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Abstract

Chemical modification of poly(vinyl alcohol) (PVA) with different monomers is
a convention method for the development of its properties. In this study, the new
multifunctional membranes (PVA-A), ;, (PVA-P),_;, (PVA-AG) and (PVA-PG)
were designed and synthesized by the reaction of PVA with heterocyclic compounds
[N,N'-bi-a-azido succinimide (A), N-phthalimido-a-azido succinimide (P)] and
using glutaraldehyde (G) as cross-linker, respectively. The new membranes were
characterized by FT-IR, TGA, SEM and X-ray diffraction. The swelling behavior of
the membranes showed that membranes (PVA-P),_; exhibited the highest swelling
capacity in different solvents. Their antibacterial against (Gram-negative), (Gram-
positive) bacteria, and in vitro drug loading and release activities were evaluated.
Additionally, metal ions adsorption capacity for copper, cobalt and mercury ions
was studied. (PVA-AG) membrane performed the highest inhibitory effect to E.
coli, Proteus, S. aureus and B. subtilis bacteria reached 22.9, 25.46, 24.9 and 30.56,
respectively. Furthermore, in vitro controlled loading and release of lidocaine,
(PVA-A), membrane revealed remarkable ability reached 57.37% and 94.59%,
respectively. Hydrogel (PVA-AG) showed the highest metal ions (copper, cobalt and
mercury) uptake efficiency (64.5, 69.5 and 73), respectively. Based on results, the
prepared membranes can be suggested as promising agents for antibacterial, drug
delivery systems and metal ions removal from aqueous medium.
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Introduction

Poly(vinyl alcohol) (PVA) is the largest synthetic water-soluble and semicrystal-
line polymer produced in the world [1, 2]. Due to its unique characteristics involv-
ing processability, hydrophilicity biocompatibility, film forming ability, non-
toxicity, biodegradability and barrier properties, PVA is used in a wide range of
applications such as fibers, films, membranes, materials for drug delivery system,
biocompatible glucose sensor [3], water treatment [4] and antibacterial activity
[5-9]. It is a polymer of large attention because of its various desired characteris-
tics specifically for pharmaceutical and biomedical applications [10-12].

The modification of PVA is needed to destroy its intermolecular and intramo-
lecular interactions that exits between hydroxyl groups on its molecular chains,
and it reacts with other polymers due to its hydrophilicity [1, 13].

Cross-linking of PVA is used to produce different types of polymers which
presents a broad range of applications in industry [14—16]. Dialdehydes, such as
glyoxal [17] or glutaraldehyde [18], are the most commonly used cross-linkers
for PVA. The highly multilateral chemical cross-linking is used to modify poly-
mers, to enhance its properties, such as mechanical, chemical and thermal stabil-
ity [19, 20]. PVA hydrogel can be used as adsorbent. The adsorption efficiency
of Cu?*onto PVA hydrogel adsorbents with several cross-linking degrees from
aqueous solution indicated that PVA formed cross-linked hydrogel with glutaral-
dehyde have uptake ratio in the range of 195-250% [21]. PVA is modified with
chitosan (CS) in the presence of calcium chloride (CaCl,) to form cross-linking
membranes with more flexibility than a CS-PVA membrane itself and can be used
for biomedical applications [22]. In addition, chitosan/polyvinyl alcohol blend
can form a good antibacterial membrane for air filtration [23].

Several researchers have modified the PVA by introducing interactive func-
tional groups such as carboxylic, sulfonate and amino groups because they
believe it is essential to expand the application potential of modified PVA [24,
25]. Preparation of PVA containing phosphorus and heteroaromats in the polymer
chain has attracted the attention of many researchers because of the excellence in
their properties such as the susceptibility to inflammation, high melting points,
thermal stability and extraction of heavy metal ions [26, 27]. Interpenetrating net-
work (IPN) can be formed by chemical modifications of poly(vinyl alcohol) with
several heterocyclic compounds which improve the antibacterial effectiveness of
the resulting polymers against 2 types of bacteria [28].

Recently, interpenetrating network (IPN) and semi-IPN polymer structures can
be used for releasing drugs in a controlled manner [29], as example, blend micro-
spheres of cellulose triacetate and bee wax are used for investigating the con-
trolled release of nateglinide, an antidiabetic drug with a plasma half-life of 1.5 h
[30].

Bismaleimides (BMI) have been employed as chain extenders, and cross-link-
ing agents with many polymers and composite systems. The thermal properties
of bismaleimide polymers were affected by the length of the main carbon chain
on it. The BMI system is influenced by the chemical nature of the maleimide
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rings. The presence of BMI in the modified polymers possesses the capability of
membrane-forming [31, 32].

This study is extension of our previous work for the preparation of new modified
polymers for different applications [33-38], polyvinyl alcohol was taken as the basic
matrix and modified with two heterocyclic compounds [N,N'-bi-a-azido succinimide
(A) and N-phthalimido-a-azido succinimide (P)] via their reaction in the absence or
presence of glutaraldehyde as a cross-linker to enhance the physicochemical prop-
erties of PVA. The prepared membranes were characterized using FTIR spectrum,
X-ray, thermal analysis (TGA) and scanning electron microscopy (SEM). Also, anti-
bacterial activity, drug loading and release and metal ions adsorption from aqueous
medium for the membranes were investigated.

Experimental
Chemicals and reagents

Poly(vinyl alcohol) (PVA): 88% hydrolyzed powder average M.W=10 k Da
(Aldrich), 10% PVA solution was prepared by gentle heating of 10 gm PVA in
100 ml distilled water, glutaraldehyde (25 wt% in H,0) (Aldrich), pyridine (Merck),
maleic anhydride (EL Nasr Pharmaceutical Chemicals Co.) (Egypt), phthalic anhy-
dride (Aldrich), acetic anhydride (Fluka), hydrazine hydrate (99%) (Alpha), sodium
carbonate (EL Nasr Pharmaceutical Chemicals Co.) (Egypt), glacial acetic acid,
dimethyl sulfoxide, sodium azide (Aldrich), methanol (Alpha), benzene, dimeth-
ylformamide (Adwic), lidocaine, copper sulfate (Aldrich), cobalt acetate (Aldrich)
and mercuric chloride (Aldrich), N,N'-bi-a-azido succinimide (A) was prepared
according to Awad et al. [39], N-phthalimido-a-azido succinimide (P) was prepared
according to Awad et al. [40].

Instrumental analysis

Melting points were illustrated by a Boetius device.

The thickness of membranes was measured using SOMET 0-25/0.01 mm
Micrometer (CSN 251420).

FTIR spectra were determined by PerkinElmer-1430, using the KBr Wafer
technique.

X-ray diffraction was carried out with a Phillips X-ray (Generator PW-1390) with
a Ni-filtered Cu Ka radiation source (A=0.154 nm), set at scan rate = 10°/min, using
a voltage of 40 kv and a current of 30 mA was for measuring the diffraction patterns
of the membrane. The sample was ground well and scanned at 26 range from 4° to
90°.

Thermal analysis (TGA) was measured in a nitrogen atmosphere by a Shimadzu
TGA-50H thermal analyzer.

The morphology was determined by scanning electron microscopy using Model
JXA 850 prop microanalyzer. The samples were mounted on a metal stub with
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double stick adhesive tape and coated under vacuum with gold. The gold film thick-
ness was 150 A. The scanning occurred at accelerating voltage 30 kV and magnifi-
cation at 30 x4000 um, at 50 x 2000 um and at 100 x 1000 pm.

Methods
Membranes preparation

Modification of poly(vinyl alcohol) with N,N’-bi-a-azido succinimide (A)
and N-phthalimido-a-azido succinimide (P).

A mixture of N,N'-bi-a-azido succinimide (A) or N-phthalimido-a-azido succin-
imide (P) at different concentrations (0.5 mmol, 1.5 mmol and 2.5 mmol), (10 ml)
of 10% PVA solution and pyridine (0.2 ml) was refluxed for 1 h with stirring. The
reaction mixture was poured into petri dish and left at room temperature until com-
plete solvent evaporation to form the membranes. The membranes were washed with
dimethylformamide and dried in oven at 100 °C for 30 min. to give: (PVA-A), ; and
(PVA-P),_,, respectively. The thickness of the prepared membranes was (180, 190,
210) pm and (150, 170, 190) pm, respectively.

Modification of poly(vinyl alcohol) with N,N’-bi-a-azido succinimide (A)
and N-phthalimido-a-azido succinimide (P) in the presence of glutaraldehyde.

A mixture of N,N'-bi-a-azido succinimide (A) or N-phthalimido-a-azido succin-
imide (P) (0.5 mmol), (10 ml) of 10% PVA solution, (25%, 5 ml) glutaraldehyde
and pyridine (0.2 ml) was refluxed with stirring until complete gelation. The reac-
tion mixture was poured into petri dish and left at room temperature until complete
solvent evaporation to form the membranes. The membranes were washed with
dimethylformamide and dried in oven at 100 °C for 30 min. to give: (PVA-AG) and
(PVA-PG), respectively. The thickness of the prepared membranes was 240 pm and
230 pm, respectively.

Characterization of the prepared membranes
Determination of sol-gel fraction

The soluble and gel fraction were determined gravimetrically, a constant weight
(W,) of membranes (PVA-A), 5, (PVA-P),_;, (PVA-AG) and (PVA-PG) were placed
in 20 ml of different solvents as [distilled water, methanol, dimethylformamide and
dimethylsulfoxide] and then boiled for 1 h. The swelled pieces of the membrane
samples were taken and dried in oven at 120 °C to remove the excess of the solvent.
Drying to constant weight (W) was obtained. The soluble and gel fraction was cal-
culated according to the following equations [41]:
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. Wy - W,
Soluble fraction (SF%) = v x 100 )
0

where W, is the initial weight of the membrane, W, is the weight of dried membrane
after removal of the solvent.

Gel fraction (%) = 100 — Sol fraction. )

Determination of swelling ratio

The swelling ratio was determined gravimetrically, a certain weight (W)) of the
membrane was soaked in 20 ml of different solvents [distilled water, methanol,
dimethylformamide and dimethylsulfoxide] for 24 h at room temperature. The sam-
ple was removed from the beaker and blotted with a filter paper just to remove the
droplet of solvents on the surface.

The swelling ratio was calculated according to the following equation [42]:

. . W, - W,
Swelling ratio (%) = —w x 100 3)

where W, is the weight of dry membrane, W, is the weight of the swollen membrane.
The swelling ratio experiments were repeated three times and the results are
expressed as the mean + standard deviation (SD).

Drug loading and release

The membranes were equilibrated in 1000 ppm (mg/L) of lidocaine (LD) prepared
in phosphate buffer at pH 7.4 at room temperature for 2 days. After loading, the
membranes were removed from the solution and rinsed with buffer solution, then
calculated the weight of the (LD) taken by the membranes.

The lidocaine (LD) releases occur by immersing the loaded (LD) membranes in a
vessel containing 10 ml of phosphate buffer pH 7.4 at room temperature with shak-
ing, then calculate the weight of the released (LD). The amount of drug loaded in
membranes and the percentage release of the (LD) were determined by the follow-
ing equations [43, 44]:

Wp — W,
% Drug loading = —L__d%100 4)
Wy
Wl
% Release = — x 100 3)
Wn

where W is the weight of dried membranes before immersion in the drug solution,
Wy is the weight of dried membranes after immersion in the drug solution, W, is the
weight of the released lidocaine (LD).
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Both drug loading and release experiments were repeated three times and the
results are expressed as the mean + SD.

Evaluation of the efficiency of metal ions uptake

To determine the metal ions uptake from aqueous solution [copper sulfate, cobalt
acetate and mercuric chloride] (0.05 g in 25 ml water), the prepared membranes
were preswelled in water until constant weights were obtained. The preswelled
membranes were immersed in the solution for 5 h and10 h. The absorbance of
M?*ions was measured at different time periods using UV—-visible spectrometry.

The efficiency of metal uptake of the investigated membranes was calculated
using the following equation [36]:

F(%) = [1 - Cﬁ] x 100 6)

0

where F is efficiency (%), C is the concentration of M>Tin the solution after a cer-
tain time, Cy, is the initial concentration of M?*solution.

Results and discussion

Modification of poly(vinyl alcohol) with different heterocyclic compounds (A)
and (P)

The aim of our research is the preparation of new membranes by chemical modifica-
tion of poly(vinyl alcohol) with functionalized groups of heterocyclic compounds
[N.N'-bi-a-azido succinimide (A) and N-phthalimido-a-azido succinimide (P)] at 3
different concentrations via the nucleophilic attack of hydroxyl groups of PVA on
the carbonyl groups of heterocyclic compounds via ring-opening to give new mem-
branes (PVA-A),_; and (PVA-P),_,, respectively, to study the effect of the different
concentrations of the monomers (A) and (P) on the properties of the prepared mem-
branes. However, chemical modifications of PVA with (A) and (P) in the presence
of glutaraldehyde as cross-linker were performed to give the membranes (PVA-AG)
and (PVA-PQG), respectively (Scheme 1).

Characterization of the prepared membranes

The new membranes were characterized by FTIR, thermogravimetric analysis
(TGA), X-ray diffraction and scanning electron microscopy (SEM).

Fourier transforms infrared (FTIR) spectroscopy

The FTIR spectra were used to study the structures of PVA and the membranes
(PVA-A),, (PVA-P),, (PVA-AG) and (PVA-PG). The FTIR spectra of the new

@ Springer



Polymer Bulletin (2023) 80:2367-2387 2373

(a)
o o o
OzﬁNszgO _ NaN, oﬁn—nz o

Acetic acid

(b
9 9 9 o H
© e L B L N CCH
©i?/ NG—C-H  Acetic acid 2T N g—cn
o o 0 o N,

Scheme 1 Synthesis of a N,N'-bi-a-azido succinimide, b N-phthalimido-a-azido succinimide, ¢ (PVA-
A),_; and (PVA-AG) and d (PVA-P),_, and (PVA-PG)

membranes showed ester formation between the hydroxyl groups of the PVA chains
and the carbonyl groups of heterocyclic compounds (A) and (P). FTIR spectra of the
membranes showed characteristic absorption bands at 1741-1746 cm™" assigned for
carbonyl group stretching, and at 2110-2113 cm™' assigned for azide group, peaks
at 2922-2924 cm™! for (CH) stretching of (CH,) group and absorption bands at
3428-3446 cm™! for (OH) of PVA implies for N-H stretching of heterocyclic com-
pounds. The characteristic absorption bands for membranes prepared in the presence
of glutaraldehyde showed absorption bands at 1103, 1153 cm™! assigned for ali-
phatic ether (C—O-C) stretching resulted from reaction of PVA with glutaraldehyde
and formation of acetal [45] as shown in Fig. 1.
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Fig. 1 Infrared spectra of a PVA, (PVA-A),, (PVA-AG) and b PVA, (PVA-P),, (PVA-PG)

Thermogravimetric analysis (TGA)

The thermal stability of the membranes was evaluated by TGA in air at a heating
rate of 10 °C/min. PVA showed three main weight loss stages, the first stage at
170 °C attributed to evaporate strong bound water, the second stage at 300 °C that
indicated the dehydration reaction on the polymer chain, and the 3rd stage at around
400480 °C due to the decomposition of the polymer [46—48]. The thermograph
of the membranes showed that the weight loss of the cross-linked membranes in
low temperature around (167-180 °C) may be indicated to the ease of degradation
of multifunctional groups; however, the weight loss in the high temperature around
(324-449 °C) due to the degradation of the main chain of the polymers (Fig. 2). The
results showed that the thermal stability for membranes (PVA-AG) and (PVA-PG)
was improved attributed to the increase in degree of cross-linking due to the cross-
linking with glutaraldehyde.
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= ol (PVA-PG)
< <
=y o
g 40 g 40
20 20
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Fig.2 TGA for a PVA, (PVA-A),, (PVA-AG) and b PVA, (PVA-P),, (PVA-PG)
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X-ray diffraction

X-ray diffraction analysis is used to investigate the crystalline structure of the mem-
branes. The X-ray diffraction of the new membranes exhibited lower intensity peaks
than PVA. The new membranes showed that the crystallinity of the prepared mem-
branes decreases with increasing the concentration of the monomers (A) and (P) in
the membranes (PVA-A),_; and (PVA-P),_; [49]. This result was due to the increas-
ing of the degree of cross-linking in the membranes as shown in Fig. 3a, b. The
interfering peaks at 26 in the range 4-90° indicated the intermediate properties of
membranes between crystalline and amorphous properties. Additionally, increase in
the peaks height of the X-ray diffraction of membranes (PVA-AG) and (PVA-PG) in
the presence of cross-linking glutaraldehyde indicated increase in crystallinity than
the membranes formed in the absence of glutaraldehyde due to thickness increase in
the cross-linking membrane (Fig. 3c, d) [50].

Solubility

The solubility of the prepared membranes (PVA-A),_;, (PVA-P),_;, (PVA-AG) and
(PVA-PG) was studied in different solvents at room temperature. Although PVA is
water soluble, the new membranes were insoluble in the different solvents as: DMF,
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Fig.3 X-ray diffraction pattern of a PVA, (PVA-A),_;, b PVA, (PVA-P),_;, ¢ PVA, (PVA-AG), (PVA-
A), and d PVA, (PVA-PG), (PVA-P),
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Table 1 Sol-gel fraction for the different membranes

Membrane code Soluble fraction % Gel fraction %

MeOH DMF DMSO Water MeOH DMF DMSO Water

(PVA-A), 6 27 25 25 94 73 75 75
(PVA-A), 4 23 21 2 96 77 79 78
(PVA-A), 3 21 19 18 97 79 81 82
(PVA-AG) 2 17 16 12 98 83 84 88
(PVA-P), 19 29 28 27 81 71 7 73
(PVA-P), 17 25 23 23 83 75 77 77
(PVA-P), 15 23 21 20 85 77 79 80
(PVA-PG) 12 18 17 14 88 82 83 86

Table 2 Mean value of swelling ratio of different membranes with their relative standard deviations

Membrane code  Swelling ratio %

MeOH DMF DMSO Water

Mean RSD % Mean RSD% Mean RSD% Mean RSD%

(PVA-A), 2583  4.87 65.66  6.867 132.33  2.65 289.33  6.56
(PVA-A), 21.80  3.50 5233  6.70 119 2.11 22133 3.20
(PVA-A); 2066  7.39 39.66  7.70 112.6 2.70 180.30  3.05
(PVA-AG) 17.16  4.45 31.66  3.28 7633  4.58 102.33  2.03
(PVA-P), 5333 4.68 229.66  7.03 55733  4.68 667.66  2.70
(PVA-P), 49.66  6.15 21633  6.03 551.66  4.53 652 3.23
(PVA-P), 46 5.75 200.3 5.24 53533  3.02 639.66  2.84
(PVA-PG) 41.83 537 92.66  7.57 11533 3.90 148.66  2.36

DMSO, THF, NMP, chloroform, acetone and methanol which indicated that the
membranes had network structures which can be used in different applications.

Swelling measurements

The sol-gel fraction and swelling ratio values from swelling of membranes (PVA-
A),_3, (PVA-P),_;, (PVA-AG) and (PVA-PG) at room temperature are shown in
Tables 1 and 2 and Fig. 4, respectively. The presence of hydrophilic amide groups
is known to increase the hydrophilicity of the system and increases the swell-
ing ratios of the samples [51]. Table 1 shows the effects of monomers and cross-
linking agent on the gel fraction of different membranes. From the data, it was
observed that the gel fraction increases by increasing concentration of monomers
and in the presence of glutaraldehyde. The highest gel fraction was observed in
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Fig.4 Swelling ratio for the membranes (PVA-A),_;, (PVA-AG), (PVA-P),_; and (PVA-PG)

the membrane (PVA-AG) reached 98% for methanol. From Table 2 and Fig. 4,
the mean value of swelling ratios of the membranes was decreased as the con-
centration of the monomers increases due to the increase in the hydrophobicity
and cross-linking of the membranes. The highest degree of swelling value for the
membranes was observed with water rather than other aprotic solvents as result
of the hydrogen bonding formation with the free hydroxyl groups of PVA. The
results obtained from statistical analyses in Table 2 showed that relative standard
deviation (RSD) of swelling ratio of different membranes was 2.11-7.7%.

It was noted that membranes (PVA-P),_; had higher degree of swelling ratio than
the membranes (PVA-A),_;, however the membranes (PVA-A), ; and (PVA-P), ;4
showed higher degree of swelling ratio than those produced in the presence glutaral-
dehyde (PVA-AG) and (PVA-PG), this was attributed to the increase in the degree of
cross-linking and high thickness of the membranes (PVA-AG) and (PVA-PG) which
decreased the degree of swelling capacity. It can be concluded that the membranes
(PVA-P),_; can be used for agriculture applications.

Morphology

The surface morphology of PVA and the new membranes was investigated using
scanning electron microscopy (SEM) photographs at 30, 50 and 100 um, respec-
tively (Fig. 5). The structure morphology of the membranes (PVA-A), and (PVA-
AG) exhibited difference in the surface shape with appearance of porous struc-
ture than PVA. However, due to the presence of glutaraldehyde as cross-linker,
there were more particles can be observed on the surface of membrane (PVA-AG)
(Fig. 5a) [50]. The morphology for the membranes (PVA-P), and (PVA-PG) had
shapes as spots with rocks in the surface, beside more particles observed on the sur-
face of the membrane (PVA-PG) which differs from the morphology of pure PVA,
this confirmed the modifications of PVA (Fig. 5b).
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PVA (PVA-A)i (PVA-AG)

Fig.5 SEM of a PVA, (PVA-A),, (PVA-AG) and b PVA, (PVA-P),;, (PVA-PG) at 30, 50 and 100 um,
respectively
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(b)

(PVA-PG)

Fig.5 (continued)

Evaluation of the prepared membranes for different applications
Antibacterial performance evaluation

The new membranes were screened for their antibacterial activities using the agar
well diffusion technique [52]. The microorganisms used include (Gram-negative)
Escherichia coli (ATCC-11229) and Proteus (ATCC-33420), and (Gram-posi-
tive) Staphylococcus aureus (ATCC-6538) and B. subtilis (ATCC-6633). For the
antibacterial assay, a standard inoculum (105 CFU/ml) was float on the surface of
sterile nutrient agar plates by a sterile glass spreader.
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Table 3 Mean value of bacterial inhibition zone of PVA, different membranes and ciprofloxacin with
their relative standard deviations

Compounds 50 g/ml  Inhibition zone diameter (mm)

Gram-negative Gram-positive

E. coli Proteus S. aureus B. subtilis

Mean  RSD% Mean  RSD% Mean  RSD% Mean  RSD%

PVA 9.03 2.77 9.86 5.20 12.03 5.40 12.53 4.39
(PVA-A), 15.05 2.17 16.43 3.66 16.16 4.72 19.10 343
(PVA-A), 16.93 4.14 19.53 2.81 18.13 3.37 22.10 3.00
(PVA-A); 18.10 1.98 19.93 4.02 19.46 3.34 23.10 3.26
(PVA-AG) 2296  3.70 2546  2.55 2490 343 30.56 1.96
(PVA-P), 12.03 291 13.50 5.92 13.46 4.82 15.50 3.87
(PVA-P), 13.43 2.61 15.03 5.65 14.53 4.47 17.56 342
(PVA-P), 14.46 3.11 15.46 5.49 15.50 5.16 18.06 4.44
(PVA-PG) 17.06 2.94 19.10 4.98 21.06 4.27 24.06 291
Ciprofloxacin 24.03 1.87 23.03 4.55 26.06 3.07 24.10 2.71
35
g 30
N
= 25
2 I
s 20 I I C
-E 15 II E - ‘
|
S 10 |
g I I |
o 5 ’
0 I |
E. coli Proteus S. aureus B. subtilis
m PVA m (PVA-A)1 (PVA-A)2 m (PVA-A)3 u (PVA-AG)

m(PVA-P)1 ®(PVA-P)2 E(PVA-P)3  ®(PVA-PG)  mCiprofloxacin

Fig. 6 Bacterial inhibition zone of PVA, (PVA-A)_;, (PVA-AG), (PVA-P),_;, (PVA-PG) and ciprofloxa-
cin

Six-millimeter diameter wells were punched in the agar media and filled with
100 pL (500 pg/ml in DMSO) of the tested chemical compounds previously steri-
lized through 0.45 sterile membrane filter [53]. The plates were kept at room tem-
perature for 1 h and then incubated at 37 °C for 24 h for bacteria.

The antimicrobial activities were evaluated by measuring the inhibition zone
diameters. The values were reported as the mean + SD. The mean values of bacterial
inhibition zone of the membranes showed remarkable antibacterial activities against
the microorganisms with a relative standard deviation of 1.87-5.92% as in Table 3.
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Table4 Mean value of

. Membrane code % Drug loading % Release

percentage drug loading and

release for different membranes Mean RSD% Mean RSD%

with their relative standard

deviations (PVA-A), 57.37 2.88 94.59 2.33
(PVA-A), 45.50 1.66 77.81 3.67
(PVA-A), 42.64 2.11 75.41 4.13
(PVA-AG) 35.14 443 72.55 3.36
(PVA-P), 48.45 2.68 79.00 3.74
(PVA-P), 40.46 2.10 77.68 3.46
(PVA-P); 37.12 2.42 69.93 4.39
(PVA-PG) 2891 3.11 67.98 331
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100
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Fig.7 The percentage drug loading and release for (PVA-A),_;, (PVA-AG), (PVA-P),_; and (PVA-PG)

From Table 3 and Fig. 6, it can be concluded that the new membranes had high
antibacterial effects compared to poly(vinyl alcohol) against both the tested bacte-
ria (Gram-negative) Escherichia coli and Proteus, and (Gram-positive) Staphylo-
coccus aureus and B. subtilis [50]. Membranes (PVA-A),_; possess higher activity
than the membranes (PVA-P), ;. However, membranes (PVA-AG) and (PVA-PG)
showed the maximum antibacterial activity rather than the membranes formed in
the absence of glutaraldehyde and antibacterial activities reached (22.9 and 25.46)
toward (Gram-negative) E. coli and Proteus and (24.9, 30.56) toward (Gram-pos-
itive) S. aureus and B. subtilis, respectively, for the membrane (PVA-AG) due to
the increase in the number of monomers which improved the activity toward both
bacterial strains. Membrane (PVA-AG) was a potent antimicrobial agent due to its
excellent antibacterial activity against (Gram-negative) Proteus and (Gram-positive)
B. subtilis showed higher activity compared to standard antibiotic Ciprofloxacin.
High antibacterial activity of membrane (PVA-AG) could be attributed to its highest
thickness which makes the structure and chemistry of (Gram-negative) and (Gram-
positive) bacteria more complex [54].
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Drug loading and release of the membranes

The amount of percentage of loading and release of lidocaine (LD) for the mem-
branes (PVA-A),_;, (PVA-P), 5, (PVA-AG) and (PVA-PG) was determined by post-
loading process and is presented in Table 4 and Fig. 7.

The presence of heteroatoms (N, O) in the membranes was considered to increase
the amount of percentage loading and release of lidocaine at high pH 7.4 by diffu-
sion-gel swelling. The percentage loading and release of (LD) from the membranes
decreases as the concentration of monomers increases due to the increase in the
cross-linking of the membranes which decreased the space between macromolecu-
lar chains and decreases of water content [55-57]. It was noted also that membrane
(PVA-A), showed the highest percentage for lidocaine loading and release 57.37%
and 94.59% with a relative standard deviation of 2.88% and 2.33%, respectively,
however membranes (PVA-A),_; had higher percentage for loading and release of
(LD) than membranes (PVA-P),_;, moreover membranes (PVA-A), ; and (PVA-
P),_; had a higher percentage than (PVA-AG) and (PVA-PG) due to cross-linking
with glutaraldehyde. The data indicated that the drug release was inversely propor-
tional to membrane thickness, as the thickness of membranes increased, the resist-
ance of the membrane to water diffusion increased and the percentage of drug
release decreased [58].

Metal ions uptake efficiency

The efficiency of the new membranes for the uptake of different metal ions such as
(copper, cobalt and mercury) ions from aqueous systems was evaluated. The adsorp-
tion capacity values increased with increasing the contact time of immersion of
the membranes up to 10 h (Table 5). This may be due to the increase in number of

Table 5 Effect of immersion time of different membranes and their efficiency on metal ions uptake

Membrane  Immer- Cu?*(g/l) Efficiency Co’*(g/l) Efficiency  Hg?*(g/l) Efficiency

code sion time (%) (%) (%)
()
(PVA-A), 0 2.0 - 2.0 - 2.0 -
5 1.1 45 0.99 50.5 0.83 58.5
10 1.0 50 0.71 64.5 0.61 69.5
(PVA-AG) 0 2.0 - 2.0 - 2.0 -
5 0.96 52 0.8 60 0.78 61
10 0.71 64.5 0.61 69.5 0.54 73
(PVA-P), 0 2.0 - 2.0 - 2.0 -
5 1.6 20 1.36 32 1.34 33
10 1.36 32 1.2 40 1.05 47.5
(PVA-PG) 0 2.0 - 2.0 - 2.0 -
5 1.34 33 1.04 48 0.99 50.5
10 1.15 42.5 0.8 60 0.76 62
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chelation between the metal ions and functional groups in the membranes. Data in
Table 5 indicated that the efficiency of metal ions uptake of the membranes was found
as Hg?* >Co?* >Cu?". It is suggested that the functional groups on the adsorbent
had strong tendency to form complexes with Hg?*better than other metal ions, this
means that the surface-modified PVA membranes had high selectivity for Hg?*[59].

Membrane (PVA-A), exhibited high efficiency of Hg?* uptake (69.5%), however,
for membrane (PVA-AG) gave the highest efficiency 73% [49]. This could be due
to the higher thickness of membrane (PVA-AG) than membrane (PVA-A), which
increase the number of pores gets and provide more active sites in the membrane for
effective chelating of metal ions [60].

The data pointed to membranes containing aliphatic moiety in its structure (PVA-
A), and (PVA-AG) showed higher efficiency than membranes containing aromatic
moiety in its structure (PVA-P), and (PVA-PG). It is important to be noted that the
highest efficiency of metal ions uptake for the membranes was revealed from the
membranes prepared in the presence of glutaraldehyde due to increase in cross-link-
ing. The 2 hydrogels (PVA-A), and (PVA-AG) showed the highest metal ions uptake
efficiency was tested for 24 h immersion time and it exhibited that the adsorption
capacity was constant after 24 h immersion time. These results showed that these
membranes may be potential for metal ions removal from aqueous systems.

Desorption and reusability of the prepared membranes

The stability of the prepared membranes in water treatment application can be eval-
uated by immersing it in solution composed of mixture from 0.1 M HCI to 0.1 M
EDTA and stirred for 4 h, then washed with distilled water several times till the pH
of water solution became neutral. The adsorption efficiency of metal ions by each
cross-linked membrane after the second cycle was about 10% lower efficiency than
its original.

The adsorption efficiency of the prepared membranes was remained about 70%
by the 6 cycle [61]. This indicated that the prepared membranes can be used for
water treatment from heavy metal ions for 6 cycle.

Conclusions

In this research, different cross-linked membranes (PVA-A),_;, (PVA-P), 5, (PVA-
AG) and (PVA-PG) were synthesized successfully through the reaction between
PVA and different concentrations of heterocyclic compounds [N,N'-bi-a-azido
succinimide (A) or N-phthalimido-a-azido succinimide (P)] and glutaraldehyde
(G), respectively. The new membranes were characterized using various tools
for analysis. Swelling behavior of the new membranes decreased and gel fraction
increased as heteroatoms and carbon chain incorporated in membranes due to the
network structures. (PVA-AG) membrane showed the highest gel fraction while
(PVA-P),_; membranes exhibited the highest swelling capacity in different solvents.
The thermal stability of membranes was enhanced after the cross-linking with (G).
Hence, the surface morphology study of the membranes revealed particles, rocks
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and porous structure compared to smooth structure of PVA which confirmed the
chemical modification of PVA with the monomers. Based on XRD results, the
crystallinity was decreased with increasing the concentration of the monomers in
the (PVA-A),_; and (PVA-P),_; membranes, however the highest crystallinity was
observed after cross-linking with glutaraldehyde (PVA-AG) and (PVA-PG). (PVA-
AG) showed superior activity compared to the reference antibiotic Ciprofloxacin.
Furthermore, the in vitro release profiles showed sustained released for LD reached
94.59% represented by (PVA-A), membrane which displayed the highest LD loaded
percent (57.37%). Moreover, (PVA-AG) membrane revealed the highest adsorption
efficiency of metal ions [Cu?*, Co?* and Hg?*]. It can be concluded that the chemi-
cal modification of PVA with heterocyclic compounds [N,N'-bi-a-azido succinim-
ide (A) and N-phthalimido-a-azido succinimide (P)] improved its physicochemical
properties and enhanced its antibacterial activity, drug delivery efficiency and metal
ions adsorption capacity from aqueous medium.
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