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Membrane separation is an emerging technology for secondary effluent (SE) recycling
as an alternative water source. However, SE contains secondary metabolites which
form a film on membrane surfaces, leading to a decrease in hydraulic capacity. This is
an extensive study of the effect of fouling on UF performance, with a detailed analysis
of foulants composition and morphology, and the evaluation of the most effective —
either physical or chemical — UF membrane regeneration methods. The paper also
investigates FNA (recycled from WWTPs) as an alternative acidic UF membrane
cleaning agent. In the UF-DE mode, the most effective backwashing configuration was
1s every 1min, where relative membrane permeability decreased by 54% after 4-h,
which indicated the presence of physically irreversible fouling after SE separation. An
acidic-alkaline cleaning procedure in which the contribution of irreversible fouling was
13% resulted in a 100% efficiency of UF membrane regeneration. The results
confirmed that recycled FNA is as efficient as pure reagent-nitric acid V and that the
use of FNA can reduce the costs of chemical cleaning by 60%. To fit in with the idea
of the circular economy, we proposed a new strategy of reusing spent acidic solutions

as an alternative fertilizer.

1. INTRODUCTION

In recent years, the recovery of water and nutrients from wastewater, especially
secondary effluent (SE), has become one of the world’s important parts of water
resource management [1,2]. Several water reclamation systems have been developed,
of which membrane processes recognized as energy-saving technology are the most
promising. The technology is efficient, helps to produce high-quality, is reagents-free,
and is easy to scale-transfer [3-5]. The use of multi-stage pressure-driven membrane
processes in the treatment of SE enables the production of water of varying qualities

ranging from irrigation (after ultrafiltration) to drinking standards (after
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ultrafiltration(UF)-nanofiltration(NF)-reverse osmosis(RO)) [2]. This dependence on
the hydrological conditions in a particular region makes it possible to overcome the
water deficit. Although these technologies offer so many benefits, membrane fouling
reduces membrane lifetime, thus increasing the plant’s operating costs. This problem
mostly concerns the multi-stage, low-pressure membrane processes, such as
ultrafiltration (UF), the first stage of the SE treatment, where the pollutants, such as
colloids, organic substances, microorganisms, or inorganic substances, can
accumulate/adsorb not only at the UF membrane surface (reversible fouling) but can
also penetrate the pores (physically irreversible fouling) [6,7]. Since the removal of
these foulants in the UF process produces water for irrigation and significantly reduces
the membranes fouling on the further stages of the water purification [2], the
optimization of the UF membrane cleaning method, including physical and chemical

ones, seems to be crucial to ensure the continuity of the membranes operation.

Mechanical cleaning — mainly hydraulic backwashing — is the commonest method for
restoring membrane performance in the case of reversible fouling as it does not require
a complete shutdown of the process [8,9]. It is only when mechanical removal is not

sufficient that in-situ and ex-situ chemical cleaning procedures are used [10,11].

In pilot-scale installations, membranes are often backwashed with permeate streams
[12,13], which usually undergo two stages of purification before they are used for
backwashing. Sand filter filtration [14], coagulation [12,15], adsorption with powder
activated carbon (PAC) [16], or O3 aeration [17] are some of the most used UF
pretreatment methods. Still, the membrane usually requires both physical and
chemical cleaning as these additional pretreatment stages are not sufficient, making it

crucial to optimize both cleaning procedures, especially since there are no studies on
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the effect of backwash only on ultrafiltration membranes fouling during the treatment

of SE.

The efficiency of backwashing is influenced by several factors, such as the content and
type of wastewater [13,18-21], the flow type of ultrafiltration [22], the class of
membrane materials, and backwash configuration [23]. Most of the research concerns
backwashing performance on ceramic rather than polymeric membranes [24].
Nowadays, the latter is more widely used for water treatment due to the low cost, a
wide variety of pore sizes, and easy processing [25]. Typically, only one backwash
configuration is tested [21,26,27], while studies with more than one are much rarer
[15,28,29]. As there are no studies related to short times and frequency of
backwashing, it would be necessary to check how such configurations would affect

ultrafiltration in a dead-end (DE) and cross-flow (CF) without SE pre-treatment.

Depending on the type of membrane material and pollutants causing physically
irreversible fouling, the chemical cleaning solutions usually contain acids (most
commonly used are: nitric acid V, citric acid, sulphuric acid, hydrochloric acid, or
phosphoric acid) [30-33], alkalines (NaOH with the addition of NaOCIl and EDTA)
[10,34-36] or enzyme cocktails [37]. A properly selected chemical cleaning solution
sequence can regenerate membrane performance by almost 100% [38,39]. In modern
water supply systems, the selection of a chemical cleaning method ought to be cost-

effective, and more environmentally friendly.

In the wastewater treatment plant (WWTP), free nitrous acid (FNA) can be produced
in-situ through the nitritation of anaerobic sludge digestion liquor [40], which not be a
solution to the problem of high ammonia concentrations in municipal and industrial
wastewater [41]. Hence a better understanding of FNA biocidal and inhibitory activity

against microorganisms has led to developing new FNA-based applications that
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improve wastewater management technologies [42]. A few of them dedicated to
membrane-based processes were mainly concerned with biofouling and scaling
removal of RO and FO membranes [42-45]. Its potential in a pilot-scale CIP of
ultrafiltration membrane has not been investigated. Although UF and RO belong to the
same membrane separation category (pressure-driven processes), they separate
different contaminants, leading to different fouling forms [46,47]. Unlike RO, the UF
membrane, used in the first stage of the pressure-driven membrane processes, is more
exposed to biological and organic foulants, including active sludge and its metabolites.
UF and RO are governed by dissimilar separation mechanisms, hence the resultant
non-identical fouling processes. Besides, FNA shows strong biocidal activity towards
biofilm, which is expected in UF rather than in RO during multi-stage pressure-driven
membrane processes in the SE treatment. All those differences suggested that the
effectiveness of FNA in the cleaning of UF membranes is not to be taken for granted

and requires a detailed study.

The circular economy package presented by the EU calls on to search for innovative
disposal and treatment technologies and approaches. So far, several strategies to
recycle alkaline and chlorine cleaning solutions have been reported, including
membrane separation [48,49]. None of them have dealt with acidic membrane
cleaners, which are usually disposed of in the sewage system although these by-
products contain valuable macroelements such as nitrogen in the most bioavailable
form of nitrates and nitrites, carbon from humic acids (organic biostimulants), and other
micronutrients that could be reused for fertigation. Such a simple waste management
solution constitutes a promising approach towards sustainable development and the

circular economy.
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In the present study, we have developed a novel strategy for effective UF membrane
regeneration after SE separation, which combines the FNA or nitric acid V-based
chemical cleaning and backwashing with the simultaneous reusing of waste-washing
streams. After an in-depth analysis of the membrane sludge composition and
morphology, we recognized crucial compounds which influence the most membrane
fouling during UF pilot treatment of real secondary effluent. Physical and chemical
methods to reduce fouling have been proposed including six backwashing
configurations each in the dead-end (DE) and cross-flow (CF) mode, and six chemical
cleaning approaches in the following configurations: acid-alkaline, alkaline-acid and
alkaline-enzyme-acid. Our reagents included nitric acid V [50], sodium hydroxide,
sodium hypochlorite [32,51], and Filzym P1, the commercially available enzyme. This
study investigates for the first time FNA as an effective membrane cleaning agent after
ultrafiltration of secondary effluent. As a result, we propose the use of heavy metals-
free acid washings containing valuable micro- and macroelements (N, P, and Mg) and
humic substances as a growth stimulator for radish sprouts. Our findings provide new
insights into UF membrane regeneration and by-stream recycling after SE separation

and correspond to circular economy assumptions.

2. Materials and methods

2.1. Characteristics of secondary effluent

The research was conducted on the actual stream of secondary effluent from
the Janéwek Wastewater Treatment Plant in Wroctaw, Poland, which is a treatment
plant of 1 000 000 population equivalent (p.e.) with full removal of nutrients carried out
by the three-phase activated sludge technology. Average parameters of wastewater

from February 2020 to April 2020 along with applied measuring methods are presented
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in Table 1. All measurements were repeated at least seven times, and average values

+ standard deviations were calculated.

Table 1. Characteristic composition of treated wastewater; *a detailed description of

the analytical methods is provided in the Supplementary Material.

Parameter Unit Value Measuring method”
spectrophotometry using
COD mg-L? 28.11+7.84 HACH’s cuvette tests
(HachLange, USA)
TOC mg-LL 6.73+1.48 using TOC-L CSH with ASI-L
T autosampler
Humic extraction of humic substances
substances (HS) mg-L* 2.05£0.41 with pentanol
Ptotal mg-L* 0.50£0.29
P-PO4* mg-L1 0.34+0.24
Niotal mg-L* 9.48+1.71
N-NO2 mg-L? 0.077+0.024
N-NOgz mg-L? 5.49+1.16 .
N-NHa* mg-LL 0.87+0.77 spectrthotometry using
SO mg-LL 101+12 HACH’s cuvette tests
or mg-L1 163415 (HachLange, USA)
Ca?* mg-L* 75.5+12.2
Mg?* mg-L? 15.07+2.82
Al mg-L? 0.015+0.002
B mg-L? 0.111+0.007
using a pH-meter with a
pH -- 7.14+0.17  combined electrode (Elmetron,
Poland)
using the multifunction
Conductivity uS-cmt 1190+23 instrument with conductivity
probe (HACH, USA)
- using a turbidity meter (HACH,
Turbidity NTU 4.77+1.68 USA)
spectrophotometry using
Hardness mgCaCOs-L1 249443 HACH'’s cuvette tests
(HachLange, USA)
Alkalinity mgCaCQOas-L? 204+28 according to ISO 9963-1:1994
TSS mg-L? 7.87+3.63 by the weighing method
As mg-L? <0.01
23 mgll:i <060011 inductively coupled plasma
ca mng 0.4 optical emission spectrometry
Cr mg-LL <0 '01 (ICP-QES, Thermo Scientific
Co mg-LL <O:01 ICAP 7400 Duo)
Cu mg-L? 0.03
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Fe mg-L? 0.05

Pb mg-L? <0.01
Mg mg-L? 15.8
Ni mg-L? <0.01
P mg-L? 0.09
K mg-L? 29.9
Na mg-L? 102
S mg-L? 42.2
Zn mg-L? 0.04

2.2. Membrane specification

We used a commercially available W05-VC asymmetric, hydrophilic hollow fibre (Liqui-
Flux®, USA), inside-out ultrafiltration membrane with an active layer made of
polyethersulfone, with an inner diameter of 0.8 mm and an active filtration area of 8.7
m?, and with a typical filtration flux range from 50 L-ht:m?to 150 L-hl-m?. The
membrane is stabilized by a spacer yarn (proprietary multifiore P.E.T. technology)
which is twisted around and potted with hollow fibres. The cut-off of the membrane is
80 kDa. The membrane can work in a dead-end (DE) and cross-flow (CF) modes with
a maximum working pressure of 6 bar, maximum working temperature of 40°C, and a

cleaning pH range of 1-13.
2.3. Theinstallation and conduct of experiments

Experiments were carried out on a fully automated pilot-scale installation located at the
Wroctaw Wastewater Treatment Plant. The scheme of the installation is shown in

Figure.l1.



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

l — feed — SE

2 — UF permeate (DE, CF)
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feed

Figure 1. Technological scheme of the installation: 1 - feed tank (secondary effluent),
2 - UF membrane module, 3 - CIP tank, 4 - retentate tank after UF and backwash tank,

5 - permeate tank after UF.

UF started with filling the feed tank (1) with secondary effluent. Then, using a pump,
the liquid was delivered to the UF membrane (2). UF was carried out at an initial
membrane pressure of 2 bar for cross-flow processes and 4 bar for the dead-end
mode. The operating parameters were selected based on previous research presented
in [2]. The permeate stream was directed to the UF permeate tank (5), while the
retentate generated in the cross-flow mode was directed to the UF retentate tank (4).
The system was equipped with an additional pump for backward flushing that returns
a defined volume of permeate from the UF permeate tank (5) to the membrane module.
The following backwash configurations were investigated: 1 s every 1 min and every 5
min, 5 s every 5 min, 25 s every 5 min, and every 25 min; and experiments without

backwashing were conducted for comparison. The backflush washings were directed
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to the UF retentate tank (4). Single UF was typically run for 4 h, except for a few in CF
where a significant decrease in flux was presented during the 14 h processes. During
backwashing, the initial pressure for cross-flow and dead-end was 2 bar and 4 bar,

respectively.

The approach proposed by Huang et al. (2021) was used the calculate the fouling

resistance in the UF process at 4 bar and temperature of 20°C [52].

The calculation methods of the volumetric stream, membrane permeability, and the
hydraulic reversible and irreversible resistances are detailed in the Supplementary
Material. All experiments were repeated 1-6 times depending on the experiment

complexity, and average values + standard deviations were calculated.

2.4. Procedure for chemical cleaning of an ultrafiltration membrane

After 4-h of the DE mode operation or when the flux decrease exceeded 70% of the
initial value, the membrane underwent CIP. The cleaning solution tank ((3) in Figure 1)
was filled with the appropriate solution, (depending on the procedure used as shown
in Figure 2), from where the cleaning solution was fed at a pressure of 0.5 bar to the
UF membrane and then directed back to the CIP tank. Cleaning was carried out in
circulation. Each step of the cleaning lasted 30 min, except for enzymatic cleaning,
where two cleaning procedures were used: 90 min in circulation (C5) or 15 min in

circulation and 120 min of leaving the enzyme on the membrane (C6).

10
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Figure 2. The chemical cleaning procedure consists of 4 steps for procedures C1, C2,

C3, and C4, and 5 steps for procedures C5 and C6.

In this study, six chemical cleaning procedures were investigated: acid-alkaline (C1
and C2), alkaline-acidic (C3 and C4), and alkaline-enzymatic-acidic (C5 and C6). Their
conceptual diagrams are shown in Figure 2. In each acid cleaning step (HNOs or FNA),
the pH of the starting solutions was set to 3.0. In procedures where nitric acid V (C1,
C3, C5, and C6) was used, the pH was set with a 20% solution of HNOs. In methods
using FNA (C2 and C4), a NaNOz2 solution with a final concentration of 200 ppm was
prepared with pH stabilisation by a 20% HNOs3 solution (denoted as FNA). In each
procedure (C1-C6), the alkaline cleaning step (NaOH+NaOCI) proceeded identically.
The pH of the alkaline solution was set to 11.0 with 10% NaOH solution. A NaOCI

solution of 15% was added to obtain a final concentration of 200 ppm. A commercially

11
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available agent Filzym P1 (Realco, Belgium) was applied for enzymatic cleaning

(procedures C5-C6). Details of the different wash types are shown in Table 2.

A regeneration rate was used to determine the effect of the methods used on the

effectiveness of chemical cleaning. The calculation of the regeneration rate was

presented in the Supplementary Material (SM).

Table 2. Types of chemical cleaning of the UF membrane differing in the acids used

(HNOs or FNA). In each type, the initial pH of the acid solution was set to 3.0. In all

alkaline cleaning steps (NaOH+NaOCI), a sodium base solution was used to set the

pH equal to 11.0 with sodium hypochlorite, the concentration of NaOCI in the cleaning

solution was 200 ppm.

the pH
Type of First of the . PH OT the Time of unit
. . Penultimate penultimate .
cleaning step first . step [min]
. step solution
solution
acid- NaOH+
C1 alkaline HNOs3 3.0 NaOCl 11.0 30
acid- NaOH+
C2 alkaline FNA 3.0 NaOCl 11.0 30
alkaline- NaOH+
C3 acidic NaOCl 11.0 HNOs3 3.0 30
alkaline- NaOH+
C4 acidic NaOCl 11.0 FNA 3.0 30
. 30 (alkaline,
alkaline- - on+ water, acid);
€5 enzymatic- \oct 110 HNOs 3.0 90 (circulation
acidic
of enzyme)
30 (alkaline,
water, acid);
alkallng- NaOH+ 15 (circulation
C6 enzymatic- 11.0 HNO3 3.0 of enzyme) +
- NaOCI
acidic 120 (enzyme

on the
membrane)

12
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2.5. Management of the side stream — acid cleaning effluent

We tested the use of acidic solutions after (C1) and (C2) cleaning as water for plant
fertigation and evaluated their phytotoxicity to radish sprouts Raphanus sativus. The
pH increased during chemical cleaning, so pH correction was not needed. For this
purpose, 20 mL of liquid fertiliser containing 20, 40, 60, 80%, and 100% v/v of C1 or
C2 were prepared by dilution of the corresponding membrane cleaning solution with
ultrapure water. Ultrapure water was also used as a reference solution. Next, 24 Petri
dishes were prepared with 2.5 g weights of cotton wool. For each of the solutions under
examination, the test was carried out with 4 repetitions where 5 mL of the appropriate
solution was applied with an atomizer to the four wattle dishes with 25 radish grains.
Seed germination tests were carried out in a germinator with pink LED light in a 12/12h
light/dark system for 7 days. Every 2 days the seeds were rinsed with 2 mL of ultrapure
water. After one week, the sprouts were harvested and their length, wet biomass, and
concentration of chlorophylls A, B, and total were determined. The results were

statistically processed by Statistica software.

Methods for the determination of biomass, germ length, chlorophyll concentration, and
statistical methods for comparison of these parameters were reported in

Supplementary Materials (SM).

3. Results and discussion
3.1. Ultrafiltration
The ultrafiltration experiments were conducted in weekly cycles, with each process
being followed by chemical cleaning of the membrane. Independently of that, the
membrane was backwashed with permeate in the configuration of 5 s every 5 min. A
total of 10 cycles was carried out. Figure 3A shows four selected 4-hour UF processes

in the DE mode from weeks 1, 2, 9, and 10 performed to demonstrate the repeatability

13



247  of chemical cleaning. The blue bar corresponds to the flux value at the beginning and
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251  Figure 3. Transport and separation properties of an ultrafiltration membrane used for
252  the treatment of secondary effluent: (A) Membrane permeability at the beginning (blue)
253 and in the end (green) of UF in DE mode. (B) Regeneration efficiencies of C1 and C2.
254  (C) Retention coefficients of selected parameters at the beginning and at one of the
255 end of UF in DE mode. The numbers 1 and 8 next to the UF processes correspond to

256 the first and eighth-week cycle, respectively.

257  As can be observed in Figure 3A, the initial permeability values were close to each
258 other in every cycle. In the first experiment, the initial membrane permeability was
259  0.030+0.004 m3-h'l.m=2-barl. In the next cycles, permeableness was stable and
260 ranged between 0.027 and 0.028 m3-ht-m2.bar!. Marked by a dashed line in Figure
261  3A, the decreases in UF permeability values in weeks 1, 2, 9, and 10 were 72%, 74%,
262 72%, and 55%, respectively, of the initial value. The final values were comparable and
263  oscillated in the range of 0.007+0.001 m3-h"1-m2-bar? t00.009+0.002 m3-h*-m2-bar,
264  except for the process in week 10 with the lowest decrease (55%), where the final

265 value was 0.013+0.001 m3-ht-m=2-bar!. For the UFs shown in Figure 3A, CIP
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procedure C1 was used. In particular, it can be seen that the regeneration efficiency of
procedure C2, where FNA was applied, was almost the same as that of C1 (HNO3)
(Figure 3B). For the rest of the procedures (C3-C6), the permeability plots showed
comparable trends (Figure 7). The decrease in the permeability during UF was related
to the formation of filter cake [53], which was influenced mainly by the properties of the
secondary effluent (Table 1), especially by the content of suspended solids (TSS
7.87+3.63 mg-L?). The active layer of the membrane is made of polyethersulfone,
which is a hydrophilic material; however, the decrease in flux size over time in DE
mode is similar to the decrease for a hydrophobic membrane. In CF, the flux drop

corresponds to the typical flow characteristics of a hydrophilic membrane [54].

Figure 3B shows the retention of selected compounds in the first and eighth weeks of
the experiment. Samples were taken one hour after the start of UF. This period ensured
repeatability of results and that the CIP water was thoroughly flushed out of the plant.
It can be seen that TSS in both cases was removed in 100% from the secondary
effluent. The retention coefficient for total phosphorus reached values of 45-47% and
for COD 37-39%. It is important to remember that phosphorus compounds and organic
substances (COD) are partially bound in total suspended solids [55]. Therefore, due to
the efficient separation of total TSS, these compound retention rates are higher than
those observed for other SE components. Orthophosphates, which are predominantly
in dissolved form, are retained to a lesser extent — 31-34%. The lowest retention
coefficients were obtained for humic substances (12-17%), total nitrogen (7-12%), and

TOC (10-11%).
3.2. Membrane fouling

The SEM-EDS was used to study the surface morphology and analyse the elemental

composition of the sludge accumulated on the membrane surface after 4-h DE-UF.
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SEM images (Figure S1) show that the cake structure was non-uniform, and there are
no visible crystalline phases. Due to the irregular shape and size, fouling of the
membrane occurs not only on its surface in the form of a filter cake but also in the
pores, where substances not dissolved in the treated effluent can easily penetrate.
Fouling (reversible and irreversible) resistance contributed to 62% of the total
resistance during the UF of secondary effluent. In total fouling, the proportion of its
irreversible fraction was 13%. These results suggest that the SE compounds play a
crucial role in the formation of a reversible cake layer, but can also cause physically
irreversible fouling, thus chemical cleaning is required to regain full membrane

permeability.

Figure 4 shows SEM images and the distribution of elements (EDS) analysed at two
different positions on the UF membrane cake surface. The dominant elements both
atomically and by mass are carbon and oxygen. As detailed in Figure 4A and Figure
4B the mass content of carbon was 40.67% and 41.26%, respectively. Carbon
accounts for an even more significant proportion atomically, which was 55.25% (Figure
4A) and 56.10% (Figure 4B). The high content of the carbon in the examined
membrane cakes was related to the presence of organic compounds, e.g. humic
substances, which were determined by FT-IR analysis (Figure 5A), and/or with
microorganisms retained on the membrane. The presence of living cells was confirmed
by measuring ATP concentration, which was 1151+684 RLU in the secondary effluent
and decreased to 16886 RLU in the permeate after UF. In turn, in the sludge collected
on the UF membrane, the concentration of ATP was found to be 43 271+8 052 RLU,
indicating the biomass content. Additionally, a decrease in mass (from 1.000 g to
0.6675 g) during sludge mineralisation at 550°C evidences the presence of carbon in

the membrane cake. Oxygen is the second most abundant element of the membrane
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cake layer. The mass and atomic percentages of oxygen reach the values of 29.13%
and 29.71% (Figure 4A), and 28.97% and 29.58% (Figure 4B). Oxygen is present in
most organic substances as well as inorganic compounds, such as silicon oxide 1V,
determined by XRD analysis of the membrane sludge (Figure 5B). Other elements (Na,
Mg, Al, Si, P, S, Cl, K, Ca, and Fe) reflected in the EDS analysis represent 30%wt. and
25%at. The sediment cake surface contains silicon accounting for 2.2-6.4% (on the
proportion of mass and atoms at Figure 4A and Figure 4B), iron, 2.2-7.4%, and
aluminum, 3.2-5.8%. The proportion of the phosphorus was similar to that of silicon,
namely 2.7-5.5%. ICP results confirm that these elements represent the largest
proportion in the sediment, 35.32 g-kg* (Fe), 30.00 g-kg* (P), 20.86 g-kg* (Si), and

17.39 g-kg'! (Al) (Table 3).

A smaller share in the sediment cake corresponded to metal elements of the first and
second group of the periodic table, like sodium (Na), magnesium (Mg), potassium (K),
and calcium (Ca). Their total share was in the range of 5-6% by mass and 2.6-3% by
atom. The remaining elements, non-metals, like sulphur (S) and chlorine (ClI), only
represent 0.65-0.83% by mass and 1.34-1.7% by atom. ICP analysis confirmed the
presence of metal and non-metal elements in the membrane cake, as shown in Table
3, 22.52 g-kg* (Ca), 8.86 g-kg* (Na), 5.80 g-kg* (K), 5.15 g-kg? (S), 4.66 g-kg* (Mg),

and 2.24 g-kg* (Zn).
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Figure 3. SEM pictures and the distribution of elements (EDS) analysed at two different

positions on the UF membrane cake surface as marked with a red frame.

Other elements, including heavy metals, like manganese (Mn), barium (Ba), copper
(Cu), chromium (Cr), boron (B), lead (Pb), nickel (Ni), arsenic (As), cobalt (Co) and
cadmium (Cd) were found in trace amounts. Their total content in membrane cake
does not exceed 1% w/w of all the elements determined. In SE, they occur in
concentrations below the method’s detection limit (0.01 mg-L?) or in concentrations

close to that limit (Ba - 0.01 mg-L'and Cu - 0.03 mg-L™?).

Table 3. Results of ICP analyses of sludge collected from the membrane surface (in
g-kg).
Parameter Fe P Ca Si Al Na K S
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Value 35.32 30.00 22.52 2086 17.39 8.86 5.80 5.15

[9-kg™]

Parameter Mg Zn Mn Ba Cu Cr B Pb
[;/1';-61] 4.66 2.24 0.782 0.286 0.186 0.0654 0.0501 0.0388
Parameter Ni Co As Cd

[;/il;i] 0.0338 0.00634 0.00593 0.00229

As mentioned above, FT-IR analysis confirmed the presence of organic matter,
especially humic substances. Figure 5A shows stretching bands of about 3200 cm™,
which proves the presence of O-H groups in phenolic and alcoholic residues. These
groups are characteristic of humic compounds. Hydroxyl groups are also present in
sugars. The two peaks (2852 cm™ and 2921 cm?) testify to the presence of stretching
vibrations attributed to C-H bonds found in carbon chains that occur in organic
compounds. The presence of these bonds was also demonstrated by the presence of
characteristic bending bands with values of 1408 cm™ and 1450 cm*. In the case of
two peaks with stretching vibrations of O-H bonds falling in the range of 2500-3300 cm~
1 and stretching C-O bonds with values of 1011 cm™ and 1232 cm-?, the presence of a
carboxyl group characteristic of humic compounds was confirmed. A 1232 cm™ peak
is attributed to the stretching vibration for the C-N bond characteristic of proteins that

may be part of the membrane deposit.
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Figure 4. FT-IR (A) and XRD (B) analyses of the sludge collected from the membrane

surface.

A single band at 1728 cm™ proves the presence of a C=0 stretching vibration of a
carbonyl group, which is characteristic of proteins from a peptide bond, sugars, and
humic substances. The band at 1632 cm™ is related to deformation vibrations
originating from the N-H amino group (found in proteins), while the band at 1536 cm™
indicates the presence of C=C stretching bonds in the aromatic ring, characteristic of
humic compounds. Both the 1450 cm and 1408 cm* peaks testify to the occurrence
of a C-C stretching vibration in the aromatic ring. An aromatic compound is also
evidenced by characteristic bending bands of 778 cm™ and 798 cm™. The most
important functional groups in humic substances were found by FT-IR spectrum
analysis are carboxylic, amino, phenolic, and alcohol groups. It is assumed that humic
acids, which are contained in humic substances, consisting of an aromatic core. These
are combined with components of aliphatic structure, which is evidenced by the

disclosure of an amino group.
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The putative humic acid molecule structure also contains a carbonyl group.
Macromolecular humic substances are built from the groups mentioned above, which
were retained on the UF membrane in the amount of 12-17% (Figure 3B). TOC
decreased by 10-11% (Figure 3B), which indicates the retention of some organic
compounds having functional groups characteristic of e.g. humic substances. Proteins
were most likely removed on the membrane, as evidenced by the detection of a
carboxyl group and an amino group, as well as Niwtal retention of 7-12% (Figure 3B).
Sugars may have been separated, as evidenced by the detection of OH and C=0

groups characteristic of carbohydrates.

The analysis of sludge from the membrane surface after UF determined the
compounds that contributed the most to the fouling of the membrane and thus were
best retained on the membrane. Although purified at the previous stages, the
secondary effluent contained difficult-to-fall suspended solids in the form of natural
organic matter (NOMs). NOMs mostly consisted of humic acids and were primarily
responsible for retaining phosphorus, aluminium, and iron ions or silica that were all
identified in the solids separated by the UF membrane. Knowledge as to which
components cause fouling makes it possible to investigate the effectiveness of

methods counteracting this phenomenon.

3.3. Ultrafiltration membrane backwashing

Different backwash configurations were tested in the first stage by varying the
backwash time and the time between successive washes, as shown in Table 4. Tests
were conducted for dead-end (DE) and cross-flow (CF) filtration. Figure 6A shows the
change in membrane permeability (L) during the 4 hours of the process for DE mode.
As can be seen, the most significant decrease in membrane transport properties was

observed for the backwash conducted for 1 s every 5 min; the permeability decrease
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was more significant than that for the process without backwash. A minor decrease in

hydraulic performance was recorded if backwashing lasted 1 s every minute.

Figure 6B shows the permeability of the UF membrane operated in the CF mode. The
largest decrease in hydraulic capacity (17%) in this case was observed for the process
without backwashing. Compared to the decreases observed in the DE mode, the
relatively small decrease in membrane permeability (the final flux value was 83% of
the initial value) was caused by the removal of a deposit from the membrane surface
with the retentate stream. For the other backwash configurations tested, no reduction
in permeability was observed, so membrane fouling occurs much more slowly during
the duration of UF. To determine the fouling rate on the UF membrane in the CF mode,
a l1l4-hour experiment was conducted which revealed a membrane permeability
decrease of 48 and 37% (Figure 6D) for 1- and 5-s backwashing every 5 min,
respectively. A longer backwash duration — 25 s every 5 min — produced an increase
in flux values related to the increase in transmembrane pressure caused by fouling.
The amount of fouling on the membrane surface was not directly proportional to the
increase in pressure, resulting in an increase of the flux value in time by 30%, as shown

in Figure 6D.

Figure 6A and 6B shows that the initial permeabilities are in the range of 0.0263 to
0.0415 m3:-h't-m2-bar? for the DE mode and 0.0126 to 0.0167 m3-h-*-m-2-bar? for CF.
To compare these two configurations, the percentage decrease in flux over time
relative to the initial flux (relative permeability Jp/Jp.0) was calculated, as shown in
Figure 6C, DE performs much better with more frequent flushes: the smallest decrease
in Jr/Jp,owas observed for 1-second of backwash every 1 minute. For this rinse option,
the flux decreased by 54% after four hours of the process. On the other hand, the

highest permeability decrease was observed for a 1-second backwash every 5
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minutes. The flux decreased by 75% in this case. Rinsing time also affects membrane
permeability restoration. Rinses of 25 seconds caused a noticeably smaller decrease
in permeate flux than 5-second rinses at the same five-minute frequency. The

permeate flux decreased by 59% in the former case and by 72% in the latter.

Figures 6A and 6C show, a sharp decrease in permeability for the DE mode at the
initial stage. The rate of decline in this index decreased as the process progressed.
The stability was related to fouling which in the first stage blocks membrane pores and
causes an exponential decrease in flux. It was only in the second stage that a cake
layer was formed while the flux stabilised. In the beginning, the shape of the
permeability curve results from the intensity at which the membrane surface is being
blocked by the suspended solids. Then, a cake is formed on the membrane surface by
the retained molecules which are most likely bigger than the pore diameter and the

curve starts to plateau. [56,57].
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Figure 5. Change in membrane permeability over time at different backwash procedure
parameters in DE (A) and CF (B) modes in 4-h processes. (C) Changes in relative
membrane permeability (Jp/Jp,0) for DE and CF modes of operation in 4-h processes.
(D) Changes in relative membrane permeability (Jp/Jp,0) in CF tests in extended cycle

tests in 14-h processes.

In CF mode, feed flows tangentially to the membrane surface, leading to a lower fouling
tendency than in the dead-end configuration. This means that for the low fouling rates,
periodic backwash can be sufficient to effectively remove membrane contamination.
However, usually, chemical cleaning is necessary to regenerate the membrane. A
backwashing frequency of 25s every 5 min was the only effective one in reducing both

reversible and physically irreversible fouling forms in the cross-flow operation mode.
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As a result of long-time backwashing, the sludge was decomposed and the physically
irreversible fouling was desorbed from the fouled membrane, unblocking its pores. In
other cases (all DE modes and other intervals in CF-UF), backflushing was ineffective
in reducing membrane fouling and chemical CIP was required for the membrane to

regain most of its permeability.

The impact of backwashing was assessed by determining the total permeate volume
obtained in 4-h DE/CF UF. Permeate losses due to backwashing were included in the
calculations (Table 4). As presented in our previous studies [2], membrane processes
are mostly applied in the treatment of secondary effluent for water recovery, which is
increasingly used, for example, for irrigation [58]. The backwash stream was
contaminated by partially flushing the sludge from the membrane and discharged to
the retentate tank, causing an overall permeate loss. It turned out that CF allowed the
collection of 3-4 times less permeate than DE did. That was related to the permeate
losses during backwashing, the generation of retentate, and the different operating
pressures of the two systems. A similar observation was made by comparing Figure
6A and 6B, where the ordinate axis values in the CF mode were 2-2.5 times smaller

than those in DE.

According to the results presented in Table 4, increasing the backwash time increases
the permeate consumption. The same relation was observed for increasing the
frequency of backwashing. Regarding the number of losses, backwashing with a

shorter time and lower frequency was more efficient for DE UF due to the larger
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volumes of permeate. For CF UF, the time and frequency of backwashing do not

significantly affect the amount of final permeate volume.

Table 4. Obtained UF permeate volumes and wash losses in UF processes at different

backwash frequencies for DE (4 bar) and CF (2 bar) modes.

Backwash Permeate Single
Flow Backwash
. frequency  total volume backwash
type time [s] .
[min] [m3] volume [cm?]
1 5 1.870 1000
5 5 2.190 1250
DE 25 5 2.341 2000
1 1 2.871 400
25 25 2.424 2250
0 - 2.193 0
5 5 0.621 1000
1 5 0.628 1250
CF 25 5 0.641 2000
1 1 0.620 400
25 25 0.663 2250
0 - 0.621 0

The unquestionable advantage in our research of the DE mode was the recovery of a
larger quantity of purified (nearly 100% of the raw material) water as permeate. This
mode of operation resulted in a higher accumulation of impurities on the membrane
surface. DE flow causes a faster build-up of membrane cake [59]. A significant
decrease in permeate flux occurred during the first 1-h of the process (Figure 6A). In
the CF mode, this decrease was not observed with such a high intensity for the same
time. A significant decrease in permeate flux of cross-flow only appeared after 14
hours. The time and frequency of backwashing do not play a crucial role in the CF
mode with a duration of 4-h. This is possible due to the continuous removal of most
deposits from the membrane surface with retentate [60]. On the other hand, the initial

flux of permeate in the CF mode was 2-2.5 times lower than that in DE mode, which
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was unfavourable in terms of the amount of produced water. From this point of view,
the DE mode was more advantageous. Even if the best backwash configuration was
chosen in the DE mode, backwashing was not able to completely reduce fouling and
restore the initial hydraulic efficiency of the membrane. When secondary effluent is
passed through a UF membrane, physically irreversible fouling occurs [61]. It was
necessary, hence, to apply chemical cleaning of the UF membrane to remove all the

fouling-causing contaminants.

3.4. Chemical cleaning of the membrane

After a 4 h DE filtration cycle, the membrane was subjected to chemical cleaning

according to the procedures described in section 2.4.

The characteristics of the secondary effluent, which is made up of mainly organic
substances [62], affect the cleaning efficiency of the UF membrane. In this study, each
cleaning step, except for the enzymatic cleaning, lasted 30 min. This time allowed the
residual acid or alkali collected on the membrane during UF separation to be washed

away with tap water [63], which ensured stable pH in further CIP steps.
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Figure 6. Degrees of recovery of membrane flux using chemical cleaning procedures:
C1 and C2 - acid-alkaline cleaning, C3, and C4 - alkaline-acid cleaning, C5, and C6 -
alkaline-enzymatic-acid cleaning; n.s. indicates no statistically significant differences

between the marked groups.

Figure 7 shows the recovery of membrane flux rates of the UF membrane after
cleaning by each of the tested methods and the results of statistical analyses between
groups C1-C6. The analysis of the data presented in Figure 7 shows that the acid-
alkaline method has better regeneration efficiency of the UF membrane than alkali-
acid cleanings regardless of the acid used. For C1 (HNOs—NaOH) cleaning, the
efficiencies were 101+8%, and for C2 (FNA—NaOH) — 103+5%, while for C3
(NaOH—HNOs3) — 91+7%, and C4 (NaOH—FNA) — 96+8%. A positive effect on the
decomposition of multi-molecular humic acids by NaOCI [64] and the reaction of
identified silica with alkali metal hydroxides [65] was confirmed. The improvement of
the recovery of membrane flux in the alkaline-acid method was achieved by introducing
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enzymatic cleaning with Filzym P1 between cleaning with NaOH and HNOs. Filzym P1
is a mixture of enzymes with a strong oxidising character, whose role is to eliminate all
organic pollutants [66]. Tests were carried out in two variants, which were either
flushing with the enzyme solution for 1.5 h in circulation (C5) or 15 min in circulation
and leaving the enzyme agent on the membrane for 2 h (C6). Only the C5 treatment
increased the cleaning efficiency by regenerating the membrane in 103+7%, whereas
leaving the enzyme on the membrane caused a significant decrease in cleaning

efficiency. The recovery of membrane flux degree obtained in this case was 76+7%.

The Tukey test showed that for levels of p less than or equal to 0.05, 0.01, and 0.001,
no statistically significant differences were observed for any study groups relative to

the others.

Acid-alkali cleaning removed the largest amount of the contaminants from the UF
membrane, so it was decided to analyse solutions C1 and C2 after their usage for
membrane cleaning (Table 5). It can be stated that the ions present in the tap water
used to prepare the cleaning solutions were partly responsible for the composition of
the spent cleaning solutions. Concentrations of ions such as sulphates, chlorides,
calcium, and magnesium were similar to Wroctaw tap water parameters, which leads
to the conclusion that they partly originate from tap water and partly from removed
membrane foulants. During cleaning, suspended solids were washed out of the
membrane; the TSS content in the solutions after cleaning was 19.0 mg-L, and 15.8
mg-L1, respectively, for C1 and C2 acid solutions. In the solution after acid cleaning,
organic compounds were primarily bound, the presence of which can be seen by the
increased COD values in rinses after membrane washing, 27.4 mgO2-L* and 72.4
mgO2-L1, and humic substances concentrations, 0.374 mg-L* and 1.054 mg-L, for

C1 and C2, respectively. Nitric acid V and FNA cause slight partial dissolution of the
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inorganic substances responsible for membrane fouling, which can be observed in the
concentrations of metals that were not present in tap water. In solution C1, iron was
determined at 0.84 mg-L?, zinc 0.51 mg-L™, barium 0.07 mg-L* and copper and nickel
0.01 mg-L1. After FNA had been applied, these concentrations dropped to 0.12 mg-L-
1 for iron and 0.28 mg-L* for zinc. The differences, however, are not significant and
may be due to the composition of the filter cake resulting from the process. They do
not affect the assessment of the effectiveness of the two acids. Only the barium
concentration was slightly higher and amounted to 0.09 mg-L*. The concentrations of
copper and nickel were below the analytical method sensitivity. Chemical cleaning also
flushes out the embedded microorganisms and their residues from the membrane,
which can be observed by ATP measurement. The ATP assay measures the biological
activity of microorganisms by detecting adenosine triphosphate (ATP), which is the
energy carrier in cell metabolism [67]. ATP was equal to 905 RLU after membrane
cleaning C1, while 822 RLU for procedure C2. Therefore, FNA, as a green alternative
effectively removed the organic matter from the membrane surface, inactivated the
microbial cells remaining on the membrane after cleaning, and also removed fouling

caused by inorganic substances [45].

Table 5. Physico-chemical composition of acid solutions after UF membrane chemical

cleaning by acid-alkaline method (C1 and C2).

Acid washed Acid washed

Parameter Unit nitric acid V FNA

(procedure C1) (procedure C2)
COD mgO2-L*? 27.4 72.4
Ptot mg-L? 0.89 0.847
Niot mg-L? 67 91.5
PO4* mg-L? 0.47 0.310
N-NO2 mg-L? 0.026 39.7
N-NO3z mg-L? 66.5 57.6
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N-NHa4* mg-L? 0.279 0.124

S0O4* mg-L? 63.7 70.5
Cr mg-L? 40.6 20.9
Ca?* mg-L? 79.1 76.7
Mg?* mg-L? 15.8 14.2

Hardness mgCaCOa-L? 262.5 250.0

Humic substances mg-L? 0.374 1.054
pH - 3.61 5.66
Turbidity NTU 9.74 8.97
Alkalinity mgCaCOa-L1 125 250
TSS mg-L? 19.0 15.8

C uS-cm?t 1056 1116
ATP RLU 905 822

Results of ICP analyses

P mg-L? 0.58 0.33

K mg-L1 9.17 6.74

S mg-L? 23.7 23.4

Na mg-L? 42.7 87.2
Ca mg-L? 80.5 76
Mg mg-L1 12.6 10.9
Fe mg-L? 0.84 0.12

Cu mg-L? 0.01 <0.01

Ni mg-L1 0.01 <0.01

Zn mg-L1 0.51 0.28
Ba mg-L? 0.07 0.09

As mg-L? <0.01 <0.01

Cd mg-L1 <0.01 <0.01

Co mg-L? <0.01 <0.01

Pb mg-L? <0.01 <0.01

Cr mg-L? <0.01 <0.01

In terms of chemical cleaning efficiency, the use of alkali-acid methods did not result
in flux recovery rates as initially expected, which was evidenced by the lower flux
recovery rates compared to acid-alkaline modes. The sequence, therefore, plays a
decisive role in UF membrane cleaning. Acids have been proven to remove fouling
caused by inorganic substances better, while alkalis reduce organic fouling more
effectively [68]. Inorganic compounds are present in relatively large amounts, so acid-
base methods have a slightly better effect on UF membrane cleaning. Alkaline-acid
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mode performance can be improved by adding enzymatic cleaning. The use of the
alkaline-acid procedure with an enzymatic agent (Filzym P1) in the circulation proved
to be as effective as the acid-base methods. The use of enzyme was justified because
elevated ATP values were determined in the solutions after alkaline cleaning,
indicating the presence of biological species [69]. However, due to the cost of the
enzyme agent and the duration of chemical cleaning, the acid-alkaline method seems
to be the more profitable because this strategy ensures a 100% removal of all
physically irreversible fouling in a relatively short period, which extends the lifespan of

the membrane.

With all the ecological and economic aspects taken into account, FNA could become
a competitive reagent for fouling removal. This study confirmed that FNA restored
membrane performance (Figure 7) and removed fouling from the membrane surface
and pores (Table 5) in a way comparable to nitric acid V. The replacement of
commercially available nitric acid V with FNA, obtained at the wastewater treatment
plant, can further increase the cost-effectiveness of cleaning as presented in Figure 8.
Neither the use of HNOs nor FNA causes a technological difference in the cleaning
procedure, so the main cost is the purchase of the reagent (HNOs3). Based on
commercially available nitric acid V, it has been estimated that using it to clean the
membrane generates a cost of 0.08 € m?. FNA is produced at the wastewater
treatment plant, so its cost is 0 €-m2. Using NaOH and NaOClI alkaline step generates
a cost of 0.05 €-m. Therefore, taking into consideration acid-alkaline procedure C2
(where recycled FNA is used), the total cost of reagents is 0.05 €-m2, while for C1
(where commercially available nitric acid V is used) the total cost increases to a value
of 0.13 €:m2. On a semi-pilot or pilot-scale experimental study determined differences

appear to be relatively small, however, with industrial installations, this will play a
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significant role in assessing the cost-effectiveness of utilizing FNA. As Figure 8 shows,
alkaline-enzymatic-acid procedures (C5/C6) are the most expensive and the total costs
increase by ~80% and ~93% compared to procedures C1 and C2, respectively. The
enzyme solution alone comes with a price of almost 0.64 €-m-2, which contrary to C1
and C2 seems to be highly uneconomic. More importantly, the alkaline-enzymatic-acid
cleaning procedure produces additional wastewater streams which is a less
ecologically acceptable solution than a two-step acid-alkaline method, like C2, where
the significant environmental benefits are gained by replacing the commercial acidic
reagent by FNA which is produced in-situ at the wastewater treatment plant. To fit in
with the idea of the closed circular economy, where all the waste is reclaimed, we
proposed a new strategy of recycling the spent acidic solutions after membrane

chemical cleaning, as an alternative fertiliser (Figure 8).
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Figure 8. Schematic diagram of sustainable UF membrane regeneration strategy after
SE recycling with a comparison of the most effective (acid-alkaline C1, C2, and

alkaline-enzymatic-acid C5/C6) cleaning solutions costs.

3.5. Management of the spent acidic solution after membrane chemical

cleaning

Chemical cleaning of membranes removed organic and inorganic pollutants and
transferred them to the cleaning solution, enriching it with many components that can
be used as an alternative fertiliser. A likely limitation to the utilization of after-cleaning
solutions for plant fertigation could be their contamination with heavy metals that were
identified in the membrane sludge. As can be seen, although the sludge contained a
considerable amount of heavy metals such as lead, cobalt, arsenic and cadmium
(Table 3), all these elements did not exceed detectable concentrations (0.01 mg-L-1)
in the acidic post-cleaning streams (Table 5) and were below permissible levels set by
the Food and Agriculture Organization [70]. Therefore, solutions after the application
of HNO3s or FNA for C1 and C2 chemical cleaning of membranes could not pose a
threat to crop cultivation. To prove this, the phytotoxicity tests have been performed on
radish seeds according to the methodology described in Section 2.5. Germination tests
were carried out with 20, 40, 60, 80, and 100% washing agent solutions. Reference
(control) tests were carried out with ultrapure water. One of the most important
parameters determining the use of solutions after cleaning is the pH. Radish seeds
grow best in moderately acidic soil [71]. Both solutions had an initial pH of 3.0. Cleaning
flushed out most of the foulants from the membrane, which caused the pH to rise: in
the case of HNOs — up to a value of 3.61, while in the case of FNA —5.66. The final pH
of acid cleaning solutions remained close to the pH of soil suitable for radish cultivation.

The alkaline post-cleaning solutions due to the high pH (pH 8-9) have not been
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considered as potential fertiliser. Figure 9A shows the analyses of length, wet biomass,
and total chlorophyll content of radish sprouts after one week of growth. Statistic
analysis revealed that for the seeds grown on HNO3s and FNA solution, sprout lengths
showed a distribution different from normal, and statistically significant differences
were observed at a 100% concentration compared to the control group (Table S1).
The difference in radish sprouts length grown on 100% concentration chemical
cleaning (C1 and C2) and that of the control groups can be observed in Figure 9B. The
mean sprout length for the control groups for C1 acid solution was 2.2+0.2 cm and for
C2 acid solution — 2.3£0.2 cm. The mean plant lengths for the statistically significant

group (100%) relative to the control were 2.7+0.2 cm in both cases.

[_Jlenght (HNO, - C1) [cm] [Jlenght (HNO, - C2) [cm] (B)
[ weight (HNO; - C1) [g] [ Jweight (HNO, - C2) [g]
[ chlorophyll, (HNO; - C1) [mg/L] [ chlorophyli, (HNO, - C2) [mgiL] -
[ chlorophyllg (HNO, - C1) [mgiL] [—_Jchlorophylig (HNO, - C2) [mgiL] ' N
[ chlorophyll, (HNO, - C1) [mg/L] [Jchlorophyll,,, (HNO, - C2) [mg/L] | "7 e
I ch/0rophylmees (HNO; - C1) [mgfg] ] Chlorophyllymgss (HNO, - C2) [mg/] AN » ’ x .(
(A) £t 10 . 'f ' T?-r T’ .
104
) Y > ™
8- ! { { -\ L “M'\ 1cm
I T | I I "’Y‘«("‘ﬁq-" v
11 R | T ey
R B J I - { ] H T 1 IS U { \/ LS
© i
>
T

0.00116

T T T T
ST =t A - [ I I [ I
I Ll || _ 0.00058 s
[~ M T I . 1
T T T T T T -
control  con.20% con.40% con.60 % con.80% con.100% ! control con. 20% con.40% con.80% con.80% con. 100%
research groups

Figure 9. (A) Results of measurements of length, wet biomass, chlorophyll A,
chlorophyll B, total chlorophyll, and total chlorophyll per wet biomass of radish sprouts
after one week of culture on solutions after membrane cleaning with nitric acid V and
FNA in groups which were dilutions of these solutions, with final concentrations of 20%,
40%, 60%, 80%, and 100%. The control group in both tests is the culture run on

ultrapure water. (B) Pictures of radish sprouts after cutting one of the plates from the
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control group (top) and one of the plates from the 100% nitric acid solution V group

(bottom).

For both HNO3 (C1) and FNA (C2), the distributions of the biomass data were normal
data distributions, while the variances were homogeneous. Both statistically significant
differences were not observed as compared to the control group (Table S1). When
comparing C1 and C2, for each concentration, higher biomass was obtained for the
sprouts grown on solution C1, which was for the groups from 20 to 100% respectively:
1.5156+£0.2284 g, 1.3165+0.1368 g, 1.2867+0.0944 g, 1.2857+0.1491 g, and
1.4331+0.0201 g than for sprouts grown on solution C2, which was for the same
dilutions: 1.1818+0.1307 g, 1.1410+0.1277 g, 1.2063+0.1501 g, 1.0965+0.0568 g, and

1.4000+0.1292 g, respectively.

Chlorophyll A, B, and total chlorophyll content per wet germ weight measured in plant
leaves on the medium with the HNOs cleaning solution (C1) showed similar trends:
normal data distributions, heterogeneous variances, and no statistically significant
differences (Table S1). No phytotoxicity of the diluents occurred. The concentration of
total chlorophyll in the undiluted HNOs acid solution was 5.606+0.899 mg-L*, which
was lower than in the control group (5. 979+0.795 mg-L™1), but in the other groups, the
concentration was higher and was 7.876+0.683 mg-L?, 7.554+0.512 mg-L?,
7.934+0.572 mg-L*, and 7.726+1.890 mg-L™, respectively, for acid shares in the test
solution of 20, 40, 60 and 80%. Despite the lack of statistically significant differences,
we observed a favourable effect of the solutions on the chlorophyll content of the

cultured sprouts in the 20-80% groups.

Measured chlorophyll A in leaves of plants on medium with solution after washing with

FNA (C2) showed a normal distribution of data, homogeneous variance, and
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statistically significant differences in 20% and 40% concentrations relative to the
control group (Table S1). The concentration of chlorophyll A in the control group was
4.306+1.355 mg-L*, while in the 20% and 40% groups it was 5.837+0.0896 mg-L*and
6.283+0.589 mg-L*, respectively. In the remaining groups, despite the lack of
statistically significant differences, no phytotoxicity of the solutions towards the sprouts
was observed, and the concentration of chlorophyll A was above 5 mg-L*. Chlorophyll
B had a distribution other than normal, and statistically significant differences only in
the concentration of 40% (which was 2.510+0.651 mg-L*) against the control (Table
S1)(1.715+0.413 mg-L1). In the other groups, the concentration of chlorophyll B was
more than 2 mg-L2. In total chlorophyll and total chlorophyll per weight of radish leaves,
the data distribution was normal. The variance was homogeneous, and statistically
significant differences were shown in the concentration of 40% relative to the control
(Table S1). In this case, the greatest difference was visible, that is, in the control group,
the mean concentration of total chlorophyll was 6.021+0.763 mg-L* [(7.527+2.204)-10"
4 mg-g?!] and in the statistically significant group - 8.793+1.031 mg-L*
[(10.991+1.2885)-104) mg-g]. In the other groups, also the concentration of total
chlorophyll was higher than in the control group; for a 20% solution it was 7.920+1.164
mg-L1 [(9.899+1.454)-10) mg-gY], for 60% — 7.537+0.754 mg-L* [(9.421+0.943)-10
4) mg-g1], for 100% — 7.299+1.159 mg-L* [(9.124+1.449)-10) mg-g'], and the least

for 80% — 7.272+1.348 mg-L [(9.090+1.686)-10"4) mg-g-1].

Comparing the two acid solutions, it can be seen that higher chlorophyll concentrations
were obtained for the nitric acid V solutions used in procedure C1 for most of the
groups. In the statistically significant group (40% for FNA) and the 100% group, higher
chlorophylls concentrations were obtained for the solution after the C2 procedure. The

differences are not significant enough to conclusively state that one of the acids is
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considerably more useful in stimulating chlorophyll concentrations. Both acids have a
similar effect on sprout length and weight. Growth-stimulating properties were only
observed in the 100% groups. In the other groups, lengths and weights were very
similar or slightly higher in both cases. No inhibition of plant growth was observed
under the influence of the acid solutions. HNOs and FNA showed similar effects on

radish sprouts.

The spent FNA solution (after cleaning C2) is richer in plant growth nutrients compared
to HNOs (C1) in that it has a higher concentration of organic matter, including humic
substances. Still, the lower concentration of Niwtal in the acid solution after C1 is more
beneficial because radish prefers nitrogen-poor soil [72]. The solutions also contain
other micro- and macro-nutrients necessary for plant growth, mainly Ca, Na, Mg, S, K
and in minor amounts P, Fe, Zn, Ba and Cu, and Ni in the case of the HNO3 solution
(C1). Plants fed with the solution cleaned with FNA (C2) grew longer sprouts. Also, the
HNOs solution (C1) can be used as a — slightly less effective — fertiliser. The amount
of waste produced during membrane separation of secondary effluent may be
decreased by adopting the presented solution. The generated washings stream can

be applied as a supplement in the new fertilisation of crops.

4. Conclusions

The present study focused on the fouling and cleaning method of ultrafiltration
membrane used to extract water from secondary effluent. The TSS, Piwta, COD, HS
and Niotal rejection (100%, ~50%, 38%, 14% and ~10%, respectively), as well as SEM-
EDS and FT-IR analysis, indicate that organic compounds, phosphorus and nitrogen
macromolecules and inorganic matter (silicon oxide IV, aluminum- and iron-bearing
solids) blocked the UF membrane. By carrying out the four-hour DE UF, the permeate

flux dropped to 75% of the initial value, which made the mechanical (backwashing) or
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chemical treatment of the membrane necessary to ensure the continuity of UF. The
most effective backwashing configuration for UF-DE was 1s every 1min, where relative
membrane permeability decreased by 54% after 4-h separation. Experimental data
showed that the application of physical backwashing did not effectively reduce fouling
and, consequently, did not restore the original hydraulic efficiency of the UF membrane
in the DE mode. This indicates that the pollutants were not only deposited on the
membrane surface but also accumulated inside the membrane pores (physically
irreversible fouling), which made chemical treatment necessary to conduct. We
demonstrated that the sequence of using acidic and alkaline cleaning solutions is very
important, especially when an actual waste stream, like SE, is separated. In our case,
the best effect was observed for the acid-alkaline cleaning strategy. We examined that
after UF of SE inorganic compounds are present in a relatively larger amount
compared to the organic matter in membrane fouling. When the acid cleaning step is
performed before alkaline, membrane regeneration efficiency is higher, because acids
better removed inorganic compounds. Acid-alkaline (C1 and C2) method efficiency of
the recovery of membrane flux stood at 100%, while for alkaline-acid C3 and C4
procedures it stood at ~91% and ~96%, respectively. The replacement of HNOs (C1)
with FNA (C2) did not affect the acid-alkaline cleaning (giving 103+5% membrane
regeneration efficiency), which opens up new possibilities for free nitrous acid
application in membrane-based processes. Free nitrous acid can be produced in-situ
in WWTP by partial nitrification of the anaerobic digestion liquor, and its utilization for
UF fouling mitigation is a reasonable and low-cost solution as it reduces the use of
energy and chemicals. In line with the circular economy, the acidified nitrite/nitrate
solution from the chemical cleaning of the UF membrane was reused as a fertiliser

agent. When radish seeds were grown on the acidified nitrite/nitrate solution, the
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leaves of plants contained more chlorophyll, and the plants had longer stems and
greater biomass as compared to the control group. The stimulating effect of these
solutions on the growth and yield of radish suggests their high recycling potential as a
new acid nitrogen-rich fertiliser. The proposed new idea is in line with the conception
of zero waste because here entire products or by-product materials are reused or

recycled.
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