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Abstract: France is Europe’s leading producer of flaxseed. This seed is rich in omega-3, energy, and
protein for animals, but it also contains anti-nutritional factors such as mucilage. Thus, mucilage must
be removed and could be used as a bio-admixture in cementitious materials development, reducing
the environmental impact of cementitious materials. This study aims to valorize the usage of flaxseed
mucilage (FM) in ordinary Portland cement. FM caused macroscopic and microscopic changes in the
materials studied. The higher the concentration, the greater the changes were. The admixed samples
showed an exponentially concentration-dependent delay in setting. FM degradation products
induced by the cementitious conditions accentuated the delay. However, this delay in setting did
not affect the hydrates’ growth in the material. In fact, FM showed a “delay accelerator” behavior,
meaning that once hydration began, it was accelerated as compared to a reference. Macroscopically,
FM induced significant flocculation, increasing material porosity and carbonation. Consequently,
bulk density and thermal conductivity were reduced. At the highest amount of FM admixture (0.75%
w/w), FM allowed bridge formation between Ca(OH)2 crystals, which can improve the mechanical
properties of mortars. Because FM is highly hygroscopic, it has the capability to absorb water and
subsequently release it gradually and under controlled conditions into the cement matrix. Therefore,
regulation of water diffusion from the mucilage may induce the self-healing properties responsible
for mechanical properties similar to that of the reference in the medium to long term.

Keywords: flaxseed mucilage; OPC; hydration; mechanical strength; FTIR; calorimetric analysis;
SEM; alkaline degradation

1. Introduction

A sustainable agricultural and food approach aims at improving the nutritional quality
of human food by balancing animal feed with forages and seeds naturally rich in omega-
3s. Flaxseed is high in omega-3, energy, and protein, but it also contains anti-nutritional
factors such as mucilage, which reduces nutrient digestibility and impacts broiler chicken
growth [1]. France is Europe’s leading producer of flaxseed, so its animal feed manufac-
turers want to improve the nutritional quality of the flaxseed by removing mucilage [2].
Therefore, it is necessary to find ways of adding value to mucilage, which is a by-product
of the seed-dehulling process. One possibility would be to use it as a bio-admixture in
cementitious materials.

Flaxseed mucilage (FM) is present in anhydrous form in flaxseed before hydration
by contact with water. FM is a compound rich in polysaccharides (50–80%) but also in
proteins (4–20%) and minerals (3–9%). FM is composed of two fractions of water-soluble
heteropolysaccharides: the acidic rhamnogalacturonans type I (RG-I) fraction (17%) and
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the neutral arabinoxylans (AX) fraction (83%) [3]. The bone composition of the mucilage
varies according to the extraction conditions [4].

Rhamnogalacturonans are pectic acidic polysaccharides that can impact cement hydra-
tion and cementitious properties. Shanmugavel et al. [5] observed a consistency decrease
and longer setting times with the increase in pectin percentage. They stated that during
the hydration of cement paste, the galacturonic acid can form strong intermolecular as-
sociation among the galacturonan chains by forming calcium bridges, with the effect of
enhanced viscosity. According to Thomas and Birchall [6], natural polymers have the inher-
ent characteristic of surface absorbency of organic molecules and subsequent development
of protective polymeric film on the cement particles and hydration products. This film
would restrict further hydration of cement particles. Hazarika et al. [7] also observed the
viscosity-enhancing property of the addition of acidic heteropolysaccharides but a setting
time reduction. As pectin incorporates some amount of calcium ions in its structure during
the hydration of cement, the Ca2+ concentration in pore fluid would decrease. To balance
the Ca2+ concentration, the rates of the hydration of cement minerals would increase, and
greater amounts of hydration products would be formed, resulting in a decrease in setting
times. Pan et al. [8] used carrot extract, whose main polysaccharide is rhamnogalacturonan.
They observed a delay in setting and an enhanced compressive strength of the mortars.
The positive effect on the compressive strength would be due to greater development of
Portlandite and C-S-H in the cementitious system.

Concerning the arabinoxylans, a neutral fraction of polysaccharides, Girones et al. [9]
observed a retardation of cement hydration with 2% (w/w) of AX. The AX polymers
might slow down not only the formation but also the growth of the C-S-H nuclei. The
impact of rhamnogalacturonans and arabinoxylans on cement seem to be dependent on
the polysaccharide concentration and other compounds present in the extracts.

One of the plants used in its extract form as a replacement for mixing water is Opuntia
ficus indica (OFI)—its availability, low operating cost, and presence in arid areas where
water is most needed make it an important element in cement admixture. OFI cladodes
are waterlogged and contain a huge amount of polysaccharides and some proteins that
probably can interact with the complex hydration mechanism of Portland cements [10,11].
But this extract used for water mixing in cement contains a percentage of mucilage and
proteins but also some other natural compounds (cellulose, fats, hemicellulose, starch,
ashes, etc.) [5,12]. Chandra et al. [11] indicated that the incorporation of OFI extract
increases the plasticity of the cement paste with a consequent decrease in water absorption
by the mortar and an improvement in the freeze–thaw resistance of the mortar. The
author also showed a possible interaction between the polysaccharides and the Portlandite
formed. The formation of complexes influences the crystallization process, interfering
with the size of the Portlandite crystals and making them more amorphous. The ability
of OFI polysaccharides to interfere with the growth of mineral species and the crystal
microstructure was confirmed using several polysaccharides [13]. Finally, the addition
of polysaccharides within a cementitious matrix reduces the carbonation phenomenon
of the material by acting as a barrier property to gases and water, a property conferred
by the viscous extract of OFI [10,11]. Not all polysaccharides have the same resistance to
the highly alkaline cementitious environment. Polysaccharides added to the cementitious
matrix degrade more or less easily into hydroxycarboxylic acids or smaller entities.

The objective of the present study was to investigate the impact of the admixture of
FM at different concentrations in a cement matrix. An evaluation of the FM degradation
in an alkaline environment is herein discussed. A fresh state study of Portland cement
provided some understanding of the hydration properties of cement in the presence of FM
polysaccharides. The mechanism and products of hydration were investigated in the fresh
state and in the hardened state after different curing times. The impact of the admixture
rate on the macroscopic and microscopic structure was also explored in this study to obtain
a more comprehensive knowledge of the impact of the addition of mucilage on the growth
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of hydration products. To this end, mortars were manufactured, and their mechanical
strengths and thermal conductivities were evaluated.

2. Materials and Methods
2.1. Materials

The cement used in this study was an Ordinary Portland Cement (OPC), CEM I
52.5 N CE PM-CP2 NF, commercialized by Calcia, Courbevoire, France. The clinker is the
main component (≥95% w/w) of this cement, and no fillers were applied in this study, so
result dispersion was avoided. Its composition in weight % is 74.8, 3.7, 8.2, and 8.3 for
C3S, C2S, C3A, and C4AF, respectively. The Bogue approximation gives 66.48, 20.97, 4.84,
2.73, 3.4, and 0.21% (w/w) for CaO, SiO2, Al2O3, Fe2O3, SO3, and Na2O, respectively. It
exhibits a Blaine fineness of 4360 cm2·g−1. The different mortars were elaborated with
a 0/4 mm sand, according to the NF EN 12620 standard. With respect to the French
standard NF EN 1008, the mixing water used in this study was tap water at a temperature
of 20 ◦C ± 2 ◦C. Flaxseed mucilage (FM) used as admixture originated from a gold flaxseed
cultivar (Eurodor) and is available in a lyophilized form after the extraction procedure
described by Brevet et al. [14].

2.2. Flaxseed Mucilage Characterization
2.2.1. Determination of FM Proximate Composition

The protein content of FM was quantified according to the Kjeldahl method described
by AOAC 954.01 [15] on the determination of total nitrogen content in the samples. A
conversion factor of 6.25 was used to calculate the crude protein content from the nitro-
gen content.

The AOAC Official Method 942.05 was used to determine the ash content of FM. An
approximate 2 g of raw materials was weighed in porcelain crucibles and then calcined at
600 ◦C for 2 h in a pre-heated muffle furnace. The cooling step of the calcined samples was
different from the AOAC method. The calcined materials were cooled in an oven at 70 ◦C
for 2 h to avoid any moisture regain before being weighed.

High-performance anion-exchange chromatography with pulsed amperometric de-
tection (HPAEC-PAD) was used to determine the FM monosaccharides composition and
content. Results are expressed in grams of carbohydrates/100 g of FM. The analysis was
performed as described by Roulard et al. [16].

2.2.2. Alkaline Solubilization of FM

The solubilization of FM in alkaline solutions allows the evaluation of the impact of
the pH and the presence of Ca2+ cations on the availability of the characteristic groups of
polysaccharide chain length after solubilization. The mucilage was dissolved (2, 5, 10, 15,
20, 25, and 30 g/L) into two different solutions of pH = 12.6: NaOH 0.04 M and Ca(OH)2
0.02 M. Solubilization was carried out at a rotation speed of 140 rpm in a beaker with a
paddle stirrer until complete mucilage solubilization occurred to simulate the slow speed
of mixing in an alkaline environment of the standard EN 196-1 [17] relative to mortar
development. Then, alkaline mucilage solutions were dried in an oven at 50 ◦C to avoid
any degradation due to temperature. Fourier transform infrared spectroscopy (FTIR) and
viscosity measurements were carried out to evaluate the alkaline environment impact
on FM.

2.2.3. Apparent Viscosity of FM

The viscosity range of mucilaginous solutions was established using a rheometer
(DVNext, Brookfield, Toronto, ON, Canada) with appropriate HA/HB spindles ranges.
Mucilaginous solutions were prepared to obtain seven solutions at different concentrations
(2, 5, 10, 15, 20, 25, and 30 g/L) by solubilizing FM into tap water, NaOH 0.04 M, and
Ca(OH)2 0.02 M at 400 rpm until all the FM was solubilized. The viscosity values were
obtained at different spindle rotational speeds from 20 to 200 rpm. The designated viscosity
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value corresponds to a constant rotational speed of 60 rpm, corresponding to the most
adequate torque generated for all solutions. At 60 rpm, the torque value during the
experiment was optimal (between 40 to 60% of the maximum torque tolerated by the
instrument). At higher speeds, the torque was in the low range of the apparatus, while
torque values that were too high were obtained at speeds lower than 60 rpm.

2.2.4. FT-IR Characterization

Fourier transform infrared spectroscopy was used to characterize the changes in FM
following alkaline solubilization. Dried FM materials were analyzed. The FTIR spectra
of FM were determined by FTIR spectrophotometer (IR-Prestige 21, Shimadzu, Noisiel,
France). Approximately 1% (w/w) of FM was weighed and crushed on a KBr matrix
pellet (200 mg). The FTIR spectra were obtained with 200 scans in a transmittance mode
and a resolution of 2.0, where an Happ–Genzel apodization was applied in a range of
400–4000 cm−1.

2.3. Mortars Preparation

The preparations are carried out in a standardized mortar mixer (EN 196-1) (Proviteq,
Lisses, France). FM was incorporated by solubilizing within the mixing water to fully study
the interaction between the polysaccharides and the cement. Mortars were elaborated with
a W/C ratio of 0.5 according to EN 196-1. The mortar compositions are given in Table 1. The
samples were molded without the use of an impact table. The objective was to study the
macroscopic structural effect of mucilage on a cementitious mortar. The molds used have
dimensions of 4 × 4 × 16 cm for the study of the mechanical strength and 10 × 10 × 2 cm3

for the further thermal conductivity study of mucilage-admixed materials. Each sample
for strength tests was then cured for 28, 60, and 90 days (Table 1) in a chamber with
saturated humidity and at room temperature. The samples for the thermal conductivity
measurements were cured for only 28 days. Before characterization, samples were dried in
an oven at 50 ◦C until a constant mass was obtained.

Table 1. Polysaccharidic mortars compositions.

Sample Water (g) Solubilized
Mucilage (g)

Admixture
(% Cement) Cement (g) Sand (g) Curing Time

(Days)

OPC 225 0 0 450 1350 28, 60, 90
EURO2G 225 0.45 0.1 450 1350 28, 60, 90
EURO5G 225 1.125 0.25 450 1350 28, 60, 90
EURO15G 225 3.375 0.75 450 1350 28, 60, 90

2.4. Characterization of FM Admixtured Mortars
2.4.1. Setting Times Determination

The evaluation of the hydration heat release is an effective technique for monitoring
the hydration process and determining the initial and final setting times of pastes containing
different amounts of FM. The experiments were conducted on a Calvet calorimeter C80,
Setaram. Pastes were prepared by mixing 100 g of cement with 50 g of the mixing tap water
at different mucilage solution concentrations (0, 2, 5, 15, and 30 g/L). The cement and water
mixture were homogenized with an electric whisk during a 30 s time minimum depending
on how difficult it was to homogenize the mix. Then, an approximate 3000 mg of each
paste was introduced into a stainless-steel capsule. The heat flow ran for a minimum time
of 48 h in a 25 ± 0.5 ◦C regulated chamber.

2.4.2. Slump Test

The slump test was performed on a mini-Abrahams cone called MBE (“Mortier Béton
Equivalent” translated as “Concrete Equivalent Mortar”), which has dimensions of 150 mm
height and an upper and lower diameter of 50 and 100 mm, respectively. The test was
carried out following the procedure described by Schwartzentruber et al. [18].
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2.4.3. Hydration Degree

When the major cement compounds, i.e., tricalcium silicates (C3S Equation (1)) and
dicalcium silicates (C2S Equation (2)), are in contact with water, there is formation in the
first few hours of calcium silicate hydrate (also called C-S-H), ettringite, and Portlandite
(Ca(OH)2). Over time, it is possible to form calcium carbonate (CaCO3 Equation (3)) in var-
ious forms—calcite, vaterite, and aragonite. These different compounds are dependent on
the hydration of the cement grains. To quantify good cement hydration, Bhatty developed
a method based on thermogravimetric analysis [19]. The thermogravimetry allows the
degradation of the hydration products by dissociation reactions—dehydration for C-S-H
(Equation (4)), dehydroxylation for Portlandite (Equation (5)), and finally, decarbonation
for calcium carbonates (Equation (6)).

The hydration reaction of tricalcium silicates and dicalcium silicates is as follows:

Ca3SiO5 + 6H2O → CSH + 3Ca(OH)2 (1)

Ca2SiO4 + 4H2O → CSH + Ca(OH)2 (2)

That for Portlandite carbonation with ambient carbon dioxide is as follows:

Ca(OH)2 + CO2 → CaCO3 + H2O (3)

The first reaction of CSH dehydration is given below [20]:

(CaO)a·SiO2·(H2O)b
∆↔ (CaO)a·SiO2·(H2O)b-c+c·H2O (4)

The second reaction of dehydration or dehydroxylation of Portlandite is as follows:

Ca(OH)2
∆↔ CaO+H2O (5)

The decarbonation reaction of the calcium carbonate phases occurring at higher tem-
perature is given below:

CaCO3
∆↔ CaO+CO2 (6)

The method developed by Bhatty [19] allows determining the degree of hydration
(DH) of mortars and cement pastes, taking into account the different dissociation reactions.
The Equation (7) is used to determine the DH, according to the author.

DH(%) =
Wb
0.24

× 100 (7)

where Wb corresponds to the chemically bound water, and 0.24 corresponds to the part
of chemically bound water that is combined with each part of cement. Wb (Equation (8))
quantifies the weight loss during the dehydration (Ldh), the dehydroxylation (Ldx), and
the decarbonation (Ldc). The correction coefficient 0.41 is based on the assumption that
carbonate is formed only by the reaction of CO2 with Ca(OH)2 [21].

Wb = (Ldh + Ldx)+0.41(Ldc) (8)

A differential scanning calorimetry coupled with thermogravimetric analysis (DSC-
TGA) (Themys LV, Setaram, Caluire-et-Cuire, France) was carried out on cement mortars
and pastes to determine their degree of hydration and thus to evaluate the FM action
on the evolution of the hydration products. The mortars were powdered using a mixer
mill (MM400, Retsch, Eragny, France). About 130 mg of this powder was introduced into
porcelain crucibles. The analysis started at 25 ◦C and went up to 1100 ◦C at a rate of
5 ◦C/min under a helium atmosphere.
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2.4.4. Mechanical Characterization of Mortars

The strengths of the mortars were determined in compression at different curing times
(28, 60, and 90 days) on a machine from Proviteq, France, with a load cell threshold of
100 kN. The strengths were obtained at a load rate of 2400 N·s−1 on twelve replicates
according to the EN 196-1 standard.

2.4.5. Microstructure Visualization

The morphology of the samples was studied using scanning electron microscopy
(namely SEM). This analysis allowed visualizing the macro and microporosities of the
different mortars. The micrographs were obtained using a PHILIPS FEG XL 30 microscope.
To facilitate observation, the samples were first dried and then coated with a thin layer
of spray-on gold to enhance their electric conductivities. SEM observations were coupled
with an energy dispersive X-ray spectroscopy (EDS) analysis allowing the surface samples’
elements identification.

2.4.6. Thermal Conductivities Determination of Mortars

The samples (10 × 10 × 2 cm3) were cured for 28 days and then analyzed by transient
plane source (TPS) 2500, HotDisk, to determine their thermal conductivities. Before mea-
surements, the samples were dried in an oven at 50 ◦C for at least a week until a constant
mass was obtained. Measurements were repeated three times.

3. Results and Discussion
3.1. FM Characterization
3.1.1. Proximate Composition of FMs

The proportion of protein is 10.3%, and the quantity of carbohydrates is 45.1% mass of
mucilage. The extracted product is relatively clean since the ash content (3.8%) is relatively
low compared with values found in the literature [3,4,16,22,23]. All these values are highly
affected by the process parameters [4,24] and the flaxseed cultivar [3].

The polysaccharide composition is categorized into two distinct fractions. The neu-
tral fraction consists of xylose and arabinose, forming arabinoxylans (AX). This fraction
accounts for 72% of the total polysaccharides. The second fraction, constituting 28% of
the polysaccharide content, is an acidic fraction primarily composed of rhamnose and
galacturonic acid, resulting in type I rhamnogalacturonans (RG-I). Warrand [25] initially
elucidated this mucilage separation into these two fractions. He noted that the neutral
and acidic fractions make up approximately 75 and 25% of the polysaccharide content in
mucilage, respectively.

Finally, it is interesting to look at one of the mucilages that was referenced as a bio-
admixture and whose admixture effects on the characteristics of cementitious matrices
are widely praised and positive. The Table 2 shows an interesting parallel between the
monosaccharide composition of the FM and OFI cladode mucilage. It is clearly visible that
the monosaccharide profiles are completely different, with a large presence of galacturonic
and glucuronic acid for OFI. The large presence of a pectic fraction greatly differentiates it
from FM, where 73% of the content is a neutral fraction. It is therefore possible that FM
does not have the same effects on cement materials as OFI mucilage.

Table 2. Monosaccharides content (g sugar/100 g) of FM and OFI cladodes.

Monosaccharide HPAEC-PAD FM (Raw) 1 FM 3 OFI 4

Galacturonic acid 3.686 ± 0.708 8.17 23.2
Arabinose 8.580 ± 0.373 19.02 18.8
Galactose 5.857 ± 0.165 12.98 31.8
Glucose 1.910 ± 0.106 4.23 25.1
Fucose 1.673 ± 0.038 3.71

Rhamnose 7.751 ± 0.169 17.18
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Table 2. Cont.

Monosaccharide HPAEC-PAD FM (Raw) 1 FM 3 OFI 4

Xylose 15.640 ± 0.984 34.67 1.1
Glucuronic acid 0.009 ± 0.003 0.020 23.2

TOTAL 45.105 ± 1.793 2 100 100
1 Raw data obtained from the HPAEC-PAD. 2 The sum of compounds does not reach 100% due to carbohydrates
losses during the HPAEC-PAD hydrolysis [26]. 3 First column monosaccharides content on 100% basis to compare
with OFI. 4 Values from Lefsih et al. [27].

3.1.2. Impact of Alkaline Conditions on FM

Apparent viscosity: When the mucilage is dissolved in the mixing water, the pectic and
neutral fractions interact and structure themselves to form a more or less viscous network,
depending on the concentration. This viscosity was therefore determined at different
mucilage concentrations and is used as a reference for determining the quantity added
to the cementitious matrix. It is also possible to simulate the effect of the cementitious
matrix on the composition and/or degradation of polysaccharides using viscometry. The
viscosimetric behavior of polysaccharides dissolved in different alkaline solutions (NaOH
and Ca(OH)2) with a deliberately high pH, such as the cementitious medium, can be seen
in Figure 1.
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Firstly, Figure 1 shows that the viscosity of the FM increases significantly as a function
of the FM concentration. This increase is accelerated at around 15 g/L. This concentration
was identified as a gelling point or a sol–gel transition [25]. Warrand [25] conducted a study
on the viscous properties of FM and found that FM exhibits shear-thinning behavior. This
means that the viscosity increases with increasing polysaccharide concentration, primarily
due to interactions between the two distinct fractions present in FM. The pectic fraction
that is anionic has minimal or no impact on determining the solution’s physicochemical
properties. Instead, it is mainly the neutral fraction, primarily composed of AX, that is
responsible for the exceptionally high viscosity of the mucilage solution. The gel-forming
characteristics of the AX solution arise from intermolecular hydrogen bonds and a relatively
larger molecular weight compared to the acidic fraction. Several studies have reported
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a critical transition point in the apparent viscosity of the mucilage solution [4,25]. Like
many plant extracts [28,29], this sol–gel transition point corresponds to the concentration
or condition at which the solution ceases to be considered a true solution and instead
behaves as a gel. This transition occurs due to the increasing entanglement of polymeric
chain networks, which restricts the mobility of the polysaccharide chains and leads to a
significant increase in viscosity [25].

FM does not exhibit the same behavior when added in alkaline conditions, as shown
by the Figure 1. The viscosity curves part ways with the aqueous medium from a 5 g/L
concentration. The apparent viscosity increases with the concentration but much less for the
alkaline solutions than in water. There are two possible explanations for these observations.

First, the intermolecular network formed by hydrogen bond is reduced due to the
action of NaOH and Ca(OH)2 solutions. Chen et al. [30] worked on the gelation prop-
erties of flaxseed gum and confirmed the results shown in Figure 1. Flaxseed gum is
characterized by its anionic polysaccharide nature, resulting from the presence of ionized
carboxyl groups that generate a negative charge. The electrostatic forces between like-
charged molecules cause the molecular chains to fully extend and intertwine, facilitating
the formation of intermolecular cross-links that induce gelation at pH between 6 and 9.
The authors explained that increasing the pH above 9 diminishes the gel strength and thus
the apparent viscosity. Furthermore, they also mentioned that the Na+ action on the zeta
potential leads to a decrease in the intramolecular charge repulsions. The same mecha-
nism of electrostatic repulsion exists with a large amount of divalent cations like Ca2+,
which inhibits the formation of a three-dimensional network [30]. The presence of divalent
cations in a lower concentration can, however, induce a cross-linking or flocculation of
the polysaccharides, as we observe a sedimentation because of agglomerates’ formation.
These phenomena are visible in Figure 1, as the NaOH and Ca(OH)2 solution curves flatten
compared to that for water. A higher flattening on the Ca(OH)2 curve can be evidence of
a divalent cation intermolecular cross-linking, shown by a flocculation visible during the
material preparation.

The second hypothesis that can lead to the apparent lowering of viscosity concerns the
possibility of polysaccharide degradation. In our conditions, molecular weight determina-
tion by SEC-MALS analysis does not demonstrate backbone hydrolysis (Figures S1 and S2).
This hypothesis is not consistent with our results.

Thus, in NaOH and Ca(OH)2 solutions, the decline in gel strength is linked to fewer
junction zones due to high pH levels (pH > 9) and the presence of monovalent and divalent
cations, as reported by several authors [31–33].

Compositional modifications—FTIR: The FM solubilized under different conditions
were analyzed in FTIR to determine possible compositional modifications. The FTIR
spectra are visible in Figure 2. First, there is an appearance of a doublet at 897 and 866 cm−1

when alkaline conditions are applied to the FM. These bands are characteristic of the
co-existence of β- and α-glycosidic bonds [34], respectively. This new co-existence is
possible evidence of an alkaline hydrolysis, as alkaline catalysts are often used to liberate
carbohydrate chains from glycoconjugates [35]. The liberation of glycoconjugates such
as proteins is visible on the NaOH solution spectrum with the disappearance of the N-H
bond at 1541 cm−1. Also, the C-H “hairy zone” and -CH2 branched at 1413 cm−1 look
different. The increase in the band and the apparition of a triplet at 1444, 1413, and
1382 cm−1 seem to confirm the hydrolysis of the side-branched conjugates. In the Ca(OH)2
FM solution, this N-H bond seems to still be present, as the divalent cation can bind
different polysaccharidic/protein compounds and then limit the impact of alkaline solution
as characteristic groups are protected.
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The complexification and increase in organic species present in the cementitious
medium after the FM degradation make it more complicated to conduct studies and to
identify the mechanisms intrinsic to the initial polysaccharides. For example, Kang et al. [36]
related that xylose, which is the main saccharide of the FM, degrades mainly to formic
acid and furfural. Whistler and BeMiller [37] described the alkaline degradation process of
polysaccharides as a peeling process in which the reducing end-group is liberated from a
chain by elimination of the rest of the chain as a glycoxy anion.

3.2. Characterization of Cement Composites
3.2.1. Fresh State Characterization

Slump test: The elaboration of mortars requires characterization in the fresh state to
determine the workability and viscosity of the hydraulic material. This measurement is all
the more relevant when an admixture is incorporated. Figure 3a,b show the consistency
of a EURO5G admixed mortar and the values obtained from the slump test, respectively.
Figure 3a clearly shows the appearance given by the mucilage to the material. The addition
of FM to a cementitious composite tends to form flocks whose size and shape depend
on the mucilage concentration. The size decreases as the concentration increases, and
the sphericity of these aggregates becomes more regular as the mucilage concentration
increases. This particular granular structure suggests a coating of the cement grains/sand
by the polysaccharide and not an increase in workability, as may be the case with OFI
mucilage [11,38]. This important granular aspect makes the cement particularly dry (in
conditions of W/C = 0.5) and difficult to work. During samples molding and demolding,
this granular aspect, bordering on sandy, makes the material quite friable. As mucilage is a
very hygroscopic material, the water available for hydration during mixing may be reduced
initially. Dissolving the mucilage also allows the polysaccharide chains to unwind and
ionize. This ionization makes the anionic groups available to bind with the metallic cations
present in the cement, as shown previously with the FM solubilization in alkaline solutions
and FTIR conclusions. This interaction at the surface of the cement grains has been shown
to be an absorption or adsorption of the polysaccharide groups onto the cement grains,
resulting in a flocculation process [39]. This phenomenon can be seen in Figure 4. Moreover,
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the kinetics of cement hydration makes this phenomenon even more plausible. Indeed, due
to the substantial water absorption by the mucilage and the cement’s affinity for water, the
hydration kinetics of the cement enable the formation of this bond. Figure 4 shows that the
greater the amount of mucilage, the greater the flocculation.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 20 
 

solutions and FTIR conclusions. This interaction at the surface of the cement grains has 
been shown to be an absorption or adsorption of the polysaccharide groups onto the ce-
ment grains, resulting in a flocculation process [39]. This phenomenon can be seen in Fig-
ure 4. Moreover, the kinetics of cement hydration makes this phenomenon even more 
plausible. Indeed, due to the substantial water absorption by the mucilage and the ce-
ment’s affinity for water, the hydration kinetics of the cement enable the formation of this 
bond. Figure 4 shows that the greater the amount of mucilage, the greater the flocculation. 

 
Figure 3. Slump test (a) of the mortars and the results (b). 

 
Figure 4. Granular shape of 28 days cured mortars—(a) reference, (b) EURO2G, (c) EURO5G, and 
(d) EURO15G. 

Setting times determination: The polysaccharide has the ability to bind with cement 
cations and absorb an amount of mixing water necessary to the cement for hydration and 
hardening. The Figure 5 illustrates the isothermal calorimetry of the polysaccharide ad-
mixed cement pastes. Zhang et al. [40] worked on the retarding effect of saccharides on 
cement pastes and concluded that the initial and final setting times increased exponen-
tially as a function of the sugar concentration. To confirm these results, an additional ce-
ment paste, with 30 g/L mucilage mixing water (1.5% w/w cement), was used. The results 
are shown in Figure 5a–c. 

Figure 3. Slump test (a) of the mortars and the results (b).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 20 
 

solutions and FTIR conclusions. This interaction at the surface of the cement grains has 
been shown to be an absorption or adsorption of the polysaccharide groups onto the ce-
ment grains, resulting in a flocculation process [39]. This phenomenon can be seen in Fig-
ure 4. Moreover, the kinetics of cement hydration makes this phenomenon even more 
plausible. Indeed, due to the substantial water absorption by the mucilage and the ce-
ment’s affinity for water, the hydration kinetics of the cement enable the formation of this 
bond. Figure 4 shows that the greater the amount of mucilage, the greater the flocculation. 

 
Figure 3. Slump test (a) of the mortars and the results (b). 

 
Figure 4. Granular shape of 28 days cured mortars—(a) reference, (b) EURO2G, (c) EURO5G, and 
(d) EURO15G. 

Setting times determination: The polysaccharide has the ability to bind with cement 
cations and absorb an amount of mixing water necessary to the cement for hydration and 
hardening. The Figure 5 illustrates the isothermal calorimetry of the polysaccharide ad-
mixed cement pastes. Zhang et al. [40] worked on the retarding effect of saccharides on 
cement pastes and concluded that the initial and final setting times increased exponen-
tially as a function of the sugar concentration. To confirm these results, an additional ce-
ment paste, with 30 g/L mucilage mixing water (1.5% w/w cement), was used. The results 
are shown in Figure 5a–c. 

Figure 4. Granular shape of 28 days cured mortars—(a) reference, (b) EURO2G, (c) EURO5G, and
(d) EURO15G.

Setting times determination: The polysaccharide has the ability to bind with cement
cations and absorb an amount of mixing water necessary to the cement for hydration
and hardening. The Figure 5 illustrates the isothermal calorimetry of the polysaccharide
admixed cement pastes. Zhang et al. [40] worked on the retarding effect of saccharides on
cement pastes and concluded that the initial and final setting times increased exponentially
as a function of the sugar concentration. To confirm these results, an additional cement
paste, with 30 g/L mucilage mixing water (1.5% w/w cement), was used. The results are
shown in Figure 5a–c.

The Figure 5a clearly shows the impact of the polysaccharides on the cement hydration.
The setting times, both initial and final, are increased as a function of rising polysaccharides
concentration. The polysaccharides also influence the heat generated during the hydration
and extend the induction period. The Figure 5c confirms the conclusions of Zhang et al. [40]
that the setting is exponentially influenced by the polysaccharides concentration. Figure 5b
shows a crossing point of the admixed cement pastes curves with the reference one around
32 h, indicating a higher hydration rate above that crossing point for the admixed cement
pastes. Zhang et al. [40] mentioned this point. Moreover, after 48 h of hydration, excepted
for EURO15G and EURO30G, the cumulated heat is at least similar or higher than that of
the reference.
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Another evidence of the polysaccharide impact is on the mineral activity. The first
part of the hydration process is characterized by a linear curve (Figure 5b). Before the
deceleration of the hydration process, the slopes of the integrated curves are 2.49, 2.37, 2.19,
0.84, and 0.68 h·g·J−1 for the standard, EURO2G, EURO5G, EURO15G, and EURO30G,
respectively (upper and lower bounds are: X = [7.3; 16.7]; [9; 18.9]; [12.9; 24.4]; [67.2; 98];
[296.3; 329.4] for the standard, EURO2G, EURO5G, EURO15G, and EURO30G, respectively).
All the evidence of the crossing point, the higher ending heat generated, and the lower
slope during the induction period highlight the acceleration of the hydration process at the
end of the 48 h, which was confirmed by the work of Zhang et al. [40]. For these authors,
this behavior (called “delayed acceleration”) is consistent with the fact that the induction
period is controlled by slow formation or poisoning of the CSH nuclei [40] induced by
the FM.
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For EURO15G and EURO30G, the mineral activity is very low as the induction period
is increased. FM is composed by AX, which is a neutral fraction, and by RG, which is
the anionic one. In the neutral fraction, especially at the anomeric carbon (C1) of the
end reducing units, the HO-C-C1=O groups of the arabinose and xylose [41] but also the
α-hydroxylated acid as galacturonic acid units in the RG fraction [42] have the ability of
binding with the cement dissolved ions, thus limiting the CSH nucleation at the surface of
the cement grain. The increasing setting times and induction period as the polysaccharide
concentration rises is the result of a co-action of chemisorption of the metallic ions from the
cement and the increasing viscosity of the paste at higher polysaccharide concentrations.
This high viscosity, provoked by an increasing amount of unwound polysaccharides,
generates more cement grains ions absorption and an important reduction in mobility of
those ions caused by a steric hindrance. It has the effect of lowering the rate of the CSH
nucleation and Ca(OH)2 precipitation (Figure 6). This point is confirmed by combining
viscosity measurements of FM solutions and setting time measurements of the admixed
cement pastes.
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cement grains.

3.2.2. Evaluation of the Hydrates Formed in Cement Mortars

Figure 7a shows the compressive strength and bulk density of mortars aged from
28 to 90 days, with their respective degrees of hydration shown in Figure 7b. It can be
seen from this figure that the compressive strength evolves constantly over time and in
the same way as the bulk density, which is not the case for the degree of hydration. The
EURO2G and EURO5G mortars yield a strength that is identical or close to the reference,
but the maximum strength seems to be reached after 60 days and then no longer evolves.
Lastly, EURO15G shows weaknesses in compressive strength despite a significant change
in strength over time compared to the other samples. For the same curing time, the
higher the addition of FM, the lower the bulk density. The degree of hydration is at
least identical to that of the reference but higher. This indicates good hydration of
the hydraulic binder over time. These elements highlight the macroscopic granular,
sandy shape of the mortar (Figure 4) caused by flocculation, which is responsible for the
weakness of the material.
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For EURO2G and EURO5G, Figure 7b shows the quantity of hydrates developed at
different curing times. The evolution of the quantity of Portlandite and CaCO3 over time are
the opposite, indicating a dissolution of the carbonates by prolonged hydration over time.
This trend is not observed with the reference, in which the evolution of Portlandite and
carbonates are linked. These results suggest that mucilage promotes carbonation at young
ages and, further, the presence of Portlandite by prolonged hydration. This phenomenon
has been described for certain polysaccharides in the case of self-healing concretes [43,44].
The increase in the carbonation of cement at young ages is favored by various factors, either
jointly or independently:

• The degradation of mucilage into alcoholic saccharides, which promote the formation
of calcium carbonate;

• The presence of -COO− carboxyl groups within the mucilage and the accumulation of
Ca2+ on the surface of the cement grains increase the conditions for the bond between
CO3

2− and Ca2+ ions. These conditions favor the precipitation and crystallization of
CaCO3 [45];

• The increase in mucilage concentration leads to an increase in grain flocculation and a
decrease in the compactness of the cementitious matrix. The porosity created by the
macro-structure of the composite can lead to a deeper access of ambient CO2 into the
material and thus to carbonation at an early age. This argument is validated by the
work of Wang et al. [46];

• The viscosity confers a bubble trap characteristic to the mucilage. The higher the
viscosity, the stronger this characteristic. During the mucilage solubilization and
mixing phase, the air bubbles contained in the mucilage entrap a significant quantity
of O2 and CO2 from the ambient air in particular. These gases find their way into the
cementitious matrix at early ages, encouraging the formation of CaCO3 [47,48].

When FM is added in the matrix, the high amount of calcium carbonates formed in
the first ages is followed by a decrease. FM is able to capture water in the ambient air as
a high hygroscopic material. The captured water will diffuse slowly and in a controlled
manner over time into the cement matrix, which may lead to a long-term hydration. This
long-term hydration induced by the FM corresponds to the rise in the amount of Portlandite
in Figure 7b.

3.2.3. Microstructure Visualization—SEM

Figure 8 shows SEM images of the mortars at 28 days and 90 days. The matrices and
the matrix/sand interfaces enable the evaluation of the evolution of the material over time
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as well as the adhesion of the matrix to the sand grain. According to these images, the
adhesion of the matrix to the sand grain evolves negatively from the reference to EURO15G,
with interfacial transition zones of 0 µm, 0.2–0.3 µm, 0.3 µm, and 0.5–1.4 µm on average for
the reference, EURO2G, EURO5G, and EURO15G, respectively. These values are the second
argument that the compressive strength of mortars decreases as the mucilage concentration
increases after the flocculation by polysaccharides, as shown in Figure 4.
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Figure 8. SEM observations of 28- and 90-day mortars matrices and sand/matrix interface. Stars
on the micrographs correspond to EDS targets and arrows point to characteristic mineral species
((C2) Magnification (M) = 1000; (A1,A2) M = 2500; (F1) M = 2600; (B1,B2,C1,D1,E1,E2,F2) M = 5000;
(D2,G1,G2,H1,H2) M = 10,000).

The reference sample (A1 to B2) shows a densification of the matrix with the presence
of microporosities at 28 days and their disappearance at 90 days. In images A1 and B1,
there is a good distribution of Portlandite and CSH. In the vicinity of the sand grain,
weakly polymerized CSH and Portlandite evolve at 90 days into an adhesive interface of
CSH gel with Ca/Si between 1.2 and 2.2. The presence of mucilage in small quantities in
the EURO2G images perfectly illustrates the impact of the polysaccharide on the cement
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matrix. Image C1 shows a spherical geometric shape of CSH (Ca/Si of 2.6) surrounded
by Portlandite that is particularly well ordered towards this sphere. This Portlandite
organization is particularly visible and amplified on H1. This micrograph corresponds
to a higher FM concentration, confirming the polysaccharides’ influence on Portlandite
structure. Knapen et al. [49] already observed this aligned arrangement of Portlandite
because of polysaccharides. Image D1, despite the relatively long curing time, shows CSH
and Portlandite forming, predominantly. The structure of the matrix remains particularly
disordered and less dense than the reference. As far as the matrix around the sand grain is
concerned, it consists mainly of Portlandite in the 28-day cure (C2), whereas in the 90-day
cure, there is Portlandite and CSH at the same time (D2).

The increase in mucilage concentration (Figure 8) induces more and more morphologi-
cal changes, confirming the arguments presented earlier. Image E1 shows that mucilage
appears to influence CSH morphology since all the points analyzed in this image have
Ca/Si values ranging from 2.2 to 2.9. At 90 days (F1), the evolution is notable, with Port-
landite and CSH present. The matrix remains less dense than the reference matrix (B1) at
the same age. The matrix/sand interface consists of Portlandite, as in mortar with less FM
(C2). Indeed, image E2 shows Portlandite in two forms: one with a Ca/Si of 8.8 (close to
the sand grain) and a Portlandite probably in the process of forming CSH, with a drop
in Ca/Si = 5.2 (at distance of 6 µm from the sand grain). Finally, EURO15G shows signif-
icant carbonation (G1) not seen in the other samples. The matrix is filled with CaCO3 at
28 days (G1), whereas in the 90-day cure, the matrix consists mainly of Ca(OH)2, as the FM
proportion is high. The observation of Ca(OH)2 in the matrix of the 90-day cure, when at
28 days CaCO3 was in the majority, has never been reported in the literature regarding low
temperatures, but it is corroborated by Figure 7b showing that CaCO3 disappears in favor
of Ca(OH)2.

The shape of the Portlandite is particularly ordered (H1) and has a veiled appearance
(H2). The veiled appearance is the result of the visualization of mucilage, as reported by
Knapen et al. [49]. These authors clearly showed the interaction of polysaccharides with
Portlandite in particular. Some organic additives have the ability to structure and make
Portlandite durable. Usually, Portlandite is not able to resist the stresses of early cement
hydration, but the very visible bonds between Portlandite and polysaccharides create a
layer-like development of the Portlandite platelets. According to Knapen et al. [49], the
presence of polymer bridges between the Ca(OH)2 crystals acts as an additional bond
between the crystal layers and strengthens the crystal structure.

3.2.4. Thermal Conductivities of Cement Mortars

The thermal conductivities (Figure 9) decrease as the mucilage amount increases. It is
also obvious that thermal conductivities are largely related to the bulk density of mortars.
This decrease in the bulk density is related to an increase in microstructural flocculation
and internal porosity, as observed by SEM. Finally, the increase in the bulk density of
EURO15G is related to the elaboration of the mortar. It is necessary to apply a different
compaction on the fresh material in order to obtain a non-friable hardened mortar. This
compaction leads to an increase in the bulk density and thermal conductivity of the material.
This manual compaction during the elaboration of the EURO15G mortars is observed by
a significant increase in the standard deviation of the bulk density of EURO15G, as the
process is hardly reproducible.
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Figure 9. Thermal conductivities and bulk densities of 28-day cured mortars.

4. Conclusions

The paper discusses the influence of the concentration of a co-product from a local
waste: flaxseed mucilage. The study shows that the mucilage of flaxseed seems to show
signs of degradation in a simulated cementitious environment, with a decrease in the
apparent viscosity. This may be due to the elimination of hydrogen bonds governing the
viscosity of the solution and a degradation of the conjugated products of the polysaccharide
main chain.

The presented mucilage-admixed cement pastes study reveals that increasing the
mucilage concentration delays drastically, even exponentially, the beginning and ending
of cement setting. This delay is probably due to two main phenomena: (i) an increase
in steric hindrance caused by a mucilaginous solution that is all the more viscous as it is
concentrated and (ii) an increase, proportional to the amount of mucilage, in the absorption
and chelation of cement Ca2+ ions by FM. The simultaneous effects lead to the decrease
in the transport of the metal ions of the cement responsible for the nucleation of the CSH
and the precipitation of the Portlandite. This delay lasts throughout the induction period.
Later, a higher hydration acceleration is observed compared to the reference. The hydration
degrees of the mortars are equivalent, whatever the formulation, proving the non-inhibition
but delaying effect of the FM.

FM leads to cement flocculation, and the higher the FM concentration, the higher the
flocculation. This flocculation induces an increase in porosity and a greater carbonation as
well as a decrease in the compressive strength and thermal conductivity of the material.
As demonstrated by other work from our group, this disorder can be eliminated by the
use of a W/C ratio > 0.5 at high admixture concentration (0.75% cement). Thus, not only
the admixture rate but also the influence of the FM addition method (anhydrous and
in-solution forms, a current work in progress) and the W/C ratio must be improved to
better understand the potential of flaxseed mucilage in cementitious composites to target
future applications.

As a highly hygroscopic material, FM can capture water and then release it gradually
and under controlled conditions into the cement matrix over time. It would be interesting
to verify that the regulation of water diffusion from the mucilage can induce self-healing
properties. Effectively, by acting on cement grains not yet hydrated, this progressive release
of water could produce new hydrates, thus reinforcing the mortar properties in the medium
to long term. Another opportunity for valorizing mucilage would be to use a cement with a
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lower Blaine fineness, which has a lower water requirement and slows down the evolution
of the heat of hydration. A design of experiments combining admixture rate, W/C ratio,
and cement type will enable more defined recommendations for the formulation of this
type of mortar.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app14093862/s1, Figure S1: SEC-MALS analysis of flaxseed mucilage
(1 g·L−1) in NaOH solution (0.04 M) at different analysis times. (a) SEC-MALS profile (0 h: blue, 48 h:
green and 72 h: red). Light curves are the molecular weight distribution, dark curves are the Refractive
Index signal (RI). (b) SEC-MALS results (Mn: number average molecular weight, Mw: weight-average
molecular weight, and polydispersity values (Mw/Mn)); Figure S2: SEC-MALS analysis of flaxseed
mucilage (1 g·L−1) in Ca(OH)2 solution (0.02 M) at different analysis times. (a) SEC-MALS profile
(0 h: blue, 48 h: green and 72 h: red). Light curves are the molecular weight distribution, dark curves
are the Refractive Index signal (RI). (b) SEC-MALS results (Mn: number average molecular weight,
Mw: weight-average molecular weight, and polydispersity values (Mw/Mn).
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