FFW were similar to K*, NHZ, NO3, and
HoPOjy (Fig. S1). The results imply that under the same conditions of this
study, the magnitude of the nutrient rejection measured from the
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synthetic solutions would not be substantially different if the other
inorganic ions (i.e Ca%t, Mg?*, CI~, and Na™) were added. These results
align with previous study where PTFE membrane blocked most of the
nutrients and inorganic ions in the feed during HMC applied for VFA
separation [29].

3.9. VFA separation efficiency

The membranes achieved VFA S¢i ranging from 40 % to 73 %
(Fig. 9). For the same type of VFAs, a similar Y¥* resulted in comparable
Seff values. For instance, the Segr of C2-C4 in B2 and BO (i) were compa-
rable due to the similar Y values (16 and 19 mJ/m?) of their corre-
sponding membranes. For the same concentration as in B 0 (i) and BO (ii)
at pH 5, Cs-Cg attained higher Se¢ than Cyp-Cy4. As indicated by the high
ré, Y%, ¢, and r§"induced by Cs-Cg, a superior interaction between the
protonated Cs-Cg and the PTFE membrane resulted in higher flux,
leading to enhanced S than Ca-Cy.

Although a higher r%" indicates increased membrane-VFA interac-
tion, and high VFA Seg, a continuous increase in Y¥' combined with
WCA < 90°, inhibited the Sc¢. This was more prominent in feeds B1 (ii)
and BO (ii) containing Cs-Cg . The Sef of Cs5-Cg decreased by 8 % when
the Y¥' increased by 41 % from 36 mJ/m? (Fig. 9) together with
decreased WCA from 102° to 46° (Fig. 2). Additionally, the Se¢r of Co-Cg
in B1 (iii) and BO (iii) declined by 19 % as the Y'§" increased by 82 %
from 27 mJ/m? whilst the WCA declined from 106° to 44°. The HMC
requires stable membrane hydrophobicity, ensuring that vapors of
protonated VFAs permeate the membrane while nutrients remain in the
feed. This increases the VFA Sqg and Ryye [29,37,39]. However, as Y9*
continuously increased and WCA decreased, especially below 90°, fewer
protonated VFA vapors were transported (Fig. 4b, and c), leading to a
lower VFA Se. (Fig. 9).

A previous study on HMC prevented nutrient and VFA losses while
separating 18-25 % of Cp-Cs [29]. Nevertheless, this current research
indicates that a decline in WCA (Fig. 2) and an increase in Y¥"* (Fig. 5)
are more pronounced in feed containing high concentration Cs-Cg
compared to Cy-C4. Therefore, although HMCs are widely applied to
separate VFAs from nutrients in FFW, and anaerobically digested media,
Cs5-Cg can adversely affect overall VFA Sefr and Ryt In this study, the
desirable conditions for selectively separating VFAs (Segs > 99 %) while
minimizing nutrient contamination in the permeate were found to be a
Y of <36 mJ/m? and a WCA of >102°. However, changes in yfé
compared to 1%, Y{, or Y's closely follow Y§" as discussed in Section 3.5
(Fig. 6). Therefore, the effect of Y’ on Ryy and VFA Segr demonstrated in
Figs. 8a and 9 is mainly influenced by Y% than the other surface
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components examined in this study.
3.10. Implications and large-scale applications

The results of this study indicate that VFA interactions with hydro-
phobic membrane utilized in HMC influence WCA and Y, which in
turn can negatively affect VFA Seg, and Ryye. Thus, an increase in VFA
concentration, especially Cs-Cg, leads to stronger VFA adsorption on the
membrane surface, disrupting optimal WCA, Y¥", VFA Sef, and Ryyt.

One strategy to optimize WCA, and Y§" is by controlling the con-
centration of protonated VFAs in the feed. Due to high hydrophobicity
(expressed as octanol-water partition coefficient) of protonated VFAs
[35], they readily and strongly interact with hydrophobic membranes
than dissociated VFAs. Therefore, based on VFA pKa (4.75-4.89) and Eq.
(9), controlling the feed pH to decrease the percentage of protonated
VFAs [16,37,80], can mitigate the detrimental effects of high concen-
tration VFAs on WCA and Y¥". For example, Eq. (9) indicates that
adjusting BO (ii) feed pH from 5 to 6 decreases protonated Cs-Cg in the
feed from 40 % to ~7 %, respectively. Decreasing protonated VFA
concentration minimizes their disruptive impact on feed (water) surface
tension or the cohesive forces between water molecules (discussed in
Section 3.3) [68-70], and reduces excessive VFA adsorption (Fig. 2b),
thereby, decreasing the adverse effects on WCA and Y§", VFA Seg (both
Cs-Cg and Cy-Cy), and Ryy. It is important to note that though increasing
feed pH does not compromise VFA S.¢ (amount of protonated VFA
separated per initial amount in the feed) [16,81], WCA, ¥¥", and and
Rnut, it decreases VFA flux due to less amount of protonated VFAs in the
feed. Therefore, after separating a substantial amount of protonated
VFAs from the feed via HMC, the feed pH can be re-adjusted (decreased)
to convert some amount of dissociated VFAs into tolerable concentration
of protonated VFAs, allowing further separation without disrupting
optimal WCA, and Y¥".

Another strategy to enhance WCA is direct feed dilution. High feed
surface tension improves WCA [82,83]. This issue is particularly rele-
vant for VFAs with high surfactant activity, such as Cs-Cg. Therefore,
diluting the feed solution to decrease VFA concentrations can minimize
negative impact of VFAs on feed (water) cohesive forces and surface
tension [68-70]. In this study, feed B1 (ii) with dilute concentrations of
Cs-Cg had minimal disruptive effect on WCA (Fig. 2a), Y'$" (Fig. 5a), VFA
Seff (Fig. 9), and Ryt (Fig. 8a) compared to BO (ii) with high concen-
trations., However, this dilution approach may not be compatible with
systems coupling HMC with anaerobic digestion reactor. Thus, it may be
more practical for standalone HMC treating FFW post-fermentation or
post-digestion.

Membrane modifications which adjust membrane surface roughness,
and chemistry offer another route for increasing WCA and decreasing
Y§¥" as strategy for optimization [82,83]. For instance, membranes sur-
face treated with fluorosilanes, Hyflon® AD, or hydrophobic nano-
particles tripled surface roughness, increased WCA from 125° to ~163°,
maintained >99 % salt rejection, and decreased Y'§" from ~17 to 6 mJ/
m? in some cases [84-86]. However, achieving superhydrophobicity can
also lead to excessive VFA adsorption, again disrupting WCA and Y¥§".
Hence, maintaining a balance between WCA and r§" is crucial.

As awareness on circular economy grows, recovering high-purity
VFAs can enhance their commercial and industrial applications while
minimizing environmental pollution of FW [2,8,9,87-89]. Considering
the 1.3 billion tonnes of annual FW generation [90], and up to 80 % (w/
w VFA/Volatile solid yield), about 0.22 billion tonnes of VFAs can be
globally produced and separated from FFW [91,92] for large-scale in-
dustrial applications [8,93]. In this case, increasing the membrane area
to improve the 40-73 % VFA S obtained in this study can promote
large-scale separation [16,29]. Additionally, this study demonstrates
that optimal WCA and Y§" are important for separating VFAs from FFW
with less nutrient contamination. Thus, these findings highlight the
pivotal role of WCA and Y§" in enhancing separation between VFAs and
nutrients from FFW via HMC while aligning with circular economy,
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environmental sustainability and minimizing adverse environmental
impacts of food waste.

4. Conclusions

PTFE HMC was applied to separate VFAs from nutrients in synthetic
solutions and industrial FFW. The membrane surface interactions were
also analyzed. Across all feed solutions, the HMC separated 40-73 %
VFAs to the permeate with 0.01-5.5 % nutrient contamination, and
rejected at least 95 % of nutrients in the feed. Water contact angle
(WCA), and membrane surface free energy (Y'Y have pivotal impacts
on VFA separation efficiency (Sef) and nutrient rejection (Rnyy). In this
study, the optimal conditions for separating VFAs from FFW into the
HMC permeate while minimizing nutrient contamination and achieving
Ryut > 99 % were found to be Y < 36 mJ/m? and WCA > 102°. The
intensity of Y{' was primarily contributed by Y% The VFAs dominantly
increased ¥4 and 1% compared to nutrients, implying the membrane’s
superior selectivity for VFAs over nutrients, hence higher VFA separa-
tion to the permeate. The ¥'¢ was the most sensitive to VFA feed solu-
tions, whereas Y3 was the least susceptible. A higher ¥§ compared to
Ys~ indicates predominant permeation of protonated VFAs through the
membrane than dissociated VFAs. Additionally, Cs-Cg induced a higher
Y$ compared to Cy-Cy4, indicating that, more protonated Cs-Cg perme-
ated the membrane than Cy-C4. Overall, the study highlights that VFA
interactions with hydrophobic membrane used in HMC influence WCA,
and Y¥' which can adversely affect separation between VFAs and nu-
trients. Additionally, VFA composition and concentration in HMC feed
impact the magnitude of WCA, and YY", influencing Ryy and VFA Seg.
Increasing Cs-Cg concentration disrupts WCA, and Y VFA Sef, and
Rnut than Cy-C4 at the same concentration. Therefore, in HMCs applied
for VFA separation from FFW, optimizing Y§* and WCA for specific VFA
feed concentration and composition are crucial for achieving optimal
Rnut and VFA Seg. Additionally, FFW could contain other organics such
as proteins, and polysaccharides which can also interact with the
membrane, depending on their concentration. Therefore, future studies
should comprehensively investigate membrane interactions with other
organics to help minimize potential membrane fouling.
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