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Pesticides enter surface and ground waters not only from agricultural lands, but also from the plants, where
these substances are produced and packed. Thus, the problem of wastewaters produced by these plants must be
solved. This work is devoted to the development of high performance membranes for pressure-driven processes,
which would remove pesticides from water and give a possibility to use the concentrate further. Polyamide (PA) and
polyvinylidene fluoride (PVDF) microfiltration membranes as well as polyacrylonitrile (PAN) ultrafiltration
membrane were modified with hydrated zirconium dioxide (HZD) by a deposition of ion exchanger from sol with
ammonia vapour directly in pores of the polymer. The membranes were investigated with SEM method, energy
dispersive and FTIR spectra were also recorded. HZD in active layer as well as the products of PA or PAN
hydrolysis enhance hydrophilicity of the membrane surface: for instance, the contact angle of water decreases from
69° to 43° for the PA sample. Water test followed by calculation using the Hagen-Poiseuille equation showed a
2-3 times decrease in pore size of the modified membranes comparing with pristine materials. Selectivity of
HZD-containing membranes reaches 90-96 % towards bowine serum albumin, and exceeds 99 % in the case of
quizalofop-p-ethyl. The highest permeate flux (196 1 m™? h™'bar™') has been found for the HZD-containing PVDF
sample. The pesticide concentration in the permeate was 0.0002—0.008 mg I!. The posttreatment of the permeate
involved adsorption on biochar under dynamic conditions. The method of liquid chromatography showed that after
the passage through the column, no pesticide was detected in the permeate or its content was lower than maximal
allowable concentration for surface water (0.0001 mg ).
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INTRODUCTION Pesticides, which involve insecticides,
herbicides and fungicides, occupy a special
position among dangerous organic compounds,
since many of them are soluble in water or form
stable emulsions or suspensions [5]. Due to a
huge area of agricultural grounds, practically
each source of water supplier (especially small
streams [6]) is available for these compounds.
Pesticides are also widely used in households as
well as in parks, stadiums and other urban green
spaces [7,8]. Their transport to aquatic
environment depends on the weather, soils,
behaviour of pesticide and their application
techniques [9-11].

Other sources of pesticides are the plants,
when they are produced and packaged, and also
container processing plants [12—14]. In this case,
pesticides appear in ground and surface water

Due to fast economical activity in a global
scale, a wide nomenclature of new water
pollutant enters the environment [1, 2]. Surface
water and ground water are defenceless against
synthetic chemical substances, which are
containing in industrial, agricultural and
municipal wastes [3]. Each year, about
0.5 trillion tons of dangerous organic compounds
are discharged to natural reservoirs, particularly
water supply sources [4]. It should be stressed
that liquid wastes contain small amounts of
many hazardous compounds, a maximal
allowable concentration of which is too low.
Thus, a problem of the protection of environment
and human health against risky organic
substances is extremely important.
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through sewage. Other way is evaporation from
opened platforms. Then these substances enter
surface water with atmospheric precipitations
[15, 16]. The results are loss of biodiversibility
caused by a penetration of the pesticides to food
chains due to their transmission through direct
contact, ingestion, or inhalation [17, 18]. The
pesticide toxicity affects on physiology, growth,
immunity, reproduction, hemato-biochemical
profile of fishes, these substances provoke
histopathological alterations of tissues of aquatic
organisms [19]. Undegraded compounds can
enter human bodies via drinking water [20, 21]
as well as via aquatic flora and fauna, which are
used as food [22, 23]. Regarding human health,
the action of pesticides can be divided to short-
term (headaches, eye and skin irritation, nausea,
dizziness) and long-term (asthma, diabetes and
cancer) [24, 25]. Due to this fact, the problem of
removal pesticides from wastes is very
important. That is why a number of strategies
(chemical, physical and biological) of water
decontamination has been developed [26].

Chemical removal of pesticides involves
ozonation [27], photocatalytic degradation [28]
and oxidation [29] as well as their combination,
for instance, photocatalytic ozonation [30, 31] or
photo-Fenton reactions [32]. The methods must
provide full degradation of these compounds
down to CO, and H,O without formation of
hazardous by-products [33-35]. It is a purpose of
oxidation, but it cannot always be achieved [36].
Regarding the plants producing and packing
pesticides, full degradation means a loss of these
valuable substances.

The same disadvantages are attributed to
electrochemical and biological methods —
nevertheless, they are widespread. Electro-
chemical treatment, particularly electro-Fenton
process [32], involves radical generation via
electrochemical reactions, which cause the
pesticide destruction [37,38]. The strategy of
anodic oxidation — cathodic precipitation has
been proposed in [39]: phosphorus-containing
pesticide was oxidized and deposited in a form
of  hydroxylapatite.  Electrooxidation  was
combined with electrodialysis [40] and
electrocoagulation [41]. In the last case, the first
stage of pesticide removal is their concentration
by electrocoagulation, the second stage is
electrooxidation or electro-Fenton process [42].
However, electrocoagulation can be used without
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the assistance of other electrochemical methods
[43]. Despite high efficiency and fast
degradation, these techniques require
unfavourable operation cost additionally to the
abovementioned disadvantages [44]. Capacitive
electrodeionization is much attractive from the
economical point of view, however, it is suitable
for a small volume of water [45].

Both microorganisms [46—48] and enzymes
extracted from them [49] are also applied to
pesticide degradation — biological method is less
expensive comparing with chemical and
electrochemical oxidation. Activated sludge [50]
or enzymes [51] are combined with
photocatalysis. It should be noted that
microorganisms and enzymes are sensitive to pH
and temperature (besides their capability to
destroy valuable products) [52].

A common approach to the removal of
pesticides from water is adsorption. A number of
adsorbents are used: from conventional (granular
activated carbon [53], biochar obtained with
chemical [54] or hydrothermal [55] techniques,
clay minerals [56], synthetic mesoporous silica
materials, particularly zeolites [57], chitosan-
based materials [58]) to advanced substances
(graphene [59] and its composite [60], metal [61]
and covalent [62] organic frameworks).
However, the regeneration of adsorbents is
accompanied by the pesticides degradation.
Moreover, adsorption is suitable for the removal
of small amounts of substances. This
disadvantage is also attributed to such membrane
process as membrane distillation [63].

Baromembrane  separation, such as
nanofiltration [64], reverse [65] and forward
osmosis [66] can be applied to the pesticide
recovery from rather concentrated solutions. In
these cases, the concentrate solution can be used
repeatedly. However, nanofiltration and reverse
osmosis require high pressure, the problems of
forward osmosis is a slow rate of this process
and treatment of the draw solution.

To overcome these problems, microfiltration
and ultrafiltration are proposed in this work.
Earlier this approach was used for the treatment
of tea infusions [67], wastewater [68] and wines
[69]. The membrane selectivity did not exceed
80 % [67] or 60-70 % [69]. Higher selectivity
was suggested in [68], but in this case the
membrane was modified with a ferment, which
provided the pesticide degradation. But it is
known that membrane modifying with inorganic
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ion exchangers enhance their rejection ability
[70-72]. Moreover, these modifiers hydrophilize
membranes providing their stability against
fouling with organic substances. In this case, the
inorganic modifiers act similarly to a widespread
hydrophilizing agent as graphene oxide, which is
used for modifying polymer [72-74] and
inorganic [75, 76] membranes.

The aim of this work is to develop
membranes, which would able to reject
pesticides without their destruction under low
pressure on the one hand and possess stability
against fouling with organic substances on the
other hand. Ultra- and microfiltration membranes
made of different polymers were investigated.
Hydrated zirconium dioxide (HZD) was chosen
as a modifier, since its precipitation allows one
to obtain the smallest particles among hydrated
oxides of multivalent metals [77]. Thus, HZD
can be deposited in the active layer of
membranes protecting them against fouling and
enhancing their separation ability. The tasks of
the work involved (i) modifying polymer
membranes, (ii) study of their morphology and
hydrophilicity, (iii) testing towards water,
calibrating solution and pesticide solution, (iv)
posttreatment of the permeate solution.

EXPERIMENTAL

Modifying  and  characterization  of
membranes. Materials produced by SuezSepa
company (Sterlitech, USA) were applied to

investigations. = We  used  microfiltration
composite membrane based on polyester
macroporous support, an active layer was

prepared from polyamide (Fig. 1) similarly to
[78]. The membrane thickness was 0.1 mm. This
composite material was marked as PA. Other
microfiltration membrane, a thickness of which
was 0.2 mm, was made of polyvinylidene
fluoride (PVDF). At last, ultrafiltration
membrane (0.055 mm of a thickness) consisting
of non-woven lavsan  (support)  and
polyacrylonitrile (active layer) was studied. This
membrane was marked as PAN.

Sol for the membrane treatment was
prepared from ZrOCl, salt similarly to [60, 79].
Membranes were degassed in water using a
vacuum pump, immersed in sol containing
0.1 M Zr. Then they were put into a dessicator
over a 0.1 M NH4OH solution. As expected, this
approach (the retardation of precipitation) would
provide a formation of aggregated particles,
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which completely fill the membrane pores. The
fluid transport was assumed to be realized
through the pores between the primary particles
in the aggregates. As mentioned in [79], a size of
the primary particles is 6 nm. It should be noted
that HZD is used for modifying proton
conducting membranes [80] although this ion
exchanger cannot provide high concentration of
free charge carrier, since the pH of the point of
zero charge is about 7 [81] (however, it can be
shifted to acidic region by combining HZD with
oxide of other multivalent metal [82, 83]). This
modifier keeps high proton conductivity of the
membranes under elevated temperatures due to
water bonded with functional (hydroxide) groups
[80]. It means, HZD could hydrophilize
nonconductive membranes for pressure-driven
separation.

After HZD precipitation, the membranes
were rinsed with deionized water, dried under
ambient conditions down to constant mass,
treated in a Bandelin ultrasonic bath (Bandelin,
Hungary) at 30 kHz, and dried again. Polymer-
inorganic samples were marked as PA-HZD,
PVDF-HZD and PAN-HZD.

Morphology and chemical composition of
the PAN samples were studied by means of a
Tescan Mira 3LMU scanning electron
microscope with an In Beam detector (TESCAN,
Czech Republic). In order to investigate PI
membranes, a JSM-6060 LA microscope (JEOL,
Japan) was used. A SEO-SEM Inspect S50-B
microscope was applied to study PVDF samples.
Preliminarily membranes were coated with an
ultrathin layer of gold (PAN), platinum (PI) or
silver (PVDF). In order to determine the total
amount of HZD (in a form of dehydrated ZrO,),
a weighted sample was combusted at 1000 °C.

Membrane wetting with water was
investigated with a Attension Theta Lite
Tensiometer (Biolin Scientific, USA). The FTIR
spectra of the active layer of pristine membranes
were recorded with a Spectrum BX FT-IR
spectrometer (PerkinElmer Instruments, USA).
Preliminarily the active layer was separated from
the macroporous substrate. A part of the polymer
was treated with a HCI solution, the pH of which
corresponded to that of Zr-containing sol. Then
the samples were grinded in liquid nitrogen and
compressed with KBr.

Water test. Tangential plate-and-frame
module was applied to investigations, the
effective area of membrane was 16 cm?
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(2 cmx8 cm). Filtration was carried out at 20 °C,
the pressure was kept at the level of 0.5-2 bar.
Cumulative volume (V) of the liquid at the outlet
of the membrane module was recorded under
predetermined time (7). Non-linear regions of the
V—7 curves corresponded to the membrane
compression, linear regions are attributed to
steady state. Water flux through the membrane
(Jw) was calculated from the slopes of steady
state regions [84]:

dVl
dTA

Here A4 is the effective membrane area.

Filtration of solutions. Membranes were
calibrated using a solution of bowine serum
albumin (BSA), molecular mass of which is
69 kDa. Filtration was carried out at 1 bar, a
concentration of the feeding solution was

i}

(1)

w

o R
T
R—C—N—

59 mg I'!, its volume was 0.5 1. The solution was
analyzed with a Bradford method involving
Coomassie brilliant blue G-250 [85]. The
velocity of the feeding solution was
~ 100 cm® min™.

As a model object, a Queen Star Max
herbicide produced by Ukravit (Ukraine) was
used for investigations. The active substance of
this pesticide is quizalofop-p-ethyl (QPE, sce
Fig. 1), its initial concentration was 59 g 1"'. The
preparation was diluted in 1000 times with tap
water, the feeding solution containing 59 mg 1™
was obtained by this manner. Filtration was
performed at 0.5-2 bar and 20 C (PA-HZD) and
1 bar (other membranes). The samples of
solution were taken and analyzed further using
an Agilent 1290 liquid chromatograph supplied
with an Agilent 6400 triple quadrupole detector
(Agilent, USA).

—Hjﬂg—(ljﬂ—]ﬁ
C=N

Fig. 1.
Selectivity of the membranes (¢) was
determined via:
¢=(1—C£jx100%
’ ) 2

where C and C, are the concentrations of
permeate and feeding solution respectively. In
order to estimate the membranes fouling, such
parameter as flux decline ratio (FDR) [86] was
used:
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Polyamide (a), polyvinylidene fluoride (b), polyacrylonitrile (¢) and quizalofop-p-ethyl, QPE (d)

FDR :[]—JLJXIOO%

w

; 3)

where J is the permeate flux. The smaller this
parameter, the less fouling.

Postreatment of permeate. Residual QPE
amount was removed with biochar, a method of
the synthesis of this material was reported in
[54]. Briefly: lactose (“Agrocapital of Ukraine”
LTD Company, Ukraine) was mixed with two
volumes of concentrated H,SO4 under cooling,
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the mixture was activated with ultrasound,
heated at 120 C wunder periodic ultrasonic
activation, washed with deionized water up to
pH 7 of the effluent.

The permeate passed through the column: its
diameter was 0.8 cm, the bed volume was 5 cm’.
The solution velocity was 0.15 cm® s™'. Probes of
the effluent were taken regularly and analyzed
with a chromatographic method.

RESULTS AND DISCUSSION

Composition and  morphology of
membranes. Typical SEM images of pristine and

WO 1,97 mm
Det: InSzam

- —
SEM HV: 0.0 0
Wiew MNeld: 5,00 ym
SEM MAG: 379 k.

T
SEM MAG: 374 kx

modified micro- and ultrafiltration membranes
are given in Fig.2. In the case of PA
microfiltration membrane, the size of pores of
the active layer is 100-500 nm. The shape of the
pores is mainly irregular or close to round. The
pores are either at a considerable distance from
each other, however, the distance between them
is less than 100 nm. Comparing with the pristine
membrane, the surface of modified material is
more relief, the size of holes decreases down to
50-300 nm.

ssu'ﬁ" 1Jw \I.‘-D 1.47 mm ‘

Wiew field; 5,00 ym Dt inBeam
SEM MAG: 379 kx

SEM HV: 100 kY MIRAZ TESCAN|

WO 4.68 mm | |

1

Fig. 2. SEM images of PA (a, b), PVDF (c, d) and PAN samples. Membranes: pristine (a, ¢, €) and modified (b, d, f)
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Unlike PA samples, the PVDF membrane
shows a widening of pores after modifying (up to
several microns). At the same time, the pristine
material  shows  much  smaller holes
(approximately several hundred nanometers).
Regarding the PAN samples, blocks of polymer
are visible on the surface, narrow slit-like pores
are seen between them. Some blocks stuck
together after modifying, the holes become
wider.

Chemical analysis showed the highest HZD
content on the surface of PAN membranes
(Fig. 3, Table 1). Trace amount of Cl was also
found, this element is originated from ZrOCl,
salt, which was used for sol preparation. At the
same time, much smaller Zr content is located
just under the active layer. No Zr was found in
the macroporous support: the particles of
inorganic ion-exchanger is evidently located
irregularly making them difficult to detect. It
should be noted that the elemental analysis
shows both C and N elements on the surface of
active layer. It means HZD is between the
polymer regions (cracks on the surface is caused
by destructing action of electron beam during
SEM observation). Since it is impossible to
remove HZD from the surface with ultrasound, it
means strong fixation of this inorganic ion
exchanger. It is possible due to acidic or alkaline
hydrolysis of PAN, which is caused by acidic sol
and NHj3 vapour respectively. A final stage of the
hydrolysis is the formation of carboxyl groups:

R—C=N+HCI1+2H,0—R-COOH+NH4Cl, “4)

Toum

Fig. 3. Distribution of Zr through PAN-HZD membranes
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R-C=N+NH;OH+H,0 —R ~COONH,+NHs.
©)

Hydrolysis is accompanied by the formation
of copolymer consisting of acrylamide,
acrylonitrile [87] or ammonium acrylate [88]
units. Simultaneous HZD precipitation and
polymer transformation cause strong fixation of
the particles of inorganic ion exchanger.

Polyamide demonstrates similar behaviour in
acidic and alkaline media: partial destruction
leads to the formation of —R;-COOH and RoNH>
fragments [89]. This transformation can also
cause strong fixation of the modifier particles on
the surface. Indeed, energy dispersive X-ray
spectrum of the PA-HZD shows a presence of Zr
on the outer surface of the membrane (Fig. 4).
The modifier particles are surrounded with
polymer, since carbon and nitrogen were also
detected. Hydrolytic transformation of the
polymer is confirmed by the data of FTIR
spectroscopy (Fig. 5). The vibrations of CH,
fragments and CH3 end groups are expressed as
stripes at 2950 (vs), 2850 (vas) and 1440 (5) cm ',
an intensive band at 1440 cm 'corresponds to
scissoring vibration of methylene groups in
—CH,—-CO- fragments [90]. Amide groups give a
wide band at the region of > 3000 cm™', carbonyl
groups are recognized from the band at 1720 cm™.
The band at 1350 cm™ can be attributed to the
end CH3 groups. Hydrolysis causes an increase
of the intensity of the bands in a high frequency
region due to OH fragments of carbonyl groups.
The band at 1350 cm™' becomes more intensive
probably as a result of overlapping with the band
of OH groups.

Eleciron image 1
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Table 1. Chemical analysis of PAN-HZD membrane

Amount of element, atom. %

Spectrum C N o al Zr Total
Spectrum 1 37.36 332 32.08 0.79 26.46 100.00
Spectrum 2 60.01 23.73 15.17 1.09 100.00
Spectrum 3 62.08 9.62 28.30 100.00

| Cresmp 7

Fig. 4. Energy dispersive spectra for PA-HZD (@) and PVDF-HZD (b) samples. The most intensive peak
corresponds to the coating material (Ag)

Transmittance

4000 3000 2000 1000

-1
v, cm

Fig. 5. FTIR spectra of pristine (@) and hydrolysed (b) polyamide
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Elemental analysis showed a presence of Zr
on the surface of chemically inert PVDF-based
sample despite its preliminarily treatment with
ultrasound (see Fig.4). In general, the HZD
content (determined as ZrO, after the burning
membrane) increases within the order:
PA-HZD < PAN-HZD < PVDF-HZD (Table 2):

the thickest membrane shows the highest
modifier content. It should be noted that acidic
or alkaline hydrolysis of polyamide [91, 92] and
polyacrylonitrile [93] filtration membranes
enhances their hydrophilicity and improves their
filtration performance.

Table 2. Modifier content in the membranes, their hydrophilicity and filtration performance

Membrane Liquid PA PA-HZD PVDF PVDF-HZD PAN II’_IAZI\]I)-
V4{0)) cor:)tent, _ : 35 B 15 B 41
mass %
Weting angle, 69.52 42.74 91.88 76.54 72.65 64.83
degree
R m™! Water 1.23x10'? 3.71x10"2 3.82x10'! 6.39x10!! 2.02x10"3 1.26x10"
& 0.48 0.44 0.37 0.31 0.48 0.44
L,1m?h 'bar! 324 108 1080 612 20 3
d, nm 103 62 305 80 19 8
FDR, % 87 81 93 89 64 44
L,1m2h'bar! BSA 25 21 90 68 7 2
0 % 0 90 0 96 97 98
FDR, % 97 75 98 65 92 37
L,1m?h'bar’! 12 27 22.5 196 1.6 1.9
J, m’m s 276x10°  7.5x10°  6.25x10° 6.11x10°° 437x107  5.28x1077
V/Vy Pesticide 5 11 10 70 4 7
Residual
concentration, 0.001 0.0003 0.008 0.005 0.0008 0.0002
mg 13
| = | =
a b
Fig. 6. Wetting PAN («) and PAN-HZD (b) with water
Indeed, modifying membranes with HZD hydrophilicity is improved by incorporated

results in a decrease of water wetting angle
(Fig. 6). The strongest effect was found for the
PA-based materials: it is caused by carboxyl
groups as well as by incorporated particles of the
inorganic ion-exchanger. The enhancement of
PVDF hydrophilicity is due to HZD. In the case
of  ultrafiltration = PAN  membrane, its
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inorganic particles as well as by amino- and
carboxyl surface groups.

Filtration of water and calibrating solution.
Besides the improvement of rejection ability and
stability against fouling, the inorganic ion
exchanger provides stability of the membranes
against compression similarly to rigid polymer
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[94]. As an example, Fig.7 illustrates a
dependence of the volume of filtrated water on
time. First the V-7 curves are not linear due to
compression, then they become linear. For
microfiltration membranes, the time to achieve a

4000

o PA

0 PA-HZD
3000 ¢ v PVDF

A PVDF-HZD

1000

0 20 40 60
Time, min

a

steady state is 40 (pristine membrane) and
20 min (modified materials). Both pristine and
modified ultrafiltration membranes are stable
against compression.

1600

§ 500 | ® PAN
> v PAN-HZD

0 M

v

0 300 600 900
Time, min

b

Fig. 7. Cumulative water volume through polymer and polymer-inorganic micro- (a) and ultrafiltration (b)
membranes as a function of time. Pressure: 1 (a) and 2 () bar

Both pristine and modified membranes obey
Darcy law at least up to 2 bar (Fig. 8). In other
words, the water flux is proportional to pressure
(4P):

Jy=— (6)

PA

PVDF
PA-HZD
PVDF-HZD

>4 00

0.0 0.5 1.0 1.5 2.0 2.5

where u is the dynamic viscosity, R, is the
hydrodynamic resistance of membranes. As
follows from Table 2, the resistance decreases
within the order: PVDF > PA > PAN for pristine
samples. The same order was obtained for the
modified membranes. Incorporated HZD
increases hydrodynamic resistance approxi-
mately in 2-3 (microfiltration membranes) and
16 (ultrafiltration membranes) times.

12

S
oo
T

-2 -1

3
mm

Jx10°,

2.5

Fig. 8. Water flux through polymer and polymer-inorganic micro- (@) and ultrafiltration (b) membranes as a

function of pressure

For filtration = membranes, following
phenomenological equation is valid [84]:

J=LAP, 7)

where L is the membrane permeability

(phenomenological ~ coefficient)  that s

traditionally expressed in units of 1 m? h'bar.

ISSN 2079-1704. CPTS 2024. V. 15. N 4



Polymer-inorganic membranes for removal of pesticides from water using pressure-driven technique

The order of the permeability decrease is:
PVDF> PVDF-HZD> PA> PA-HZD> PAN>
PAN-HZD. It means, even the modified PVDF
sample shows the highest permeability
coefficient among the modified samples as well
as pristine PA and PAN membranes.

The membrane permeability is determined
by porosity (¢), namely by the ratio of the
volumes of pores (/) and membrane (V:):

Z
E=—
Vm B (8)
On the other hand, the permeability depends

on the pore size (d), which can be calculated

from the Hagen-Poiseuille equation [84]:

SutAxJ

AP

d=2 )

where ¢ is the tortuosity coefficient (as a rule, it
is close to 2 [95]), Ax is the membrane thickness.
The ¢ and d values are given in Table 2. It should
be noted that the porosity decreases after
modifying due to HZD insertion (all membranes)

or gluing polymer regions (PA, PAN). The d
magnitude also decreases.

400

For asymmetric membranes, this parameter
is approximate, since the porosity of active layer
and macroporous support cannot be divided.
However, it allows us to recognize a change of
morphology. HZD particles can be located either
only in the macroporous support (when large
particles are formed) or in the active layer and
support. The inorganic filler in the support
cannot affect separation properties of the
membrane. However, the modifier can influence
the rejection ability, when it is placed in the
active layer. Based on the energy dispersive
spectra (a presence of Zr on the membrane
surface), it is possible to expect the modifying
effect on separation. When the BSA solution
passed through the membranes, lower permeate
flux was recorded in comparison with water
filtration. As seen from Table?2, the FDR
parameter was  81-93%  (microfiltration
membranes) and 44-64 %  (ultrafiltration
membrane). It means that the PAN-based
samples shows higher stability against fouling.
Also the modifying procedure results in a
decrease of the FDR value. The filtration rate
reduces over time (pristine membranes) and
remains practically constant in the case of
modified membranes (Fig. 9).

300

100

PVDF
PVDF-HZD
PAN 1
PAN-HZD

PA

PA-HZD

o= P>4qOeO

it
Poreim polymer

@ Modifier

Pores between
imorpamic particles
b

Fig. 9. Cumulative volume of permeate over time of BSA filtration (a), stretching of pores with HZD (b)
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After modifying, microfiltration membranes
are capable to reject BSA — the selectivity
reaches 90-96 % as opposed to pristine samples,
which show no selectivity. However, the
modifying procedure causes an appearance of
large pores in the active layers (see Fig. 2). This
can be explained by stretching pores due to
incorporated particles (see Fig. 8). Pores between
HZD particles determine selectivity of the
modified membranes. The embedded particles
are stable against pressure at least at AP < 2 bar
evidently due to the polymer elasticity. On the
other hand, the transformation of PA and PAN

300

200

>
100
0 L L L L L
0 30 60 90 120 150 180
Time, min
a
400
® PA
O PVDF
300 PVDF-HZD
§ 200
>
100
Oi L L L
0 20 40 60
Time, min
C
Fig. 10.

due to hydrolysis enhances the fixation of HZD
particles in the polymers. Thus, both water and
BSA tests show a positive effect of the modifier
on the separation ability of membranes.

Recovery of QPE from water. QPE in water
is emulsion, drops of which can demonstrate
coalesce under the influence of pressure [96].
Other factors that promote coalescence are
membrane material, pore size and so on. Namely
the coalescence phenomenon provides rejection
of this pesticide. Additionally QPE can be
retained by the membrane due to adsorption. on
the outer surface and/or inside pores.

2
s
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40
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Cumulative volume of permeate over time of QPE filtration through the PA-HZD sample under various

pressure (a), permeate flux through the PA-HZD as a function of pressure (b), cumulative volume of
permeate over time through micro- (c) and ultrafiltration (d) membranes at 1 bar

As an example, Fig. 10 a illustrates the
effect of pressure on the liquid transport through
the PA-HZD membrane. An increase of pressure
from 0.5 to 1 bar enhances the transport, the V—r
dependencies are linear indicating no effect of
fouling on the filtration rate. The increase in
pressure up to 1.5 bar allows us to obtain the
highest volume of the permeate, however,
filtration slows down over time. A smaller
volume of permeate was found at 2 bar than that
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for 1.5 bar. The dependence of the permeate flux
on pressure shows a region of rapid increase
followed by a plateau. The growth corresponds
to the “Darcy region”, the plateau is attributed to
the diffusion regime. Thus, other membranes
were tested at 1 bar.

According to Fig. 10 and Table 2, modified
membranes show higher filtration rate of QPE-
containing solution comparing with pristine
material. This is opposed to the BSA filtration
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indicating more intensive fouling of the pristine
membrane with pesticide. Indeed, the FDR
parameter for the pesticide filtration through the
pristine material is higher than that for the BSA
solution. Conversely, lower FDR values were
found for the modified membranes in the case of
QPE filtration comparing with BSA.

This behaviour of pristine and composite
membranes is  explained by  different
mechanisms of their fouling. As an example, the
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0.0

0 50 100
Time, min

a

data for PA and PA-HZD samples were
considered. Regarding to the modified
membrane, the V—r dependence obtained at
1.5 bar was analyzed, since it shows the fouling
effect. Linearity of the 7/} — plot indicates pore
constriction, the linear7/V — V curve means cake
formation. Fig. 11 shows pore constriction for
the pristine membrane and cake formation for
the modified sample.
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Fig. 11. Modelling of fouling: pore constriction (a) and cake formation ()

The initial concentration of QPE was
59 mg 1!, the maximal allowable concentration
is 0.0001 mg 1" [98]. The pesticide content in
permeate decreases in 7000-300000 times, it
means the membrane selectivity exceeds 99 % in
all cases. An order of the QPE removal is as
follows: PVDF <  PVDF-HZD < PA < PA-
HZD < PAN < PAN-HZD. In other words,
ultrafiltration membranes demonstrate higher
rejection  comparing with  microfiltration
samples. Among microfiltration membranes, the
highest retention was found for PA-based
materials. In all cases, modified membranes
show higher QPE rejection. The highest ratio of
the volumes of permeate (V) and feeding
solution (V) was obtained for the PVDF-HZD
membrane (see Table 2). In this case, the most
concentrated solution is formed.

It should be stressed that any membrane does
not reduce the QPE content down to the maximal
allowable concentration for surface water
(0.0001 mg 1"") [98]. Thus, a posttreatment of the
permeate is necessary. Adsorption on biochar
under dynamic conditions gives a possibility to
reduce the pesticide amount down to the value,
which is lower than the maximal allowable
concentration: 0.00001 (PA), 0.00004 (PVDF),
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0.00002 (PVDF-HZD) mg I"". Regarding to the
permeate obtained with other membranes, no
QPE was detected after the passage through the
adsorption column. It means that the
concentration is below the detection limit of the
liquid chromatography method.

Since the posttreatment procedure is needed
in all cases, the PVDF-HZD membrane looks
most attractive. Namely this membrane produces
the largest amount of permeate, the concentrate
solution contains 180 mg I"' QPE. This is a
commercial product. According to the data of
producing company, the consumption of the
solution containing 125 g 1" QPE is ~ 1 liter per
one hectare. The concentrate consumption is
about 0.71 per 10 m?. This product can be
recommended to prevent grass growth between
paving slabs, on the cemetery plots, small lawns
and so on.

CONCLUSIONS

In comparison with polymer membranes,
polymer-inorganic materials containing HZD
possess a number of advantages: (i) enhanced
separation ability, (ii) stability against fouling
with organic substances, (iii) operating under
low pressure, (iii) enhanced stability against
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compression, which gives a possibility to use reduce an amount of toxic substance down to the
polymer-inorganic materials for the production maximal  allowable  concentration.  This
of hollow-fiber and capillary modules. The procedure can be not only adsorption, but also
membranes demonstrate high QPE rejection photocatalytic or chemical oxidation with ozone
evidently due to coalescence of the emulsion or Fenton reagent. These approaches would
drops. Among investigated membranes, the provide not only the pesticide degradation, but
PVDF-HZD sample shows the highest permeate also the destruction of other components of the
flux. The concentrate solution can be used as a commercial form of pesticide, such as dyes,
commercial product, the posttreatment procedure stabilizers, residual solvents.

must be applied to the permeate in order to

IHosnimMep-Heopraniuni MeMOpaHu I BUAAJTCHHS MECTULM/IB 3 BOIM
i3 BUKOpHUCTAaHHAM 0apoMeMOpPaHHOI0 METOXY

10.C. [3a3bko, JI.M. Po:xknecTBencbka, K.O. Kyneako, JI.M. [lonomaproBa,
JL.S. lTeiin6epr, T.B. Auenxo
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Tecmuyuou nompanisiomes 00 NOBEPXHEBUX MA NIOZEMHUX 800 He Jule 3i CIIbCbKO2OCRO0ApPChKUX yeiob, a il i3
nionpuemcms. oe gupooasroms ma gacyroms yi peuosunu. Takum yuHom, He0OXIOHO eupiuumu npPodIeMy CMIYHUX
600 yux nionpuemcms. [lany pobomy npuceéaueno pospooyi eucokoeheKmusHux mamepianie 0ia 6apomemopasHux
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