Heliyon 10 (2024) e31055

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Ultrafiltration membrane based on chitosan/adipic acid:
Synthesis, characterization and performance on separation of
methylene blue and reactive yellow-145 from aqueous phase

Khaled Hab Alrman ', Sahar Alhariri, Iman Al- Bakri

Department of Chemistry, Faculty of Science, Damascus University, Syrian Arab Republic

ARTICLE INFO ABSTRACT
Keywords: Here, we report for the first time using of the nontoxic chitosan/adipic acid cross-linked mem-
Chitosan- adipic acid- cross-linking- separation- brane CS/AA in the separation of methylene blue and reactive yellow-145 from aqueous phase.

organic dyes The reason we chose adipic acid as a cross-linking agent is because it gives the cross-linked

membrane moderate flexibility due to the presence of four methylene groups in its structure.
The structure of the cross-linked membrane CS/AA and their properties were confirmed through,
FTIR, differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), atomic force
microscopy (AFM), and BET analysis. The thermal properties of membrane indicated an
improvement in its flexibility and hydrophobicity, but this improvement was accompanied by a
decrease in its thermal stability. pHp,. value and porosity of the CS/AA were 7.88, and 73.95 %
respectively. The average pore radius distribution ranged from 2 to 27 nm. The prepared cross-
linked membrane provides spontaneous and continuous purification of water with a high effi-
ciency. This is due to the membrane CS/AA ability to separate methylene blue and reactive
yellow-145 from the aqueous phase almost completely. The results revealed that the removal
efficiency and permeation flux for MB were 100 % and 1 L/m2h respectively at initial dye
concentration of (4,8) mg/L, at 1 bar, and the removal efficiency and permeation flux for RY-145
were (94,96) % and (1.06, 2.09) L/m%h respectively at 100 mg/L and at (1,1.5) bar. Such cross-
linked nanopore polymer membranes provide a new approach for emerging novel purification
systems, principally in the field of environmental field.

1. Introduction

Dyes are one of the main water pollutants, that are used in various fields, especially textile industries [1]. These compounds exist in
aqueous phases in cationic or anionic structure [2]. Many dyes found in polluted water are non-biodegradable, toxic, and carcinogenic.
Therefore, it has harmful effects on public health and causing serious environmental concerns [3]. Additionally, it is difficult to remove
dyes from water bodies due to their high solubility in water and chemical stability [4]. Therefore, it is important to use an effective
method to remove these pollutants. To solve this problem, various water treatment techniques have been developed, including
chemical precipitation, solvent extraction, electrocoagulation, advanced oxidation processes, adsorption, and membrane filtration [5,
6]. In recent years, membrane technology has developed significantly due to its high effectiveness in removing contaminants from the
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aqueous phase in order to obtain pure water. Membrane technology has many properties such as low economic cost, high efficiency, no
need for complex equipment, environmental respect and ease of use. This means that membrane technology is one of the suitable
solutions for wastewater treatment [7]. Due to its multidisciplinary nature, membrane technology is used in a number of industries,
including domestic and industrial water treatment, desalination [8], removal of organic compounds [9], chemical processes, phar-
maceuticals, metallurgy and other separation processes [10] such as separation of gas mixtures [11], or capture of CO, from the at-
mosphere [12]. Membranes suffer from many problems wetting, fouling, and flux decline phenomena [13], so there is a clear trend in
creating outperforming membranes. Ultrafiltration is one of the technologies used in various fields, such as chemical, electronic, food,
and biotechnical industries, especially recovery of chemical compounds, water treatment, juice concentration, and drinking water
purification [14]. UF technology is characterized by high effectiveness in removing organic and inorganic pollutants from aqueous
phases, in addition to low energy consumption and non-existent chemical use, which makes it superior to traditional treatment
methods [15,16]. Chitosan is a natural polymer, which is the most abundant natural polysaccharide on earth after the cellulose in
terms of its availability [17,18]. The chitosan, obtained from the deacetylation of chitin either by enzymatic or chemical method, has
several properties such as biocompatibility, nontoxicity, and biodegradability [17,19]. Therefore, chitosan is a lot advantageous for
the water purification from numerous pollutants such removal of dyes, phenols, heavy metal ions and pesticides [20], because its
structure contains hydroxyl and amine groups [21]. However, there are considerable limitations, such as poor acid stability, limited
surface area, low mechanical strength and chemical resistance [22]. To overcome the previous limitations, modifications can be
achieved to the amine or hydroxyl groups present in the polymer chain through grafting or cross-linking processes [23,24]. Amino
groups are highly reactive under acidic conditions, so the order of reactivity under acidic conditions is usually: NHa > ~OHprimary) >
-OH(secondary), Whereas in alkaline medium the reactivity of primary hydroxyl group of chitosan is greater than the reactivity of amino
group [25]. Cross-linking processes are commonly used to improve the physicochemical and mechanical properties of chitosan-based
materials [23,26,27]. There are many cross-linking agents for chitosan such as genipin, glutaraldehyde, diglycidyl ether, tripoly-
phosphate, diisocyanate and dicarboxylic acids [28]. Adipic acid is used in various fields, especially in the food industry, as an
acidifier, gelling aid. This acid has two carboxyl groups [29]. Therefore, it can be used as a safe solvent and cross-linking agent for
chitosan [30,31]. Some investigations have been conducted to modify chitosan using cross-linking agent. For instance, Raza and his
coworkers synthesized cross-linked membrane based on (chitosan/polyethylene glycol-300) and tetraethyl orthosilicate as a
cross-linker. The permeation results revealed that NaCl rejection and flux of the modified membranes increased up 60 % and 86.36
mL/h.m?, respectively [32]. While Israr Ali. et al. synthesized cross-linked nanofibrous based on (chitosan/polyvinylpyrrolidone) and
maleic acid as cross-linkers at different concentrations. The active layer was electrospun on a 3-triethoxysilylpropylamine function-
alized cellulose acetate substrate. The performance of the prepared membranes was evaluated by changing the concentration of the
cross-linking agent from 0.5 % to 2.5 % w/v. The best rejection and flux value of NaCl (3.28 wt%) at 55.2 bar were 98.3 % and 42.9
L/m2h, respectively [33]. In another work, Chen, A. et al. synthesized cross-linking adsorbent material based on (chitosan/epi-
chlorohydrin) to remove (Zn?*, Cu?* and Pb?") ions from aqueous phase. The adsorption and Kinetics study was carried out. It was
found that the adsorption of the three ions is monolayer coverage through physical adsorption phenomena [34]. In another study,
Sosa, J. M. et al. prepared a cross-linking membrane based on (chitosan/Graphene Oxide). The (CS/GO) cross-linked membrane’s
performance was tested using cross-flow unit to remove methylene blue dye at concentrations (1-100) mg/L at p = 345 kPa. The
permeation flux and removal were ranged (1-4.5) L/m?.h and 100 % respectively [35]. The primary purpose of this work was to use
the cross-linked membrane CS/AA in the separation of organic dyes from wastewater and to investigate the factors that effect on the
cross-linked membrane performance, including concentration, pressure, and stages of continuous separation using a dead-end
filtration system. The mechanism by which the membrane removes the contaminant was also explained. In order to perform the
detailed characterization of prepared membranes, commonly available methods were applied such as FTIR, DSC, TGA, DTG, BET, AFM
and pHp,c. In addition to, the physical and mechanical properties and chemical stability were determined.

2. Materials and methods
2.1. Materials

Chitosan Powder (CS) (DDA = 95 %, M,y = 200 kDa) was purchased from Golden-Shell Biochemical Co.ltd), glacial acetic acid was
purchased from Paneeac, sodium hydroxide from Scp Surechem Products, adipic acid was purchased from Riedel-de Haén, hydro-
chloric acid from Paneeac, methylene blue was provided by Merck, reactive yellow-145 was supplied from Oh Young Industry, ethanol
was purchased from Sham lab, sodium chloride was purchased from Fisher chemical, n-Hexane was purchased from Scp Surechem. All
solutions were prepared with distilled water.

2.2. Preparation of membranes

The pure chitosan (CS) membrane was prepared using the casting method described elsewhere [36]. The chitosan powder 1.5 g
(8.8 mmol) was dissolved in 100 mL of 0.1 M acetic acid solution then the solution was agitated for 24 h at room temperature and
sonicated with an ultrasonic 206 (rocker, 50 Hz) to remove bubbles. The polymer solution was then poured onto a polypropylene dish
(surface area = 25.18 cm?) as a thin membrane. The solvent was evaporated at a temperature of 30 °C until the membrane dried and
separated from the dish. The membrane was then immersed in 0.1 M NaOH, rinsed with distilled water until neutral, and dried at
70 °C. Finally, the thickness of the membrane was measured using a digital thickness gauge, and its thickness was 0.01 mm. Similarly,
the cross-linked membrane CS/AA was prepared by dissolving 1.5 g (8.8 mmol) chitosan and 0.64 g (4.4 mmol) adipic acid in 100 mL
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of distilled water, casting and heating the membrane at 100 °C under vacuum (0.9 bar) for 120 min. The membrane was placed in a
desiccator to cool to room temperature after being washed with ethanol to remove residual adipic acid. Then, the degree of
cross-linking (CLD%) was calculated according to the following equation (1) [37]:

CLD% =k x 2™ 100 ¢)

t

where my is the weight of the dried membrane before cross-linking, m, is the weight of the dried membrane after cross-linking, k is a
constant (=7.7698) related to the reactants (chitosan/adipic acid).

2.3. Characterization of membranes

2.3.1. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of the membranes after grinding were recorded using Nicolet 6700 in the range of 400-4000 cm ™!, and 64 scans per
spectra were recorded at a resolution of 2 cm ™. The samples for FTIR analysis were prepared by the KBr pellet method.

2.3.2. Thermal properties of the membranes

Differential scanning calorimetry (DSC) for membranes were performed using a DSC131 DSC from (SETARAM). The scanning was
performed using 10 mg of sample in a temperature range between 25 and 450 °C at a heating rate of 10 °C/min under nitrogen gas flow
of 100 mL/min. Thermogravimetric analysis (TGA) for membranes were performed using a TG 50 from (Mettler Toledo). The scanning
was performed using 10 mg of sample in a temperature range between 25 and 800 °C at a heating rate of 10 °C/min under nitrogen gas
flow of 100 mL/min.

2.3.3. Physical and surface properties
The porosity (#%) of both membranes (CS, CS/AA) was determined based on the water uptake capacity. The membrane was
soaked in distilled water for 24 h. Then, the porosity was calculated as shown in equation (2) [38]:

(wa —wn)

Ep=——2 L
" (Puaner X5 X 1)

x 100 2)

where w: the dry membrane weight (g), wo: the swollen membrane weight (g), p,,qr: Water density (g/cm>), s: membrane surface area
a1x1) cmz, h: membrane thickness (cm).
The swelling degree (DS%) was calculated using equation (3) [39]:

(w2 —w)

DS% = x 100 3

w1

where wy: the dry membrane weight (g) and ws: the swollen membrane weight (g).
The hydrophobicity properties were determined by n-Hexane absorbency. The formula is shown in equation (4) [40]:

(w2 —w)

Wy% = x 100 (€))

Wi

where wy: the dry membrane weight (g) and wy: the membrane weight after uptake n-Hexane (g).
The pure water permeability (Qpy) test was performed with a dead-end filtration system using distilled water and the pure water
permeability was calculated using equation (5) [41]:

Qpu = ®)

where V: the permeate volume (1), s: the effective area of membrane (rnz), t: represents time (h).
The average pore radius (rp,) of the membranes was examined based on the filtration rate method and calculated using the
Guerout-Elford-Ferry (GEF) formula expressed in equation (6) [42]:

29-1. & h
rp—\/( 9 75x &) x 8 xnxhxQy, ©

& xSxp

where e: porosity of membrane (%), n: viscosity of water (8.9 x 10~* Pa-s), h: the thickness of membrane (m), Qpw: the volume of
permeate water per unit time (m3/s), s: the effective area of membrane (mZ), p: the operating pressure (Pa).

The burst test of the membrane was carried out by a device which was developed in our laboratory. The membrane was placed on a
133.69 mm? ring, then pressurized water was applied to the membrane and the hydrostatic pressure was measured using a pressure
regulator. The hydrostatic pressure was gradually increased and when the membrane ruptured the pressure dropped rapidly. The
maximum pressure value was recorded as the burst pressure of the membrane [43]. Specific surface area and the distribution of
average pore radius for CS/AA membrane was determined from Ny adsorption isotherm obtained at —196.15 °C (Tri-Star II 3020).
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CS/AA membrane was first degassed at 120 °C for 2 h before analysis. The Brunauer-Emmett-Teller (BET) equation was applied to No
adsorption data for P/P¢ between 0.3 and 0.6. The point of zero charge (pHp,c) of CS/AA was measured using the method as previously
described [44], with some modification. NaCl (0.1 M) solutions at different pH were prepared. The initial pH of the solutions (pHipitia1)
was adjusted at (4-11) using 0.1 M of HCI or NaOH aqueous solution. After that, 10 mg of membrane was added to 10 mL of different
PHinitial solution, and the samples were shaked for 24 h at room temperature using SCI-0180-PRO LCD digital orbital shaker from
(SCILOGEX). After 24 h, the final pH (pHfina) was measured using a Martini pH meter (Mi-180 model). The pH,. value was deter-
mined from a plot of ApH (pHfinal — PHinitial) Versus pHinitial- The surface imaging was also performed using atomic force microscope
(AFM) (Easy scan 2 flex AFM, Micro 40). The membrane area for the AFM measurement was (3 x 3) cm?. The average roughness (S,)
and the root mean square average of height deviation (Sq) were calculated to evaluate the membrane’s surface roughness.

2.3.4. Stability of the membranes

Acidic chitosan membranes (CS, CS/AA) (which were not immersed in an alkaline solution or ethanol) were cut into square shapes,
weighed (w;), immersed in distilled water, and incubated at room temperature for 24 h. Next, the samples were dried at 70 °C
overnight and weighed again (w3). The weight loss (W%) was calculated using equation (7) [28]:

(W1 —wa)

W% = x 100 7

w1

where w;: the membrane weight before immersion (g) and wy: the membrane weight after immersion (g).
The stability of the CS/AA membrane (immersed in ethanol to remove unreacted acid) at different pH (2.75, 3.17, 4.04, 5.41,
10.64, 11.07, 13.1) was studied following the same previous procedure.

2.4. Ultrdfiltration performance of CS/AA membrane

Water permeability and removal of both reactive yellow-145 (RY-145, 100 mg/L,1,1.5 bar) and methylene blue (MB, 4,8 mg/L,1
bar) at pH = 7.5 for CS/AA were measured through a dead-end filtration system. Fig. 1 shows a schematic representation of the module
and setup for testing the water permeation. The initial volume of the aqueous phase was 10 mL and the effective surface area of the
membrane was 118.7 mm?2. The operating pressure was adjusted by introducing Ny gas at 25 °C. A magnetic stirrer was mounted near
the membrane surface and stirred at a constant speed of 250 rpm in the aqueous phase, and the volume of permeated water was
measured. Then, the volumetric water flux Qtw(L/mz.h) and R% removal were then calculated using equations (8) and (9) [32]:

\Y%

Qtw :§ ®)

R% = (1 7&) x 100 (C)]
Ct

where Qg represents flux for treated water (L/mz.h), V is the permeate volume (L), t represents time (h), and A is the effective area of
membrane (m?), C; the concentration of the feed solution (mg/L), C, the concentration of the permeate (mg/L).
After the completion of the separation process, the dead-end filtration cell was emptied and a new solution of MB with a

Dead End Filtration Cell)

inner diameter =12.30 mm
outside diameter=34.83
\ surface area =118.7 mm?*

1-Nitrogen Cylinder
2-Valve

3-Testing Cell

4-Feed Stream
5-Magnetic Stirring Bar
6-Membrane
7-Supporting Layer for
Membrane

8-Pure Water
9-Magnetic Stirrer

Fig. 1. Dead-End Filtration system.
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concentration of 8 mg/L was added. The procedure was repeated five times with the same membrane. Subsequently, the volumetric
water flux Qtw(L/mz.h) and R% removal of MB were calculated [45].

3. Results and discussion
3.1. Structural analysis of membranes

FTIR was used to investigate changes in the chemical structure of chitosan membrane before and after cross-linking using AA. FTIR
spectra of both CS and CS/AA membranes are shown in Fig. 2.

The FTIR spectra were consistent with the results of Cai M. et al. The amide I band for CS/AA membrane became weaker and
narrower compared to that of CS membrane. In addition, new absorption shoulders at 1558.2 and 1708.6 cm ™! attributed to the amide
II and free carboxylic groups respectively were observed. The appearance of the absorption shoulder of the amide II suggests the
formation of the amide bond [37]. The broad band at 3450 cm ™, which was assigned to the stretching of the hydroxyl groups —OH,
was clearly overlapped with -N-H stretching, and was present in both spectra without any change [28]. Based on the FTIR spectra, a
proposed formula for the membrane can be represented as shown in Fig. 3.

3.2. Thermal properties

To investigate the pyrolysis behavior of CS and CS/AA membranes, TGA/DTG and DSC were carried out by heating the sample in
dynamic nitrogen atmosphere. Fig. 4 shows the results of DSC analysis of the chitosan membranes before and after cross-linking with
adipic acid.

The thermogram of CS shows an endothermic peak at 95.14 °C with a value of AH = 265.5 J/g, while the endothermic peak for CS/
AA was observed at 107.54 °C with a value of AH = 209.7 J/g. This indicates an increase in the hydrophobic properties of the
membrane after cross-linking which agree with the results shown in Table .1 and consistent with other studies presented [46,47]. The
glass transition temperature Tg of the cross-linked polymer was determined to be 57.04 °C, while it was not observed in the ther-
mogram of pure chitosan. This indicates an improvement in the flexibility of the membrane due to the introduction of adipic acid into
the structure, which leads to a decrease in the degree of crystallinity of the cross-linked membrane [37]. In addition, each membrane
had a different melting point Tp,. The Ty, of the CS membrane is 145.6 °C, while the Ty, for CS/AA membrane increased and reached
159.02 °C [30]. The exothermic peak is related to the complete degradation of the polymer. Pure chitosan membrane shows one
exothermic peak at 301.5 °C. In the case of CS/AA the exothermic decomposition peak shifts to 268.58 °C. It indicates that the addition
of adipic acid reduces the thermal stability of membrane. This result is consistent with [48]. When discussing the enthalpy values for
both membranes, we find that: the enthalpy of degradation for CS membrane was AH = —342.2J/g, while the CS/AA membrane is AH
= —208.9J/g. So that might be the reason for the decrease of AH value after cross-linking is due to the formation of the amide bond,
whose degradation was an endothermic process and thus the intensity of the exothermic peak decreases, especially since the CLD%
value was about 35 %. On the other hand, Fig. 5 (a) and (b) show the results of TGA and DTG analysis respectively of the chitosan
membranes before and after cross-linking with adipic acid.

There were three characteristic temperature intervals of weight loss. The first weight loss corresponding to the loss of moisture for
two membranes. The CS membrane begins non-oxidative thermal decomposition in a nitrogen atmosphere at 240 °C, while the CS/AA
membrane begins decomposing at 185.8 °C. The reason for the weight decrease is due to the depolymerization of chitosan chains
through cleavage of glycosidic bonds and dissociation of the new amide bonds in the membrane structure [49]. The cross-linking
process decreased the polymer’s thermal stability because the interaction between adipic acids and chitosan’s amino groups can
destroy the chitosan’s crystalline structure [50]. The third weight loss corresponding to decomposition of the resulting dissociation

!
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173
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Fig. 2. FTIR spectrum before and after cross-linking reaction.
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Fig. 4. DSC curves for CS and CS/AA.

Table 1

Membranes properties (CS, CS/AA).
Type of membrane Ccs CS/AA
Ds% 121.88 £0.03 96.39 £ 0.05
“% 36.55+0.72 73.95+0.75
1, (nm) 7.41 £0.41 1.93+0.05
Py (kpa) 54.00 + 2 149.67 4+ 0.58
CLD% - 35.48 £0.68
0 ( L ) 4.502 £ 0.397 1.237 +£0.055

PW\m2h

Wy % 12.34 £ 0.05 37.82+£0.13

products from both membranes.
3.3. Physical and surface properties of membranes

Table .1 shows the properties of both CS and CS/AA membranes. It was observed after the cross-linking reaction that the DS%
decreased with the improvement of hydrophobic properties, which was related to an increase in the W%, due to the formation of new
amide bonds. In addition, the &% increased due to the presence of adipic acid between the polymer chains, with a lower r}, value
compared to that of the CS membrane. This explained the lower flux of pure water through the CS/AA membrane. On the other hand,
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Fig. 5. TGA (a) and DTG (b) thermogram for (CS, CS/AA).

the cross-linking increased the burst pressure of the CS/AA membrane, which enabled the membrane to withstand high pressure.

It should be noted that the degree of swelling could be improved by introducing nanofillers [51] or hydrophilic polymer [32] into
the CS/AA matrix during the membrane syntheses process which, increase the flux value.

The specific surface area, total pore volume, and the average pore radius distribution were determined and the results obtained are
shown in Fig. 6 and Fig. 7.

The CS/AA membrane had a relatively low effective specific surface area about 1.8 m?/g, and the values of the pore radius were

2.0
1|—=— Adsorption
154 == Desorption
—
o0
3 1.0+
g
-’
w
£ 0.5
=
S
0.0
1.817 Specific surface area (mz/g)
2.51 Total pore volume (uL/g)
-0.5 3.575 Average pore radius (nm)

T T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
P/P,

Fig. 6. BET analysis of nitrogen adsorption-desorption isotherm for CS/AA membrane.
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clearly close to those obtained by the (GEF) method (see Table .1.). In addition, the distribution of average pore radius was in the range
from 2 to 27 nm, so the CS/AA membrane was classified into the ultrafiltration membranes [52]. Fig. 8 shows the surface charge of the
CS/AA membrane at variable pH values.

The CS/AA membrane had a zero-charge point at pH = 7.8, and at pH < 7.8, the membrane had a positive charge due to the amine
groups protonated, and at pH > 7.8, the membrane had a negative charge due to the removal of protons from the carboxyl or hydroxyl
groups.

AFM was used to analyze the changes in the surface morphology of chitosan membrane before and after cross-linking. The average
surface roughness (Sq), and the mean value of the surface roughness coefficient (S,) were calculated to evaluate the effect of AA on the
membrane surface roughness.

As shown in Fig. 9, we notice an increase in the average surface roughness of 56.49 nm after cross-linking. This is consistent with
Olewnik-Kruszkowska, E et al. [53]. It should be noted that increasing the surface roughness would reduce the permeate fluxes due to
the accumulation and adhesion of pollutant particles on the membrane surface [54].

Fig. 10 shows the results of the effect of distilled water on the weight loss of ionic CS and CS/AA membranes.

There was a clear significant difference in Ws% values for both membranes, which was attributed to the release of acid from the
membrane to the aqueous phase, with the collapse of the membrane structure. Therefore, the cross-linked membrane showed better
capability of water resistance, compared to the pure membrane [26]. Fig. 11 shows the effect of pH change on the weight loss of CS/AA
membrane.

The CS/AA membrane had high resistance to both acid and alkaline phases, but significant weight losses were observed at pH below
2.75 or above 11.08. The cross-linking process links the polymer chains together, and reduces the number of protonated amine groups
available to induce membrane dissolution. Hence, the membrane is able to work in acidic and alkaline environments to separate
pollutants from aqueous phase. This is consistent with Rekik, S B. et al. [55]. It was observed that using sodium tripolyphosphate
(STPP) as a cross-linking agent increases the stability of the membrane in aqueous media at pH (2, 4, 6.2, 9) compared to pure chitosan
membrane.

4. Separation performance of CS/AA membrane
4.1. Determination of RY-145 removal and water flux

Table .2 shows the dye removal and flux values for RY-145 at an initial concentration of 100 mg/L and pH of 7.5.

The removal efficiency of RY-145 and Qy,, increased with an increase in the pressure applied to the CS/AA membrane, due to the
increase in the compaction of the membrane [56]. This hinders the passage of the dye particles through the nanopores according to the
size exclusion mechanism due to the large molecular weight of the dye, while water molecules can pass through the nanopores [57]. In
addition, the adsorption function of the dye on the surface of CS/AA by association with the effective functional groups. In particular,
CS/AA had a positive charge at pH = 7.5 (see Fig. 8.) and RY-145 molecules had a negative charge, so there was an electrostatic
attraction between the membrane and the dye molecules. Fig. 12 shows the color change of the membrane before and after the
separation process as a result of the affinity of RY-145 dye to the CS/AA membrane.

The fouling phenomenon for membrane is not desirable because, it affects the membrane separation performance. By reviewing the
literature data, there are many solutions to reduce this issue. For example, controlling the surface charge of the membrane by changing
pH of the medium that may cause the repulsion or affinity of the particles towards the membrane [58], according to Fig. 13.

Fig. 14 shows the spectral scanning between (400-800) nm for RY-145, and the color change of dye solution before and after the
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Fig. 7. The average pore radius distribution for CS/AA membrane.
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Fig. 9. The 2D and 3D AFM images of CS and CA-1.5/AA membranes.

separation process.
4.2. Determination of MB removal and water flux

Table .3 shows the removal and flux values for MB at two initial concentrations of 4 and 8 mg/L at pH of 7.5 applying a pressure of
1 bar.

The CS/AA membrane was able to completely remove MB dye from the aqueous phase at the studied concentrations with similar
flux value of about 1(L/m2h). But it is obviously noted that the Qg of membrane CS/AA under dye solution is slightly lower than Qpw
at the same conditions due to the greater osmotic pressure of dyes solutions compared to distilled water, as well as owing to the
membrane pores blocked by dye molecules according to Fig. 12 [59].

Fig. 15 shows the spectral scanning between (400-800) nm for MB, and the color change of dye solution before and after the
separation process.

4.3. Effect of continuous separations of MB using CS/AA

Table .4 shows the results of repeated separation of MB: 8 mg/L during five continuous separation stages using a single layer of
membrane CS/AA with a pressure of 1 bar.
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CS/AA

CS
membrane

Fig. 10. Weight loss in ionic chitosan membranes before and after cross-linking.

13.1

5.41 10.64  11.07
pH

4.04

2.75 3.17

Fig. 11. Weight loss in CS/AA membrane at different pH values.

Table 2
Removal% and flux for RY-145 solution using CS/AA.
Quw (L/m2h) Removal (%) Pressure (bar)
1.066 + 0.026 94.21 +£0.28 1
2.094+0.098 96.27 £0.70 1.5

Fig. 12. The photograph of the CS/AA membrane before and after the RY-145 separation process.
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rejection

Fig. 13. The effect of surface charge of membrane on repulsion or affinity of the dye.
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Fig. 14. spectrum scanning of RY-145 dye before and after treatment.

Table 3

Removal% and flux for MB solution using CS/AA.
Qu (L/m2.h) Removal (%) concentration (mg/L)
1.010 +0.074 100 + 0.0 4
0.936 +0.144 100 +£0.0 8

MB
=53
9
=
<
=
St
=]
@
= | [——Before treatment (4 mg/l)
< Before treatment (8 mg/l)]
05— After treatment (4 mg/l)
| After (8 mg/l)
0.0
T T T
400 500 600 700 800

wavelength (nm)

Fig. 15. spectrum scanning of MB dye before and after treatment.
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The membrane efficiency CS/AA remained constant without being affected by the continuous separation processes. Donnan
exclusion plays an important role in the rejecting of MB [60], especially at pH = 7.5, the surface charge of the membrane is positive
(see Fig. 8.), and the dye MB is a basic dye that had a positive charge in the phase, therefore electrostatic repulsion will occur between
the membrane and the dye. In addition, the large molecular weight plays an important role in preventing the dye from passing through
the membrane nanopores.

Fig. 16 shows a photograph of the CS/AA membrane before and after MB separation during five separation stages without color
change to the membrane surface, meaning that adsorption did not play a significant role in the separation process, especially the
specific surface area was small (see Fig. 6).

Table .5 shows the removal efficiency and flux values at different working conditions for the CS/AA membrane compared with
other literature.

5. Conclusions

The ultrafiltration membrane based on chitosan/adipic acid CS/AA was prepared by binding the polymer chains with new amide
bonds for separation the organic dyes from aqueous phase. The cross-linking process made the membrane highly resistant to acidic and
alkaline phases, with increase the burst pressure, porosity, surface roughness, and flexibility. The cross-linking process increased the
hydrophobic properties of the membrane and consequently the permeation flux decreased. In contrast, CS/AA membrane achieved
high efficiency in removing MB and RY-145 from the aqueous phase due to due to nanopores and surface charge, and it can be used up
to five cycles of separation without losing its effectiveness. The results affirmed that the CS/AA cross-linked membrane is very suitable
to separate organic dyes from the aqueous phase with high efficiency.
Statistical analysis

All data was displayed as the mean + SD, n = 3, SD: Standard deviation.
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Table 4
Continuous separation of MB: 8 mg/L using CS/AA membrane at pH (7.5) and P (1) bar.
Qu (L/m2.h) Removal (%) concentration(mg/L) Feed solution
0.994+ 0.135 100 £ 0.0 8 1
1.013+ 0.120 100 £0.0 8 2
1.053+ 0.082 100 £ 0.0 8 3
1.012+ 0.065 100 £ 0.0 8 4
1.013+ 0.064 100 £0.0 8 5
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Fig. 16. The photograph of the CS/AA membrane before and after the MB separation process.

Table 5

Comparison of Removal% and Flux (L/m?2h) of Cs/AA membrane with other literature.
Membrane Conditions Removal% Flux (L/m2h) Reference
CS/AA RY-145 (100) mg/L, p= (1,1.5) bar, pH = 7.5 94, 96 1.066, 2.09 This work
PVDF/BNT (1-5) % RY-145 (1000) mg/L, p = 2 bar 86-94 15-17 [61]
TiO2/ZnAl,04 RY-145 (40) mg/L, p = 8 bar, pH= (3-9) 100 25-40 [62]
CS/AA MB (4,8) mg/L, P = 1 bar, pH = 7.5 100 0.936, 1 This work
CA/NAC MB (10) mg/L 80 - [63]
Psf-GO (1-4) % MB (40-150) mg/L, p (2-8) bar, pH (3-13) 80-100 75 [64]
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