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a  b s t r  a  c t

The co-presence of geopolymers and cellulose in clay-based materials could improve their

performances. Thus, cured NaOH-activated heated clay-cellulose (up to 10 mass%) compos-

ites  were prepared, and their microstructural characteristics were investigated. Moreover,

the effect of waste glass addition on the composites characteristics was evaluated. The

results showed that zeolite (chabazite) and sodium carbonate were formed from metakaolin

and by carbonation respectively, and the zeolization process slowed down after 5  days of

curing because of ions immobilization. The coating of metakaolin particles by the  amor-

phous cellulose II-Na formed reduced drastically the formation of zeolite. The presence of

cellulose II-Na resulted in the porosity decrease, and consequently the  mechanical strength

and density enhanced. The results also showed that the kinetics of water absorption by  the

composites followed the pseudo-first order equation, and the  rate constant was found to

be  4.3 × 10−3 s−1. Moreover, the  reinforcing effect of the  cellulose fibbers was annihilated by

the  formation of glass derivatives.

© 2020 SECV. Published by  Elsevier España, S.L.U. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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r e  s u m e n

La co-presencia de  geopolímeros y  celulosa en materiales a base de  arcilla podría mejorar

sus rendimientos. De este modo, se prepararon compuestos de arcilla-celulosa calen-

tada activados con NaOH (hasta un 10% en masa) y se  investigaron sus características

microestructurales. Además, se evaluó el  efecto de la adición de  residuos de vidrio sobre

las  características de los composites. Los resultados mostraron que la zeolita (chabasita)

y  el carbonato de sodio se formaron a  partir de metacaolín y  por carbonación, respecti-

vamente, y  el proceso de  zeolización se  ralentizó después de 5 días de  curado debido a  la
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inmovilización de iones. El recubrimiento de  partículas de  metacaolín por  la celulosa amorfa

II-Na  formada redujo drásticamente la formación de  zeolita. La presencia de celulosa II-Na

resultó  en la disminución de la porosidad y, en consecuencia, la resistencia mecánica y la

densidad aumentaron. Los resultados también mostraron que la cinética de la absorción

de  agua por los compuestos siguió la ecuación de pseudo primer orden, y se encontró que

la constante de velocidad era 4,3 × 10−3 s−1.  Además, el  efecto de refuerzo de las fibras de

celulosa fue  aniquilado por la formación de derivados de  vidrio.

©  2020 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Alkaline activation of aluminosilicates, such as  dehy-

droxylated clay minerals, results in the formation of

tri-dimensional polymeric structures (geopolymers) com-

posed of attached tetrahedra units of silicate and alumi-

nate denoted poly (silico-oxo-aluminate) [1–4]. Taking for

instance the metakaolin (Al2O3.2SiO2),  the alkaline activa-

tion causes its dissolution, and consequently Al(OH)4− and

[SiOx(OH)4−x]x−/[Si2O1+x(OH)6−x]x− ions form [5]. These species

can be combined together and give rise to  oligomers, which

in their turn lead to the formation of gels, then to the

geopolymers. Referring to Yao et  al. [6],  the geopolymerisation

process seemed to take place according to the following steps:

destruction, polymerization and stabilization. In general, the

geopolymerisation processes depend mainly on the alkali

used and the chemical composition of the starting material,

and on the curing conditions (temperature, time and atmo-

sphere) [7–10]. Geopolymers are considered as eco-friendly

cementitious materials [4,11–13].

Cellulose, which is a polysaccharide polymer, is  the  main

structural constituent of plants. Because of its fibrous feature

and remarkable ratio strength to density, cellulose is a conve-

nient material for reinforcing cementing composites [14,15].

In addition to their good mechanical strength, cellulose-

reinforced composites impede heat and sound transfer. The

performance of cellulose fibbers in composites depends on

their surface characteristics, dimensions and amounts. In

this respect, it can be  noted that in the contact of water,
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Fig. 1 – X-ray diffraction patterns of the clay (A) and the cellulose (B)  used. (a) Raw clay; (b) clay heated at 700 ◦C for 2 h. Ch:

chlorite; I: illite; K: kaolinite; Q: quartz; F: K-feldspar; C: calcite; D: dolomite.

the cellulose-containing composites manifest low mechani-

cal strength because of the high hydrophilic character of the

cellulose fibbers [16].  To reduce this eventual negative impact,

the surfaces of the  cellulose fibbers are physically treated by

using energetic radiations, such as  UV and �-radiations, or

chemically modified by grafting [16].  The chemical modifica-

tion of cellulose is  also performed with concentrated NaOH

solutions (18–32%) at 25–40 ◦C [17].  Under such conditions, the

native form of cellulose (cellulose I) changes into cellulose II.

Nevertheless, the cellulose stability depends on the alkaline

conditions [18].

Referring to some authors, the suitable amounts of cel-

lulose in  cementing composites should be in the range of

0.2–2.0% v/v [15,19,20].  The use of high amounts of cellulose

can yield appreciable absorption of water, and consequently

the mechanical strength declines.

In highly alkaline solutions, glass is etched and various

derivatives (Si (OH)4, (HO)3Si-O-Si (OH)3,  linear and cyclic trim-

mer, and polymer) form [21]. Referring to Torres-Carrasco and

Puertas [22],  waste glass seemed to be an effective alkaline

activator in geopolymer preparation. Thereby, it was used as

an ancillary activator in this study.

The co-presence of geopolymers and cellulose in  clay-

based composites can improve their performances because of

the cementitious feature of geopolymers and the  reinforcing

effect of cellulose. So, in this work, the neoformation pro-

cesses and the  interactions between clay particles and fibres in

cured NaOH-activated composites of a heated clay and cellu-

lose were investigated, and their practical performances were

evaluated. For this purpose, and based on the results published
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Table 1 – Chemical compositions of the clay and the glass waste  used, and the clay mineralogical composition.

Chemical composition

SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O TiO2 *LOI

Clay 51.4 21.7 4.0 3.5 3.3 3.1  1.0  0.6  10.7

Waste glass 68.7 1.4 0.1  0.4 3.7 4.4  20.9 –  0.2

Clay mineralogical composition

Illite Kaolinite Chlorite Quartz Dolomite Hematite K-feldspar

33 25  10  19 6  4 3

∗ Loss on ignition.

by El Hafid and Hajjaji [10],  briquettes of cured NaOH-activated

mixtures of heated clay and cellulose were prepared, and their

microstructures were investigated. Moreover, their mechan-

ical strength and physical properties (density, porosity and

water absorption) were measured. Furthermore, the  effects

of waste glass addition on phase formation and mechan-

ical/physical properties of the cellulose-rich mixture were

investigated.

Materials,  experimental  procedures  and
techniques

Materials

Clay

The clay used was  from an  open pit of clay near the  city of Safi

(Morocco). It was  composed of illite, kaolinite and chlorite, and

non-clay minerals (Fig. 1A). The chemical and mineralogical

compositions of the clay, determined following the method

of Holtzapffel [23],  and by X-ray fluorescence spectrometry

respectively, are given in Table 1.

The clay was ground to pass through a 100 �m–sieve, and

heated at 700 ◦C  for 2 h. The heating resulted in  the decom-

position of kaolinite and chlorite (Fig. 1A, Fig. 2A), and the

formation of metakaolin, which is  identified by the  FT-IR band

at 560 cm−1 (Fig. 2A).

Cellulose  fibbers

Cellulose fibbers were extracted from rachises of date palms

(Phoenix dactylifera) located at the neighbourhood of the city

of Marrakech (Morocco). The rachises were finely ground, and

chemically treated by using a conventional Soxhlet extractor,

and azeotropic mixture of ethanol and toluene. By doing so,

the pigments and lipids were removed. The residue obtained

was introduced in a  solution of sodium hydroxide (2%), and

kept for 2 h  at 80 ◦C in order to get rid of hemicelluloses and

lignin. Finally, the fibbers isolated were bleached with a solu-

tion of sodium chlorite (1.7%, w/v) at 70 ◦C. Details related to

the experimental steps followed are given elsewhere [24,25].

Typical X-ray diffraction pattern and FT-IR spectrum of

the cellulose prepared are shown in Figs. 1B and 2B. The
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Fig. 3 – X-ray diffraction patterns of cured alkali-activated
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crystallinity index of the cellulose, determined according the

method of Segal [26],  was of 80%. The molecular weight of

the cellulose measured following the method adopted by Oua-

jai and Shanks [27] and Thygesen et al. [28] was found to be

144,622 g/mol.

Glass

The waste glass, which was used as a  supplementary source

of silica for geopolymer formation, was a  common soda-

lime glass (Table 1). It was composed of 69% formers, 29%

modifiers and 1% intermediates [29].  The glass was  milled

for 5 min  with a  PM100 Retsch planetary ball mill operating

at 500 rpm. The 40 �m-sieved fraction, which corresponded

to the grain size distribution D90, was  dissolved in NaOH

solution (6 M)  under the  following experimental conditions:

operating time = 24  h, ambient temperature = 25 ◦C, stirring

rate = 400 rpm.

Experimental  procedures  and  techniques

Preparation  of  cured  alkali-activated  composites

Portions of dried cellulose (up to 10  mass%) and the

heated clay were intimately mixed, and etched with a

solution of NaOH (6 M). The weight ratio clay/water was

of 2.5. Considering that the concentration of NaOH (24%)

used lies within the range of 18–32%, the  cellulose is

supposed to be  the object of transformation instead of

degradation [17].

For glass-containing composite preparation, the  waste

glass solution mentioned above was added to a mixture of

dried cellulose and heated clay. The dough obtained consisted

of 10  mass% cellulose, 22 mass% glass, and 68 mass% heated

clay. The cellulose amount was fixed based on the results pre-

sented below.

The above damped blends were homogenized by knead-

ing for 15 min, and subjected to extrusion. The extruded

briquettes (3.8 mm  × 9.2 mm  × 40 mm) were cured under

the following conditions: curing temperature = 83 ◦C, curing

time = 30  days, atmosphere = air. These curing conditions were

adopted on the basis of the results of El Hafid and Hajjaji

[10].

Characterization  techniques

The X-ray diffraction (XRD) analysis was  carried out on pow-

der samples by using a Philips X’Pert MPD  diffractometer

equipped with a copper anode (�K� = 1.5418 Å). The Fourier-

transform infrared (FT-IR) spectra were recorded in the range

of 4000–400 cm−1 with a  Perkin-Elmer Fourier-Transform 1720-

x spectrophotometer. The samples analyzed were shaped as

thin discs composed of 1 mg  of material and 99 mg  of KBr.

The deconvolution of infrared bands and the determination

of the bands areas were realized with the PeakFit v4.12 soft-

ware (Peak type: Gaussian shape). The curves fit  was evaluated

on the basis of the  values of F-statistic, standard error (SE)
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and correlation coefficient (r2) [30].  The best fitting curve cor-

responded to the highest values of F  and r2, and the lowest

value of SE.

Microscopic examinations of the microstructure were per-

formed on freshly fractured pieces of the cured samples

with a Zeiss SupraVP40 scanning electron microscope (SEM),

equipped with a  20 mm2 X-Max diffusion silicon detector. For

this purpose, the  pieces were coated with a thin layer of car-

bon.

The flexural and compressive loads at failure were mea-

sured with an  EX  150 DeltaLab apparatus, and the strengths

were calculated according to  the equations:

�FS =
3F ·  L

2bh2
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�CS =
F

S

(�FS and �CS are the flexural and compressive strengths

respectively, F: load at failure; L: distance between the two sup-

ports (2.8 cm)  of the apparatus; b  and h  are the width and the

thickness of the test-bar). The measurements were performed

in triplicate, and the  standard deviations were in the range of

0.1–0.7 MPa.

The total porosity (PT) of the cured briquettes was evaluated

by using the equation:

PT = 100
(

1 −
�a

�t

)

(�a and �t are the apparent and true densities. �a was mea-

sured by pycnometry, using prismatic samples and edible oil

as a solvent [31].  For the determination of �t,  the measure-

ments were carried out on powder samples).

The electrical conductivity, which represents here the abil-

ity of aqueous dispersions of the composites studied to allow

the ions transport by applying an alternating electrical cur-

rent, was measured at room temperature by means of a  TDS

Metre con 510 conductimeter. The measurements were con-

ducted on dispersions composed of 10 mL  of distilled water

and 1 g of the material studied.
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The instantaneous amounts of water absorbed by the bri-

quettes at room temperature were measured by weighting

samples before and after contact with water. For this purpose,

a  water-submerged sponge was  used as  a source of water [31].

The maximum amount retained was  determined after 5 min

of contact, which was  the equilibrium time.

Results  and  discussion

Microstructure  characterization

As can be deduced from the typical XRD patterns shown in

Fig. 3, the cured alkali-activated composites studied consisted

of zeolite (chabazite) and sodium carbonate as neoformed

phases. The carbonation of the composites occurred during

the curing operation as a result of the reaction of the  atmo-

spheric CO2 and Na+ released by NaOH [10]. The intensity of

the X-ray reflexion of zeolite (
◦

2� = 14) declined with increas-

ing the amount of cellulose, and the zeolite amount in the

cellulose-rich composite seemed to be in the threshold of

detection. In addition to  the crystalline phases identified,

Fig. 7 – SEM micrographs of the cellulose fibres (a),  zeolite particles formed in  the cured heated clay (b), and the composite

containing 10 mass% cellulose (c).
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the cured samples comprised metakaolinite, characterized

by the FT-IR band at 560 cm−1 (Fig. 4). The characteristics

bands of the main reaction products (gel and zeolite) did

not manifest on the spectra given in Fig. 4 because of bands

overlapping. The deconvolution of the FT-IR bands located at

the finger print region revealed bands assignable to zeolite

and gel (Fig. 5). Based on the areas of the bands of zeo-

lite/gel (972 cm−1)  and metakaolin (560 cm−1), the quantity of

zeolite/gel regressed with increasing the cellulose amount,

whereas that of metakaolin increased (Fig. 6). So, quantitative

additions of cellulose impeded the reactivity of metakaolin,

which is considered as  the reactant for the zeolite formation

[29].

Microscopic examinations of the  cured materials showed

that the original feature of fibbers of cellulose disappeared

(Fig. 7).  Moreover, the needle-like particles of zeolite, which

were extensively formed in cured heated clay samples, van-

ished (Fig. 7).

Considering the evolutions of the electrical conductivity

versus curing time shown in Fig. 8,  the immobilization of ions,

chiefly NaOH-derivatives ions, in cured cellulose-free samples

took place after 5 days of ageing. In contrast, it occurred in

early moments of etching of cellulose-containing heated clay.

Furthermore, the mobility of the ions in the  presence of cel-

lulose was relatively high. This result suggested that cellulose

was  involved in the retention of OH− and Na+,  but these ions

were loosely attached. In addition, the  reactions of zeoliza-

tion and carbonation, which occurred in  cellulose-free sample,

reached their limits after 5  days of ageing. Referring to the

change of the electrical conductivity against the cellulose con-

tent (Fig. 8), the ions mobility increased with increasing the

cellulose amount. In conformity with the above result, ions of

dissolved sodium hydroxide were mainly associated to cellu-

lose fibbers, but they kept some mobility by application of an

electrical field. In the presence of substantial amount of cellu-

lose, e.g. 10 mass%, almost the  entire OH− ions were retained

by cellulose. Therefore, the etching of metakaolin became lim-

ited, and consequently zeolite could not form.

In line with the reported studies, which dealt with NaOH-

etched cellulose fibbers [32–36], it was  believed that Na+ ions

adsorbed on cellulose fibbers, and consequently hydrogen

bonds between chains of cellulose were broken. In such a

condition, the conformations of chains changed, and cellu-

lose II-Na formed. Likely because of the  new configurations
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of the chains, the fibrous aspect of cellulose disappeared. In

this respect, it should be noted that the XRD analysis of the

cured composites (Fig. 3)  did not show any reflexion associ-

ated to cellulose II-Na because of its disorganized structure.

Based on the above results, it was assumed that the chains

of cellulose II-Na were attached to silanol groups, especially

those of metakaolin, by means of hydrogen bonds and/or Van

der Waals attractive interaction. The fixation of OH− and Na+

ions by cellulose II-Na, and the  intense coating of metakaolin

particles with cellulose fibbers were responsible for zeolite

vanishing.

Retention  and  release  of  water

As can be deduced from Fig. 9A, more  than 85  mass% of water

retained by the  composites was absorbed in less than 3.5 min

of contact, and saturation was reached nearby 5 min. The

variation of the retained amount versus time (up to 3.5 min)

obeyed the pseudo-first order kinetics relation:

Ln
�m

mo
= −kt + A (1)

(�m: the  weight of water retained; mo: mass of the dried

sample used; k  is considered as a  rate constant; A  is  a  con-

stant).

The rate constant was independent of the amount of cel-

lulose, and its value was found to be 4.3 × 10−3 s−1.  Thus, the

transport of water was not  influenced by the cellulose content.

Referring to  Fig. 9A,  cellulose addition resulted in an

increase in water absorption (WA), and the relation followed

was:

WA =  0.94 � + 14.53  (2)

(�  is the cellulose content). Thus, water absorption by the

cured samples was  chiefly linked to the presence of cellulose,

known as a hydrophilic material.

Taking into consideration Fig. 9B, the water retained by the

composites was gradually eliminated in less than 30 min. The

application of the  above kinetics equation allowed to  differen-

tiate three stages: Up to about 8  min, the rate of water released

(kr) increased from 5.3 × 10−3 min−1 to 9.4 × 10−3 min−1 as

the cellulose amount rose from 2.5 to 10 mass%. In the

intermediate stage (8 < t  < 20 min), kr varied in the range of

(2.0–5.3) ×  10−3 min−1, and in the final span 25–30 min, kr

evolved from 1.3 × 10−3 min−1 to 3.3 × 10−3 min−1. Thus, it

was believed that in the first stage, only weakly attached

molecules, such as  those retained by Van der  Waals  forces

Fig. 12 – SEM micrographs showing the microstructure of the cured mixture 10% cellulose-22% glass-heated clay (a), and

interlocking needle-like zeolite formed in the cured glass-heated clay binary (b).

Table 2 – Bending strength and water absorption of cured alkali-activated composites.

Cured alkali-activated composites Bending strength (MPa) Water absorption (%)

Mean value SD Mean value SD

10% cellulose -22% glass  -  heated clay 6.8

0.1–0.2

23

0.3–0.710% cellulose-heated clay 18.0 23

22% glass-heated clay  6.5 20
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the basis of  the study of El Hafid and Hajjaji [29].

were released. The water  molecules, which developed mild

to strong attractive electrostatic interactions, mainly with cel-

lulose fibbers, were released during the intermediate and final

stages. The attractions involved in  the final stage were proba-

bly accomplished by hydrogen bonds.

Mechanical  strength

The flexural strength as  well as the compressive strength

of the cured composites enhanced with increasing cellu-

lose amount (Fig. 10B). The strengthening of the composites
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was  accompanied by a  reduction of porosity and an  increase

of density (Fig. 10A). Thus, cellulose II amorphous phase

favoured the compaction process, and consequently strengths

enhanced. Considering the changes of PT and �FS against cel-

lulose content (Fig. 10), the  flexural strength and porosity were

related according to  the equation:

�FS (MPa) = −56.63PT + 29.82  (3)

It is worth noting that up to 10 mass% cellulose, water

retention did not alter the mechanical strength of the com-

posites.

In comparison to some geopolymer composites reinforced

with natural fibres [37], the composites studied showed good

bending strength, and moderate compressive resistance.

Glass-containing  mixture

Based on the XRD pattern given in  Fig.  11, the cured glass-

containing mixture was  composed of original minerals (illite,

calcite and quartz), and sodium carbonate (neoformed phase).

Zeolite, which was formed in cellulose-lean mixtures as well

as in cured glass-heated clay binary (Fig. 11)  was  not detected,

probably because its amount is below the detection threshold.

In this respect, it could be recalled that the XRD analysis of the

cellulose-rich briquette did  not show the presence of the main

X-ray reflection of zeolite (Fig. 11).

The microstructure of this cured ternary mixture consisted

of widespread coated particles such as  shown in Fig. 12a. The

acicular particles of zeolite, which were extensively encoun-

tered in cured glass-heated clay (Fig. 12b), were not observed.

Thus, the presence of glass did not impede clay particles wrap-

ping by cellulose II-Na fibbers. Due to the glass dissolution, the

amount of free sodium rose, and consequently the quantity of

sodium carbonate increased.

Glass addition to  the cellulose-heated clay binary resulted

in the decline of the mechanical strength, but its influence on

water absorption was not significant (Table 2). The strength

and water absorption of glass-containing mixture were very

close to those of the cured binary system glass-heated clay

(Table 2). Thus, it  was believed that due to the formation of

the glass-derivatives species identified in Fig. 13, the  confor-

mations of the chains of cellulose II-Na were affected, and

consequently their reinforcing effect was annihilated.

Conclusion

The results of this study yielded the following conclusions:

(i) Zeolite (chabazite) and sodium carbonate formed in  cured

alkali-activated heated clay-cellulose composites. The zeolite

formation became limited as  the cellulose amount reached

10 mass%, and also after 5 days of ageing. These facts were

due to the metakaolin particles coating by the cellulose II-

Na fibbers, and to the immobilization of NaOH derivatives

respectively. (ii) Because of the abundance of cellulose II-Na,

the bending strength and water absorption of the composites

evolved from 1.7 to 17.4 MPa,  and from 11.3 to 19% respectively.

These facts were linked to the reduction of porosity due essen-

tially to the compaction intensification. (iii) Water retention as

well as water release by the  composites versus time followed

the pseudo-first order kinetic equation. The kinetics of water

absorption was  a  mono-stage process. In contrast, different

stages were distinguished for water release. These were taken

as  an indication of the involvement of different electrostatic

forces between water molecules and geopolymer particles. (iv)

The presence of glass in the cured cellulose-heated clay binary

did not affect the nature of crystalline phases formed, but

it annihilated the reinforcing effect of cellulose fibbers. The

latter fact was chiefly associated to the alteration of the con-

formations of the chains of cellulose II-Na by the formation of

various glass derivatives.
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