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Sustainability spotlight

The amino acid (AA) and ionic liquids (ILs) incorporated on the cellulose acetate (CA) membranes 

to treat heavy metal ions from industrial wastewater as an efficient and effective membrane 

filtration technique. The potential impact of the presented work is significant, and it directly or 

indirectly supports several Sustainable Development Goals (SDGs): SDG 2, SDG 6, SDG 5, SDG 

7, SDG 8, SDG 11, and SDG 14, by enabling efficient water recycling, accessing clean water, 

providing affordable and clean energy, fostering economic growth, enhancing resource efficiency, 

reducing waterborne diseases, reducing their burden of water collection, enhancing water 

management practices, enhancing water treatment.
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Abstract

Water reclamation is necessary to meet the potable water demand. Heavy metals like iron, 

zinc, lead, and copper, particularly in water, pose significant toxicity risks to humans and 

other biological life. Over the last few years, the contamination level of these heavy metals in 

water and soils has increased alarmingly. On the other hand, membrane systems have 

emerged as a prominent approach to water reclamation. Subsequently, amino acid (AA) and 

ionic liquids (ILs) incorporated cellulose acetate (CA) membranes, which were fabricated 

using the phase inversion technique and effectively utilized for these metal separations. The 

membranes characterization by FTIR, SEM, TGA, and DSC exhibited the presence of various 

functional groups, change in surface morphologies, and improvement in thermal stabilities 

due to AA-IL, respectively. The pure water flux (PWF) was increased to 98 L/m2 h at 4 bar 

pressure due to enhancement of hydrophilicity. Rejection percentage of heavy metal ions for 

AA‒IL (0.5%) incorporated CA membranes was 94%. The rejection rates for 4 different 

heavy metal ions present in the industrial effluent were studied, and it was found that the 

rejection rate was 89,91,84, and 90% for copper, zinc, iron, and lead, respectively. AA‒IL 

(0.5) incorporated the CA membrane's rejection capacity, which was observed to be the 

highest for all metals. The AA‒IL incorporated CA membranes are efficient and effective for 

nanofiltration to treat heavy metal ions solution.

Keywords: industrial wastewater; amino acid; membrane separation; ionic liquids; cellulose 

acetate; nanofiltration 
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1. Introduction

Water is one of humankind's essential natural resources for various domestic and industrial 

applications. Large quantities of water are used in industries to produce or manufacture 

different products. Water utilization is increasing daily, which drives people to keep running 

behind the reusing of wastewater containing physical substances and organic contaminants. 

These modern-day wastewaters contain overwhelming metals. Heavy metals like copper, lead, 

zinc, magnesium, etc. surround us, and admission of these metals in small amounts has long-

term impacts.(1) These metals in water have high concentrations and toxic properties that 

cause health issues.(2–6) The most ordinarily discovered substantial metals present in 

wastewater are arsenic, cadmium, chromium, copper, zinc, iron, and lead, which harm human 

well-being and the environment.(7) Various methodologies have been contemplated to 

advance filtration methods at the cheapest level to separate the metals. Increase in compelling 

advancement to diminish the amount of wastewater delivered and enhance the treated 

wastewater's nature. 

During recent decades, membrane separation has been a proven technique that has 

dramatically improved with significant performance, and membrane commercial markets 

have been spreading rapidly worldwide. Membrane separation has been progressively utilized 

to treat inorganic waste because of its high effectiveness and low cost. There are diverse sorts 

of membrane filtration, such as ultrafiltration (UF), nanofiltration (NF), microfiltration (MF), 

and Reverse Osmosis (RO).(8) Using membranes in the profluent treatment process stacked 

with heavy metals has risen. The film forms (UF, MF, NF, and RO) were then utilized with 

different adequacy and selectivity.(9). In particular, cellulose acetate (CA), a biopolymer 

membrane, is one of the most commonly used membranes due to its high hydrophilicity, 

superior mechanical strength, and excellent film-forming capability during fabrication.(10)

1 Applying ionic liquids (ILs) has tremendous prominence because of their unique properties, 

2 such as less volatility, tuneable consistency, organic solvents, and their great extractability for 
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3 different natural mixes and metal particles, chiefly relying upon their uncommon structures. 

4 Ionic liquids are principally utilized for gas separations, and from the previous decade, ILs 

5 have likewise been used for heavy metal treatment.(11) The ILs exhibit a dual nature in salt 

6 form; it explored that the expulsion rate and limit of quaternary ammonium and 

7 phosphonium-based ILs connected to wastewater have initiated slime. In a study, the creation 

8 of the ILs utilized as the sorbing (extraction) specialist to impact the rejection rate of the 

9 substantial metals firmly. The examined ILs were astounding sorbing specialists for Zn, Ni, 

10 Cu, Cr, Cd, and Pb from actuated wastewater.(12) The metal ions transfer mechanism in ILs 

11 and the ionic nature of these ILs can result in different extraction mechanisms, including ion 

12 exchange, solvent ion-pair extraction, and a combination of both.(13) William et al. have 

13 reported that room-temperature ionic liquids consist of 1-ethyl-3-methylimidazolium (EMIM) 

14 cation and bis [(trifluoromethyl)sulfonyl] imide and anion stabilizes monomeric ligand-

15 deficient transition-metal complexes (ruthenium, iron and titanium) via 4 different modes of 

16 binding: monodentate O or N coordination and bidentate N‒O or O‒O interaction.(13) 

17 In this work, amino acids (AA) and ILs incorporated CA membranes are fabricated using the 

18 phase inversion technique for metal separation. The principle point of the present work is to 

19 expel the metal ions and deduce the concentration of iron (Fe), copper (Cu), Lead (Pb), and 

20 Zinc (Zn) from industrial wastewater through the synthesized AA‒IL composite membranes 

21 using nanofiltration. 

22

23
24 2. Materials and Methods

25 2.1. Materials

26 The CA polymer and N, N-dimethylformamide (DMF) were procured from Merck (India) 

27 Ltd., and 1 ethyl 3 methylimidazolium chloride was purchased from Tokyo Chemicals, Japan. 

28 Amino Acids (AAs), copper sulphate pentahydrate, and magnesium sulphate heptahydrate 
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29 were purchased from SRL Pvt. Ltd, India. All analytical grade chemicals have been used. 

30 Ultrapure water is produced using the Millipore pilot plant.

31 2.2. Fabrication of amino acids, ionic liquids incorporated CA membranes

32 The neat CA, amino acid, and ionic liquids incorporated composite CA membranes were 

33 synthesized using phase inversion-induced immersion precipitation.(14) A schematic 

34 representation of the fabrication of the CA/AA/IL membrane is shown in Figure 1. The 

35 composition of the casting solutions for all the fabricated membranes is given in Table 1. AA, 

36 ILs, and AA‒IL loading percentages were kept at 0.5%, 1%, and 5% of CA, respectively. AA, 

37 IL, and AA‒IL were added to DMF, and through sonication, it was dispersed well for 1 h 

38 using an ultrasonicator to enhance the solution homogeneity. After homogenisation, CA 

39 powder was dissolved in the DMF solution for 4 h by mechanical stirring. Then, the dope 

40 solution was placed in ultrasonication for 30 min to form a complete dispersion of AA and IL. 

41 The air bubbles were removed from the casting solution and were cast onto a glass plate, 

42 which was finely leveled with a casting knife of 400 μm thickness. Eventually, the thin film is 

43 dipped in distilled water and kept at 10°C to ensure the complete phase inversion.(15) The 

44 membranes are named by neat CA membrane as M1, CA-(1%) of AA as M2, CA-(5%) of IL, 

45 (1%) of AA as M3, CA-(0.5%) of AA as M4.

46 2.3. Characterisation of membranes

47 2.3.1. Fourier Transform Infrared (FTIR) spectroscopy

48 The change in chemical structure and AA-ILs functional group was analysed using ATR 

49 interfaced Fourier transform infrared (FTIR) spectrophotometer (Thermo Scientific Nicolet 

50 iS5 FT-IR spectrometer). The change in chemical structure can be observed by means of 

51 wavenumber drift against the percentage transmittance, and the samples were collected over 

52 the spectral region of wavelengths from 400 to 4000 cm−1. (16)

53 2.3.2. Thermogravimetric analysis
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54 The thermal stability of the prepared neat CA and AA, IL incorporated CA membranes were 

55 examined using a thermogravimetric analyser (DGT 2000, Perkin Elmer, 2915 133rd Street 

56 West, USA). All the fabricated membrane samples were allowed to dry in a vacuum oven at 

57 60 °C for 24 h before testing. The prepared membrane samples were analysed with a heating 

58 rate of 10 °C/min from 50 to 700 °C under a nitrogen atmosphere.11

59 Differential scanning calorimetry

60 DSC is used to quantify changes in heat flows related to material changes. DSC estimation 

61 provides both quantitative and subjective information on endothermic and exothermic forms. 

62 DSC is ordinarily used to decide the glass transition temperature and melting point of 

63 crystalline for polymeric materials. All the fabricated membrane samples were dried in a 

64 vacuum oven at 60 °C. The samples were analysed from 50 - 700 °C at a heating rate of 

65 10 °C/min under nitrogen air.(17)

66 2.3.3. Surface morphology

67 The neat CA and composite CA, AA, and IL membrane cross-sections were scanned with a 

68 scanning electron microscope (SEM) with energy-dispersive X-ray (VEGA 3, TESCAN, 

69 USA). The cross-sectional image of neat CA, AA, and IL membranes was taken by keeping 

70 the samples in the cathode field emission at 1–15 kV. Before taking the cross-sectional 

71 images, all the fabricated membrane samples were frozen in liquid nitrogen and fractured. The 

72 manufactured membrane samples were cut into required pieces, cleaned with filter paper, and 

73 kept in an air drier. The dried pieces of membrane samples were varnished with gold by 

74 blabbering to make them conductive.

75 2.3.4. Surface topology of fabricated membranes

76 Atomic force microscopy (AFM) is used to identify the surface roughness parameter by 

77 tapping mode method (Nano surf scanning probe optical microscope, easy scan Ⅱ, USA).(18)

78 2.3.5. Membrane porosity and pore size
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79 All the fabricated samples were slashed into specific sizes and then mopped with filter paper. 

80 After taking wet weight, the samples were allowed to dry in a vacuum oven at 60°C for one 

81 day. The porosity (ε) is determined from the dry and wet weights of the membranes using the 

82 following equation [Eq. 1].(19) 

83 𝜀 =

𝜔1−𝜔2
𝑑𝑤

(𝜔1−𝜔2)
𝑑𝑤

+
𝜔2
𝑑𝑝

                                   [Eq.1]

84 where, ω1  ̶̶̶  the wet weight of the fabricated membrane sample (g), ω2 ‒ the dry weight of the 

85 fabricated membrane sample (g), d w ‒ water density (kg/cm3), d p ‒ density polymer (kg/cm3)

86 By using the filtration velocity technique, the mean radius of the fabricated membrane pore 

87 was calculated using the Guiraud-Elford-Ferry (GEF) equation [Eq. 2]. (20)

88

89 𝑟𝑚 =
(2.9−1.75ɛ) 8𝑄𝑙ƞ

ɛ 𝐴 𝛥𝑃                                [Eq. 2]

90 where, Q  ̶̶̶  the flow rate of the permeate (m3/s), A  ̶̶̶  the effective cross-sectional area of the 

91 membrane (m2), ΔP  ̶̶̶  the transmembrane pressure (Pa), η  ̶̶̶  the dynamic viscosity of the 

92 water (Pa s), l  ̶̶̶  the thickness of the membrane (m).

93 2.3.7. Contact angle measurement

94 The hydrophilicity of neat CA, AA, and IL-incorporated composite CA membranes was 

95 examined using contact angle measurement. The goniometer (demonstrate rame-hart 250-F1, 

96 USA) was used for contact angle assurance using the sessile drop technique for the fabricated 

97 membranes. About 5 μL distilled water drop is infused on the top surface of a dry membrane 

98 at five unique areas using a micro syringe. The contact angle value was estimated from the 

99 independent distilled water droplets in the five different regions, which decide the 

100 hydrophilicity of the layer.

101
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102 2.4. Work of adhesion

103 The work of adhesion (ΔGS) is called surface free energy. This assesses the firmness of 

104 contact between membrane and surface water. Wa is the amount of work needed to segregate 

105 two different liquid-solid or liquid-liquid phase boundary phases from each other. (14)

106 Wa is calculated from the Youngs equation using the contact angle [Eq. 3].

107 ̶̶  ∆𝑮𝑺 = (𝟏 + 𝒄𝒐𝒔 ∝ ) γ [Eq. 3]

108 where, ∝   is the contact angle of the sample and γ represents the water surface tension (72.8 

109 mJ/m2).

110 2.5. Hydration capacity

111 Hydration capacity was calculated by the difference in wet weight (a membrane immersed in 

112 distilled water at 30 °C for 1 day) and dry weight of the fabricated membrane of its thickness 

113 and total surface area of the membrane [Eq.4].

114 Hydration capacity =        Ww - Wd
A×l   (m J/m2)  [Eq. 4]

115 2.6. Permeation studies

116 The nanofiltration experiment was conducted for pure water flux and heavy metal solution 

117 with the pressure of 4 bar, nitrogen gas as pressure developing medium using neat CA 

118 membrane (M1) and AA, IL incorporated CA membranes (M2, M3, and M4). The permeation 

119 of neat CA and AA, ILs incorporated composite membranes were studied for pure water and 

120 heavy metal solution at 4 bar pressure with a pH 7 using a dead-end nanofiltration cell (model 

121 HP4750 STIRRED CELL, AVENUE S KENT, USA), shown in Figure 2 with an effective 

122 membrane area of 14.6 cm2. Initially, membrane compaction was done to collect the steady-

123 state permeates. Once a steady state was observed, the permeate was collected for a period of 

124 time for each membrane. The flux (Jw) of the membrane was calculated using the equation 

125 [Eq.5].

126 𝑗𝑤 =
𝑉

𝐴 × 𝛥𝑡                                     [Eq.5]
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127 where, J w = pure water flux (L/m2hr), V = permeating volume (L), A = effective membrane 

128 area (m2), and Δt = permeation time (h).

129 2.6.1. Permeation and rejection performance at different operating conditions 

130 The changes in permeate fluxes and pure water flux were studied by varying the pressure. 

131 Also, the rejection rates of magnesium and copper for these fabricated membranes were 

132 scrutinized with synthetic wastewater using nanofiltration. The experiment was conducted 

133 under three different operating pressures: 2, 4, and 6 MPa, with a pH of 4 and 7 as these 

134 factors are critical in influencing permeate flux, rejection efficiency, solution chemistry, and 

135 the membrane's surface charge.(21) All the experiments were conducted in triplicate.

136 2.7. Treatment of wastewater from metal ion-based industry

137 The wastewater utilized in the process was procured from the metal industry, Tiruchirappalli, 

138 Tamil Nadu, India. The composition and characteristics of wastewater is presented in Table 2. 

139 The concentration of heavy metals was tested using atomic absorption spectroscopy 

140 (Systronics Limited, India). Table 2 shows that industrial wastewater generally has higher 

141 concentrations of iron, copper, lead, and zinc particles than different cations.6 The rejection 

142 percentage of industrial wastewater for both neat CA and CA, AA, IL membranes was 

143 evaluated by the following equation [Eq.6].

144 R = 1−
𝐶𝑓

𝐶𝑝
× 100              [Eq.6]

145 Where, Cf -feed concentrations of the heavy metal solutions, Cp -permeate concentrations of 

146 the heavy metal solutions.

147

148 3. Results and Discussions

149 3.1.Confirmation of AA, IL in polymer membrane 

150 The FTIR spectra of the neat CA (M1), amino acid, and ionic liquid grafted membranes with 

151 different compositions (M2, M3, and M4) are shown in Figure 3. The major absorbance bands 
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152 are delivered at 3400 cm-1, corresponding to the OH group's stretching vibration. Compared to 

153 the neat membrane, new characteristic peaks of the CA‒AA membranes at 3388 cm-1 was the 

154 stretching vibration of N‒H, which indicates the amino acid salt has been successfully 

155 instigated into the neat CA membrane. The band at 450 cm-1 is because of the alkyl halide of 

156 IL, confirming the presence of IL. Similarly, no specific changes were observed in the spectra 

157 when AA‒IL is grafted onto the surface of neat CA, i.e., due to the neat CA having functional 

158 groups similar to the CA‒IL‒AA membrane. The peaks observed at 2892 cm−1 have been 

159 reported to be antisymmetric CH3 stretching due to the presence of the imidazolium part of 

160 ILs. (22)

161 3.2. Surface morphology of the fabricated membrane

162 Figures 4 and 5 identify the morphological structure that appeared in all fabricated 

163 membranes. The neat CA membrane's surface morphology is smooth and observed to have a 

164 non-porous structure. CA‒AA surface is totally rough when compared to that of the neat 

165 membrane due to the presence of amino acids where complete dispersion was observed, and 

166 the presence of voids can be seen. (CA‒AA‒IL‒5%) membrane and (CA‒AA‒IL‒0.5%) 

167 surfaces have flattened shapes and seem to have rough surfaces along with micropores.

168 Figure 5 shows the cross-section morphology with an asymmetric structure. The neat CA 

169 membrane shows the presence of macro voids with a thick skin layer on the top. The presence 

170 of large finger-like structures with a decrease in the thickness of the skin layer is due to the 

171 addition of AA. Adding ionic liquid and amino acid to the CA membrane with two different 

172 compositions shows the increase of macro voids due to the increased addition of ionic liquid 

173 percentage, which decreases the surface skin layer from a dense layer to a thin layer (Figure 

174 5). The primary role of IL additives is to increase the membrane's hydrophilicity.(22)

175 3.3. Surface Topology of fabricated membrane

176 Figure 6 shows the AFM images of CA, CA/AA, and CA/IL membranes given by tapping 

177 mode. The neat membrane was observed to be rough on the surface, with many small craters 
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178 and valley structures. The neat CA membrane also showed high hydrophilicity, as evidenced 

179 by a contact angle of 51.18º, which contributes to its higher water flux.(23)  The AA-

180 embedded polymeric membrane was observed to have a smooth and flat surface with a 

181 decrease in crater valley surface compared to the neat CA membrane. The depletion in the 

182 roughness of the membranes was clearly due to the doping of AA into the neat CA.(22) This 

183 smoothing effect resulted in a higher hydrophobicity of membrane M2, as indicated by a 

184 contact angle of 68.39 º. On the other hand, the incorporation of IL into membrane M3 

185 resulted in a rougher surface, which enhanced hydrophilicity, as supported by a contact angle 

186 of 51.94º (24).

187 3.4. Contact angle measurement

188 Table 3 shows the contact angles of the fabricated membrane (Figure 7). The neat CA 

189 membrane has a contact angle of 51.18°. When compared to the neat CA membrane, the 

190 contact angle of the amino acid incorporated membrane has been increased to 68.39°. This is 

191 due to the Rose Petal Effect (The microstructure controls the contact angle hysteresis, 

192 whereas the nanostructure provides high CA. As a result, a rose petal can exhibit typical lotus 

193 effect properties (high CA and low CA hysteresis) or petal effect properties (high CA and 

194 high CA hysteresis. Artificial surfaces that mimic rose petals were investigated, and similar 

195 behavior was found,(25)  which explains the hydrophobicity of amino acids in the case of 

196 CA‒AA‒ILs membranes contact angles have been increased to 63.06°, and this might be due 

197 to the presence of the amino acid group, i.e., contact angle tends to increase as the pH varies 

198 from alkaline to acid. The composite membrane has become hydrophilic because of the 

199 increase in the loading of 5% chlorine-based ionic liquid. This could be credited to the 

200 hydrophilic nature of chlorine-based ionic liquid. (26) At higher concentration of ionic liquid 

201 the decrease in contact angle enhances membrane hydrophilicity, leading to the formation of a 

202 stable hydration layer over the surface. This hydration layer acts as a protective barrier, 

203 repelling foulants such as proteins, bacteria, and organic matter by preventing their direct 
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204 adhesion. The presence of a well-structured hydration layer reduces surface energy and 

205 minimizes hydrophobic interactions, thereby improving antifouling efficiency (27). The 

206 increase in contact angle due to the incorporation of amino acid demonstrates the 

207 hydrophobicity of membrane. Halan et al reported the similar effect of charge and 

208 hydrophilicity on the antifouling properties of polyester membrane (28). Thus, the synergistic 

209 effect of amino acids and ionic liquids not only modifies the membrane's surface wettability 

210 but also improves its antifouling properties, making it more resistant to both organic and 

211 inorganic foulants.

212 3.5.Thermo gravimetric analysis

213 The thermal properties of the membranes were determined using thermogravimetric analysis 

214 (TGA), as shown in Figure 8. All the fabricated membranes have better thermal stability up to 

215 330°C. The weight loss is 4% up to 330 °C for neat membrane (M1). Adding ionic liquid and 

216 amino acid influences the membranes' thermal stability. The other membrane M2 has a 

217 slightly lower weight loss percentage (3%) than the neat membrane (M1), indicating 

218 improved thermal stability.

219  The membranes M3 (CA‒AA‒IL‒5%) and M4 (CA‒AA‒IL‒0.5%) have less thermal 

220 stability because of chloride ions present within the membrane matrix and tend to degrade 

221 with weight loss of 6% up to 145°C. Later, CA‒AA is stable up to 330°C due to the presence 

222 of amino acid, and the degradation from 330°C is due to the CA membrane.(23) The observed 

223 thermal stability enhancements suggest that the interactions between amino acids and the CA 

224 matrix improve polymer chain rigidity, thereby delaying thermal degradation 

225 (29).  Additionally, the ionic liquid incorporation influences membrane decomposition 

226 behavior, which aligns with the findings of Lea Chancelier. The impact of the alkyl chain 

227 length and the presence of functional groups and unsaturation was evaluated, revealing that 

228 the thermal behavior is governed by Van der Waals interactions between alkyl chains and 

229 inter- and intra-molecular coulombic interactions such as hydrogen bonding. (30)
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230 3.6. Differential scanning calorimetry

231 DSC is a technique where thermal analysis is carried out to measure heat flow changes related 

232 to material transitions. From Figure 9, all the membranes show exothermic peaks on the 

233 thermogram associated with melting the membrane samples. The Tg value of neat CA was 

234 observed to be 64°C, whereas the amino acid incorporated membrane CA‒AA has 91°C, 

235 indicating enhanced thermal stability. This increase in Tg is attributed to strong interactions 

236 between amino acid molecules and the CA polymer matrix. Additionally, the DSC results 

237 further validate the TGA findings, as the improved thermal stability of modified membranes 

238 correlates with increased Tg values.

239 It could be expected that a decrease in the concentration of ionic liquid, explained by Lea 

240 Chancelier,20 will lead to a reduction in the melting point of the membrane. (CA‒AA‒IL‒5%) 

241 has a higher melting point compared to that of (CA‒AA‒IL‒0.5%), which suggests that a 

242 higher ionic liquid concentration influences intermolecular interactions and phase transitions. 

243 This correlation between thermal stability, decomposition behavior, and glass transition 

244 temperature further supports the structural modifications induced by amino acid and ionic 

245 liquid incorporation, demonstrating their influence on the membrane’s thermal properties.

246 3.7. Pore size and porosity of membranes

247 The porosity of the (CA‒AA‒IL‒5%) incorporated CA membrane is increasing from 36.42 to 

248 44.15 % with the increasing concentration of ILs in the CA membranes from 0 to 5%. 

249 Increasing porosity of the membranes impacts the membrane flux.(31) The pore size of the 

250 membranes is gradually rising from 3.16 to 3.91nm with the increasing concentration of AA, 

251 IL from 0 to 5% in the CA membrane, shown in Table 4. The membrane pores have a positive 

252 charge due to the incorporation of ionic liquid, which reduces wastewater's viscosity, allowing 

253 it to pass freely. Consequently, the permeate flux increases. The formation of pores in the 

254 membrane surface enhances the permeability of membranes.(18) For (CA‒AA‒IL‒0.5%) 

255 incorporated CA membrane, the translocation of hydrophobic amino acids may involve a 

Page 14 of 43RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
25

 1
0:

13
:4

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4SU00688G

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00688g


14

256 modest amount of partitioning into the membrane interior, as well as translocation through 

257 transient defects; as a result, small pores were formed which increases the rejection rate. 

258
259 3.8. Permeability of membranes

260 The pure water flux of neat CA and AA‒IL membranes is listed in Table 5 (Figure 10). When 

261 applying 4 bar pressure to membranes, the flux increased from 75 L/m2 h to 98 L/m2 h, and 

262 the rising concentration of AA influenced the increasing permeability of CA membranes‒IL 

263 in CA membranes. It confirms that adding AA‒IL effectively enhanced CA membranes' 

264 hydrophilicity and pore formation. It is because during AA-IL membrane modification, the 

265 ILs replace part of the polymer, regulating the chemical and hydrogen bonding of the CA 

266 chains and enhance hydrophilicity and pore formation. Although the mean pore sizes of 

267 CA+AA (1%) +IL (5%) membrane only increase marginally compared to the Neat CA 

268 membrane. It means the flux improvement happened due to the enhanced hydrophilicity and 

269 the possibly larger pore size on the surfaces of the AA-IL membranes which allow to 

270 transport of water through surface/internal pores of AA-IL membranes more quickly.

271 The incorporation of amino acids and ionic liquids into cellulose acetate membranes enhances 

272 hydrophilicity, leading to improved water flux and antifouling properties. (32)  However, 

273 increased hydrophilicity can sometimes compromise mechanical strength due to higher water 

274 absorption, which may weaken the polymer matrix. Conversely, amino acid incorporation can 

275 enhance mechanical stability through hydrogen bonding and intermolecular interactions, 

276 partially mitigating this effect. Thus, optimizing the concentration of these additives is crucial 

277 to achieving a balance between high water permeability and sufficient mechanical robustness 

278 for long-term application.

279

280 3.9. Nanofiltration performance at different pressures and pH
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281 The NF performance for copper and magnesium metal ion solutions at different pressures and 

282 pH are conducted, and the results are presented in Figure 11. The operating pressure increases 

283 from 2 to 6 bar and pH from 4,7. It was observed that both synthetic and real wastewater's 

284 flux values increased, and the rejection rates decreased. At all operating pressures, copper and 

285 magnesium solutions had the highest flux at a pH of 4. The highest flux was 209 L/m2h for 

286 the (CA‒AA‒IL‒5%) membrane, while 127 L/m2h was observed for the neat CA membrane 

287 for copper metal ion solution. It was observed to be 152 L/m2h for (CA‒AA‒IL‒5%) 

288 membrane while 111 L/m2h for Neat CA membrane for magnesium metal ion solution. A 

289 similar type of flux values were found for 4 bar pressure. The highest flux was observed for 

290 copper metal ions at 6 bar pressure at pH 4 compared to pH 7. It was observed to be 320 

291 L/m2h (CA‒AA‒IL‒5%) membrane while 279 L/m2h was observed for neat CA membrane 

292 for copper metal ion solution. It was observed to be 295 L/m2h for (CA‒AA‒IL‒5%) 

293 membrane while 189 L/m2h for Neat CA membrane for Magnesium metal ion solution. It can 

294 be seen that all of the pure water flux (PWF) and NF performances have the same variation 

295 trend. Figure 12 gives the flux values of the industrial wastewater. Compared with the neat 

296 membrane, the Ionic liquid (5%) and amino acid (1%) incorporated membrane have higher 

297 flux values than the neat membrane due to the hydrophilic nature of the IL-embedded 

298 membrane. The flux of (CA‒AA‒IL‒5%) was observed to be very high, 78 (L/ m2 h), because 

299 of the presence of chloride-based ionic liquid. The (CA‒AA‒IL‒0.5%) membrane was 

300 observed to have a very low flux of 33 (L/m2 h) compared to that of (CA‒AA‒IL‒0.5%) 

301 because of lower values of IL compared to other membranes. It can certainly be observed that 

302 the pure water and permeate flux for industrial wastewater treatment increases directly when 

303 operating pressure increases.

304 Consequently, the flux values are decreasing as the pH increases. A similar change was 

305 observed elsewhere (1,31). Figure 11 shows that increased operating pressure results in 

306 overcoming the resistance of the membrane and enhancing the driving force. Besides, the 
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307 difference between the permeate and pure water flux for industrial wastewater treatment 

308 increased with the operating pressure because concentration polarization is negligible under 

309 lower operating pressures but not at higher pressures. When the operating pressure increases, 

310 concentration polarization also tends to increase, increasing the osmotic pressure that leads to 

311 a decline in the total effective pressure, decreasing permeate flux, and increasing rejection 

312 rates.(33) When low pressures are present, surface forces play more prominent role than the 

313 training forces. Moreover, the solvent flux increases as pressure increases and tends to 

314 decrease in the permeate solute concentration by increasing its rejection rate. After certain 

315 pressure levels, the surface forces of the solute become weak compared to the training forces; 

316 thus, the transportation increases in the solute and reduces rejection rates.(34)

317 3.10. Effluent rejection 

318 The rejection performance of these fabricated membranes was studied using synthetic metal 

319 ion solution for Cu and Mg (1000 ppm) varying pressure and pH for industrial wastewater. 

320 The studies were conducted at a pressure of 4 bar and pH 7 for industrial wastewater, whereas 

321 pressure and pH varied for synthetic metal ion solution. It is shown in Table 5 and Figure 13. 

322 Rejection experiments were carried out at pH 7. Higher Cu, Zn rejection % was observed for 

323 (CA‒AA‒IL‒5%)   membrane of 90 %, 91 % when compared to all other membranes; this 

324 might be due to the low porosity size, surface blocks, and rejects of the metal ions passing 

325 through the surface. A higher rejection was observed at pH 7 for the AA-embedded polymeric 

326 membrane, i.e., 82 %, which is explained by the membrane's pore-size modification 

327 mechanisms and SEM images. Additionally, the Donnan exclusion effect plays a critical role, 

328 where the fixed charged groups on the membrane surface induce electrostatic repulsion with 

329 co-ions(35). This electrostatic repulsion effect is particularly pronounced for multivalent 

330 metal ions, contributing to the observed higher rejection rates for copper and zinc compared 

331 to magnesium or iron. The highest rejection was observed for copper at 4 bar pressure at pH 7 

332 compared to that of pH 4. It was observed to be 88 %  for (CA‒AA‒IL‒0.5%)  embedded 
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333 polymeric membrane, while 58% was observed for neat CA membrane for Copper solution at 

334 a pH of 7. It was observed to be 83% for (CA‒AA‒IL‒0.5%)  embedded polymeric 

335 membrane while 54% for Neat CA membrane for  Magnesium metal ion solution. The highest 

336 rejection was observed for copper at 6 bar pressure at pH 7 compared to that of pH 4. It was 

337 observed to be 93% for (CA‒AA‒IL‒0.5%) embedded polymeric membrane, while 62% was 

338 observed for the Neat CA membrane for Copper solution at a pH of 7. It was observed to be 

339 89% for (CA‒AA‒IL‒5%)   embedded polymeric membrane while 44% for Neat CA 

340 membrane for magnesium metal ion solution, at pH of 7. Consequently, as pH changes from 

341 pH 4 to 7, the membrane pore size has a reducing positive charge, and as a result, there is a 

342 decline in the permeate flux, which leads to a gradual increase in the rejection rate of metal 

343 ion solution. It is observed that the rejection performance slowly increases with a rise in pH; 

344 higher rejection values were seen for pH 7 on average.

345 The operating pressure influence on the magnesium and Copper rejection rates using the 

346 fabricated membranes from industrial wastewater is shown in Figure 14. As the operating 

347 pressure increases, there is an increase in the rejection rates of all heavy metals, which can be 

348 explained as follows: The low rejection rate was observed due to low operating pressure; it 

349 can be observed higher diffusive transport than convective transport through the membranes. 

350 Convective transport becomes more prominent compared to diffusive transport, which 

351 reduces the solute concentration in the permeate, resulting in a hike in the rejection rate of the 

352 solute; (36) however, as the operating pressure increases, concentration polarization will also 

353 tends to increase, which leads to a decline in solute dismissal rates by a reduction in the 

354 charge impact. The subsequent improved heavy metal rejection rates with increasing 

355 operating pressure demonstrate that the increase in convective transport dominates the solute 

356 rejection behavior at all operating pressures. According to the Donnan exclusion principle, 

357 more rejection rates are observed for heavy metal with high valance charge due to the stronger 
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358 electrostatic repulsion exerted by the membrane.(37) Therefore, copper and zinc rejection 

359 rates are higher than that of remaining metal ions.

360 Rejection studies were carried out for industrial wastewater using nanofiltration set up with 

361 all four different fabricated membranes at a pressure of 4 bar and pH. The rejection rates for 4 

362 different metals are shown in Table 6. The highest rejection rate for iron was 89% for the 

363 (CA‒AA‒IL‒0.5%) membrane compared to other membranes. The highest rejection rate for 

364 Zinc was 91% for both CA-AA and (CA‒AA‒IL‒0.5%) membranes compared to two other 

365 membranes. The highest rejection rate for Lead was found to be 84% for the 

366 (CA‒AA‒IL‒0.5%) membrane compared to other membranes. The highest rejection rate for 

367 copper was found to be 90 % for the (CA‒AA‒IL‒0.5%) membrane compared to other 

368 membranes. Notably, there is a 90% rejection when the adhesion strength between copper and 

369 the polymer to create a strong and reliable connection.(38) The obtained rejection rates of 

370 heavy metal ions were comparable to those reported in other research studies. For instance, a 

371 metal-organic framework-embedded CA membrane achieved rejection rates of 77% for Co(II) 

372 and 53% for Cu (II).(39) Similarly, CA membranes produced from cigarette butt recycling 

373 demonstrated rejection efficiencies of 85.2%, 88.4%, and 85.3% for lead, chromium, and 

374 cadmium, respectively.(40). Additionally, another study reported the removal efficiencies of 

375 Fe2⁺, Ba2⁺, and Al3⁺ from dam water using CA membranes as 91.95%, 83.33%, and 59.37%, 

376 respectively. (41). These comparisons highlight the competitive performance of the fabricated 

377 membranes in heavy metal removal.

378 One of the pictorial representations of feed and permeate samples of the industrial wastewater 

379 treatment carried out in this study is presented in Figure 15.   In this study, the incorporation 

380 of ILs enhanced the hydrophilicity of the membranes, improving water flux and antifouling 

381 properties. However, excessive hydrophilicity may sometimes impact the mechanical strength 

382 and durability of the membranes. By optimizing the concentration of AA and IL, a balance 

383 was achieved, ensuring improved permeability while maintaining sufficient structural 
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384 integrity for effective nanofiltration applications. AA-LLs have also been considered to be 

385 environment friendly and greener than conventional solvent and have negligible leach out 

386 during membrane formation. In addition, synergistic effect of both AA and ILs can be 

387 influenced  to selectively remove metal  substances, making them useful for the removal of 

388 metal ions from effluent. Overall, the combination of AA and LLs have great potential for use 

389 in sustainable and efficient metal ions separation processes.

390
391 4. Conclusion

392 The AA-IL incorporated CA membranes were prepared using the phase inversion method in 

393 this work. The membranes were characterized by various methods such as SEM, contact 

394 angle, DSC, and TGA. The contact angle disclosed that the membranes' wettability 

395 significantly varied by adding AA and ILs. The surface morphology of fabricated membranes 

396 also varied compared to neat CA membrane. TGA and DSC exhibited that the thermal 

397 stability of the fabricated membranes was altered due to the addition of AA‒IL. The AA‒IL 

398 enhanced the hydrophilicity, which is confirmed by the contact angles of the membranes and 

399 also by pure water flux values. Further, nanofiltration (NF) experiments were conducted to 

400 separate heavy metals such as copper, zinc, iron, and lead from industrial wastewater at 

401 different pH levels and pressures on permeate flux, and rejection rates were studied for 

402 industrial wastewater. The developed membrane potentially rejected copper, zinc, iron, and 

403 lead 89%, 91%, 84%, and 90%, respectively, for 0.5% of AA and IL incorporation. The 

404 rejection of heavy metal ions was significantly improved with the inclusion of AA and ILs. 

405 Notably, the fabricated membranes demonstrate promising performance for heavy metal 

406 removal while being environmentally friendly. The use of cellulose acetate, amino acids, and 

407 ionic liquids not only enhances membrane properties but also aligns with sustainability goals, 

408 considering their renewable nature, reducing reliance on hazardous chemicals, and minimal 

409 environmental impact during fabrication. Furthermore, the cost-effectiveness, availability of 
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410 materials and the simplicity of the fabrication process suggest that the membrane fabrication 

411 process can be scaled up for large-scale industrial applications.

412
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540

541 List of tables

542

543 Table 1. Composition of casting solutions

544

545

546

547 Table 2. Characteristics of wastewater 

Parameters Values 

pH 6.6

TDS (ppm) 176

COD (ppm) 1580 

Turbidity (NTU) 20.8 

Iron (ppm) 6.65

Copper (ppm) 3.40

Lead (ppm) 4.37

Zinc (ppm) 5.19

548

CA, AA and IL composition (17.5 wt. %) Solvent (wt %)Membrane 

code CA AA IL DMF

M1 100% - - 82.5%

M2 99% 1% - 82.5%

M3 94% 1% 5% 82.5%

M4 99% 0.5% 0.5% 82.5%
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549

550
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551 Table 3. Contact angles of fabricated membranes

552

553

554 Table 4. Pore size of fabricated membranes

Membrane Pore size (nm)

M1 0.0291

M2 0.0136

M3 0.0316

M4 0.0110

555

556

557

558

559

560

561

562

563

564

Membrane Name of the Membranes Water Contact Angle (°)

M1 Neat CA 51.18 ±2.1

M2 CA+ AA (1%) 68.39± 1.4

M3 CA+AA (1%) +IL (5%) 51.94± 2.4

M4 CA+AA (0.5%) +IL (0.5%) 63.0± 2.3
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565

566 Table 5. Flux of Pure water and metal ion solution at pH 7 and 4 bar pressure

567

Membrane Pure 

water flux 

(l/m2 h)

Heavy metal 

solution flux 

of Copper 

(l/m2 h)

Heavy metal 

solution flux 

of Magnesium 

(l/m2 h)

M1 75.13 62 77

M2 32.87 15 12

M3 98.60 73 70

M4 41.09 10 12

568

569

570 Table 6. Rejection % of metals present in industrial wastewater

Membrane Iron (%) Zinc (%) Lead (%) Copper (%)

M1 83 71 64 73

M2 81 91 84 80

M3 83 67 76 79

M4 89 91 84 90

571

572

573

574

575

576
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577

578 List of Figures

579

580

2

polymer
solvent

Ionic liquid

Magnetic stirrer
Casting knife

Membrane Coagulation bath
membrane

581                     Figure 1. Fabrication of membrane

582

583

584
585
586 Figure 2.   Nanofiltration experimental set-up
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Figure 3. FTIR spectra of fabricated membranes
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Figure 4. Surface morphology of fabricated membranes

M1

M2
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                         Figure 5. Cross-sectional morphology of fabricated membranes
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                           Figure 6. Surface topology of fabricated membranes
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Figure 7. Contact angle images of fabricated membranes

 

M1 θ = 51.18±2.1 º M2 θ = 68.39±1.4 º

M3 θ = 51.94±2.4 º M4 θ = 63.0±2.3 º
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Figure 8. TGA Analysis of membranes

                                          Figure 9. DSC analysis of membranes
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                                         Figure 10. Pure water flux of membranes
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Figure 11. Flux of metal ion solution for copper and magnesium

(a) NF performance of membranes at a 
pressure of 2 bar at pH 4

(b) NF performance of membranes at a 
pressure of 2 bar at pH 7

(c) NF performance of membranes at a 
pressure of 4 bar at pH.4

(d) NF performance of membranes at a 
pressure of 4 bar at pH.7

(e) NF performance of membranes at a 
pressure of 6 bar at pH 4

(f) NF performance of membranes at a 
pressure of 6 bar at pH 7
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Figure 12. Nanofiltration performance of industrial wastewater 
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Figure 13. Rejection percentage of metal ion solution for copper and magnesium
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Figure 14. Rejection percentage of metal ion solution for Copper and Magnesium at different 

pressures and pH

(a)Rejection performance of membranes at 
a pressure of 2 bar at pH 4

(b)Rejection performance of membranes at 
a pressure of 2 bar at pH 7

(c) Rejection performance of membranes at a 
pressure of 4 bar at pH 4

(d) Rejection performance of membranes at a 
pressure of 4 bar at pH 7

(a) Rejection performance of membranes at a 
pressure of 6 bar at pH 7

(e) Rejection performance of membranes at a 
pressure of 6 bar at pH 4
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Figure 15:  Feed and permeate of wastewater 

              
Wastewater Feed Permeates
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