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Abstract: The recovery concept of cleaning solutions, based on single-phase detergents from cleaning-
in-place (CIP) effluents from the dairy industry, is presented. The first step consists of ultrafiltration
(UF) (with a cut-off of 5 or 10 kDa) to reduce the high load of milk proteins, followed by nanofiltration
(NF) (with a cut-off of 200 Da) to separate low molecular weight lactose. Membrane steps were
performed in the concentration mode, achieving a recovery of 75% of the solutions. UF modules
reduced 70–85% of chemical oxygen demand (COD), 99% of milk proteins, and 45–70% of lactose,
limiting the susceptibility of NF modules to fouling. Combined with nanofiltration, the efficiency of
the purification system is 100% for proteins and more than 99% for lactose. The solutions recovered
in the proposed purification variants are recognized as sodium hydroxide solutions with a surfactant
admixture, and they can be successfully re-used for cleaning processes in the production plant.

Keywords: ultrafiltration; nanofiltration; cleaning in place; cleaning agent recovery; wastewater
management

1. Introduction

The future of industrial plants is to operate within a circular economy model. This
concept promotes the use of materials from existing industrial processes to minimize the
consumption of raw materials in production processes and the secondary pollution of the
natural environment. When creating a closed-loop pattern, water deserves special attention
as it is a unique element. It has no equivalent in the economic system and, depending on the
context, it can be a resource, product, and service [1]. The transformation process towards
a circular economy must include a stage of waste prevention practices, waste processing,
and recycling operations. With regard to industrial wastewater, the focus should be on its
treatment to limit the release of harmful substances into the environment and to recover
water as an alternative source for production processes. The implementation of a circular
economy model has particularly great potential in the food industry, which includes the
dairy industry. These activities focus primarily on reducing the amount of wastewater
generated, effective wastewater treatment to recover valuable components, closing water
cycles and reusing the water taken from the distribution system, and recovering chemicals
used in the hygienization and washing processes at production plants. These latter opera-
tions are considered to be the main source of wastewater in the dairy sector since washing
processes account for 70% of water consumption [2].

One of the most important steps leading to the rationalization of water and wastewater
management in dairy plants was the implementation of CIP technology and replacing
the conventional cleaning of production lines and equipment using alkalis and acids with
single-phase detergents. New detergent formulas are mainly composed of alkalis or acids,
surfactants, complex disinfecting agents, and defoamers [3]. This change in the pattern of
cleaning eliminates two steps from the washing procedure (the intermediate rinse and the
second circulation of detergent solution) and results in time and water savings, as well as a
considerable reduction in energy costs for heating the washing solution and for recirculation
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pumps [3–6]. However, wastewater from CIP operations is still not being properly managed
and constitutes a major environmental and economic problem for industrial plants [7,8].
These CIP streams contain rinsing water, specific organic residues for the production
profile expressed with a high level of chemical oxygen demand (COD) and biochemical
oxygen demand (BOD), and chemical cleaning agents [9]. Traditionally, CIP solutions are
discharged after one or several uses [10]. The multiuse of cleaning solutions without proper
treatment creates favorable conditions for the multiplication of microorganisms, which
constitutes a significant sanitary threat, especially in the case of food production [11].

Pressure-driven membrane processes have particularly great potential for recycling
CIP effluents. Despite the significant popularity of single-phase detergents for use in
washing operations in the food industry in the last decade, few reports in the literature
discuss the possibility of recovering or recycling cleaning compounds from CIP wastewater.
The feasibility of recovering contaminated single-phase detergents used in a clean-in-place
system in a yogurt industrial plant was verified by Fernández et al. [12]. The membrane
(KOCH MPS-34, Koch Membrane Systems, Wilmington, MA, USA) operating at a high
recovery rate (75%) achieved a stable permeate flux and retention. The NF permeate exhib-
ited a very good cleaning efficiency (related to a high pH value, low surface tension, and
low amount of suspended solids, which are considered the most important parameters)
to wash UHT equipment and an industrial yogurt filling machine. A nanofiltration unit
(300 Da) was used by Suarez et al. [13] to recover a spent single-phase detergent in a
yogurt factory. Membranes retained around 90% of the organic matter (COD); however,
this did not reduce the cleaning efficiency, which affected the fresh detergent savings at the
production plant by about 18%. Previous research carried out by the author [14] on model
solutions, also demonstrated the usefulness of pressure-driven membrane processes for
cleaning and concentrating using single-phase detergent solutions. Integrated purification
processes provided a very high separation of the milk components and organic compounds
of single-phase detergent, resulting in a partial loss of the detergent properties of the
solutions. An interesting contribution to this research area is the work of Kim et al. [15]
in which the authors analyzed a sequential system that combined ultrafiltration (4 kDa)
and nanofiltration (200 Da) for the separation of organic compounds, followed by forward
osmosis (FO) as a concentration step for the cleaning agents. UF-NF reduced the protein
concentration by 96% and lactose concentration below the detection limit (below 1.5 ppm).
The concentration of active alkali content (NaOH) decreased from 0.31% to 0.22%. Re-
ducing the concentration of organic compounds effectively reduced the fouling of the FO
membranes. The concentration using thin-film composite FO membranes resulted in an
increase in NaOH concentration by 0.5–0.6%.

The presented study is a case study on the recovery of spent single-phase detergents
from the dairy industry, in order to re-use the cleaning agents. The proposed treatment
systems are intended to constitute the basis for the implementation of the technology at the
industrial plant. Studies reflecting the technical conditions were performed in the long-term
filtration runs, at a 75% recovery rate for the feed solutions. The effectiveness of sequential
purification systems that combine ultrafiltration and nanofiltration was verified. The role
of ultrafiltration was to remove a large load of organic pollutants, in order to protect
nanofiltration membranes against fouling. The final quality of the recovered cleaning agent
depended on the nanofiltration process.

2. Materials and Methods

The experiments used a spent detergent, obtained from a single-phase washing pro-
cedure, from a dairy plant located in Wielkopolska Voivodeship, Poland. This washing
protocol used a commercial chlorine-free alkaline detergent whose composition consisted
primarily of sodium hydroxide, together with complexing agents and low-foaming surfac-
tants. The cleaning cycle comprised the following stages: (i) recovery of milk residues by
drainage and expulsion with water, (ii) pre-rinsing with water to remove components from
devices more thoroughly, (iii) cleaning with detergent, and (iv) rinsing with clean water.
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The main washing stage was carried out for 20 min, with a 1.5% detergent solution at a
temperature of 70 ◦C. The effluents were separated into three main streams and stored in
separate tanks. One of the tanks collected sewage from stages (i) and (ii), another from
stage (iii) and the last from stage (iv). This strategy allowed for a significant reduction in
the contamination of the detergents used with milk components coming from production
processes and prevented a detergent dilution with rinsing water.

The averaged effluents of stage (iii), with the composition given in Table 1, were
subjected to purification and concentration processes to recover the detergent formula in
order to re-use them in the following cleaning cycles. On the basis of the preliminary tests,
for the purification of contaminated detergent solutions, a sequence of two pressure-driven
membrane processes was selected. The effluents were pre-treated by ultrafiltration and
then the collected permeate was transferred to nanofiltration as a feed solution (Figure 1).
Each stage was carried out for solutions that were cooled to a room temperature of 22 ◦C,
until 75% recovery rate was achieved.

Table 1. Characteristics of the feed solution and analytical procedures.

Parameter Value Procedure

pH 12.85 ± 0.05 Hach pH-meter
Conductivity, mS/cm 30.3 ± 0.6 Hach conductivity meter

NaOH, % 0.59 ± 0.02 a titration method, with the use of 0.1 M HCl
and phenolphthalein as an indicator

Turbidity, NTU 1161 ± 66 Hach 2100 N Turbidity Meter
Anionic surfactant, mg/L 26.6 ± 1.4 Metrohm 785 DMP Titrino

COD, mg O2/L 3558 ± 384 Hach DR/2000, cuvette tests,
TDS, mg/L 11,485 ± 1385 Standard Methods

Surface tension, mN/m 38.1 ± 1.3 Krüss EasyDyne tensiometer (22 ◦C)
Protein, mg/L 498 ± 32 Bradford method
Lactose, mg/L 706 ± 51 Miller method
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Figure 1. Schematic diagram of the recovery of CIP solutions.

Filtration experiments were performed in a semi-pilot cross-flow plant in concentration
mode with continuous recirculation of the retentate to the feed tank and the separate
collection of the permeate. The installation was equipped with a thermostatic system that
allowed the temperature of the solution to be maintained at a set level.

The studies used commercially available ultrafiltration modules (ceramic type C5 and
C10, polymeric type PM5) and a nanofiltration module (polymeric type AFC30) of different
characteristics (Table 2). As a result of the alkaline nature of the purified solutions, modules
with high resistance to chemical agents were selected for the tests.
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Table 2. Characteristics of the UF and NF modules [16–18].

Parameter
Module

Ceramic Polymeric
C5 C10 PM5 AFC30

Type UF UF UF NF
Cut-off, Da 5000 10,000 5000 200

Salt rejection, % 75 for CaCl2

Material
zirconium

dioxide/titanium
dioxide

zirconium
dioxide/titanium

dioxide
polysulfone polyamide

Module area, m2 0.013 0.013 0.090 0.024
Configuration tubular tubular hollow fibre tubular

Pure water permeability of clean
module a, L·m−2·h−1·bar−1 15.7 72.3 75.2 2.9

a determined in own research.

Membrane processes were continuously monitored to assess the transport properties
of the modules (including their susceptibility to fouling) and the degree of recovery rate
using the following parameters:

• Flux (L·m−2·h−1):

J =
1
A

Vp(t)
t

(1)

where A—membrane area (m2), Vp—volume of the permeate (L) at time t, t—filtration
time (h),

• Recovery rate (%):

RR =
Vp(t)

V0
100 (2)

where
Vp—volume of the permeate (L) at time t, V0—initial volume of the feed (treated)

solution,

• Normalized flux (%):

FN =
J(t)
Jw

100 (3)

where J—flux at time t (L·m−2·h−1), Jw—pure water permeability of the clean module
(L·m−2·h−1).

The quality of the permeates was assessed in averaged samples, taking into account
the same parameters, as characterized in Table 1 for raw wastewater. The separation ability
of the modules was assessed on the rejection (%):

R =
Cf−Cp

Cf
100 (4)

where Cf—compound concentration in the feed (mg·L−1), Cp—compound concentration
in the permeate (mg·L−1).

Each filtration run was examined under selected operating conditions (transmembrane
pressure (TMP) and cross-flow velocity (CFV)).

3. Results and Discussion

Ultrafiltration concentration of the purified solutions was carried out to obtain a 75%
recovery rate. For each module, a decrease in flux was observed, compared to the pure
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water permeability (FN value). This decrease deepened with the volume of the collected
permeate and, thus, resulted in a more concentrated feed solution (Figure 2). The average
values of flux decline (100-FN) determined for the filtration cycle were 55%, 64%, and 61%
for the C5, C10, and PM5 modules, respectively (Table 3). This indicates that membranes
with a larger cut-off value (and therefore pore size) were more susceptible to fouling and
the components of the purified solution penetrated the membrane structure more easily.
When comparing the flux of 5 kDa modules, it is observed that the flux of the PM5 module
decreases more than that of the C5 module. The main reason for this phenomenon is
the greater hydrophilicity of a ceramic module compared to an organic module made
of unmodified polysulfone, thus being more susceptible to fouling caused by organic
compounds [19].
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Table 3. Recovery rate and average values of flux decline (100-FN) for unit and integrated membrane
processes.

Process RR, % 100-FN, %

C5 77 55
C10 77 64
PM5 74 61

C5 + AFC30 * 74 −6 **
C10 + AFC30 * 74 12
PM5 + AFC30 * 75 11

* given for NF; ** an increase in relation to the pure water permeability of the clean module.

The high-flux characteristics of these membranes intensify the disadvantageous effects
of concentration polarization, due to an accumulation of retained solutes at the membrane
surface on the feed side, leading to its progressive fouling. In order to restore satisfactory
hydraulic efficiency of the ultrafiltration modules, intermediate stages of flushing with
water were carried out.

The pre-treatment of spent detergent solutions on UF modules significantly reduced
the concentration of organic matter, contributing to a reduction in the fouling of NF modules
and its relatively stable flux throughout the concentration cycle. Moreover, the smaller
pores of nanofiltration membranes were much less susceptible to penetration by the organic
compounds, compared to ultrafiltration membranes (Figure 3). The average values of
flux decline (100-FN) of AFC30 were 12% and 11% for the integrated C10 + AFC30 and
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PM5 + AFC30 systems, respectively (Table 3). However, for the integrated C5 + AFC30
system, an increase in flux was obtained in relation to the permeability of pure water. This
phenomenon may be related to both the enlargement of the pores of the polyamide layer
and the hydrophilization of the polymer as a result of contact with alkalis [20–24]. Data in
the literature indicate that, in PA nanofiltration membranes exposed to concentrated NaOH
solutions, changes occur in the polymer structure, causing an increase in pore size [20]. At
lower NaOH concentrations, morphological changes were insignificant, and hydrophilicity
changes dominated [21]. Gul et al. [22] showed that there was an almost twofold increase
in the pore size of the PA6 membrane under a low concentration of alkaline cleaning agent
(1% NaOH). On the other hand, increasing the concentration of NaOH up to 5% caused a
twofold reduction in the PA6 membrane’s pore size. Jun et al. [23] also showed changes in
the hydrophilicity of nanofiltration polyamide membranes. Due to contact with the alkaline
solution (pH 13.5) a contact angle decreased from 44.9◦ to 38.6◦ for the pristine and the
treated membrane, respectively, which resulted from the depolymerization of the amide
bond. The authors also confirmed that membranes modified under alkaline conditions
showed improved flux with similar rejection of the dyes. Pérez-Álvarez et al. [24] in
research on alkaline hydrolysis of PAN membranes showed a significant reduction in the
contact angle, and therefore strongly hydrophilic properties of the modified material.
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The parameters measured in the averaged samples of the permeates recovered during
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Table 4. Composition of the recovered cleaning solutions (C5: TMP = 3.0 bar, CFV = 4.4 m/s;
C10: TMP = 3.0 bar, CFV = 3.8 m/s; PM5: TMP = 1.0 bar, CFV = 2.2 m/s; AFC30: TMP = 4.0 bar,
CFV = 0.6 m/s).

Process
Parameter

pH Conductivity, mS/cm Turbidity, NTU TDS, mg/L

C5 12.78 ± 0.17 22.90 ± 0.64 2.7 ± 0.19 7109 ± 376
C5 + AFC30 12.53 ± 0.21 20.90 ± 0.65 0.9 ± 0.08 5511 ± 489

C10 12.65 ± 0.19 25.90 ± 0.82 3.6 ± 0.24 8860 ± 354
C10 + AFC30 12.62 ± 0.15 23.60 ± 0.78 1.0 ± 0.21 6951 ± 434

PM5 12.94 ± 0.26 27.10 ± 0.47 3.9 ± 0.37 8455 ± 259
PM5 + AFC30 12.78 ± 0.32 24.20 ± 0.47 1.1 ± 0.11 7369 ± 654

Ultrafiltration ensured a significant removal of organic compounds: COD reduction
was approximately 80%, 85%, and 70% for the C5, C10, and PM5 modules, respectively.
This correlated with the removal of compounds of lactic and detergent origin.

The highest separation efficiency (99%) was achieved for proteins present in milk, the
main components of which are casein and whey proteins, with shares of 80% and 20%,
respectively [25].

Casein is a heterogeneous family of four major components, including αs1-casein,
αs2-casein, β-casein, and χ-casein, with molecular weights in the range 19,006–25,226 Da.
Whey proteins mainly contain α-lactalbumin (14,178 Da) and β-lactoglobulin (18,277 and
18,363 Da, depending on the genetic variant), which is approximately 70–80%. Among the
other dominant types are immunoglobulins (161–1,000,000 Da), serum albumin (66,399 Da),
and lactoferrin (76,110 Da) [26]. The smallest milk proteins have molecular weights much
larger than the cut-off values of the ultrafiltration modules (5000 Da and 10,000 Da), which
determines their very high separation efficiency. A factor supporting the separation is the
change in the protein system by the denaturation of whey proteins in the presence of strong
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alkalis (pH = 12.85) [20,27]. The large clusters that form are separated by the membrane
more effectively than the small primary aggregates and, together with casein, accumulate
on the membrane surface, forming an additional sieving layer. The structure of casein
micelles does not change significantly [28]; however, strong alkaline solutions increase
their solubility and the net negative charge, due to the complete deprotonation of carboxyl
groups, leads to strong electrostatic repulsion (ζ-potential of −30 mV for pH = 11) [29].
This caused the deposits to swell and redisperse [30] facilitating the transport of the solvent
through the polarization layer. Electrostatic repulsions between the negatively charged
casein micelles and the negatively charged ultrafiltration membranes contribute to reducing
membrane fouling and cause negatively charged proteins to be rejected by electrostatic
repulsion, and not only because of simple size sieving [31].

Lactose rejection varied significantly, depending on the type of ultrafiltration module.
Ceramic UF modules (with a cut-off value of 5 and 10 kDa) ensured lactose separation of
70%, while the polysulfone PM5 module (with a cut-off value of 5 kDa) separated only 45%
of this compound. It should be assumed that the level of lactose separation is primarily
responsible for the additional layer of accumulated proteins that forms on the membrane
surface. The main reason why the separation of lactose is much greater for ceramic modules
is most likely because of the thicker additional layer on the membrane surface (which results
from a higher amount of accumulated organic matter (mainly proteins)) and thus a greater
share of the sorption in the separation mechanism. An additional contribution to the lactose
separation is its sorption in the porous structure of the modules. The large difference
between the molecular weight of lactose (342.3 Da) and the module cut-off value excludes
the involvement of the simple sieve mechanism in the separation. The relatively high level
of lactose separation results from the role of sorption processes during solution purification,
with a low concentration of this compound in the purified solution (approx. 0.07% w/v vs.
5% w/v in milk).

Surfactants (organic ingredients of detergent origin) were removed with an efficiency
of 66–77%, depending on the type of UF module. As in the case of lactose, the separation of
these low-molecular-weight compounds is primarily due to the adsorption in the additional
filtration layer at the membrane surface and in the porous structure of the module. The an-
ionic surfactant molecules present in the purified solution interact with both the membrane
surface and the components of the cleaning solution. Due to the amphiphilic molecules, the
hydrophobic chain adsorbs on the membrane structure through hydrophobic interaction,
and the hydrophilic head orients away from the membrane surface through electrostatic
repulsion [32], thus improving hydrophilicity and increasing the negative charge of the
membrane, which enhances electrostatic repulsion with negatively charged casein micelles.
The other surfactant molecules that penetrate the membrane structure are deposited in its
pores as a result of hydrophobic and electrostatic interactions, filling pores that expand at
an alkaline pH [32–34] and limit the swelling effect induced by alkali, which also reduces
the accumulation of other small molecular pollutants (lactose) in the pores.

Surfactants may interact with proteins concentrated in the polarization layer of the
membrane by binding to them, which can lead to substantial changes in protein con-
formation [35] and influence the loss of surfactant in the permeate. The binding of the
surfactant to proteins involves two stages [36]: the ionic interaction of the head groups
of the surfactant with the ionic sites in the proteins, and the hydrophobic interaction of
the surfactant alkyl chain with the hydrophobic patches in the protein. The presence of
surfactants changes the physical properties of the protein, i.e., unfolds proteins and causes
aggregation and adsorption of proteins onto surfaces [35,37].

Due to the relatively high cut-off values of the UF modules, a slight separation of
sodium hydroxide (as the main component of the cleaning composition) was observed
at a level of 3% for C10 and PM5, and 5% for C5. The decrease in sodium hydroxide
concentrations in the permeate correlated with the decrease in pH and conductivity.

Permeates after the ultrafiltration process were characterized by slightly higher surface
tension values (45 ± 0.5 mN/m) compared to the feed solutions (38.1 ± 1.3 mN/m), which
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is primarily due to the partial rejection of surfactants. The increase in surface tension
can also be associated with the removal of proteins, which shows an ability to reduce the
surface tension of solutions [38,39].

The implementation of nanofiltration as a post-treatment process for UF permeates
contributed to a further reduction in the content of organic compounds. Integrated purifica-
tion processes ensured 100% protein separation and more than 99% low-molecular-weight
lactose separation. In relation to the feed solution, 10–24% of the original surfactant content
remained and the increase in the surface tension value was 12–18 mN/m.

With the use of the NF module, partial separation of NaOH occurred (approximately
11.5% of separation compared to the permeate after the ultrafiltration process), resulting in
a decrease in the pH value of the solutions, together with the conductivity level.

In summarizing the results, it can be stated that the use of integrated UF-NF pu-
rification systems allowed the removal of both basic milk components and single-phase
detergent components with very high efficiency. The higher selectivity of the nanofiltration
module contributed to a much greater modification of the composition of the single-phase
detergent compared to the unit UF process. The permeates obtained from the individual
integrated purification variants can be recognized as sodium hydroxide solutions of similar
concentrations (0.45–0.52% in permeates and 0.52–0.61% in feed solutions) with a small
admixture of surfactants.

4. Conclusions

The recovery of cleaning solutions from spent single-phase detergents by ultrafiltration
is not fully satisfactory. Modules significantly reduced the concentration of organic matter
(a 70–85% reduction in COD) mainly through the very high separation (99%) of milk
proteins; however, the removal efficiency of lactose due to its low molecular weight was
45–70%. The loss of sodium hydroxide in the ultrafiltration process was only slight (3–5%).

A significant reduction in the concentration of organics in the pre-treatment stage con-
tributed to the fouling reduction of NF modules and their relatively stable flux throughout
the concentration cycle. This made it possible to achieve a 75% recovery rate without the
need to turn off the system to regenerate the NF module.

The implementation of nanofiltration as a second purification stage (due to its higher
selectivity) contributed to a further reduction in organics in the purified solutions; therefore,
the integrated purification processes ensured a total separation of 100% for proteins and
over 99% for lactose. The recovered cleaning solutions still contained surfactant at a concen-
tration of approximately 3 mg/L, which had a positive effect on their detergent properties.

The solutions recovered from the proposed purification variants were recognized as
sodium hydroxide solutions with a surfactant admixture. Despite the partial loss of surfac-
tants and a slight increase in surface tension, the cleaning properties of the composition
are retained and allow it to be reused for hygienization purposes directly or after minor
composition adjustments. Alternatively, these compositions can be used for other cleaning
purposes at the production plant (tanks, floors) or for the alkaline regeneration of membrane
modules commonly used in milk standardization processes and dairy production.
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