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Gentle milk fat separation using silicon carbide ceramic membranes 
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A B S T R A C T   

Due to their high hydrophilicity, ceramic silicon carbide (SiC) membranes are suitable for fat separation from 
raw milk, as alternative to centrifugation. The filtration performance during separation of fat globules (MFGs) 
from raw milk showed 95% fat separation at 15 ◦C, 93% at 25 ◦C, 88% at 35 ◦C and 91% at 50 ◦C, while 
permeating skimmed milk with a fat concentration ranging from 0.11 ± 0.03 to 0.34 ± 0.23% (w/w). The 
filtration time ranged from 12 to 106 min, respectively for 50 and 15 ◦C. Fouling of the membranes was 
investigated using scanning electron microscopy and elemental composition by energy dispersive X-ray. The SiC 
membranes showed a defect-free morphology, excellent water permeability and no irreversible fouling after the 
filtration process. Separation at 50 ◦C showed a higher distribution of larger MFGs in the permeate due to 
increased flexibility of the MFGs. 
Industrial relevance: Microfiltration has previously been proposed to be a gentler separation method compared to 
traditional centrifugation. In this study, for the first time was demonstrated that highly hydrophilic ceramic 
silicon carbide (SiC) membranes are an efficient process for separation of fat from raw milk. The effect of 
filtration temperature on filtration performance and properties of the resulting streams provided new insights for 
industrial application of this process.   

1. Introduction 

The dairy industry has seen a huge increase in the application of 
commercial membrane processing over the last 50 years and it has 
become of crucial importance in many processing and fractionation 
operations (Hu & Dickson, 2015). It is of great economic importance, 
with global annual milk production of 811 million tons (FAO, 2018). 
The dairy sector, therefore, holds a responsibility to constantly improve 
when it comes to shelf life, transport, and diversification of their port-
folios. This diversification has been supported by advanced separation 
technologies such as membrane filtration, which may add health- 
promoting and functional value to tailor-made products (Hansen 
et al., 2019). Milk in general consists of essential nutrients such as lipids, 
proteins, carbohydrates, minerals, and vitamins. These compounds have 
been selectively separated by membrane filtration through micro-
filtration (MF), ultrafiltration (UF) and nanofiltration (NF). The sepa-
ration of these compounds in milk makes them valuable and applicable 

as ingredients in the food, chemical, and pharmaceutical industries 
(Bylund, 1995; Hu & Dickson, 2015). 

Fat globules in raw milk, known as the native milk fat globule (MFG), 
are present in the range of 0.1–15 μm in diameter consisting of a hy-
drophobic triacylglyceride core covered by an inner mono layered and 
an outer layered phospholipid membrane termed the milk fat globule 
membrane (MFGM) (Hansen et al., 2020, 2018; Jukkola et al., 2019). 
The MFGM constituents such as polar lipids and essential membrane 
proteins have received great interest, due to their valuable enrichment 
in infant formula, which has showed an increased impact on cognitive 
development of formula-fed babies (Hansen et al., 2020, 2018, 2019; 
Jukkola et al., 2019; Jukkola, Partanen, Rojas, & Heino, 2016). 

The traditional method for separating fat from milk involves the use 
of a cream separator through centrifugation, which results in the pro-
duction of cream and skim milk fractions. In order to increase efficiency 
and throughput, the milk is heated to a temperature range of 45–55 ◦C 
prior to centrifugation, which reduces the viscosity of the milk (Walstra, 

Abbreviations: Al2O3, Alumina; CFP, Capillary flow porometry; CIP, Cleaning-In-Place; MFG, Milk fat globule; MFGM, Milk fat globule membrane; PES/PVP, 
Polyethersulfone/Polyvinylpyrrolidone; SEM-EDX, Scanning electron microscopy energy dispersive x-ray; SFC, Solid fat content; SiC, Silicon carbide; TiO2, Titania; 
VCR, Volume concentration ratio; ZrO2, Zirconia. 
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Wouters, & Geurts, 2006). However, this process, along with upstream 
and downstream processes such as agitation, heating, pumping, and 
centrifugation, may cause mechanical stress and disruption to the milk 
fat globule membrane (MFGM), leading to the release of polar lipids 
with high nutritional and functional value, as well as the initiation of 
enzymatic and chemical reactions (Holzmüller, Müller, Himbert, & 
Kulozik, 2016; Jukkola et al., 2019, 2016). 

Previous studies (Holzmüller et al., 2016) have suggested that the 
pumping and high shear forces in the cream separator are the cause of 
damage to the MFGM, resulting in the release of MFGM fragments. 
Furthermore, Jukkola et al. (2019) compared centrifugation with MF 
observing an increase in particle size MFGs when processing by cen-
trifugal separation, flocculation and coalescence was proposed as 
mechanism for the particle size increase. 

The size range of the MFG makes it highly suitable for separation by 
MF, and recent studies have proposed the application of low-shear MF as 
a gentler separation method for MFGs to prevent disruption of the 
MFGM (Hansen et al., 2020; Holzmüller et al., 2016; Jukkola et al., 
2019). 

The novel interest in membrane filtration of milk fat has been re-
ported by both Hansen et al. (2020) and Jukkola et al. (2019) using 
titania (TiO2) and alumina (Al2O3) membranes in combination with 
diafiltration for intact MFG recovery (INSIDE Céram, 2022; Membralox 
& Pall-Lenntech, 2022). Novel hydrophilic ceramic membrane materials 
such as SiC have shown outstanding water permeability and out-
performance compared with other ceramic materials and their poly-
meric counterparts during lipid recovery from wastewater of olive oil 
production and wine clarification (Eray, Boffa, Jørgensen, Magnacca, & 
Candelario, 2020; Hofs, Ogier, Vries, Beerendonk, & Cornelissen, 2011; 
Trevisan, Barthélémy, Ghidossi, & Moulin, 2020). Studies mentioning 
the implementation of SiC as a suitable material for membrane pro-
cessing in the dairy industry are limited to (Reig, Vecino, & Cortina, 
2021) and France, Kelly, Crowley, and O’mahony (2021), but no study 
has yet focused on the fat separation of raw milk using SiC membranes. 

The aim of this study is to generate new insights regarding the po-
tential of SiC membranes for fat separation from raw milk in terms of 
membrane performance (pore size, permeability, and microstructure), 
the efficiency of fat separation and physicochemical properties of the 
generated streams. The high hydrophilicity and outstanding water 
permeability of SiC is expected to perform a more efficient milk fat 
separation along with limited fouling. Furthermore, the process is likely 
to keep the MFGs intact consequently causing no loss of nutrients, as no 
side streams are generated during this separation process. 

Thus, the new knowledge generated in this study can be highly 

important and applicable in the dairy industry for gentle fat separation 
from milk. 

2. Material and methods 

2.1. Materials 

SiC tubular membranes for MF with a length of 1178 mm, an outer 
diameter of 25 mm, a channel width of 3 mm and 30 channels resulting 
in a surface area of 0.333 m2 and a defined pore size of 1.4 μm were 
supplied by Liqtech Ceramics A/S (Ballerup, Denmark). One element 
was tested and characterized at a time. The membranes were charac-
terized in terms of layer thickness, pore size, surface morphology, and 
operating characteristics such as critical TMP, water permeability and 
permeate flux as described below. 

For the MF processing bovine raw milk was obtained from Danish 
Red cows from a local organic farm (Mannerup Møllgård, Osted, 
Denmark) and stored at 4 ◦C until further processing. Prior to filtration 
the composition was determined using MilkoScan FT2 (Foss Analytics, 
Hillerød, Denmark) and the pH (HQ11d, HACH, Denmark) measured. 

All chemicals for physicochemical analysis were analytical grade and 
obtained from Sigma Chemicals Co. (St. Louis, MO, USA), Merck Group 
(Burlingtion, Massachusetts, USA), or BDH Chemicals (BDH Ltd. Poole 
England) unless otherwise specified. 

2.2. Membrane characterization and performance 

2.2.1. Surface morphology and layer thickness 
The membrane layer thickness, cross-section, and surface 

morphology of the SiC membranes were characterized by a FlexSEM- 
1000 (Hitachi GmbH, Sweden) scanning electron microscope (15 kV). 
The layer thickness and cross section were determined by sectioning 10 
mm pieces of the membrane. The layer thickness was measured at 9 
different locations, and the mean thickness was measured as the average 
value of the measurements. The surface morphology was investigated on 
a 20 mm piece sectioned vertically. To determine membrane fouling, the 
same procedure was carried out after filtration trials followed by SEM 
with energy dispersive x-ray spectroscopy (EDX), to analyze elemental 
composition. 

2.2.2. Pore size distribution 
The pore size distribution of the SiC membranes were analyzed by 

capillary flow porometry (CFP) Quantachrome, 3G zh porometer (3P 
instruments, Germany). Membrane samples were sectioned in 25 mm 

Fig. 1. Setup of the crossflow MMS SW25 filtration process.  
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pieces. Samples were end-coated 5 mm on one end of each membrane 
piece with acrylonitrile butadiene styrene plastic dissolved in acetone 
and left to dry. The membrane pores were filled with Porofil (poly-
tetraflouroethylene, 3P instruments, Germany) wetting liquid with a 
surface tension of 16 dyn⋅cm− 1 for 20 min and mounted to the poro-
meter with a pore size range of 0.6 μm - 2.0 μm. 

2.2.3. Membrane performance 
Prior to MF processing of milk the water permeability of the mem-

brane was determined as batch concentration on a SW25 Pilot scale 
membrane system from MMS (Urdorf, Schwizerland) mounted with a 
D25 tubular ceramic membrane stainless steel housing (C-25-1EL-1178- 
1.0, Urdorf, Schwizerland) illustrated in Fig. 1. The feed tank was filled 
with regular tap water at 15, 25, 35 or 50 ◦C and filtrated at a feed pump 
capacity of 10% and circulation pump capacity of 20% with a starting 
TMP of 0.2 bar and an inlet pressure varying from 0.5 to 2.0 bar, while 
the outlet pressure varied from 0.1 to 0.8 bar on the retentate side. The 
system was then stabilized for 10 min at the respective pressure and the 
TMP increased stepwise by 0.1 bar. The permeate flow was measured 
with a Sitrans FM MAG 5000 (Siemens, Munich, Germany) flow 
transmitter. 

Initially 24 L of raw milk was filtrated at 50 ◦C ± 3 ◦C on the SW 25 
with previous mentioned operating conditions. The Raw milk was pre- 
heated to 53 ◦C ± 2 ◦C on a Microthermics UHT/HTSL lab-25 EHVH 
(Raleigh, NC, USA) continuous flow heater and added to the feed tank. 
The flux was initially stabilized for 8 min with recirculation of permeate 
at 0.3 bar TMP. After stabilization the permeate pipe was removed from 
the feed tank, starting concentration. The system was temporarily 
stopped to collect retentate samples at Volume concentration ratio 
(VCR) 2.0, 3.0 and finally 4.0 where final retentate samples were 
collected. 24 L of raw milk was then filtrated at 15, 25, and 35 ◦C with 
similar conditions at their respective temperature. All experiments were 
conducted in triplicates on two different SiC membranes. 

Yield of the filtration process was determined as the mass percentage 
of fat retained in the retentate in relation to the initial mass percentage 
of fat in the feed and is calculated according to Eq. (1). 

YFat recovery =

(
Ci,r⋅Vr

Ci,Feed⋅VFeed

)

⋅100% (1) 

After each filtration the water permeability was determined prior to 
cleaning, and after cleaning. Cleaning was carried out with initial 
rinsing with tap water, followed by chemical cleaning-in-place (CIP) 
with alkaline Ultrasil 110 and acid Ultrasil 73 (Ecolab, Denmark). The 
chemical cleaning procedure can be described as: Initially the pump 
capacities were increased to 20% for the feed pump and 40% for the 
circulation pump. The system was rinsed with hot tap water, followed by 

2% v/v Ultrasil 110 added and cleaned for 45 min, rinsed and added 
with 2% v/v Ultrasil 73 and cleaned for 45 min. The system was finally 
rinsed with deionized water for 10 min. Followed by determination of 
water permeability at the respective temperatures. 

2.3. Physiochemical analysis of streams 

2.3.1. Composition and pH 
The composition of feed, permeate and retentate samples were 

during and after processing determined by MilkoScan FT2 (Foss Ana-
lytics, Hillerød, Denmark) and pH measured by a pH meter (HQ11d, 
HACH, Denmark). In order to determine yields, mass balances and pH. 

2.3.2. Particle size distribution 
The particle size distributions of feed and MF processed streams were 

determined by laser diffraction using a Mastersizer 3000 (Malvern In-
struments, Ltd., Malvern, UK). Refractive index of the samples was set at 
1458 (real part) and 0.001 (imaginary part). The sample was added into 
MiliQ water (refractive index 1.33) as dispersion medium, to an 
obscuration ≈ 6% and particle size distribution was immediately 
recorded. Particle sizes was measured as the volume-weighted mean size 
D [4; 3] calculated using Eq. (2). 

D [4; 3] =
ΣniD4

i

ΣniD3
i

(2) 

Where ni is the frequency of occurrence of fat globules with the mean 
diameter Di (Merkus, 2009; Øgendal, 2016). 

2.3.3. Viscosity 
Viscosity measurements were performed on feed, retentate and 

permeate samples. Shear viscosities were conducted using a Kinexus Pro 
Rheometer (Malvern Instruments Ltd., Worcestershire, UK) equipped 
with a standard concentric cylinder geometry tool (d = 35 mm, 4◦

truncation) (type C25G WS 1370 SS, Malvern Instruments) with asso-
ciated sample compartment (type PCOB25 S1851 SS, Malvern In-
struments) at constant temperature (15, 25, 35, and 50 ◦C) and ramping 
shear rate at 1.0 to 1000.0 s− 1. The shear viscosity at the respective 
temperatures and VCR was based on the overall average; all samples 
were conducted in triplicates. 

2.4. Statistical analysis 

Means were analyzed by one-way analysis of variance (ANOVA) 
followed by Tukey multiple comparison test for statistical significance P 
< 0.05 in the software R (v. 4.1.3). 

Fig. 2. A): The cross section of the native membrane at x200 magnification, B): The surface morphology of the native membrane at x3000 magnification.  
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3. Results and discussion 

3.1. Membrane characterization 

The images obtained by SEM of the tubular SiC membrane show the 

surface morphology and cross-sectional images of the native membrane. 
The structure of the membranes was asymmetric with a selective 
membrane layer deposited on porous support, which provide the 
membrane its mechanical robustness (Fig. 2A). 

The surface microstructure of the support material consist of a 

Fig. 3. The pore size distribution as the average of the three membrane pieces by CFP, with cumulative flow, pore diameter and differential flow, giving the pore size 
distribution of the membrane. 

Fig. 4. Water permeability affected by temperature at 15, 25, 35 and 50 ◦C, measured in TMP range from 0.1 to 0.7 bar, superscripts a (P ≤ 0.05) denotes significant 
difference in water permeability between temperatures. 
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smooth, defect-free surface (Fig. 2B). Macro-defects would be cracks 
and/or pinholes, which is unsuitable for membrane layer deposit. Re-
sults from Eray et al. (2020) showed similar microstructural defect-free 
images of SiC multi-channeled tubular support captured by SEM. The 

layer thickness of the native membrane was 107 ± 8 μm based on the 
mean value from cross-section SEM images. 

Previous studies reported that the fabrication of membranes with 
increased layer thickness reduces the water permeability consequently 
increases the risk of crack formation (Eray et al., 2020). The layer 
thickness observed in this study is considered appropriate for membrane 
fabrication and filtration, because it is in the range of a MF layer and is a 
defect-free membrane. 

The average pore size distribution of the SiC membrane ranged be-
tween 0.6 and 2.0 μm (Fig. 3), and the absolute pore size of the mem-
branes was 1.7 ± 0.2 μm. Thus, it is expected that all particles larger 
than 1.7 μm will theoretically be retained. 

The broad size distribution is likely due to the large differences in 
particle size of the support material and the active layer shown in Fig. 2A 
and B, as well at the fabrication process of the SiC membrane, this 
membrane is made by a blend of different particles size powders of SiC, 
therefore the packing density of the powders is lower and the pore size 
distribution broader (Eray et al., 2020, 2021). 

The overall water permeability at all temperatures of the two native 
membranes before running trials with raw milk was on average 1074 ±
30 L⋅h− 1⋅m− 2⋅bar− 1, with no significant difference between processing 
temperatures (Fig. 4), though it is known that temperature affects the 
overall permeability due to viscosity changes, where an increase in 
temperature, decreases the apparent viscosity. 

Compared to the polymeric counterparts, Beckman, Zulewska, 
Newbold, and Barbano (2010) measured the water flux of a hydrophobic 
0.3 μm Spiral wound – polyviylidene difluoride membrane in MF at 
50 ◦C from 13.85 to 35.25 L⋅h− 1⋅m− 2 in TMP range from 0.3 to 1.3 bar 
prior filtrating skim milk. The considerably higher water flux is attrib-
uted to the high hydrophilicity, the larger pore size and the multi tubular 
configuration of the SiC membrane enabling higher crossflow velocities 
(Eray et al., 2021). This outstanding hydrophilicity, pore size distribu-
tion and morphology makes the SiC membrane promising for lipid 
separation (Hofs et al., 2011). 

3.2. Fat separation of raw milk by SiC membranes 

The overall membrane filtration efficiency was assessed in terms of 
permeate flux and yield (% of fat retained in retentate). 

A clear temperature dependency on permeate flux (Fig. 5A) was 

Fig. 5. A) Permeate flux as a function of time at different raw milk tempera-
tures at varying TMP, 15 ◦C (0.3–1.8 bar), 25 ◦C (0.3–1.8 bar), 35 ◦C (0.3–0.6 
bar), 50 ◦C (0.3–0.6 bar), B) the gradual increase of TMP as a function of time 
for the process. 

Table 1 
The abundant measurements at different filtration temperatures and is presented as the mean ± standard deviation followed by superscripting letters (a-d) denoting 
significant differences (P ≤ 0.05) by One-way ANOVA between the values in the same column. Gray areas indicates that the value could not be measured. 
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observed during filtration of raw milk in the range of 15 to 50 ◦C. The 
filtration at 50 ◦C was performed in 12 min with the highest flux at TMP 
0.4 bar (336.5 L⋅h− 1⋅m− 2) and a reachable VCR of 4. Same trend was 
observed at 35 ◦C though with a doubling of filtration time (24 min) and 
a 40% decreased flux, both trials were conducted to a maximum TMP of 
0.6 bar (Fig. 5B). Filtrations at 15 and 25 ◦C were not able to reach a VCR 
higher than 2 and 3 respectively and the filtration time increased to 106 
and 86 min, respectively along with the lowest flux (20.1 and 27.3 
L⋅h− 1⋅m− 2), even when the TMP was further increased to maximum of 
1.8 bar. The flux decline starts at the end of the trials and occurs at 50 
min for 15 ◦C, at 35 min for 25 ◦C, at 12 min for 35 ◦C and 9 min at 50 ◦C. 
The rapid flux decay at the end of the filtration process is due to for-
mation of a fouling layer on the membrane surface forming a selective 

barrier on top of the membrane. 
The decrease of flux with increasing filtration temperature, is pri-

mary due to changes in viscosity of permeate as shown in Table 1. The 
permeate viscosity decreased from 2.00 mPa⋅s− 1 (15 ◦C) to 0.81 mPa⋅s− 1 

(50 ◦C). The large difference in flux behavior between 25 and 35 ◦C 
(33.3 to 135.5 L⋅h− 1⋅m− 2 after 5 min respectively) occurred surprisingly 
when considering the viscosity difference of the permeate was respec-
tively 1.5 and 1.2 mPa⋅s− 1. A possibility could be a larger resistance of 
the polarization concentration layer at 25 ◦C compared with 35 ◦C due 
to the increased amount of solid fat content (SFC) in the retentate 
(cream). Queirós, Grimaldi, and Gigante (2016) determined the solid fat 
content (SFC) of anhydrous milk fat, erased from crystal memory using 
nuclear magnetic resonance, showing 0% SFC at 40 ◦C, ≈ 0% at 35 ◦C, ≈
15% at 25 ◦C and ≈ 40% at 15 ◦C. Vanhoutte (2002) described the 
crystallization of emulsions as significantly delayed due to a lack of 
potential nucleation sites in the media. The contribution of SFC there-
fore requires a stronger cooling and might therefore not contribute 
significantly to the cream viscosity between 25 and 35 ◦C even though 
the SFC in bulk fat varies significantly. 

However, this was not observed in the viscosity measurements con-
ducted in this study and will be discussed later and further investigated. 

Previous studies by McCarthy, Wijayanti, Crowley, O’Mahony, and 
Fenelon (2017) utilized MF of skim milk using a ceramic membrane 
(0.14 μm, Al2O3) to observe a 20% initial flux decline and an overall flux 
decrease at the end of the process from 100 L⋅h− 1⋅m− 2 to 40 L⋅h− 1⋅m− 2 

due to fouling during cold microfiltration (8.9 ◦C). Whereas filtration at 
50 ◦C showed a 60% initial flux decline and an overall flux decline from 
380 L⋅h− 1⋅m− 2 to 145 L⋅h− 1⋅m− 2 The 8.9 ◦C MF though showed 
increased processing time compared to MF at 50 ◦C (13 and 3 h). The 
increase in processing time at decreased temperature corresponds with 
the findings in this study. 

The yield of the filtrations was evaluated as the % of fat recovered in 
the retentate (cream) along the increase in amount of fat per total solids, 
Fig. 6 shows that at the end of the filtration the yield varied from 91 ±
0.5 to 94 ± 0.8%, but concentration of the fat in the retentate was 
different (0.4 g fat ⋅ g solids− 1 at 15 ◦C to 0.8 g fat ⋅ g solids− 1 at 50 ◦C) as 
a consequence of the differences in VCR (4 at 35 and 50 ◦C and 2 and 3 at 

Fig. 6. Membrane performances in terms of yield based on the percentage of fat 
retained depending on processing temperature, further the VCR at each stage is 
shown. Superscripts a - b (P ≤ 0.05) denotes significant difference in yield be-
tween temperatures and VCR. 

Fig. 7. Fat distribution per total solids for the permeate and retentate stream at their respective final VCR at different processing temperatures.  
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15 and 25 ◦C). These concentrations were achievable with the equip-
ment used. Thus, the yield decreased up to 13% with increasing filtra-
tion temperature, but increased with increasing VCR at each 
temperature, with the highest concentration of fat in the retentate 
reachable at 50 ◦C. 

The considerably high yield (>90%) for fat separation is associated 
with the high hydrophilicity of SiC, retaining the hydrophobic MFGs and 
allowing the permeation of skim milk. The increased yield, but lower 
VCR, at 15 and 25 ◦C is not clearly understood but may be explained by 
the composition of the generated fouling layer and accumulated con-
centration polarization on the membrane surface during processing, 
which may be associated to an increase in SFC consequently causing an 
increase in pore plugging allowing limited transport of the permeate 
through the membrane. The rapid flux decay at 35 and 50 ◦C, could have 
been partly overcome by applying either backflushing or diafiltration 
during the filtration process (France et al., 2021; Hu & Dickson, 2015). 
Jukkola et al. (2019) and Hansen et al. (2020) both performed MF on 
bovine milk systems using a bench top MF system mounted with a 1.4 
μm tubular ceramic membrane (Al2O3, TiO2) and applied diafiltration at 
50 ◦C. Hansen et al. (2020) reported a fat content in the generated 
retentate of 0.69–0.81 g fat ⋅ g total solids− 1, depending on pre- 
treatments. Whereas Jukkola et al. (2019) saw permeation of all non- 
fat material with final fat content of 32–38% in the retentate (cream), 
which may have been achievable in this study by using a larger batches. 

The average flux of the comparable studies were reported from 92 to 
320 L⋅h− 1⋅m− 2 with a final yield at ≈ 96%. 

In conclusion, these comparison with previous studies, shows that 
SiC membranes are highly promising for fat separation in milk due to 
both similar yield percentages and average fluxes at similar filtration 
temperature (50 ◦C). However, a higher yield and lower flux decay could 
have been reachable by combining MF with diafiltration in the process. 

3.3. Composition, pH, particle size distribution, fat distribution, and 
viscosity effects between feed, retentate and permeate 

Experimental outcome regarding composition, D [4; 3], apparent 

viscosity and pH are shown in Table 1. The composition shows an in-
crease in fat content proportional to an increase in total solids with 
increasing VCR. The maximum fat concentration achievable at 15 ◦C 
was ≈ 8% (VCR 2), 25 ◦C ≈ 13% (VCR 3), 35 ◦C ≈ 19% (VCR 4) and 
50 ◦C ≈ 24% (VCR 4). The amount of fat present in the permeate stream 
increased, with increasing processing temperature, 15 ◦C was ≈ 0.1%, 
25 ◦C ≈ 0.1%, 35 ◦C ≈ 0.1% and 50 ◦C ≈ 0.3%. The concentration of 
total solids present in the permeate stream though indicated that the 
stream primarily consisted of milk serum (lactose and proteins) with 
significant decreased apparent viscosity at increased processing tem-
perature (Table 1). Finally, no significant changes in pH, varying from 
6.75 to 6.83, were observed during the filtration. Indicating limited 
microbial growth and release of free fatty acids due to lipolysis in the 
relatively short filtration time. Though a pasteurization step would have 
to be implemented for the retentate (cream) due to the concentration of 
bacteria and somatic cells. 

A difference between processing at 15, 25, 35 ◦C and 50 ◦C is seen in 
the permeate bars in with fat distribution in respective series of: 0.01, 
0.01, 0.02 and 0.03 g Fat ⋅ g Total solids− 1 (Fig. 7). Further, the fat 
distribution in the retentate at the maximum VCR reachable varied 
significantly. With the highest distribution of fat in retentate (cream) at 
VCR 4 at 50 ◦C. 

The increased distribution of fat at 35 and 50 ◦C indicates, that when 
separating fat from milk above the melting range (− 40–40 ◦C), a higher 
proportion of fat will be lost to the permeate stream. However, a sig-
nificant increase in processing time and decreased final VCR is shown in 
Figs. 5 and 7, when comparing the trials at 15 and 25 ◦C with the trials at 
35 and 50 ◦C. This might be explained by the differences in composition 
of the generated fouling layers, especially regarding SFC at different 
temperatures. 

To investigate whether the SiC membrane was able to retain the large 
MFGs the particle size distribution of the feed, permeate and final 
retentate from VCR 2–4 is shown in Fig. 8. A clear difference in distri-
bution between, permeate, retentate and feed stream are observed; 
Smaller MFGs <0.8 μm permeates freely through the membrane at 15, 
25 and 35 ◦C. However, at 50 ◦C an increased number of larger MFGs are 

Fig. 8. Particle size distribution of generated streams feed, permeate and retentate with a VCR 2–4 based on processing temperature.  
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observed in the permeate stream. The larger MFGs increases the volume 
mean diameter D [4; 3] from ≈ 0.4 μm at 15, 25 and 35 ◦C to 0.8 μm at 
50 ◦C (Table 1) in the permeate. Further, the processing temperature 
also affects the retentate (cream) where an increase in volume intensity 
is observed. The volume intensity increases relatively to the feed, where 
the largest increase is shown in the filtration at 50 ◦C. Smaller variations 

are observed at lower processing temperatures (15, 25 and 35 ◦C). 
The size classes of MFGs permeating through the pores correlate well 

with the pore size distribution of the SiC membranes, where D50 was 
1.05 μm, meaning that MFGs in the observed size range < 0.8 μm freely 
permeates through at least 50% of the pores. Michalski et al. (2006) 
reported similar results using Al2O3 membranes with a pore size of 2 μm 

Fig. 9. Relationship between viscosity and increased concentration of fat in retentate in regards to temperature differences.  

Fig. 10. Water permeability before trial, before cleaning and after cleaning. Results are presented as mean ± standard deviation; superscripts a-b (P ≤ 0.05) denotes 
significant difference in water permeability between temperatures. 
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processed at 50 ◦C. The results showed that increasing the flux resulted 
in an increase of MFGs and a higher D [4; 3] of the permeate stream. 
According to Fig. 5, the considerably higher flux at 50 ◦C, may have 
caused the increase in larger MFGs in the permeate stream and thereby 
also an increase in D [4; 3] (Table 1) (Jukkola et al., 2016; Michalski 
et al., 2006). 

For the retentate streams the D [4; 3] (Table 1) increased with 
increasing VCR due to permeation of smaller MFGs and thereby a 
decrease in surface area. No radical changes were though observed 
meaning that neither severe homogenization or creaming occurred 
during microfiltration, which corresponds with the findings of Jukkola 
et al. (2016) and Glimenius, Jansson, and Kemi (1979). 

The filtration temperature affected the amount of fat and size of 
MFGs in the retentate consequently causing differences on viscosity 
(Fig. 9). An increased filtration temperature caused a decrease on vis-
cosity of the retentate (cream) grouping the viscosity into 15, 25/35 and 
50 ◦C. The filtrations performed at 25 and 35 ◦C has an overlap in 
apparent viscosity at 0.4–0.6 g Fat ⋅ g Total solids− 1, even though they 
were significantly different in permeate flux (Fig. 5) during the filtration 
performances, whereas the filtrations at 15 and 50 ◦C varied signifi-
cantly from the filtration at 25 and 35 ◦C in terms of apparent viscosity. 

The increase in fat percentage per total solids in the retentate during 
MF forced an increase in cream viscosity according to Darcy’s law. 
Bakshi and Smith (1984) and Walstra, Jenness, and Badings (1984) 
(Bakshi & Smith, 1984) has previously shown that increasing the fat to 
total solids ratio increases the viscosity of the fluid. Bakshi and Smith 
(1984) further saw a temperature dependencies between 5 and 30 ◦C, 
where an increase in temperature decreased the viscosity of all fluids 
including whipping cream and half and half cream. 

Based on the differences in SFC and the findings from Bakshi and 
Smith, (1981), a difference in viscosity between the retentate obtained 
at 25 and 35 ◦C was expected. The reason for the overlap in viscosity at 
25 and 35 ◦C may be due to the lack in abundant fatty acids in the tri-
acylglycerides core having their melting point in this particular range, 
resulting in limited differences on viscosity. The similarities in viscosity 
may also come from chemical induced changes in the matrix from 
membrane processing, though further investigations in this particular 
melting range would have to be investigated further (Buldo, Larsen, & 
Wiking, 2013; Bylund, 1995; France et al., 2021; Truong, Lopez, 
Bhandari, & Prakash, 2020). 

3.4. Fouling behavior 

Potential fouling of the SiC membranes was investigated by decay in 
water permeability on the 15, 25, 35 membrane and 50 ◦C membrane. 
Previous studies by Hofs et al. (2011) revealed fouling as membrane 
dependent in series: PES/PVP > ZrO2 > Al2O3 > TiO2 > SiC, with SiC as 
the least fouled material during wastewater treatment. SiC membranes 
has previously shown high chemical robustness compared to both their 
polymeric counterparts and ceramic materials as Al2O3, where CIP with 
corrosive agents in high concentration may cause severe damage to the 
membrane (Coelho, Fabrício, Kaiser, Magnacca, & Candelario, 2021; 
Eray et al., 2020; Hu & Dickson, 2015). 

The water permeability shows a clear decay between before and after 

Fig. 11. SEM images of the surface morphology condition of A) the native membrane, B) a fouled membrane (potential fouling marked with white circles) and C) 
Non-Fouled membrane. All images were captured at x3000 magnification. 

Table 2 
Composition of the membrane based on SEM-EDX analysis, presented in weight 
percentage and atomic percentage as mean ± standard deviation.  

Element Line Type Weight [%] Atomic [%] 

Si K Series 57.53 ± 2.46 39.19 
C K Series 27.60 ± 3.03 43.96 
O K Series 13.53 ± 0.93 16.18 
Ca K Series 0.87 ± 0.18 0.41 
Cl K Series 0.48 ± 0.14 0.26 
Total  100.00 100.00  
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the filtration (Fig. 10) at all temperatures tested, indicating fouling of 
the membrane. The highest permeability reduction was observed for 
filtration at 15 and 25 ◦C with a water permeability reduction of 81 and 
84% respectively. The fully recovered water permeability after cleaning 
for all temperatures indicates no irreversible fouling at any temperature 
and shows promising properties regarding lifetime of SiC ceramic 
membranes (Beckman et al., 2010; Coelho et al., 2021; Eray et al., 2020, 
2021). 

Potential irreversible fouling of the SiC membranes was further 
investigated by membrane autopsy using SEM (Fig. 11) and SEM-EDX, 
which is an analytical technique used for elemental characterization 
by spectroscopy (Table 2 and Fig. 12). The SEM image of the native 
membrane interior showed as expected based on water permeability and 
SEM results, no fouling of the membrane (Fig. 11A), whereas a greyish 
area between the SiC particles was observed (Fig. 11B) potentially 
indicating minor internal fouling of either milk fat, protein or calcium 
phosphate deposit. Tan, Wang, and Moraru (2014) used SEM to observe 
a type of dense gel-like deposit as fouling after filtration of skim milk 
similar to Fig. 11B, but in much more severe condition. The fact that it 
occurs in skim milk may neglect milk fat as fouling agent. The origin and 
composition of the fouling in Fig. 11B was further investigated by 

SEM-EDX for the 15, 25 and 35 ◦C membrane because the membrane 
used for the 50 ◦C trials in Fig. 11C showed no fouling. 

The fact that potential visible fouling was observed on the 15, 25, 
35 ◦C membrane, propose that the extended processing time, reduced 
flux, and increased total resistance induced potential deposits. The 
interior gel-like substances found by autopsy did not have any impact on 
the recovery of the water permeability (Fig. 10). 

The composition of the membrane material and potential fouling was 
evaluated by SEM-EDX. The images showed that the membrane 
composition consisted as expected primarily of silicon, carbon, and ox-
ygen (Fig. 12 and Table 2). The oxygen is added during manufacturing to 
bind free carbon present in the interior pores, which ultimately turns the 
membrane highly hydrophilic instead of partly hydrophobic. 

The EDX analysis showed residues of Ca and Cl either originating 
from the feed, tap water or cleaning agents used in the experiment. The 
Cl may originate from acidic cleaning agents or chlorine residues from 
public water sources. Hence is it hard to justify where the small content 
of non-membrane material components originates from, in the present 
amounts, it is not considered as fouling. 

Previous studies by Rabiller-Baudry, le Maux, Chaufer, and Begoin 
(2002) investigated fouling layers on Polyethersulfone (PES) 

Fig. 12. (a, b, c, d) SEM images of the membrane surface with EDX. a) The original electron image, b) image analyzed for silica, c) carbon and d) oxygen.  
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membranes by SEM-EDX after the filtration of skimmed milk. Clear 
fouling layers and nitrogen sources was found during their analysis 
which was attributed to protein fouling. Further, Li et al. (2018) 
analyzed ZrO2 ceramic membranes in the same manner after the filtra-
tion of limed sugarcane juice showing similar nitrogen peaks both on the 
membrane surface and in the interior support material attributed to 
protein fouling. The fact that no nitrogen was found in this study, in-
dicates that no severe protein fouling occurred on the SiC membranes. 

4. Conclusion 

The overall performances of the SiC membranes were investigated 
for separation of milk fat as a future alternative to current ceramic, 
polymeric membrane materials and traditional centrifugation. The SiC 
membrane showed a defect-free morphology, accepted layer thickness 
of 107 μm and an outstanding water permeability 1075.3 
L⋅h− 1⋅m− 2⋅bar− 1 compared with other studies. The membrane showed 
excellent separation of fat from milk with processing times ranging from 
13 to 106 min for respectively 50 ◦C > 35 ◦C > 25 ◦C > 15 ◦C due to 
changes in the melting range of milk fat affecting the MFGs, permeate 
flux and cream viscosity. The separation yielded up to 95% fat in the 
retentate (cream) and was achieved while permeating skimmed milk 
with a fat content ranging from 0.1 to 0.3% fat. Further, a clear 
permeation of smaller MFGs (< 0.8 μm) were observed at 15, 25 and 
35 ◦C, while larger MFGs were able to permeate at 50 ◦C, due to 
increased flexibility of the MFGs enabling them to squeeze through the 
pores of the membrane. The water permeability was fully recoverable 
after CIP at all temperatures, showing no irreversible fouling at any of 
the filtration temperatures studied. However, autopsy showed greyish 
unexplored areas in one MF membrane used for 15, 25 and 35 ◦C 
filtration trials, originating from the feed or cleaning. According to the 
EDX analysis the small elemental amounts of non-membrane material is 
not considered as fouling since no nitrogen sources were detected. 

Overall, this work demonstrates that SiC as a membrane material is 
highly suitable for separating fat from raw milk in terms of membrane 
performance. However, comparisons with other membrane materials, 
separation techniques, biofilm formation, microbiological growth, 
quality of the generated streams and the feasibility would have to be 
investigated in future studies. 
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Jukkola, A., Hokkanen, S., Kämäräinen, T., Partanen, R., Heino, A., & Rojas, O. J. (2019). 
Changes in milk fat globules and membrane lipids under the shear fields of 
microfiltration and centrifugation. Journal of Membrane Science, 573, 218–225. 
https://doi.org/10.1016/j.memsci.2018.12.007 

Jukkola, A., Partanen, R., Rojas, O. J., & Heino, A. (2016). Separation of milk fat globules 
via microfiltration: Effect of diafiltration media and opportunities for stream 
valorization. Journal of Dairy Science, 99(11), 8644–8654. https://doi.org/10.3168/ 
jds.2016-11422 

Li, W., Ling, G., Lei, F., Li, N., Peng, W., Li, K., … Zhang, Y. (2018). Ceramic membrane 
fouling and cleaning during ultrafiltration of limed sugarcane juice. Separation and 
Purification Technology, 190, 9–24. https://doi.org/10.1016/j.seppur.2017.08.046 

McCarthy, N., Wijayanti, H., Crowley, S., O’Mahony, J., & Fenelon, M. (2017). Pilot-scale 
ceramic membrane filtration of skim milk for the production of a protein base ingredient 
for use in infant milk formula, 73, 57–62. https://doi.org/10.1016/j. 
idairyj.2017.04.010 

Membralox, & Pall-Lenntech. (2022, November 12). Pall-Membralox-Ceramic- 
Membrane-Lenntech. Pall-Lenntech. www.lenntech.com. 

Merkus, H. (2009). Particle size measurements. Springer.  
Michalski, M. C., Leconte, N., Briard-Bion, V., Fauquant, J., Maubois, J. L., & 
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