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Abstract: Hardening of cement pastes modified with 1 % polymers as methyl cellulose (MC), hydroxyl ethyl
cellulose (HEC) and polyvinyl alcohol acetate (PVAA) comprises cement hydration and polymer effect on
physicochemical and mechanical features of the modified cement pastes. Results showed that the water/cement ratio
and setting times largely declined with polymers, where the values of water of consistency are 28.55, 25.69, 25.12
and 24.95 %, respectively. The initial setting times are 142, 134, 133 and 132, while the final setting times are 190,
185, 183 and 181 min., respectively. The incorporating of these polymers improves and enhances the bound water
contents, bulk density, and compressive strength at 90 days curing, where the bound water contents are 13.26, 14.55,
14.73 and 15.29 %, the bulk density are 2.0369, 2.0413, 2.0421 and 2.0563 g/cm?® and the compressive strength are
62.23, 64.13, 65.25 and 68.71 MPa, respectively. The apparent porosity gradually declined as 22.12, 21.36, 20.84,
and 18.82 %, respectively. The free lime contents are also diminished as 7.55, 6.18, 6.65 and 4.61 %, respectively.
The rate of hydration was retarded at early ages of hydrating, while was improved and enhanced at the later ages.
The obtained results are confirmed with Isothermal Calorimetry, thermal analysis, and FT-IR spectra. Despite the
early reduction of the hydration reactions, a higher grade of hydration is observed after 90 days of hydration for the
modified cement pastes according to the better dispersion of the cement grains during mixing and casting.
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1. Introduction

Sustainable binders and environmental protection are the key items having various ways to diminish the emission of
CO21. Ordinary Portland Cement (OPC) participates the energy consumption through all sectors of industry all over the
world. Therefore, it is a threat to the worldwide sustainable growing targets [1]. The fresh mixtures properties could be
improved by water-soluble polymers addition. Mortars modified with those polymers showed a higher level of water
retention than Portland cement cements. Water molecules in the fresh mixtures could be fixed by the polymeric
hydrophilic parts to eliminate it's drying by evaporation into the surrounding porous material [2-11]. Water retaining
capacity always creates a thickening and viscosity increasing behavior. Due to the excellent viscosity of cement pastes,
lower free water is existed for bleeding as the segregation tendency diminishes. So, the suitable mortar homogeneity is
obtained [12-20]. Therefore, the superior dispersion of carbon and steel fibers in the cement paste is occurred [21-29].
Despite the reduction of consistency of cement pastes or mortars in existence of soluble polymers, the facility to apply
these fresh composites is markedly improved on account of the plasticizing, lubricating and air-entraining effects of the
polymers. The dispersion action of polymers on the morphology and microstructure was extremely investigated [27-37],
few knowledge is available on the influence of polymer dispersions. On contrary, polymers are being added in mixing
water on a molecular scale and no surfactants are desired. Thereby, adding of little ratios of polymers, i.e., < 2 % affects
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all features of the hardened product [35-42]. On hardening, two operations could be happened, i.e., cement hydration and
formation of polymer films. Though the concentrations of polymer are too low, these polymer films are formed in
modified mortars with 1% of polyvinyl alcohol acetate (PVAA) and methylcellulose (MC). Large contribution of those
films to the mechanical properties of mortars was illustrated [36-42]. Moreover, the hydration reactions could be affected
with the incorporation of the polymers.

In the current research article, the influence of three various sorts of soluble polymers on the rate and degree of
hydration, water consistency and setting times, density, porosity, and strength development was studied. These are
polyvinyl alcohol acetate (PVAA), methylcellulose (MC) and hydroxyethyl cellulose (HEC). The obtained results were
confirmed by Isothermal Calorimetry (ITC), Thermogravimetry (TGA) and Fourier Transform Infrared Spectroscopy
(FTIR).

2. Experimental Methodology
2.1 Materials

Starting raw materials in the present article are Ordinary Portland cement (OPC Type I- CEM | 42,5R) with blaine
surface area 3400 cm?/g. The OPC specimen was supplied by Sakkara cement factory, Giza, Egypt. Its commercial name
is “Asmant El-Momtaz”, and its oxide composition as determined by X-ray florescence technique (XRF) is recorded in
Table 1, while its mineralogical phase constitution [2,3] is shown in Table 2. Three various kinds of polymers are
gradually added to the fresh mixtures: a polyvinyl alcohol-acetate (PVAA, Celvol 805 of Celanese Chemicals), which is
a 87-89% hydrolyzed polyvinyl acetate, and two cellulose ethers, methyl cellulose (MC, Methocel A15-LV of the Dow
Chemical Company) and hydroxyethyl cellulose (HEC, Cellosize QP40 of the Dow Chemical Company).

Table 1 - Composition of the used raw materials (mass %)

Material Oxide LOI Total
Si0; ALOs Fe:Os CaO MgO MnO SOs Na:O P:0s K0 (%)
OPC 2221 438 195 6312 1.86 043 251 057 0.4 027 256 100

Table 2 - Mineralogical composition of the used OPC sample (mass %)
. Phase
Material Total (%)
CsS B-C2S CsA C.AF

OPC 44.74 28.68 5.69 11.85 90.97

2.2 Preparation

The used polymers are soluble in water and its solubility is essentially conducted with its solution viscosity. The
polymers are firstly dissolved in water before pouring onto the cement powder in the mixer based on the standard
specifications using the concentrations that are proposed by the producer. All these polymer concentrations are
transparent at room temperature. Cement pastes are placed in tapped containers till the time of testing. Specimens are
taken from the center of the pastes. The free water must be eliminated by drying. Then, it is being crushed and well
ground to fine or nanoparticles. The cement pastes are dried for two hours. Specimens are then put in an Alpha 1-2 LD
Martin Christ type freeze-dryer without pre-freezing. Samples were placed inside round bottom flasks and then are
connected to a vacuum system consisting of a vacuum room that permits the use of a vacuum of 2.5x1072 mbar. Water
extracted is gathered in an ice condenser at a temperature of —62 °C. The exposure to a high vacuum, made the drying
process to begin instantly at a high temperature. A big quantity of heat is always required for water evaporation, and then
it is extracted from the environment. Consequently, the samples are quickly cooled followed by the freezing of water.
Then, the hydration is ceased in few minutes.

Before casting, all molds were oiled with a thin film of motor engine oil to simplify the cubes release from the molds
during its demolding. A certain percentage of 1 % methyl cellulose (MC), hydroxy! Ethyl cellulose (HEC) and polyvinyl
alcohol acetate (PVAA) admixtures (Fig. 1) must be added to the cement with the mixing water during casting of cement
pastes to improve the various cement pastes and to prevent the collection of the fine particles of cement.

To obtain homogenous powders, a suitable laboratory mixer was used for bending the cement batches. Standard
water of consistency [43] and setting time [44] of cement pastes firstly were directly determined using Vicat Apparatus

(Fig. 2).
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Fig. 1 - Chemical formula of MC, HEC and PVAA polymers

Fig. 2 - Vicat Apparatus for water consistency and setting times

During casting, the correct w/c-ratio was added to the dry cement powder inside the mixer. The mixture was let to
run for five minutes to obtain homogenous pastes. One-inch stainless steel cube molds (2.5 x 2.5 x 2.5 cm®) was used.
The molds were filled with the premixed cement pastes to the top hesitating the molds for five minutes to eliminate all
air bubbles from the cement pastes, Surfaces of moulds were smoothed using a suitable spatula. After casting, they were
covered with a wet sheet for 24 hours to avoid moisture loss. The molds were kept in a humidity cabinet for 24 hours
under 100 % RH and room temperature 23 + 1 °C. In the next day, it demolded and soon cured under water till the time
of testing at 1, 3, 7, 28 and 90 days.

At each hydrating interval, the bulk density (BD), apparent porosity (AP) and compressive strength (CS) [2-5,7-
10,14,18] of the hardened cement pastes were measured.

Then, about 10 grams of the broken specimens from measuring of compressive strength were first well ground, dried
at 105°C for 30 min. and then were placed in a solution mixture of 1:1 methanol: acetone to stop the hydration [47-51].
The chemically combined water content weas performed based on ignition loss at 1000 °C for 30 minutes. One gram of
the sample was placed inside a crucible and first dried at 105°C for 24 hours, and then the crucibles were placed into a
furnace [51-54]. The free lime content (FLn) of the hydrated samples pre-dried at 105°C for 24 hours was also determined.
0.5 gram sample + 40 ml ethylene glycol — heating to about 20 minutes without boiling, and 1-2 drops of pH indicator
were added to the filtrate. Then, titrated against freshly prepared 0.1N HCI until the pink colour disappeared. 0.1 N HCI
was prepared. The heating and titration were repeated several times until the pink colour did not appear on heating [4,55-
57].

To study the thermal analysis, isothermal calorimetry (IC) was carried out on a TA Instruments TAM Air Calorimeter
at 20 °C. Thermogravimetry (TGA) for some selected samples was performed using a Netzsch STA 409 PC. Samples
were fired from the room temperature to 1000 °C with a heating rate of 10 ‘C/min in a N2 atmosphere (60 ml/min).
Infrared Spectroscopy (FT-IR) was carried out by Perkin Elmer 1725x spectrometer. Powdered samples are mixed with
KBr and pressed into pellets, where the analysis was done in the frequency range of 400-4000 cm™.
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3. Results and Discussion

3.1 Water of Consistency and Setting Times

The water of consistency (WC) as well as initial and final setting times (IST and FST) of the pure OPC (P0) and
polymer modified cement pastes with 1 % MC, 1 % HEC and 1 % PVAA was presented versus polymer modified cement
in Fig. 3. The WC of the pure OPC (PO) is 28.55 %, which is sharply decreased with the polymer modified cement. The
sharply lower amount of WC for the polymer modified pastes than for the unmodified OPC pastes is mainly due to the
adsorption of the polymers on the nucleation sites, that stops the absorption of excess water [4,56,58-63]. Also, the IST
and FST diminished with polymer modified cement pastes if compared with those of the blank (P0). This is principally
due to the same factor as in WC, and this hinders or stops the absorption of excess water as mentioned above [4,7,59-
63].
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Fig. 3 - Water of consistency and setting times of the unmodified (P0) and polymer modified cement pastes
with 1 % MC, 1% HEC and 1 % PVAA

3.2 Chemically-bound Water Contents

As the bound water content is a very important indicator for the degree of hydration, the chemically-bound water
contents of the unmodified pure OPC (P0) and polymer modified cement pastes with 1 % MC, 1 % HEC and 1 % PVAA
cement pastes, respectively which are hydrated from 6 hours up to 90 days are graphically drawn versus the hydration
times in Fig. 4. Thus, the bound water contents of all cement pastes improved and enhanced as the hydration time
progressed from 6 hours up to 90 days. It is mainly contributed to the normal hydration of the major cement phases,
particularly CsS, C3A and C4AF at early ages up to 7 days, except that of B-C,S which always hydrates at older stages
from 28 days up to 90 days [2,3,47,50,55]. The bound water contents slightly decreased with the existence of polymers
at the early hours of hydration compared to the pure OPC pastes (P0), but during older periods, the bound water contents
increased and are being over the blank one, i.e., the bound water contents of the polymer modified cement pastes are
larger at 90 days than those of the blank cement pastes (PO). It is primarily due to the activation effect by the polymers
and the rate of high dispersion [48-50].

The initial retardation of hydration at the first hours up to 24 hours is evidently clear by the formation of the bound
water (Fig. 4). Hence, at 90 days, a slight large quantity of bound water was obtained for cement pastes modified with
polymer. It could be contributed to a suitable level of particles dispersion of the cement during mixing [6,8,16,19-
21,23,24], that produces a higher rate of hydration, i.e., the water-soluble polymers were also reported to enhance the rate
of hydration according to its water retaining characteristics [20,25,26]. The bound water contents at 90 days of the OPC
modified with PVAA polymer achieved the highest when compared with those of other polymers, or even the blank.
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Fig. 4 - Chemically-bound water contents of unmodified (P0) and polymer modified cement pastes with 1 %
MC, 1 % HEC and 1 % PVAA hydrated from 6 hours up to 90 days

3.3 Free Lime Content

Free lime contents of the unmodified pure OPC (P0) and polymer modified cement pastes with 1 % MC, 1 % HEC
and 1 % PVAA cement pastes, respectively which are hydrated from 6 hours up to 90 days are graphically drawn versus
the hydration times in Fig. 5. On this basis, the free lime contents of the blank (P0) and other cements modified with
polymer were gradually improved and enhanced with the hydration times up to 90 days [2,3] due to the normal hydration
of the major calcium silicate phases (CsS and B-C.S) of the cement.

But, with the polymer modified cements, the free lime contents little declined when compared with the blank (PO0).
Continual increase of free lime content is principally contributed to the normal hydration of the main silicate phases of
the cement (CsS and B-C,S), while the decrease is contributed to the activation effect of the polymers [48-51, 59-65]. The
slight decrease of free lime contents for the polymer modified pastes if compared with the unmodified pastes at all stages
(Fig. 5) is mainly due to the adsorption of the polymers on the nucleation sites of Ca (OH),. This stops the growing of
crystals [59-63].
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Fig. 5 - Free lime contents of unmodified (P0) and polymer modified cement pastes with 1 % MC, 1 % HEC
and 1 % PVAA hydrated from 6 hours up to 90 days
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3.4 Bulk Density and Apparent Porosity

Fig. 6 and Fig. 7 show the results of bulk density (BD) and apparent porosity (AP) of the unmodified pure OPC (P0)
and polymer modified cement pastes with 1 % MC, 1 % HEC and 1 % PVAA cement pastes, respectively which are
hydrated from 6 hours up to 90 days. The BD of cement pastes improved and enhanced as the hydration time proceeded
up to 90 days, whereas the AP declined. It is essentially attributed to as soon as the dry cement powder becomes in contact
with water, the hydration process starts to produce CSH and/or CAH, which at once precipitated and collected in the pore
volume of the specimens. This decreased the AP and a slight increase in the BD [2,3]. When the hydration time progresses

till 90 days, the formed hydration products increased too according to the activation effect of the modified polymers
[47,50].
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Fig. 6 - Bulk density of unmodified (P0) and polymer modified cement pastes with 1 % MC, 1 % HEC and 1
% PVAA hydrated from 6 hours up to 90 days
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Fig. 7 - Apparent porosity of unmodified (P0) and polymer modified cement pastes with 1 % MC, 1 % HEC
and 1 % PVAA hydrated from 6 hours up to 90 days

The BD of the modified cements with MC or HEC slightly decreased only during the first 24 hours of hydration, but
then improved and enhanced at 28 up to 90 days, while the opposite was occurred with the AP, i.e., the bulk density is
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little lowered, whereas the apparent porosity becomes higher than those of the of the blank (P0). The bulk density of the
modified cement premixed with PVAA was higher than those mixed with MC and HEC, or even the control (P0). This
is evidently attributed to that PVAA improves the workability of cement pastes faster and more than MC or HEC due to
the degree of dispersion and workability by the polymers [2,3,50]. Hence, the incorporation of these modified polymers
improves the dispersibility and workability of cement pastes, i.e., they are so beneficial to cement that it helps the
hydration process to a large extent. The cement pastes modified by PVAA achieved the highest BD values at the older
times of hydration, while the AP was the lowest (Fig. 6 and Fig. 7).

3.5 Compressive Strength

Water/cement ratio of cement pastes, mortars or concretes influences the workability to a large extent. It is in turn
affects the strength developments at all hydrating times, i.e., the lower wi/c-ratio is the higher degree of workability which
often followed by increasing the mechanical properties of the hardened cement pastes, while the higher level of the w/c
rate is the lower indication for of workability [2,3]. The compressive strength (CS) of the unmodified pure OPC (P0) and
polymer modified cement pastes with 1 % MC, 1 % HEC and 1 % PVAA cement pastes, respectively which are hydrated
from 6 hours up to 90 days is represented as function of hydration times in Fig. 8. As the hydration periods proceeded
from 6 hours onwards, the CS gradually improved and increased. It is essentially due to the production of hydration
products like CSH and/or CASH which deposited into the pore structure of the hardened cement samples leading to the
decrease of the pore volume (matrix) and the improving of the bulk density. This raised the degree of compaction of
specimens. Good dispersion by polymers and good compaction during casting also increased the level of compaction. In
turn, it is positively reflected on the CS. Therefore, the values of compressive strength improved and enhanced [11,66].
The CS also improved and enhanced with the premixing by the modified polymers. This is essentially contributed to the
dispersibility action of the used polymers which improves the workability of the fresh cement pastes [2,3,50]. The cement
pastes modified by PVAA exhibited the highest results of CS at the older times of hydration (28-90 days), while the other
two polymers recorded lower CS values than blank (PO) particularly during the first times of hydration (Fig. 8). The
gradual precipitation of hydration products (CSH) due to the hydration of the major phases of the cement strengthened
the cement structures. The cement pastes modified with 1 % PVAA achieved the highest values of CS, whereas those
premixed with 1 % MC exhibited the lowest CS values. Hence, not only did the modified polymers enhance the properties
of the OPC, but also it is very important for the building construction [63-66].
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Fig. 8 - Compressive strength of unmodified (P0) and polymer modified cement pastes with 1 % MC, 1 %
HEC and 1 % PVAA hydrated from 6 hours up to 90 days

3.6 Isothermal Calorimetry

The heat evolution of the unmodified pure OPC (P0) and polymer modified cement pastes with 1 % MC, 1 % HEC
and 1 % PVAA cement pastes, respectively which are hydrated from 6 hours up to 90 days, which was performed with
the Isothermal Calorimetry Apparatus (ITCA) is shown in Fig. 9. The beginning acceleration rate of hydration was
delayed with ~30 min in the PVAA and MC modified cements, but with > 5 hours in the HEC modified cement pastes.
Where the creation or motionless interval was continued, the rate of the accompanied hydration reactions was slowed
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down. It could be demonstrated with the lower data of the highest liberation of heat, whereas in the isothermal calorimetric
curves of polymer modified cements, wider exothermal peaks are occurred [67].
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Fig. 9 - Rate of heat evolution at 20 °C for unmodified and 1 % MC, 1 % HEC and 1 % PVAA cement
pastes

3.7 Thermal Gravimetry Analysis (TGA)

Graphs of the thermal gravimetry analyses (TGA) at the first day of hydration for the pure cement (A), 1 % PVAA
(B), 1% MC (C) and 1 % HEC (D) are represented in Figures 10-13, respectively. At the temperature ~125 °C, gypsum
plaster often dehydrates to generate a slightly bloc loss in the DTG curves of the unhydrate early age cement. At ~400
°C, a small bloc loss was detected [Ca (OH)2]. At ~700 °C, another mass loss (CaCQOs) was observed. This is mainly due
to that the hydration and carbonation were partially occurred on storage. At early times of hydration, the DTG curves
nearly remained without any change. At ~100 °C, a large peak was formed after six hours of hydration. It is due to the
dehydration of CSH and it increased as the hydration time proceeded. Similarly, gypsum was exploited in the formation
of ettringite, accompanying by a decrease in the intensity of the peak at ~125 °C. Ettringite phase did not clearly identify.
This may be attributed to the overlapping with the CSH peak [11]. The free lime, Ca (OH); started to produce. The
temperature where the decomposition of the smaller crystals of Ca (OH), formed on storing are much lower than those
of the relatively large crystals that formed from the hydration of cement phases [9]. The formed carbonate phases could
be decomposed at the temperature range ~ 600-800 °C (Fig. 10 and Fig. 11).
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Fig. 10 - TGA analysis of the unhydrated cement (A) during the first 24 hours of hydration
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Fig. 11 - TGA analysis of the modified cement pastes with 1 % of PVAA (B) polymer during the first 24
hours of hydration

With the cement pastes modified by MC polymer (Fig. 12), the hydration products tended to be formed quickly after
8 hours, whereas with HEC polymer (Figure 13), nearly there is no any hydration products were produced, However, the
formation of CSH and Ca (OH) was also rather slow. At the temperature range ~600-800 °C, a double peak was detected
in the DTG curves of the modified cements with polymers, when carbonates (or carbonate-like phases) decomposed. At
high temperatures, the DTG curves of the unmodified cement only show a single peak.

At early ages of hydration, extra peaks are occurred at ~200 °C (PVAA), ~300 °C (MC) and ~260 °C (HEC). This
temperature is not match to the temperature at which the neat polymer solutions (320 °C (PVAA), 355 °C (MC) and 305
°C (HEC)) were decomposed. Extra peaks started to hide completely when the hydration was quickly happened and the
CSH and Ca (OH), began to appear. After six hours, a slight peak of CSH is only existed in the DTG curves of the PVAA
cement modified with polymers.
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Fig. 12 - TGA analysis of the modified cement pastes with 1 % MC (C) polymer during the first 24 hours of
hydration

At older ages, the analysis did not reveal any new products. The quantity of combined water and the Ca (OH);
contents of pure and modified cements after 4, 12 and 24 hours, and 90 days of hydration are graphically plotted in Fig.
13. At the first times, smaller amounts of combined water contents were occurred for all cement modified with polymers.
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At the end of the first day, the combined water contents for blank and PVAA and MC (Fig. 11 and Fig. 12) modified
cement pastes respectively were exactly 56.78 %, 50.65 % and 47.81 % of the combined water after 90 days, whilst a
smaller value (16.69 %) was determined for the HEC modified cement pastes. However, after 90 days, cements modified
with polymers produce higher quantities of combined water contents. It could be finally concluded that the free lime
content is always the highest for the unmodified cements, while the polymer-modified cement pastes exhibited lower
values.
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Fig. 13 - TGA analysis of the modified cement pastes with 1 % HEC (D) polymer during the first 24 hours of
hydration

3.8 FT-IR Spectroscopy

FT-IR spectra of the plaine unhydrated OPC (A), pure hydrated OPC (B) and polymer modified OPC pastes with 1
% PVAA (C), 1 % MC (D) and 1 % HEC (E) after 8 hours of hydration is shown in Fig. 14. During the wave number
between 3100-3700 cm™?, the stretching vibration bands of water, H,O and free lime, Ca (OH) could be obtained. The
characterized spectrum of H,O is also existed in the unhydrated pastes due to the high hygroscopic and free water
contents. The intensity of the peak related to the OH™ band, associated with the Ca? (Free lime) at 3642 cm™ is slightly
increased if it is compared with the unhydrated pastes. The stretching vibration bands of S—O are formed in the range
1100 and 1170 cm™.
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Fig. 14 - FT-IR spectra of the pure unhydrated OPC (A), hydrated OPC (B), 1 % PVAA (C), 1 % MC (D)
and 1 % HEC (E) after 8 hours of hydration
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In the unhydrated cement powders, some bands are exhibited between 1106 and 1152 cm™. After 6 hours of
hydration, the ettringite phase, C3A.3CaS04.32 H,0 is early formed at 1121-1124 cm™. A slight increase in the intensity
of this peak is shown in the unmodified paste. As the hydration progressed, a shift of the Si—O asymmetric stretching
vibration (v3) is also characterized at 926 to 970 cm™. This may be due to the polymerization of the SiO4>~ units during
the formation of CSH. So, after 6 hours, no silicate phases resulting from were occurred. At 1428 cm™, 878 cm™tand 736
cmL, CO32 were described by a v2 + v3 band, a v4 band and a v4 shoulder, respectively Bands, supported with the same
polymer could not be noted due not only to the very little contents of polymer, but also to the partial overlapping with
the bands of both hydrated and unhydrated phases.

3.9 General Discussion

Incorporation of polymers in cement pastes or concretes affects the rate, degree, nature, composition, and quantity
of hydration products of the hydrated cement phases. In addition, the microstructure and morphology of the formed
crystals are different. Measuring the w/c ratio, initial and final setting times, isothermal calorimetry (Fig. 9), thermal
analysis (Fig. 10 to Fig. 13) and FT-IR (Fig. 14) showed a retardation action of the hydration process (Fig. 3), The
reactions due to hydration of the cements modified with HEC are significantly reduced. Soluble polymers prolong the
creation interval and could be interfered into the early reactions during hydration process. This retardation action in the
existence of some organic compounds could be interpreted as adsorption [13,68], nucleation sites [14], controlling rate
of complex alkalis [15,16, 69,70], interfering into the protective membrane surrounding the cement grains [17,26] and
decreasing of ion mobility [18,69], i.e. may be, not one mechanism is sufficient to elucidate all points of retardation, but
a complex of interactions could be occurred [15,70]. Polymers favored and tended to adsorb on the lateral surfaces of the
unhydrated cement grains to prevent the attack by water [13,36]. Soluble polymers contain many (OH") ions to enable
them to form (H*) bonds with (O%) ions on the lateral edges of the anhydrous compounds [17,20]. A reduced polyvinyl
alcohol (PVA) and polyethylene oxide (PEO) adsorption on SiO; is however noted at higher pH values. It is due to the
lower surface hydroxyl groups (OH") decreasing the number of specific (H*) bonding sites [21-23]. Cellulose ethers were
strongly adsorbed on C3S and supported with the delayed hydration of this phase [23,71].

In addition, the adsorption on both hydrating compounds and unhydrated particles could be formed. Adsorption of
polymers on the Ca (OH).and CSH nucleation sites can delay and hinder the growing of those phases [15,23]. In Fig. 12,
the bridges of MC in between the layers of Ca OH), crystals were noticed indicating the strong affinity of the polymers.
Metal ions are too complex in the pore structure by soluble polymers is another assumption, where the ion solubility
enhances the early deposition of CSH which was illuminated. So, much more cement compounds could be dissolved
before hydration barriers are set up [15,23,72]. Due to the high Ca?* ions concentration, the quantity of polymers should
be high to have an important action on the Ca?* equilibrium. Complex aluminate, ferrite or silicate ions may have a high
effect due to its much lower concentration in the solution [15,73]. Retardation of the hydration process could be attributed
to the lower ion mobility in the pore water [18,73]. Soluble polymers raised the viscosity of mixing water and restricted
the movement of ions, whereas the rate of dissolving of the unhydrated phases and the deposition of CSH decreased.
Polymer solution having the highest viscosity (HEC solution) has the strongest influence on the degree of hydration,
while MC and PVAA having the lower viscosity solutions. It is finally concluded that these polymers could be
strengthened the cement matrix and improved the internal cohesion between the various particles.

4. Conclusion

The following conclusions can be made:

1- The water/cement ratio, initial and final setting times are decreased with the incorporation of polymers, where
PVAA polymer recorded the lowest values.

2- The contents of chemically-combined water, bulk density and compressive strength are lower at early times of
hydration, but are higher at older ages, where PVAA achieved the best results at all hydration times when
compared with other polymers or even the blank.

3- The apparent porosity is decreased with the curing times, while the free lime contents increased.

4- Existence of 1 % polymers affects the hydration reactions of the cement. A little reduction in the level of
hydration of cements modified with PVAA and MC is noted at the early times of hydration, whereas the
hydration of the modified cement by HEC is largely reduced. In spite of the reduction effect at early times, the
bound water content of the polymer modified cements is more than the blank (P0) after 90 days. This is
essentially contributed to the good dispersion of the cement grains during mixing.

5- Measured Ca (OH) content is slightly lower after mixing with polymer. On account of the reactions among
polymers and hydration products, the true content of Ca (OH)2 could be underestimated in presence of polymers.

6- The FT-IR analysis showed that there are no new phases are formed, but at early times new phases are noted in
the DTG thermographs of cements modified with polymers.

7- The intensity of the Ca (OH), crystals was influenced by water-soluble polymers. The increment of MC produces
a layer of Ca (OH), deposited which arranged in stack without distortion.
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O-

Bridges-based polymer are existed among Ca (OH); crystals, which are doing as a sort of a bonding factor
among the various layers. Moreover, it improves and enhances the interparticle bonding forming a better
structure.

The internal cohesion of bulk cements was enhanced and increased due to the incorporation of water-soluble
polymers. This was reflected positively on the mechanical properties of the bulk pastes resulting in a noticeable
lower creation of lower cracks.

Acknowledgement

Author wishes to express his deep thanks for National Research Centre for helping to obtain materials, processing,
preparing, molding, and measuring all the obtained data of the study. The fund of this study was carried out by the author
and declines that there is no conflict of interest anywhere.

References

[1] Ansari, W. S., Chang, J., ur Rehman, Z., Nawaz, U., & Junaid, M. F. (2022). A novel approach to improve
carbonation resistance of Calcium Sulfoaluminate cement by assimilating fine cement-sand mix. Construction
and Building Materials, 317, 125598.

[2] Zhao,J., Tong, L., Li, B., Chen, T., Wang, C., Yang, G., & Zheng, Y. (2021). Eco-friendly geopolymer materials:
A review of performance improvement, potential application and sustainability assessment. Journal of Cleaner
Production, 307, 127085.

[3] Hewlett, P., & Liska, M. (Eds.). (2019). Lea's chemistry of cement and concrete. Butterworth-Heinemann.

[4] Darweesh, H. H. M. (2020). Characteristics of Portland cement pastes blended with silica nanoparticles. Chem. J,
5,1-14.

[5] Darweesh, H. H. M., & MR, A. E. S. (2020). Palm Ash as a Pozzolanic Material for Portland Cement Pastes. To
Chemistry Journal, 4, 72-85.

[6] Mohammed, T. U., Ahmed, T., Apurbo, S. M., Mallick, T. A., Shahriar, F., Munim, A., & Awal, M. A. (2017).
Influence of chemical admixtures on fresh and hardened properties of prolonged mixed concrete. Advances in
Materials Science and Engineering, 1-11.

[7] Darweesh, H. H. M., & EI-Suoud, M. A. (2017). Saw dust ash substitution for cement pastes-Part I. Am J Constr
Build Mater, 2(1), 1-9.

[8] Li, P, Gao, X., Wang, K., Tam, V. W., & Li, W. (2020). Hydration mechanism and early frost resistance of
calcium sulfoaluminate cement concrete. Construction and Building Materials, 239, 117862.

[9] Meng, T., Hong, Y., Ying, K., & Wang, Z. (2021). Comparison of technical properties of cement pastes with
different activated recycled powder from construction and demolition waste. Cement and Concrete Composites,
120, 104065.

[10] Amin, A., Darweesh, H. H. M., Morsi, S. M. M., & Ayoub, M. M. H. (2011). Effect of phthalic anhydride-based

[11]
[12]
[13]
[14]
[15]

[16]

[17]

[18]
[19]

[20]

12

hyperbranched polyesteramide on cement characteristics. Journal of Applied Polymer Science, 120(5), 3054-3064.
Zhang, J., Ke, G., & Liu, Y. (2021). Early hydration heat of calcium sulfoaluminate cement with influences of
supplementary cementitious materials and water to binder ratio. Materials, 14(3), 642.

Cheng, Z., Zhao, J., & Cui, L. (2022). Exploration of hydration and durability properties of ferroaluminate cement
with compare to Portland cement. Construction and Building Materials, 319, 126138.

Marchon, D., & Flatt, R. J. (2016). Mechanisms of cement hydration. In Science and technology of concrete
admixtures, pp. 129-145. Woodhead Publishing.

Darweesh, H. H. M. (2014). Utilization of Ca—lignosulphonate prepared from black liquor waste as a cement super
plasticizer. Journal of Chemistry and Materials Research, 1(2), 28-34.

Wang, J., Xu, H., Xu, D., Du, P., Zhou, Z., Yuan, L., & Cheng, X. (2019). Accelerated carbonation of hardened
cement pastes: Influence of porosity. Construction and Building Materials, 225, 159-169.

Sakai, E., Kasuga, T., Sugiyama, T., Asaga, K., & Daimon, M. (2006). Influence of superplasticizers on the
hydration of cement and the pore structure of hardened cement. Cement and concrete research, 36(11), 2049-
2053.

Onaizi, A. M., Huseien, G. F., Lim, N. H. A. S., Amran, M., & Samadi, M. (2021). Effect of nanomaterials
inclusion on sustainability of cement-based concretes: A comprehensive review. Construction and Building
Materials, 306, 124850.

Zhang, J., Shi, C., Zhang, Z., & Hu, X. (2022). Reaction mechanism of sulfate attack on alkali-activated slag/fly
ash cements. Construction and Building Materials, 318, 126052.

Zhang, M. H., Sisomphon, K., Ng, T. S., & Sun, D. J. (2010). Effect of superplasticizers on workability retention
and initial setting time of cement pastes. Construction and Building Materials, 24(9), 1700-1707.

Marchon, D., & Flatt, R. J. (2016). Impact of chemical admixtures on cement hydration. In Science and technology
of concrete admixtures, pp. 279-304. Woodhead Publishing.



[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]
[33]

[34]

[35]

[36]

[37]

[38]
[39]
[40]
[41]
[42]
[43]
[44]

[45]
[46]

[47]

Darweesh, Journal of Sustainable Materials Processing and Management Vol. 2 No. 1 (2022) p. 1-14

Mezhov, A., Ulka, S., Gendel, Y., Diesendruck, C. E., & Kovler, K. (2020). The working mechanisms of low
molecular weight polynaphthalene sulfonate superplasticizers. Construction and Building Materials, 240, 117891.
Colombo, A., Geiker, M. R., Justnes, H., Lauten, R. A., & De Weerdt, K. (2017). On the effect of calcium
lignosulfonate on the rheology and setting time of cement paste. Cement and Concrete Research, 100, 435-444.
Coppola, L., Coffetti, D., Crotti, E., Gazzaniga, G., & Pastore, T. (2020). The durability of one-part alkali-
activated slag-based mortars in different environments. Sustainability, 12(9), 3561.

Liu, X., Guan, J., Lai, G., Wang, Z., Zhu, J., Cui, S, ... & Li, H. (2017). Performances and working mechanism
of a novel polycarboxylate superplasticizer synthesized through changing molecular topological structure. Journal
of colloid and interface science, 504, 12-24.

Lin, X., Pang, H., Wei, D., Lu, M., & Liao, B. (2021). Effect of the cross-linker structure of cross-linked
polycarboxylate superplasticizers on the behavior of cementitious mixtures. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 608, 125437.

Skripkitinas, G., Karpova, E., Drochytka, R., & Hodul, J. (2021). Hydration and microstructure of nano modified
cement paste. Solid State Phenomena, 321, 9-14.

Algaba, J., Miguez, J. M., Gémez-Alvarez, P., Mejia, A., & Blas, F. J. (2020). Preferential orientations and
anomalous interfacial tensions in aqueous solutions of alcohols. The Journal of Physical Chemistry B, 124(38),
8388-8401.

Guo, Y., Bae, J., Fang, Z., Li, P., Zhao, F., & Yu, G. (2020). Hydrogels and hydrogel-derived materials for energy
and water sustainability. Chemical Reviews, 120(15), 7642-7707.

Sugihara, S., Yoshida, A., Fujita, S., & Maeda, Y. (2017). Design of hydroxy-functionalized thermoresponsive
copolymers: improved direct radical polymerization of hydroxy-functional vinyl ethers. Macromolecules, 50(21),
8346-8356.

Wang, H., Wang, L., Shen, W., Cao, K., Sun, L., Wang, P., & Cui, L. (2022). Compressive Strength, Hydration
and Pore Structure of Alkali-Activated Slag Mortars Integrating with Recycled Concrete Powder as Binders.
KSCE Journal of Civil Engineering, 26(2), 795-805.

Hoogenboom, R. (2019). Temperature-responsive polymers: properties, synthesis, and applications. In Smart
polymers and their applications, pp. 13-44. Woodhead Publishing.

Liu, X., Fang, T., & Zuo, J. (2019). Effect of nano-materials on autogenous shrinkage properties of cement based
materials. Symmetry, 11(9), 1144.

Satoh K. (2014) Poly(vinyl alcohol) (PVA). In: Kobayashi S., Millen K. (eds) Encyclopedia of Polymeric
Nanomaterials. Springer, Berlin, Heidelberg.

Sakir, S., Raman, S. N., Safiuddin, M., Kaish, A. B. M., & Mutalib, A. A. (2020). Utilization of by-products and
wastes as supplementary cementitious materials in structural mortar for sustainable construction. Sustainability,
12(9), 3888.

Shomura, Y., Tanigawa, N., Shibutani, M., Wakimoto, S., Tsuji, K., Tokuda, T., ... & Sawada, S. (2011). Water-
soluble polyvinyl alcohol microspheres for temporary embolization: development and in vivo characteristics in a
pig kidney model. Journal of Vascular and Interventional Radiology, 22(2), 212-219.

Aseyev, V., Tenhu, H., & Winnik, F. M. (2010). Non-ionic thermoresponsive polymers in water. Self Organized
Nanostructures of Amphiphilic Block Copolymers 11, 29-89.

Confortini, O., & Du Prez, F. E. (2007). Functionalized Thermo-Responsive Poly (vinyl ether) by Living Cationic
Random Copolymerization of Methyl Vinyl Ether and 2-Chloroethyl Vinyl Ether. Macromolecular Chemistry
and Physics, 208(17), 1871-1882.

Hoogenboom, R. (2019). Temperature-responsive polymers: properties, synthesis, and applications. In Smart
polymers and their applications, pp. 13-44. Woodhead Publishing.

Moffatt, E. T. G., & Thomas, M. D. (2019). Effect of Carbonation on the Durability and Mechanical Performance
of Ettringite-Based Binders. ACI Materials Journal, 116(1).

Moritani, T., & Okaya, T. (1998). Functional modification of poly (vinyl alcohol) by copolymerization: 1V. Self-
crosslinkable poly (vinyl alcohol) s. Polymer, 39(4), 923-931.

Moritani, T., & Yamauchi, J. (1998). Functional modification of poly (vinyl alcohol) by copolymerization: II.
Modification with a sulfonate monomer. Polymer, 39(3), 553-557.

Moritani, T., & Yamauchi, J. (1998). Functional modification of poly (vinyl alcohol) by copolymerization IlI.
Modification with cationic monomers. Polymer, 39(3), 559-572.

ASTM-C187-86 (1993), Standard Test Method for Normal Consistency of hydraulic Cement, 148-150.
ASTM-C191-92 (1993), Standard Test Method for Setting Time of Hydraulic Cement, 866-868.

ASTM- C170-90 (1993), Standard Test Method for Compressive Strength of Dimension Stone, 828-830.
ASTM-C109M (2013), Standard Test Method for Compressive Strength of Hydraulic Cement Mortars (Using 2-
in. Or [50-mm] Cube Specimens), Annual Book of ASTM Standards. ASTM International, West Conshohocken,
PA.

Darweesh, H. H. M. (2017). Geopolymer cements from slag, fly ash and silica fume activated with sodium
hydroxide and water glass. Interceram-International Ceramic Review, 66(6), 226-231.

13



Darweesh, Journal of Sustainable Materials Processing and Management Vol. 2 No. 1 (2022) p. 1-14

[48]
[49]
[50]

[51]
[52]

[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]

14

Heikal, M., Ali, A. 1., Ismail, M. N., & Ibrahim, S. A. N. (2014). Behavior of composite cement pastes containing
silica nano-particles at elevated temperature. Construction and Building Materials, 70, 339-350.

Aleem, S. A. E., Heikal, M., & Morsi, W. M. (2014). Hydration characteristic, thermal expansion and
microstructure of cement containing nano-silica. Construction and Building Materials, 59, 151-160.

Darweesh, H. H. M.; & Abo-EI-Suoud, M. R. (2015). Quaternary cement composites containing some industrial
by-products to avoid the environmental pollution. EC Chemistry, 2(1), 78-91.

Darweesh, H. H. M. (2017). Mortar composites based on industrial wastes. Int. J. Mater. Lifetime, 3(1), 1-8.
Karim, M. R., Zain, M. F. M., Jamil, M., Lai, F. C., & Islam, M. N. (2012). Strength of mortar and concrete as
influenced by rice husk ash: a review. World Applied Sciences Journal, 19(10), 1501-1513.

Siddique, R. (2011). Properties of self-compacting concrete containing class F fly ash. Materials & Design, 32(3),
1501-1507.

Darweesh, H. H. M. (2014). Utilization of perlite rock in blended cement-Part I: Physicomechanical properties.
Direct Res. J. Chem. Mater. Sci. DRCMS, 2, 1-12.

Darweesh, H. H. M., & MR, A. E. S. (2019). Influence of sugarcane bagasse ash substitution on Portland cement
characteristics. Indian Journal of Engineering, 16, 252-266.

Darweesh, H. H. M. (2017). Geopolymer cements from slag, fly ash and silica fume activated with sodium
hydroxide and water glass. Interceram-International Ceramic Review, 66(6), 226-231.

Darweesh, H. H. M. (2012). Setting, hardening and strength properties of cement pastes with zeolite alone or in
combination with slag. Interceram, 1, 52-57.

Imbabi, M. S., Carrigan, C., & McKenna, S. (2012). Trends and developments in green cement and concrete
technology. International Journal of Sustainable Built Environment, 1(2), 194-216.

Rashad, A. M. (2014). Recycled waste glass as fine aggregate replacement in cementitious materials based on
Portland cement. Construction and Building Materials, 72, 340-357.

Amin, M., & Abu el-Hassan, K. (2015). Effect of using different types of hano materials on mechanical properties
of high strength concrete. Construction and Building Materials, 80, 116-124.

Stefanidou, M., & Papayianni, 1. (2012). Influence of nano-SiO2 on the Portland cement pastes. Composites Part
B: Engineering, 43(6), 2706-2710.

Ansari, W. S., & Chang, J. (2020). Influence of fine cement sand paste in preparation of cementitious materials.
Construction and Building Materials, 230, 116928.

Wang, D., & Chang, J. (2019). Comparison on accelerated carbonation of B-C2S, Ca (OH) 2, and C4AF: Reaction
degree, multi-properties, and products. Construction and Building Materials, 224, 336-347.

Darweesh, H. H. M. (2018). Nanoceramics: materials, properties, methods and applications—~Part 11. J Nanosci,
1(1), 40-66.

Askari Dolatabad, Y., Kamgar, R., & Gouhari Nezad, I. (2020). Rheological and mechanical properties, acid
resistance and water penetrability of lightweight self-compacting concrete containing nano-SiO2, nano-TiO2 and
nano-Al203. Iranian Journal of Science and Technology, Transactions of Civil Engineering, 44(1), 603-618.
Cheah, C. B., Chow, W. K., Oo, C. W., & Leow, K. H. (2020). The influence of type and combination of
polycarboxylate ether superplasticizer on the mechanical properties and microstructure of slag-silica fume
ternary blended self-consolidating concrete. Journal of Building Engineering, 31, 101412,

Huang, Y., Pei, Y., Qian, J., Gao, X., Liang, J., Duan, G., ... & Cheng, X. (2020). Bauxite free iron rich calcium
sulfoaluminate cement: Preparation, hydration and properties. Construction and Building Materials, 249, 118774.
Zhang, Y. R., Kong, X. M., Lu, Z. B, Lu, Z. C., & Hou, S. S. (2015). Effects of the charge characteristics of
polycarboxylate superplasticizers on the adsorption and the retardation in cement pastes. Cement and Concrete
Research, 67, 184-196.

He, Y., Zhang, X., & Hooton, R. D. (2017). Effects of organosilane-modified polycarboxylate superplasticizer on
the fluidity and hydration properties of cement paste. Construction and Building Materials, 132, 112-123.

Li, Q., He, C., Zhou, H., Xie, Z., & Li, D. (2021). Effects of polycarboxylate superplasticizer-modified graphene
oxide on hydration characteristics and mechanical behavior of cement. Construction and Building Materials, 272,
121904.

Xu, S, Lyu, Y., Xu, S., & Li, Q. (2019). Enhancing the initial cracking fracture toughness of steel-polyvinyl
alcohol hybrid fibers ultra high toughness cementitious composites by incorporating multi-walled carbon
nanotubes. Construction and Building Materials, 195, 269-282.

Li, L., Wang, R., & Zhang, S. (2019). Effect of curing temperature and relative humidity on the hydrates and
porosity of calcium sulfoaluminate cement. Construction and Building Materials, 213, 627-636.

Ltifi, M., & Zafar, I. (2021). Influence of nano-silica on early age and durability properties of cement mortars.
Advances in Cement Research, 33(9), 386-397.



