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Abstract
As  an  environmentally  friendly,  carbon-negative  porous  material,  biochar  has  shown

potential  to  improve the CO2 uptake performance of  cement-based materials.  However,  its

effectiveness  in  natural  hydraulic  lime  (NHL)  remains  unclear.  This  study  investigated  the

effects of biochar particle size and dosage on the CO2 uptake and mechanical properties of

NHL.  Combined  with  microscopic  analyses  including  quantitative  X-ray  diffraction  (QXRD),

Fourier-transform  infrared  spectroscopy  (FTIR),  and  thermogravimetric  analysis  (TGA),  the

effects  of  biochar on the microstructure,  phase composition,  and morphology of  NHL were

further  elucidated.  The  results  showed  that  biochar  with  a  particle  size  of  325  mesh  at  a

dosage of 2% achieved the best overall performance. Compared with the control group, the

compressive strength of the modified NHL increased by 35.7% at 3 d and 10.9% at 28 d. The

CO2 uptake of the modified NHL increased by 14.6% at 6 h and 11.9% at 24 h, while the CO2

uptake rate increased by 3.2%. Biochar optimized the interaction between NHL and CO2 by

enhancing  CO2 transport  pathways,  accelerating  local  CO2 enrichment,  and  regulating

carbonation kinetics. This study provides new insights into the application of biochar in NHL

and  enhances  NHL's  potential  for  use  in  heritage  building  restoration  and  green,  antique-

style construction.
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Highlights
•  Biochar with a particle size of 325 mesh at a dosage of 2% achieves an optimal balance between mechanical strength and CO2

uptake in natural hydraulic lime.

•  Biochar improves CO2 capture through enhancing gas transport, enriching local CO2, and accelerating carbonation kinetics.

•  Biochar-modified  natural  hydraulic  lime  provides  a  low-carbon  alternative  for  historic  building  restoration  and  green  antique-

style construction.
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Graphical abstract

 
 Introduction

Carbon  capture,  utilization,  and  storage  (CCUS)  is  an  important  tech-
nological pathway for mitigating climate change[1,2] and has gradually
become  a  driving  force  for  the  low-carbon  development  of  building
materials.  Beyond  meeting  mechanical  performance,  durability,  and
adaptability  requirements,  the  carbon  sequestration  capacity  of  buil-
ding materials  has  also become a  key indicator  of  their  sustainability.
Although  cement-based  materials  exhibit  good  mechanical  perfor-
mance, their production is associated with high carbon emissions, and
carbonation  reactions  may  induce  performance  deterioration[3−6],
which  limits  their  application  in  the  conservation  and  restoration  of
historic buildings.

Natural  hydraulic  lime  (NHL)  has  attracted  increasing  attention
in  recent  years  due  to  its  favorable  CO2 uptake  capacity  and  high
compatibility  with  historic  building  materials[7,8].  NHL  mainly  con-
sists  of  C2S  and  Ca(OH)2 and  is  typically  produced  at  temperatures
ranging  from  800  to  1,200  °C[9−11].  According  to  the  European
standard[12], NHL is classified into NHL2, NHL3.5, and NHL5 based on
the 28-d compressive strength of NHL mortars. During carbonation,
NHL  absorbs  atmospheric  CO2 and  converts  it  into  a  stable  calcite
structure[13−15],  thereby  simultaneously  enhancing  the  material's
mechanical  strength  and  durability  while  contributing  to  carbon
sequestration. Studies have shown that lime-based materials exhibit
low carbon emissions during production and strong environmental
compatibility, making them an ideal choice for sustainable building
materials.

In recent years, NHL has received considerable attention because
of  its  excellent  performance  in  the  field  of  heritage  conservation.
Barr  et  al.[16] comparatively  investigated  the  bonding  performance
of  NHL  mortars  and  cement  mortars  in  masonry  structures.  The
results  showed  that  the  bonding  strength  between  masonry  units
was positively correlated with the degree of binder hydration. Silva
et  al.[17] explored  the  effect  of  incorporating  NHL  into  air  lime
mortars. Their study showed that as NHL content increased, mortar
porosity gradually  decreased,  while water  absorption and moisture
evaporation  rates  decreased  correspondingly.  Such  blended  mor-
tars  are  therefore  more  suitable  for  the  repair  of  historic  buildings.
Lanas et al.[18] systematically investigated the mechanical properties
of NHL mortars, with particular emphasis on the effects of binder-to-
aggregate  ratio,  aggregate  characteristics,  and  pore  structure  on

mortar  performance.  The  results  indicated  that  increasing  the
binder  content  and  adopting  properly  graded  aggregates  could
significantly improve mortar strength. In addition, the particle shape
of  the aggregate played a  key role  in  microstructure  development.
Rounded  aggregates  tended  to  increase  porosity  and  weaken  the
mechanical  properties,  whereas  angular  aggregates  promoted
the  formation  of  a  denser  microstructure  and  effectively  enhanced
mortar  strength.  These  studies  and  practical  applications  have
demonstrated that NHL, while ensuring satisfactory material perfor-
mance,  also  exhibits  excellent  carbonation  behavior  and  environ-
mental  adaptability,  rendering  it  a  preferred  alternative  to  cement
for  the  conservation  of  historic  buildings[19].  In  addition,  although
NHL  shows  better  corrosion  resistance  than  cement,  gypsum- and
ettringite-like  corrosion  products  may  still  form  under  acid  rain
exposure,  leading  to  surface  expansion  and  spalling  of  the  mortar;
however,  the  corrosion  process  is  relatively  slow,  and  its  influence
on long-term performance remains comparatively controllable[20,21].
Overall,  these  studies  indicate  that  NHL  combines  good  mechani-
cal  properties,  durability,  and  CO2 uptake  capacity  and  represents
an  important  development  direction  for  green  heritage  repair
materials.

Biochar  is  a  carbon-rich  material  produced  by  the  pyrolysis  of
biomass.  Its  carbon-negative  character  stems  from  the  stable
sequestration of biomass-derived carbon within the material matrix,
which  not  only  mitigates  carbon  emissions  but  also  forms  a  long-
term  carbon  sink[22,23].  In  addition,  biochar  possesses  porous  struc-
tures  and high adsorption capacities[24−26].  When incorporated into
NHL,  biochar  can  promote  the  carbonation  reaction  by  providing
additional  CO2 transport  pathways  and  adsorption  sites,  thereby
improving CO2 capture efficiency[27,28], and enhancing the mechani-
cal properties of the material[29].  This innovative approach provides
a new solution for achieving the dual carbon goals and developing
green building materials[30,31].

To  the  best  of  our  knowledge,  studies  on  biochar-modified
hydraulic lime materials remain limited, and the underlying mecha-
nisms  governing  their  influence  on  carbonation  and  mechanical
performance  remain  to  be  elucidated.  In  this  study,  biochar  with
varying  particle  sizes  and  dosages  was  incorporated  into  NHL  to
systematically  investigate  its  effects  on  mechanical  properties  and
CO2 uptake performance. Additionally, microscopic analyses, includ-
ing  QXRD,  FTIR,  and  TGA,  were  employed  to  further  elucidate  the
regulatory effects of biochar on the microstructure of NHL.
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 Materials and methods

 Raw materials
Hydraulic  lime,  biochar,  and  fine  aggregate  were  used  in  this  study.
The  hydraulic  lime  was  NHL2,  supplied  by  Shanghai  DESAIBAO
Building  Materials  Co.,  Ltd.  It  had  a  surface  density  of  2.21  g/cm3.  Its
main oxide components were CaO (62.5%), SiO2 (11.2%), MgO (1.44%),
and Al2O3 (1.3%).  The biochar  was supplied by Henan Tanernuo New
Material Co., Ltd. Three particle sizes, namely 100, 200, and 325 mesh,
were selected. The morphology of 325-mesh biochar is shown in Fig. 1.
The  biochar  was  produced  from  coconut  shells  by  high-temperature
pyrolysis.  The  fine  aggregate  was  supplied  by  Xiamen  ISO  Standard
Sand  Co.,  Ltd,  and  consisted  of  Chinese  ISO  standard  sand  with  a
particle size range of 0.5–1.0 mm.

The  CO2 used  in  this  study  was  commercial-grade,  supplied  by
Nanjing  Changyuan  Industrial  Gas  Co.,  Ltd.,  with  a  CO2 purity  of
99.9%.

 Sample preparation
To  evaluate  the  effects  of  biochar  particle  size  and  dosage  on  the
properties  of  NHL,  paste  specimens  and  mortar  specimens  were
prepared. The mortar specimens were used for compressive strength,
pH, and saturated water porosity tests, while the paste specimens were
used for CO2 uptake and microstructural characterization. As shown in
Fig.  2,  the  mix  proportions  and  designations  of  the  paste  specimens
are  detailed  in Table  1,  and  those  of  the  mortar  specimens  are
presented in Table 2.

During the preparation of  the paste specimens,  biochar  was first
dispersed  in  water,  then  mechanically  stirred  for  30  min  and  ultra-
sonically dispersed for 1 h. Then, the NHL powder was added to the
biochar suspension and mixed for 5 min to obtain a homogeneous
paste. The prepared paste was cast into 20 mm × 20 mm × 20 mm
molds and then cured under plastic film at 25 ± 2 °C for 24 h before
demolding. The preparation procedure of the mortar specimens was
similar to that of the paste specimens, except that the standard sand
and NHL were first mixed for 2 min. The prepared mortar was then
cast into 40 mm × 40 mm × 40 mm molds and cured under plastic
film at 25 ± 2 °C for 24 h before demolding.

CO2 carbonation curing was carried out in a concrete carbonation
chamber. After demolding, the specimens were immediately placed
in  the  carbonation  chamber,  where  curing  conditions  were  con-
trolled at 20 ± 2 °C, 70% ± 5% relative humidity, and 20% ± 2% CO2.
After 24 h of CO2 carbonation curing, the specimens were removed
and  then  further  cured  at  20  ±  2  °C  for  3,  7,  and  28  d,  followed  by
compressive strength testing.

 Methods
 Compressive strength test
Compressive strength was measured using a universal testing machine
(MTS-E45). The mortar specimens were tested after curing for 3, 7, and
28 d, with a loading rate of 1 mm/s.

 CO2 uptake test
The  CO2 uptake  test  apparatus  used  in  this  study  was  designed  with
reference to that reported by Oh et al.[32], as shown in Fig. 3. The core of
the apparatus consists of a highly airtight sample container and a glass

 

Fig. 1  The morphology of biochar at different magnifications.

 

Fig. 2  Experimental preparation process.
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or resin bottle with a uniform cross-section, in which the liquid level of
the vacuum pump oil can move in response to pressure changes.

The  test  procedure  was  as  follows.  The  sample  was  placed  in  a
well-sealed  container  to  ensure  that  the  system  remained  stable.
After  the  apparatus  was  left  standing,  Valve  1  was  closed,  while
Valves 2 and 3 were opened, which allowed CO2 from the gas cylin-
der  to  be  introduced  into  the  system,  thereby  displacing  the  air
originally present in the container. After the space in the bottle was
essentially  filled with CO2,  Valves 2 and 3 were closed in sequence,
and the valve system was then switched to connect to the container
holding  the  sample.  Subsequently,  the  pump  was  started,  and
Valves  1,  2,  and  3  were  opened  simultaneously,  enabling

continuous  CO2 delivery  into  the  sample  container.  The  primary
function  of  the  pump  was  to  improve  gas-delivery  efficiency  and
ensure  that  CO2 from  the  cylinder  entered  the  sample  container
steadily  and  uniformly,  thus  reducing  the  possibility  of  residual  air
during the purging process.

The advantage of this apparatus is that, as CO2 is consumed in the
chemical  reaction,  the  process  can  be  observed  through  a  change
in  the  liquid  level  difference,  allowing  the  absorption  process  to
be  visualized  intuitively.  Even  non-specialists  can  therefore  gain  a
direct  understanding  of  the  CO2 uptake  process.  In  addition,  the
liquid-level  difference  can  be  used  to  evaluate  the  uptake  rate  of
each sample.

In  this  study,  the  sealed  container  had  a  volume  of  145  mL,  and
500  mL  of  vacuum  pump  oil  was  filled  into  a  1  L  container  with  a
diameter of 0.094 m. A paste specimen measuring 20 mm × 20 mm
× 20 mm was placed into the container, which was then sealed. CO2

was  supplied  at  a  flow  rate  of  5  L/min  for  3  min.  After  this  3  min
period,  the  valves  were  closed and subsequently  connected to  the
container  holding  the  sample.  Then,  the  pump  and  valves  were
opened. The movement of the liquid level was then observed.

 pH test of leachate
The pH value was measured using the suspension method, which has
been widely adopted in previous studies. After the carbonation depth
test, samples were taken from the carbonated region identified in the
phenolphthalein test. The selected samples were immersed in ethanol
for 24 h to stop hydration and prevent air carbonation. Thereafter, the
samples  were  dried  in  a  vacuum  oven  at  60  °C  for  24  h.  The  dried
samples  were  ground  into  powder  and  sieved  through  a  0.08  mm
sieve. The powder was then mixed with distilled water at a 1:10 ratio,
thoroughly  stirred,  and  left  to  stand  for  24  h.  The  supernatant  was
obtained  by  vacuum  filtration.  The  pH  of  the  supernatant  was
promptly  measured  using  a  pH  meter  (Leici  DZS-708-A,  Shanghai
INESA  Scientific  Instrument  Co.,  Ltd).  Three  samples  were  tested  to
obtain the average value for each group.

 Water absorption test
Water absorption was used as an indicator of the specimens' porosity,
and the test method followed ASTM C642. The dry mass (A), saturated
mass  after  immersion  (B),  Porosity  (p),  and  apparent  immersed  mass
(C) were measured sequentially, and the porosity was calculated using
Eq. (1):

p =
B−A
B−C

×100% (1)

 X-ray diffraction (XRD)
Powder  samples  taken  from  the  center  of  the  specimens  were
analyzed  by  XRD  using  a  Rigaku  SmartLab  SE  diffractometer  (Cu-Kα

 

Table 1  Mix proportions of biochar-modified NHL paste mixtures

ID Mesh Biochar (g) NHL2 (g) W/B

P00 − − 100 0.6
P11 100 1 99 0.6
P12 100 2 98 0.6
P13 100 3 97 0.6
P14 100 4 96 0.6
P21 200 1 99 0.6
P22 200 2 98 0.6
P23 200 3 97 0.6
P24 200 4 96 0.6
P31 325 1 99 0.6
P32 325 2 98 0.6
P33 325 3 97 0.6
P34 325 4 96 0.6
P35 325 5 95 0.6

 

Table 2  Mix proportions of biochar-modified NHL mortar specimens

ID Mesh Biochar (g) NHL2 (g) Sand (g) W/B

M00 − − 100 300 0.6
M11 100 1 99 300 0.6
M12 100 2 98 300 0.6
M13 100 3 97 300 0.6
M14 100 4 96 300 0.6
M21 200 1 99 300 0.6
M22 200 2 98 300 0.6
M23 200 3 97 300 0.6
M24 200 4 96 300 0.6
M31 325 1 99 300 0.6
M32 325 2 98 300 0.6
M33 325 3 97 300 0.6
M34 325 4 96 300 0.6

 

Fig. 3  Schematic diagram of the CO2 uptake evaluation apparatus.
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radiation, 40 kV/40 mA) over a 2θ range of 5°–90° at a scanning rate of
5°/min.  Quantitative  phase  analysis  (QXRD)  was  performed  using  the
RIR method in Jade 6.0 software, with 10 wt% ZnO added as an internal
standard.

 Fourier transform infrared spectroscopy (FTIR)
FTIR  can  help  analyze  the  degree  of  polymerization  of  hydration
products and the CaCO3 polymorphs formed during carbonation. The
samples for FTIR analysis were prepared using the KBr pellet method.
The powder samples  used for  XRD analysis  were mixed with KBr  at  a
1:100  ratio.  FTIR  was  used  to  identify  the  chemical  bonding  charac-
teristics  of  the materials.  The FTIR  measurements  were  performed on
a  Thermo  Scientific  Nicolet  iS20  spectrometer  over  the  range  400–
4,000 cm−1 with a resolution of 4 cm−1. The same powder samples used
for  XRD  and  FTIR  analyses  were  also  used  for  thermogravimetric
analysis.

 Thermogravimetric analysis (TGA)
TGA was performed using a Netzsch STA 449F5 analyzer (30–1,000 °C,
heating rate  20 °C/min,  N2 flow 50 mL/min).  The contents  of  Ca(OH)2

and CaCO3 were quantified from the respective mass-loss stages using
Eqs (2) and (3):

Ca (OH)2 (%) =
W380−W450

Wsample
× 74.09

18.01
×100% (2)

CaCO3 (%) =
W500−W900

Wsample
× 100.09

44.01
×100% (3)

where, W380, W450, W500, and W800 are the masses of the powder sample
measured by TGA at 380, 450, 500, and 800 °C, respectively.

 Results and discussion

 Compressive strength
Figure  4 shows  the  compressive  strength  of  biochar-modified  NHL
specimens at different curing ages. Figure 4a presents the compressive
strength results after 3 d of curing. At a biochar dosage of 2%, the early
strength  of  the  mortar  was  significantly  improved  as  the  biochar
particle  size  increased  from  100  to  325  mesh.  Compared  with  the
control group, the compressive strength of the specimens containing
100-,  200-,  and  325-mesh  biochar  increased  by  28.5%,  33.3%,  and
35.7%,  respectively. Figure  4b shows  the  results  after  7  d  of  curing.
At  2%  dosage,  the  strength  enhancement  trend  became  more  pro-
nounced,  and the  compressive  strength  of  the  specimens  containing
100-,  200-,  and  325-mesh  biochar  increased  by  22.2%,  32.6%,  and
42.1%, respectively, compared with the control group. Figure 4c shows
the results after 28 d of curing. Although the strength gain at the later
age  was  lower  than  that  at  the  early  stage,  a  certain  strengthening
effect was still maintained at the 2% dosage, with strength increases of
1.1%, 7.5%, and 10.9% for the three particle sizes, respectively. Overall,
the  incorporation  of  biochar  had  a  more  pronounced  effect  on  early
strength  enhancement,  while  still  providing  some  improvement  at
later ages. Among all mixtures, biochar with a 325-mesh particle size at
a dosage of 2% showed the greatest improvement in the mechanical
properties of NHL.

Owing to its finer particle size and correspondingly larger specific
surface area,  the 325-mesh biochar  exhibited stronger  CO2 adsorp-
tion  capacity  and  a  more  pronounced  pore-filling  effect.  These
characteristics facilitated CO2 diffusion and fixation during carbona-
tion,  promoted  densification  of  the  lime  paste  microstructure,  and

 

Fig. 4  Compressive strength of biochar-modified NHL composites: (a) 3 d; (b)7 d; (c) 28 d.
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consequently  contributed  to  the  improvement  in  mechanical
properties.  During  carbonation,  Ca(OH)2 reacted  with  CO2 to  form
CaCO3, which then filled the pores, significantly increasing the mate-
rial's  compactness.  With  increasing  biochar  dosage,  the  compres-
sive  strength  of  the  specimens  first  increased  and  then  decreased,
indicating  an  initial  enhancement  followed  by  deterioration.  The
compressive  strength  reached  its  maximum  at  a  dosage  of  2%,
showing  a  clear  improvement  compared  with  the  control  group
without  biochar.  However,  when  the  dosage  exceeded  2%,  the
compressive strength declined. This phenomenon indicates that an
appropriate  amount  of  biochar  can  improve  pore  structure,  pro-
mote  carbonation,  and  increase  compactness,  thereby  enhancing
mechanical  performance.  However,  when  the  biochar  dosage
exceeded 2%, excessive incorporation led to increased porosity and
disrupted  the  continuity  and  compactness  of  NHL,  resulting  in  a
looser  internal  structure  and  ultimately  reducing  its  load-bearing
capacity. In particular, at a dosage of 4%, the inherently porous and
loose  structure  of  biochar  further  increased  the  overall  porosity  of
the  material  and  limited  the  formation  of  dense  hydration  and
carbonation  products,  thereby  becoming  an  unfavorable  factor  for
strength development. Therefore, from the perspective of mechani-
cal  performance,  the optimal  dosage of  325-mesh biochar  was 2%.
Under  this  proportion,  the  enhancement  of  the  carbonation  reac-
tion and the control of pore structure could be balanced, leading to
a  significant  improvement  in  the  compressive  performance  of  the
lime-based material.

 CO2 uptake performance
Since  the  specimens  incorporating  325-mesh  biochar  exhibited  the
best  mechanical  performance,  the  effect  of  325-mesh  biochar  at
different  dosages  on  the  CO2 uptake  performance  of  the  specimens
was further investigated, and the results are shown in Fig. 5. As can be
seen  from Fig.  5a,  the  CO2 uptake  of  the  specimens  increased  with
time,  with  a  relatively  rapid  increase  within  the  first  6  h,  followed  by
a  gradual  slowdown.  The  experimental  data  were  fitted  using  the
Elovich  equation[33],  as  shown  in  Eq.  (4),  where A and B are  model
parameters, t is the carbonation time (min), and Y is the growth rate of
CO2 uptake by the specimens during carbonation (%).

Y = A+B× ln t (4)
Here, Y is  the  CO2 uptake  (g/100  g), B represents  the  apparent

uptake rate, and A is a characteristic constant representing the initial
uptake capacity. The fitted parameters are listed in Table 3.

As  shown  in Table  3,  relative  to  the  control  group,  the  apparent
carbonation  rate  (parameter B)  of  the  specimen  with  1%  biochar

decreased  by  11.8%,  suggesting  that  insufficient  biochar  content
may  impede  rather  than  promote  CO2 uptake.  In  contrast,  speci-
mens containing 2%–4% biochar exhibited increases in carbonation
rate  of  3.2%,  24.8%,  and  29.4%,  respectively,  indicating  a  dosage-
dependent enhancement effect.

As  the  carbonation  time  increased,  the  volume  expansion  asso-
ciated  with  calcite-type  calcium  carbonate  formation  reduced  the
specimens'  internal  porosity,  thereby  slowing  further  contact
between  calcium  hydroxide  and  CO2.  Meanwhile,  the  carbonation
reaction between CO2 and calcium hydroxide requires the participa-
tion  of  water.  As  the  thickness  of  the  calcium  carbonate  layer
increased, the porosity decreased further, limiting contact between
the  internal  calcium  hydroxide  and  water  and  ultimately  reducing
CO2 uptake efficiency.

The  CO2 uptake  values  of  the  specimens  at  different  times  were
further  extracted,  as  shown  in Fig.  5b.  In  general,  higher  biochar
dosages  resulted  in  greater  CO2 uptake.  At  a  dosage  of  2%,  speci-
men P32 showed CO2 uptake increases of 14.6%, 7.4%, and 11.9% at
6,  12,  and  24  h,  respectively,  compared  with  the  control  group.
Although higher dosages (3% and 4%) further increased CO2 uptake,
the  inherently  loose  and  porous  skeletal  structure  of  biochar  at
elevated  dosages  may  undermine  the  mechanical  integrity  of  the
matrix,  such  that  the  densification  effect  from  enhanced  carbona-
tion  product  formation  may  not  sufficiently  compensate  for  the
increased porosity.

 pH value
Figure 6 shows the pH value distribution of  different  specimens after
24 h of carbonation. Figure 6a–c correspond to specimens containing
100-,  200-,  and  325-mesh  biochar,  respectively.  During  testing,  the
specimens  were  divided  from  the  surface  to  the  interior  into  three
layers:  the  surface  layer  (0–6  mm),  the  middle  layer  (7–12  mm),  and
the  core  layer  (13–20  mm).  As  shown  in  the  figure,  all  specimens
underwent  varying  degrees  of  carbonation  under  the  CO2 curing
environment. In particular, specimens with higher biochar dosages and
finer biochar particle sizes showed a more pronounced decrease in pH,
indicating greater carbonation.

From the pH distribution across  the different  layers  of  the speci-
mens,  an overall  trend was observed:  the surface layer had a lower
pH  than  the  middle  and  core  layers.  This  is  consistent  with  the
carbonation path  of  CO2 diffusion from the exterior  to  the  interior.
The control group without biochar showed higher pH values across
all  layers  than  the  biochar-containing  specimens,  indicating  that

 

Fig. 5  Effect of biochar dosage on the CO2 uptake performance of the specimens: (a) carbonation kinetics; (b) CO2 uptake.
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biochar  incorporation promoted carbonation.  In  particular,  the P34
specimen showed the greatest decrease in pH value.

In  addition,  at  the  same  dosage,  the  pH  value  continuously
decreased  as  the  biochar  particle  size  increased  from  100  to
325  mesh.  This  indicates  that  finer  biochar,  owing  to  its  larger
specific surface area, enhanced the physical adsorption capacity for
CO2, thereby increasing the local CO2 concentration and strengthen-
ing the driving force for carbonation, which accelerated the conver-
sion  of  Ca(OH)2.  By  providing  additional  diffusion  pathways  and
adsorption sites, biochar promoted local CO2 enrichment, making it
easier for CO2 to react with hydration products and ultimately form
CaCO3, thereby resulting in a continuous decrease in pH.

The trend in pH value in the core region is also noteworthy. In the
specimens with a  high dosage of  4%,  the core  pH value was  lower
than that of the control group, indicating that a high biochar dosage
not  only  accelerated  surface  carbonation  but  also  promoted  the
diffusion and reaction of CO2 within the internal structure. This fur-
ther confirms that biochar can improve pore structure and enhance
CO2 diffusion efficiency, thereby achieving deeper carbonation.

In  summary,  the  incorporation  of  biochar  significantly  enhanced
the CO2 uptake capacity of NHL, with the effect more pronounced at
higher  dosage  and  finer  particle  size.  The  carbonation-promoting

mechanisms of biochar include increasing CO2 adsorption capacity,
enhancing  the  reactivity  of  hydration  products,  improving  pore
structure,  and promoting the conversion of  Ca(OH)2 to  CaCO3,  ulti-
mately resulting in a systematic decrease in pH across all layers.

 Porosity
Figure  7 shows  the  variation  in  porosity  of  the  specimens  before
carbonation and after  3  d and 7 d of  carbonation curing.  Overall,  the
porosity  of  all  specimens  decreased  with  increasing  curing  time,
indicating the gradual densification of the material structure.

Figure 7a illustrates the effect of biochar particle size on porosity.
As the biochar particle size increased, the porosity of the specimens
before  carbonation  and  after  3  and  7  d  of  curing  increased  by  up
to  10.3%,  6.8%,  and  9.1%,  respectively,  compared  with  the  control
group.  Meanwhile,  from  before  carbonation  to  7  d  of  curing,  the
porosity  of  the  specimens  containing  biochar  with  the  finest  parti-
cle size decreased by 5.9%, which was clearly higher than the 5.1%
decrease observed in the control group, indicating that finer biochar
could  more  effectively  promote  carbonation. Figure  7b shows  the
effect  of  biochar  dosage  on  porosity.  As  the  dosage  increased,  the
porosity  of  the  specimens  before  carbonation  and  after  3  and  7  d
of curing increased by up to 13.7%, 12.3%, and 12.1%, respectively,
relative to the control  group. At the same time, from before carbo-
nation  to  7  d  of  curing,  the  porosity  of  the  specimens  with  the
highest  biochar  dosage  decreased  by  6.1%,  which  was  also  signifi-
cantly  higher  than  the  5.1%  decrease  in  the  control  group.  This
further  indicates  that  increasing  the  biochar  dosage  accelerates
carbonation. The incorporation of biochar increased the porosity of
the mortar to a certain extent,  which may be related to the porous
structure of biochar itself and the interfacial transition zone formed

 

Table 3  Fitted parameters of carbonation kinetics for the specimens

ID A B R2

P00 0.115 2.584 0.988
P31 0.191 2.278 0.983
P32 0.142 2.667 0.994
P33 0.121 3.226 0.991
P34 0.146 3.344 0.975

 

Fig. 6  Effect of biochar particle size and dosage on the pH value of the specimens: (a) 100 mesh; (b) 200 mesh; (c) 325 mesh.
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between biochar and the natural hydraulic lime matrix, resulting in a
relatively looser pore structure[2].

Although  increased  porosity  may  adversely  affect  the  long-term
mechanical  properties  and  durability  of  the  material,  it  simulta-
neously provides more accessible pathways for CO2 diffusion, there-
by  promoting  carbonation—particularly  during  the  early  curing
stage.  This  trade-off  between  porosity  and  densification  under-
scores  the  importance  of  optimizing  biochar  dosage  and  particle
size.  In  summary,  biochar  particle  size  and  dosage  had  significant
regulatory  effects  on  the  pore  structure  of  NHL  mortar,  and  their
dual influence on densification and mechanical performance should
be carefully balanced during performance optimization.

 Phase changes of the CO2 uptake cementitious
materials after carbonation curing
 XRD analysis
The XRD patterns and QXRD quantitative analysis results for NHL with
different biochar dosages are shown in Fig. 8.  Zinc oxide was used as
the internal standard for QXRD, with a mass fraction of 10%. Figure 8a
presents the XRD results. Initially, the main components in the system
included  Ca(OH)2,  C2S,  the  amorphous  phase,  and  a  small  amount  of
CaCO3.  The  amorphous  phase  mainly  consisted  of  calcium  silicate
hydrate  gel  (C-S-H  gel)  formed  during  the  hydration  of  C2S,  together
with a  small  amount  of  incompletely  crystallized Ca(OH)2 and CaCO3.
According  to  the  XRD  patterns,  the  carbonation  product  CaCO3 was
mainly  present  in  the  form of  calcite,  and no other  crystalline  phases
were  detected.  The  diffraction  peak  of  the  potentially  carbonatable
phase Ca(OH)2 was located at 2θ = 34.1°, while the diffraction peaks of

C2S were located between 32° and 33°, and the main diffraction peaks
of  the  carbonation  product  calcite  appeared  at  2θ =  29.4°  and  39.4°.
As  the  carbonation  reaction  proceeded,  Ca(OH)2 reacted  with  CO2 to
form  calcite,  and  the  diffraction  peak  corresponding  to  Ca(OH)2

gradually weakened. At the same time, the intensities of the diffraction
peaks  of  Ca(OH)2 and  C2S  decreased,  whereas  the  intensity  of  the
calcite diffraction peaks continuously increased.

Figure 8b shows the quantitative QXRD results. With the addition
of 2% biochar at 325 mesh, the CaCO3 content increased from 60.2%
to  63.9%.  The  carbonation  of  Ca(OH)2,  C2S,  and  calcium  silicate
hydrate  gel  in  the  system  was  accelerated  by  the  incorporation  of
biochar, leading to greater CaCO3 formation. This indicates that the
addition of  biochar  effectively  enhanced CO2 adsorption and diffu-
sion, thereby improving the carbonation efficiency and CO2 uptake
capacity of NHL.

 FTIR analysis
Figure 9 shows the FTIR spectra of the specimens containing 325-mesh
biochar at 0% and 2% dosages after 24 h of carbonation. This analysis
investigated  the  stretching  vibrations  of  C–O  bonds  in  calcium  car-
bonate with different crystalline forms, as well  as those of C–S–H and
Si–O  bonds  in  silica  gel.  As  shown  in  the  figure,  both  groups  of
specimens exhibited distinct characteristic absorption bands at 3,640,
3,441,  1,420,  991,  and  875  cm−1,  and  in  the  low-wavenumber  region.
The  absorption  peak  near  3,640  cm−1 can  be  assigned  to  the  O–H
stretching  vibration  in  Ca(OH)2.  The  broad  band  near  3,441  cm−1 is
mainly  related  to  the  O–H  stretching  vibration  of  adsorbed  water  or
chemically  bound  water  in  the  specimens.  The  characteristic  absorp-
tion  bands  near  1,420,  875,  and  712  cm−1 correspond  to  the  asym-
metric  stretching  vibration,  out-of-plane  bending  vibration,  and

 

Fig. 7  Porosity of biochar-modified NHL composites: (a) effect of biochar particle size on porosity; (b) effect of biochar dosage on porosity.

 

Fig. 8  XRD patterns of biochar-modified NHL composites: (a) XRD patterns; (b) phase assemblage diagram.
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in-plane  bending  vibration  of  CO3
2−,  respectively,  which  are  typical

characteristic absorption peaks of CaCO3
[22]. The absorption peak near

991 cm−1 can  be  attributed to  the  Si–O stretching vibration,  which  is
usually associated with silicate hydration products[34−36].

Compared  with  the  control  group,  the  P32  specimen  containing
2%  biochar  at  325  mesh  showed  more  obvious  differences  in
spectral characteristics. First, the characteristic O–H absorption peak
of  Ca(OH)2 at  3,640  cm−1 was  significantly  weakened,  indicating
that  the  detectable  calcium  hydroxide  content  in  the  specimen
decreased.  Meanwhile,  the  carbonate  characteristic  peak  near
1,420 cm−1 became stronger and more distinct,  and the absorption
peak near 875 cm−1 also showed an increasing trend. These changes
indicate that the content of CaCO3-related products increased after
biochar  incorporation  and  that  the  carbonation  reaction  became
more  complete.  Overall  spectral  changes  indicated  that  the  addi-
tion  of  biochar  promoted  the  conversion  of  Ca(OH)2 to  CaCO3,
consistent with the XRD results.

In addition, near 991 cm−1, the absorption band of the P32 group
was  clearer  than  that  of  the  control  group,  indicating  a  stronger
vibrational  response  of  Si–O  bonds  in  this  region.  This  peak  is
usually  associated  with  C-S-H  gel  or  other  silicate-related
structures[37],  suggesting  that,  after  the  incorporation  of  an  appro-
priate amount of biochar, not only did the generation of carbonate
products  increase,  but  the  structures  related  to  silicate  hydration
products  inside  the  specimens  may  also  have  undergone  certain
changes.  Combined  with  the  changes  in  the  characteristic  absorp-
tion bands in the low-wavenumber region, it can be seen that while
the carbonate peaks of the P32 group were enhanced, there was no
obvious weakening of structural  signals.  This indicates that biochar
at a dosage of 2% and a particle size of 325 mesh can promote the
formation of carbonation products while still  maintaining the inter-
nal structure of the material. From the FTIR perspective, this further
demonstrates that biochar at this dosage improved the CO2 uptake
capacity  of  natural  hydraulic  lime  specimens,  consistent  with  the
results for mechanical performance improvement.

 TGA analysis
The TG-DTG curves of the carbonated specimens are shown in Fig. 10.
As  can be seen,  the TG-DTG curves  exhibited three distinct  mass-loss
stages  within  the  temperature  range  of  60–900  °C,  corresponding  to
the decomposition or removal of different types of substances.

The three characteristic mass-loss-rate peaks observed in the DTG
curves  indicate  that  the paste  components  underwent  three major
physical  or  chemical  changes:  (1)  the  mass  loss  in  the  range  of

60–200  °C  was  mainly  attributed  to  the  evaporation  of  free  water
and the removal of adsorbed water and part of the bound water in
hydration  products  such  as  C-S-H  gel;  (2)  a  distinct  mass-loss-rate
peak  appeared  in  the  range  of  380–450  °C,  corresponding  to  the
dehydration  decomposition  of  Ca(OH)2;  and  (3)  the  range  of
500–900  °C  corresponded  to  the  thermal  decomposition  of  CaCO3,
among  which  680–780  °C  was  associated  with  the  decomposition
of  metastable  calcium  carbonate  phases  such  as  aragonite  and
vaterite,  while  780–900 °C mainly  corresponded to the decomposi-
tion of highly crystalline calcite, releasing CO2 and forming CaO. This
was the most significant mass-loss stage.

The  quantitative  analysis  results  are  listed  in Table  4.  Within  the
corresponding decomposition interval, the mass loss of sample P00
was 29.9%, corresponding to a CaCO3 content of 66.8%, whereas the
mass loss of P32 further increased to 30.2%, with the CaCO3 content
reaching  68.9%.  The  CaCO3 content  of  P32  was  3.1%  higher  than
that of P00. At the same time, the Ca(OH)2 content of P32 was 24.4%
higher than that of P00. These results indicate that, after incorpora-
tion  of  2%  325-mesh  biochar,  both  the  hydration  and  carbonation
reactions  of  the  specimens  were  promoted  to  a  certain  extent,
thereby favoring the formation and accumulation of CaCO3.

It  should  be  noted  that  there  was  a  certain  difference  between
the  quantitative  results  obtained  by  QXRD  and  TG,  which  was
mainly  related  to  the  different  testing  principles  of  the  two
methods[38]. QXRD quantifies crystalline phases based on diffraction
peak  intensities  and  is  relatively  limited  in  identifying  amorphous
and  low-crystallinity  phases.  In  contrast,  TG  is  calculated  from  the
mass  loss  of  the  sample  within  specific  temperature  ranges  and
can  reflect  the  overall  thermal  decomposition  characteristics  of
crystalline  phases,  as  well  as  components  with  low  crystallinity  or
amorphous  decomposition.  Therefore,  for  carbonates  and  hydra-
tion products with different degrees of crystallinity in this system, it
is  reasonable  that  some  differences  appeared  between  the  values
obtained by the two methods. However, the overall variation trends
were  consistent,  and  the  two  methods  could  mutually  verify  the
phase evolution in the specimens.

 Microstructural morphology analysis
The SEM results of the specimens are shown in Fig. 11. Figure 11a and
b present  the microstructural  morphology of  sample P00 after  3  d  of
carbonation,  while Fig.  11c and d show the SEM-EDS characterization

 

Fig. 9  FTIR spectra of biochar-modified NHL composites.

 

Fig. 10  TG-DTG curves of biochar-modified NHL composites.
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results  of  the  specimen  containing  325-mesh  biochar  at  a  dosage  of
2%.  Among  the  observed  products,  the  plate-like  phases  can  be
identified as Ca(OH)2, the granular phases as CaCO3, and the needle- or
rod-like  phases  as  C-S-H  gel.  During  carbonation  curing,  part  of  the
hydration  products  and  clinker  particles  reacted  with  CO2.  The
carbonation  of  clinker  particles  (C2S)  and  the  hydration  products
(Ca[OH]2 and  C-S-H  gel)  led  to  volume  expansion,  resulting  in  a
significant  reduction  in  the  volume  of  large  pores.  Meanwhile,  the
newly formed CaCO3 particles with smaller sizes could more effectively
fill  the  microvoids,  thereby  significantly  promoting  the  densification
and refinement of the pore structure. As expected, Fig. 11b shows that
more plate-like Ca(OH)2 was present in the paste of the control group,
whereas more CaCO3 was formed in the biochar-containing specimen,
as shown in Fig. 11d. The paste in Fig. 11d exhibits a noticeably denser
microstructure  compared  with  that  in Fig.  11b,  indicating  a  higher
degree  of  carbonation  in  the  biochar-containing  specimen.  This  is
consistent  with  the  greater  CaCO3 content  quantified  by  QXRD  and
TGA.  Since CaCO3 has a  larger  molar  volume than Ca(OH)2,  its  forma-
tion during carbonation contributes to pore filling and microstructural
densification,  which  aligns  with  the  improved  compressive  strength
observed at the macroscopic scale.

Figure  12 illustrates  the  mechanism by  which  biochar  influences
the  CO2 uptake  behavior  of  NHL.  The  incorporation  of  biochar
mainly  affects  the  transport  and  reaction  of  CO2 within  the
specimens  during  the  early  stage  of  carbonation.  The  possible

mechanisms can be summarized as follows. (1) Accelerating internal
CO2 enrichment. Due to its large specific surface area and loose pore
structure,  biochar  can  exert  physical  adsorption  on  CO2 during  the
early  curing  stage,  facilitating  the  formation  of  a  relatively  CO2-
enriched environment within the specimens[39]. (2) Enhancing trans-
port pathways. Its porous structure provides pathways for gas diffu-
sion  and,  to  a  certain  extent,  for  the  migration  of  reaction  media,
and  can  connect  with  capillary  pores  or  larger  pores  in  the  NHL
system,  thereby  promoting  pore  connectivity  and  facilitating  the
transport of CO2 into the interior of the specimens[30]. (3) Regulating
carbonation  kinetics.  Because  incorporating  biochar  increases  the
contact opportunities between the carbonatable reactants and CO2,
the  carbonation  reaction  is  accelerated,  promoting  rapid  CaCO3

formation  at  the  early  stage.  As  CaCO3 particles  continue  to  form,
their  pore-filling  effect  becomes  increasingly  pronounced,  accom-
panied  by  a  volumetric  effect  that  densifies  the  material's  internal
structure.  This  process  is  consistent  with  the  increase  in  CaCO3

content and the densification of the microstructure observed in the
SEM results.

The  above  regulatory  effects  may  vary  with  biochar  dosage  and
particle size. An excessively high dosage may enlarge the pore struc-
ture and weaken the carbonation's densification effect. Biochar with
a relatively coarse particle size may lead to rapid pore filling, thereby
reducing the transport effect.  These aspects still  need to be further
clarified in future studies.

 Conclusions

To further improve the CO2 uptake performance of NHL, biochar with
varying dosages and particle sizes was used as an additive in this study,
and  its  effects  on  CO2 uptake  and  the  mechanical  properties  of  NHL

 

Table 4  Mineral composition calculated from TG analysis (%)

ID II mass
loss (%)

Ca(OH)2
content (%)

III mass
loss (%)

CaCO3
content (%)

P00 1.2 4.9 29.9 67.8
P32 1.5 6.1 30.2 68.7

 

Fig. 11  SEM images of biochar-modified NHL composites: (a) P00 ×100; (b) P00 × 5,000; (c) P32 × 100; and (d) P32 × 5,000.
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were  investigated.  The  macroscopic  properties  of  NHL  were  charac-
terized  by  CO2 uptake  kinetics,  pH  measurement,  compressive
strength,  and  saturated  water  porosity  tests.  Combined  with  micro-
structural characterization methods such as QXRD, TGA, and FTIR, the
mechanism  of  biochar  was  analyzed  from  the  perspectives  of  phase
composition, apparent morphology, and pore structure. Based on the
results of this study, the following conclusions can be drawn:

(1) The particle size and dosage of biochar have significant effects
on  the  mechanical  properties  of  NHL.  As  the  biochar  particle  size
increased,  the  compressive  strength  of  the  NHL  specimens  gra-
dually increased. At dosages above 2%, the strengthening effect of
biochar on mechanical properties gradually decreased. At a particle
size  of  325 mesh and a  dosage of  2%,  the compressive strength of
the  biochar-modified  NHL  at  3,  7,  and  28  d  increased  by  35.7%,
42.1%, and 10.9%, respectively, compared with the control group.

(2)  Biochar  can improve the CO2 uptake performance of  NHL.  As
the biochar dosage increased, the CO2 uptake rate and CO2 uptake
amount  of  the  modified  NHL  were  significantly  enhanced.  At  a
dosage of 2%, the CO2 uptake amount of the modified NHL at 6 and
24  h  increased  by  14.6%  and  11.9%,  respectively,  while  the  CO2

uptake rate increased by 3.2%.
(3)  Biochar  optimizes  the  interaction  between  NHL  and  CO2 by

enhancing  CO2 transport  pathways,  accelerating  local  CO2 enrich-
ment,  and  regulating  carbonation  kinetics.  Biochar  increased
the  porosity  of  NHL  before  carbonation,  promoted  the  formation
of  calcium  carbonate,  and  densified  the  microstructure  after
carbonation.

The results of this study deepen the understanding of the effects
of  different  types  of  biochar  on  the  hydration  and  carbonation
processes in NHL and provide useful insights for the rational applica-
tion  of  biochar  in  NHL.  Since  relatively  few  environmental  factors
affecting CO2 uptake were considered in  this  study,  further  investi-
gation  is  needed  to  broaden  the  understanding  of  biochar-
modified NHL.
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Fig. 12  Schematic diagram of the mechanism of biochar on the CO2 uptake behavior of NHL.
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