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ABSTRACT ARTICLE INFO
This study presents a novel curing strategy to produce a smooth and shiny surface Article history:
on Portland cement paste by controlling efflorescence. The proposed methodology Received - September 4, 2025
consists of curing fresh cement paste in contact with a smooth, polystyrene mold, Revision requested - October 1, 2025
which modifies the boundary conditions at the cement-mold interface by limiting Revision received - January 1,2026
evaporation and promoting local moisture retention during early hydration. Alt- Accepted - January 9, 2026
hough direct exposure to the atmosphere is restricted, carbon dioxide from the envi- K .

A . eywords:
ronment can still diffuse through the cement pore network and specimen edges. Un- Efflorescence

der these conditions, calcium ion migration toward the interface is facilitated, leading
to the controlled precipitation of a thin, calcium carbonate-rich surface layer. The
surface and bulk evolution of the cement paste were investigated after 7, 14, and 28
days of curing using scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform infrared spectros-

copy (FTIR), surface gloss measurements, and compressive strength testing. The BY

analyses reveal the formation of a uniform near-surface region enriched in calcium- This is an open access article distributed
containing phases, while the bulk phase assemblage remains dominated by typical under the CC BY licence.

hydration products. Quantitative gloss measurements show an increase in surface ©2026 by the Authors.

reflectivity with curing time, reaching approximately 57 * 1.3 gloss units after 28

days. Compressive strength results indicate that the formation of the shiny surface

layer does not adversely affect the mechanical performance of the material. Overall,

the results indicate that under the proposed curing conditions, controlled efflo-

rescence could be harnessed as a surface engineering approach to obtain visually

uniform and chemically stable surfaces without the use of additives or post-pro-

cessing treatments.
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1. Introduction spread use is due to its favorable combination of me-
chanical strength, cost-effectiveness, and versatility

Cement, primarily in the form of Portland cement, re- across structural and architectural applications. As the
mains the most widely used hydraulic binder in modern key component in concrete, mortars, grouts, and surface
construction, with global production exceeding 4.2 bil- finishes, it plays a central role in infrastructure develop-
lion tons annually (Scrivener et al. 2018). Its wide- ment worldwide. However, the aesthetic and surface
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durability of cement-based materials continues to pre-
sent challenges, particularly in architectural contexts
where surface quality and appearance are critical (Ne-
ville 2011).

One of the most common surface-related issues in ce-
ment-based materials is efflorescence, characterized by
the formation of white crystalline deposits—primarily
calcium carbonate—on the exposed surface. These de-
posits, while chemically benign, are perceived as defects
due to their high visual contrast and irregular distribu-
tion, which compromise the intended aesthetic
(Kosmatka et al. 2002; Brocken and Nijland 2004; Brick
Industry Association 2006). Efflorescence can also indi-
cate ongoing moisture transport, which may lead to con-
cerns about durability or permeability, even when these
concerns are not mechanically substantiated (Al-Jabari
2022).

Efflorescence is primarily driven by the migration of
soluble salts, especially calcium hydroxide (portlandite),
through capillary pores during early hydration or due to
environmental moisture exposure. Once at the surface,
these salts react with atmospheric CO,, precipitating as
calcium carbonate (CaCOs3) in a process often referred to
as carbonation-induced efflorescence (Ramachandran
1996; Taylor 1997). In complex environmental or ce-
ment systems, other phases such as alkali sulfates, the-
nardite (Na,SO,), glaserite (K3Na(S504);), syngenite
(K2Ca(S04)2-H20), and even ettringite may also appear
(Ma and Qian 2018; Bai 2009). Efflorescence is generally
categorized into two types: primary efflorescence, which
occurs during initial hydration and curing, and second-
ary efflorescence, which emerges due to water ingress
after curing, often through rain, condensation, or rising
damp (Dahri 2022; Sutan and Sinin 2013).

Efforts to mitigate efflorescence have traditionally fo-
cused on reducing water-to-cement ratios, modifying
mix design (e.g., with pozzolanic additions or blended ce-
ments), controlling curing conditions, or applying sur-
face sealants to reduce permeability (Liang et al. 2022;
Zhang et al. 2014, 2018). The use of admixtures such as
sodium stearate, or hydrophobic agents has also been
explored, though results vary depending on the system
and exposure conditions (Xue et al. 2018; Chindaprasirt
et al. 2022; Lothenbach et al. 2011). However, most of
these methods seek to suppress the efflorescence mech-
anism rather than leverage it.

This study investigates an alternative curing ap-
proach in which efflorescence is deliberately controlled
to promote the formation of a smooth, carbonate-rich
surface layer. Instead of eliminating the migration of cal-
cium salts, we control it to produce a smooth, shiny, and
durable surface finish. By curing the cementitious mate-
rial in contact with a smooth, non-porous polymeric
mold under controlled humidity, we guide the migration
and crystallization of calcium carbonate into a thin, ho-
mogeneous surface layer. The result is a naturally shiny
and aesthetically appealing finish that exploits the same
physicochemical mechanisms responsible for undesired
efflorescence, transforming them into a design oppor-
tunity.

This methodology, currently under patent application
(Mx/a/2016/002861), enables the controlled formation
of functional calcium carbonate coatings during early hy-

dration. These coatings exhibit uniform shine, enhanced
surface texture, and potentially improved durability
against weathering or abrasion. Moreover, the process is
compatible with conventional cementitious materials
and does not require post-processing treatments or ad-
ditives. The aim of this work is to investigate the micro-
structural and surface implications of this approach and
evaluate its potential for sustainable, low-cost, and ar-
chitecturally expressive cement-based surfaces.

2. Experimental Procedure and Materials
2.1. Materials

The materials used for the procedure were sourced
locally. The Portland cement used was a standard Type I
cement commonly distributed in the region. The water
used in the experiments was supplied by the city's water
and sanitation company.

2.2. Experimental procedure

Samples were prepared using Type I Portland cement
and water at a water-to-cement ratio (w/c) of 0.50 by
mass. The cement powder was sifted using a sieve to en-
sure uniform particle size and then mixed with water.
The mixture was stirred continuously until a homogene-
ous composition was achieved. The prepared mixture
was poured into polystyrene containers with dimen-
sions of 7 cm in height, 8 cm in width, and 18.5 cm in
length. After casting, the specimens remained in the pol-
ystyrene molds and were cured under uncontrolled am-
bient indoor conditions typical of the laboratory envi-
ronment in Ciudad Juarez (Chihuahua, Mexico). During
the curing period, the indoor temperature averaged 23 *
2 °C, with a relative humidity of 25-35 %, consistent
with the local semi-arid climate. The indoor CO, concen-
tration was not actively regulated but generally re-
mained within 420-650 ppm, which corresponds to typ-
ical atmospheric levels for indoor environments in the
region. No external load or confinement was applied; the
only contact pressure exerted on the samples was due to
their own self-weight against the smooth polystyrene
surface. The specimens were cured for 7, 14, and 28 days
under these conditions.

Surface gloss was quantitatively evaluated using a
portable glossmeter Landtek GM60 (measurement ge-
ometry: 60°, in accordance with ISO 2813). Gloss meas-
urements were performed directly on the cement sur-
faces after 7, 14, and 28 days of curing. For each curing
age, measurements were taken at three different loca-
tions on the sample surface, and the average value was
reported in gloss units (GU), together with the corre-
sponding standard deviation. For the chemical stability
test, shiny-surface specimens cured for 28 days were im-
mersed in aqueous solutions with pH 4, 7, and 11 for 5
minutes at room temperature. After immersion, the sam-
ples were rinsed with deionized water to remove resid-
ual solution and then allowed to air-dry for 6 hours un-
der laboratory conditions until the surface was com-
pletely dry. Surface gloss was measured before immer-
sion and after drying using the same measurement con-
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ditions described above. The variation in gloss values
was used as an indicator of the short-term chemical sta-
bility of the surface layer.

The morphology and elemental chemical composition
of the samples were analyzed using scanning electron
microscopy (SEM, Hitachi model SU5000) and Energy
Dispersive X-Ray Spectroscopy (EDS, Bruker), with an
acceleration voltage of 15 kV. Phase identification and
structural analysis were performed by X-ray diffraction
(XRD) using a PANalytical X'Pert Pro diffractometer with
Cu Ka radiation (A = 0.1542 nm). Measurements were
carried out on intact cement paste specimens, with the
exposed surface facing the incident X-ray beam. As a re-
sult, the diffraction patterns mainly reflect the bulk
phase composition of the material, while allowing qual-
itative comparison between samples. Functional
groups present in the samples were identified using
Fourier Transform Infrared Spectroscopy (FT-IR, Ni-
colet 6700) in the range of 500-3000 cm™*. FTIR and
XRD measurements were performed on replicate speci-

mens for each curing age and condition, showing con-
sistent spectral features; therefore, representative spec-
tra are reported.

3. Results and Discussion

Fig. 1 presents the surface appearance of Portland ce-
ment samples cured for 7, 14, and 28 days, together with
the corresponding quantitative gloss measurements. Af-
ter 28 days, the surface exhibits a distinctly smooth and
reflective appearance. This visual evolution is corrobo-
rated by the gloss measurements, which show a system-
atic increase in gloss units with curing time. The average
surface gloss increased progressively from 22 + 3 GU at
7 days to 35 = 1.7 GU at 14 days, reaching 57 + 1.3 GU at
28 days. The progressive reduction in standard devia-
tion suggests enhanced surface uniformity and a more
homogeneous development of the shiny surface layer
over time.

Gloss units (GU)
—

7 14 28

Settingtime (h)

Fig. 1. Progressive development of shiny surfaces in Portland cement samples over 7, 14, and 28 days of curing.

Figs. 2-4 present a comparison between samples set
using a conventional process and those treated accord-
ing to the methodology proposed in this study, utilizing a
surface in contact with polystyrene, after 7, 14, and 28
days of curing. From day 7 onward, a significant difference
is observed in both the roughness and morphology of the
surface, as well as in the phases present, evidenced by the
varying gray tones in the backscattered electron images.
The conventionally cured sample exhibits a more irregu-
lar surface morphology, with predominantly spherical
particles and some polyhedral features. This is consistent
with the findings reported previously for Portland ce-
ment, where the morphology of cement particles is typi-
cally characterized by spherical and irregular shapes due
to the grinding and clinker formation processes (Taylor
1997; Bogue 1955). In contrast, the surface set using the
proposed methodology appears visually smoother and is
composed of two main phases: one with an acicular shape
(lighter gray) and the other with spherical particles.

After 14 days, the roughness on both surfaces has de-
creased. The surface set conventionally exhibits mi-
crocracks or irregularities and is primarily composed of
spherical particles with the presence of some needle-like
structures. This aligns with findings reported in the lit-
erature, where the morphology of conventional Portland
cement over time typically shows a decrease in surface

roughness and the formation of microcracks as hydra-
tion progresses (Taylor 1997; Bogue 1955; Lura et al.
2003). In contrast, the surface set using the procedure
proposed in this study still shows two distinct phases:
spherical particles and acicular ones. However, the acic-
ular phase appears to have undergone some growth, and
the needle-like structures are now less noticeable.

After 28 days of conventional curing, at low magnifi-
cations, the surface appears to have minimal roughness.
At higher magnifications, larger particles are observed,
covered by small spherical particles, with the presence
of some needle-like structures. This aligns with previous
studies, where the morphology of Portland cement at
later stages of hydration typically shows the develop-
ment of larger particles covered by finer spherical ones,
along with the formation of needle-like structures such
as ettringite (Taylor 1997). In contrast, for the curing
process proposed in this study, the surface roughness
has decreased even at higher magnifications. Both
phases, spherical particles and acicular structures, are
still present, but the needle-like structures have grown
and now cover almost the entire surface. This is consis-
tent with the evolution of the microstructure described
in the literature, where needle-like crystals tend to grow
and eventually dominate the surface as hydration pro-
gresses (Bogue 1955; Lura et al. 2003).
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Fig. 2. SEM-BSE surface morphology after 7 days of curing for
conventional (a-d) and shiny (e-h) cement paste samples. Imaging conditions: 20 kV, WD 19-23 mm, 30 Pa.

:

Fig. 3. SEM-BSE surface morphology after 14 days of curing for
conventional (a-d) and shiny (e-h) cement paste samples. Imaging conditions: 20 kV, WD 19-23 mm, 30 Pa.

Fig. 4. SEM-BSE surface morphology after 28 days of curing for
conventional (a-d) and shiny (e-h) cement paste samples. Imaging conditions: 20 kV, WD 19-23 mm, 30 Pa.
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Fig. 5 presents the XRD patterns of Portland cement
paste specimens cured for 7, 14, and 28 days, together
with a conventional reference sample. All diffractograms
are dominated by a broad amorphous background at-
tributed to calcium silicate hydrate (C-S-H), along with
crystalline reflections corresponding to portlandite
(Ca(OH);) and calcium carbonate (CaCOs3) (Taylor,
1997). Weak and partially overlapped reflections associ-
ated with residual clinker phases, mainly tricalcium sili-
cate (C3S) and dicalcium silicate (C,S), are also detected.

The conventional sample exhibits more clearly de-
fined reflections associated with residual clinker phases
compared to the specimens cured against the smooth
polymeric surface. Given the limited surface sensitivity
of conventional powder XRD, these differences should be
interpreted with caution and primarily reflect variations
in the bulk phase contribution. With increasing curing
time, the relative intensity of CaCOs; reflections increases
for all samples, while the overall phase assemblage re-
mains unchanged (Lura et al. 2003).

28 days

vy I
‘1"'*-‘..._;
‘Hﬂ‘—‘—r\"""‘“"‘""‘m m-"'—.-_,___,.‘___‘_____ﬁ__’ PN . ———_r—————ha——t——

-i\—-—\.,\ 7

"\A\_\_‘\.—‘
o ° n .
‘\r i ® L4 Conventional
i M A h @
H g
\\‘ ,. " ee e ’A L3 a
R e ST S £ W W S
IIIIIII|I|IIIr|IIIlllllrlll|l|'|||r|ll1-|l|llIlllllllllIllllllllllllll
20 30 40 50 60 T0
Position [*2Theta] (Copper (Cu))
Chemical PDF o d-spacing Convention
Phase formula reference Main 28 (°) @A) al 7 days 14 days 28 days
00-044-

A Portlandite Ca(OH), 1481 ~18.0 4.90 v v v v
~34.1 2.63 v v W v
~47.1 1.93 ~ ~ ~ ~

Calcium
A carbonate CaCO, 32-5133- ~29.4 3.03 v v v v
(CaCO,)
~39.4 2.28 e ~ v
~43.1 2.10 N ~ re
. . 00-031-

< Alite Ca,Si0, 0307 29.3 3.05
~32.1 2.78 - ~ ~ ~
~51.7 1.77 — — — r

. . 01-087-

Il Belite Ca,Si0, 1260 32.3 2.77
~41.1 2.19 —_ —_ ~ ~
~51.5 1.77 — — — -~

Ettringite f;:gl"f;_‘:]‘" 00-041- ~158 5.60 B - - =

@ (minor) o = 2 1451 ! .
~229 3.88 — — — —
~31.1 2.87 — — ~ ~

Notation: v = clearly observed, ~=weak/overlapped, —=not resolved

Fig. 5. XRD patterns of Portland cement paste under modified curing conditions after 7, 14, and 28 days.
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The FTIR spectra (Fig. 6) of both conventional and
shiny samples consistently display the main hydration
and carbonation bands characteristic of Portland cement
systems. In all cases, the sharp O-H stretching vibration
of portlandite is observed at 3643 cm™, together with a
broad O-H band above 3000 cm™ and the H,0 bending
mode around 1650 cm™. The Si-0 stretching of C-S-H is
identified near 970-990 cm™?!, while sulfate vibrations
appear in the region of 1110-1140 cm™. Carbonate for-
mation is indicated by the bands at 1450 cm™ (v3, asym-
metric stretching), 1070-1090 cm™ (v, symmetric

stretching), and 874-878 cm™ (v,, out-of-plane bend-
ing) (Ylmen and Jaglid 2013; Chakrabarty and Maha-
patra 1999; Jennings 2000). These features are present in
both curing conditions and at all curing ages (7, 14, and
28 days), with variations in relative intensity and defini-
tion that reflect progressive hydration and carbonation
processes. In addition, an FTIR spectrum of the mold ma-
terial was recorded to document the polymer used for
sample casting (Fig. 7). The spectrum shows the charac-
teristic absorption bands of polystyrene, confirming the
nature of the mold material employed in this study.
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Fig. 6. FTIR analysis of the shiny surface and the Portland cement samples.
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Fig. 7. FTIR spectrum of the polystyrene mold used for casting the Portland cement samples.
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Fig. 8 presents cross-sectional SEM images and corre-
sponding EDS spectra of Portland cement samples cured
using the proposed methodology, which results in a vis-
ibly shiny surface layer. The SEM micrographs reveal a
compact and dense outer region, particularly within the
top ~50 um of the surface, where the structure appears
homogeneously packed. This dense morphology is at-
tributed to minimized evaporation and restricted ion
migration, induced using a smooth, non-porous poly-
meric mold during the early stages of hydration (Khayat
1999).

Within the microstructure, hydration products such as
calcium silicate hydrate (C-S-H) and portlandite are
clearly observed. The coexistence of fibrous, amorphous,
and acicular phases suggests a well-developed and active
hydration process, with no significant signs of microcrack-
ing, shrinkage, or surface deterioration. These features in-
dicate that the curing method not only preserves struc-
tural integrity but may also promote surface densification,
consistent with observations in high-performance and
self-consolidating concretes where controlled curing con-
ditions influence near-surface compactness.

28 days

A,
BSE images

7 days
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Fig. 8. Cross-sectional SEM images and corresponding EDS analyses of Portland cement paste cured using the proposed
methodology after (a) 7, (b) 14, and (c) 28 days. Imaging conditions: 20 kV, working distance 11-14.2 mm, 30 Pa.
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EDS elemental mapping (Fig. 9) confirms a marked in-
crease and surface-level enrichment of calcium, particu-
larly in specimens cured against smooth polymeric
molds. This calcium-rich layer supports the formation of
a dense, carbonate-containing coating, which is con-
sistent with the enhanced reflectivity and "shiny" ap-
pearance observed macroscopically. This correlates
with FTIR results, where stronger absorption bands for
€03~ groups are observed. While early stage XRD data
revealed low surface crystallinity, the FTIR and
SEM/EDS analyses demonstrate that carbonate for-
mation is already underway at both the microstructural
and molecular levels, though initially in amorphous or
nano-crystalline form. The observed surface densifica-

Conventional %

7 days

14 days

28 days

SElimages

tion and spatial continuity in SEM images support the in-
terpretation that smooth-surface curing promotes a con-
trolled and delayed crystallization, which preserves sur-
face integrity and contributes to long-term uniformity. In
contrast, the conventionally cured control sample shows
a less uniform calcium distribution and a more porous,
irregular surface structure. This finding is consistent
with the sharper diffraction peaks and earlier crystalli-
zation observed via XRD. The microstructural differ-
ences reinforce that the proposed curing strategy not
only modulates hydration kinetics and carbonation
pathways, but also improves aesthetic, protective, and
potentially functional properties of the cement surface
by forming a shiny, compact mineral layer.

BSE images EDS mapping

Fig. 9. SEM images and EDS elemental maps comparing a conventional Portland cement sample
cured for 28 days with samples prepared using the proposed methodology after 7, 14, and 28 days of curing.
Imaging conditions: 20 kV, working distance 10.8-14.2 mm, 30 Pa.

The formation of the shiny surface can be attributed
to modified curing boundary conditions imposed by the
smooth polymeric mold, which reduce surface evapora-
tion and promote higher local moisture retention. Alt-
hough direct exposure to the atmosphere is limited, CO,
can still diffuse through the cement pore network and
from specimen edges, enabling localized carbonation.
These conditions are consistent with enhanced migra-
tion and accumulation of calcium-rich species near the
surface, leading to the formation of a thin, dense car-
bonate-containing layer. This proposed mechanism (Fig.
10) is supported by SEM-EDS evidence of near-surface
Ca enrichment, FTIR carbonate bands, and increased

surface gloss with curing time. Due to the bulk sensitivity
of conventional XRD, these effects are interpreted as
near-surface phenomena rather than bulk phase trans-
formations.

Table 1 summarizes the maximum compressive
strength obtained for the analyzed samples. At 7 and 14
days, specimens with a shiny surface exhibited slightly
higher compressive strength values than the conven-
tional samples, with increases of approximately 0.9 %
and 1.3 %, respectively. However, these differences fall
within the range of experimental variability typically re-
ported for compressive strength tests on Portland ce-
ment pastes and mortars (Mindess et al. 2003; Neville
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2011). At 28 days, both sample types reached very simi-
lar maximum compressive strength values, indicating
that the surface condition does not exert a significant in-
fluence on long-term mechanical performance. Overall,

Air

CO;
v

these results suggest that the formation of the shiny
layer induced by controlled efflorescence is confined to
the near-surface region and does not adversely affect the
bulk mechanical response of the material.
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Fig. 10. Schematic illustration of the proposed mechanism for the formation of the shiny surface
on Portland cement paste cured against a smooth polymeric mold (Al-assisted).

Table 1. Maximum compressive strength of conventional and shiny samples at different curing ages.

Sl /G g 7 days 7 days 14 days 14 days 28 days 28 days
P £ag (conventional) (shiny) (conventional) (shiny) (conventional) (shiny)
Maximum compressive 70.4 +3.1 71.0 + 2.8 79.9 + 2.5 81.0 2.2 893 +2.0 89.0 1.9

strength (MPa)

Fig. 11 shows the variation in surface gloss (ex-
pressed in gloss units, GU) of the shiny surfaces of Port-
land cement samples cured for 28 days, measured before
and immediately after exposure to aqueous solutions
with pH 4, 7, and 11, which were used to evaluate the
chemical resistance of the surface layer. The results indi-
cate that the initial gloss value of the shiny surface (= 58
GU) remains essentially unchanged after contact with
the different media, with only minor fluctuations of less
than +2 GU, which fall within the experimental error
margin. This stability indicates that the shiny surface
layer exhibits a high resistance to immediate chemical
attack, with no evidence of dissolution, loss of reflec-
tance, or visible surface degradation. The preservation of
gloss under pH 4 conditions suggests adequate tolerance
to acidic environments, while the absence of significant
gloss reduction at pH 11 demonstrates stability in alka-
line media, consistent with the basic nature of Portland
cement and its carbonated surface layer. Overall, these
results confirm that the shiny finish not only provides
aesthetic stability but also functions as a chemically sta-
ble surface barrier under short-term exposure to differ-

ent chemical environments, preserving its optical prop-
erties and visual integrity even under controlled aggres-
sive conditions.

70
60
.50
2
9 40
7]
o 30
© 20
10
0
Shiny pH 7 pH 4 pH 10
surface
(control)

Fig. 11. Surface gloss values (GU) of shiny Portland ce-
ment samples cured for 28 days, measured before and af-
ter exposure to aqueous solutions with pH 4, 7, and 11.



Hernandez Palacios et al. / Challenge Journal of Concrete Research Letters (2026) 17(1) 30-40 39

4., Conclusions

This study presents an approach to reframe efflo-
rescence in Portland cement as a controlled mechanism
for achieving a functional and aesthetically appealing
surface finish. By employing a smooth polymeric inter-
face during curing, the migration of calcium-rich species
and their subsequent reaction with atmospheric carbon
dioxide were guided to promote the formation of a ho-
mogeneous, shiny surface layer rich in crystalline cal-
cium carbonate. Microstructural and chemical analyses
(SEM, EDS, XRD, and FTIR) confirmed the progressive
development of this near-surface layer, while the bulk
cement matrix retained the typical hydration products
such as C-S-H, portlandite, and ettringite.

Importantly, quantitative surface gloss measure-
ments and compressive strength testing demonstrate
that the formation of the shiny layer is confined to the
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