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DEVELOPMENT OF POLYMERIC MEMBRANES WITH
CARBON ADDITIVES FOR REMOVAL OF PHENOL

Abstract. This study presents the synthesis and application of polymeric mixed
matrix membranes (MMMS) incorporating activated carbon (AC) derived from extracted
olive pomace for removal of phenol from aqueous solutions. MMMs were fabricated by
dispersing AC in a PVDF/PVP/NMP matrix, followed by phase inversion. Characterization
revealed improved surface porosity and structural asymmetry in the membranes, which
were ascribed to AC. Continuous flow experiments using phenol (50 mg L-') as a model
pollutant, which are very common in olive mill wastewater, demonstrated that membranes
containing AC achieved up to 90% removal within 60 minutes in continuous mode,
significantly outperforming pristine membranes. The results indicate that incorporating bio-
based AC into polymer membranes improves adsorption capacity and filtration efficiency,
offering a promising route for sustainable wastewater treatment and inspiring further
research in this field.
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Introduction. Polymeric mixed matrix membranes (MMMSs) have emerged
as one of the most promising and versatile technologies for advanced wastewater
treatment [1-3], combining the processability and flexibility of polymeric
membranes with the enhanced separation and adsorption capabilities of inorganic
or carbon-based fillers [4]. This hybrid design enables improvements
in permeability, selectivity, antifouling resistance [5], and mechanical strength,
addressing the limitations of conventional membranes. Among the various fillers
explored, activated carbon (AC) derived from agro-industrial residues stands out
for its cost-effectiveness, high surface area, and strong affinity for a wide range of
pollutants [6,7], particularly phenolic compounds [8] commonly found in industrial
effluents.

The olive oil extraction process generates significant by-products,
particularly olive pomace (OP) and olive mill wastewater (OMWW) [9]. For the
two-phase continuous extraction system (standard in Portugal), about 1.1 cubic
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meters (1,100 liters) of OMWW are generated per ton of olives milled [10]. About
50 kg of pomace is generated per ton of olives milled [11]. OMWW is a highly
pollutant effluent due to its high organic load, phytotoxic phenolic compounds, and
limited biodegradability [8,12-14]. Its disposal poses serious environmental risks,
such assoil contamination [15], inhibition of plant growth [16], pollution of
surface and groundwater [17], and disruption of aquatic ecosystems due to the
leaching of phenolic substances [18].

To address these issues, this study focuses on valorizing extracted olive
pomace (EOP), a by-product of oil extraction, by producing AC via slow pyrolysis
with injection of CO:, which enhances porosity development. The resulting
activated carbon, rich in surface area and functional groups, is known for its high
affinity toward phenolic compounds. By incorporating this bio-based activated
carbon into polymeric membranes, this study aims to fabricate mixed matrix
membranes with improved adsorptive and filtration properties. These membranes
are designed to retain and remove phenol from agueous solutions, simulating the
effluent contaminated with phenol, a representative phenolic compound of
OMWW.

Materials and methods. Chemicals and apparatus. The raw materials and
reagents employed in this study include: Olive pomace, provided by Mirabaga —
Food Industry and Commerce S.A; Carbon Dioxide (CO.), provided by Air
Liquide; Distilled water; Sodium chloride (NaOH — 98%), provided by Labkem;
Hydrochloric acid 37% (HCI), supplied by AnalaR Normapur; 1-Methyl-2-
pyrrolidone (CsHoNO), provided by Thermo scientific; Polyvinylpyrrolidone
(CsHgNO)N, supplied by Thermo scientific; Polyvinylidene Fluoride(-CH,CF2-)n,
provided by Thermo scientific; Phenol Crystallized (CsHsO), supplied by Panreac.

Synthesis of the materials. AC was synthesized according to procedures
described in previous studies [6]. Incorporating 2.5 g of AC, the sample was
subjected to ultrasound with 0.7 g of PVP and 7.2 g of NMP for 3 hours to achieve
a homogeneous mixture. Subsequently, 0.3 g of PVDF was added to the resulting
gel, which was then placed in an agitated bath at 40°C, 200 rpm, for 48 hours. This
procedure enabled the formation of polymeric membranes with controlled
incorporation of AC, ensuring a uniform distribution of the material and providing
desirable characteristics for its application. After 48 hours, the material must rest
for at least 12 hours. Following the resting phase, the prepared gel was cast into
films of 150, 200, and 300 um of thickness using a precision blade applicator.
After the material was spread, the gel was immersed in a coagulation bath
containing distilled water. The resulting membrane was denoted AC_membrane.

Characterization techniques. The characterization techniques were
performed according to reported in previous studies [6,17]. The textural properties
of the polymeric membranes were gathered upon analysis of N adsorption-
desorption isotherms at 77 K, obtained in a Quantachrome NOVATOUCH LX*
adsorption analyzer equipped with long cells with a bulb and outer diameter of 9
mm. Scanning electron microscopy (SEM) was employed to investigate the surface
morphology and microstructure of the membrane samples that were analyzed using
a FEI Quanta 400 SEM with a resolution of 4 nm. The elemental composition in
the solid phase was determined using a CHNS Flash 2000 analyzer (Thermo Fisher
Scientific, Massachusetts, USA), equipped with a thermal conductivity detector
(TCD). To determine the point of zero charge (pHpzc), NaCl (0.01 mol L)
solutions were prepared, and their pH was adjusted between 4 and 12. 0.15 g of the
solid sample was then introduced into each prepared solution and agitated at 300
rpm at a constant temperature of 25°C for 24 hours, after this time the mixtures
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were filtered, and the pH values were taken. The point of zero charge (pHpzc) was
established by analyzing the variation between the initial and final pH values,
enabling the determination of the pH at which the adsorbent surface reaches
electrical neutrality.

Polymeric mixed matrix membranes in a continuous system. A continuous
system was employed to assess the effectiveness of the polymeric membranes in
pollutant treatment, utilizing a reactor coupled with an HPLC pump. In the
experiments, a pollutant, specifically phenol at a concentration of 50 mg L, was
placed in a container with an inlet directly connected to the pump. The pump,
operating at a flow rate of 0.5 mL min, fed the pollutant through the reactor inlet
and passed it through the polymeric membrane installed in the reactor. Samples (2
mL) were collected during filtration at 0, 5, 15, 30, 45, and 60 minutes. The treated
wastewater was collected for subsequent HPLC analysis.

Research results and discussion. Characterization of the materials. Figure
1 displays the adsorption isotherms of N2 at 77 K for the AC_membrane and the
membrane itself, along with the results obtained for the BET surface area. The
isotherm for AC_membrane Figure 1 (a) shows an isotherm of Type IV with H3
hysteresis, typical of mesoporous materials with slit-like pores [19]. The measured
surface area was 47 m? g, significantly lower than the pure AC, likely due to
partial pore blockage or encapsulation by the polymer matrix during membrane
formation. Nonetheless, incorporating activated carbon enhances the porosity
compared to the pristine membrane.
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Fig. 1. N2 adsorption-desorption isotherms at 77 K for (a) AC_membrane and (b)
membrane

The pristine membrane Figure 1 (b), also displays an isotherm of Type IV,
with a much smaller hysteresis loop and lower adsorbed volume [20]. The BET
surface area of 31 m? g! suggests a low degree of porosity, primarily mesoporous,
likely originating from the intrinsic structure of the polymer blend used. These
results demonstrate that adding AC to the membrane matrix significantly improves
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the textural properties, particularly the surface area and pore structure, which are
essential for enhanced adsorption performance in wastewater treatment
applications.

The hydrophilicity of the surface of the polymeric membranes was evaluated
by measuring the contact angle with water. According to the data presented in
Table 1, it can be observed that all membranes had a hydrophilic surface. Singh et.
al. [21] suggest that hydrophilic membranes, which have high chemical resistance,
could be considered for use in wastewaters and in the processing of food and
pharmaceuticals.

The pHpzc values of the membranes with and without activated carbon were
7.2 and 7.3, respectively, indicating minimal variation between the two
formulations. This small difference suggests that the surface charge characteristics
are predominantly dictated by the polymeric matrix, rather than by the presence of
additives. Such behavior is commonly observed in membranes where the polymer
phase remains dominant in defining surface properties, including charge
distribution and interfacial interactions. The near-neutral pHpzc values also imply
that, under typical operating conditions, the membranes are likely to exhibit low
surface charge, which can reduce electrostatic repulsion between the membrane
and neutral or weakly charged species.

Table 1
Contact angle and pHpzc
Samples pHpzc Contact Angle (°)
AC_membrane 7.2 5612
Membrane 7.3 54+2

The morphology of polymeric membranes, in their pure form and after the
addition of AC, was evaluated by SEM. The manufacturing technique involves
casting polymers together with the solvent, resulting in asymmetric structures that
promote molecule separation and selective transport. Furthermore, it can be
observed that the inner part of the membrane contains macropores, which
contribute to its mechanical structure and stability, as illustrated in the SEM images
shown in Figure 1.

Fig. 1. SEM images of (a) and (b) polymeric membrane with incorporation of AC,
and (c) and (d) the pristine polymeric membrane
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The incorporation of AC into the composition of the membrane has resulted
in an increase in the presence of pores, both on the surface and within. It is
important to note that the membrane is asymmetric due to the production process
(phase inversion), resulting in a dense surface and a porous internal structure.
According to Hwang et. al. [22], the incorporation of AC into the polymeric
solution confers to the membrane selective and adsorptive properties, which can
enhance adsorption and increase the number of active adsorbent sites. This
facilitates selecting a broader range of particles and improvement of the filtration
characteristics.

Continuous system experiment with simulated olive mill wastewater. A range
of thicknesses (150, 200 and 300 um) was selected to enhance adsorption
differentiation and evaluate the comparative adsorption performance between the
AC_membrane and the pristine polymeric membranes. During these analyses, a
solution containing phenol (50 mg L) was employed as a model wastewater in a
continuous system, thereby assessing the interaction between the materials. The
results are presented in Figure 2.
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Fig. 2. Percentage of phenol removal for AC_membrane and pristine membrane
with different thicknesses

Membranes incorporating AC and control membranes without activated
carbon were tested with three different thicknesses. All thicknesses of
AC_membrane achieved phenol removal efficiencies exceeding 50% within one
hour; notably, the membrane with a thickness of 300 um reached the highest
removal efficiency of 90%. In contrast, all the control polymeric membranes
demonstrated significantly lower performance across all thicknesses. These
findings underscore the critical role of AC incorporation in enhancing pollutant
removal, as described in the work of Ferreira et. al. [6] on gallic acid removal using
the same biomass precursor for the synthesis of AC, where a capacity of 314 mg
¢! was achieved, primarily due to the increased availability and distribution of
active adsorption sites on the surface of the membrane.

The experimental results showing improved phenol removal efficiency with
increasing thickness of AC_membranes are consistent with membrane transport
and adsorption mechanisms reported in literature. Roman et al. [23] found that
thicker ion-exchange membranes (300-600 um) exhibited 20-40% higher
diffusion coefficients for neutral organic micropollutants, attributed to reduced
surface resistance effects. The transport enhancement associated with increased
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membrane thickness is linked to higher bulk-to-surface energy ratios, which
promote deeper adsorbate penetration into the membrane matrix. This supports the
superior performance observed for the 300 pum AC_membrane tested in the present
study.

However, exceeding optimal thickness ranges, as seen in cases like 2 wt%
AC loaded PDMS membranes [24], can lead to decreased free volume and reduced
permeability due to filler agglomeration. This suggests that the 300 pm thickness
observed in this study represents an optimal balance between maximizing
adsorption capacity and minimizing transport limitations.

Conclusion. In conclusion, this study underscores the significant potential of
polymeric mixed matrix membranes incorporating bio-derived activated carbon as
a viable and effective solution for removing phenolic contaminants from aqueous
systems. The successful integration of activated carbon synthesized from extracted
olive pomace enhanced the membranes’ porosity and adsorption capacity. It
significantly improved their performance in continuous flow treatment, achieving
up to 90% phenol removal in one hour. The observed improvements in adsorption
efficiency demonstrate the critical role of AC in increasing the number and
accessibility of active sites within the membrane matrix. The physicochemical
characterization further confirmed that the modified membranes maintained
desirable surface properties, structural asymmetry, and chemical stability, essential
for scalable and long-term environmental applications. These findings establish a
foundation for developing sustainable membrane technologies based on agro-
industrial waste valorization. Future studies focused on membrane regeneration,
long-term operational stability, and performance under complex effluent
conditions.
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1bpazaHca nonumexHuKanelK uHcmumymel, bpazarca K., lMopmyaanus

®EHO14bI OO YLIIH KeMIP KOCNA/APbI BAP
NONIUMEPNIIK MEMBPAHA/TIAPAIbl 93IP/IEY

AHpatna. byn 3epTreyse 39MTYH CbIfbIHAbICbIHAH asiblHFAaH AKTUBTE/NreH KeMipai
(AC) eHrisy apKplnbl NnoaMmMepni apanac matTpuuanbl membpaHanapabiy, (MMM) cuHTesi
MeH KOoNAaHblNybl Kapactbipbingsl. MMM yarinepi AC-ti PVDF/PVP/NMP matpuuacbiHa
avcneprupaey xaHe ¢asanblik MHBEPCUA apKbliAbl AalbiHAaAAbl. CunaTTay HaTuxKenepi
MmembpaHanapablH, 6eTKi KeyekTiniri MeH KypblibiIMAbIK aCMMMETPUACHIHbIH, apTKaHbIH
KepcetTi, 6yn AC-TiH 6onybimeH TyciHaipineai. PeHonabl (50 mr/n) mogenbai nacrayubl
peTiHae KONJAHFaH Y3L4iKCi3 afbiMAblK TaxKipubenep, on 39MTYH MalblH eHAipeTiH
3aybITTapAblH, afblHAbI CynapblHAA Wi Kespecedi, membpaHanapgblH AC KocbinfaH
HycKanapbl 60 MWHYT iwiHae 90%-fa AeliH ot TUimainiriHe »KeTKeHiH KepceTTi, byn
bactankbl MembpaHanapfa KapafaHOa on4eKkanaa »Kofapbl. HaTukenep 6wuo-Herisgi
aKTUBTENreH Kemipai nonnmepni membpaHanapsa eHrisy agcopbumsa KabineTtiH xaHe cysy
TUIMAINITIH  apTTbipaTbiHbIH KepceTeai, Oyn TypakTbl afblHAbl Cynapabl Ta3apTyablH,
nepcneKkTUBTI 6afbITbIH YCbIHbIM, OCbl Caslafafbl OAaH api 3epTTeyaepre TYpPTKi 6bonaabl.

Tipek ce3gep: aKkTMBTENreH KeMip, apanac maTtpuuanbl membpaHanap, ¢eHon
aacopbuuscel.

Arthur P. Baldo?, Ana Paula Ferreira?, Helder T. Gomes*
MoaumexHuveckuli uHcmumym BpazaHcei, 2. BpazaHca, Mopmyaanus

PA3PABOTKA NOJIMMEPHbIX MEMEPAH C YI/IEPOAHbIMMU
ODOBABKAMMU ANA YOANEHUA ®EHONA

AHHOTauma. B aaHHOM paboTe npeacTaBieHbl CUHTE3 U NMPUMEHEHUE NOJIMMEPHbIX
membpaH cmelaHHon maTtpuubl (MMM), coaepskalmx akTMBMPOBaHHbIA yronb (AC),
NONlYYEHHbIA M3 XKMbIXa O/IMBOK, ANA yAaneHua deHona 13 BOAHbIX pacTtsopos. MMM
6blNM  M3roToBAEHbI nyTem aucnepruposaHua AC B matpuue PVDF/PVP/NMP c
nocneaywouwen  Ga3oBo  UHBEpCUEN.  XapaKTepu3auusa  BbiABMAA  Y/YULIEHHYHO
NMOBEPXHOCTHYIO MOPUCTOCTb M CTPYKTYPHYH acMMmeTputo membpaH, 4To obycioBieHo
npucytctenem AC. HenpepbiBHble 3KCNepuUMeHTbl ¢ ¢eHosom (50 mr/n) B KauecTse
MOZE/IbHOTrO 3arpA3HUTENA, XapaKTepPHOro AasA CTOYHbIX BOJA OJIMBKOBbIX MeJIbHULL,
nokasanu, 4To membpaHbl ¢ AC gocturanu go 90% yaaneHus 3a 60 MUHYT B HeNpepbIBHOM
peXxume, 4To 3HaUUTENbHO MNpeBbiwaeT 3GGEeKTUBHOCTb UCXOAHbIX MeMbpaH. PesynbTaTbl
CBMAETENbCTBYIOT O TOM, 4YTO BBeAeHWe 6uo-yrnepoga B MNOAMMEPHbIE MemMbBpaHbl
NoBbILWAET UX afCcopPOLMOHHYIO cnocobHOCTb U 3ddeKTUBHOCTL dUAbTPaALLMK, Npeanaran
NepcneKkTUBHbIN NyTb A1 YCTOMYMBOM OYUCTKU CTOYHbIX BOZ U CTUMYAUPYS AanbHelwne
ucciefoBaHuA B 3To obnactu.

KnioueBble €N0Ba: aKTMBMPOBAHHBIN Yrosib, MeMbpaHbl CMeELaHHOW MaTpuupbl,
aacopbums peHona.
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