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A B S T R A C T   

This study investigates the application of two natural biopolymers, i.e., polydopamine and nanocellulose, as 
performance-enhancing additives in carbonation-cured ordinary Portland cement (OPC) - slag blended com
posites. A multiscale investigation reveals that the addition of these biopolymers increases the formation of 
nanoporosity and reduces amounts of microporosity in the matrixes. Both biopolymers are also found to increase 
the degree of reaction in the binders. Incorporation of 0.05 wt% polydopamine increases the flexural strength of 
the composites by 55% after 28 days of curing. A similar flexural strength improvement (~66%) can also be 
achieved by adding nanocellulose. Moreover, the addition of these biopolymers increases the early age (~3 days) 
compressive strength of the carbonated composites by nearly 35%. It is postulated that the addition of poly
dopamine enhances performance by creating stronger bonds with the reaction products and by stabilizing 
amorphous CaCO3. On the other hand, the addition of nanocellulose improves the strength by bridging 
microcracks.   

1. Introduction 

The cement and concrete industry accounts for 9% of the global 
anthropogenic CO2 emissions [1,2]. Using alternative cementitious 
materials rather than ordinary Portland cement (OPC) can facilitate 
minimizing the CO2 footprint of the concrete industry. Ground granu
lated blast furnace slag (commonly known as ‘GGBFS’ or slag) is one of 
the most well-known alternative cementitious materials with a signifi
cantly lower carbon footprint. Slag is a by-product produced during the 
manufacturing of steel. For every tonne of steel produced, approxi
mately 30 kg of ladle slag is produced [3]. Slag-based cement composites 
are cheaper, environment friendly, and have also demonstrated greater 
durability, as evidenced by their resistance to chemicals and chloride 
penetration [4–7]. When used as a partial replacement for OPC in con
crete production, slag reacts slowly and gains strength through pozzo
lanic activity over time [8]. However, slag can also be activated by 
carbonation curing, resulting in enhanced early strength [3,7]. Previous 
studies have demonstrated that such carbonation-cured composites may 
store up to 18% of CO2 by weight, making this an attractive method for 

CO2 sequestration [9,10]. 
During carbonation-curing, calcium silicate (or calcium aluminosil

icate) in Ca-rich binders reacts with CO2 in the presence of water to 
produce CaCO3 and Ca-modified silica gel [11], which are the primary 
binding phases in this matrix. In addition to the degree of reaction, the 
polymorphs of CaCO3 control the mechanical performance of the 
carbonation-cured calcium silicate cementitious composites [11]. Pri
marily, four different CaCO3 polymorphs can be present in 
carbonation-cured composites, including calcite, vaterite, aragonite, 
and amorphous CaCO3 (ACC). The formation of CaCO3 polymorphs 
follows the Ostwald’s process, which begins with the formation of 
amorphous CaCO3, followed by the formation of more stable poly
morphs, such as aragonite, vaterite, and finally, calcite [11–14]. 

A variety of bio-additives can be used to control the formation of 
these polymorphs [15–17]. A few studies in cementitious composites 
have used different inorganic materials to regulate the formation of 
polymorphs and investigated their effects on mechanical performance 
[11,18,19]. It is important to note that CaCO3 is also the most abundant 
biomineral, occurring naturally in algae, mussel shells, and sea urchin 
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spines [20]. There are also abundant biopolymers that can control 
CaCO3 crystallization [17,21–25]. 

Accordingly, the literature is rich in studies evaluating the role of 
organic biomolecules on the in-situ crystallization of CaCO3 [15,23, 
26–31]. Inspired by these studies, Khan et al. achieved success in con
trolling the polymorphs of CaCO3 in carbonation-cured wollastonite 
systems using amino acids [11]. However, natural amino acids are 
expensive, which may limit their application in the cement and concrete 
industry. In addition to amino acids, previous reports identify that 
certain abundant biopolymers, including polydopamine (PDA) [17, 
21–23] and cellulose nanofibers (CNFs) [16,32], can also control CaCO3 
crystallization in the case of biomineralization. However, the roles of 
these abundant biopolymers in carbonation-cured hydraulic/semi-hy
draulic cementitious materials remain unknown. 

Polydopamine (PDA) is well-known for its adhesive properties. 
Mussels release adhesive proteins that are primarily composed of 
dihydroxy-L-phenylalanine (DOPA) and lysine, which extensively poly
merize under wet alkaline conditions. Dopamine hydrochloride contains 
the same catechol functional group as the side chain of DOPA residues 
and the same amine functional group as lysine, making it an excellent 
adhesive for a wide variety of inorganic and organic materials, because 
of its self-polymerization ability to form PDA [22]. PDA is often utilized 
as a crystal modifier [17,20,23] and as a coating additive due to its 
adhesive properties [19]. Saleh et al. utilized dopamine hydrochloride in 
a hydraulic OPC and investigated its influence on the hydration system 
[33], whereas Fang et al. applied PDA in fine sand to improve its 
adherence to cement particles [18]. The effects of PDA in CO2 -cured 
cementitious composites remains unexplored. 

On the other hand, cellulose is the most abundant naturally occur
ring organic biopolymer with a wide range of applications [34]. It can be 
derived from bacteria, algae, and sea creatures [35]. It consists of 
polysaccharides; i.e., D-glucose and 1,4-glycosides [34,36,37]. Its 
renewability, natural abundance and low cost, as well as inherent me
chanical strength set it apart from other biopolymers [34,38]. The use of 
CNFs in cement-based composites is being investigated because of its 
long molecular chains [36,37] and high aspect ratio (width: 4–20 nm, 
length: 500–2000 nm) [39] that give rise to reinforcing abilities [24,25], 
yield higher Young’s Modulus (65-110 GPA) [40], and thermal stability 
[41]. Additionally, cellulosic nanomaterials have been used with 
amorphous CaCO3 to produce composite materials with superior prop
erties [42]. Although CNFs have been used in hydration-based cemen
titious materials [43], application of these biopolymers in 
carbonation-based composites have not been studied yet. 

This study addresses the aforementioned knowledge gaps and fo
cuses on the applications of PDA and CNFs to control CaCO3 polymorph 
formation in a cementitious environment and evaluates the effectiveness 
of these biopolymers as performance-enhancing additives for CO2-cured 
cementitious composites. The specific research objectives of this study 
are: (i) to investigate the effects of biopolymers on the macroscale per
formance (i.e., shrinkage, compressive strength, flexural strength) of 
CO2-cured calcium silicate composites, (ii) to understand how the 
presence of PDA and CNF affects the formation of carbonate phases, and 
(iii) to investigate the effects of selected biopolymers on the nano-to 
micro-structural formations in CO2-cured calcium silicate composites. 

2. Materials and methods 

2.1. Materials 

Mortar samples were prepared using OPC (type I/II), GGBFS slag 
(Cemex, Texas, USA), and ASTM standard sand. Table 1 summarizes the 
chemical compositions of the OPC and slag. The CNF was extracted from 
bleached hardwood pulp and was supplied by Cellulose Lab (Canada). 
CNF was supplied as a slurry, containing 1 wt% concentration of fibers 
in water. The average width and length of the fibers were around 10–60 
nm and 800–3000 nm, respectively. Dopamine hydrochloride 
(C18H11NO2–HCl) was purchased from VWR International (Pennsylva
nia, USA). Due to the alkaline cementitious environment, dopamine 
hydrochloride (C18H11NO2–HCl) self-polymerizes to form PDA, when 
added to the paste mixture. From here-on, the samples produced with 
dopamine hydrochloride (C18H11NO2–HCl) are address as the PDA- 
containing batches. 

2.2. General mixture proportion, sample preparation, and curing 
conditions 

For preparing the paste and mortar samples, 1:1 OPC: slag was mixed 
with a constant water to a binder ratio of 0.40. Based on the CNF and 
PDA content, three distinct batches of paste samples were prepared for 
mechanical and microstructural investigation. In the first batch, 0.05, 
0.1, and 0.3 (wt.%) CNF were added to the binder mixture. In the second 
batch, 0.05, 0.10, and 0.30 (wt.%) PDA were added to the paste mixture. 
In the third batch, the paste combination contained 0.05, 0.1, and 0.3 
(wt.%) of CNF and PDA (50% CNF and 50% PDA). The batch that did not 
contain any biopolymer is referred to as the ‘control’ batch. Details of 
the samples’ mix design are shown in Table 2. These doses were deter
mined based on earlier research that showed that a low dose of 
biopolymer effectively improves the performance of cementitious 
composites [18,33,44–47]. 

The following procedures were used for mixing pastes: (i) for ho
mogenization, CNF slurry/PDA was mixed with water for 2 min, (ii) dry 
binder (50% OPC with 50% slag) was added to this suspension and 
mixed for 2 min at 140 rpm, (iii) after 30 s of rest (during this time 

Table 1 
Composition of OPC and slag.   

SiO2 CaO Al2O3 Fe2O3 MgO SO3 MnO 

OPC (weight %) 21.2 65.3 3.87 3.10 0.82 4.28 0.20 
Slag (weight %) 29.6 36.4 15.6 0.37 9.69 5.19 0.49  

Table 2 
Paste sample mix design based on 1000 g of binder with a w/b ratio of 0.40  

Biopolymers Doses (binder wt.%) Bindera (g) (PDA)b 

(g) 
CNF slurry (g) Free water (g) Total water (g) 

Control 0.00% 1000 0.00 0 400 400 
Polydopamine (PDA) 0.05% 1000 0.50 0 400 400 

0.10% 1000 1.00 0 400 400 
0.30% 1000 3.00 0 400 400 

CNF 0.05% 1000 0.00 50 350.5 400 
0.10% 1000 0.00 100 301 400 
0.30% 1000 0.00 300 103 400 

CNF-Polydopamine (PDA) 0.05% 1000 0.25 25 375.25 400 
0.10% 1000 0.50 50 350.5 400 
0.30% 1000 1.50 150 251.5 400  

a Binder contains 50% OPC and 50% slag (i.e., 500g OPC and 500g slag in 1000g binder). 
b PDA was added in form of dopamine hydrochloride (C18H11NO2–HCl). 
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scraped down into the batch any paste that may have collected on sides 
of the bowl), the mixture was again mixed for 1 min at 285 rpm, (iv) the 
paste mixture was used to cast 25 mm × 25 mm cubes and 40 mm × 20 
mm × 15 mm beams in two layers on a vibrator table. Immediately 
following the casting of the beams and cubes, the samples were placed in 
a moist curing room at 25 ◦C and 80% relative humidity (RH). After 24 
h, the beams and cubes were demolded and placed in a carbonation 
chamber with a 20% CO2 concentration, 80% RH, and at 50 ◦C until the 
day of testing. The flexural and compressive strengths of the beam and 
cube samples were determined after 3, 7, 14, and 28 days of curing from 
the date of casting. The tested samples were immersed in isopropanol for 
24 h to allow for solvent exchange, prior to drying in a vacuum desic
cator. These dried samples were used for additional microstructural 
investigation as described in section 2.3. 

Mortar samples were used to monitor the length change, following 
ASTM C 157 standard [48]. CNF/PDA was first homogenized in water 
for 2 min, prior to using it in mortar samples. Following that, OPC and 
slag were mixed with the suspension for 2 min at 140 rpm maintaining, 
the water to binder ratio as 0.40. After the initial 30 s of mixing, ASTM 
standard sand was added for 30 s, and the mixing was continued for 
another minute. Following a 30 s pause to scrape down into the batch 
any mortar that may have collected on the side of the bowl, the mixer 
was again set in motion for 1 min at 285 rpm. The mixed mortar samples 
were used to cast 25 mm × 25 mm × 285 mm prisms. Those prisms were 
prepared in three layers per the standard. The prisms were immediately 
placed inside the above-mentioned moist room after casting. After 24 h, 
the prisms were demolded and placed in the previously stated carbon
ation chamber, where length variations were observed for up to 56 d. 

2.3. Test methods 

2.3.1. Mechanical performances 
The compressive and flexural strength of the 25 mm × 25 mm cube 

and 40 mm × 20 mm × 15 mm beam paste samples were measured after 
3, 7, 14, and 28 d of carbonation curing. At least three samples were 
tested in each case, and the average values were reported. The 
compressive strength was measured via MTS Landmark servo hydraulic 
test system at a displacement rate of 0.02 mm/s. The flexural strength 
was measured with MTS Criterion Model 43 at a displacement rate of 
0.2 mm/min. 

2.3.2. Length change 
The length change was measured with the mortar samples indicated 

in the sample preparation section; prepared in accordance with the 
ASTM C157 standard [48]. Length was calculated with the following 
equation (eqn. (1)) in accordance with ASTM C157, 

Length chnage (%)=
CRDf − CRDi

250
× 100 1  

Here, CRD = difference between the comparator reading of the spec
imen and the reference bar at any age; f and i subscripts denote final and 
initial CRD values, respectively. 

2.3.3. Thermogravimetric analysis 
A commercially available thermogravimetric analyzer (TGA 550, TA 

instruments, Delaware, USA) was used for the paste samples. The 
collected samples were ground with a mortar pestle to obtain a fine 
powder. Approximately 30–40 mg of #200 sieve-passing powdered 
sample was loaded into a platinum pan and kept in isothermal condition 
for 5 min at 25 ◦C. Temperature of the chamber was then raised to 
980 ◦C with an increment of 15 ◦C per min. Nitrogen gas was purged to 
ensure an inert environment. Initially, for a few batches, three replicates 
were tested with TGA to validate for any deviation in carbonation across 
samples. The test result deviations were less than 2 wt% of the total 
carbonated samples. Due to low deviation, TGA was performed with 

only one sample for the remaining batches. 

2.3.4. Fourier transformed infrared (FTIR) spectra 
Powdered samples were used for FTIR measurements. A commer

cially available Nicolet iS50 FTIR from Thermo Scientific (Massachu
setts, USA) was used for this test. Spectra were collected using the 
Attenuated Total Reflection (ATR) mode with 4 cm−1 resolution and 32 
scans per sample. 

2.3.5. X-ray diffraction (XRD) 
X-ray diffraction patterns of the paste samples were collected with a 

Bruker D-500 spectrometer using Cu Kα radiation (40 kV, 30 mA). 
Diffraction patterns were obtained for the 2θ range of 5◦–60◦ with a step 
size of 0.02 (2θ) per second. 

XRD spectral analysis was performed using a commercially available 
software (Match! Phase Analysis using Powder Diffraction, Germany). 
The PDF card numbers used were PDF #96-900-0967, PDF #96-901- 
3802, PDF #96-150-8972, PDF #96-901-6126, PDF #96-901-3566 and 
PDF #96-900-0113, for calcite, aragonite, vaterite, alite, vaterite, and 
portlandite, respectively. 

2.3.6. Mercury intrusion porosimetry (MIP) 
Mercury intrusion porosimetry was used to determine the meso- 

porous (pore radius 2–50 nm) and macro-porous (>50 nm) structures. 
The MIP test was performed on the control batch and the paste samples 
containing 0.1% CNF, 0.1% PDA, and 0.1% CNF-PDA dosages after 28 
d of carbonation-curing. The sample size was approximately 15 × 15 ×
15 mm. MIP experiments were performed on a Micrometrics Instrument 
Corporation (Norcross, GA) AutoPore IV 9500 V2.03.01 at a maximum 
pressure of 413 MPa to reach pores with a diameter of 3.02 nm. 

2.3.7. Dynamic vapor sorption (DVS) 
A commercially available DVS equipment (TA instrument, Q5000) 

was used to obtain the moisture desorption isotherms of the 28 days 
cured carbonated paste samples. The desorption isotherms were then 
analyzed to obtain pore size distribution. Samples were soaked in DI 
water for 48 h prior to testing to ensure complete saturation. After 
soaking, approximately 15–20 mg sample was loaded onto a quartz pan. 
The sample was first equilibrated at 97.5% RH for 96 min; the RH was 
then gradually reduced (with 5–10% RH gradient) to obtain the 
desorption isotherm. Mass equilibrium was assumed to have reached (at 
each RH level) when mass fluctuation was less than 0.001% over 15 min. 
The experiment was conducted under N2 purging and at a constant 
temperature of 23 ◦C. Compared to MIP or nitrogen sorption, DVS is 
generally considered to be the preferred technique for characterizing 
and investigating meso and gel pore structures in cementitious mate
rials, especially those containing CSH or Ca-modified silica gel struc
tures because: (i) water has the smallest molecular size compared to 
nitrogen or mercury, and thus can access smaller pores; and (ii) as re
ported by Odler [49], differences in the employed temperature for water 
and nitrogen adsorption cause water to pass over the energy barrier 
required for diffusive transport (nitrogen would take several years to 
equilibrate). As a result, when compared to water sorption, the nitrogen 
sorption technique significantly underestimates the surface area of 
cementitious matrixes. In this study, the specific surface area (SBET) of 
carbonated composites was determined by the BET method [50], and 
pore size distribution was determined using the BJH model [51]. The 
calculation of the BET and BJH methods was based on previous studies 
[52,53]. 

2.3.8. Scanning electron microscopy (SEM) 
The microstructures of the 28-d carbonation-cured samples were 

evaluated with a Hitachi 3000 N SEM. The instrument was operated at 
the high vacuum mode with 30 kV accelerated voltage and a working 
distance of about 10 mm. The cement paste samples were coated with 
platinum prior to capturing the images. 
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The sample utilized for the nanoindentation experiment (section 
2.3.9) was coated with a thin layer of platinum (Pt) after the experiment 
and was analyzed using SEM with EDS for BSE imaging. The selected 
images were converted to 32-bit binary images with the same brightness 
and contrast for ImageJ analysis. Then, in order to achieve a consistent 
grey value, we set the threshold of the selected images to the same level. 
Then, using ImageJ’s analysis mode, we estimated the area fraction of 
the dark region. 

2.3.9. Nanoindentation 
To prepare the samples, a disc of approximately 20 mm diameter and 

10 mm thickness was cut with a slow cutting laboratory saw, that was 
cooled with mineral oil. The detailed procedure to obtain adequate 
surface finishing for nanoindentation is described elsewhere [54]. 

For grid nanoindentation (also known as ‘statistical nanoindentation 
[SNI]’), the cement paste samples containing 0.1 wt% CNF, 0.1 wt% 
PDA and 0.1 wt% CNF and PDA (50% CNF + 50% PDA) were chosen in 

addition to the control batch samples after 28 d of carbonation-curing. 
The load function had three segments: (i) loading from zero to 
maximum in the span of 5 s, (ii) holding at the maximum load for 5 s, 
(iii) unloading from maximum to zero within 5 s. Selection of the 
appropriate load function is crucial for obtaining reliable nano
indentation data. The criterion used is that the depth of the indentations 
should be small enough to determine the mechanical properties of the 
individual microscopic phases (i.e., indentation depth ≪ characteristic 
size of the microscopic phases) [55]. Utilizing this criterion, the load 
function with a maximum load of 3000 μN was selected. The average 
indentation depth for this load function was around 200–400 nm for a 
60 μm × 60 μm area containing all microscopic phases. 

Nanoindentation tests were performed with a Hysitron Triboindenter 
UB1 system (Hysitron Inc. Minneapolis, MN) fitted with a Berkovich 
diamond indenter probe. The tip area function was calibrated by per
forming several indents with various contact depths on a standard fused 
quartz sample. Before starting the nanoindentation test, the sample 

Fig. 1. OPC-slag cement blended paste samples with the addition of (a) 0.1% CNF, (b) 0.1% PDA, and (c) 0.1% CNF-PDA.  

Fig. 2. Compressive strength of paste samples containing: (a) PDA, (b) CNF, and (c) CNF-PDA.  
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surfaces were scanned with the indenter tip to ensure adequacy of the 
test surface. In all cases, a surface RMS roughness lower than 80 nm 
(measured with the Berkovich tip) was detected over a 60 μm × 60 μm 
area. As such, the condition of the surface was considered adequate for 
performing the nanoindentation test. 

Due to the heterogeneous nature of the microstructure containing 
multiple phases, a large number of indentations (around 220) needed to 
be performed on each specimen. To facilitate data interpretation, the 
experimental elastic modulus values were presented in the form of fre
quency distribution plots. These plots were, in turn, analyzed using the 
statistical deconvolution method [56,57] to estimate the intrinsic 
modulus of individual phases. These include the mean elastic modulus of 
each phase and their volume fractions, both of which were estimated 
based on the best fit of the experimental data with a limited number of 
Gaussian distribution function. 

3. Results 

3.1. Macro scale effects of biopolymers 

3.1.1. Effects of biopolymers on the compressive and flexural strengths 
The alkalinity of the OPC-slag system acts as an activator in the 

polymerization process of dopamine hydrochloride [33], as discussed in 
section 4. PDA formation is known to provide a dark grey appearance 
[18]. Cellulose-containing samples did not change color, whereas the 
PDA-containing samples changed to dark grey. Fig. 1 compares the ef
fect of biopolymers on the physical appearance of the OPC-slag paste 
samples after demolding. 

Fig. 2 (a) depicts the effects of PDA on compressive strength of the 
OPC-slag carbonated paste samples. After 3 and 28 d of carbonation- 

curing, the 0.05 wt% PDA samples show an increase in compressive 
strength of 20% and 4%, respectively, when compared to the control 
batch. After 3, 7, 14, and 28 d of carbonation-curing, 0.1 wt% PDA yields 
34%, 3%, 17%, and 36% increase in compressive strength, respectively. 
It is to be noted that a higher concentration of PDA can bind more Ca2+

and impede the hydration and carbonation processes. As a result, less 
hydration and carbonation products were generated, resulting in lower 
compressive strength of the batches containing 0.3% PDA. 

The effects of CNF on the carbonated OPC-slag binder composites are 
presented in Fig. 2 (b). The addition of 0.05 wt% and 0.1 wt% CNF boost 
early compressive strength (3 d of curing) by 34% and 35%, respec
tively. After 28 d of carbonation-curing, the addition of 0.1 wt% CNF 
enhance compressive strength by up to 8%. This enhancement is 
attributed to the channeling effect of CNF [58], which may have allowed 
faster diffusion of CO2 in the matrix. CNF also provides nucleation sites 
for hydrated cementitious systems [45]. A similar mechanism can also 
accelerate carbonation reaction, and thus enhance the compressive 
strength of the composites. 

The combined effects of CNF and PDA on compressive strength of an 
OPC-slag blended system are shown in Fig. 2 (c). It shows that 48% and 
43% higher compressive strengths are achieved for 0.05 wt% and 0.1 wt 
% CNF-PDA after 3 d of carbonation-curing, respectively. After 28 d of 
curing, 0.3 wt% CNF-PDA shows a 10% increase in compressive 
strength. 

Fig. 3 (a) represents the effects of PDA on flexural strength of the 
paste samples. The flexural strengths of the carbonated samples are 
increased by 18%, 48%, and 55% due to the addition of 0.05 wt% PDA 
after 7, 14, and 28 d of carbonation-curing, respectively. Previous 
research showed that PDA possesses higher tensile strength due to its 
polymer chain and side chains of polymerizable catechol monomers 

Fig. 3. Flexural strength of paste samples containing: (a) PDA, (b) CNF, and (c) CNF-PDA.  
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[31], which is likely to contributed to the superior flexural strengths of 
the composites. A decrease in flexural strength is observed for higher 
PDA content, which could be due to the microcrack formation as 
observed later (section 3.2.4). Fig. 3 (b) shows flexural strength of the 
paste samples with the addition of CNF. Approximately, 23%, 39%, and 
36% higher flexural strength is achieved on 3 d of carbonation-cured 
samples for 0.05, 0.1, and 0.3 wt% of CNF, respectively. For 28 d of 
curing, addition of 0.05, 0.1, and 0.3 wt% CNF show a flexural strength 
increase of 34%, 62%, and 66%, respectively. The increase in flexural 
strength is attributed to the crack-bridging ability of CNFs [43]. Fig. 3 
(c) illustrates the combined effects of CNF and PDA on flexural strength. 
Around 55% higher flexural strength is achieved for 28 d of cured 
samples with 0.05 and 0.1 wt% CNF-PDA content. It is worth noting that 
combining CNF with PDA can enhance strength, even at higher doses 
(>0.05%) of PDA (Fig. 3 a and c). 

3.1.1.1. Statistical (t-test) analysis of compressive and flexural strengths. 
The ‘Two-sample t-test’ statistical technique was used to evaluate the 
significant effect of biopolymers on compressive and flexural strength. 
The strength was compared with respect to the control batch (0% bio
polymers). The test was conducted at a confidence level of 95%. Sta
tistical p-values less than 0.05 implied a statistically significant 
difference between the two groups of samples and vice versa. 

The ‘t-test’ analysis results are provided in Table 3 for compressive 
strength. 0.1% PDA addition showed a statistically significant 
compressive strength increase in terms of p-values after 14 d and 28 d of 
curing. CNF and PDA-CNF addition significantly increase the early (3 d) 
compressive strength (p-values less than 0.05). 

Table 4 shows the t-test results of flexural strength. 0.05% PDA 
addition showed significantly higher flexural strength at the later age of 
carbonation curing (14 d and 28 d), whereas CNF addition increased 
flexural strength from the early curing duration. 

3.1.2. Effects of biopolymers on the dimensional stability of the carbonated 
composites 

The length change of the carbonated composites, with and without 
biopolymers, is monitored for two primary reasons. First, CNF is well 
known for its role in reducing the shrinkage of hydrated cementitious 
composites [59]; and second, PDA has shown to induce cracks in the 
microstructure of the carbonated composites, which appeared to be due 
to shrinkage (details in section 3.2.4). Thus, it is deemed necessary to 
evaluate the roles of these biopolymers on the dimensional stability of 
the carbonated composites. The changes in the length of the slag-OPC 
mortars samples with and without the biopolymer addition are shown 
in Fig. 4. Carbonation of the OPC-slag blend appears to have increased 
the length by a maximum of 0.02%. During carbonation-curing, trans
formation of Ca(OH)2 to CaCO3 is known to yield 11.4% increase in solid 
volume [6], which is likely responsible for the observed length change. 
The addition of CNF and PDA reduces length change at the early age 
(before 10 d). However, the overall length change in these samples is 
also significantly less than those typically observed in OPC hydrated 
systems (around 0.08%) [60–62]. It can be concluded that the carbon
ation of the OPC-slag system, with or without biopolymers, doesn’t 
significantly affect the dimensional stability of the mortar samples. 

3.2. Microscale effects of biopolymers 

3.2.1. Microstructural phase formations with and without biopolymers 
The relative amounts of Ca(OH)2 and chemically-bound water 

determined by the TGA are shown in Fig. 5 (a, b). Ca(OH)2 decomposes 
between 400 and 500 ◦C, while chemically-bound water from calcium 
silicate hydrate (or Ca-modified silica gel) releases between 100◦ and 
600 ◦C [7,63]. As illustrated in Fig. 5(a), the amounts of Ca(OH)2 in the 
control batch decreases with carbonation duration, indicating that Ca 
(OH)2 converts to CaCO3. The batches containing PDA and CNF have 
higher proportions of Ca(OH)2, indicating that these biopolymers either 
accelerated the hydration reaction and/or prevented the conversion of 
Ca(OH)2 to CaCO3. Chemically bound water content in all of the batches 
is nearly the same, except for that with 0.1 wt% PDA batch. This batch of 
samples had nearly a 30% higher chemically bound water content 
compared to the other batches, indicating a higher amount of gel for
mation in this batch. 

The representative TGA plots in Fig. 6 (a) illustrate weight loss due to 
a gradual decrease in metastable CaCO3 and the total CaCO3. The 
amount of CaCO3 and its relative metastable proportion are estimated 
from the TGA data [Fig. 6 (b, c)]. Several prior research have discovered 
that CaCO3 decomposes between 200 and 750 ◦C [64–66]. The gradual 

Table 3 
Statistical (t-test) analysis results (p-values) of compressive strength.  

Biopolymers Doses (%) Curing durations 

3 days 7 days 14 days 28 days 

PDA 0.05% 0.0607 0.0834 0.3706 0.2062 
0.10% 0.0501 0.2734 0.0030 0.0009 
0.30% 0.0001 0.0003 0.0048 0.0275 

CNF 0.05% 0.0054 0.2696 0.0685 0.3124 
0.10% 0.0014 0.1188 0.2026 0.1106 
0.30% 0.0047 0.4297 0.4140 0.3770 

PDA-CNF 0.05% 0.0001 0.1026 0.1576 0.4796 
0.10% 0.0015 0.3414 0.0012 0.2120 
0.30% 0.0129 0.3538 0.0472 0.0205 

*Note: p-values>0.05, no significant variation in strength compared to the 
control batch. 

Table 4 
Statistical (t-test) analysis results (p-values) of flexural strength.  

Biopolymers Doses (%) Curing durations 

3 days 7 days 14 days 28 days 

PDA 0.05% 0.1059 0.0261 0.0017 0.0004 
0.10% 0.3067 0.2760 0.1428 0.0941 
0.30% 0.0009 0.0000 0.0012 0.0004 

CNF 0.05% 0.0147 0.1546 0.1107 0.0012 
0.10% 0.0062 0.0050 0.0006 0.0003 
0.30% 0.0082 0.0008 0.0004 0.0017 

PDA-CNF 0.05% 0.0119 0.0002 0.0080 0.0007 
0.10% 0.0036 0.0157 0.0023 0.0019 
0.30% 0.0496 0.0911 0.1368 0.3014 

*Note: p-values>0.05, no significant variation in strength compared to the 
control batch. 

Fig. 4. Length change measurement of control, PDA, CNF, and CNF-PDA con
taining batches. 
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weight loss in this range is due to the decomposition of amorphous 
CaCO3 (ACC), aragonite, and vaterite [11]. These crystalline forms are 
commonly known as ‘metastable CaCO3’ and will be addressed as 
‘mCaCO3’ for the remainder of this article. The sharp weight loss from 
650 to 750 ◦C is due to the decomposition of calcite [66]. For the 
determination of the CaCO3 amount, weight loss from 500 to 750 ◦C has 
been considered in this study. To avoid the influence of calcium silicate 
hydrate (or Ca-modified silica gel) and Ca(OH)2, weight loss between 
200 and 450 ◦C has not been taken into account, when estimating CaCO3 
amount. It is worth noting that PDA decomposes between 620 and 
700 ◦C [17]. However, because the concentration of PDA was insignif
icant, weight loss due to PDA can be considered negligible in comparison 
to the CaCO3 weight loss hence had been disregarded. 

Fig. 6 (b) shows the amounts of total CaCO3 (%) per weight of the 

carbonated composites for different dosages of biopolymers. The addi
tion of either PDA or CNF reduces the amounts of CaCO3 formation in 
the matrix. Specifically, the 0.1 wt% PDA-containing batch has 50%, 
51%, 35%, and 33% lower CaCO3 amounts after 3, 7, 14, and 28 d of 
curing, respectively (compared to the control batch). Such reduction can 
be attributed to its affinity for Ca2+ ions. Previous studies have shown 
that PDA stabilizes the mCaCO3 and blocks transition to the calcite 
phase [17]. That study also suggested that due to the presence of cate
chol groups in PDA keeps the mCaCO3 together, and the affinitive 
interaction between the Ca2+ and the catechol prevents dissolution of 
mCaCO3 and the subsequent recrystallization of calcite. This Ca2+ ion 
affinity also hinders formation of CaCO3 during the carbonation process. 
Additionally, formation of mCaCO3 reduces the extent of carbonation as 
explained in an earlier study [11]. 

Fig. 5. (a) Ca(OH)2 content (%) and (b) chemically bound water (%) content as a function of biopolymer addition.  

Fig. 6. (a) Representative TGA weight loss profile illustrating the relative loss of mass due to the decomposition of metastable and total CaCO3, (b) CaCO3 yield (%) 
as a function of biopolymer amounts, and (c) Relative yield of metastable CaCO3 as a function of biopolymer amounts. 
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CNF possesses hydroxyl (OH−) and carboxyl (COOH−) moieties 
having oxygen atoms with unpaired electrons [67]. These unpaired 
electrons can bind positively charged Ca2+ ion and therefore, reduce the 
free Ca2+ availability resulting in a decrease in CaCO3 formation. Thus, 
the paste samples containing 0.1 wt% CNF show 30%, 34%, 37%, and 
17% lower CaCO3 formation after 3, 7, 14, and 28 d of curing, respec
tively (compared to the control batch) [Fig. 6 b]. However, the CNF 
containing batches contain higher amounts of CaCO3 compared to the 
PDA containing ones. Fig. 6 (c) shows CaCO3 formation in OPC-slag 
samples with 0.1 wt% CNF-PDA. The combination of both CNF-PDA 
reduced CaCO3 formation by 53%, 38%, 35%, and 38% after 3, 7, 14, 
and 28 d of curing, respectively. 

The relative proportions of mCaCO3 is estimated from the ratio of the 
weight loss from decomposing mCaCO3 (500–650 ◦C) and calcite 
(650–750 ◦C) [11]. Fig. 6 (c) shows relative proportion of mCaCO3. After 
3 d of curing, the batch containing 0.1 wt% CNF-PDA shows a 45% in
crease in mCaCO3, while the batch with 0.1 wt% PDA yields a 26% in
crease in mCaCO3 after 28 d of curing. Thus, PDA is more effective in 
producing mCaCO3 even after prolonged carbonation, whereas 
CNF-PDA is more effective at producing mCaCO3 during short carbon
ation durations. Previous research has shown that the formation of a 
higher amount of mCaCO3 offers superior mechanical performance of 
the carbonated composites [11]. The formation of relatively higher 
amounts of mCaCO3 due to the addition of biopolymers can be 

considered as one of the underlying causes for achieving superior flex
ural strength (up to 0.05 wt% dosage) (Fig. 3). 

3.2.2. Identifying different polymorphs of CaCO3 formed during 
carbonation reaction 

The formation of carbonate polymorphs in OPC-slag binders with 
and without biopolymers was investigated with FTIR and XRD. The 
peaks in the 800 cm−1 to 1200 cm−1 range are prominent, which likely 
are present due to the asymmetric and stretching vibration (ν3) of the 
Si–O bond [68,69]. The exact location of these peaks depends on the 
Ca/Si ratio [68]. The band of calcium silicate hydrate (C–S–H) gel can be 
observed at around 950 cm−1 and this is due to the Si–O stretching vi
bration (ν3) of the Q2 tetrahedron [68,70–72]. The response between 
1400 cm−1 to 1500 cm−1 is due to asymmetric stretching (ν3) of CO3

2−

and between 872 cm−1 and 856 cm−1 is due to out-of-plane and in-plane 
bending vibration (ν2) of CO3

2− [66,69]. The bending peak vibration 
around 1639 cm−1 is likely because of the presence of Ca(OH)2 and 
chemically-bound water [69,73]. The C––C resonance vibration of the 
aromatic ring and the N–H bending vibrations of the amide groups in 
PDA occur at 1600 cm−1 [19]. This PDA peak mostly overlaps with the 
OH− peak, and thus is challenging to uniquely distinguish with FTIR 
analysis. 

Fig. 7 shows the FTIR spectra of the 3 and 28 d carbonation-cured 
samples. All the samples after 3-d of carbonation curing show likely 

Fig. 7. FTIR spectra after curing duration of (a) 3 days, and (b) 28 days.  

Fig. 8. XRD patterns after curing duration of (a) 3 days and (b) 28 days. Following descriptors are used to identify resonance for typical crystalline phases; p: 
portlandite, a: aragonite, c: calcite, α: unreacted alite, v: vaterite. 
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formation of calcite, as elicited by the presence of 712 and 872 cm−1 

absorbance peaks [Fig. 7 (a)]. For 28 d curing, the 0.1 wt% PDA- 
containing samples show a peak at 856 cm−1, which is a characteristic 
peak for aragonite. Batches containing CNF and CNF-PDA indicate a low 
level of aragonite content. However, the sharp resonance at 1414 cm−1 

is likely due to the presence of calcite, and the peak broadening is due to 
the metastable CaCO3 (i.e., vaterite, ACC) presence [74,75]. The control 
and CNF-containing batches show a sharp peak at around 1414 cm−1. 
On the other hand, both PDA-containing batches show peak broadening 
(as shown in inset image in Fig. 7(b)). This indicates that addition of 
PDA formed metastable CaCO3 (peak broadening). Previous studies 
have reported formation of vaterite in PDA-containing batches [19,20, 
76]. In the FTIR analysis, in-plane bending and stretching vibrations for 

Fig. 9. Effects of CNF and PDA on pore size distribution of OPC-slag blended of 28 days carbonated composites.  

Table 5 
Effects of biopolymers on the pore structure of 28-day carbonated samples as 
obtained by the MIP.  

Sample 
Name 

Porosity 
(%) 

Total Pore area 
(m2/g) 

Med. Pore 
Dia (nm) 

Avg. Pore Dia 
(4V/A) (nm) 

Control 20.45 21.97 38.18 20.70 
0.1% PDA 17.93 24.51 19.74 16.52 
0.1% CNF 16.47 27.16 13.57 13.41 
0.1% CNF- 

PDA 
14.74 28.16 10.99 11.59  

Fig. 10. SEM/SE images of carbonated paste samples containing (a) 0% biopolymer (control), (b) 0.1 wt% PDA, (c) 0.1 wt% CNF, and (d) 0.1 wt% CNF-PDA. The 
yellow scale bar represents 2 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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vaterite often overlap with aragonite and amorphous CaCO3—thus the 
exact polymorph of the metastable CaCO3 cannot be concluded from the 
observation. 

Fig. 8 shows the XRD patterns of the 3 and 28 d samples with and 
without biopolymers. Portlandite, calcite, and aragonite are the major 
crystalline phases in these carbonated systems. The intensity of por
tlandite was higher for the batches containing PDA, showing that 
incorporation of PDA reduces the rate of carbonation and preserves the 
hydration reaction products. The TGA investigations also confirms this 
observation. Furthermore, the intensity of calcite is reduced with 
biopolymer addition. This postulates that biopolymers reduce the for
mation of calcite and increase the same of mCaCO3. The calcite intensity 

increases with carbonation duration (from 3 to 28 d of carbonation- 
curing) for the control batch. The calcite intensity does not increase in 
the PDA-containing samples, indicating that PDA has a carbonation 
retarding influence, similar to that of amino acids [21–23]. 

3.2.3. Effects of biopolymers on microscale pore size distribution 
Pore structures of 28 d cured cement paste samples obtained by MIP 

are presented in Fig. 9 and in Table 5. The addition of biopolymers has 
significantly reduced the total porosity and average pore diameter 
compared to the control batch. Table 5 shows that the total porosity of 
the paste samples is reduced by 13%, 20%, and 28% due to the addition 
of 0.1 wt% PDA, CNF, and CNF-PDA, respectively. The addition of 

Fig. 11. Back scattered images of (a) control, (b) 0.1 wt% PDA, (c) 0.1 wt% CNF, and (d) 0.1 wt% CNF-PDA after 28 days of carbonation-curing.  
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biopolymers increases the formation of mCaCO3, as observed from the 
FTIR and TGA experimental data. This mCaCO3 has a lower density than 
calcite, resulting in less porosity and denser microstructure [52,77]. 
Such a reduction in porosity can contribute to higher mechanical per
formances as observed in section 3.1. Apart from porosity, the average 
pore diameter also moved toward a lower diameter, indicating pore size 
refinement. The combination batch of CNF-PDA yields less porosity and 
lower pore diameter compared to the batches containing only PDA or 
CNF. 

3.2.4. SEM observations 
Fig. 10 shows the microstructure of carbonated OPC-slag, with and 

without the addition of biopolymers after 28 d of curing. Fig. 10 (a) 
depicts the formation of Ca(OH)2 in the control batch. In the 0.1% PDA- 
containing batch, vaterite plate and CSH gel or Ca-modified silica gel are 
visible, as illustrated in Fig. 10 (b) and in Fig. S1(b). The CNF fibers 
emerging from cement paste are shown in Fig. 10 (c) and Fig. S1(c). CNF 
fibers are covered with a silica gel as shown in Fig. 10 (d). 

Backscattered scanning electron (BSE) microscopy images of 28-d- 
cured polished samples are shown in Fig. 11. The unreacted OPC and 
slag particles as well as the uniformly distributed pores are visible in 
Fig. 11 (a). Fig. 11 (b) shows that OPC-slag with 0.1 wt% PDA incor
poration has lower porosity and fewer unreacted OPC-slag particles. 
However, several microcracks are observed across these PDA-containing 
samples. These microcracks could form during the in-situ polymerization 
of dopamine to PDA in these samples. These microcracks may have 
worked as flaws in the system resulting in reduced flexural strength as 
observed in Fig. 3 (a). Thus, the addition of PDA has increased the 

formation of reaction products but also resulted in microcracks 
throughout the matrix. Fig. 11 (c) shows a significantly dense micro
structure caused by the 0.1 wt% CNF addition when compared to the 
control batch. The CNF can be easily visible throughout the micro
structure. Additionally, EDS illustrates the deposition of a layer of 
CaCO3 on CNF. Fig. 11 (d) shows a dense microstructure of the batch 
containing 0.1 wt% CNF-PDA. Only PDA-containing samples exhibit 
microcracks, whereas CNF-PDA containing samples have cracks that 
have been bridged by CNF also reported in several past articles [10–12]. 

Additionally, BSE images are evaluated with an image analysis 
software (ImageJ) [78] and these images are translated into a binary 
system with identification of unreacted binders and reaction products. 
The relative amounts of unreacted particles are then estimated. Fig. 12 
shows dark contrast areas denoting unreacted sites and lighter contrast 
areas signifying reacted areas. Based on the analysis, control, 0.1 wt% 
PDA, CNF, and CNF-PDA yielding 29.08%, 21.47%, 21.3%, and 18.82% 
unreacted products, respectively as shown in Table 6. This implies that 
the addition of biopolymers has increased the degree of reaction of the 
binder compared to that of the control batches. This finding confirms the 

Fig. 12. Examples of the BSE images of 28 days cured samples after processing through ImageJ. (a–d) control, (e–h) 0.1 wt% PDA, (i–l) 0.1 wt% CNF, and (m–p) 0.1 
wt% CNF-PDA. 

Table 6 
BSE image analysis results of 28 days cured samples.  

Sample Name Average unreacted cement (%) Standard Deviation (±) 

Control 29.083 2.238 
0.1% PDA 21.470 0.944 
0.1% CNF 21.295 0.969 
0.1% CNF-PDA 18.818 2.085  
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pore size analysis obtained from MIP (Fig. 9) and DVS (Fig. 13), which 
shows densification of the microstructure due to the addition of bio
polymers; a likely result of reaction product generation. 

3.3. Nano scale effects of biopolymers 

3.3.1. Nano-porosity measurements using DVS 
Compared to MIP or nitrogen sorption techniques, DVS is generally 

considered to be more preferred for characterizing and investigating 
meso-scale and gel pore structures in cementitious materials, especially 
those containing CSH or Ca-modified silica gels [52]. In this study, the 
specific surface area (SBET) of carbonated composites was determined by 
the BET method [50], and pore size distribution was determined using 
the BJH model [51]. The calculation of the BET and BJH methods was 
based on previous studies [52,53]. 

The pore size distributions of 28 days carbonated OPC-slag binder 
with and without biopolymers are shown in Fig. 13. This graph reveals 
two significant peaks in the pore size distribution of a carbonated sys
tem, at around 11.4 Å and 5 Å radius. The peaks at 11.4 Å correspond to 
the porosity of the interlayers in CSH/Ca-modified silica gel structures. 
No peak shift is found because of the biopolymer addition, indicating 
that CNF and PDA does not affect the silicate structure. However, the 
inclusion of biopolymers results in an increase in interlayer porosity, 
indicating higher amounts of CSH/Ca-modified silica gel formation. The 
specific surface areas of carbonated slag-OPC composites, with and 
without biopolymers, are shown in Fig. 13 (b). The specific surface area 
corresponds to the number of fine pores accessible to water [53]. The 
specific surface area (SBET) of fully hydrated cement paste is approxi
mately 100–200 m2/g [79]. The addition of PDA, CNF, and CNF-PDA 
increases specific surface area of the carbonated composites by 110%, 

36%, and 48%, respectively. PDA suppresses the agglomeration of 
CaCO3, resulting in a greater amount of mCaCO3 than calcite. The 
mCaCO3 phases, specifically vaterite and ACC, have larger surface area 
than the calcite phase, because of their lower density [11,52,80]. 
Additionally, as observed from the image analysis (section 3.2.4), PDA 
increases the degree of reaction. Both aforementioned factors contribute 
to the higher specific surface area (SBET) yield for the PDA-containing 
sample (compared to other batches). The pore volume distribution of 
the carbonated samples is presented in Fig. 13 (c). The addition of PDA 
results in a 60% increase in interlayer porosity and a 16% increase in gel 
porosity in the OPC-slag carbonated composites (compared to the con
trol batch). Furthermore, it reduces capillary porosity by 71%. Thus, the 
combination of PDA and CNF results in densification of the 
microstructure. 

3.3.2. Nano-mechanical properties 
Grid indentation is applied to each sample over two 60 μm × 60 μm 

sections, resulting in a total of 220 indentations. Fig. 14 shows the elastic 
modulus frequency distribution for the control, 0.1 wt% CNF, PDA, and 
CNF–PDA batches. The cumulative frequency distribution functions 
(CDF) of the elastic modulus (E) are then statistically deconvoluted, 
assuming a normal frequency distribution function of elastic moduli for 
all the individual microscopic phases, to obtain quantitative compara
bility [56,57]. For all the microstructural phases, this deconvolution 
method generates a probability distribution function (PDF) of the elastic 
modulus (i.e., the mean and corresponding standard deviation). How
ever, the deconvolution procedure is chosen in this study for the elastic 
modulus range of 0–100 GPa, to primarily focus on the reaction 
products. 

According to previous reports, the elastic moduli of Ca-modified 

Fig. 13. (a) Pore size distribution, (b) specific surface area, and (c) volume of different pore categories of OPC-slag binder, with and without biopolymer additives.  
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silica gel and CaCO3 present in CO2-cured cementitious composites are 
around 32–42 GPa and 54–79 GPa, respectively [52,57,81–83]. Addi
tionally, carbonated calcium silicates form a composite phase by the 
mixture of CaCO3 and Ca-modified silica gel, which has a mean elastic 
modulus of around 40 GPa [81]. Ca(OH)2 also has an average elastic 
modulus of around 40 GPa [84]. Interestingly, CaCO3 can exhibit a wide 
range of elastic moduli due to the formation of different polymorphs. 
The elastic moduli of aragonite, vaterite, and calcite have been deter
mined to be 39, 67, and 72 GPa, respectively [85]. The elastic modulus 
of ACC remains unknown. Considering that vaterite and the composite 
phase have similar elastic moduli, it is not possible to separate these 
phases by statistical deconvolution. The frequency distribution of the 
control batch is shown in Fig. 14 (a), and it contains 42% Ca-modified 
silica gel, 34% mCaCO3 with the composite phase, and 24% calcite. As 
illustrated in Fig. 14 (b), the 0.1% PDA addition sample contains 80% 
Ca-modified silica gel/CSH, 12% mCaCO3 with composite phase, and 
8% calcite. The 0.1% CNF samples include 62% Ca-modified silica 
gel/CSH, 31% mCaCO3 with composite phase, and 7% calcite, respec
tively (Fig. 14 (c)). In the case of the CNF-PDA batch, it contains 56%, 
36%, and 8% Ca-modified silica gel/CSH, mCaCO3 with composite 
phase, and calcite, respectively as shown in Fig. 14 (d). The addition of 
PDA significantly increases the amount of Ca-modified silica gel/CSH in 
this carbonated binder matrix and decreases the formation of calcite. 
The decreased formation of calcite due to the addition of PDA confirms 
the observations from FTIR and TGA. Addition of CNF-PDA also 
enhanced the production of silica gel and mCaCO3. 

3.4. Discussion 

The addition of PDA is found to have improved flexural strength and 
early-age compressive strength of the carbonation-cured Ca-based 
cementitious composites. The improvement in mechanical performance 
due to the addition of PDA can be attributed to the following factors: 

(i) In-situ polymerization of PDA: The biopolymer develops a network 
within the binder matrix due to self-polymerization and propagates 
through the solid phases in alkaline conditions (Fig. 15). This alkaline 
state allows for deprotonation of phenolic groups found in dopamine 
hydrochloride molecules, resulting in negatively charged sites along the 
polymer’s backbone. We hypothesize that during the polymerization 
process (Fig. 15), negatively charged sites preferentially electrokineti
cally interact with positively charged sites within the binder structure, 
such as Ca2+ and Al3+ sites, forming an interconnected network of 

Fig. 14. Percent frequency versus elastic modulus of (a) control, (b) 0.1% PDA, (c) 0.1% CNF, and (d) 0.1% CNF and PDA after 28 days of carbonation-curing.  

Fig. 15. Dopamine polymerization in alkaline conditions; adopted 
from Ref. [18]. 
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polymer-binder composites. This integrated network contributes to a 
denser microstructure and higher mechanical performance. The 
improved mechanical performance could be attributed to the strong 
chemical interaction between the polymer backbone and the binder 
matrix, as well as the intrinsic higher strength of the PDA fibers. 

(ii) Bonding among PDA and binding phases: Carbonation-cured OPC- 
slag binder produce Ca(OH)2, CaCO3, CSH gel, and Ca-modified silica 
gel. CSH gel has a porous, non-stoichiometric, tobermorite-like struc
tural silicate chain layer with a silanol (Si–OH) group [86]. A previous 
study has shown that the OH− group in PDA could result in a bidentate 
hydrogen bonding interaction with the silicate chains [86,87]. Some 
partially charged OH− group in PDA can also result in possible surface 
adsorption of Ca2+. PDA and CSH, as well as Ca-modified silica gel, form 
a strong bond as a result of these interactions. Such high interactions 
increase the mechanical performance of the PDA-containing batches. 
This mechanism is illustrated in Fig. 16. 

(iii) Increased degree of reaction: The addition of PDA also results in a 
higher degree of reaction and a denser microstructure formation of the 
carbonation matrix, as confirmed by the SEM/BSE image, MIP, and DVS 
pore size analyses. However, the amounts of CaCO3 formation are 
reduced due to the binding of Ca2+ by the PDA. 

In the case of CNF addition, the flexural strength of the carbonated 
composites are improved because of two likely reasons: (a) CNF bridged 
micro- and macro-cracks, and thus enhanced the flexural strength of the 
matrixes [45]; and (b) the inclusion of CNF is also observed to produce a 
denser matrix due to a higher degree of reaction as observed from the 
pore size and BSE image analyses. The negatively charged COOH− sur
face sites of CNF can also electrokinetically interact with Ca2+, which 
can reduce formation of CaCO3 in presence of CNF. 

However, the effects of those biopolymers in carbonated binders are 
more pronounced in early curing days. As those biopolymers increase 
the reactions, we hypothesize that most of the reactions happened in the 
early curing days. Thus, the effects of those biopolymers are stronger on 
early curing days. Besides, PDA and CNF increased the nano porosity 
(pore size lesser than 10 nm) and decreased the microporosity (pore size 
higher than 10 nm), as shown in Figs. 9 and 13. 

A comparison with a previous study on the application of amino 
acids as additives for carbonated composites [11] reveals that the 
addition of amino acids was more effective in increasing flexural 
strength (106%) and compressive strength (48%) compared to the bio
polymers studied here. However, this earlier study was performed using 

wollastonite, which is generally considered as a non-hydraulic calcium 
silicate. On the other hand, OPC with a slag binder can be considered as 
a hydraulic calcium silicate binder. Thus, the effectiveness of 
biopolymer addition during the carbonation of these materials can be 
different, and therefore require additional investigation for obtaining a 
direct comparison. 

4. Conclusions 

This study provides a detailed investigation of the effects of PDA and 
CNF on Ca-based carbonated cementitious composite properties. This 
study yields the following conclusions.  

(i) PDA increases the formation of metastable CaCO3 in CO2-cured 
composites by 26% and reduces total carbonate formation by 
50%. The addition of CNF also reduces the mass of carbonates 
formed in the matrix compared to those in the control batch by 
37%.  

(ii) The carbonated composites containing biopolymers have higher 
amounts of nano-porosity compared to the control batch, indi
cating a denser microstructure formation in these composites. 
Both BSE/SEM images and pore-size distribution analysis indi
cate that the addition of biopolymers increases the degree of re
action in the binders.  

(iii) All the dosage and combinations of biopolymers enhance 
compressive strength by nearly 35% after the early-stage 
carbonation curing (i.e., of 3 days). However, effects of these 
biopolymers on compressive strength after 28 days curing is 
minimal.  

(iv) The significance of combining PDA with CNF is that CNF can 
potentially arrest micro-cracks caused by PDA addition.  

(v) Overall, the optimum dosage for PDA addition is 0.05 wt%, as it 
improves flexural strength by 55% after 28 days of curing. The 
addition of CNF up to 0.3 wt% improves flexural strength by 66% 
after 28 days of curing. The benefit of combining CNF and PDA 
are three folds: (a) it improves early-age (i.e., 3 days curing) 
compressive strength by nearly 48%, (b) it offers the densest 
microstructure among all the batches, which can be advanta
geous for improving durability performance, and (c) it offers the 
highest degree of reaction. 

Fig. 16. Schematic representing hypothetical interaction of PDA moieties with the silicate chain of C–S–H and Ca-modified silica gel.  
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In summary, this study finds that the application of either PDA or 
CNF biopolymer in carbonated composites can be beneficial in three 
aspects, i.e., (a) improvement in early-age (i.e., 3 days) compressive and 
flexural strength, (b) flexural strength enhancement of the composites, 
and (c) a decrease in total porosity and reduction in critical pore size. 
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