Application of a benchtop TFF system for the assessment of CIP
performance of detergent formulations for dairy UF membrane cleaning.
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ABSTRACT

A benchtop tangential flow filtration (TFF) system was used to examine clean in place (CIP)
processes relating to protein concentration in dairy processing. Permeability measurements
were taken at concentration, cleaning and rinsing steps for 3 CIP formulations. Trends
observed in the permeability measurements for each formulation provided insights on the
interaction of each detergent with the ultrafiltration (UF) membrane. Membrane autopsies
were carried out to gather elemental and infrared spectroscopic data as well as imaging of the
gel and fouling layer composition on the surface after use. Fluorescence analysis of CIP
cleaning solutions allowed for the identification of process solution compounds and
formulation ingredients that were trackable during CIP. Irreversible fouling of the UF
membrane was simulated and the efficacy of a novel CIP formulation in recovering
permeability was assessed. Some benefits and limitations of the benchtop TFF for examining
CIP formulation performance were identified.

Keywords: Tangential Flow Filtration, Ultrafiltration, Polyethersulfone Membrane, Clean in
Place, Skim Milk, Fluorescence Spectroscopy, Infrared Spectroscopy.

INTRODUCTION

CIP protocols for ultrafiltration membranes can play an important role in determining service
lifetime. Physical parameters such as the CIP temperature, pH and surfactant composition each
may play a role in membrane degradation depending on their management (D’Souza and
Mawson, 2005). This is in addition to the service conditions to which the membrane is exposed,
which can stray from ideal conditions depending on the process solutions used and their
handling. In some instances, irreversible fouling can result. An example of an irreversible
fouling process that may occur in ultrafiltration is that which is caused by fat fouling of UF
membrane pores (Gul et al., 2021). This is a mode of failure which often cannot be rectified by
routine CIP and requires replacement of the UF membrane module.

A formulation was developed in a feasibility study that targeted irreversible fat fouling of UF
membranes. To expand the scope of the ‘unblocker’ formulation assessment, benchtop TFF
was explored. Three formulations including a simple alkaline wash (formula A), a current UF
membrane CIP formulation (formula B) already in service and the novel ‘unblocker’ (formula
C) were tested using a turnkey TFF system. Permeability measurements at each step of the UF
and CIP were recorded with a view to tracking trends in permeability characteristics for each
phase. Membrane autopsies including elemental analysis, microscopy and ATR mid infrared
spectroscopy were carried out to examine the residues present on the UF membranes after use
in the controlled setting of the benchtop device (Schuttlefield and Grassian, 2008). A variety of
spectroscopic techniques were used to characterise the process solutions. Fluorescence
spectroscopy provided a useful combination of specificity and sensitivity and the results from
these measurements are presented (Shaikh and O’Donnell, 2017). To provide a demonstration
of the performance of formula C for remediating fat blocking, a range of process conditions



was tested and irreversible fouling of the UF membrane simulated using the benchtop system.
The gap between the UF process understanding at the industrial scale and that which was
observed using the benchtop system while attempting to generate the artificially blocked
membrane will be discussed.

EXPERIMENTAL
Protein Concentration

Ultrafiltration of supermarket bought skim milk was carried out using a Bionet M1 benchtop
TFF system supplied by Elementec Ltd, Maynooth, Ireland. Concentration was carried out at a
transmembrane (TMP) pressure of 1 bar and with the retentate temperature controlled to within
the range of 8-12 °C unless indicated otherwise. The crossflow velocity of the membrane cavity
at a flow rate of 0.65 L min™! was calculated to be 0.213 m s™..

CcIp

Formula A consisted of deionised water adjusted to a pH of 11 using NaOH as per the Bionet
M1 manufacturer’s instructions for membrane maintenance. The compositions of formula B
and formula C are not available for disclosure. All surfactants and associated materials were
supplied by Water Technology Limited, Togher, Cork, T12KPF2. CIP was carried out at a
transmembrane pressure of ca. 0.75 to 1 bar TMP, pH 11 and within the temperature range of
45-50 °C. The first cleaning phase was 15 minutes in duration. This was followed by 10 minutes
soaking time and 10 minutes of cleaning. The hot rinse and rinse steps were 15 and 30 minutes
in duration respectively.

Optical Microscopy

Optical microscopy was carried out using an Olympus BX 51 stereomicroscope.

Infrared Spectroscopy

Infrared spectroscopy was carried out using a Perkin Elmer Spectrum 400 Fourier transform
infrared (FTIR) spectrometer. Measurements were carried out using a single bounce diamond
ATR accessory. Scans were calculated from 16 accumulations from 4000 cm™ to 650 cm™ at a
resolution of 4 cm™.

Fluorescence Spectroscopy

Fluorescence measurements were carried out using Perkin Elmer LS55. Scans were performed
with excitation illumination set at steps of 20 nm from 200 nm to 460 nm. The excitation and

emission slits were each set to 5.0 nm and the gain was varied from low to high depending on
the emission intensity of the fluorescing materials present in the sample.



RESULTS AND DISCUSSION
Permeability testing

Figure 1 presents permeability data relating to the cleaning of membrane 2 with formula A
which is a NaOH solution prepared with a pH of 11. Initial commissioning was completed using
DI water at ambient temperature and neutral pH. This was followed by 4 sessions of protein
concentration of skim milk and alkaline CIP using formula A. The process TMP was kept at 1
bar during concentration. Permeability loss occurs after one session with more than half the
permeability observed after initial conditioning (96.2 L/hr m? bar), lost. Subsequent sessions
show the permeability continued to decrease. The alkaline CIP process is failing to remove the
gel layer from each concentration session and the membrane permeability is decreasing with
each session. After the fifth session (0526), formula B was applied in the CIP step. This cleaning
process showed the recovery of the membrane permeability and a slight increase in the
permeability of the membrane during protein concentration. On reverting to the alkaline CIP
with formula A, the gradual decline of the membrane permeability resumes. An abrupt increase
in permeability was observed in instances where the membrane had been allowed to sit in DI
water over the course of a weekend (0607 & 0613). However, as fouling proceeded, the impact
of this process diminished (0620).

Figure 2 presents permeability data for membrane 3, exposed only to formula B CIP. A boost
in the membrane clean water permeability is observed after the first application of formula B
in CIP and this stabilises after several sessions at a value close to the initial permeability after
commissioning. At session 0720, the TMP was increased (relative to the concentration TMP)
during the hot rinse stage of CIP to test whether increased pressure of 2 bar at this point would
have any effect on the rinsing. The theory being tested was that the composition and physical
dimensions of the polarization layer or gel layer are related to the TMP and that altering the
TMP should have some effect on the interaction of the gel layer and the retentate rinsing
solution. A positive impact was observed.
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Figure 1: Permeability data collected for Formula A CIP of a UF membrane 2 applied in
protein concentration.
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Figure 2: Permeability data collected for Formula B CIP of a UF membrane 3 applied in
protein concentration.



Figure 3 provides a summary of the application of formula C for CIP of membrane 4. Formula
C also provided a boost to the initial permeability like formula B however, the boost was greater
in magnitude and was also observed to be permanent as concentration sessions were repeated.
In the cleaning steps of the CIP process, a declining permeability was measured as sessions
were carried out. This was compared to the stable permeability exhibited during the cleaning
phase of the formula B CIP process. It is possible that adsorption of the surfactant is increasing
with each application. However, this does not result in a simultaneous decline in the clean water
permeability at the hot and cold rinse steps. A decline is recorded at session 0728 although this
was an abrupt decrease caused by a failure of temperature control at the cleaning phase for this
session. Permeability loss resulted from the exposure of the membrane to temperatures above
the manufacturer’s tolerance. This permeability loss was not recoverable by subsequent
application of the CIP within the correct parameters.

Figure 4 presents permeability data relevant to simulated irreversible fouling of the UF
membrane 5. Formula B was applied in CIP cycles and the process solution was altered to
provide conditions for fouling. This required trial and error to determine an effective method
for fouling the UF membrane. Suggestions based on experience from failure modes of large
industrial membrane cassettes proved to be unreliable when transferred to the benchtop setting.
The parameters that were ultimately effective in achieving irreversible fouling depended on a
combination of high temperature during protein concentration, high retentate concentration and
high TMP. Formula B cleaning was not effective when applied after subsequent concentration
sessions with this parameter range. Formula C was then applied in the same context and showed
its advantage over formula B in handling the ‘irreversible’ fouling layer and returning the clean
water permeability to its close to its original level.
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Figure 3: Permeability data collected for Formula C CIP of a UF membrane 4 applied in
protein concentration.
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Figure 4: Permeability data collected for simulated ‘irreversible’ fouling (membrane 5).
Sessions were conducted with formula B CIP as a benchmark process unless stated otherwise.
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Figure 5: Optical microscopy of the membrane surfaces after exchange and drying (air).

Clockwise from top left; membrane 2 (formula A), membrane 3 (formula B), membrane 4

(formula C) and membrane 5 (artificial fouling).

Membrane Surface Characterisation

Figure 5 presents optical imaging of the membrane surfaces after use. Membrane 2 is covered
in a gel layer that simple alkaline cleaning has failed to remove. Membranes 3 and 4 show the
presence of a surface residue comprised of surfactant adhered to the membrane. The residue
observed on membrane 3 appears to be more discontinuous when compared to that observed on
membrane 4. This correlates with the permeability data where decreasing cleaning phase
permeability for formula C suggested the additive adhesion of the formula C surfactant as CIP
sessions were repeated. Membrane 5, subjected to artificial fouling conditions shows a gel layer
present also but it appears less dense under bright field illumination when compared to
membrane 2.

Figure 6 presents mid infrared data collected from membranes 2 and 5 along with a reference
membrane spectrum with no fouling present. Infrared analysis provided detection of protein
amide I and II peaks at ca. 1649 cm™ and ca. 1542 cm! respectively (Rabiller-Baudry et al.,
2002). A fat carbonyl absorption at ca. 1730 cm™ was recorded also from the fouled membrane
2 surface (Van der Ven et al., 2002). Infrared analysis of membrane 3 (formula B) shows no
protein amide peaks present and a weak carbonyl absorption peak relating to fat absorption that
has occurred during its use. In contrast, membrane 4 (formula C) shows no protein peaks and
no carbonyl absorption peak demonstrating better efficacy in removing fat from the membrane
pores. In the case of membrane 5 which had been subjected to simulated fouling, weak protein
amide I and II peaks were detected at the surface indicating that while the clean water
permeability of the membrane had been restored, the complete removal of the fouling layer had
not been achieved. Carbonyl absorption, indicative of fat fouling was also detected indicating
that incomplete fat removal resulted, but permeability was restored despite this. In each case



where protein was detected at the surface by infrared spectroscopy, elevated levels of nitrogen
were also detected in the elemental analysis.
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Figure 6: Infrared spectra recorded from membrane 2 (red) and membrane 5 with a reference
spectrum of a membrane surface with no fouling present.

Fluorescence Testing

Figure 7 presents results from fluorescence testing of the retentate during CIP at the cleaning
step, the hot rinse and the rinse steps. Permeate testing was complicated by the design of the
permeate outlet on the M1. Process solution is driven upward through the membrane into a
pressure sensor mounted on the membrane housing, and this results in a large chamber in which
slow moving permeate is retained. Permeate sampling and testing indicated that this was a
source of contamination or distortion of the permeate spectral response and permeate sampling
was abandoned in favour of retentate testing. Excitation emission matrices (EEMs) proved
useful for capturing multiple compounds and provided insights into the mode of action of the
two formulas examined. For instance, during formula B CIP, a strong fluorescence is detected
from peptide tryptophan and a medium fluorescence from protein tryptophan. This contrasted
with the results from the formula C CIP testing. A weak peptide tryptophan fluorescence was
detected. It may be speculated that formula C is more efficient at solubilising the compounds
containing the peptide tryptophan or facilitating the passage of these compounds across the
membrane during the cleaning cycle. The tendency for the surfactants in formula B to adhere
strongly, demonstrated in the permeability data, was supported by the fluorescence data also.
Fluorescence associated with the compounds in formula B was detected in the hot rinse and
cold rinse steps. It was not possible to detect the formula B fluorescence at the cleaning step
due to overlap with the strong fluorescence of the peptide tryptophans.
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Figure 7: ‘Traffic Light’ presentation of the relative fluorescence intensity of various
components captured by sampling the M1 retentate during cleaning. T1 indicates protein
tryptophan, T2; peptide tryptophan, M; Maillard reaction products and R; riboflavin (Ma and
Amamcharla, 2019). Ul was a designation applied to fluorescence to which the source could
not be attributed. Use of red indicates strong fluorescence dictated, orange indicates medium
and yellow weak. Green indicates no fluorescence detected.
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CONCLUSIONS

The results presented in the foregoing have allowed for the advantages and disadvantages of
using a benchtop TFF system as a tool for the assessment of formulation performance CIP to
be identified. Advantages include the provision of detailed permeability data at every step of
the process which in turn has revealed insights into the chemical interactions between the
surfactants and the UF membrane. The controlled environment of the TFF also provides
opportunities for sampling the process solutions as in the case of the fluorescence data and the
membrane itself. The data measured in this way allows for detailed picture of the cleaning
mechanism of the formulation under examination. In addition, any adverse interactions that
may occur during CIP, such as exposure to excess temperature, can be tracked and accounted
for without the risk of damage and the associated costs that would be incurred if the same
damage occurred in a large industrial system. Disadvantages include the difference in the design
of the benchtop system and a conventional industrial system which renders further field trialling
necessary after controlled testing in the laboratory. The project from which the results presented
above has been followed up with subsequent funding for work based around the benchtop
system and building on the findings already established.



ACKNOWLEDGEMENTS

Funding under the Innovation Partnership Program for both the feasibility study and the
expanded innovation partnership project was provided by Enterprise Ireland and is gratefully
acknowledged.

NOMENCLATURE

ATR Attenuated Total Reflection

CIP  Clean in Place

EEM Excitation Emission Matrix

FTIR Fourier Transform Infrared Spectroscopy
M Maillard Reaction Product

R Riboflavin

Tl Protein Tryptophan

T2 Peptide Tryptophan

TFF  Tangential Flow Filtration

TMP Transmembrane Pressure

Ul Unidentified Fluorescing Material
UF  Ultrafiltration
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