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Abstract The aim of this study was developing

novel membranes based on polyethersulfone (PES) as

matrix and amine functionalized cellulose nanocrys-

tals (CNC) as nanofiller for copper ion and direct red-

16 removal from water. The surface modification of

CNC was performed using (3-aminopropyl)tri-

ethoxysilane (APTES) and confirmed by Fourier

transform infrared spectroscopy and energy dispersive

X-ray spectroscopy. Then, PES membranes were

prepared by embedding various concentrations (0,

0.1, 0.5, and 1 wt%) of modified CNC (MCNC). The

results showed that the maximum adsorption capacity

of copper ions was 90% for membranes containing

1 wt% MCNC. Dye removal percentage was 89% for

neat PES and increased to 99% for 1 wt% MCNC

loading. The outcomes of this study demonstrated that

incorporating this type of modified CNC in PES

membranes improved the efficacy of impurities

removal from water and can be suggested as a simple

technique for water filtration.
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Introduction

Important challenges in the global water situation, is

closely connected to the rapid growth of the world

population, abuse of water resources, water reservoirs

pollution by contaminated wastewater from industrial,

municipal, and agricultural sources and climate

change. Thus, the demand for fresh water is growing

dramatically, in particular for food production, since

70% of the world’s freshwater withdrawals are already

committed to agricultural irrigation (Gehrke et al.

2015). Majority of the fresh water resources has

already been exhausted and there is reduction in

agricultural productivity with escalation in population

and food demand, leading food shortages and mani-

fold increase in food inflation (Misra 2014).

It is concluded, therefore, that improving water

quality provides social and economic benefits to

countries. Membrane water treatment, due to its

simple concept and easy implementation, involving

no phase changes or chemical additives, being

modular with easy scale up property, plays a signif-

icant role in areas such as brackish and seawater

desalination, and wastewater treatment and reuse

(Elimelech and Phillip 2011; Pendergast and Hoek

2011).

Nanocomposite membranes are advanced mem-

branes with dispersed nanomaterials in the polymer

matrix, which can be used for gas–gas, liquid–liquid,

and liquid–solid separations. Besides gas separation,

many other applications have been investigated by

using nanocomposite membranes (Yin and Deng

2015). Due to their promise of solving the trade-off

relationship between selectivity and permeability and

also, mitigating the problem of membrane fouling

during water treatment, it has attracted growing

attention and is considered as the cutting edge of

creating the next generation of membranes with high

performance.

Cellulose nanocrystals (CNC) are promising can-

didates for this purpose due to their numerous

advantages such as renewability, biodegradability,

inherent environmental inertness and good thermal

stability (Abouzeid et al. 2018). Moreover, CNC has

easily functionalizable surface which allows the

incorporation of chemical moieties and increase in

binding efficiency of pollutants to the modified CNC.
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The aim of this investigation is preparation and

characterization of a membrane, containing modified

cellulose nanocrystals (MCNC) and a bottom non-

woven substrate for removing heavy metals such as

copper ions from water. Also, its efficiency in

adsorption of organic dyes were investigated.

Suitable polymer for use herein as substrate layer is

polyethersulfone (PES). Efforts have been made to

modify cellulose nanocrystals by new chemical mate-

rials and use them as an adsorbent for water purifica-

tion and some literature on their adsorption

performance have been published (de Castro Silva

et al. 2018; Jain et al. 2016; Li et al. 2018; Madivoli

et al. 2016; Mautner et al. 2016; Sun et al. 2018). But

to the best of our knowledge, loading (3-amino-

propyl)triethoxysilane (APTES)-modified CNC in

PES membranes has never been conducted before

and there is no documented study in this direction. In

addition, the morphology, water contact angle, filtra-

tion performance and anti-fouling property were

characterized, and also, the adsorption capacity of

copper ions and direct red-16 were determined.

Materials and methods

Materials

APTES, glycial acetic acid, dimethyl sulfoxide and

polyvinylpyrrolidone (PVP) were purchased from

Sigma-Aldrich Inc. (St Louis, MO, 120USA).

Polyethersulfone was obtained from BASF (Lud-

wigshafen, Germany) and milk powder was provided

by Pegah Company (Tehran, Iran). CNC was supplied

by Innotech Alberta (previously Alberta Innovates

Technology Futures). The dimensions and morphol-

ogy of the cellulose nanocrystals (CNC) were ana-

lyzed by transmission electron microscopy (TEM)

(Zeiss EM 10C). To this aim, the aqueous suspensions

with 0.01 wt% of CNC were dropped on the surface of

a nickel grid coated with polymer. After drying the

samples at room temperature, TEM analysis was

performed with an accelerating voltage of 1.5–5 kV.

The diameter of at least 50 CNC was measured using

the Image J software. Figure 1 shows the obtained

results.

Methods

Modification of cellulose nanocrystals

MCNC were produced via a chemical reaction using a

procedure reported by Khanjanzadeh et al. (2018).

CNC, (3-aminopropyl)triethoxysilane (APTES) and

water were mixed with each other with a ratio of 1/5/

100 w/v/v. For this purpose, APTES (5 ml) was added

to water (100 ml) and pH was adjusted to 4 by using

glacial acetic acid and stirred, continuously. After

stabilizing the pH, CNC was added, the mixture was

magnetically stirred at room temperature for 120 min,

and consequently, centrifuged (13,000 rpm, 15 min).

Then, the supernatant was separated, and the precip-

itate was re-dispersed in deionized water. This step

was repeated once again before MCNC is recovered as

solid residue. Subsequently, the precipitate was cured

inside an oven (105 �C, 15 min) to perform the

reaction. The modified cellulose was centrifuged

(13,000 rpm, 15 min) and washed two times with

ethanol (96% purity) and one time with distilled water

for removing the unreacted APTES as much as

possible. The resulting MCNC was finally stocked in

a refrigerator (4 �C) for future use. Figure 2 represents

the schematic diagram of chemical reaction between

CNC and APTES.

Fig. 1 TEM image of cellulose nanocrystals

123

Cellulose (2019) 26:3359–3373 3361



MCNC characterization

Fourier transform infrared (FT-IR) FT-IR was used

to investigate the chemical structure of MCNC

compared to unmodified sample. FT-IR spectra of

the MCNC were recorded on a Nexus 470 FT-IR

(Thermo Nicolet, Waltham, MA) in absorbance mode

from 4000 to 400 cm-1, with accumulation of 32

scans and 4 cm-1 resolution.

Energy dispersive X-ray spectroscopy (EDX) EDX

provides chemical information about a material. In

this work, the accelerating voltage of 20 kV was used

to decrease the interaction volume, thereby improving

spatial resolution. The CNC surfaces were analyzed

using a field emission scanning electron microscope

(FESEM) (VEGA II, TESCAN, Czech Republic)

equipped with an EDX instrument (INCA, Oxford

Instruments, U.K.). The mapping mode was

performed on the surface of the samples to detect the

uniformity dispersion of CNC and the existence of

carbon (C), oxygen (O), sulfur (S), nitrogen (N), and

silica (Si). To prepare the specimens for microscopy,

the samples were coated with gold and palladium

using a sputter coater.

X-ray crystallography X-ray diffraction test was

used to study the crystalline structure of the samples.

To prepare the X-ray diffraction spectrum, the samples

were placed in a perpendicular direction by X-rays. A

diffractometer was used with a voltage of 30 kV and a

current of 30 mA. The diffraction angle (2h) was 5�–
40�. The degree of crystallinity was determined using

the Segal et al. (1959) formula:

Fig. 2 Schematic diagram of chemical reaction between cellulose nanocrystals and (3-aminopropyl)triethoxysilane (Reproduced from

Khanjanzadeh et al. 2018)
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CIr ¼ I200 � Iam

I200

� �
� 100 ð1Þ

The I200 and Iam are the peak intensities at

2h = 22.7� and around 18�, respectively (French and

Santiago Cintrón 2013; Nam et al. 2016).

Differential scanning calorimetry (DSC) The DSC

curves were recorded in DSC-400 Sanaf (Iran) using

aluminum crucibles containing * 2 mg of samples,

under oxygen atmosphere (50 mL min-1) and a

heating rate of 2 �C min-1 in the temperature range

of 25 to 370 �C.

Membrane preparation

In this work, the phase separation method was used to

make membranes. First, a certain amount of modified

cellulose nanocrystals (0.1, 0.5 and 1 wt% based on

PES weight) was added to dimethyl sulfoxide and

placed in an ultrasonic bath for 30 min to be uniformly

dispersed and a sustainable dispersion is formed. The

constant concentration of 1 wt% of polyvinylpyrroli-

done was then added to the dispersion and the mixing

operation was performed to be dissolved. The

polyethersulfone polymer was then added to the

aqueous dispersion at 20 wt%. After adding the

polymer to the solvent, the solution was stirred for

24 h to obtain a uniform solution. To remove air

bubbles, the solution was kept for 24 h without

stirring. The blend solutions were casted on a glass

plate by using a film applicator and then, immersed in

a coagulation bath containing distilled water as a non-

solvent for phase inversion. The contact of the

polymer solution with distilled water led to the

polymer precipitation as a result of solvent/non-

solvent exchange. After complete coagulation, the

membranes were peeled off and washed with and

stored in distilled water for future use. Figure 3 shows

a schematic diagram of membrane preparation proce-

dure. By changing the content of MCNC over a rage of

0, 0.1, 0.5 and 1 wt%, a series of PES/MCNC

nanocomposite membranes with thickness of approx-

imately 150 lm were prepared and coded as PES-0,

PES-0.1, PES-0.5 and PES-1.

Membrane characterization

Membrane morphology A (FEI QUANTA 600F)

Scanning electron microscope (SEM) was used to

investigate the surface morphology of the prepared

membrane. The specimens were put on a holding stub

and dried under vacuum for at least 24 h. Then, they

were sputter coated by gold under vacuum using

sputter coater and the images were taken by SEM at an

accelerating voltage of 15–20 kV.

Water contact angle (WCA) measurement Significant

improvement in the anti-fouling property of a

membrane is achieved through an increase in the

hydrophilicity of the membrane. This property of

membrane was investigated on the basis of WCA

using a contact angle meter (Tensio, CA-ES10, Ezdiad

Bardasht, Fars, Iran) by the sessile drop method.

Water flux The pure water flux (PWF) of the

membranes was determined by deionized water

using a batch type, dead-end, stirred cell with

effective membrane filtration area of 19.6 cm2. PWF

values at pressure of 4 bar was measured under steady

state condition according to the following Equation:

Jw ¼ m

A� t
ð2Þ

where Jw is PWF (kg/m2 h), m is the weight of

permeated water (kg), A is the effective area of the

membrane (m2), and t is the time (h).

Evaluation of anti-fouling property For investigating

fouling resistance of the fabricated membranes, milk

powder solution at concentration of 8000 mg/L was

used as a suitable fouling agent to provide similar

medium. After measuring pure water flux, the stirred

cell was refilled with the foulant solution and then, the

flux for milk powder solution Jp (kg/m2 h) was

measured based on the quantity of water permeating

the membranes at 4 bar pressure for 80 min. To

remove temporarily attached foulants to the

membrane surface, the fouled membrane was

immersed in distilled water for 20 min, the cleaned

membranes were placed in cell without being dried

and then the pure water flux, Jw2, was recorded again

for 60 min. Subsequently, the flux recovery ratio

(FRR) of the membranes was calculated by the

following Equation:
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Flux recovery ratio ¼ Jw2

Jw1
� 100 ð3Þ

where Jw1 and Jw2 are the steady-state water flux

before the milk powder solution test and after distilled

water flushing, respectively.

Further, the degree of fouling can also be investi-

gated in terms of reversible and irreversible fouling

resistance of the prepared nanocomposite membranes.

Generally in dead-end UF technique, the flux loss

induced by milk powder fouling is calculated by the

values of Jw1, Jw2 and Jp in the Eqs. (4) and (5),

respectively.

Rrf ¼
Jw2 � Jp

Jw1

� �
� 100 ð4Þ

Rirf ¼
Jw2 � Jw2

Jw1

� �
� 100 ð5Þ

where Rrf and Rirf refer to the reversible and

irreversible fouling, respectively that occur in the

membranes, Jp1 represents the protein flux and Jw1
denotes the initial water flux which was measured

before conducting the fouling experiments. Total

fouling (Rt) is the sum of reversible and irreversible

fouling (Saraswathi et al. 2018). However, Rt alone is

not considered appropriate to determine the mem-

brane’s fouling resistance because, it also includes the

reversible fouling.

Copper ion removal A low concentration of Cu?2

ions (20 mg/l aqueous solution from Cu(NO3)2) was

employed to investigate the membrane ability for

copper ion filtration. All copper ion removal

experiments were carried out at room temperature

(20 ± 2 �C) and pH 4.5. Copper ion rejection was

monitored using atomic absorption spectroscopy

(Atomic Absorption Spectrophotometer PG- 990

(PG Instruments Limited, UK)) of feed and

permeated solutions. Following equation was used to

determine copper ion rejection:

R %ð Þ ¼
Cf � Cp

Cf

� �
� 100 ð6Þ

where Cf and Cp are the concentration of feed and

permeate, respectively.

The reusability of the membrane with the best

performance in copper removal was investigated. The

membrane was immersed in 25 ml of ethylenedi-

aminetetraacetic acid (10 mM), as a chelating agent,

for 60 min. Then the membrane was washed with

distilled water and the Cu2? removal test was

Fig. 3 Schematic diagram of membrane preparation procedure
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repeated. This procedure was sequentially carried out

four times with duration of 60 min for each cycle of

experiment.

Experiments of dye removal For evaluating the

efficiency of the fabricated membranes in dye

removal, direct red 16 containing azo group was

selected and filtration experiments were conducted in

the dead-end filtration set-up for 90 min at a pressure

of 4 bar and pH 6. In every run, 50 ml of synthetic dye

solution with a concentration of 50 mg/l (within the

range of typical concentration in textile wastewaters),

was used and the flux was obtained from Eq. 2. Dye

concentration was determined using UV–Vis

spectrophotometer (JENWAY 6320D) at 526 nm

wavelengths. Dye removal percentage (R) was

calculated by the Eq. (4).

Results and discussion

MCNC characterization

Chemical structure of the nanocrystals

Figure 4 show the spectrum of the fourier transform

infrared of unmodified cellulose nanocrystals that

include indicative bands for cellulose. The broad peak

at 3500–3000 cm-1 and low intensity peak at

2899 cm-1 are attributed to hydroxyl groups and

symmetrical stretching of C–H, respectively. The peak

at 1640 cm-1 is due to absorbed water. The peaks at

1433 cm-1 and 1363 cm-1 belong to the bending of

CH2 and CH, respectively. The observed peaks at

1160 cm-1 and 1110 cm-1 are probably assigned to

the asymmetric stretching of C–O–C in the glycosidic

ring and the peak around 1060 cm-1 corresponds to

the lateral groups and ring vibrations and the peak at

706 cm-1 is also probably due to the bending of C–O–

H. FT-IR spectrum of MCNC is also displayed in

Fig. 4b. The peak added in 1571 cm-1 indicates the

amination of the cellulose nanocrystal through the

reaction with (3-aminopropyl) triethoxysilan (Fig. 4).

Elemental analysis

Elemental analysis of CNC and MCNC was carried

out using EDX attached to the FESEM and the data

mapping of the EDX elements of both samples are

shown in Table 1 and Figs. 5 and 6, respectively. The

EDX spectrum of the unmodified cellulose nanocrys-

tals revealed three peaks around binding energies

corresponded to the atoms of carbon (C), oxygen

(O) and sulfur (S). The trace amounts of elemental

sulfur impurity along with carbon and oxygen as the

main elements of CNC probably originates from the

sulfate groups which remained after acidic hydrolysis

of cellulose fibers using sulfuric acid in the process of

CNC preparation that were not completely removed

during the dialysis. The CNC modified with APTES

consists elements of C, O, S, silicon (Si) and nitrogen

(N). The presence of Si and N atoms in the sample

confirms the successful modification of CNC surface.

Regarding the Si/N ratio (= 1) in the APTES

molecules, their atomic percentages were approxi-

mately the same, but because of higher molar mass of

silicon atom (28.085 g per mole) compared to nitrogen

atom (14.0067 g per mole), Si showed higher weight

percentage.

X-ray diffraction

The X-ray diffraction patterns of the unmodified and

modified nanocrystals are shown in Fig. 7A. Indeed,

the peaks of crystalline regions were observed in 2h
equal to 14.7, 16.2 and 22.7 degrees. However, the

X-ray diffraction of MCNC can indicate the partial

dissolution of the cellulosic surface chains of

nanocrystals by the use of a modifying agent while

the inherent crystalline structure of modified CNCwas

conserved as consequence of reaction with APTES.

The results showed that the crystallinity of unmod-

ified nanocrystals decreased from 66 to 54% in the

modified samples. The partial dissolution destroys a

portion of the crystals which ultimately leads to a

decrease in the percentage of crystallinity of modified

CNC. In general, it can be concluded that according to

X-ray diffraction results, the modification has been

successfully performed on nanocrystals and the

nanocrystalline structure has been optimally changed

for use in the membrane manufacture with the aim of

water purification.

DSC analysis

The DSC curves (Fig. 7B) indicate the change in the

thermal stability of the cellulose nanocrystals after

chemical modification. The DSC of unmodified
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cellulose has an endothermic peak at 282.8 �C asso-

ciated with its decomposition. In the DSC curve of

modified sample, the endothermic peak associated

with decomposition of nanocellulose incorporated

with amino groups is observed at a lower temperature

(262.9 �C). This reduction in the thermal stability of

nanocrystals after chemical modification can be

attributed to the incorporation of amino groups on

the surface of CNC, probable disturbance in inter- and

intra-molecular hydrogen bonds and consequently,

lower values of crystallinity index.

Membrane characterization

Morphology of the membrane

Microscopic studies indicated that the modified cellu-

lose nanocrystals were uniformly embedded in the

polymer matrix. Figures 8 show SEM images of pure

PES and nanocomposite membranes. Although some

images prepared from parts of the membrane surface

with maximum nanocrystal assembles showed an

increase in the MCNC accumulation with increasing

the concentration of nanofiller in the initial solution

which can lead to the closure of the cavities at the

surface or cross-section of the membranes, but other

parts showed a uniform distribution of nanocrystal in

all concentrations (Fig. 8). The results of permeation

studies indicate that this accumulation in small

portions of the membrane does not have a negative

effect on the permeate flux of the membranes. This can

be due to the predominance of segments with uniform

dispersion as well as to the increased surface

hydrophilicity due to the addition of MCNC.

Water contact angle

The hydrophilicity of the membrane surface can be

investigated by measuring water contact angle

(WCA). As can be seen from the results, the PES-0

showed the highest contact angle of 72.6�, indicating
that it is the most hydrophobic of all the evaluated

membranes. Compared to the pure PES, the WCA of

the nanocomposites declined, which suggested more

hydrophilic surfaces of the nanocomposite membranes

due to the hydrophilic hydroxyl groups of CNC and

amine groups of APTES. Also, the increase in the

hydrophilicity may be attributed to the nanocellulose

Table 1 Elemental analysis of unmodified and modified CNC

Sample Element Line W% A%

Unmodified CNC C Ka 48.67 55.91

O Ka 50.94 43.92

S Ka 0.39 0.17

Modified CNC C Ka 39.62 48.44

O Ka 44.81 41.13

S Ka 0.19 0.09

Si Ka 11.01 5.76

N Ka 4.37 4.58

Fig. 4 FTIR spectra of

(a) unmodified and

(b) modified CNC
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migration to the membrane surface during the process

of phase-inversion. It can be revealed that the contact

angles of the nanocomposites decreased as the nano-

material content increased; Addition of 0.1, 0.5 and

1% w/w of nanomaterials decreased the contact angle

of the PES from 72.6� to 68.3�, 65.6� and 62.7�,
respectively.

Permeability studies

Water flux measurement Table 2 shows the results

of water flux test for pure polyethersulfone and also,

nanocomposite membranes of PES/MCNC. The water

flux properties of the membranes were increased by

addition of the MCNC. As the modified nanocrystal

concentration increased, the increasing trend in water

flux continued, and reached its maximum value at 1%

w/w ofMCNC. The higher water flux can be attributed

to the surface properties and the hydrophilic

superiority of the MCNC/PES membranes.

Therefore, the effect of the MCNC on the surface

hydrophilicity and consequently, the water flux of PES

membranes are quite clear. If the pure water flux

decreased, in spite of increase in the nanocrystals

loading percentage, and despite the presence of more

functional groups on the membrane surface and also,

improved hydrophilicity, it could be attributed to the

reduction in the pore size or their closure by the

agglomeration and aggregation of the nanocrystals

and indicated the greater effect of these parameters on

the permeability of the membrane compared to the

surface hydrophilicity. Therefore, the adaptation of

the results of surface hydrophilicity with flux in this

study can be interpreted from two perspectives: the

possibility of not reducing the pore size and not

closing them by nanocrystals or the greater the effect

of surface hydrophilicity on the membrane

permeability compared to the pore size.

Fig. 5 EDX mapping of

unmodified CNC, the

distribution and percentage

of carbon: C, oxygen: O, and

sulfur: S
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Flux of milk powder solution The effect of different

concentrations of MCNC on the performance of

nanocomposite membranes in the milk powder

filtration test is shown in Table 2. The flux of

Fig. 6 EDX mapping of

modified CNC, the

distribution and percentage

of carbon: C, oxygen: O,

nitrogen: N, silica: Si, and

sulfur: S
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membrane dropped dramatically with the change of

feed from pure water to milk powder solution. The

phenomenon of concentration polarization, which

occurs on the basis of the proteins accumulation near

the membrane surface, is the main factor controlling

the flux. In the process of milk powder solution

filtration, the feed flux for pure PES was 2.38 kg/m2 h

after 900 s. With the addition of modified cellulose

nanocrystals, the flux increased and the membrane

containing 1% MCNC exhibited the highest flux

(11.48 kg/m2 h), indicating better anti-fouling

properties in this sample. Increasing the flux passing

through the membrane results in the formation of

turbulent flow, preventing the formation of sediment

on the surface of the nanocomposites compared to

pure PES.

Water flux of cleaned membrane Table 2 shows the

water flux of cleaned nanocomposite membranes. The

proteins contained in the milk powder solution feed fill

the grooves and gaps and being kept at the membrane

surface and not being separated during the treatment

process. The closure of the pores causes a significant

reduction in the pure water flow after fouling.

Flux recovery ratio (FRR) was calculated to assess

the fouling resistance of the membranes for milk

powder solution filtration and displayed in Table 2.

The FRR was only 44.93% for the pure PES

membrane, suggesting substantial membrane fouling.

Reduced FRR is resulted from the combined effects of

foulant adsorption on or within the membrane pores,

its deposition during filtration and also, concentration

polarization. All nanocomposite membranes had a

higher FRR andmore resistance toward fouling, which

indicated that the protein adsorbed and deposited on

the membrane surface could be easily removed, so, the

protein fouling was suppressed significantly in the

filtration process. The higher FRR values confirm the

better antifouling property of the prepared nanocom-

posites. This increase in FRR was continued by

increasing the concentration of MCNC and also, by

the membrane hydrophilicity and reached its maxi-

mum (90.30%) at the highest concentration of

nanofiller (1% w/w). Zhang et al. (2018) reported that

the pure water flux (WF) was increased by 1.0 wt%

CNC loading in the casting solution, while the further

concentration of CNC caused a reduction in the WF.

So, 1.0% cellulose nanocrystal was selected as the

highest loading percentage.

Total, reversible and irreversible fouling For better

understanding of the fouling phenomenon, other

fouling parameters such as total (Rt), reversible (Rrf),

and irreversible fouling (Rif) were calculated and

presented in Table 2. Reversible deposition of

molecules on the surface of membrane results in

reversible fouling and foulants can be separated by

hydraulic cleaning. Strong adsorption of molecules on

the membrane surface or physical entrapment inside

the pores (pore blocking) causes irreversible fouling

that absorbed components are not separated by simple

hydraulic cleaning and therefore, advanced physical or

chemical approaches are required.

All PES/MCNC membranes had a higher Rrf and

lower Rif than pure polyethersulfone. Among the

nanocomposite membranes, the highest reversible and

the lowest irreversible fouling was related to the

membrane containing 1% w/w MCNC, which could

be due to the highest hydrophilicity in this

concentration.

Fig. 7 a XRD and b DSC of (a) unmodified and (b) modified

cellulose nanocrystals

123

Cellulose (2019) 26:3359–3373 3369



Efficiency of membrane in copper (II) ions removal

Ingestion of high amounts of copper (1.5 mg/l) by

human can cause acute poisoning of the liver and

kidney damage and stimulation of the central nervous

system and contact with some of its compounds can

cause cancer. Numerous N groups in the modified

nanocellulose structure indicate that there are active

adsorption sites around each particle that are effective

in copper removal through their electron pairs. In this

study, the dispersion of nanocrystal at the membrane

surface during the phase inversion process enhances

the membrane surface, which increases the adsorption

capacity of the membranes. According to the results

presented in Fig. 9, the membrane containing 1%

MCNC, due to high dispersion of MCNC, had the

highest percentage of copper (II) removal, and pure

polyethersulfone membranes showed the lowest

Fig. 8 SEM images of PES membranes loaded with 0% w/w (top, left), 0.1% w/w (top, right), 0.5% w/w (bottom, left) and 1% w/w

(bottom, right)

Table 2 Permeability parameters of PES membranes with different concentration of MCNC

Membranes Water flux of origin

membranes (kg/

m2 h)

Milk powder

solution flux (kg/

m2 h)

Water flux of cleaned

membranes (kg/

m2 h)

Flux

recovery

ratio (%)

Total

fouling

(%)

Reversible

fouling

(%)

Irreversible

fouling (%)

PES-0 8.68 2.38 3.9 44.93 72.58 17.51 55.07

PES-0.1 15.47 5.24 10.79 69.79 66.12 35.87 30.25

PES-0.5 20.83 7.68 15.53 74.55 63.13 37.69 25.44

PES-1 28.42 11.48 25.5 90.30 59.60 49.33 10.27
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amount for all studied periods (Fig. 9). Considering

these results, it can be concluded that the presence of

modified cellulose nanocrystals in the membrane

structure leads to their beneficial effect in improving

the efficiency of nanocomposites in copper (II)

removal. By selecting PES-1wt % as the best-per-

forming membrane and carrying out the removal and

regeneration of copper ion experiments, it was

revealed that the membrane performance is consider-

able even after four cycles of removal tests (Table 3).

It can be observed that reduction in copper removal

after four runs of filtration/regeneration tests was *
13, negligible compared to initial removal. In fact,

because of high formation constant of [Cu(EDTA)]2-

(5.0 9 1018), EDTA is able to chelate Cu2? and

permanently release them from membrane adsorption

sites. As a result, the prepared membrane is highly

valuable of being employed several times by utilizing

EDTA as the regenerative agent without considerable

loss in membrane efficiency.

Membrane function in dye removal

Dyes may affect photosynthetic activity of aquatic life

due to the prevention and reduction of light penetra-

tion, and also can be toxic and harmful to some aquatic

organisms’ life due to the presence of metals,

aromatics and other compounds in their structure

(Tahir et al. 2016). Due to the toxic effects of colors,

there are many concerns about their use (Rathoure

2015). This will require more focus on new methods

and technologies to remove dyes from different types

of wastewater. One of the new and growing processes

in removing pollutants from industrial wastewater is

membrane filtration. The benefits of the nano-filtration

system, compared to the reverse osmosis, can be

attributed to lower operating pressure with accept-

able yield in dye removal. Table 4 shows that the flux

of direct red-16 flux increases by increasing the

concentration of the modified cellulose nanocrystal in

the membrane, which is in accordance with the results

for the flux of water and milk powder solution.

The results presented in Table 4 show that the color

separation percentage for the pure PES membrane was

89% and increased for nanocomposites and reached its

maximum level (99%) at 1% MCNC concentration,

indicating improved performance of the nanocompos-

ite membranes in the removal of direct red-16 at

neutral pH. The presence of amine groups on the

surface of MCNC results in higher flux and also,

higher removal of positive-charge molecules. At

Fig. 9 Copper removal

percentages as a function of

time and MCNC

concentration

Table 3 Percentage of copper ion removal resulting from

repeated sorption cycles

Cycles Removal efficiency (%)

1 90

2 87

3 82

4 78
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neutral pH, amine groups of direct red-16, as well as

(3-aminopropyl)triethoxysilane becomes positively

charged with H? adsorption and repel each other

which in turn, results in a high removal percentage.

Regarding the chemical structure, this color has

anionic sulfonic groups in the pH range of 1–14, and in

acidic pH, due to the ionization of amine groups, it

also has a cationic charge. According to the functional

groups, it is clear that cellulose nanocrystals have

anionic charge at the surface due to anionic sulfate

ester groups. After modification with APTES, amine

functional groups are also included. In acidic condi-

tions, the electrostatic attractions between the cationic

groups of direct red-16 (–NH3?) and anionic groups in

nanocellulose (sulfate ester) as well as cationic groups

(–NH3?) of modified adsorbent with anionic groups of

the dye are effective forces in adsorption of this dye.

Also, various types of hydrogen bonds between

hydroxyl groups of cellulose surfaces and different

groups of the dye can be another type of adsorption

mechanism using this adsorbent. The values of dye

removal percentage in this work, were in accordance

with the results reported by Rahimi et al. (2017) for

direct red-16 rejection (%) using nanocomposite

polyethersulfone mixed-matrix membrane embedded

with synthesized hydrophilic adipate ferroxane

nanoparticles (Rahimi et al. 2017); Furthermore, the

obtained results were higher than the maximum

adsorption removal rate of basic fuchsine (88.10%),

methylene blue (98.47%) and crystal violet (92.85%)

by cellulose modified with maleic anhydride (Zhou

et al. 2012) and also, compared to the removal

percentage of two textile dyes (direct red-75 and

direct red-80) from aqueous solutions by using

calcined bone as an absorbent (El Haddad et al. 2013).

Conclusion

The hypothesis of this study was to develop an

environmental-friendly and simple process of surface

modification of the cellulose nanocrystal by using (3-

aminopropyl)triethoxysilane. APTES functionalized

the cellulose nanocrystals which increases the avail-

able sites in the nanocomposite membranes that may

responsible for efficient water impurities elimination.

The FT-IR and EDX results showed that the CNC

were modified successfully. In addition, the nanocom-

posite membranes characterization demonstrated that

the efficiency of membranes could be improved by

increasing the cellulose nanocrystal content. It was

showed that MCNC can be introduced as an effective

nano-filler for improving water flux and fouling

resistance of PES/MCNC membrane. According to

the results obtained by the current study, it can be

concluded that the use of (3-aminopropyl)triethoxysi-

lane for surface modification of cellulose nanocrystal

may offer a simple and solvent free process which can

improve the adsorption mechanism for water treat-

ment by the prepared mixed matrix nanocomposite

membranes.
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