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Abstract Asymmetric membranes based on cellu-

lose acetate (CA) and cellulose nanofibers (CNF) were

prepared by non-solvent induced phase separation. The

effect of CNF addition on the morphology, water flux

and filtration performance of the CA membranes was

investigated. Field emission scanning electron micro-

graphs showed the formation of large macrovoids at

low CNF content, while the increase of the CNF

content resulted in a sponge-like morphology due to

changes in the demixing process rate duringmembrane

formation. Porosity and pure water flux increased with

the increment of CNF content. In addition to this,

molecular weight cut-off was 200 kg mol-1 for

nearly all composite membranes studied. CA/CNF5

composite membranes were also tested to clarify

strawberry and raspberry juices as well as whey.

Clarification of fruit juices and whey was shown by the

decrease of turbidity and solid content. Moreover, the

maintenance of antioxidant capacity, as well as overall

color for strawberry and raspberry juices, could be seen

leading to the conclusion that this composite mem-

brane can be useful in juice production.

Keywords Cellulose acetate � Cellulose nanofibers �
Membrane separation � Microfiltration � Phase
inversion � Juice clarification

Introduction

Cellulose esters have great potential as membranes for

separation processes. As of the last four two decades

until now, cellulose acetate (CA) has been applied in

different aqueous separation processes such as reverse

osmosis (Kunst and Sourirajan 1974; Perera et al.

2014) and ultrafiltration (Kutowy and Sourirajan

1975; Han et al. 2013), mainly due to its interesting

characteristics, such as the hydrophilicity, hardness

and relatively low cost. In separation processes, CA

membranes have shown satisfactory results such as for

trace organic contaminant removal (He et al. 2015),

and separation of biomolecules or complex heavy

metals (Soylak et al. 2002, 2010; Chen et al. 2004;

Divrikli et al. 2007). However, in order to increase the

selectivity or the mechanical properties of CA mem-

branes, blends and composite membranes based on

CA have been prepared (Tian et al. 2011; Abedini

et al. 2011; Andrade et al. 2015).

In this context, nanocelluloses can be a good

candidate as fillers for CA composite membrane
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preparation. Cellulose nanofibers (CNF) are long,

flexible and entangled and are made up of individu-

alized cellulose nanofibrils, presenting 10–100 nm

lateral dimensions and length generally in the microm-

eter scale. This cellulosic material consists of alter-

nating crystalline (cellulose) and amorphous domains

(lignin and hemicellulose), and has been indicated for

applications in many areas such as paper making

(Nogi et al. 2009), coating (Aulin et al. 2010),

packaging (Spence et al. 2010) and gas barriers

(Fukuzumi et al. 2009). The numerous possible ap-

plications are justified by the renewable character,

high aspect ratio, low thermal expansion, low cost and

relatively easy production (Abdul Khalil et al. 2014).

CNF can be extracted from natural fibers by mechan-

ical methods, such as grinding, high-pressure homog-

enization, microfluidization and sonication, by

chemical methods, such as fermentation (Kalia et al.

2014), or the combination of some of them. As a

reinforcing filler in the polymers, CNF has been mixed

with different polymer matrices, such as poly(lactic

acid) (Iwatake et al. 2008), polyurethane (Özgür

Seydibeyoğlu and Oksman 2008), poly(ethylene

oxide) (Fortunato et al. 2012) and starch (Takagi and

Asano 2008). Although the use of cellulose fibers in

different polymers has already been proven to be an

important strategy for obtaining nanocomposites with

improved mechanical performance, these nanorein-

forcements also offer possibilities such as additives for

membrane development. Kong et al. (2014) have

shown that the addition of oxidized CNF to cellulose

tri-acetate promoted an increase in membrane

hydrophilicity, also resulting in an increase in water

flux. Even though the results obtained by these same

authors were interesting, no proposals were made in

terms of their application.

Membranes can be produced by phase inversion

methods, which can be described as a demixing

process whereby the initially homogeneous polymer

solution is submitted to a liquid–solid phase transition

in a controlled manner. This transformation can be

made by the immersion of a polymer solution in a non-

solvent bath (non-solvent induced phase separation—

NIPS). The NIPS method is one of the most popular

membrane formation methods because it allows the

preparation of asymmetric membranes with different

morphologies. Asymmetric CA membranes produced

by using NIPS show macro-voids and sponge-like

morphologies, depending on the polymer solution

composition, the preparation conditions and the pres-

ence of additives (Reuvers and Smolders 1987;

Guillen et al. 2011; Lalia et al. 2013).

Microfiltration, ultrafiltration and reverse osmosis

have been widely applied to the dairy, food and

beverage industry, mainly to improve shelf-life and

concentrate liquids such as juices, wine, beer, oils and

syrups and, in addition to this, they are also used to

purify and fractionate protein solutions (Ghosh 2008;

Belleville and Vaillant 2015). Membrane separation

processes have advantages such as a reduction in

energy consumption, lower capital investments and

they are also usually performed at low temperatures

involving little or no deterioration of the compounds

(Belleville and Vaillant 2015). Microfiltration has

been used as a pre-treatment to remove fine suspended

particles from biological products (Qiu et al. 2015;

Arend et al. 2017). This can prevent fouling in further

membrane separation stages (Campos et al. 2016) and

also result in clarified products which can be used as

ingredients in beverages, candies and other food

preparation (Qiu et al. 2015).

In this work, the effect of CNF incorporation on the

CA asymmetric membrane performance was investi-

gated. Focus has been put on the characterization of

membrane morphology and water permeation flux as

well as membrane filtration performance, which was

assessed in fruit juices and whey regarding their total

and soluble solids, color, turbidity, antioxidant activity

and total phenolics.

Experimental section

Materials and techniques

Cellulose nanofiber (CNF) from Eucalyptus kraft pulp

was kindly supplied by Suzano Papel e Celulose S.A.,

Limeira, Brazil. Cellulose acetate (CA) (Eastman

Chemicals Co.), free of additives, with a 50 kg mol-1

number-average molecular weight and 38.7 wt%

acetyl group was dried under vacuum at 60 �C
overnight prior to use. Acetone (99%, Lab synth)

was used as received. Absolute alcohol, polyethylene

glycol (20, 35, 100 and 200 kg mol-1 molecular

weights), gallic acid, TPTZ (2,4,6-tris(2-pyridyl)-s-

triazine), 97% pure TROLOX (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid), Folin’s

reagent, sodium carbonate, sodium acetate and ferric
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chloride presented analytical grade. The deionized

water used in all experiments was supplied by a

Millipore system. Strawberry (lote #06215/11,

DeMarchi Ind. e Com. de Frutas Ltda.), red raspberry

(lote #95053/01, DeMarchi Ind. e Com. de Frutas

Ltda.) pulps, pasteurized milk and full-fat yogurt were

purchased from a local supermarket.

Preparation of the cellulose acetate membrane

All membranes were prepared using the non-solvent

induced phase separation process. CA (5.0 g) was

solubilized in acetone (38.0 mL) at 50 �C. After

homogenization of the polymer solution, water

(10.5 mL) was added and left to stir for 24 h.

Following that, the polymer solution was spread over

a 20 cm 9 30 cm glass plate surface, containing two

200 mm thick nickel–chromium wires stretched lat-

erally, used to control membrane thickness. The film

was allowed to evaporate for 20 s before being dipped

into deionized water (coagulation bath) maintained at

room temperature (approximately 25 �C), to allow

membrane formation. After polymer precipitation, the

membrane was dried at room temperature.

Preparation of acetate cellulose membranes

with cellulose nanofiber

Membranes containing CNF were prepared by using

the same procedure as the pure CA membrane.

Cellulose acetate (5.0 g) was dissolved in acetone

(38.0 mL) at 50 �C under constant stirring. Different

amounts of nanofiber were added to the CA solution

using 3 wt% CNF suspension. The weight content of

the polymer, acetone and water in the casting solution

was kept constant (11:66:23) for all solutions. The

CNF contents, in relation to CA, were 1.2, 2.5, 5.0 and

10.0 wt%. The composite membranes were labeled as

CA/CNFX, where the X denotes the amount of CNF.

Preparation of fruit juices and whey

Fruit juices were prepared by mixing ultra-pure water

and pulp in a blender (Corning laboratory blender) in

the 1:2 weight proportion, respectively. Fruit juices

were centrifuged in an Allegra 25-R, Beckman Coulter

centrifuge, at 10,000 rpm for 30 min at 4 �C, in order

to remove suspended solids. Whey was obtained from

homemade dry curd, which was prepared using

pasteurized milk and natural yogurt with no additives,

apart from the microbial culture. Milk was fermented

by the culture present in the yogurt for 1 day at

15 ± 1 �C, filtered in a sterilized cotton bag and then

centrifuged at 10,000 rpm for 30 min at 4 �C. All
samples were prepared on the day of membrane

separation. The feed, permeate and retentate were

stored in a freezer (-18 �C) until analysis.

Characterization of cellulose nanofiber

and membranes

CNF morphology was examined in a transmission

electron microscope (TEM) (Carl Zeiss Libra 120)

equipped with an in-column OMEGA filter, at an

acceleration voltage of 120 kV. Drops of diluted

aqueous CNF suspensions were deposited on carbon

coated parlodion films supported on copper grids and

allowed to dry. CNF dimensions were measured using

the ImageJ software. The morphology of the cryo-

genically fractured membranes was examined in a

field emission scanning electron microscope (SEM)

(Fei Quanta FEG-250) operating at a 5 kV accelerat-

ing voltage. The CNF morphologies were also exam-

ined by dropping a CNF aqueous suspension on a mica

surface mounted in the sample holder. All samples

were carbon and platinum sputter coated in a Bal-Tec

MD 020 (Balzers).

The thermal stability of the samples was deter-

mined by thermogravimetric analysis (TGA) using a

TGA 2950 TA instrument thermo-balance, under an

argon atmosphere (100 mL min-1 flow rate), and

heated at 25–900 �C (at 10 �C min-1).

Water contact angle measurements were carried out

using drop shape analysis equipment (Krüss Easy drop

DSA 20). A sessile drop formed by deionized water

was deposited on the top membrane surface and the

contact angle value was recorded. Measurements were

performed at room temperature (*24 �C) and

repeated using 10 different fresh top surfaces. Mem-

brane porosity was measured using the dry–wet weight

method, proposed by Chen et al. (2004). Initially, 6

square sections with 1 cm 9 1 cm dimensions of

approximately the same weight were immersed in a

deionized water thermostatic bath at 25 �C for 6 h,

and weighed in an AD-6 microbalance (Perkin-

Elmer). Then, they were weighed again after vacuum

drying for 24 h at 60 �C. The porosity was calculated

according to the following equation:
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Porosity ð%Þ ¼
Ww�Wd

qw
Ww�Wd

qw
þ Wd

qp

" #
� 100 ð1Þ

where Ww is the wet membrane weight (g), Wd is the

dry membrane weight (g), qw is density of pure water

at 25 �C (0.997 g cm-3) and qp is the density of the

polymer at 25 �C (1.33 g cm-3).

A dead-end filtration cell (300 mL) was used to

measure pure water flux through each membrane,

using deionized water at room temperature. To do so,

an especially custom made apparatus designed for

membrane characterization at a laboratory scale was

used (Andrade et al. 2015). Membranes (1662 mm2)

were sealed with O-rings and fixed between two steel

parts. A magnetic stirrer, located under the membrane

cell, allowed a speed of 300 rpm. The membranes

were conditioned for 15 min at 9.0 ± 0.5 bar, prior to

the tests. Continuous measurements of the membrane

permeate flux were carried out by collecting the

permeated water and measuring its volume at regular

intervals. Pure water flux was calculated as follow:

J ¼ V

ADt
ð2Þ

where J is the pure water flux (L m-2 h-1), V is the

water permeated volume (L), A is the membrane

surface area (m2), and Dt is the permeation period of

time (h). The experiments were carried out at

25 ± 1 �C and 10 ± 1 bar pressure provided by

compressed nitrogen gas, except for CA/CNF10.0. In

this case, pure water flux experiments were carried out

at 3.0 bar pressure. Measurements were carried out at

least seven times.

Membrane molecular weight cut-off (MWCO) was

determined in the same apparatus used to determine

pure water flux, by feeding the apparatus with dilute

aqueous polyethylene glycol (PEG) solutions of

different number-average molecular weights: 20, 35,

100 and 200 kg mol-1. In this work, MWCO was

taken as the molecular weight of polyethylene glycol

where the membrane has rejection at around 80%. The

percentage solute rejection, %SR, was found using the

following equation:

%SR ¼ 1� Cp

Cf

� 100 ð3Þ

where Cp and Cf are the concentrations of the solute in

permeate and feed solutions, respectively. Total

organic carbon content was determined from all PEG

solutions in the feed and permeate samples using a

TOC-V CPN Shimadzu equipment.

Membrane separation of juices and whey

Fruit juices and whey were filtered in the same

apparatus used to measure the water flux of the

membranes. Moreover, whey samples were also

submitted to a test in a 2 L capacity tangential

filtration system (Invict, Mentest), with an effective

permeation area of 7700 mm2. Feed stream was

pumped into a tank with controlled temperature

(model TE-184, Tecnal). Experiments were conducted

at 7.5 ± 0.5 bar and 25 ± 1 �C. Initial feed volume

was 300 mL and the concentration process was carried

out until the concentration factor reached the value of

six. The concentration factor was calculated by Eq. 4.

Permeate flux was calculated by Eq. 2.

CF ¼ Vf

Vf � Vp

ð4Þ

where Vf and Vp are the volume of feed solution and

permeate solution, respectively.

Juices and whey characterization

Turbidity, color, soluble solids, total solids and pH

were measured for feed, permeate and retentate of all

the samples. Antioxidant capacity and total phenolics

were measured for the juices. Briefly, turbidity was

measured using a UV–Vis spectrophotometer (model

2800, Unico) as described by Silva et al. (2010) and

expressed as a 660 nm absorbance (Gökmen et al.

2001). Color was measured in an UV–Vis spectropho-

tometer in reflectance mode (D65 illuminant, model

UltraScan, Hunterlab). Results were expressed as the

parameters of the CIELab scale where L* represents

the luminosity (L = 0 corresponds to the darkest

black and L = 100 to the brightest white), a* repre-

sents the green (-)/red (?) colors and b* the blue (-)/

yellow (?) colors. Color difference values were

calculated to study color changes. Total color differ-

ence (DE*) was defined as:

DE ¼ ½ðL�p � L�r Þ
2 þ ða�p � a�r Þ

2 þ ðb�p � b�r Þ
2�0:5 ð5Þ
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where Lp
*, ap

* and bp
* are the corresponding values for

the permeate solutions and Lr
*, ar

* and br
* are the

corresponding values for the retentate solutions.

Analyses of color changes between permeate and feed

solutions were also carried out. In this case, Lr
*, ar

* and

br
* were replaced by Lf

*, af
* and bf

*.

Total solids, soluble solids and pH were determined

as described by the Association of Official Analytical

Chemists (AOAC 2006). Briefly, total solids were

determined by weight after drying the samples in an

incubator for 12 h at 105 �C (model C-HT 515 Orion,

Fanem). Soluble solids were measured at 25 �C with a

refractometer (model N-1 alpha, ATAGO) and

expressed as brix degrees (�Bx), pH at 25 �C was

measured in an pHmeter (Kasvi).

Antioxidant capacity was determined by the Ferric

Reducing Ability of Plasma (FRAP assay), as

described by Benzie and Strain (1996) and the changes

proposed by Rufino et al. (2006). FRAP reagent was

prepared at the time of the assay by mixing the acetate

buffer solution (0.3 M, pH 3.6), TPTZ solution

(10 mM diluted in HCl 40 mM) and ferric chloride

(20 mM diluted in distilled water) in a 10:1:1 propor-

tion, respectively. Trolox was used as standard. In a

dark environment, 2.25 mL FRAP reagent, 225 lL
water and 75 lL sample (or distilled water for the

blank) were mixed and incubated at 37 �C for 30 min

in a water bath (model TE-184, Tecnal) and then read

at 595 nm in the spectrophotometer (model 2800,

Unico). Results were expressed as TROLOX equiv-

alents, in mg mL-1. Total phenolics were determined

by the Singleton and Rossi method (1965) as described

by Waterhouse (2003). Briefly, a 40 lL sample (or

distilled water for the blank) was mixed with 3.16 mL

water and 200 lL Folin reagent for 5 min. Then

600 lL sodium carbonate solution (250 g L-1) was

added and the mixture was left to react for 2 h and then

read at 765 nm in a spectrophotometer (model 2800,

Unico). Gallic acid was used as standard and results

were expressed as gallic acid equivalents (GAE), in

mg mL-1.

All analyses were performed in triplicate. One-way

analysis of variance (ANOVA) followed by the

unpaired Tukey’s t test was used, and p\ 0.05 was

considered statistically significant.

Results and discussion

The CNF morphology was observed by TEM and

SEM. Representative images are shown in Fig. 1a, b.

The nanofiber diameter was measured as being in the

20–150 nm range, with a 50 ± 20 nm average

diameter.

Fig. 1 CNF a TEM and b SEM micrographs
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Table 1 shows the initial thermal degradation

temperature for CNF, CA matrix and CA/CNF com-

posite membranes. Natural fibers are made up of

cellulose (crystalline component), hemicelluloses and

lignin, which are non-crystalline. In natural fibers, the

thermal degradation of the non-crystalline compo-

nents starts at lower temperatures when compared to

the crystalline cellulose. CNF presented one thermal

degradation event at 273 �C, which is currently related
to cellulose degradation processes such as depolymer-

ization, dehydration, and decomposition of the glyco-

syl units followed by the formation of a charred

residue (Roman and Winter 2004). On the other hand,

the pure CA membrane presented a main weight loss

event at 340 �C, which is related to the thermal

degradation of the cellulose acetate main chain. Huang

and Li (1998) showed that the presence of acetyl

groups increases the thermal stability of cellulosic

materials compared to natural cellulose. The presence

of CNF non-crystalline components in CA composite

membranes was responsible for the decrease of the

onset degradation temperature, as a consequence of

hemicellulose presence as reported by Yang et al.

(2007).

In order to investigate the influence of introducing

CNF on CA membrane morphology, micrographs of

the CA and CA/CNF membrane cross-sections were

obtained by SEM (Fig. 2). Significant membrane

morphological changes could be observed. According

to the image in Fig. 2a, the pure CA membrane

presented typical macrovoid and sponge-like struc-

tures along the bulk region. The addition of a low CNF

content (from 1.2 to 2.5 wt%) also resulted in the

formation of large macrovoids (Fig. 2b, c). However,

a further increase of the CNF content, from 5.0 to 10.0

wt%, promoted the suppression of the macrovoid

formation, leading to preferentially a sponge-like

structure (Fig. 2d, e). Sabeti Dehkordi et al. (2015)

reported similar results by adding organically

modified clay into the CA membrane. The presence

of the hydrophilic filler in the polymer matrix

increases the thermodynamic instability of the cast

film and thus leads to instantaneous demixing during

membrane formation, which in turn causes the

formation of macrovoids (Smolders et al. 1992). On

the other hand, the tangling effect of the long cellulose

nanofibers promoted an increase in the overall

viscosity of the cast film, causing an opposite effect

on the demixing process. This tangling effect in the

CA solution may slow down the solvent and non-

solvent flow exchange rate during membrane forma-

tion, retarding the demixing process. As a conse-

quence, there was a hindering of macrovoid formation

(Fig. 2e).

The hydrophilicity of the top membrane surfaces

was evaluated by measuring the water contact angle

(Table 2). The membranes prepared in this work

presented a typical hydrophilic surface contact angle

value (54 ± 3 �C); nevertheless, no significant differ-
ences in the values with the addition of CNF could be

observed.

Non-solvent phase inversion process is one of the

most used methods for membrane preparation and the

use of additives promotes changes in the material

porosity generated during the phase inversion process,

as previously observed in the membrane morphology.

The pure CA and CA/CNF composite membrane

porosity values are shown in Fig. 3. Composite

membranes showed a porosity increase compared to

the pure CAmembrane; however, the porosity was not

significantly influenced by the amount of CNF added.

Composite membranes containing inorganic nanopar-

ticles (TiO2) (Asgarkhani et al. 2013) or amphiphilic

cellulose (Gao et al. 2014) also presented an increase

in porosity. As explained by Gao et al. (2014), the

strong pore-forming effect of an amphiphilic modifier

(cellulose) is due to the increase of water penetration

into the casting solution. At the same time, as the

membrane surface layer is formed, the solvent flow

into the water bath is hindered, which causes the

formation of membrane structures with large pores.

Changes in membrane morphology and porosity

caused by additive incorporation promoted changes in

water flux throughout the membrane, as can also be

seen in Fig. 3. It is clear that the pure water flux

increased significantly when the CNF was added to the

membranes, changing from 40 L m-2 h-1 for pure CA

to 880 L m-2 h-1 for CA/CNF5.0. Water flux value

Table 1 Initial thermal

degradation temperature

(Tonset) for pure

CA membrane, CNF and

CA/CNF membranes

Sample Tonset (�C)

CA 340

CA/CNF1.2 320

CA/CNF2.5 319

CA/CNF5.0 310

CA/CNF10.0 307

CNF 273
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for the CA/CNF10.0 membrane (940 L m-2 h-1

obtained at 3 bar pressure) can be explained by the

formation of a sponge like structure with greater pore

sizes when compared to the other membranes

prepared.

In general, studies show that the presence of

additives changes the membrane morphology and,

consequently, water flux values (Arthanareeswaran

et al. 2004; Saljoughi and Mohammadi 2009). In the

case of CA, common additives are hydrophilic poly-

mers, such as polyvinylpyrrolidone and polyethylene

Fig. 2 SEM images of membrane cross-sections: a CA, b CA/CNF1.2, c CA/CNF2.5, d CA/CNF5.0 and e CA/CNF10.0
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glycol. These additives are usually chosen due to

presenting high affinity with the casting solvents, low

affinity with the membrane forming polymer and high

solubility in the non-solvent (water) so as to promote

changes in the rate of polymer solution demixing

during membrane formation and, consequently, in the

membrane porous structure (Gebru and Das 2017).

Therefore, the final membrane morphology is depen-

dent, among other preparation variables, on the

hydrophilic character of the additive as well as on

the overall solution viscosity. In the present work, the

fiber hydrophilicity and specially the entanglement of

the long fibers in the polymer solution, caused

significant visible changes in membrane morphology,

as observed by SEM. Changes in the final membrane

morphology were also observed by the addition of

TiO2 (Abedini et al. 2011) and SiO2 (Arthana-

reeswaran et al. 2008) nanoparticles as well as

oxidized CNF (Kong et al. 2014) in the CAmembrane.

Values of MWCO for the membranes are shown in

Table 2. The MWCO value obtained for the CA

membrane was 35 kg mol-1. Similar MWCO values

for CA membranes are reported in literature (Mahen-

dran et al. 2002; Sivakumar et al. 2006). On the other

hand, composite membranes showed higher MWCO

values, compared to pure CA. This result had a good

correlation with the morphological changes (Fig. 2)

and porosity values observed (Fig. 3).

The CA/CNF10.0 membrane showed a very low

retention value for the 200 kg mol-1 PEG solution

(not shown); therefore, the MWCO for this membrane

can be considered higher than 200 kg mol-1. Inter-

estingly, the fact that theMWCO values were the same

for membranes containing 1.2, 2.5 and 5.0% CNF can

be used to infer that there were no significant changes

in the top layer porosity. On the other hand, the lower

values of the PEG solution fluxes, when compared to

pure water flux, can be due to a concentration

polarization effect during filtration tests. As well

known in literature and practice, during filtration

experiments the solution fluxes are generally lower

than the pure water flux predicted value due to

concentration polarization of solute at the membrane

surface. In addition, irreversible fouling, caused by

complex physical and chemical interactions between

feed constituents and membrane surface, can occur

simultaneously (Zydney and Colton 1986; Sablani

et al. 2001; van Reis and Zydney 2007; Guo et al.

2012). However, the flux values obtained in this work

are still appropriate for tests under practical

conditions.

In this work, CA/CNF5 membranes were used to

clarify different fruit juices and whey. In a frontal

module, juice microfiltration process, feed, permeate

and retentate were monitored regarding total solids,

soluble solids, color, pH, turbidity, antioxidant

Table 2 Molecular weight cut-offs, PEG retentions, PEG solution fluxes (measured at 10 bar pressure) and contact angle values of

the membranes

Membrane MWCO (kg mol-1) PEG retention (%) PEG solution flux (L m-2 h-1) Water contact angle (�)

CA 35 86 ± 1 19 ± 7 54 ± 3

CA/CNF1.2 200 81 ± 2 16 ± 6 54 ± 2

CA/CNF2.5 200 85 ± 7 182 ± 28 59 ± 3

CA/CNF5.0 200 83 ± 3 127 ± 40 57 ± 5

CA/CNF10.0 [200 – – 60 ± 3

Fig. 3 CA and CA/CNF composite membrane porosity and

water fluxmeasured at 10 bar pressure. CA/CNF10.0 membrane

water flux was measured at 3 bar pressure (open square symbol)
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capacity and total phenolics. Results are presented in

Table 3. The CA/CNF5 composite membrane was

chosen to be tested in these experiments since it

presented a high MWCO and water flux (Table 2;

Fig. 3). During filtration tests using CA/CNF5 mem-

branes, strawberry and raspberry juices presented

average 630 ± 390 and 810 ± 370 kg m-2 h-1

fluxes, respectively.

Whey feed, permeate and retentate were monitored

regarding total solids, soluble solids, color, pH and

turbidity during membrane separation in the dead-end

cell and tangential module using the CA/CNF5

membrane. In Table 4, whey permeate and retentate

showed reduced total solids content in relation to the

feed stream of 18% and 3%, respectively. This result

indicates that some of the initial solids were deposited

in the membranes. Retentate turbidity was 11% higher

after the separation process, suggesting that concen-

tration of whey cloudiness-causing components has

occurred. Finally, color results showed that the whey

was lighter after treatment. Qiu et al. (2015) also found

out that microfiltration resulted in a lighter whey

product, which was probably due to small particle

removal. No statistical difference was found for pH

(4.47), soluble solids and the b* color parameter in all

the whey samples for the experiments in the dead-end

module. In the tangential module, statistical differ-

ences were only found for soluble solids and the L

color parameter. A 4% decrease in soluble solids was

found for the permeate in relation to the feed. The

results of L* parameter did not present similar values

to those of the whey treated in a dead-end module.

Average whey permeation flux in the tangential

module was about 6 times higher

(880 ± 350 kg m-2 h-1) than that obtained in the

dead-end module apparatus (145 ± 39 kg m-2 h-1).

Permeated strawberry juices presented a 41%

decrease in total solids and a 34% decrease in soluble

solids in relation to feed stream. This indicates that

solids are being retained by the membranes. These

results are in agreement with turbidity, which pre-

sented a 71% decrease after treatment. Total phenolics

decreased 19% between permeated and feed streams

but no changes were observed in the antioxidant

capacity as well as in pH (3.53) of the permeate. After

the membrane process, strawberry juices presented a

darker, less red and less yellow color.

A 39% decrease in total solids was found for

raspberry juice samples. No changes, however, were T
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observed for soluble solids, total phenolics, pH (3.33)

and antioxidant capacity in this juice. Turbidity

decreased after treatment by 78%. Color changes

followed the same tendency of strawberry juices,

resulting in a darker, shifting towards a less red and

yellow juice. Microfiltration was also more effective

in producing less turbid red raspberry juice when

compared to flocculation-like processes, as shown by

Vladisavljević et al. (2013). These results showed an

advantage in using composite membranes for juice

clarification compared to pure CA membrane that was

not able to perform juice clarification, due to its lower

permeate flux and smallerMWCO value. The turbidity

values represent a clearer juice, with turbidity loss at

around 70% for strawberry and raspberry.

The attractive color is one of the main sensory

characteristics of fruit juices. In this work, juice color

was characterized according to the L*, a*, and b* color

parameters in the CIELab uniform color space. For the

evaluation of color, the parameter difference in color

(DE) was calculated. The difference in color observed
for the samples was quite small with values of

DE = 0.91 for raspberry juice and DE = 1.20 for

strawberry. These results indicate that the majority of

the anthocyanins, which are responsible for the color

of the juice, were maintained after the separation

process (Rein and Heinonen 2004; Segovia-Bravo

et al. 2012; Arend et al. 2017).

Therefore, the CA/CNF5 membranes showed good

performance in both the permeate flux and clarified

product quality. Although total solids were not

completely removed from permeates, it was possible

to observe a decrease of turbidity and the maintenance

of color for clarified juices and whey.

Conclusions

The addition of CNF in the CA solution, led to

different composite membrane morphologies. Forma-

tion of macrovoids was observed in the pure CA

membrane. The addition of 1.25 and 2.5 wt% CNF

accelerated the casting solution demixing process,

promoting an increase in the membrane macrovoid

mean diameter. However, using 5.0 and 10.0 wt%

CNF contents promoted a higher delay in the demixing

phase-separation process, which caused a reduction

and also suppression of macrovoid formation and gave

rise to preferentially sponge-like structures. These

morphological modifications with CNF incorporation

affected membrane porosity and hydrophilicity, which

resulted in the improvement of pure water and PEG

solution fluxes through the composite membranes and

consequently an increase in the membrane molecular

weight cut-offs. These special membrane characteris-

tics can be useful for applications where high flux is

required. As shown by the presented results, the use of

the CA/CNF5.0 composite membrane allowed fruit

juice (strawberry and raspberry) and whey clarifica-

tion due to the decrease of turbidity, that of solids, and

the maintenance of antioxidant capacity, as well as

that of overall color.
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Table 4 Physical-chemical parameters of whey before and after filtration using a CA/CNF5 membrane

Total solids (%) Soluble solids (�Bx) Turbidity (AU*) L*value a*value b*value

Dead-end

Feed 7.17 ± 0.09a 7.40 ± 0.14a 0.09 ± 0.01a 11.61 ± 1.11a -1.61 ± 0.16a -1.38 ± 0.36a

Retentate 6.93 ± 0.57ab 7.48 ± 0.60a 0.10 ± 0.01b 13.74 ± 0.94b -1.39 ± 0.23b -0.74 ± 1.12a

Permeate 5.86 ± 1.07c 6.88 ± 0.85a 0.07 ± 0.04ab 13.88 ± 0.37bc -1.33 ± 0.12bc -0.61 ± 0.53a

Tangential

Feed 5.01 ± 0.05a 6.35 ± 0.07ab 0.13 ± 0.02a 13.46 ± 0.46ab -1.27 ± 0.22a -0.40 ± 0.38a

Retentate 5.25 ± 0.16a 6.20 ± 0.00a 0.13 ± 0.04a 13.60 ± 0.17a -1.24 ± 0.21a -0.37 ± 0.31a

Permeate 5.02 ± 0.10a 6.10 ± 0.00b 0.11 ± 0.01a 13.34 ± 0.25b -1.32 ± 0.20a -0.53 ± 0.30a

Different letters indicate that means significantly differ at p\ 0.05. *AU absorbance units
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Improvement on the concentrated grape juice physico-

chemical characteristics by an enzymatic treatment and

membrane separation processes. An Acad Bras Cienc

88:423–436. doi:10.1590/0001-3765201620140136

Chen Z, Deng M, Chen Y et al (2004) Preparation and perfor-

mance of cellulose acetate/polyethyleneimine blend

microfiltration membranes and their applications. J Memb

Sci 235:73–86. doi:10.1016/j.memsci.2004.01.024

Divrikli U, Kartal A, Soylak M, Elci L (2007) Preconcentration

of Pb(II), Cr(III), Cu(II), Ni(II) and Cd(II) ions in envi-

ronmental samples by membrane filtration prior to their

flame atomic absorption spectrometric determinations.

J Hazard Mater 145:459–464. doi:10.1016/j.jhazmat.2006.

11.040

Fortunato G, Zimmermann T, Lübben J et al (2012) Rein-
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