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ABSTRACT

There has been ever growing interest in the construction industry in using lighter, eco-friendly and sustainable
materials, while maintainingthe desirable mechanical properties. The objective of the present work was to
evaluate the effects of pre-treatments on chemical compatibility between Curaué fiber (Ananas erectifolius) and
Portland cement. In the inhibition test, cement hydration temperature evolution wasmeasured in the absence and
presence of untreated and treated Curaua fibers (cold water, hot water and NaOH). The chemical characterization
of untreated Curaua fibers was done by determining the content of extractives, lignin, holocellulose and ashes.
Thee Segal's method was used for determinate the crystallinity index on untreated and treated fibers. The
inhibition test graded the untreated fiber as high inhibition, showing the need to provide it a treatment.
Treatments done on Curaud fibers removed some amorphous components of the fibers affected positively the
compatibility between cement and fiber, and reducing the inhibition.
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1. INTRODUCTION

Cement composites reinforced with lignocellulosic materials are well-accepted products and largely used in
construction. They add value to materials that have low acceptance such as sawmill residues or other wood
processing wastes, becoming an alternative for application in construction, homes and buildings, reducing
construction times while maintaining good performance, especially in developing countries, which have
invested heavily in the technology [1,2,3,4]. The current global production of this material is estimated at
approximately 30 million tons per year, mainly in Asian countries [4].

The physical and mechanical properties of cement-fiber panels, in addition to the facility of being
sawn, glued, and nailed, are indicators of these composites applications. These characteristics allow them to be
painted, rough casted, and coated with other types of materials. The versatility of the composite allows
manufacturers to add value to the product by delivering it in sanded, painted, or coated forms. With this
versatility, the composites can be used directly with finishing material. Although, the properties of these kinds
of composites are greatly affected by: the species of lignocellulosic material, the binder type, additives, particle
geometry, the lignocellulosic: cement ratio and others factors [1,2, 3].

Curaué (Ananas erectifolius) is a plant identified as being related to the pineapple (Ananas comosus),
belonging to the genus of bromeliads. Genuinely Brazilian and originally found in the Amazon region, its
lignocellulosic fibers have a large potential for use with excellent mechanical behavior, especially for use in civil
construction [5,6].
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The characteristics of the Curaua fiber has attracted attention due to their high strength capacity even
with reduced thickness, the ability to withstand high stress, and also for being able to replace glass fiber, a key
element used for the reinforcement of composites [7].

The chemical composition of the lignocellulosic materials (cellulose, tannins, hemicelluloses, lignin,
ashes) depends on the type of soil where a plantgrowing, time of exposure to the climate during harvest, the form
and duration of storage after harvest [8]. The chemical composition [9, 10,11] and other properties such as the
crystallinity index and the chemical compatibility have a direct effect on the products made with lignocellulosic
material[12,13], especially when these materials were used in the construction in the form of cement
composites[1, 2, 3].

The chemical composition affects the reactivity, interfering in the chemical compatibility affecting the
curing [14,15]andmechanical strength of the cement panels [12, 13, 16, 17,18]. Also, the crystalline and
amorphous states of cellulose fibers affect their mechanical properties. The higher crystalline index results in the
higher the density, rigidity, dimensional stability and chemical resistance properties [19].

Chemical incompatibility between the lignocellulosic fiber and cement is one of the major obstacles for
a commercial scale production of composites based on mineral agglomerates [20]. The phenolic compounds,
acids, soluble sugars, resins and extractives are responsible for this incompatibility when in contact with the
alkaline medium created by cement. They solubilize and react with cement, preventing its crystallization and
hardening [21, 22]. The incompatibility index is show in the Table 1.

Table 1: Classification of lignocellulosic materials according to the inhibition index [10].

Inhibition index Classification
<

1=1o Low inhibition
10<1<50

N Moderate inhibition
50<1<100 .

High inhibition

1>100 Extreme inhibition

Some lignocellulosic fibers require treatment for modificated the chemical composition and then make
them compatible with Portland cements, and the manufacturing of cement-fiber composites. Although there are
many kinds of fibers, the use for made cement composites is limited to use a few species due to its chemical
composition [15]. Some lignocellulosic materials can inhibit the crystals formation, essential elements for the
development of strong links between matrix and reinforcement; therefore, vegetable fibers must be studied in
order to determine the best way to treat them before using them [22,23].

Some treatments performed on the lignocellulosic fibers prior to the production of the compounds show
significant improvements in the inhibitory properties, among them the extraction with cold water [24], with hot
[25] aqueous solution of sodium hydroxide (NaOH) 1% [15].

Over time, vegetable fibers suffer with the alkaline attack of Portland cement, and the calcium hydroxide
crystals resulting from cement hydration penetrate the fibers mineralizing and weakening them, also causing loss
of adherence to the matrix [26]. This result decreased strength resistance of the composites, requiring alternatives
to protect the fibers, either by modifying the matrix or by modifying the fibers [27].

In this context, considering the availability, characteristics and the importance to use of Curaua fiber to
development new products, the aim of this work was to evaluate the effects of pre-treatments on chemical
compatibility between Curaud fiber (Ananaser ectifolius) and Portland cement.
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2. MATERIAL AND METHODS

Curaua fibers (Ananas erectifolius) were obtained from the Center for the Support to Community Projects
(CEAPAC) located in the Santarém, city at Pard state. The fibers were cut in 4-cm long pieces by
PematecTriangel company also located in Santarém, after that, thenpassed through a knife mill to be
disaggregated.

The chemical analyses of the fiber were performed in duplicate, following TAPPI’s standards and
procedures for determination of lignin [28] and ash [29] contents. Cold- and hot-water-soluble extractives [30],
1%NaOH-soluble extractives [31] and total extractives [32] were determinated according to the NBR standards;
Holocellulose (Hol %) was calculated by Equation 1 [33]:

Hol(%) = 100 — (ET + Lt )(1)
Where: Hol (%)=holocellulose content in percentual; ET= total extractives content; Lt= lignin content.

The fibers were submitted to pre-treatments, as shown in Table 2, following by washing under running
water and drying in the open air. The same pre-treatments was used with tropical hardwoods fibers [15, 24] and
lodge pole pine and western larch fiber [25] for production of cements composites. The binder used was CPV

ARI Portland cement. Subsequently, assays were performed to determine the crystallinity index and inhibition.

Table 2: Experimental design.

Fibers treatments

Cold water Immersion in water at room temperature for 24 h
Hot water Immersion in water at a temperature of 60°C for 6 h
NaOH Immersion in NaOH solution (1%) for 2 h

Determination of the cellulose crystallinity index was performed at the Laboratory of X-Rays Optics and
Instrumentation at Federal University of Parana, the equipment used was an X-ray diffractometer (XRD — 7000
of Shimadzu). The configuration adopted for analysis was a monochromator provided with slots (1;1;0.3),
operating at 40 kV with 20 mA currentand the speed adopted was 0.02°s-1 using Cu — Ko radiation with
wavelength of 0.5418 nm.

The crystallinity index was obtained following the Segal et al., [34]’s method, the Origin Pro 8.5 software
was used for data smoothing treatment by Fourier Transform with 15% cutoff points to obtain crystalline and
amorphous peak intensity.

The inhibition assay for determination of the evolution of the cement hydration temperature in absence
and presence of treated and non-treated fibers was conducted according to the methodology established by
Hofstrand et al., [22]. The assays were conducted in quadruplicate, using the A202 data logger (Warme). In
plastic bags were placed 200g of cement, 1 g of dried Curau& fiber and 90 ml of distilled water. Next, the “K”
type thermocouple (device to measure temperature) with silicone protection, model KMP AFD 1P x 24 AWG,
was introduced into the mixture. Each plastic bag containing the mixture was placed in a thermal container. The
thermocouple was connected to a signal receiver and data were read and converted into temperature values by a
computer program (Lynx). Readings were collected at intervals of 10 seconds during 24 hours.

To determine how much of the lignocellulosic material inhibits the cement exothermal reactions,
inhibition of cement-fiber composites was measured according to Hofstrand et al.,[22] calculated as shown in
Equation 2:

I(%) _ [(Tcim—Tm) (Hm—Hcim) (SCim—Sm)]x 100 (2)

Tcim Hcim Scim
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Where: | = cement curing hydration rate (%); TCIM= maximum temperature of cement/water mixture (°C);TM =
maximum temperature of wood/cement/water mixture (°C); HCIM = time to reach maximum cement hydration
temperature of cement/water (h); HM = time to reach maximum cement hydration temperature of the
wood/cement/water (h); SCIM= maximum temperature increase of the cement/water mixture curve (°C /h); SM =
maximum temperature increase of the wood/cement/water mixture curve (°C /h).

3. RESULTS AND DISCUSSION
3.1 Chemical composition of the fibers

The results from the chemical analyses are shown in Table 3:

Table 3: Chemical characterization of Curaua fiber.

Lignin content (%) 5,10
Ash content (%) 0,82
Hot water extractives (%) 4,02
Cold water extractives (%) 3,65
1% NaOH extractives (%) 15,26
Total extractives (%) 7,07
Holocellulose content (%) 87,07

The results of chemical characterization (Table 3) are similar to findings by Mohanty, et al., [35] and
Trindade et al., [36] and Castro et al., [37] to the same species. This raw material has a higher proportion of
extractives and holocellulose (carbohydrate content), and lower content of lignin than others fiber species Silva
and Aquino [38].The high holocellulose content and low lignin content of Curaua fiber makes the material with a
high tensile strength. Among the natural fibers, the Curaua fiber is the one that presents mechanical properties
closer to the glass fiber due to its chemical composition and high crystallinity [38, 40].

The percentage values of the chemical composition found in the work were holocellulose 87,07%, lignin
of 5,10%, ash 0,82%, total extractives of 7,07 % and a solubility in NaOH 1% of 15,26%. These values are in line
with Silva and Aquino [38] for the same species, they found for the lignin content 7,5 — 11,1%, cellulose content
70,7-73,6%, the hemicellulose content 9,9%.

The mean values of lignin content in Curaud fiber were lower when compared to the coconut fiber, 31-
45%][39],juta fiber,15% [12, 35, 41] and sisal fiber, 9,5% [12, 35, 39].

Curaud fiber has a higther value of holocellulose than coconut fiber, 65,83%[39], juta fiber, 66,25%[12,
35, 41]and sisal fiber, 27,5 % [12, 35, 39].

The high content of holocellulose and low lignin content that the Curaua fiber presented makes the
material with a high tensile strength. Among the natural fibers (Table 4), the Curaua fiber is the one that presents
mechanical properties closer to the glass fiber due to its chemical composition and high crystallinity [12, 35,41,
38, 40, 42, 43, 44, 45, 46, 47,48, 49].

The content of soluble extractives in the treatment with hot water was higher than in the treatment with
cold water, and the hot water treatment was more effective in removing extractives present in the fiber due to the
action of temperature, which may have an influence on the wood fiber properties, changing the extractives
behavior [42]. The solubility on sodium hydroxide was 15,26% higher when compared to the total extractives
content because alkaline solutions promotes the partial removal of amorphous constituents such as hemicellulose,
lignin and soluble oils [39,50, 51].
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The total extratives content of Curaua fiber was 7,07%, and this value is considered relatively high when
compared with other lignocellulosic materials.by comparing with coconut fibers, Ferrazet al.,[52] obtained 4,86%
and Ledo et al., [42] 8,30% as mean value which may possibly indicate that the coconut fibers exert less
inhibition on cement curing and hardening. Regarding wood, the Pinusspecies more commercially used,
Pinustaeda, also has mean values lower than the Curaua fiber, for which Andrade et al., [33] obtained mean
content values of 3,03% and 2,15%, respectively. When comparing with the Eucalyptus species, particularly
Eucalyptus grandis, the literature indicates values lower than, or similar to, the Curaua fiber, for which Andrade
et al., [33]found 4,04% as mean value, and Tomazello Filho et al.,[54]obtained values between 6,02 % and
7,98%.

The ash content in the Curaud fiber was significantly lower than the mean values found in other
vegetable fibers, like coconut and sisal fibers, for which Salazar and Ledo [39] obtained 1,34 % and 1,95%ash
contents, respectively. Trindade et al., [36] found 1,10 % of ash for the same fiber, value significantly high than
this work.Usually, low ash contentis desired during the processing of materials, given that high amounts of these
components affect negatively the wear of the cutting tools. Still, higher ash content implies in the increase of
hardness, and when considered mineral panels, it is often suggested to use mineral additives such as silica or
microssilica to improve the mechanical properties of the composite, increase its waterproofness and
durability. The high variability of the properties of natural fibers occurs because they are dependent on various
factors such as specie, place of origin, growing conditions, chemical composition, maturity, extraction and
storage method (Table 4).

Table 4: Comparation of chemical, physical and mechanical properties of different fibers [12, 35, 41, 38, 40, 42, 43, 44, 45,
46, 47,48, 49].

Cellulose Lignin Hemicellulose Cristalynitty Tensilestrength Young modulus
Fiber (%) (%) (%) Index (%) (MPa) (GPa)
Curaua 70,7-73.6  7,5-11,1 9,9 50,2-67 859-1404 20-36
Jute 61-71,5 12 15 13,6-20,4 50 393-773 26,5
Sisal 67-78 8 11 10-14,2 57- 68 551-635 9,4-22
Rami 68,6 0,6 13,1 68 500 27,2
Coconut 36-43 36-43 0,15-0,25 40-44 131-175 4 13
E-glass - - - 1800-3000 72- 83

3.2 Crystallinity index

The diffractogram of the Curauad fiber (Figure 1) is characteristic of lignocellulosic materials, where the
amorphous halo and the crystalline peak are located between the angles 18°<26<19° and 22° <26<23°.
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Figure 1: Diffractogram of the Curaué fiber in natura and after pre-theatments.

The crystallinity index of the untreated Curaua fibers was 73%. The Curaud fiber had a crystallinity
index similar to the sisal vegetable fiber (68%), as reported by Oliveira et al., [54], and significantly higher than
the coconut fibers, which was 40% on average, as reported by Ramirez et al., [55] and sugar cane bagasse fibers,
with 47% of crystallinity finding by Trindade et al., (2004) [36]. However, it was lower than the indices of wood
species such as eucalyptus, for which Lengowski et al., [56] obtained 79% as mean value for Eucalyptus grandis.

Depending on the degree of crystallinity, lignocellulosic fibers may present different applications, such
as reinforcement in polymer matrices, surface coating, ethanol production, emulsion thickener, nanocellulose
production [56]. The flexibility of lignocellulosic fibers can be justified by this property; the higher crystallinity
index increases the rigidity of the material. The crystallinity index in the Curaua fiber is an indicator of its
potential to reinforce the cement-fiber panels, because the degree of crystallinity in the material is directly related
to the mechanical properties[12, 35, 41, 45, 57] (Table 4).

The changes in the crystallinity indices were succinct after the pre-treatments performed on the Curaua
fibers; the small change in crystalline index was based on the kind of treatment used on the fibers (Table 5). It
can be seen that the treatment with hot water provided a 4,83% increase of the crystallinity index. This treatment
resulted in the highest increase of the crystallinity index, due to the removal of extractives (amorphous region),
and the second treatment removed the largest amount of extractives from the fibers. On the other hand, the
treatment with 1% NaOH solution had the less numeric influence on the crystallinity index, with a 0,54%
increase. This can be justified by the action of sodium hydroxide, which causes swelling of the Curaua fibers and,
consequently, breaks the intra-crystalline bonds, thus diminishing the crystalline regions of the Curaua fibers.

Ferraz et al., [58] and Corradini et al., [59] observed that the treatments of cold water, hot water and
NaOH reduced the extractive content and lignin for coconut fiber. Both authors found the greatest reduction with
NaOH treatment, followed by hot water treatment. This reduction of the amorphous components of the fibers,
increase the crystallinity index of these materials.

Generally, alkaline treatments reduce the regularity of cellulose molecules in lignocellulosic fibers by causing
swelling of the fibers [60, 61, 62]. The degree of swelling and, consequently, the changes of crystalline structures
depends on the type and concentration of alkaline substance used in treatment [63].
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Table 5: Crystallinity index of treated fibers.

Samples Crystallinity index (%0)
Without treatment 73.82

Cold water 75.44

Hot water 77,39

NaOH 74,22

3.3 Inhibition index —Chemical compatibility between the Curaua fiber and Portland cements

The mean values obtained by the inhibition assay are shown in Table 6. The optimum material mixture is that
which reaches the maximum temperature (Tm) in the shortest time (T), with maximum increase (Sm).

Table 6: Inhibitory index of Curaud fibers mixed with Portland cement.

Treatment Time (h) T max (°C) S max (°C/h) 1 (%)

Without fiber 12,09 42,1 - -

Without treatment | 2,10 23,77 0,32 68,83 d (3,19)
Cold water 16,16 25,65 1,05 19,96 ¢ (2,57)
Hot water 17,00 27,22 4,67 7,88 b (2,53)
NaOH 16,04 33,12 3,15 1,21 a(4,44)

a b cd - Different letters in column indicate statistical differences in the Tukey’s test at 1% probability level.Values in
parentheses are the percentage coefficient of variation of the samples
I = crystallinity index; Tmax = maximum temperature; Smax = maximum temperature increase in the curve.

The inhibition index (1) of the untreated Curaud-cement mixture was 68,83%, considered “high
inhibition” according to Okino [10], Ferraz et al., [58] and Olorunnisola [11] found an extreme inhibition for
cement-fiber made by coconut fiber.

The inhibition indexes of treatments with cold and hot water were 19,96% and 7,88% respectively, being
graded as “moderate inhibition” according to Table 1 [10], but both have significant statistical difference between
these treatments. The treatment with NaOH presented lower value of inhibition index, 1,21% according to Table
1 [10], as “low inhibition" and have significant statistical difference between the others treatments.Thus, the
efficiency of the chemical treatments on coir fibers at inhibition reduction of the Portland cement setting was
evinced.

The treatment that had the lowest inhibition index was with NaOH. This treatment was statistically
different from the other treatments; it exhibited the best chemical compatibility when compared to the other
treatments and the control. The treatments removed the extractives, waxes, polyphenols, carbohydrates, thus
enhancing the chemical compatibility between the cement matrix and the Curaua fiber.

The inhibitory effect of this fiber was evident in relation to the reactions of cement hydration, once the
standard mortar reached the peak temperature of 42,1-C in 12 hours, and the untreated fiber reached a maximum
temperature of 23,77 -C in about one hour, as presented in Figure 2. Assuredly, there is a great difference and it
confirms that untreated coir fibers cause high inhibition on the cement setting.
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According to Zhou and Kamdem [64], the Tm reduction may be caused by a reduced value of cement
hardening or by the presence of a determined mass of lignocellulosic material which did not contribute to
generate heat but, on the contrary, absorbed it.

It could also be observed that cold water treatment decreased the inhibitory index, but the maximum
temperature was relatively low (25,65°C). The hot water treatment yielded slightly higher temperature (27,22-C)
and inhibitory index was almost the same of that observed for hot-water treatment. The NaOH treatment
treatment decreased the inhibitory index significantly, and the maximum temperature was relatively more close
the cement without Curaua fiber (33,1 °C).

Miller and Moslemi [65], investigating the effect of standard substances present in lignocellulosic
materials, found that cellulose, lignin, fatty acids and terpenes did not have a significant effect on compatibility
reaction. However, hemicellulose and tannin significantly affected the characteristics of hydration. A pronounced
inhibitory effect was produced by glucose, xylose, and quercetin. The effect of varying extractive levels on
cement hydration is also significant, as described by Zhengentian and Moslemi [66]. The temperature decreases
significantly when the percentage of extractives increases. This disruption of the hydration process totally affects
the hardening of the cement and the development of the resistance. The compatibility of species for the
production of cement-fiber panels,in general, decreases when extractive content increases, according to Hachmi
and Moslemi [67].

45
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g 2s —— e e —
2 |- e Without fiber
<
= 20
2, NaOH
g 15
& = Hot water
10
& === Cold Water
O 2 4 6 8 10 12 14 16 18 20 22
Time (h)

Figure 2: Curve of the hydration of the composites with in natura and treated fiber

Thedevelopmentofmechanicalstrengthof Portland cement pastes iscloselyrelatedtothevariablesthat
determine thekineticsofthereactions [68]. In Figure 2 is possible to verify the temperature is of the portland
cement paste during the picking and beginning of the hardening period (resistance gain), as well as the influence
on the chemical reactions of the cement paste with the curaua fiber in the blend. A time delay was obtained (loss
of plastic consistency) with addition of Curaua fiber, a fact that will influence the hardening of the composite.

4. CONCLUSIONS

Based on the results obtained in the present work, it can be concluded that:

e The in natura Curaué fiber had a high inhibition index, thus confirming the necessity for pre-treatment
for make Curaua-cement panel.

e The treatments studied reduced the content of the amorphous regions,slightly modifying the crystallinity
and minimizing the inhibition effect of Curaua fibers in the Portland cement matrix in the production of
reinforced mineral panels.

e The treatments that indicated a high compatibility with cement were the ones with hot water and NaOH.
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