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Abstract: This experimental study was focused on the application of a surface-modified hemphurds aggregate into composites using an alternative binder of MgO-cement. This paper
presents the results of the comparative study of the parameters (chemical and physico-chemical
modification, and hardening time) affecting the physical (density, thermal conductivity coefficient
and water-absorption behavior) and mechanical properties (compressive strength) of the
bio-aggregate-based composite. A test of the parameters of the bio-composite samples showed
some differences, which were determined by the chemical and surface properties of the modified
filler, and which affected the mechanisms of hardening. The bulk density values of the hemp hurd
composites hardened for 28 days place this material in the lightweight category of composites.
The values of water absorption and the thermal conductivity coefficient of bio-composites decreased,
and the strength parameter increased with an increase in the hardening time. The lower values
of compressive strength, water absorption, and thermal conductivity coefficient (except for the
ethylenediaminetetraacetic-acid-treated filler) were observed in composites based on fillers chemically
treated with NaOH and Ca(OH)2 ) compared to referential composites (based on original hemp hurds).
This is related to changes in the chemical composition of hemp hurds after chemical modification.
The composites with ultrasound-treated hemp hurds had the greatest strengths at each hardening
time. This is related to pulping the bundles of fibers and forming a larger surface area for bonding in
the matrix.
Keywords: MgO-cement; bio-aggregate; hemp hurds; chemical modification; physico-chemical
treatment; bio-composite; sustainable construction

1. Introduction
Innovative building solutions for conserving non-renewable resources are connected to
the development of sustainable building materials based on the use of easily renewable
natural raw material resources. There is a growing interest in the utilization of natural
lignocellulosic materials/fibers (usually derived from plants) as organic fillers and/or their
reinforcement into lightweight composites called “green” composites/concretes for sustainable
constructions. These provide healthy living solutions, thanks to the natural fibers’ ability to regulate
humidity inside buildings by absorbing and/or releasing water molecules, depending on the air
conditions [1]. Due to their many advantageous properties—e.g., their eco-friendly and economical
characteristics [2]—natural fibers or lignocellulosic materials can adequately replace synthetic fibers or
wood particles in composites [3,4]. The increasing trend of using lignocellulosic materials/residues
with a rich content of cellulose in the wooden parts of annual plants (hemp, kenaf, jute, sisal, bamboo,
hemp) in the preparation of lightweight composite has been recorded in recent years. Although the
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demand for natural fibers is growing worldwide and its price is increasing, it is still significantly
lower than that of synthetic fibers; these plants need further research with respect to the opportunities
for their use, and to provide novel products with improved properties. Among a wide variety of
lignocellulosic material sources, a great importance is given to technical hemp (Cannabis Sativa) for its
application in bio-composites. Industrial hemp is becoming a major focus of the green housing segment
because of its energy-efficient cultivation, and because hemp-based composites have no negative effects
on human health [5]. The excellent physical and mechanical properties of hemp, including low density,
high specific stiffness and strength, biodegradability, sound absorption, low processing costs and the
ecological suitability of this fast-growing, carbon-negative and non-toxic plant, predispose it for use in
building materials (bio-composites) based on inorganic matrices [6], mainly for their application in
the housing construction [7]. Traditional building materials, such as concrete, are increasingly being
replaced with advanced composite materials in accordance with the principles of sustainability in civil
engineering. One of the options involves a partial replacement of cement with active cementitious
substances, such as mineral or industrial solid byproducts and wastes (metakaolin, coal and municipal
solid waste fly-ash, agro-technical ash, quarry dust, blast furnace slag and reservoir sediments) [8–13].
This practice is favorable to the industry, resulting in a concrete that has lower costs and environmental
impact, and greater long-term strength, and durability [14]. Another more innovative way is to
develop new hybrid cement systems, incorporating alkaline-activated cement based on supplementary
industrial byproducts [15,16]. A further innovative strategy is the reinforcement of cement composites
with natural cellulosic fibers to improve their strength, toughness and ductility. A review of the
recent research on cellulosic fiber-reinforced cement-based composites is in paper [17]. According
to [7], the characteristics of the bond between the cellulosic microfiber reinforcement in cement-based
materials remain relatively unexplored. The dependence of the durability of cement composites on the
dimensional stability of fiber in the cement matrix has also been found [18].
The adverse effect of cement hydration on the durability of these cement composites and on the
deterioration of natural fibers was also found; it can be minimized by modifying the cement matrix by
using various supplementary cementitious materials and fiber pre-treatment [19,20]. A new approach
to the substitution of conventional binders in fibrous composites is aimed at the use of clinker-free
cement. One of these binders is MgO-cement, which mainly produces magnesium hydroxide and
magnesium silicate hydrates (M-S-H) as the main compounds during hardening [21].
These approaches are considered to systematically study and develop fiber-reinforced
composites with suitable mechanical and durability properties and to meet the requirements of
sustainable development.
Currently, waste materials—hemp hurds or shives (woody fibers from the plant core)—derived
from bast (non-wood) fibers used in the textile industry [22] appear to be suitable lignocellulosic fibers
for the production of building composite. Hemp hurds were first introduced in the early 1990s in
France in order to lighten concrete [23]. Composite building materials, combining cementitious binders
(limes and cement) with hemp hurds, are generally referred to as hemp concrete or hempcrete [24].
Hemp concrete is largely a non-load-bearing material, commonly used with a load-bearing frame,
because of its low compressive strength values. However, its compressive strength is important as it is
the most commonly measured property, allowing a comparison between composites with the different
binders [25].
A growing interest in using hemp hurds as waste material in lightweight composite preparation
has been recorded in recent years [7]. Hemp hurds are one the most widely studied natural fibrous
material for sustainable building materials. The use of this renewable resource for the production
of composites is attractive and motivating from the environmental and economic point of view.
The composites based on natural lignocellulosic fibers/particles are constantly under development
and are finding their way to the construction industry. The design of new structures, technologies,
and lignocellulosic composite products made from plant waste with a higher added value has
been the aim of many studies. Lignocellulosic composites based on inorganic binders (i.e., cement,
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lime, gypsum) cover a wide range of applications [1,26–33]. The advantages and limitations of the
cement-bonded composites made of lignocellulosic wastes have been described in [27].
The properties of lime composites with lignocellulosic raw materials such as hemp shives and
flax straw, along with small quantities of Portland cement for the production of wall blocks for
use in the energy-efficient construction industry have been investigated in [34,35]. Hemp-based
panels produced by bonding hemp fibers and hurds with Portland cement or slaked lime exhibited
promising thermo-mechanical properties [36]. The panels based on hemp hurds with novel hybrid
organic-inorganic binders characterized by their physical, microstructural, thermal, and mechanical
properties have shown parameters comparable to those of commercially available products [5,37].
The objective of many papers is to search for new raw materials of alternative inorganic
cementitious materials with a lower carbon footprint compared to Portland cement, and which
are suitable for bio-composite preparation [20,38–40]. Studies have shown the advantages of using
MgO-cement in composites based on hemp hurds in terms of higher compressive strength values
compared to composites with hydrated lime and cement matrix [41]. The properties of composites
based on hemp hurds depend on the chemical composition and structure of the hemp materials,
the matrix properties, and good adhesion at the hemp fiber (hurds)–matrix interface. Key problems
for the successful application of hemp hurds in composites are their heterogeneity and hydrophility,
resulting in high moisture-sorption sensitivity of biomaterials and the related incompatibility with
the matrix. The incompatibility between natural fibers and the matrix leads to low interface strength
compared to glass or carbon fiber composites. Many research projects have been devoted to studying
the enhancement of the adhesion at the interface of the fiber and inorganic matrix, using various
methods for the modification of the surface fibers. The adhesion of the fibers can be optimized by their
chemical/physical pre-treatment, which involves removing impurities and amorphous components
(pectin, lignin, hemicelluloses) and the separation of bundles of fibers in the fibrils [42–44].
In our previous paper [45], the changes in the properties of hemp hurds after their chemical
modification were characterized. The durability of the hardened composite based on chemically
treated hemp hurds was tested by fully immersing them in water during long-term storage. Based
on a comparative study [46], the long-term water-sorption behavior of the composites, which have
been reinforced with original and chemically modified hemp hurds, depends on the surface properties
of the treated filler in three reagents. Although the composites bonded with magnesia cement are
considered to be water-sensitive, they are much less so than cement composites.
The scope of this paper is to assess the influence of different pre-treatment processes of hemp
hurds on the physical (density, thermal conductivity coefficient, and water-sorption behavior) and
mechanical properties (compressive strength) of bio-composites with MgO-cement.
2. Materials and Methods
2.1. MgO-Cement
MgO-cement consists of magnesium oxide, silica sand (Sastin, Slovakia) and sodium hydrogen
carbonate (p.a.). The mean particle diameter (calculated as the first moment of the density of the
distribution particle size function) of silica sand particles with the dominant component of SiO2
(95–98 wt. %) was 386 µm. The density of silica sand was 2600 kg·m−3 . MgO as a commercial product
(CCM 85) made by the calcination of a natural magnesite of the breunerite type with a mean particle
diameter of 337 µm was taken from the Slovak Magnesite Factory in Jelsava (Slovakia). An intergrowth
of breunerite in fine-grained dolomite is in the mineral texture of magnesite. MgO is used mainly as a
refractory material, but its use is increasing in wallboard products. The density of the MgO product
was 3490 kg·m−3 . The MgO sample was subsequently dry-milled until it was the finest product.
A short-term milled product (five minutes) obtained by vibratory milling had a mean particle diameter
of 6.85 µm [47]. The MgO chemical composition determined by X-ray fluorescence spectrometry
(SPECTRO iQ II, Bruker, Billerica, MA, USA) is given in Table 1.
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Table 1. Chemical composition of MgO.

Table 1. Chemical composition of MgO.
Component
Content (hm.%)

Component
Content (hm.%)
MgO
84.7
MgO CaO
84.7
5.3
7.25.3
CaO Fe2 O3
0.65
Fe2O3 SiO2
7.2
LOI *
0.85
SiO2
0.65
* Loss on ignition.
LOI *
0.85
* Loss on ignition.
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Figure 1.View of technical hemp hurd slices.
Figure 1. View of technical hemp hurd slices.

The dried hemp hurds were modified by chemical and physico-chemical procedures. Three
The dried hemp hurds were modified by chemical and physico-chemical procedures. Three
different solutions—sodium hydroxide (NaOH) p.a., calcium hydroxide (Ca(OH)2) ≥ 96%) and
different solutions—sodium hydroxide (NaOH) p.a., calcium hydroxide (Ca(OH) ) ≥ 96%) and
ethylenediamintetracetic acid (EDTA)—were used for the chemical modification of2 organic fillers
ethylenediamintetracetic acid (EDTA)—were used for the chemical modification of organic fillers
under the conditions described in the paper [48]. The physico-chemical treatment of hemp material
under the conditions described in the paper [48]. The physico-chemical treatment of hemp material
was done by boiling it in water (100 ◦°C) for an hour and by its ultrasonification in an ultrasonic cleaner
was done by boiling it in water (100 C) for an hour and by its ultrasonification in an ultrasonic cleaner
bath (TESON 10, 220 V, 50 Hz, 650 W) with de-ionized water as a cleaning medium in which the ratio
bath (TESON 10, 220 V, 50 Hz, 650 W) with de-ionized water as a cleaning medium in which the ratio
s:l (solid to liquid phase) was 1:10. The designation of the treated hemp hurd samples is given in
s:l (solid to liquid phase) was 1:10. The designation of the treated hemp hurd samples is given in
Table 2.
Table 2.
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Table 2. Nomenclature of the modified hemp hurd samples.
Hemp Hurds Sample

Designation

Reference (original)
NaOH treated
Ca(OH)2 treated
EDTA treated
Hot water boiled
Ultrasound treated

RHH
NHH
CHH
EHH
BHH
UHH

2.3. Preparation of Composites
Six mixes were prepared according to the formula [49]. The representation of individual
constituents in the volume of the mixture was 40 vol. % of hemp hurds, 29 vol. % of MgO-cement
(the same portion of components) and 31 vol. % of water. To calculate the recipes and express the
weights of individual components for the mixing batch, the “absolute volume equation” was applied,
taking into account the densities of all the components.
The mixing sequence of the mixture components was established according to our preliminary
investigation. Dry homogenization of the components was manually done in a large vessel, and water
was gradually added to the mix. The final mixing was done in a 50 L mixer for three 3 min. The mixture
was placed into steel molds (100 × 100 × 100 mm) and the samples were manually compacted in three
layers by a pestle. The specimens remained in the mold for 48 h. Then, the mold was removed and
the cube specimens of the hemp composites were covered with a foil and cured in an indoor climate
(temperature: 23 ± 1 ◦ C; relative humidity: 55 ± 3%) for 28, 60, and 90 days.
2.4. Determination of Composite Properties
Since there are no standard procedures for measuring the hemp composite’s properties,
the physical and mechanical properties were tested following the standards for concrete. The bulk
density of the hardened composites was determined in accordance with the standard [50]. The thermal
conductivity coefficient of the samples, as the main parameter of heat transport was measured by the
commercial device ISOMET 104 (Applied Precision Ltd., Rača, Slovakia). To determine the credibility
of the coefficient of thermal conductivity, the samples dried to a constant weight because of moisture
elimination, were measured at selected work points on each side of the cube. The resulting value of
this parameter was expressed as the average value of 18 measurements.
Short-term water absorption of the bio-composite samples was determined by the same method
as the long-term one that is specified in the standard [51], but after an hour of immersion.
The compressive strength of all the cube specimens after hardening was determined under
controlled conditions using a constant loading rate (0.3 MPa/mm2 /s = 3.0 kN/mm2 /s), as
the maximum load per average cross-sectional area by using the instrument ADR ELE 2000
(ELE International Ltd., Bedfordshire, UK) in accordance with the standard [52]. The resulting values
are the average of three measurements.
3. Results and Discussion
The physico-mechanical properties (bulk density, thermal conductivity, water absorption,
compressive strength) of the hardened specimens were measured. The bulk density values of the
prepared composite samples after 28 days of hardening, as shown in Figure 2, ranged from 960 to
1160 kg/m3 , placing this material in the category of lightweight composites. The measured values of
density are comparable with building materials, such as aerated autoclaved concrete (800–1200 kg/m3 ).
When the bulk density value of the reference composite was compared to the composite based on
the treated hemp hurds, the difference between these values was about ±90 kg/m3 , which was the

Buildings 2018, 8, 25

6 of 14

same as the variance of the measured values of one sample. There was no observed influence of the
6 of 13
of the hemp hurds on density composites.
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Figure 2. Bulk density values of original and treated hemp composites after 28 days of hardening.
Figure 2. Bulk density values of original and treated hemp composites after 28 days of hardening.
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lower than the conductivity parameter values of hemp composites with a lime binder [53] and also
with traditional Portland cement [54]. To compare the achieved results, the characteristic values of the
thermal conductivity of some related building materials can be presented: brick (0.4–0.8 W/m·K),
lightweight concrete (0.11–1.25 W/m·K), wood (0.18–0.22 W/m·K), and foamed glass (0.04 W/m·K). As for
characterization of the thermal insulation ability, the thermal conductivity should be lower than
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with traditional Portland cement [54]. To compare the achieved results, the characteristic values of
the thermal conductivity of some related building materials can be presented: brick (0.4–0.8 W/m·K),
lightweight concrete (0.11–1.25 W/m·K), wood (0.18–0.22 W/m·K), and foamed glass (0.04 W/m·K).
As for characterization of the thermal insulation ability, the thermal conductivity should be lower
than 0.3 W/m·K, while values under 0.1 W/m·K are preferred for highly effective thermal insulation
materials [55]. Thus, the measured values of all the prepared bio-composite samples are in range
acceptable for the thermal insulation materials.
As Figure 4 shows, short-term water absorption of composites is positively affected by both
processes—the hardening of composites and the treatment of hemp hurds. Water absorption decreases
with an increase in the hardening time for all the composites. Small differences in the water
absorption values (about 2–3%) are observed among samples hardened after 28, 60, and 90 days
with chemically treated hemp hurds, compared to the reference composite and specimens based
on the physico-chemically-modified hemp hurds. As is evident, the low water absorption of the
bio-composites is more affected by the treatment method. The specimens with the treated hemp hurds
had observably lower values of water-absorption values compared to the composites based on the
original bio-aggregate. The treatment processes of the hemp hurds reduced the hydrophility of the
hemp hurds, and the hemp composites showed a better water-absorption behavior. The bio-composite
based on alkali-treated hemp hurds had the lowest water-absorption values in each hardening time.
The development of the compressive strength of the bio-composites was also affected by the
hardening time, as well as by the treatment procedure of the filler, as was noted above for the studied
parameters. The values of the compressive strength of the hardened bio-composites range from
0.90 to 5.75 MPa (Figure 5). The progression in the values of the strength parameter is observed in
the dependence of all the composites on hardening time. The bio-composites based on hot-water
treatment and the chemically treated hemp hurds have slightly lower values of compressive strength
for each hardening time than the original composite sample. However, no significant differences were
observed in the determined strength values of the composites hardened for 28, 60, and 90 days based
on the chemically treated hemp hurds. The low strength values of these bio-composites varied in the
range of 0.8 to 1.9 MPa. The mechanical properties of the hemp hurd composites were significantly
affected by the chemical treatment of bio-aggregates. The expected improvement in the mechanical
properties of composites based on the chemically treated hemp hurds was not recorded. The cause
of this phenomenon could be the alkaline nature of the binder used [56]. The forming magnesium
silicate hydrate (M-S-H) gels in the composite were formed via the reaction of MgO with silica in
the presence of an alkaline component (in this case, NaHCO3 ). Magnesium hydroxide (brucite) is
a starting point for the development of M-S-H gels. The content of hydration products, such as
brucite and magnesium silicate hydrate, in the composite system was indicated to be low by X-ray
diffraction and thermal analysis, because of a poor crystalline (disordered) phase [57]. The Mg(OH)2
was converted to M-S-H gel to a low degree due to a high pH value (around 12.6) of MgO-cement
due to the NaHCO3 component. The pH of excess brucite in equilibrium with water calculated
from the solubility of Mg(OH)2 was around pH 10.5 [58]. The used MgO product contained some
CaO (5.3 wt. %), and its presence had the potential to increase the pH up to 12.5 as well. A study
of the impact of hemp hurds on cement setting and hardening [59] shows that the high alkalinity
of MgO-cement can cause the degradation of lignocellulosic compounds and release byproducts
inhibiting the setting and hardening process.
The low reactivity of the starting materials, which are the most common commercially available
natural raw materials SiO2 and MgO, is a further reason for the weak formation of the M-S-H phase.
M-S-H appears to be restricted by its very slow setting at ambient temperature.
According to a paper [60], the alkaline environment of the cement matrix (pH around 12.5)
reduces the durability of vegetable fibers due to their degradation and the destruction of cellulose
macromolecular chains during their partial alkaline hydrolysis, leading to a decrease in the degree
of polymerization. As was proved using the size exclusion chromatography method in paper [45],
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structural changes in cellulose occurred during chemical treatment. The average cellulose chain length,
measured as the degree of polymerization (DP), decreased in all the chemically treated hemp hurds.
However,
NaOH
treatment caused the biggest change in the degree of cellulose polymerization
in
Buildings2018,
2018,
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to 1.7 times higher than the corresponding hardened reference bio-composite sample. It seems that
this fact is related to the ultrasound process mechanism. A phenomenon known as cavitation, a most
striking property of ultrasound, is responsible for the sudden collapse of cavities, creating power shock
waves and generating a large amount of mechanical and thermal energy in the liquid [64]. The local
high temperature and pressure placed in a volume of water lead to a gradual breakage of the complex
structure of the bundles of fibers and the fibrils in hemp hurds’ bio-aggregate, as well as to a cleaning of
the surface of bio-aggregates only from impurities like waxes and oil. Pulping subsequently results in
the reduction of the degree of cellulose polymerization to 910 ± 21 for the hemp hurd sample (UTHH),
and more bonding sites are generated. Better compaction could be achieved by the improved adhesion
between the hemp hurd particles and the matrix. No changes in the contents of the main cellulosic and
non-cellulosic components in ultrasound-modified hemp hurds were observed [65]. In accordance
with [66], lignin and wood extractives protect the fiber from mineralization phenomena.
A comparative study of the morphology of treated hemp hurd samples by scanning electron
microscopy (TESCAN MIRA 3 FE, Czech Republic) (see Figure 6) confirmed the above-mentioned
facts. A check of the fiber quality revealed surface roughness, imperfections and overall geometry.
The fiber structure is formed of several bundles of filaments aligned to the plant’s length. When
the morphology of the ultrasound-treated sample (Figure 6d) is compared with the original hemp
hurd surface topography, the presence of surface impurities is visible in the latter case (Figure 6a,b).
The effect of treatments can be seen as a partially cleaned surface and its roughness is formed by the
partial pulping of the fibrous structure of the hemp hurd samples (Figure 6c,d).
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Figure 6. SEM micrographs of the hemp hurd samples: (a) original RHH sample (magnified 500 times);
times); (b) RHH—original sample (magnified 4000 times); (c) NHH—chemically treated sample in
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Based on these results, it seems that the morphology of hemp particles plays an important role
Based on these results, it seems that the morphology of hemp particles plays an important role in
in the bond strength.
the bond strength.
The ultrasound treatment of biomaterials in water is a green chemistry process unlike the
The ultrasound treatment of biomaterials in water is a green chemistry process unlike the chemical
chemical procedures because no poluutants are produced. With respect to the obtained compressive
procedures because no poluutants are produced. With respect to the obtained compressive strength
strength results of the composite with the ultrasound-treated hemp hurds, future research needs to be
results of the composite with the ultrasound-treated hemp hurds, future research needs to be directed
directed towards the optimization of the mechanical treatment of bio-aggregates, pulping the bundles
towards the optimization of the mechanical treatment of bio-aggregates, pulping the bundles for the
surface increase, as well as towards ultrasound treatment conditions. Another way could consist
of modifying the recipe with the aim of reducing the alkalinity of the MgO binder to increase the
reactivity of raw materials, as well as to ensure a good hydration of MgO yielding the enhanced
mechanical performance of the hemp hurd composites.
4. Conclusions
Hemp hurds as a bio-aggregate waste material are a very attractive organic filler for
bio-composites with inorganic matrices used in the building industry. Bio-aggregate-based composites
with alternative binders like MgO-cement present sustainable materials with a low environmental
impact. The values of compressive strength, thermal conductivity coefficient and water absorption
of the hemp composites depend on the chemical composition of the polymer material, modified
by the treatment process and hardening time. Composites based on chemically (aqueous solution
of NaOH, Ca(OH)2 and EDTA) and physico-chemically (boiled in hot water and ultrasonification)

Buildings 2018, 8, 25

11 of 14

treated hemp hurds and hardened for 28, 60, and 90 days show a better water-sorption behavior
compared to composites with an original organic filler. In terms of thermal conductivity, composites
with NaOH-treated hemp hurds achieved the lowest coefficient values, and conversely, the specimens
based on ultrasound-treated bio-aggregates had higher values by 40–60% compared to the original
hemp hurds. A weaker mechanical performance of hardened composites compared to referential
composites was obtained in the case of all the chemically modified hemp hurds due to changes in
their chemical composition, which affected the mechanisms of hardening. A significant increase in the
compressive strength was reached in the case of ultrasonic-modified hemp hurds due to the changes
in the morphological structure brought about by this physical procedure. This performance is positive
in terms of future usage of lightweight lignocellulosic composites for low-cost housing constructions
with a load-bearing frame.
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