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Significance of superplasticizers (SPs) in sustainable development of concrete industry is well known regarding to
reduced water and Portland cement content of the mixtures. Development of eco-efficient alternative types of SPs
is needed. A humic-acid based superplasticizer derived from leonardite (LHA) as a natural organic matter was

?;T;;Zd examined in terms of its plasticizing performance and influence on hydration as well as properties of Portland
Superplasticizer cement (PC) in comparison with lignosulfonate- (LS) and naphthalene-based admixture (NA). The impact of LHA

on hydration of Portland cement was investigated for various dosages of addition by isothermal calorimetry and
thermo-gravimetric analysis of hardened pastes. In addition, effect of admixtures on setting time of PC pastes as
well as flow and compressive strength of mortars were also studied. Experimental results indicated that LHA has
similar impact on early hydration kinetics and setting time of PC when compared to NA. However, LS caused
dramatic retardation on PC hydration. LHA addition was also increased the degree of hydration of PC both at 7
and 28 days, and this increasing was more pronounced at 7 days. LHA showed a comparable plasticizing per-
formance to the other admixtures as measured by flow of mortars for 0.3% equivalent solid dosage. Compressive
strength of mortars with LHA addition was higher than that of control PC mortar at 3, 7 and 28 days of age for all
the dosages tested. LHA was found to have a considerable potential for use as superplasticizer in cementitious

systems with its reasonable effects on hydration and properties of PC.

1. Introduction

Critical role of water reducing agents and especially superplasticizers
for the reduction of environmental impact of cementitious materials
industry is widely accepted as regarding to their help to reduce water/
cement ratio (w/c) and accordingly Portland cement (PC) content of
concrete mixtures. In last two decades, superplasticizers have also
become essential component especially of concrete mixtures containing
large volume supplementary cementing materials such as fly ash,
ground granulated blast furnace slag or natural pozzolans [1-7]. It is
well known that the combined use of superplasticizers and supplemen-
tary cementing materials provides cost-effective high-performance
concrete with improved durability and reduced CO; footprint [8-10].

Starting from the use lignosulfonates as the first dispersants included
as natural polymer-based water-reducing agents to concrete mixtures in
1930s, dispersing chemical admixtures have been progressively
improved by synthesizing polymeric dispersants as high-range water
reducers (superplasticizers) such as polynaphthalene sulfonates (PNS)
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and polymelamine sulfonates (PMS) as well as poly-carboxylic acids
(PCA) [11]. Their synthesis involves several chemical processing steps
including energy-intensive acid treatments of naphthalene and mel-
amine raw materials at a high temperature and pressure conditions.
According to Environmental Product Declaration (EPD) document
published for concrete superplasticizers by European Federation of
Concrete Admixtures Association (EFCA) as a result of the life cycle
assessment study, global warming potential and total use of
non-renewable energy resources of superplasticizers are reported as
1.88 kg CO2-Eq. and 31.4 MJ for 1 kg of superplasticizer, respectively
[12]. It is obvious that there is a need for development and use of
cost-effective and eco-efficient alternative superplasticizers to reduce
their environmental impact.

In recent years, the use of humic acid-based dispersants in various
areas other than cementitious systems, has been reported in published
literature [13-16]. Humic acids (HAs) are natural biopolymers con-
sisting of highly functionalized carbon [17], and they have strong steric
repulsion between its molecules like PCA, accordingly proposed as
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Table 1
Oxide composition and physical properties of CEM I 42.5R type
Portland cement.

Chemical Composition (%)
SiO, 17.78
Al,03 4.59
Fe;03 3.73
CaO 62.94
SO3 4.87
MgO 2.41
Nay0 1.08
K20 1.00
TiO2 0.34
MnO 0.07
P,0s 0.07
Loss on ignition 1.05
Physical Properties

Specific gravity 3.13
Blaine fineness (cm?/g) 3469
Initial setting time (min) 212
Final setting time (min) 316
Residue on 45 pm sieve (%) 4.8
Residue on 90 pm sieve (%) 0.5
Compressive strength of mortars

2 days (MPa) 23.7
28days (MPa) 46.5

environment-friendly, non-toxic and well-performed dispersing agent
[18]. HA can be obtained from various sources such as extraction from
peats or leaching from leonardite as natural organic matter [19-21]. On
the other hand, Gao et al. [22] has recently reported the use of HA as
dispersion stabilizer for multi-walled carbon nanotubes in cement
composites. However, the published literature is lack of reports
comparing humic acid (HA) obtained from leonardite as an alternative
type of superplasticizer to widely used types of superplasticizers in terms
of plasticizing performance and impacts on PC hydration. One of the
aims of this study is to meet this need.

Leonardite is a natural organic matter occurred around lignite mines
and it has a similar structure to lignite. It is known that lignite and coal-
related materials has been used as clay dispersant in water-based drilling
fluids [23-25]. On the other hand Leonardite differs from lignite with a
higher oxygen content caused by a larger number of carboxyl and
phenolic groups available in leonardite [26]. HA can be obtained from
leonardite as a low-cost raw material by treating with hot sodium or
potassium hydroxide solution and then precipitating solid HA by hy-
drochloric acid treatment. Due to strong acidity of HA (pH < 2),
commercially available HAs are produced by only treating with hot al-
kali hydroxide solution and separating the insoluble solid part to finally
obtain a HA solution as a liquid sodium or potassium humate having a
high pH value (>11) [21]. HA solutions are known to use in agriculture
as soil conditioner and fertilizer [27,28]; in water treatment as adsor-
bent for heavy metal ions [29,30]; in medicine as anti-viral and anti-
bacterial and UV-protecting agent [31,32].

In this study, it was aimed to examine the performance of humic-acid
based admixture obtained from leonardite as a new potential type of
superplasticizer for cementitious systems in comparison with a
lignosulfonate-based (LS) and a naphthalene-based admixtures (NA).
HA solution was obtained as a commercial product manufactured by
alkali treatment of leonardite with potassium hydroxide, which is in use
for agricultural applications. Plasticizing performance of HA as well as
its impact on hydration and properties of Portland cement systems were
compared to LS and NA. The impact of HA on hydration of PC was
investigated by isothermal calorimetry and thermal analysis of PC
pastes. In addition, the effects of HA on setting time of PC as well as flow
and compressive strength development of PC mortars were evaluated in
comparison with LS and NA.
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Table 2

Physical and chemical properties of admixtures.
Properties LS NA LHA
Active ingredient Lignosulfonate =~ Naphthalene Humic

sulfonate acid

Solid content, (%) 32 35 26
Color Brown Brown Brown
Density (kg/liter) 1.14 1.13 1.10
Ca0, %" 4.77 0.25 1.18
S0z, %" 1.99 13.79 1.50
Nay0, %" 2.88 7.35 <0.01
K»0, %" 1.85 0.04 9.28
Equivalent alkali 4.10 7.38 6.11

(Naz0+0.658 K50), %

? Determined by X-ray Fluorescence technique on dry solid part of admixtures,
and then calculated by mass of liquid admixture.

2. Experimental
2.1. Materials

A CEM I 42.5R type standard Portland cement (PC) in accordance
with EN 197-1 was used in the study. Its oxide composition and physical
properties are shown in Table 1.

Humic acid-based solution which is used in fact as a soil supplement
in agriculture as produced from leonardite as a natural organic matter
was obtained from a local commercial supplier (Ekodoga Ltd.) and
notated as LHA hereafter. Two commercial water reducing admixtures
in liquid forms, a lignosulfonate derivative (BASF Pozzolith) notated as
LS and a naphthalene-based product (BASF Master Rheobuild) notated
as NA, were also used as traditional type of water reducers for com-
parison with HA. Some basic characteristics of admixtures declared by
their manufacturers are shown in Table 2. The relatively higher K,O
content of LHA indicated that it is a potassium humate solution, not a
sodium humate, which is advantageous due to lower contribution of KoO
to the equivalent alkali content with a multiplication factor of 0.658.
This could be preferential against the risk of a potential alkali-aggregate
reaction in the case of usage with a reactive aggregate.

A washed river sand having a similar gradation to the standard sand
in accordance with EN 196-1 is used in preparation of mortar mixtures.

2.2. Methods

In the experimental approach of the study, it was aimed to assesses
the water reducing performance of HA obtained from leonardite as a
natural resource and its influence on hydration of PC in comparison with
LS and NA admixtures.

The PC pastes with and without admixtures were prepared by using
0.4 w/c for the determination of hydration kinetics by isothermal
calorimetry; degree of hydration by differential thermal and thermo-
gravimetric analysis (DTA/TGA) of hardened pastes; and setting time
tests. The admixtures were added to mixing water in liquid dosages of
0.5%, 1.0% and 1.5% by mass of PC during preparation of cement pastes
and mortars. A neat PC paste and mortar without admixture were also
prepared as reference blank samples.

Hydration kinetics of PC was measured in absence and presence of
admixtures by using TAM Air Microcalorimeter in isothermal condition
at 25 °C according to ASTM C 1679. A handheld household mixer and
deionized water were used to prepare cement pastes. The fresh pastes
were immediately placed in plastic vials with closed lid to prevent
evaporation and then into calorimeter. Loading of specimens into
calorimeter were completed in 2 min after the end of mixing. Thermal
power as mW/g of PC present in the cement paste was recorded for 72 h
as a measure of rate of hydration (rate of heat evolution) and plotted
against time starting from initial contact between the cement and the
mixing water. Cumulative heat of hydration curves of the cement pastes
was also obtained as the area under thermal power vs. time curves by
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Fig. 1. Rate of hydration curve of PC used in the study and relevant stages of hydration.

integration.

Degree of hydration of PC in hardened cement pastes were deter-
mined from the amount of chemically bound water by DTA/TGA of
hardened cement pastes at 7 days and 28 days of hydration in accor-
dance with the method proposed by Pane and Hansen [33]. For this
purpose, the cement pastes prepared for isothermal calorimetry were
also placed into plastic syringes and the ends of the syringes were closed
with lids to prevent moisture loss and carbonation. The plastic syringes
were kept at room temperature until the test days. The hardened pastes
were removed from the syringes and immediately crushed and sieved to
obtain particles smaller than 800 pm. The samples then analyzed ther-
mally by using Shimadzu DTG-60H TGA device between room temper-
ature and 1100 °C at a heating rate of 10 °C/min. The amount of
chemically bound water was obtained by mass loss between temperature
range of 140-1100 °C as percentage with respect to ignited mass of
paste, and then degree of hydration of PC pastes was calculated by
normalizing this percentage mass loss to its maximum value of 0.23 for a
typical ordinary PC in accordance with the method proposed by Pane
and Hansen [33].

Initial and final setting times of PC with and without admixtures
were determined on pastes prepared with 0.4 w/c by using an automatic
vicat device in accordance with EN 196-3. Mortar mixtures were pre-
pared with 0.5 w/c ratio and 2.75 sand/cement ratio for flow test on
fresh mortars and compressive strength of hardened mortars by using a
standard mixer in accordance with EN 196-1. A washed river sand
having a comparable gradation to the CEN reference sand according to
EN 196-1. Flow of fresh PC mortars was determined as stated by ASTM
(C1437 as a percentage change in diameter of fresh mortar after 25 times
of dropping of flow table. To determine the compressive strength
development of mortars, fresh mortars were placed into 50 mm cubic
molds in two layers and compacted by a shaking table after each layer.
The specimens within molds were cured by sealing with plastic stretched
film and a wet cloth for 24 h. The specimens were then removed from the
molds and allow to wet curing in water bath at 21 + 1 °C up to test days.
The specimens were tested for compressive strength (as average of 6
specimens for each testing age) under the loading rate of 0.5 MPa/s at 3,
7 and 28 days of age.

3. Results and discussion
3.1. Hydration kinetics
Hydration kinetics of ordinary PC is examined by heat release caused

by exothermic reaction of clinker phases, mainly alite (C3S) and trical-
cium aluminate (C3A) under five stages, which are shown in Fig. 1 with
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Fig. 2. a) Rate of hydration and b) Cumulative heat of hydration of cement
pastes with 0.5% liquid dosage of admixtures.

the related points for PC used in the study with 0.4 w/c at 25 °C.
Stage I is the first peak caused by wetting of cement particles and fast
dissolution of anhydrous phases including formation of ettringite owing
to high reactivity aluminates in presence of calcium sulfate. The first
stage is flowed by Stage II consisting of the rapid decrease in rate of
reaction and then the induction period. Stage III starts including the
second main peak corresponding to hydration of calcium silicates,
mainly CsS, resulting in precipitation of main products (C-S-H and CH).
The hydration then decelerates again in Stage IV in which another peak
arises corresponding to sulfate depletion point, faster dissolution of C3A
and formation of ettringite. Stage V, the last stage, is characterized by a


astm:C1437

S. Ozuzun and B. Uzal

5
- a)
]
)
5 4
o ——Blank
E 3 —LS-1%
= —NA-1%
S
g 2 —LHA-1%
=
=
=
B 1
L
s
=
0

0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80
Time(h)

350
b)
£ 300
=
S 250
>
o
3 8 200
55
; ;" 150 ——Blank
A
£ —1S-1%
R —NA-1%
=
e & —LHA-1%
0

0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80
Time (h)

Fig. 3. a) Rate of hydration and b) Cumulative heat of hydration of cement
pastes with 1% liquid dosage of admixtures.

relatively slow reactions controlled by diffusion of species through the
hardened products, also including a third peak as a broad hump in heat
flow profile indicating the conversion of ettringite (AFt) to mono-
sulfohydrate (AFm) [11].

Hydration kinetics of PC was examined in presence and absence of
admixtures by isothermal calorimetry test of cement pastes with 0.4 w/c
at 25 °C to observe the influence of LHA on hydration kinetics
comparatively with respect to LS and NA. Plots of hydration rate and
cumulative heat of hydration of cement pastes with liquid dosage of
admixtures varying between 0.5 and 1.5% as well as blank PC paste
without admixture are given in Figs. 2-4.

It is well known that water reducers and superplasticizers generally
not only retard the hydration of PC with a prolonged induction period in
Stage II, but can also change the slope and height of acceleration peak in
Stage III along with shifting the sulfate depletion point in Stage IV. The
retardation of hydration is commonly attributed to the adsorption of
admixture molecules on cement phases which causes i) interaction and
complexation with calcium ions, ii) decrease in rate of dissolution,
nucleation and growth of hydration products and iii) disruption of the
balance between silicates, aluminates, and sulfates. Mechanisms of i)
and ii) result in prolonging the induction period and reduction in peak
height whereas mechanism iii) generally causes shifting or disappearing
of sulfate depletion point [11,34].

As can be seen from Fig. 2, hydration of PC was not affected
considerably with addition of LHA and NA for their liquid dosage of
0.5% since they exhibited comparable rate of hydration (Fig. 2a) and
heat of hydration curves (Fig. 2b) with a very slight prolonging of in-
duction period in Stage II. However, 0.5% LS addition resulted in a
significantly prolonged induction period (Stage II) and accordingly
shifting of main hydration peak to the right. This also reduced the heat of
hydration especially at early hours when compared to LHA and NA

Journal of Building Engineering 42 (2021) 103070
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Fig. 4. a) Rate of hydration and b) Cumulative heat of hydration of cement
pastes with 1.5% liquid dosage of admixtures.

samples. In the case of 0.5% LS addition, sulfate depletion point dis-
appeared, and double peak formation converted to a single peak by their
merging (Fig. 2a). Lignosulfonates as midrange water reducers are
already known as inducing considerable retardation attributed mostly to
the adsorption of residual sugar content in lignosulfonates remained
from the production process [34]. Since LHA addition exhibited modi-
fications in calorimetric signature of PC hydration similar to NA addition
for a low dosage of admixtures (0.5% liquid dosage), it can be concluded
that LHA addition modifies the hydration process in all the stages
similarly to NA by mechanisms triggered by their adsorption on cement
compounds as mentioned above.

For 1% liquid dosage of admixtures, LHA showed a similar rate of
hydration profile to NA as well as slightly delayed and lower maximum
peak point when compared to blank sample (Fig. 3a). On the other hand,
1% LS addition prolonged the end of induction period (Stage II) to
longer than 24 h (Fig. 3a) at which the corresponding heat of hydration
was dramatically lower than the other pastes as seen from Fig. 3b. At the
end of 80 h, heat of hydration of LHA and NA samples was in the same
level as blank sample whereas heat of hydration of LS sample remained
as lower. In addition, broad hump formation in hydration rate curve of
PC (Fig. 1) was observed earlier and became more evident in the case of
1% LHA addition (Fig. 3a) when compared to blank and NA samples,
which indicates an earlier conversion of AFt to AFm. Minard et al. [35]
have explained this conversion mechanism as precipitation of more
stable monosulfohydrate (AFm) due to impoverishment of the calcium
ion concentration in pore solution, which is a very slow transformation
indicated by a weak thermal activity in rate of hydration curve. There-
fore, it seems that LHA, unlike NA and NS, acts in way that makes the
conversion from AFt to AFm earlier.

Increasing the liquid dosage of admixtures to 1.5% caused a further
reduction in maximum rate of hydration of LHA sample when compared
to blank and NA samples as seen from Fig. 4a. On the other hand, LS
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exhibited an extremely delayed exothermic peak with a lower height
due to prolonged end of induction period up to 60 h.

Comparing the heat of hydration of cement pastes for 1.5%liquid
dosage of admixtures (Fig. 4b), it can be seen that LHA addition resulted
in a slightly lower heat of hydration than NA and blank sample before
48 h, however it reached up the blank sample thereafter. A more evident
and earlier conversion of AFt to AFm was also observed at 1.5% dosage
of LHA in Fig. 4a, similarly to the case for 1% dosage.

Since the solid content of admixtures is variable as shown in Table 2,
the effects of corresponding solid dosage of admixtures on the parame-
ters of hydration kinetics attained from calorimetry results, e.g. ending
time of induction period, time of maximum rate of hydration, maximum
rate of hydration and heat of hydration at 72 h, are given in Fig. 5 in
order to compare LHA to the other admixtures effectively for a given
solid dosage.

LHA showed a similar impact on PC hydration to NA with increasing
solid dosage in terms of ending time of induction period (Fig. 5a), time of
maximum rate of hydration (Fig. 5b) and heat of hydration at 72 h
(Fig. 5d). Both did not change these parameters considerably with their
increasing solid dosages whereas LS caused dramatic increases in ending
time of induction period and time of maximum rate and accordingly
remarkable decreases in heat of hydration. On the other hand, LHA
addition decreased the maximum rate of hydration of PC in a little bit
more extent than NA and LS for a solid dosage lower than 0.2%.
(Fig. 5¢). However max hydration rate of PC with LHA was significantly
higher than LS and somewhat lower than NA for solid dosages more than
approximately 0.25%. The impact of superplasticizers on hydration of
Portland cement and the compatibility between them are generally
attributed to the level of their adsorption onto cement compounds, more

specifically C3A regarding to sulfate-admixture competition for
adsorption [36-38]. Therefore, similar impacts of LHA addition to that
of NA on PC hydration can be associated with its comparable adsorption
level onto cement compounds.

3.2. Setting time and degree of hydration

Influence of solid dosages of admixtures on initial and final setting
time of PC pastes was demonstrated in Fig. 6. As can be seen from Fig. 6,
initial and final setting of PC prolonged in reasonable ranges with
increasing dosage of LHA and NA, while LS additions resulted in
abnormal delays in setting. Comparing LHA and NA in terms of setting
time, it can be concluded that they show similar delays in initial setting
time with increasing solid dosages, however LHA causes a longer final
setting time (~3 h later) than NA for a solid dosage of 0.3%. The results
are in agreement with hydration kinetics data above and with previously
reported data on LS and NA type superplasticizers by other researchers
[34,39]. Consequently, LHA has a quite similar impact on setting
characteristics of PC when compared to naphthalene-based super-
plasticizer NA.

Degree of hydration of PC cement pastes at 7 days and 28 days
depending on solid dosage of admixtures as determined by DTA/TGA of
hardened pastes are given Fig. 7.

As seen from Fig. 7a for 7 days of age, PC with LHA addition
exhibited an obviously higher degree of hydration (as determined from
amount of chemically bound water) when compared to NA and LS at 7
days. Degree of hydration of PC increased with increasing solid dosage
of LHA. In addition, comparing the trends of degree of hydration with
increasing dosage of admixture at 28 days as seen from Fig. 7b, LHA was
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between LS and NA for relatively low dosages whereas it is above the
others for dosages >0.3%. The increased degree of hydration especially
observed for LHA at 7 days as well as LHA and LS at 28 days could be
associated with possible formation of additional products such as
organo-mineral phases because of interaction between AFm phase with
superplasticizing agents. Tendency of some polycarboxylates and
naphthalene-based superplasticizers to intercalate into AFm phases has
been shown in published literature [11,40,41]. The authors believe that
formation of such organo-mineral phases and their growth by extending
age of pastes could be responsible for increased content of chemically
bound water and increased degree of hydration.
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3.3. Flow of fresh mortars

Performance of admixtures to enhance the flow of fresh mortars
prepared with 0.5 w/c was examined by measuring the flow of fresh
mortars for varying solid dosages, and the results are given in Fig. 8. LHA
addition provided a lower flow value than LS and NA for a given solid
dosage lower than approximately 0.2% whereas it has a comparable
plasticizing ability to LS and NA corresponding to 105% flow for a solid
dosage of approximately 0.3%. Trend of curves indicates that efficacy of
LHA and LS to provide higher flow values was reduced for solid dosages
higher than 0.3%, however plasticizing ability of NA continues to in-
crease with increasing dosage. On the other hand, all the admixtures
resulted in a similar flow value of PC mortar at a solid dosage of 0.3%
which seems to be their equivalent dosage. Consequently, it seems that
plasticizing ability of LHA and LS is limited under approximately 110%
flow value even if their dosages are furtherly increased beyond 0.3%
solid dosage. However, NA has a performance to provide higher flow
values when its solid dosage increased up to more than 0.5%.

3.4. Compressive strength of mortars

Fig. 9 shows the effect of solid dosage of admixtures on compressive
strength of PC mortars prepared with a constant w/c of 0.5 at 3,7 and 28
days. Compressive strength of mortars with LHA addition was higher
than that of the blank mortar regardless of the dosage whereas LS or NA
addition resulted in higher or lower strength depending on type and
dosage of admixtures as well as age of mortars.

As can be seen in Fig. 9a, impact of LHA addition on 3-day
compressive strength of mortars with increasing solid dosage was very
similar to that of LS addition, e.g. approximately 18% increase in
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strength for the dosages tested. On the other hand, NA addition resulted
in about 30% higher 3-day compressive strength up to 0.3% solid dosage
even though it showed a slightly higher strength than the blank mortar
at approximately 0.5% solid dosage. It is interesting to observe that
compressive strength of mortar with relatively high dosage of LS
admixture was comparable to those of mortars with LHA and NA despite
the significant retardation effect of LS and lower heat of hydration
indicated by hydration kinetics and setting time data shown in Figs. 5d
and 7, respectively. This can be attributed to the effect of sugar species
commonly available in commercial lignosulfonate water reducers on
hydration and strength development PC systems as reported in pub-
lished literature [11,34,42]. Zhang et al. [42] have shown that sugar
species such as sucrose and saccharide in lignosulfonate-based admix-
tures can first inhibit Portland cement hydration and retard setting by
poisoning of calcium silicate hydrate nuclei, however they are not
negatively influential on compressive strength of fully set cementitious
systems. There are also reports published in literature for super-
plasticizers without sugar species, concluding that less amount of hy-
drates may be sufficient for a superplasticized PC system to achieve the
same strength due to easier filling of pores after setting with a dispersed
structure and well distributed cement particles when compared to a
blank sample [43,44].

Comparing LHA to NA, 3-day compressive strengths of mortars with
varying solid dosages (Fig. 9a) were in agreement with their similar
influences on hydration characteristic determined for the first 72 h of
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hydration by isothermal calorimetry (Fig. 5) as well as on setting time of
PC (Fig. 7).

The addition of LHA resulted in a slightly higher 7-day compressive
strength than that of NA, however the strength of mortar with LS
addition was remarkably higher when compared to LHA and NA addi-
tion for dosages higher than 0.2%. A parabolic trend of compressive
strength variation with increasing dosage of admixtures was observed
for all the types. The maximum 7-day compressive strength of mortars
was provided by LS, NA and LHA addition at their approximate dosages
of 0.25%, 0.18% and 0.13%, respectively. Regarding the effect of
superplasticizers dosage on the amount of hydrates corresponding to a
given strength of hardened cementitious systems, there are two effects
acting inversely with increasing dosage of superplasticizer in the pub-
lished literature as proposed by Legrand and Wirquin [43,44]. One of
the effects is the dispersing effect of superplasticizers on the cement
particles enhancing their homogenous distribution and making filling of
pores by hydration products easier. One another influence is
physico-chemical action of superplasticizers on cementitious hydrates,
changing their morphology and growth to bond with each other [43].
The later one cannot be detected by calorimetry. Due to these opposite
effects competing each other, there would be an optimal value for
dosage of admixtures providing the highest strength for a given w/c. The
parabolic trends in compressive strength of mortars (Fig. 9) as a function
of dosage of admixtures can be explained with these competing effects.
In addition, the reductions in compressive strength of mortars after an
extreme point depending on solid dosage of admixtures could also be
associated with possible air entraining side effect of plasticizing agents
[11,45,46]. A defoaming agent was not used in preparation of mortars,
air-entraining effect of admixtures could be considerable in the case of
no or insufficient amount of defoamers in composition of commercial
admixtures. This fact could also be valid for LHA not containing any
defoaming agent in its composition.

Regarding the influence of admixtures on compressive strength of
mortars at 28 days shown in Fig. 9¢, LHA addition did not caused a
significant change in strength regardless of dosage whereas the mortar
with LS exhibited a slightly higher or lower strength than the blank and
LHA mortar depending on its dosage. On the other hand, the effect of
admixtures on 28-day compressive strength of mortars was limited
within a range of +10% approximately.

Considering the compressive strength results together with
isothermal calorimetry data indicating heat of hydration of cementitious
systems (Figs. 2-5), it was observed that there is no direct correlation
between them. A higher heat of hydration does not necessarily mean a
higher mechanical strength in hardened cementitious system since for-
mation of some hydration products does not contribute strength signif-
icantly while releasing considerable level of heat.

4. Conclusions

Based on the experimental results obtained in this study for humic
acid-based superplasticizer derived from leonardite as a natural organic
matter, the following conclusions can be drawn:

1. For all the tested dosages, the impact of humic-acid based super-
plasticizer derived from leonardite (LHA) on calorimetric signature
of hydration of PC was so similar to that of naphthalene-based NA,
without significant differences in the duration of induction period
and the heat of hydration at the end of 72 h. An earlier conversion of
ettringite to monosulfoaluminate observed in calorimetry was only
characteristic difference in the case of LHA addition. LS caused
dramatically longer retardations on early hydration of PC when
compared to LHA, especially at relatively higher dosages.

2. For the equivalent dosage of admixtures providing a similar flow
value of fresh mortars (0.3% solid dosage), LHA exhibited a some-
what comparable setting behavior with NA, unlike dramatic delays
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in setting (more than 24 h in final setting with respect to the blank)
caused by LS addition.

. LHA addition resulted in increased degree of hydration of PC at 7

days as measured by chemically bound water content of hardened
pastes, which was additionally higher than LS and NA. This was also
the case at 28 days of age for solid dosages >0.3%.

. LHA addition provided flow of mortar similar to NA and LS for

approximately 0.3% equivalent solid dosage. For higher fluidity level
of mortar corresponding to 110% or more flow value, efficacy of LHA
and LS was found to be lower than NA.

. LHA addition resulted in higher compressive strengths of mortars

when compared to blank PC mortar at early and later ages for all the
tested dosages. Comparing LHA with LS for the dosage of 0.3%,
compressive strength of mortar with LHA addition at 3 days was
similar with LS addition as being 18% higher than blank mortar.
However, the mortar with NA exhibited higher compressive strength
than with LHA and LS at 3 days for 0.3% dosage of admixtures.

. Comparing LHA to NS and NA for the equivalent solid dosage

providing the same level of flow in fresh mortars (0.3% solid dosage
for 105% flow), it can clearly be suggested that LHA has a consid-
erable potential to use as a superplasticizer in cementitious systems
with its reasonable influences on hydration and properties of PC.

. Regarding the potential industrial manufacturing of humic-acid

based superplasticizers from leonardite as natural raw material,
uniformity of the raw material would be critical in terms of quali-
tative stability of the superplasticizer. This concern should be taken
into consideration for potential applications.
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