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ABSTRACT

Physicochemical and dyeing properties using reactive dyes of curaua and banana fibers
were studied by means of color strength (K/S), differential scanning calorimetry (DSC),
scanning electron microscopy (SEM), and Fourier transform infrared (FTIR) spectroscopy
analyses. SEM analysis of alkali-treated fibers showed an increase in roughness due to
surface lignin and hemicellulose defibrillation. DSC analysis showed for all the samples an
endothermic and an exothermic peak at 70–80 and 340–360˚C due to the loss of adsorbed/
absorbed water and to decomposition of α-cellulose, respectively. Alkali-treated fibers dis-
played a second peak around 290˚C attributed to the degradation of hemicellulose. FTIR
spectra of the studied fibers show similar bands with different intensities attributed to the
main components of cellulose-based materials. Alkali-pretreated fibers demonstrated excel-
lent dyeing ability for all the tested dyes. Dye absorption depends on the chemical fiber,
dye structure, and concentration. The results of washing fastness are very good for all the
tested fibers. The dyeing effluent treated with an advanced microfiltration method using an
improved alumina ceramic membrane shows an average efficiency of 98% in turbidity and
color reduction. Low-cost ceramic alumina microfiltration membranes are a very promising
advanced treatment for textile industrial effluents allowing water reuse.
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1. Introduction

Lignocellulose is the major structural component
of woody plants and non-woody plants such as grass
and represents a major source of renewable organic
matter [1]. The lignocellulosic natural tropical fibers
from agricultural waste have recently received con-
siderable attention in the literature as an alternative to
well-known and common fibers such as cotton, jute,
hemp, flax, sisal, and coir [2,3]. Brazil, which produces
many lignocellulosic materials, is in a unique climatic
and geographic position amongst South American
countries, having an area of approximately 8.5 mil-
lion km2 of which about 5–6% are arable lands, 22%
permanent pastures, and 58% forest and woodland
[4]. Far away from lagging behind other countries,
Brazil is in the forefront of utilization of its resources,
as research projects in this area have received
persistent funding from various organizations to the
study and exploitation of its rich renewable natural
materials, including fibers such as banana, curaua,
pineapple, etc. These fibers present vast diversity of
applications because of their unique properties such
as lower density, less wear of processing equipment,
higher flexibility, and high specific strength, and has
the possibility of mass production at affordable cost,
while contributing to the biodegradation and renewal
of the ecological cycle [5]. Lignocellulosic natural
fibers have already established a track record in sev-
eral different areas of engineering such as, civil,
automotive, and architecture among others [6]. Curaua
and banana are among the tropical fibers, the two
with greater potential to be used as an engineering
material owing to its reported high mechanical resis-
tance associated with low density values [7]. Curaua
fibers are leaf fibers extracted from an Amazon forest
plant (Ananas erectifolius) closely related to the pineap-
ple. There are four varieties of plants: white, purple,
red, and bright white. The most common are the pur-
ple ones, with purple-reddish leaves, and the white
curaua, with light green leaves [8]. Curaua fibers have
low cost of production and offer a relatively high ten-
sile strength level and which is necessary for practical
applications [9]. Furthermore, in the past five years,
curaua fibers have gradually gained importance in
Brazilian economy as a suitable reinforcing material
for environmentally friendly composites [10,11]. How-
ever, very few information is available about tinctorial
behavior and physicochemical properties of the curaua
fibers compared to other vegetal fibers.

Banana fibers are extracted from the dried stalk of
banana trees, a several kinds of large herbaceous
flowering plants in the genus Musa. Obtained from
the waste product of banana cultivation, banana fiber

possesses lower density and good specific strength
properties comparable to those of conventional
materials, like glass fibers [12,13]. Moreover, banana
fibers show good wet absorption allowing easy dyeing
with brighter shade than jute and blending with cellu-
lose fibers as cotton. However, banana fibers are
associated with some challenges including high mois-
ture uptake, low thermal stability, and low bonding
with polymers [14].

Previous studies have shown that alkali treatments
are effective in removing impurities from this type of
fibers, decreasing moisture sorption, and enabling
mechanical bonding, and thereby improving matrix-
reinforcement interaction and dyeing ability [15].
Despite these naturals fibers are well established, for
example, as reinforcement in composite materials, the
dyeing properties of curaua and banana fibers are not
well studied yet. Thus, the physicochemical and dye-
ing properties of these materials were studied by
means of color strength, differential scanning
calorimetry (DSC), scanning electron microscopy
(SEM), and Fourier transform infrared (FTIR) spec-
troscopy analyses using reactive conventional dyes.
Moreover, the obtained dyeing effluent was treated
with an advanced microfiltration method using an
improved alumina ceramic membrane synthesized in
our laboratory. Finally, the obtained filtrate was
analyzed for color and turbidity reduction.

2. Materials and methods

2.1. Materials

Banana and curaua fibers were supplied by
Embrapa Amazonia Ocidental, Brazil. The three differ-
ent reactive dyes C.I. Reactive Brilliant Yellow 160
(Y160), C.I. Reactive Blue 220 (B220), and C.I. Reactive
Red 198 (R198) were supplied by Dystar Textil farben,
Frankfurt, Germany. The selected dyes are a light-, a
dark-, and a medium-shade vinyl sulfones reactive
dye that can be efficiently used on linen, hemp, and
other cellulose (plant) fibers as well as in silk and
wool [16]. A reactive α-alumina (Al2O3) (Alcoa-CT
3000 SG, USA, d50 = 0.5 μm) was screened in a
200-mesh sieve before processing. All the other
reagents were analytical grade purchased from Sigma-
Aldrich, St. Louis, MO, USA and used without further
purification.

2.2. Scouring

Banana and curaua fibers were scoured, as
reported by Dystar instruction manual [17], with a
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solution of 3 mL L−1 NaOH (38˚Be), 2 mL L−1 H2O2

(50%), 0.5 mL L−1 peroxide stabilizer, and 0.5 mL L−1

Lutensol AT25® at 70˚C for 1 h in an Ahiba Spec-
tradye-Datacolor dyeing apparatus (Lawrenceville, NJ,
USA) at a liquor to fabric ratio of 30:1. The program
was started at 30˚C and raised at a rate of 2˚C min−1

up to 98˚C, and kept at this temperature for 30 min.
Afterwards, the fibers were neutralized with 1 gL−1

acetic acid at 80˚C for 10 min and washed with tap
water. They were then dried at 60˚C for either 24 h or
until a constant weight was obtained [18].

2.3. Dyeing

The three different reactive dyes (C.I. Reactive
Brilliant Yellow 160, C.I. Reactive Blue 220, and C.I.
Reactive Red 198) at the concentration of 1, 2, and 3%
o.w.f were prepared in a 100 mL distilled water solu-
tion containing NaCl (14, 20, or 25 g L−1), Na2CO3 (6.3,
8.1, or 9 g L−1), and dye (3, 6, or 15 mL). The dyeing
method was carried out, as reported by Dystar
instruction manual [17], with 3 g of fibers in a labo-
ratorial “Ibelus” machine equipped with infrared heat-
ing with a liquor ratio of 1:30 and pH around 10–12
using stainless steel dye-pots with 200 cm3 of capacity
each. The program was started at 20˚C and raised at a
rate of 2˚C min−1 up to 30˚C, and kept at this tempera-
ture for 15 min. Then, the temperature was raised at a
rate of 2˚C min−1 up to 60˚C and kept at this tempera-
ture for 40 min. After dyeing, samples were washed
with a 1 g L−1 of non-ionic detergent solution at 30˚C
during 30 min and then rinsed with water for another
15 min in order to remove unbounded dye. The
absorption measurements for the calculation of dye-
bath exhaustion process with reactive dye were
obtained in a Unicam UV–vis UV2 spectrophotometer.
The washing fastness was evaluated in accordance to
the stipulated in standard ISO 105 C06, method A1S,
at temperature of 40˚C [18].

2.4. Fourier transform infrared (FTIR)

The attenuated total reflectance ATR-FTIR spectra
of the banana and curaua samples before and after
scouring process were recorded in a Nicolet Avatar
360 FTIR spectrophotometer (Madison, USA). The
spectra were collected in the region of 4,000–400 cm−1

and at a resolution of 16 cm−1.

2.5. Differential scanning calorimetry (DSC)

The DSC analysis was carried on a Mettler Toledo
DSC822 (Columbus, OH, USA), based on the

standards ISO 11357-1:1997, ISO 11357-2:1999 and ISO
11357-3:1999. The samples were previously dried at
60˚C for 1 h and placed into an aluminum sample
pan. The analysis was carried out in nitrogen atmo-
sphere with a flow rate of 20 mL min−1 and heating
rate of 10˚C min−1. The thermogram was obtained in
the range of 0–450˚C. The graph was plotted with heat
flow vs. temperatures.

2.6. Scanning electron microscopy (SEM)

Morphological analyses of membranes before and
after filtration as well as banana and curaua samples
were carried out with an ultra-high resolution Field
Emission Gun Scanning Electron Microscopy
(FEG-SEM), NOVA 200 Nano SEM, FEI Company.
Secondary electron images were performed with an
acceleration voltage between 5 and 10 kV. Backscatter-
ing electron images were made with an acceleration
voltage of 15 kV. Samples were covered with a film of
Au–Pd (80–20 wt%) in a high-resolution sputter coater,
208HR Cressington Company, coupled to with a
MTM-20 Cressington High Resolution Thickness
Controller.

2.7. Color strength (K/S)

Color intensity of the dyed fibers was measured
using a Konica Minolta CM-2600 spectrophotometer
with D65 illuminant, over the range of 390–700 nm.
The average of three reflectance measurements, taken
at different positions on the dyed fabric, was adopted.
The relative color strength (K/S values) was then
established at standard illuminant D65 (LAV/Spec.
Excl., d/8, D65/10˚), according to the Kubelka-Munk
equation, where K and S stand for the light absorption
and scattering, respectively. The shift of the coordi-
nates of the color in the cylindrical color space, based
on the theory that color is perceived by black–white
(L*, lightness), red–green (a*), and yellow–blue (b*)
sensations, was summarized by the overall color dif-
ference (ΔE*) value. The value of ΔE* represents the
overall color difference between the sample and the
standard.

2.8. Effluent characterization

Turbidity (TU) was measured by a Digimed
turbidimeter HDM-TU type. Effluent color change was
determined using a UV–vis spectrophotometer
(HACH, DR2000) before and after microfiltration
treatment at the maximum absorption wavelengths of
each dye.
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2.9. Microfiltration experiments

Ceramic microfiltration membranes were prepared
by sintering of alumina powders mixed with binders
as previously reported [19]. The alumina paste was
produced in an aqueous solution of polyvinyl alcohol
(PVA) and ethylene glycol (EG) as binders in the pro-
portion 70:30 (Vetec Quı́mica Fina LTDA, Brazil). PVA
was dissolved at 65˚C for 30 min. Then, EG was
slowly added to PVA solution under continuous stir-
ring for 60 min. Finally, alumina was mixed in the
proportion 3:1 (Granulometry D50 1.8 μm and DM

2.3 μm). A small amount of sodium silicate (Na2SiO3)
(Pernambuco Quı́mica, Brazil) was added to the sus-
pensions to avoid flocculation and to adjust density.
The obtained ceramic paste was dried for 24 h at
105˚C and mixed in stainless steel ball mill for 30
min. The resulting powder was sieved in a 48-mesh
standard screen. A fixed amount of pre-wetted
screened powder (7 g including 10% of water) was
uniaxially pressed at a pressure of 37.5 MPa for 20 s
with the help of stainless steel mold, designed for sin-
gle-ended pressing, to form a circular disk-shaped
support having 5 cm diameter. Supports were first
dried at ambient condition for 24 h and then dried in
hot air oven at 100 and 200˚C for 24 h. This drying
process ensures maximum moisture removal without
thermal stresses. The dried samples were placed verti-
cally in the grooves of insulation bricks to ensure uni-
form sintering. Then, the supports were sintered in a
muffle furnace at air atmosphere at 1,475˚C for 2 h
with a heating rate of 3˚C min−1 from 32 to 500˚C, and
5˚C min−1 from 500 to 1,475˚C, and a cooling rate of
10˚C min−1 from 1,475 to 32˚C. The rate of heating in
the furnace was kept low to minimize bending. The
cooling rate was kept low to reduce cooling stress and
to achieve homogeneity of the microstructure. It also
improves the porosity of the support due to the
formation of large grain. Effluents were microfiltered
with a vacuum pump (Tecnal, TE-058) working at
600 mm Hg (78.92 kPa) in a Sterfil® polysulfone filtra-
tion system (Millipore). The filtration cell allows test-
ing membranes with a 5 cm diameter and a working
volume of 250 mL. The solution in the chamber was
stirred by a Teflon-coated magnetic bar at 300 rpm.
All experiments were carried at 25˚C. Each experiment
was performed in triplicate. The t-Student test was
used to test the statistical significance of the attained
results at when p < 0.001.

3. Results and discussion

Fig. 1 shows the SEM analysis of untreated and
alkali-treated banana fibers. A very similar result was

obtained for curaua (data not shown). The raw fibers
display a clean and smooth surface while, after alkali
treatment, an increase in roughness due to defibrilla-
tion was observed. Alkali treatment leads to the
increase in the amount of amorphous cellulose
reducing the crystalline phase due to the removal of
hydrogen bonding from the network structure. The
alkali-modified fibers appear not well separated and
bundled with a decreased diameter as previously
observed [20]. NaOH different from other alkalis can
cause a complete lattice transformation from cellulose
I to cellulose II and also affect non-cellulosic compo-
nents such as hemicellulose, lignin, and pectin. In the
SEM image, it can be noted that the cementing materi-
als of the outer surface such as lignin and hemicellu-
lose present in the fibers was completely dissolved
after alkali treatment exposing the inner fibrillar
surface [21].

The heating DSC curves for raw and alkali-treated
banana and curaua fibers were expressed in terms of
heat flow and presented in Fig. 2. All the analyzed
samples display an endothermic peak between 50 and
100˚C due to the loss of adsorbed/absorbed water.
The higher temperature for this peak observed for the
alkali-treated banana fibers suggest that these fibers
have a higher percentage of coordinated water in its
structure. Untreated banana fibers show a well-
defined exothermic peak at 360˚C attributed to decom-
position of α-cellulose. On the other hand, in the
alkali-treated banana fibers, cellulose degradation tem-
peratures peak is found to decrease from 360 to 340˚C
due to the oxidation of the lignin or hemicelluloses
and by the formation of new intermonomeric bonds
[7]. This is also confirmed by the presence of a second
peak around 290˚C attributed to the degradation of
hemicellulose. The curaua fibers display a similar
behavior, however the small exothermic peak attribu-
ted to the hemicellulose degradation can also be
observed in the untreated control fibers. Moreover,
despite the alkali-treated curaua fibers show the peak
of the hemicellulose at the same temperature of
banana fiber, no decrease in cellulose degradation
temperature can be observed. This behavior could be
related to the full decomposition of cellulose in the
curaua that might be attributed to quick volatilization
reactions, leading to small amount of solid residue
[22].

The structural characterization of fibers before and
after alkali treatment was performed by ATR-FTIR as
reported in Fig. 3. The FTIR spectra of the studied
fibers can be mainly attributed to the main compo-
nents of cellulose-based materials [23]. All samples
contained similar bands, but differences in their
intensities. The broad band at 3,300 cm−1 represents
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the typical O–H stretching. The OH compounds may
include absorbed water, aliphatic primary and
secondary alcohols found in cellulose, hemicellulose,
lignin, and carboxylic acids in extractives. The
absorption band near the OH stretching vibrations at
2,900 and 2,850 cm−1 are associated to aliphatic and
aromatic CH stretching vibrations of carbohydrates
and lignin [24]. Others typical bands of cellulose struc-
tural units, which are similar to those reported earlier
for other lignocellulosic fibers such as sisal, can be
observed at 1,730 cm−1 (C=O acidic stretching vibra-
tion) and 1,644 cm−1 (C=O aldehyde stretching vibra-
tion and also adsorbed/absorbed water molecules)
[25]. The large region of absorption involving
overlapping bands in the range of 1,700–1,100 cm−1 is
attributed to the C–C, C=C, OH, CO, CHn, C–O–C,

CH aromatic linkages bands [14]. The absorbance peak
at 1,020 cm−1 indicative of C–O stretching present in
alcohol of hemicellulose is more pronounced in the
alkali-treated fibers due to the loss of lignin from the
fibers that expose the hemicellulose of the inner struc-
ture of the fiber [26]. On the other hand, the reduction
in the alkali-treated fibers of the bands around
1,320 cm−1 may be attributed to the oxidation of the
lignin belonging to the syringic group. The other
absorbance peaks did not show any significant change
in intensity.

According to the results in Table 1, the coloristic
strength, expressed as K/S, is directly proportional to
the concentration of the colorant in the substrate and
indicates the dye adsorption and fixation. In dyeing
experiments, K/S reflected the amount of fixed dye,
since all the unfixed dyestuff was presumably washed
off. For the same dye, K/S and lightness values varied

Fig. 1. SEM images (2,000×) of the surface of banana fibers before and after bleaching.

Fig. 2. DSC analyses of banana and curaua fibers before
and after bleaching from 5 to 450˚C, performed at a
heating rate of 10˚C min−1.

Fig. 3. ATR-FTIR spectra of banana and curaua fibers
before and after bleaching.
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considerably in function of the used substrate. The
highest K/S values were obtained for cotton and
alkali-treated curaua fibers dyed with blue dye at the
concentration of 3% indicating higher dye absorption.
However, the dye absorption in cotton, banana, and
curaua fibers also depends on the chemical dye struc-
ture and concentration. Yellow dye shows higher
adsorption in curaua fibers while banana fibers dis-
play higher absorption for the red dye with the excep-
tion of the concentration of 3%. The absorption
behavior of the blue dye is more dependent on its
initial concentration showing the higher values for
cotton. Banana fibers show greater adsorption for a
concentration of 1% while curaua for higher concen-
trations. The results showed higher affinity for ligno-
cellulosic substrate depending on the dye chemical
structure. Red and yellow dyes have similar structure
carrying a triazine complex when a copper formazan
complex characterizes the blue dye. It is clear that
these fibers have a great potential showings similar or
better dyeing ability when compared to cotton. Alkali
treatment allows obtaining deeper colors at lower dye
concentration generating less dyeing effluents. The
dye uptake into the fibers demonstrates a graphical
feature of an isothermal. Confirming that, the dyeing
of curaua and banana fibers is governed by the Lang-
muir isotherm (data not shown). Alkaline treatment
causes a decrease in dye affinity for the lignocellulosic
fibers. These results are interesting from the point of
view of the dye entrance in the fiber interior, because
the affinity is inversely proportional to the diffusion
coefficient.

The results of washing fastness at 40˚C are very
good in confirming the level of dye diffusion and fixa-
tion into the fiber. Values of 4–5 for color staining
were obtained for all the fibers of the multifiber fabric
(AC, CO, PA, PES, PAC, and WO).

The durability of the membrane largely depends
on its water absorption. The membrane used in this
work exhibited water absorption and apparent poros-
ity of 15.3 and 40.2%, respectively. The value for
apparent specific gravity of 2.6 g cm−3 is in accordance
with the theoretical density of the formulation calcu-
lated from the ideal chemical composition. The used
high sintering temperature has a positive effect on
membrane flexural strength exhibiting a three-point
flexural strength value of 37 Mpa at room temperature
[19]. The primary goal in sintering is to impart suffi-
cient mechanical strength to the membranes while
maintaining sufficient permeability. Sintering stress
damages do not occur in α-alumina at temperatures
up to 1,250˚C, however for higher temperature a care-
ful control of this process is crucial, especially when
the membranes containing different materials such as
PVA and EG. The addition of PVA could reduce the
thermal stability of the alumina membranes at high
temperatures; however, it prevents the formation of
cracking reducing the stress during the drying process
and enhances the strength and viscosity of the net-
work [27]. Another polymer with relatively high
polarity, viscosity, and water miscibility such as EG
was added to improve the wetting of alumina and to
reduce the friction between particles during compres-
sion [28]. An initial set of tests was performed to
evaluate the main properties of the membranes sin-
tered under different condition of time and tempera-
ture (1,350˚C at 2 h, 1,450˚C at 30 min and 2 h, 1,475˚C
at 30 min and 2 h). A clear growth in density was
observed while increasing the sintering temperature
up to 1,475˚C. At higher sintering temperatures, a
decrease in density was observed (data not shown)
because of the excessive increase in average grain size
at sintering temperatures higher than 1,500˚C. When
the sintering temperature reached 1,475˚C, a more

Table 1
Color strength (K/S) and shift of the coordinates of the color in the cylindrical color space as lightness (L), red–green (a)
and yellow–blue (b) of the curaua and banana fibers and commercial cotton dyed at different dye concentrations

Dye (% o.w.f)

Cotton fibers Banana fibers Curaua fibers

K/S L a b K/S L a b K/S L a b

Y160 1 87.3 86.8 −4.61 83.7 78.9 67.4 13.8 44.8 87.6 66.4 20.2 55.2
Y160 2 132.2 84.9 −4.03 88.6 141.4 58.4 20.8 48.7 201.4 60.6 33.2 64.9
Y160 3 170.1 82.2 −2.47 91.8 183.3 57.3 27.9 53.7 216.3 58.7 37.4 63.1
R198 1 104.85 42.68 44.45 1.76 119.7 45.5 33.9 6.4 94.4 46.0 46.2 −0.3
R198 2 165.99 39.46 47.28 3.32 172.5 40.2 41.8 5.3 136.4 42.7 50.5 2.6
R198 3 251.68 34.42 46.03 7.08 241.2 36.4 47.0 6.0 213.2 36.0 45.9 5.8
B220 1 175.0 31.9 −5.9 −18.0 122.1 44.7 −10.3 −2.7 105.2 42.9 −7.6 −17.1
B220 2 289.3 25.4 −4.5 −16.8 123.8 42.0 −9.2 −9.2 210.9 31.9 −4.2 −17.9
B220 3 388.9 21.5 −3.4 −15.0 258.1 29.6 −5.4 −13.1 325.3 25.4 −1.4 −16.4
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dense-packed microstructure with the concomitant
growth of the alumina grains can be observed. How-
ever, a sintering time of 30 min is not sufficient to
reach an acceptable mechanical resistance. The best
results in term of water adsorption, porosity, and
mechanical resistance were obtained using a sintering
time of 2 h.

The durability of a membrane, beside its mechani-
cal strength, also depends on water absorption behav-
ior. Water absorption, which is the mass of moisture
in the pores as a fraction of the mass of the sintered
membrane, is an effective indicator of the quality of
porous ceramic filters. The membrane sintered at
1,475˚C exhibits a water absorption of 15.3% and a
value of 2.6 g cm−3 in the apparent specific gravity
that are in accordance with the theoretical density of
the formulation calculated from the ideal chemical
composition. As expected, the used temperatures have
a positive effect on flexural strength resulting in supe-
rior strengths. The porous membrane exhibits a three-
point flexural strength value of 37 Mpa. The average
pore size is 0.4 μm with a pore monomodal distribu-
tion between 0.025 and 1.7 μm (Fig. 4). The pore size
is in accordance with the commercial microfiltration
membranes for wastewater treatment ranging from 0.2
to 5 μm (Table 2).

Fig. 5 illustrates SEM pictures of the membrane
before and after filtration. Analysis of the membrane
before filtration indicates the absence of pinholes
cracks on the membrane structure making it suitable
for microfiltration applications. The porosity of the
membrane decreases after filtration but it was suitable
for filtration in dead-end mode for 5 cycles. The
results of the microfiltration experiments are presented
in Table 3. All microfiltration experiments were con-
ducted at room temperature under a pressure of 1 bar.
The permeate flux of the used effluent was about

150 L h m−2. This result is in agreement with permeate
fluxes of alumina membranes in the literature [29].
Turbidity is a good indicator of the reduction of pollu-
tants in the effluent by microfiltration. As it can be
observed, the removal percentage of turbidity from
effluents range from 95 to 97% removing almost the
totality of colloidal particles or suspended solids. Con-
sidering the type of filtration, the color reduction is
considerably elevated reaching 99% and allowing the
reuse of the effluent for five filtration cycle. After the
five cycles of filtration in dead-end mode, the mem-
branes was cracked due to erosion. This result is quite
surprising since so high color removal yields are
usually obtained in ultra or nanofiltration [30]. Micro-
filters have been recently shown to be capable of
removing soluble anionic dyes from aqueous solutions
[31]. This high value could be explained by favorable
molecular interactions of auxiliaries and mineral salt
on dye removal efficiency [32]. It seems that the elec-
trical effect could be in some cases more important
than pore diameter when ionic dyes and salts are fil-
tered. However, more studies will be necessary to

Fig. 4. Pore size distribution of the α-alumina composite membrane sintered at 1,475˚C for 2 h.

Table 2
Properties of the α-alumina composite membrane sintered
at 1,475˚C for 2 h. Data are means ± standard deviations
(n = 3)

Burning linear retraction (%) 5.4 ± 0.6
Three-point flexural strength (MPa) 37.8 ± 1.8
Mercury intrusion porosity interparticle (%) 0.1 ± 0.02
Mercury intrusion porosity intraparticle (%) 25.4 ± 0.4
Mercury intrusion porosity total (%) 25.5 ± 0.4
Pore distribution (μm) 0.025 ± 1.7
Pore average (μm) 0.4 ± 0.01
Water absorption (%) 15.3 ± 0.9
Apparent porosity (%) 40.2 ± 1.9
Apparent specific gravity (g cm−3) 2.6 ± 0.3
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understand the phenomena. In any case, the results
show that microfiltration using alumina ceramic mem-
branes is a realistic method for producing permeates
of reusable quality.

4. Conclusion

SEM analysis of alkali-treated fibers show an
increase in roughness due to defibrillation. Lignin
and hemicellulose present in the fibers outer surface
were dissolved exposing the inner fibrillar surface.
DSC analysis showed for all the samples an
endothermic peak between 50 and 100˚C due to the
loss of adsorbed/absorbed water and a well-defined
exothermic peak at 340–360˚C attributed to decom-
position of α-cellulose. Alkali-treated fibers showed a
second peak around 290˚C attributed to the
degradation of hemicellulose. The FTIR spectra of
the studied fibers can be mainly attributed to the
main components of cellulose-based materials. All
samples contained similar bands, but differed in

their intensities. Alkali-pretreated curaua and banana
fibers showed an excellent dyeing ability for all the
tested dyes. However, dye absorption in banana and
curaua fibers depends to the chemical dye structure
and concentration. Curaua fibers showed more
intense color strength (K/S) at high dye concentra-
tions. The results of washing fastness are very good
showing values of 4–5 for all the tested fibers. These
results demonstrate that it is possible dye curaua and
banana fibers using conventional reactive dyes with
excellent color strength and washing fastness,
creating opportunities for new added-value, greener
and high-quality products. The developed membrane
shows an average efficiency of 98% in turbidity and
color reduction, demonstrating the feasibility of the
use of porous alumina ceramic microfiltration mem-
branes for textile effluent treatment and water reuse.
The recycling and reuse of the treated effluent is
a step forward for sustainable technologies based
on membrane systems for large-scale ecologically
friendly treatment processes.

Fig. 5. SEM images (2,000×) of the surface of α-alumina composite membrane sintered at 1,475˚C for 2 h before and
after filtration.

Table 3
Percentages of color and turbidity reduction after microfiltration of the effluent of the three used dyes at the
concentrations of 1 and 3%. BF: before filtration; AF: after filtration; E: Removal efficiency. Data are means ± standard
deviations (n = 3)

Dye (% o.w.f)

Color reduction (mgPtCO L−1) Turbidity reduction (NTU)

BF AF E (%) BF AF E (%)

Y160 1 2,368.11 ± 98.95 31.54 ± 0.93 98.7 32.00 ± 0.01 0.84 ± 0.01 97.4
Y160 3 3,944.68 ± 5.23 42.15 ± 1.24 98.9 41.50 ± 0.03 1.05 ± 0.01 97.5
R198 1 2,304.48 ± 10.03 31.54 ± 0.67 98.6 13.60 ± 0.14 0.52 ± 0.01 96.2
R198 3 4,467.84 ± 30.94 45.68 ± 1.56 99.0 23.00 ± 0.01 0.69 ± 0.03 97.0
B220 1 1,593.59 ± 7.92 28.01 ± 1.41 98.2 17.92 ± 0.01 0.84 ± 0.01 95.3
B220 3 2,901.13 ± 86.17 38.61 ± 0.83 98.7 18.45 ± 0.01 0.89 ± 0.01 95.2
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