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average pore diameter of which was 35.53 nm.

1. Introduction

Demographic growth, a consumption-based lifestyle, economic and
industrial development, and climate change are some of the reasons why
many regions of the world are struggling to provide adequate water - not
only for municipal and industrial purposes but also for agriculture. This
imposes, on present and future generations, a great responsibility for
the natural environment and the restoration of the ecological balance. To

in the permeability of the relative membrane

Due to the increasing water scarcity in agriculture, digestate is not only considered as an alternative fertilizer, but also as a potential water source. Unfortunately, it requires treatment
to such an extent that the contaminants from the fermented biomass do not return to the environment. The aim of this study was to extend the characteristics of the flat ceramic
membranes provided by manufacturers and to evaluate their applicability to the treatment of the municipal digestate liquid fraction. The digestate liquid fraction from a biogas plant
processing municipal waste organic fraction located in the Lower Silesia province (Poland) was tested. A Sterlitech laboratory plant operating in the dead-end mode at a TMP of
0.1 - 0.4 MPa was used to carry out the pressure membrane filtration process. The tested digestate was subjected to 72 h of sedimentation before testing. Six micro- and ultrafiltration
flat ceramic membranes from Tami Industries were used in the experiments. The membranes used in this study were hydrophilic (a wetting angle of less than 59.6°) and the average
pore radius ranged from 0.035 to 0.29 pum, depending on the membrane type. The performed experiments confirmed the applicability of the tested membranes for municipal digestate

purification, although a deterioration in permeate quality was observed as the pore size of the membranes increased. The best separation was observed for the 1 kDa membrane, the
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stop the progressive degradation of the natural environment, the solving of
environmental problems that have arisen as a result of industrial activity is
becoming a prioritized activity. This need has been recognized through changes
in environmental protection strategies towards so-called "clean production".
Their implementation creates the necessity to search for innovative solutions
that can fulfil certain assumptions, in particular those concerning the reduction
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of pollutant emissions, as well as those with regards to increasing the
management efficiency of energy and natural resources, including water [1,2].

Currently, pressure-driven membrane processes are widely used in many
branches of industry and environmental protection to remove various
pollutants. They make it possible to obtain water with a high degree of purity
[3], as well as to remove organic and inorganic contaminants and
microorganisms at relatively low costs and with small installation dimensions
[4,5]. It is also important that membranes can be used to purify solutions in
which the contaminant concentrations fluctuate over a wide range [6]. In
addition to their many advantages, membrane processes have the disadvantage
of membrane blocking (fouling). Fouling is a result of the deposition of organic
and inorganic compounds and microbiological contaminants on the
membrane’s surface and inside its pores. This results in both a decrease in the
permeate flow rate and a decrease in purification efficiency [7]. One of the
main factors determining the separation efficiency of a membrane process is
the used membrane type. In membrane separation techniques, only synthetic
membranes are used. They are characterized by different functions and
structures in comparison with natural membranes (cell membrane, plasma).
Both polymeric and ceramic materials are used to make membranes [8].
Polymeric membranes can have different structures, depending on both the
polymer used (e.g., polyethersulfone, polysulfone, polyamide, cellulosic
materials) and the manufacturing method itself. The main advantages of
polymeric membranes include the ease of processing the material, their
relatively low price, and the wide variety of properties [4,5]. Most polymeric
materials have certain limitations related to their tolerance to pH, hydrolysis,
and oxidation. The hydrophobicity of some polymers is also a disadvantage.
These properties mean that polymeric membranes are not resistant to fouling,
which results in reduced membrane performance and selectivity [9]. The choice
of material and membrane manufacturing method depends on the intended use
of the membrane, as well as on the conditions under which they are to be
operated (mainly: temperature, pH, and presence of substances that have a
negative influence on the membrane’s surface, etc.). Ceramic membranes can
be an alternative to polymeric membranes, and are characterized by high
chemical, mechanical, biological, and thermal resistance; steam stabilizability;
longevity; and the possibility of using spent membranes as ceramic material in
other applications [10]. Their usage enables raw material and energy savings
[11]. A ceramic membrane is structurally asymmetric [12], and consists of a
macroporous support and a thin surface layer that determines the membrane's
separation properties. Commercially available ceramic membranes have a pore
size ranging from 0.005 to 1 um. Typically, the support layer is 1 - 3 mm thick,
while the skin layer is a few pm thick (ultrafiltration membranes) and usually
formed from ZrO,, Al,0; TiO, or CeO, [10,13]. One pressure-driven
membrane process application is liquid digestate fraction purification, which is
a by-product (waste) generated in biogas plants during the process of anaerobic
methane fermentation. It mainly contains undigested organic matter residues
and mineral components in amounts comparable to their content in the
substrates used in the biogas plant. It is estimated that the amount of digestate
produced is 85-95% of the weight of the substrates used (the more fermentable
organic substances in the feedstock, the smaller the amount of digestate) [14].
The process of biogas production includes a reduction in the organic matter
content, an increase in the mineral content with regard to dry matter, a
fragmentation of solids, complete or partial hygienization, and the
decomposition of odor-forming compounds [15]. The digestate includes all the
compounds that did not undergo the fermentation process, and thus contains all
the impurities contained in the substrate. Therefore, good (or poor) quality
substrate subjected to the fermentation process will lead to good (or poor)
quality digestate [16].

In agricultural biogas plants, animal excreta (pig or cattle manure), agri-
food waste (fruit and vegetable waste, food, slaughterhouse waste), and
lignocellulosic  biomass can be distinguished among the main input
components. Municipal biogas plants, on the other hand, use a selected
biodegradable fraction of municipal waste and combine a stream from
households (called kitchen waste) and urban greenery (called green waste). A
municipal biogas plant based on the organic fraction is an installation similar
to an agricultural biogas plant but is expanded with additional technological
modules related to the pre-treatment of waste. The two types of biogas plants
also differ with regards to location - municipal biogas plants are built in or
adjacent to urbanized areas, where there is better infrastructure for obtaining
high-energy waste, while agricultural biogas plants are located in rural areas
that are abundant in suitable raw materials. One of the rational ways to manage
digestate is to recover water and nutrients, which can then be used in
agriculture. However, in order for the recovered water to be used to irrigate
crops, it must be treated so that any contaminants from the fermented biomass
do not return to the environment. Both conventional physico-chemical
processes and membrane processes can be useful in this area. While the issue
of treating the liquid fraction of digestate from agricultural biogas plants is
present in the literature [3,17-21], there are only a few reports on the treatment
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of digestate liquid from municipal waste biogas plants. Since the two types of
digestate are fundamentally different, research related to municipal digestate,
regardless of the results obtained for agricultural digestate, should be
conducted. Moreover, digestate liquid fraction purification using polymeric
membranes has already been reported [17,22], but to our knowledge, there are
no studies on the application of flat ceramic membranes in this area.

Another of our papers [23] focused on the effectiveness of the treatment of
the digestate liquid fraction from municipal waste biogas plants using
polymeric membranes, but the purification efficiency turned out to be
unsatisfactory. Considering the advantages of inorganic membranes, it can be
seen to be important to conduct research on the possibility of purifying
municipal digestate liquid using flat ceramic membranes. Moreover, it is also
justified to extend the characteristics (provided by manufacturers) concerning
the membranes.

2. Materials

The ceramic flat micro- (Ceram 0.45 pm, Ceram 0.14 pm) and
ultrafiltration (Ceram 1 kDa, Ceram 5 kDa, Ceram 15 kDa, and Ceram 50 kDa)
membranes from Tami Industries were used in this study. Their detailed
characteristics are included in our earlier publication [24]. A sample SEM
image of the Ceram 5 kDa membrane can be seen in Fig. 1.

The digestate liquid fraction from a municipal waste biogas plant located
in the Lower Silesia province of Poland (50°53'15.5 "N 17°2328.0 "E) was
tested. This fraction was separated from the digestion pulp with the use of
sedimentation centrifuges. The characteristics of the test solution are presented
in Table 1. As can be seen, the digest is characterized by high salinity and a
high content of organic compounds (COD, DOC), including biodegradable
ones (BODS5). It also contains substantial amounts of microorganisms. A
microscopic image of the liquid fraction of the digestate with, among others,
visible Cercomonas sp. flagellates is shown in Fig. 2.

3. Experimental methods

To perform the pressure membrane filtration process, a Sterlitech
laboratory installation with a 316 SS pressure vessel (3.8 dm%) was used [24].
This system is designed to work with flat ceramic membranes. The process was
conducted in the dead-end mode at TMPs ranging from 0.1 - 0.4 MPa. The
tested digestate was subjected to 72 h of sedimentation prior to testing. All
separation experiments were duplicated. All the ceramic flat membranes were
subjected to a conditioning procedure before being used in this study in order
to prepare them for proper operation. This included alkaline cleaning by placing
the membranes in NaOH solution (15-20 g/dm?®) at 80°C for 30 min, rinsing
with redistilled water until the pH was neutral, and then acid cleaning and
rinsing again until the pH was neutral. The MF and UF membranes were
cleaned with 0.39 mol/dm® HNO; or 0.038 mol/dm?® H3PO, at 50°C for 15 min,
while the fine UF membranes were cleaned with a 0.0076 mol/dm® HsPO, at
50°C for 15 min (as recommended by the manufacturer).

After each process, the membranes were chemically cleaned with 0.1
mol/dm® NaOH solution (Avantor Performance Materials Poland S.A.,
Gliwice, Poland) and then rinsed with redistilled water until the initial permeate
flux values were obtained. To extend the characteristics of the tested
membranes, their wettability was determined. Wettability was measured as the
wetting angle using the ASTM D5946 method and consisted of placing a 5 pl
drop (approximately) of Milli-Q redistilled water (Millipore, USA) on the
membrane’s surface using a Hamilton microsyringe while maintaining the
same minimum needle height above the membrane’s surface and the bevel
direction of the needle tip. These measurements were performed using a PGX
50372 device (Fibro System AB, Sweden). A minimum of 7 drops were
deposited on each membrane, each time on a "fresh" surface.

To determine the pore size of the membranes, standard porometric tests
were performed for all the flat ceramic membranes using a POROLUX™1000
porometer (Belgium) based on the step/pressure stabilization method. The
POROLUX™1000 porometer is shown in Fig. 3. The first bubble point (FBP)
pore diameter measurement was performed using the step/stability method. It
allows measuring the actual FBP. The procedure for measuring the FBP is as
follows: the pressure in the chamber increases linearly by delivering a constant
flow of gas before the largest pore opens, and then, as the gas stream passes
through the sample (through the largest pores), the pressure growth decreases.
The FBP is measured at the pressure at which it occurs. The associated tests
were conducted at a flow rate of 30 cm®min and a deviation of 30%.
Calculation of this point for the pressure at which the first continuous gas
bubbles are detected is defined by the ASTM F-316-03 standard. Porefil fluid
(y =16.1 mN/m) was used as the wetting liquid. The pressure rise gradient was
30 s/bar.
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Fig. 1. SEM image (1000x) of the Ceram 5 kDa ceramic membrane

Table 1
The properties of the liquid digestate fraction from the municipal waste biogas plant

Index Value

pH 7.2

Conductivity, mS/cm 22

Chemical oxygen demand (COD), mg Oz/dm? 6,190
Biochemical oxygen demand (BODs), mg Oz/dm? 2,170
Dissolved organic carbon (DOC), mg C/dm?® 3,050
N-NH4*, mg N/dm? 1,742

N-NOz, mg N/dm? 6.25

N-NOz, mg N/dm? below the limit of detection

PO4*, mg/dm® 18.9

SO4%, mg/dm? 38

P, mg/dm?® 15.9

Na, mg/dm® 1,650

K, mg/dm? 1,560

Ca, mg/dm® 421

Mg, mg/dm® 230
CI,, mg/dm? 2,246

Fe, mg/dm? 25

Mn, mg/dm? 4.0
Cu, mg/dm? 0.096
Zn, mg/dm?® 0.630

Li, mg/dm? 6
Hg, mg/dm? 0.0036
Co, mg/dm? 0.137
Ni, mg/dm? 0.250
Ba, mg/dm? 0.240
As, mg/dm? 0.0005
Cr, mg/dm® 0.230
Pb, mg/dm? 0.025
Cd, mg/dm? 0.001

Mesophilic bacteria, CFU/cm?® 111 - 108
Thermophilic bacteria, CFU/cm® 163 - 107

POROLUX™ 1000

Fig. 3. The POROLUX™1000 porometer with a sample holder used in this study
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Fig. 2. Microscopic image of the digestate liquid fraction (magnitude 600x)

The preparation procedure for the porometric tests involved cutting the
samples to an external diameter of 25 mm. The samples were then soaked in
Porefil for 10 min and placed under a vacuum to ensure complete impregnation.
Due to the thickness of the membranes, they were placed in a special sample
holder that is used for materials of significant thickness. The samples were
supported by a standard support mesh.

4. Results and discussion

4.1. Properties of the flat ceramic membranes

To gain a deeper understanding of the differences in the transport and
separation properties of the tested ceramic membranes, their characteristics,
which were provided by the manufacturers [24], were extended by the authors’
wetting angle measurements. Based on the wetting angle value, it is possible to
determine the surface character of the membranes: the higher the value, the less
susceptible the membrane is to wetting. For all the tested ceramic membranes,
the wetting angles were 59.6° or below, which indicates the hydrophilic
character of these membranes (Table 2). In general, as the pore diameter of the
tested membranes increased, a decrease in the wetting angle value was
observed, which indicates increasing hydrophilicity. A deviation from this
trend was found for the microfiltration membranes, where, despite significant
differences in the diameters of the pores (Table 3), the wetting angle values
were similar.

Membrane properties (i.e., pore size, hydrophobicity, permeability, and
charge) significantly affect their separation ability. To compare the
effectiveness of the flat ceramic membranes to purify the liquid fraction of the
digestate, the pore sizes of the membranes were determined. The results of the
measurements are presented in Table 3 and Fig. 4, while pictures of the
membranes after the measurements with the POROLUX™1000 porometer are
shown in Fig. 5.

Table 2
Wetting angle measurement results of the flat ceramic membranes

Membrane type Wetting angle, °
Ceram 1 kDa 59.6
Ceram 5 kDa 57.6
Ceram 15 kDa 43.8
Ceram 50 kDa 424
Ceram 0.14 um 36.6
Ceram 0.45 um 36.7

Table 3
Pore size measurement results of the flat ceramic membranes

Maximum pore size Average pore size, Smallest pore size,

(FBP), nm nm nm
Membrane type
ol standard el standard . standard
deviation deviation deviation
Ceram1kDa  393.8 198.5 35.53 1.38 24.03 0.93
Ceram 5 kDa 162.8 50.9 37.69 0.88 21.96 0.22
Ceram15kDa  307.7 186.7 52.45 8.06 38.52 2.83
Ceram 50 kDa  381.9 120.5 67.09 2.00 36.22 1.10
Ceram 0.14 um 160 20 122 1 95 9
Ceram 0.45 um 820 50 290 30 150 20
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Fig. 4. Gas flow during the porometric measurements for the flat ceramic membrane
samples: a) Ceram 1 kDa, b) Ceram 5 kDa, ¢) Ceram 15 kDa, d) Ceram 50 kDa, e) Ceram
0.14 pm, and f) Ceram 0.45 pm (continuous graphs - wet curve, dashed graphs - dry curve
and half of the dry curve to determine the average pore size)

The procedure used to determine the pore size uses Capillary Flow
Porometry (CFP), which involves pushing an inert gas through a wetted
membrane at increasing pressure [25]. This causes the liquid to be displaced
from successive pores in the membrane (starting with the pores with the largest
diameters, and ending with the smallest pores). The observed effect is an
increase in the flux of gas through the membrane. As can be seen in Fig. 4, as
the membrane’s pore diameter increases, the pressure at which gas flows
through the sample decreases. The maximum pore size (FBP) is determined
when gas flow through the sample is observed. The simplified Young-Laplace
formula (P = 4.y/D, where D is the pore size diameter, P is the measured
pressure, and vy is the surface tension of the wetting liquid) enables the pore
diameter to be calculated.

The measurements showed that the average pore diameter of the tested
membranes ranged from 35.53 to 67.09 nm for the ultrafiltration membranes,
and from 122 to 290 nm for the microfiltration membranes, while the diameter
of the maximum pores was in the 162.8 — 393.8 and 160 — 820 nm ranges,
respectively. Analysis of the variation in the average diameter of the studied
membranes shows an evident trend of change: an increase in the nominal cut-
off value results in a larger average pore diameter. It is difficult to explain why
such a trend is not observed when analyzing changes in the maximum pore
diameter.

The POROLUX™1000 porometer results obtained for most of the
membranes (Ceram 1 kDa, Ceram 5 kDa, Ceram 50 kDa, Ceram 0.14 um and
Ceram 0.45 um - Fig. 4 a, b, d, e, f) show good agreement in the terms of
average pore size and flow. Only the results obtained for the Ceram 15 kDa
membrane (Fig. 4 c) show a slight spread. Furthermore, for the Ceram 1 kDa
membrane, a spread in pore size was observed in the FBP. For the test shown
as the orange curve in Fig. 4 a), a cracking sound of the sample was heard, and
a small flow spike was observed. Higher FBP values may indicate the presence
of a small number of larger voids (pre-FBP) or may be related to small defects
that led to the sample fracturing during the measurements. It was similar for the
Ceram 50 kDa membrane (Fig. 4 d), where a pore size spread in FBP was also
observed. For ultrafiltration membranes Ceram 5 kDa and Ceram 50 kDa and
microfiltration membranes Ceram 0.14 um and Ceram 0.45 um, the samples
did not break during the measurement (Fig. 5 b, d, e, f). In contrast, all the UF
membrane samples with 1 and 15 kDa cut-offs broke into two or more pieces
at 24 bar and 16-18 bar, respectively (Fig. 5 a, ¢).

To analyze the transport properties, and subsequently, their susceptibility
to fouling, the permeate flux for redistilled water was determined. Fig. 6 shows
the effect of TMP on the ceramic membrane permeate flux volume. An increase
in the TMP resulted in a linear increase in the permeate flux (for all the tested
membranes and in the analyzed TMP range). An increase in the cut-off value
of the membranes, and thus an increase in the membrane’s pore radius,
increased their hydraulic efficiency. The highest permeate flux (5.9 m¥m?.d)
was achieved for the Ceram 0.45 pm MF membrane, while the lowest (0.35
m3/m?.d) was measured for the Ceram 1 kDa UF membrane (at the highest
tested pressure of 0.4 MPa).

4.2. Purification of the municipal digestate liquid fraction using flat ceramic
membranes

The effectiveness of the digestate liquid fraction treatment in the MF and
UF processes using flat ceramic membranes was determined by analyzing the
influence of the membrane’s cut-off and process parameters (TMP, process
duration) on the COD, BODs and DOC value changes. All samples of the
digestate liquid fraction were subjected to 72 hours of sedimentation prior to
membrane filtration.

The digestate purification (using sedimentation) results for the flat ceramic
membrane filtration (Fig. 7) showed that the tested membranes could be used
for digestate purification. However, a deterioration in the quality of the
digestate could be observed as the membrane’s pore size increased. The sieve
mechanism mainly separated organic substances, [26] and therefore the
separation efficiency was significantly affected by the ratio between the
contaminant’s particle size and the membrane’s pore diameter, which was e.g.,
about 35.5 nm for the Ceram 1 kDa membrane, about 37.7 nm for the Ceram 5
kDa membrane, and about 67.1 nm for the Ceram 50 kDa membrane (Table 3).
The highest organic compound concentration was obtained in the permeate for
the MF membranes (pore diameters of 0.12 and 0.29 um, respectively for the
Ceram 0.14 um and Ceram 0.45 um membranes). It was observed that the use
of denser membranes resulted in improved digestate purification efficiency.
The smaller the cut-off value of the membrane, the fewer organic particles
could pass into the permeate, as was also reported by other researchers [27].
The best separation efficiency was observed when the Ceram 1 kDa membrane
was used. For example, at a TMP of 0.2 MPa, the concentration of the
biodegradable fraction of organic substances, expressed as BODs, was reduced
from 2 170 to 930 g O,/m?, while COD and DOC were reduced from 6 190 to
3440 g O/m®and 3 050 to 1 330 g C/m?, respectively (Figs. 7 and 8).
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Fig. 5. Photographs of samples of the ceramic membranes after measurements with the POROLUX™1000 porometer: a) Ceram 1 kDa, b) Ceram 5 kDa, c) Ceram 15 kDa, d) Ceram 50
kDa, e) Ceram 0.14 pm, and f) Ceram 0.45 um

6
2000
—e-Cerpm 1kDa m01MPa mO2MPa 00.3MPa
—e—Ceram 5 kDa 1800
5 —o—Ceram 15 kDa 1600
——Ceram 50 kDa . 1400
4 —&—Ceram 0.14 pm § 1200
- , ——Ceram 0.45 pm 39 1000
£ a}
z 3 800
= ~ 600
: 400
200
1 0 L LB | L L L. L . L1 | L . L |
S 1kDa 5 kDa 15kDa 50kDa  0.14um  0.45um
0 == membrane cut-off
0.1 0.15 0.2 0.25 0.3 0.35 0.4

TMP, MPa

Fig. 6. Effect of TMP on the permeate flux of the ceramic membranes for redistilled water Fig. 7. The effect of TMP on the BODs of permeate from the digestate liquid fraction
sedimentation — flat ceramic membrane filtration process

a) 6000 b) 3000

5000 2500
E 4000 > 2000
3 O
=0 3000 @ 1500
; o
g o)
3 2000 0 1000

1000 500

o BB B B T e
1kDa 5kDa 15kDa 50kDa 0.14pum 0.45 um 1kDa 5kDa 15kDa 50kDa 0.14 um 0.45 um
membrane cut-off membrane cut-off

Fig. 8. The effect of the membrane type on the COD (a) and DOC (b) changes for the liquid fraction of digestate sedimentation — flat ceramic membrane filtration (TMP 0.2 MPa)



U. Agnieszka et al. / Journal of Membrane Science and Research 9 (2023) 556692

When comparing the removal efficiency of organic compounds from the
liquid fraction of the digestate with a previous study [28], it was found to be
higher for ceramic membranes than for polymer membranes with a comparable
cut-off value. Although the COD, BODs, and DOC values obtained exceed
local regulations set for water used in agriculture [29,30] and more so for
drinking water, such a high degree of organic compound removal means that
the analyzed solution is well prepared for the next treatment stage, or also that
it can be diluted with water from another source before being used to irrigate
plants. It was also observed that the value of the transmembrane pressure did
not affect the quality of the permeate, with the content of organic compounds
remaining at a comparable level in the tested TMP range (0.1 - 0.3 MPa) (Fig.
7).

It was also verified whether the duration of the membrane filtration process
influences the effectiveness of eliminating organic pollutants from the treated
solution (Fig. 9). These studies have shown that separation efficiency is
practically unchanged over time. Longer filtration did not affect the
membrane’s separation properties - the values of BODs in the permeate
remained at a constant level. Comparable results for COD and DOC were
shown in [24]. The constant efficiency of separating organic substances during
membrane filtration also indicates that it was the sieve mechanism that
determined the separation, and not, for example, sorption on the membrane, the
effect of which was observed for some membranes at the initial time of
membrane filtration.
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Fig. 9. Influence of the duration of the membrane filtration on the BODs of permeate
during the digestate liquid fraction treatment (Ap = 0.2 MPa)

From the point of view of the liquid fraction of digestate purification using
membranes, attention should not only be paid to separation but also to transport
properties. The tested membranes not only differed in terms of absolute
hydraulic efficiency (Fig. 10), which resulted mainly from the differences in
pore diameters, but also from their susceptibility to fouling. Fig. 11 shows the
effect of the TMP on the membrane’s relative permeability and enables the
fouling intensity to be investigated. The analysis of the obtained test results
shows that for all the membranes, an increase in the TMP value resulted in a
decrease in the J/J,. This effect was most evident when using the Ceram 5 kDa
and Ceram 15 kDa membranes. Moreover, it was found that an increase in the
membrane’s cut-0ff, and thus an increase in the membrane’s pore diameter,
caused a decrease in the membrane’s relative permeability (except for the
Ceram 1 kDa membrane). It was most visible for MF membranes (Ceram 0.14
and Ceram 0.45 pm) and practically regardless of the pressure applied, J/J, was

approx. 0.01. These membranes were the most susceptible to fouling. This is
confirmed by some reports in the literature, according to which membranes
with larger pore diameters (in this case the MF membranes) can be more
susceptible to fouling than in the case of more compact membranes, e.g., UF
membranes [31,32]. Fouling resulting from the blocking of the pores of the
membrane by particles from the feed penetrating them dominates in the case of
MF membranes. This is also confirmed by the results of our research regarding
the average pore size of membranes (Table 3). A photograph of the formed
filtration cake on the Ceram 0.45 pm flat ceramic membrane is shown in Fig.
12.
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Fig. 10. The effect of TMP on the permeate flux of the flat ceramic membranes for (a)
redistilled water and (b) the digestate liquid fraction
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Fig. 12. The new Ceram 0.45 um ceramic membrane (a) and the filtration cake formed on its surface during the treatment of the digestate liquid fraction (b).
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5. Conclusions

The results of this study showed that flat ceramic membranes can be
applied in the purification of the municipal digestate liquid fraction. The tests
and analyses showed that the flat ceramic micro- and ultrafiltration membranes
used in this study were hydrophilic (a wetting angle of less than 59.6°) and that
the average pore diameter ranged from 0.035 to 0.29 pum, depending on the
membrane type. It was shown that an increase in the size of the transmembrane
pressure (TMP) results in an increase in the permeate flux during both
redistilled water and liquid fraction digestate membrane filtration. The
separation efficiency of the tested MF and UF flat ceramic membranes was
found to depend on the membrane type (cut-off). The best separation was
observed for the Ceram 1 kDa membrane. It was also found that neither the
increase of TMP nor the duration of the filtration process had any influence on
the separation efficiency. The tested membranes differed not only in hydraulic
efficiency, due to differences in pore diameters, but also in their susceptibility
to fouling. It was observed that an increase in TMP resulted in a decrease in the
J/Jp value (which means a higher intensity of fouling). For the tested
membranes (except for the Ceraml kDa membrane), an increase in the
membrane cut-off value, and thus an increase in their pore size, increased the
fouling intensity.
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