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carbon utilization†

Jonah M. Williams, ab Diandian Zhao,bc Ning Zhang, ab

Shiho Kawashimabc and Aaron J. Moment *d

The decarbonization of the built environment is a pressing issue to achieve CO2 reduction targets in the

concrete industry. Carbon mineralization of construction and demolition waste (C&DW) is an attractive

pathway to capture of CO2 as stable carbonates which can be re-utilized and upcycled in a circularized

fashion through the creation of new building blocks. Material recovery from the C&DW is often performed

in hydrometallurgical leaching using acidic media; however, this process is often hindered by solubility

issues and passivation. To ensure high recoveries of these elements, ligands can be used to enhance

dissolution. Carboxylic acids are used in conventional hydrometallurgical mineral processing, such as

leaching, floatation, and solvent extraction, and are desired due to their affordability and stability. In this

study, we explore the dissolution of waste cement pastes in acidic conditions under the presence of four

carboxylic acid ligands: formate, acetate, glutamate, and citrate. The leaching kinetics are categorized and

the pseudo-rate constants are established, demonstrating the advantages of these agents to enhance

reaction rates in the general order of citrate ⋙ formate > acetate > glutamate > control. The

characterization of the post-extraction reactor residue (PERR) revealed a significant increase in Si-content.

Finally, the leachate was carbonated to produce calcium carbonate, which was characterized for its use

based on morphology and size. Glutamate demonstrated distinct advantages compared to other ligands,

with a dual function of not only improving leachability of cement but promoting and stabilizing vaterite

during crystallization. Overall, this study motivates the use of sustainable ligands to enhance material

recovery during the dissolution of alkaline wastes for carbon mineralization.

Keywords: Carbon mineralization; Material recovery; Leaching; Ligands; Carboxylic acids; Calcium

carbonates; Carbon capture utilization and storage.

1 Introduction
1.1 Material recovery from built environment wastes for
decarbonization and upcycling potential

The utilization of alkaline wastes rich in Ca and Mg (e.g., steel
slag, mine tailings, construction debris, etc.) is posited to
contribute to a significant portion of ex situ carbon

mineralization as a method of carbon dioxide removal
(CDR).1–4 This is especially relevant for the built environment,
where 25% of construction and demolition waste (C&DW) is
directly landfilled without further processing (U.S.);5 by 2050,
estimates report that global C&DW waste could reach 27
billion tonnes.6 On-site sorting and pre-processing of the
C&DW will allow for enhanced downstream separation and
will ensure different fractions of waste can reach their
upcycling centers at lower CO2-footprints.

7 Previous studies
have demonstrated that the dissolution of waste HCP to
recover elements such as Ca, Si, Al, and Fe is a viable method
to sequester carbon in the form of calcium carbonates and
produce upcycled materials.8,9 This aqueous dissolution and
carbonation process could sequester between 100–150 kg CO2

per tonne of C&DW waste; however, this could in fact be
lower when considering the distribution, shipping, milling,
and comminution carbon impacts.6,9 The replacement of
clinker through upcycled materials, such as calcium
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carbonates and recovered silica residues, could reduce the
CO2-burden of cement without compromising the structural
integrity of the materials.10 Recent works by Zhao et al. have
highlighted the ability for the three anhydrous polymorphs of
CaCO3 (vaterite, aragonite, and calcite) produced from the
dissolution of waste cement pastes to replace clinker and
enhance its hydration during curing.11,12 Additionally,
numerous studies have demonstrated that the use of silica-
bearing compounds from industrial wastes such as fly ash,
steel slag, and other alternatives to fumed silicon could be
used as pozzolanic SCMs in new cement mixtures.13–17 The
tandem capture of CO2 and production of new built
environment materials through hydrometallurgical carbon
mineralization processes offers additional advantages which
motivates the implementation of carbon capture and
utilization (CCU).18

1.2 Carboxylic ligands for enhanced material recovery from
alkaline wastes during carbon mineralization

During conventional hydrometallurgical processes involving
elemental and metal recovery, complexing agents and ligands
are often used to enhance extraction and recoveries.19,20 The
use of ligands during aqueous dissolution can also reduce the
necessity for pyrometallurgical roasting or smelting, which
can lower the overall environmental impact of such
processes.21 Classically, cyanide (CN–) has been utilized in
gold leaching to form water soluble cyanide salts; however,
due to cyanide's environmental toxicity, thiourea (CH4N2S)
and thiosulfate (S2O3) are being studied as alternative
ligands.22–24 Carboxylic acids and carboxyl derivatives can also

be utilized during dissolution to recover valuable metals, such
as ethylenediaminetetraacetic (EDTA), oxalic acid, citric acid,
malic acid, and nitrilotriacetic acid (NTA).25–27 In certain
cases, these organic species are preferable to their inorganic
counterparts (e.g., cyanide, ammonia), due to their reduced
toxicities. Carboxyl species are also utilized during other
hydrometallurgical processes, such as flotation, solvent
extraction, and precipitation. Fig. 1 demonstrates the wide
variety of uses for these carboxylic species across a wide
variety of relevant processes.

Renewed interest into the utilization of CO2 as a green
solvent and source of carbonate ions for hydrometallurgical
precipitation has occurred, especially in the context of
carbon mineralization to capture CO2 itself and to recover
energy critical metals, rare earth elements (REEs), and
platinum group metals (PGMs) from waste sources.28–31

Carboxylic acids and carboxylic acid derivates can be readily
produced through bio-based, electrochemical, and
thermochemical processes and are currently utilized in a
myriad of industries.32,33 The simplest carboxylic acids,
formic and acetic, are mostly produced through reactions of
methanol and carbon monoxide, both of which stem from
syngas produced from methane reformers.34,35 Formic acid
is generally produced from the hydrolysis of methyl formate
while acetic acid is produced through the well-known
Monsanto or Cativa processes.34 Useful higher order
carboxylic acids with large market shares include citric acid,
which is mainly produced from fermentation systems using
certain fungi, such as Aspergillus niger.36 Certain amino
acids also contain valuable carboxylic acid groups, such as
glutamic acid, unique as it is one of two amino acids with

Fig. 1 Schematic demonstrating classical hydrometallurgical processes which utilize carboxylic chemistry including, but not limited to, leaching,
solvent extraction, flotation, and precipitation.
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a negatively charged side chain. Similar to citric acid, it is
primarily produced via fermentative bioprocesses.37

Unfortunately, the current carbon footprint of these
carboxylic acids is quite high, and thus the net carbon
impact of applying them to carbon mineralization methods
today is not highly beneficial. However, with the growth of
CO2 to chemicals and CO2 utilization, the production of
these species in a more renewable fashion could be
attainable in the future. For instance, formic acid can be
produced via the thermochemical hydrogenation of CO2 or
the electrochemical reduction of CO2 in aqueous
electrolytes.38,39 Catalysts can also be utilized to convert CO2

into useful molecules, such as cyclic carbonates.40,41 These
thermo/electrochemical methods are more popular for lower
order carboxylic acids (e.g., formic vs. decanoic acid) due to
decreased C–C bond formation required and enthalpy
considerations.42

Aqueous dissolution generally occurs at low pHs to ensure
protons can hydrolyze metals from the mineral particles via
metal oxide (M–O) bond cleavage; moreover, most mineral and
industrial wastes are highly alkaline due to the abundance of
Mg and Ca hydroxides/carbonate species.43 While there are a
variety of previous studies examining the effect of carboxylic
ligands, especially citrate, on the recovery of metals from
industrial wastes, these are generally limited to electronic
residues, spent batteries, slags, fly ash, and certain
minerals.44–48 The target elements in these studies include
more monetarily valuable species, such as Cu, Pb, Fe, Ni, and
even rare earth elements (REEs).46,49–51 There are limited
studies in the literature focused on the utilization of carboxylic
ligands with respect to Ca-rich heterogenous alkaline wastes,
such as hydrated waste cement paste.52 Additionally, these
analyses are generally focused only on the chemistry and metal
recovery during leaching, and do not consider the full process

Fig. 2 Speciation and calculated pKa(s) for salts of formate, acetate, glutamate, and citrate using visual MINTEQ at different pH values. Inserts
show the removal of protons from the structures of the molecules at different pKa(s).

Industrial Chemistry & Materials Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

9.
07

.2
02

5 
07

:0
4:

21
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00025k


72 | Ind. Chem. Mater., 2025, 3, 69–86 © 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

engineering production of CaCO3 for CCUS applications which
follows through multiple process steps. These coordinating
molecules not only have interesting properties in terms of
leaching, but they may also affect the crystallization of CaCO3

during carbon mineralization downstream as surface modifiers
or nucleation inhibitors. Thus, the combined and systematic
use of these materials for both leaching and crystallization
control within carbon mineralization processes for carbonate
formation is both timely and needed.

In this study, we examine the dissolution of waste HCP from
the built environment in acidic media in the presence of four
representative carboxylic acid salts, formate, acetate, glutamate,
and citrate, chosen for their respective industrial relevance and
current production market share. The main functionalities
which contribute to their differences arise from their
protonation potentials at different pHs, as show in Fig. 2. For
formate and acetate, one proton is available, as represented by
a single pKa being present between 4.2–4.8. Glutamate has two
carboxyl groups and one amino group whereas citrate has three
carboxyl groups, both species with three available groups for

deprotonation. Glutamate can exist as a zwitterion over the
majority of the studied pH range. The leaching behavior,
kinetics, and reaction rates were analyzed for all four ligands
during the dissolution of the waste cement paste. After
leaching, the post-extraction reactor residue (PERR) was
characterized for its properties and a pH swing was employed
to precipitate out non-Ca ions in the solution from pH 3–9.
These precipitated metal oxides (PMOs) were characterized for
their morphology and elemental composition to assess their
potential uses. Finally, the dissolution liquor was reacted with
CO2 to produce calcium carbonates and assess the degree of
CO2 capture which is afforded by the enhanced material
recovery using these carboxylic ligands.

2 Results and discussion
2.1 Kinetic analysis of ligand-assisted leaching of waste
hydrated cement pastes

2.1.1 Leaching kinetics. Fig. 3a–d shows the leaching
kinetics over the course of the dissolution experiment for

Fig. 3 Leaching kinetics as measured by ICP-OES for (a) Ca2+; (b) Si; (c) Al; and (d) Fe for HCl, acetate, formate, citrate, and glutamate leaching
cases over the course of 60 min extraction.
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calcium (Fig. 3a), silicon (Fig. 3b), aluminum (Fig. 3c), and iron
(Fig. 3d). For Ca removal, the use of the carboxylic ligands,
formate, acetate, glutamate, and citrate, greatly enhanced the
initial rate of reaction, with citrate reaching near Ca-saturation
at approximately 10 min (Fig. 3a). Although these chemicals
enhanced the initial rate of Ca extraction, they all reached the
same percentage of extraction at 60 min (70–72%). More
pronounced extraction behavior was seen in the case of Si, Al,
and Fe, where these carboxylic ligands were able to not only
enhance the initial rate of extraction, but also the total amount
of material extracted. Interestingly, citrate was able to promote
the dissolution of up to 4-fold more Si and 95-fold more Fe
than HCl alone. Overall, the trend of extraction improvement
and material yield was broadly seen as citrate ≫ formate >

acetate > glutamate > hydrochloric acid alone. The use of
these ligands at low pH conditions (pH 3) required additional
HCl addition to ensure full protonation of the ligand (Fig. 2)
and bypassing of the buffer regions present. The highest
elemental molar recovery per mol of organic ligand was
achieved in Ca, followed by Si, then Al and Fe, which tracks
with the observed elemental recoveries on a feedstock basis
(Table S1†). Compared to Hong et al. (2023), who conducted a
similar study with carboxylic ligands during the dissolution of
iron slag, a greater increase in the ancillary elements of Si, Fe,
Al, was observed herein than during their study.53 Different
feedstock compositions, heterogeneities, and crystallinities are
likely the result of these differing observations. Additionally,
the cooling and quenching rate of slag can have profound
impacts on its crystallinity, which in turn can impact waste
valorization operations.53,54 Cement paste is hydrated and
processed at room temperature (25 °C), yielding different
crystallinities which in turn, can yield different leaching
potentials of certain elements.55 Increased research is
necessary to probe at the effects of carboxylic ligands on a wide
variety of alkaline wastes to realize their full potential.

Table 1 shows the calculated calcium-to-silicon (Ca2+/Si)
molar ratios at equilibrium for the leaching experiments
compared to raw HCP itself. This ratio is an important metric
which has been previously used to establish the type of
dissolution occurring during the hydrometallurgical
processing of mine tailings and Ca and Mg-rich waste
minerals.6,9,56,57 In this study, the Ca2+/Si ratio for all cases
was higher than the ratio in the starting material, which is
attributed to incongruent dissolution of Ca with respect to Si.
It is also attributed to the formation of a Si-rich passivation

layer on the dissolving particles.9 Incongruent dissolution is
widely observed in the aqueous treatment of alkaline
materials due to differences in solubility of elemental
species, especially Ca with respect to Si. Interestingly, the
incongruency of dissolution decreases relative to acid only
leaching when carboxylic ligands were used. Citrate had the
lowest Ca2+/Si ratio of 5.6 compared to 19.6 in the case of
acid only, meaning that more Si was extracted from the
cement particles with the use of the ligands. A likely
explanation is that increased solvation of silicon and/or the
stabilization of pores within the cement matrix during
dissolution. Similar behavior has been previously reported in
the processing of Mg-rich serpentine waste by Swanson
(2014), who utilized oxalate in combination with catechol to
stabilize collapsing pores, leading to more congruent
dissolution behavior.58 The Si dissolution kinetics (Fig. 3b)
also demonstrate that no or limited reprecipitation of the
extracted Si is occurring on the timescale of reaction,
behavior which was observed by Zhang and Moment (2023)
in the dissolution of waste concrete.8 The increased
congruency in dissolution afforded by these ligands in the
material extraction from waste HCP could be useful to extract
as much material as possible.

2.1.2 Pseudo-rate constants obtained from
hydrometallurgical processing. Apparent or pseudo-rate
constants were calculated by fitting the kinetic data obtained
to three different shrinking-core reaction models.59,60 The
shrinking-core reaction model has been widely used to
describe the dissolution of alkaline wastes during leaching
processes. Recently, these models were utilized by our group
to describe the leaching of waste concrete, fly ash, and the
same hydrated cement pasted used herein.6,8,61 Generally,
the dissolution of these alkaline waste particles can adhere to
a diffusion controlled (eqn (1)), chemical controlled (eqn 2),
or a combined chemical and diffusion reaction control
regime (eqn (3)). In this context, diffusion-controlled
processes are limited by the continued diffusion of ions or
reactants within or near the cement particles in the aqueous
media. To better ascertain details about the reactivity of these
ligands with respect to the cement particles, the kinetic data
was fit to the three shrinking-core models and the closeness-
of-fit (R2) values were established.

The early behavior of the leaching data (<10 min) was fit
to eqn (1)–(3), which relate the reaction time t (s) and the
apparent rate constant kd (s−1) to the elemental extraction X
(percent extraction, %) of Ca, Si, Fe, and Al:8

kdiff × t ¼ 1 − 3 × 1 −Xð Þ23 þ 2 × 1 −Xð Þ (1)

kchem × t ¼ 1 − 1 −Xð Þ13 (2)

kchemþdiff × t ¼ 1 − 1 −Xð Þ13 þ 1 − 3 × 1 −Xð Þ23 þ 2 × 1 −Xð Þ (3)

The closeness of fits (R2) from the linearized data fit to
all three reaction models is shown in Table 2. Generally,
most of the obtained results fit a diffusion-controlled

Table 1 Calcium-to-silicon (Ca2+/Si) ratio at equilibrium after the
leaching process had concluded compared to the original hydrated
cement paste feedstock

Ca2+/Si ratio

HCP feedstock 2
HCl only 19.7
Glutamate 15.6
Acetate 11.0
Formate 11.1
Citrate 5.6
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dissolution process, which is consistent with previous
studies. It should be noted that this is diffusion-limited
reaction regime in reference to the diffusion through and
within the solid cement paste and no liquid–liquid
dissolution or the diffusion of species within the bulk.
Fig. 4a demonstrates an example of this fitting using the
diffusion-controlled model (eqn (1)) with the calcium
dissolution kinetics over the desired time range of about
420 s (7 min). Shorter time frames are utilized for the
kinetic analysis to avoid the saturation region of mass

transfer limitations which generally occurs after 10–15 min
of dissolution. Ca and Si extraction fit this model the best
of all the elements profiled, whereas there are slight
deviations in the case of Al and Fe. While part of this could
be due to higher error associated with these elements which
are present in less than 3% of the starting cement
feedstock, it could also be indicative of additional factors
controlling the extractive processes of Al and Fe. For the
case of citrate, the affinity of iron and aluminum towards
citrate is quite high; thus, increased solubility of the formed

Table 2 Best of fit R2 values for the kinetic data obtained for Ca, Si, Fe, and Al in the presence of the four ligands studied. The data was fit to models
describing chemical control, diffusion control, and a combination of the two

Best of fit (R-value)

Element of interest Ca

Ligand Control Acetate Formate Citrate Glutamate
Chemical reaction control 0.979 0.990 0.984 0.966 0.989
Diffusion control 0.985 1.000 0.997 0.985 0.999
Chemical + diffusion control 0.983 0.996 0.991 0.977 0.995

Element of interest Si

Ligand Control Acetate Formate Citrate Glutamate
Chemical reaction control 0.891 0.968 0.959 0.934 0.958
Diffusion control 0.913 0.991 0.983 0.963 0.978
Chemical + diffusion control 0.892 0.973 0.965 0.945 0.961

Element of interest Fe

Ligand Control Acetate Formate Citrate Glutamate
Chemical reaction control N/A 0.942 0.965 0.984 0.910
Diffusion control N/A 0.942 0.982 0.999 0.905
Chemical + diffusion control N/A 0.943 0.966 0.991 0.909

Element of interest Al

Ligand Control Acetate Formate Citrate Glutamate
Chemical reaction control 0.776 0.972 0.996 0.987 0.909
Diffusion control 0.696 0.898 0.990 0.995 0.883
Chemical + diffusion control 0.773 0.969 0.999 0.993 0.908

Fig. 4 (a) Example of the data fitting using the calcium extraction kinetics up to about 7 min for all five test cases using the diffusion-limited
model and (b) calculated rate constants (kd) for diffusion-controlled shrinking-core reaction regime Ca, Si, Al, and Fe dissolution from the waste
hydrated cement paste (HCP). Control case refers to HCl dissolution only.
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complexes will have strong implications for the apparent
rate constants. In the case of Al, the leaching kinetics
suggest that saturation is not reached within the dissolution
time tested whereas the high affinity of iron towards citrate
and its increased solubility is the main mechanism active in
the Fe leaching kinetics. Additional studies using these
same ligands with other alkaline wastes (e.g., steel slag,
waste to energy ashes, etc.) that contain greater amounts of
Al and Fe should be conducted to provide additional
mechanistic insights.

Fig. 4b shows the rate constants for dissolution as
calculated for the five leaching cases for Ca, Si, Al, and Fe.
Correspondingly, it can be observed that the increase in rate
constants follows a similar trend observed in the kinetic data
shown in Fig. 3a–d, where elemental extraction rates for
citrate ≫ formate ∼ acetate > glutamate > HCl only. Based
on this analysis, it is clear that thermodynamics is
dominating the enhancement effects observed by the
carboxylic ligands in these reactions. Utilizing these
chemicals has altered the apparent solubilities vis-à-vis the
observed apparent rates. Calcium extraction rates were more
or less similar between the species; however, in the case of
citrate Fe rates were increased by 4 orders of magnitude
(OOM), Al by 3 OOM, and Si by 2 OOM. Based on kinetic
data, apparent rates, and the particle size data (section 3.2)
obtained from the samples after the reaction, it is theorized
the improvement in the rate of reaction offered for Ca is
present at the surface of the dissolving particles, since the Ca
extent of extraction is the same for all ligands within the
reaction timeframe. Citrate-Ca enhancement could also be a
function of 3× greater presence of ligating groups with
respect to the other ligands studied. In the case of Si, it
seems that there are different Si-ligand species coming to
different equilibriums over the course of the dissolution
reaction. In reference to the Al and Fe, the ligand
enhancement in extraction is likely a result of increased
solubilization of these poorly soluble ions, increasing their

concentration in the bulk and preventing their
reprecipitation of the dissolving particles. Al seems to be
pore-controlled, as the kinetics never fully reach saturation.
These carboxylic ligands may provide benefits at scale, when
mass transfer and solubility limitations can become more
pronounced.

2.2 Characterization of the post-extraction reactor residue
(PERR)

The characterization of the unreacted residue accumulated
during the single pass leaching provided insights into the
dissolution behavior of the hydrometallurgical processing
system in addition of the potential downstream uses of these
materials. Fig. 5a shows the percentage of feedstock dissolved
compared to HCl only and Fig. 5b shows the individual
elemental dissolution percentages as a function of the
elemental mass of the feedstock itself calculated by eqn (4):

Elemental Dissolution %ð Þ ¼ 100

×
Mass of element dissolved gð Þ

Mass of element in Feedstock gð Þ

(4)

The ligands all enhanced the solubilization of the bulk
material itself, with citrate leaving only 8% of the cement
remaining in the reactor (Fig. 5a). As demonstrated earlier,
the total recovery of calcium was not enhanced much by
these salts; however, significant improvements in Fe, Al, and
Si total yield were observed, especially in the case of acetate
and citrate. XRF analysis of the PERR complemented the
mass balance results, showing an increase in SiO2 content
and decrease in CaO content for all the samples tested with
respect to the original cement itself (Fig. 6). Increased Fe2O3

was observed in the acetate, formate, and glutamate PERR as
shown by XRF relative to the acid only. This could be due to
the reprecipitation of certain iron species on the undissolved
particles during leaching. Visually, the PERR in these three
cases looked red compared to the raw feedstock and acid

Fig. 5 (a) Total feedstock dissolved and (b) elemental dissolved mass balance for the carboxylic aid ligands after the hydrometallurgical leaching
of waste HCP.

Industrial Chemistry & Materials Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

9.
07

.2
02

5 
07

:0
4:

21
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00025k


76 | Ind. Chem. Mater., 2025, 3, 69–86 © 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

only cases (Fig. S1†), alluding to the presence of iron. Optical
microscopy provided additional visual insights into the
characteristics of the PERR (Fig. 7 and S2†). In the case of
the ligand PERR, the particles appeared smaller and more
fragmented that the HCl control (Fig. S2†). The acetate and
formate PERR had a red hue due to the presence of iron
species, while the glutamate and citrate PERR looked
translucent (Fig. 7), likely a result of the high elemental
extraction from the dissolved cement matrix.

Sulfur was detected (SO3) in the HCP sample, present
mainly as ettringite, which originated from the reaction of
gypsum (CaSO4·2H2O) with aluminates in cement.62 No or
minimal sulfur was detected in the PERR residues,
suggesting that the reaction conditions were adequate to
dissolve the ettringite into free sulfate. Previous studies with
waste HCP at high slurry densities revealed a reprecipitation
of gypsum on the PERR itself, but at low slurry densities
sulfate was not observed.6 FTIR data of the PERR revealed
similar spectral patterns for all five leaching cases (Fig. 8a).
Notably, the disappearance of the OH−1 peak at about 3630
cm−1 from the waste HCP was observed. Additionally, the
formation of increased Si–O–Si bonding can be seen through
the shift (condensation) of the silanol (Si–O) peak from 950
cm−1 in the raw HCP to about 1030 cm−1 in the PERR
samples.63–65 This peak shift has been attributed to the
breakage of lower energy Fe–O–Si and Al–O–Si bonds

compared to SiO2 bonding, allowing for the condensation of
silanol groups after removal of other ions, such as Fe and
Al.8 The peak shift in this region is the most pronounced for
citrate, which is supported by the observed mass balance and
kinetic data. Correspondingly, the particle size data from the
PERR (Fig. 8b) shows a similar trend, with particle size
reduction following the order of citrate ≫ formate ∼
glutamate ∼ acetate > acid only ≫ raw HCP. The increased
reduction in PSD, especially for citrate, supported the
observed mass of the residue obtained, with very little
remaining.

2.3 pH-Swing to concentrate ancillary ions present in the
leach liquor

Following the dissolution reactions, a pH swing process was
employed to precipitate certain species, such as Al, Si, and
Fe, which would otherwise contaminate the PCC downstream
during carbonation.61 Fig. 9 shows the titration data for the
disappearance of Ca, Si, Fe, and Al as a function of increasing
pH through NaOH addition. Generally, as the pH increased,
the precipitation of Fe and Al species was hindered through
the presence of carboxylic ligands. Citrate was the most
resistant towards the precipitation of Fe and Al, followed by
glutamate, acetate, and formate. The amount of NaOH used
for titration also scaled with the potential strength and
degree to which the ligand was able to recover material
during leaching (Fig. S3†). This is likely due to the increased
concentration of ions present in the leaching liquor,
especially Si, Al, and Fe, which will require additional base to
titrate out. Formate and acetate actually assisted in the
precipitation of Si, even at high pHs where it would be
thermodynamically more soluble.66

Unfortunately, the presence of the carboxylic ligands also
allowed for the loss of calcium from the aqueous phase,
which was upwards of 60% in the presence of citrate. This
behavior could be due to the precipitation of the
corresponding calcium salt of the ligand material (i.e.,
calcium acetate, calcium citrate, etc.) or increased gelation
of Si–Fe–Al hydroxides due to higher absolute
concentrations (Fig. 3b–d) which precipitate and can trap
calcium within via an occlusive process.61 While citrate
allows for enhanced material recovery during leaching due
to its strength as a chelator, its downside is the subsequent
trapping of ions during PMO precipitation. Swinging the pH

Fig. 6 XRF solids mass balance of the PERR showing the remainder of
the residual elements present after leaching.

Fig. 7 Optical microscopy at 40× magnification of the PERR samples after the dissolution process.
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Fig. 8 (a) FTIR spectral data for the post-extraction reactor residue (PERR) for the five leaching cases studied in comparison to the raw cement
paste; (b) cumulative passing particle size distribution (PSD) of the same PERR.

Fig. 9 ICP-OES data at various pH points for Ca, Si, Fe, and Al during the pH-swing process for different carboxylic salts used during the
dissolution of the HCP.
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to as high as 12 could potentially aid in fully precipitating
the citrate salts, however a fraction of calcium will also be
lost. In a similar study assessing PMO recovery from iron
slag leaching, Hong et al. (2023) report similar losses of
calcium from the aqueous phase during a pH-swing
processing using NaOH;53 thus, sequential PMO
redissolution, purification, and precipitation to recover wash
out excess calcium might be warranted. This behavior is not
seen to the same extent in the cases of formate, acetate,
and glutamate, demonstrating that for the production of
high-purity carbonates for paper making, food and beverage,
and paint applications, other ligands could be more
advantageous. However, low-purity carbonates can be
produced in high yields even if a PMO-precipitation is not
employed and these materials can still have use within the
built environment or for long-term carbon storage as
carbonates.9 Al, Fe, and Si can act as supplementary
cementitious materials (SCMs) and thus there may even be
benefits for their incorporation within carbonates for CCU
applications.67,68

Characterization of the PMO revealed much similarity
between the precipitates from each ligand case studied. All of
the PMO samples had roughly the same composition of Ca, Al,
Si, and Fe present as shown by XRF analysis (Fig. 10a) and were
amorphous, as confirmed by Q-PXRD (Fig. 10b). Distinct
differences in morphology were observed between the PERR,
which after leaching appeared quite porous, and the PMO
which looked quite smooth in all cases studied (Fig. S4†). 27Al
(Fig. 11a) and 29Si (Fig. 11b) MAS solid-state NMR was
performed on the control case PMO to assess its phase
differences compared to the raw HCP, specifically in the
changes of the Al and Si bonding networks. The raw HCP
shows a large peak at 4.9 ppm in the 27Al spectra which could
be correlated with the presence of an Al–O5/6 bonding regime,
akin to those found in the tricalcium aluminate (celite) and
tetracalcium aluminoferrite (felite) clinker phases.69,70 The

PMO contained a slightly downshifted version of this same
peak (4.9 shifted to 9.9 ppm) and the growth of a peak at 64
ppm, which could be attributed to Al–O4 bonding or the
bonding of Al to Q3–Q4 Si structure (Fig. 11a). The bonding of
Al with Si during the precipitation with NaOH is a likely
outcome of the PMO swing process. In terms of the Si-NMR
analysis, a shift from Q0–Q1 silica in the raw HCP towards a
broader distribution of Q-structures, with a greater percentage
of Q3–Q4 Si bonding in the PMO can be observed (Fig. 11b).6

The presence of the Q0–Q1 structures are indicative of the C–S–
H hydrated clinker phases present in the cement itself.8,71 After
dissolution and PMO precipitation the growth of Q3–Q4 Si-
structures is indicative of the reprecipitation of SiO2 bonding
to itself and also other elements, such as Al and Fe.

The differences in the structure and phases of the PERR
and the PMOs could allow for different uses if they are
upcycled within the built environment. These PMOs, which
contain calcium, could be useful as pozzolanic materials in
new cement hydration.72 The PMOs material is amorphous,
which generally means it could react during cement
hydration to form new phases.73,74 Cement hydration data
is shown in Fig. 12. As observed, the replacement of PMO
in OPC considerably enhanced the hydration kinetics of the
cement in the first 8 h (Fig. 12a), and also resulted in a
similar cumulative heat release as the OPC-only sample
(Fig. 12b) over the course of the 168 h curing time. These
results indicate that PMO had a strong accelerating effect
on cement hydration at the early age, and the amounts of
hydrated phases generated after 7 d were quite similar
between OPC and PMO10. It can be potentially used as
SCMs to replace cement without compromising its
engineering properties. In another study, the placement of
cement with 10 wt% PMO even improved the compressive
strength of cement mortar, similar to commercial SCMs like
silica fume.75 This suggests that the PMO materials
recovered during the hydrometallurgical processing of

Fig. 10 (a) Pure elemental balance of the precipitated metal oxides (PMOs) as determined by XRF; (b) PXRD spectral data of the same PMO
species for all five cases studied.
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alkaline wastes could indeed be used as upcycled materials
within the build environment.

2.4 Carbonation to produce pure precipitated calcium
carbonate (PCC) polymorphs

The carbonation of the leachate liquor was performed after PMO
removal to produce pure PCC through carbon mineralization.

The morphology of the carbonates was analyzed to probe at the
various crystalline phases present. Fig. 13a shows the refined
Q-PXRD data with the wt% of the crystalline phases of the PCC
produced at all five leaching cases. The main anhydrous and
most common forms of CaCO3 observed are vaterite, aragonite,
and calcite, listed in order of thermodynamic stability.76–78

Calcite is the most widely used polymorph globally and is the
main constituent of limestone. However, there is growing

Fig. 11 27Al (a) and 29Si (b) MAS solid-state nuclear magnetic resonance (NMR) testing of the raw HCP material before leaching and a representative
sample of PMO produced during the pH-swing process. The PMO used for the tests was obtained from the HCl only leaching process.

Fig. 12 (a) Heat flow of OPC and OPC replaced 10 wt% by PMO over 48 hours; (b) cumulative heat release for the same samples over 168 hours
of curing and hydration.
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interest and research in the production of vaterite and aragonite,
the metastable phases of CaCO3, for industrial applications
based on their distinct morphologies, with vaterite being
spherical and aragonite being needle-like.12,78–80 In this study,
the control experiment produced a 50–50 wt% mixture of vaterite
and calcite after 30 min carbonation. Due to the relatively dilute
amount of Ca present (∼3000 ppm, 0.075 M), the calcite
observed is likely a result of the precipitation of vaterite and
recrystallization into calcite, which has been reported one of its
main synthesis pathways by other researchers.81 The presence of
formate, acetate, and citrate seemed to favor the production of
calcite over vaterite, and could have decreased the nucleation
rate of vaterite itself while promoting that of calcite.
Interestingly, glutamate stabilized vaterite and resulted in a
vaterite phase purity of the product of almost 97 wt% (Fig. 13a).

FTIR analysis confirmed the presence of vaterite in this sample
though a peak at 744 cm−1 which corresponds with vaterite
CO3

2− symmetrical vibration (Fig. 13b).82 Calcite peaks in the
other samples can be clearly seed at 710–713 cm−1,
demonstrating the usefulness of FTIR to fingerprint the
polymorphs of CaCO3.

82,83 Fig. 14 shows the morphology of the
produced carbonates for all the samples obtained during the
carbonation reaction, further corroborating the presence of
vaterite and calcite. The D50 of all the PCC produced was less
than 10 μm (Fig. S5†), however the presence of glutamate and
citrate resulted in the greatest degree of particle size reduction,
with citrate PCC having a D50 of roughly 3.5 μm. The ability for
certain ligands to control the PSD of the PCC during carbonation
could be useful if the end use requires smaller carbonates based
on size.

Fig. 13 (a) Refined Q-PXRD data of the PCC produced showing the polymorphs of CaCO3, vaterite, calcite, or aragonite, present in the samples;
(b) FTIR spectral data of the carbonates produced showing characteristic CO3

2− out-of-plane vibrational bending near 873 cm−1, with vaterite
characteristic peaks at 742 cm−1 and calcite in-the-plane bending at 712 cm−1.81–83 Table S2† shows the Rietveld refinement data and Fig. S6†
shows the raw PXRD spectral data.

Fig. 14 SEM micrographs of the produced precipitated calcium carbonates showing the distinct morphologies present for the various ligands
utilized during the hydrometallurgical leaching process.
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The presence of the amino group in glutamate is likely
responsible for the stabilization of vaterite, through bonding
to the surface of the nucleated vaterite particles and
preventing water from dissolving them.78,84,85 Certain amino
acids are theorized to affect the crystallization of CaCO3.
Finney and coworkers (2020) demonstrated through in silico
work that not only is glutamate surface active towards
crystallizing carbonates, its affinity for calcium allows
organization of cations prior to crystallization to potential
template vaterite.86 The suppression of calcite nucleation
through the use of inorganic or organic cofactors can be
advantageous to prevent calcite templating or seeding of
vaterite, the less stable polymorph.87 Previous studies have
shown the highest degree of vaterite stability using ammonia
or amino-organic additives. Recently, Williams et al. (2023)
demonstrated the critical ratio of ammonium salts to calcium
which is required to stabilize vaterite during carbon
mineralization processes.88 Similar results were also reported
by Hood et al. (2014), who showed that of all the amino
acids, aspartic and glutamic were able to stabilize vaterite to
the best degree, likely due to the presence of the charged
amino group which can surface bond to the growing vaterite
particles.89 Among the studied carboxylic ligands, glutamate
shows promise with two primary advantages over the other
chemicals profiled. Firstly, its selectivity towards Ca is high
with low yields of Fe and Si. This separation factor is
advantageous if high purity PCC is required downstream and
could negate the use of the pH-swing process to purify the
leachate liquor. Secondly, glutamate shows advantages in
surface activity compared to all the other ligands to stabilize
vaterite during crystallization of PCC. This dual functionality
could motivate its use within carbon mineralization
processes for high purity vaterite from alkaline wastes.

Current (Feb. 2024 – Gulf Coast USD) pricing for formic
acid is $978 per tonne, acetic acid is $600 per tonne, citric
acid is ∼$896 per tonne, and glutamate (monosodium salt) is
∼$700–1000 per tonne utilizing conventional production
methods highlighted in section 1.3. In the future, these
ligands/commodity chemicals may be synthesized utilizing
CO2 captured via DAC or point-source and upgraded through
electrochemical, thermochemical, or microbial pathways. The
economics of this proposed dissolution process are governed
by the cost and recyclability of the ligands. When compared
to conventional ex situ carbon mineralization processes, it is
clear that the cost to utilize these ligands is higher due to
both the ligand spot price and the need for more base
(NaOH) to raise the pH during the PMO precipitation step for
carbonation (Fig. S3†). However, glutamate requires less base
than all the other species, likely due to the fact that the
molecule already has one basic group. This further motivates
and demonstrates the clear economic and process advantage
which glutamate poses, even if the commodity chemical price
could be slightly higher than the other molecules. The overall
economics of this process could improve if product demand
increases and ligand recycling methods are developed. Three
distinct products are recovered at each stage of the proposed

process: PERR, from the dissolution reactor which is rich is
silica, can be reincorporated into new cement to offset OPC;6

PMO, which is recovered during the pH-swing process, can
also serve as a clinker replacement; carbonates, which can
also be reincorporated into new cement admixtures and
replace OPC without compromising the strength of the
cement itself.11,12 The carbonate replacement effect has been
widely studied, with the improvement in hydration resulting
mainly from a “filler effect”, which provides additional sites
for nucleation during the hydration and setting of cement.11

The uses of non-traditional calcium carbonate polymorphs,
such as vaterite or aragonite, in new built environment
materials is also a potential motivation for the production of
PCC via ex situ carbon mineralization.12,88,90 The production
of circularized and decarbonized materials for the built
environment from its own waste can potentially aid in
reducing its overall intrinsic carbon intensity, lowering the
amount of clinker needed and reducing emissions from
cement production.

3 Conclusion

In this work, the dissolution of construction and demolition
waste (C&DW) in the form of hydrated cement paste (HCP)
was conducted in the presence of four organic carboxylic
ligand materials, formate, glutamate, acetate, and citrate.
The reactivity of the HCP in the presence of these material
was established by kinetic analysis, and the rate constants for
Ca, Si, Al, and Fe dissolution and the associated diffusivity of
each case was determined. It was observed that not only did
these ligands, especially citrate, help with absolute yield of
material, they also enhanced the reaction rate of dissolution
through their presence. This rate enhancement is theorized
to be a result of both increased solubility of the leached
elements in addition to more efficient dissolution of the
cement into smaller particles. Characterization of the PERR
revealed that the residue after leaching was rich is SiO2 with
residual CaO present, and the condensation of silanol groups
from those bonded to other elements, such as Al and Fe,
towards only Si was observed. A pH-swing was employed to
cleanse the leaching reaction solution prior to carbonation
which revealed the precipitation of Si–Al–Fe rich PMOs. The
precipitation of calcium at low pHs was also observed in the
presence of the carboxylic acid ligands, with high loss being
reported in the case of citrate. New Al phase creation in the
PMO and the transition towards higher Si–Q structures was
observed through NMR analysis and cement hydration data
points towards potential uses of the PMO materials in new
cement mixtures. Finally, PCC was produced via mineral
carbonation and the morphology, size, and structure of the
carbonates was confirmed by PXRD, FTIR, and particle size
analysis. Notably, the presence of glutamate was able to
produce a carbonate product that was nearly 97 wt% vaterite,
likely due to surface active amino group. Future work
includes in silico and even in situ techniques (e.g., in-line PAT
probe) to more thoroughly establish how these ligands bind
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to both the dissolving cement particles and the crystalizing
carbonates. Overall, this study presents a compelling look
into the use of carboxylic acid ligands which can be derived
from CO2 to enhance both material recovery and carbon
capture during the ex situ carbon mineralization of C&DW for
the decarbonization of the built environment.

4 Experimental section
4.1 Materials

The cement paste studied was produced from ordinary
Portland Cement in-house and hydrated with a water to cement
ratio of 0.4. Hydrated cement samples were crushed, milled,
and sieved to a particle size range of 125–210 μm. In order to
provide an accurate basis for assessing the degree of elemental
extraction, the composition of the hydrated cement paste was
assessed by ICP-OES. First, the samples were fused with
lithium metaborate and then a solution of this product was
analyzed via ICP. The major recoverable elemental composition
of the cement was determined to be 44.0 wt% Ca, 14.0 wt% Si,
1.3 wt% Al, and 2.3 wt% Fe.9 The Ca and Si content is much
smaller than ordinary Portland cement (OPC), due to the fact
that this is hydrated cement paste; thus, to ensure proper
material balance the ICP basis is preferred.6 The carboxylic
ligands were all sourced from Sigma-Aldrich Chemicals, USA
(>99% purity) and were sodium formate (NaCHO2), sodium
acetate (NaC2H3O2), sodium glutamate (NaO4NH8C5), and
sodium citrate (Na3C6H5O7). CO2 for carbonation was obtained
from AirGas (Allentown, PA, USA) at 100% anhydrous. HCl for
the leaching experiments was procured at 37 wt% (Sigma-
Aldrich Chemicals, USA) and diluted to 5 M prior to use. Stock
solutions of 25 wt% (w/v) NaOH (Alfa Aesar, MA, USA) were
used for the pH swing process and to maintain the pH within
the carbonation reactor during PCC production. Deionized
water (MilliQ Grade, Millipore Sigma, USA) was used
throughout the entire process, including leaching, washing,
and stock solution creation.

4.2 Methods

4.2.1 Leaching reactor design. The dissolution of the waste
HCP was carried out in 500 mL ChemGlass (Vineland, NJ,
USA) stirred-tank, temperature-controlled reactors in a
reaction volume of 300 mL. A slurry-density of 1 wt% (solids/
liquid mass ratio) was utilized to properly assess the
dissolution kinetics. The reactor was maintained at 25 °C for
the duration of the 60 min leaching process which was
performed at 900 rpm through overhead agitation. In the
case of carboxylic ligand leaching, a 0.05 M solution of the
corresponding salt (i.e., formate, acetate, glutamate, and
citrate) was made with MilliQ deionized water. This
concentration was chosen based on previous studies and
preliminary results suggesting an optimal low concentration
window of 0–0.1 M for these ligands. The pH was then
adjusted to 3 with 5 M HCl prior to leaching in all cases. pH
was continually monitored and kept at 3 via HCl addition
throughout the entire duration of the experiment. Afterwards,

the mixture was quickly filtered through a Buchner apparatus
(Whatman, GE, USA) and the post-extraction reactor residue
(PERR), or the undissolved portion of the cement matrix, was
rinsed with 70% EtOH (v/v) prior to drying overnight in a
vacuum oven at 80 °C until the samples reached a constant
weight to ensure all water was removed.

4.2.2 pH-Swing process. In an effort to purify the leaching
liquor prior to PCC production during carbonation, a pH
swing process was employed to precipitate the major
ancillary ions present, such as Si, Al, and Fe. The leaching
liquor at pH 3 was slowly titrated with 25 wt% (w/v) NaOH
towards pH 10, stopping before appreciable amounts of Ca2+

began to precipitate as Ca(OH)2. The system was allowed to
equilibrate at each whole-step pH for approximately 30
minutes before moving to the next. At pH 10, the reactor
liquors were filtered and washed thoroughly with EtOH prior
to drying the precipitated metal oxides (PMOs) in a vacuum
oven at 80 °C overnight until the samples reached a constant
weight to ensure all water was removed.

4.2.3 Carbonation reaction. The carbonation reaction was
carried out in the same 500 mL ChemGlass stirred tank
reactor systems at a temperature of 25 °C and a stirring rate
of 600 rpm. Carbonation was performed over the course of 30
min and CO2 was sparged into the reactor using a ceramic
micro-sparger to ensure adequate solvation and absorption of
the CO2 itself. The CO2 flowrate used was 150 mL min−1. The
pH of the reactor was maintained at 10 through the
continuous addition of NaOH to ensure carbonate ions were
present for carbonation. After carbonation finished, the
solution was quickly filtered using a Buchner apparatus as
described above, and the carbonates were washes with EtOH
to ensure removal of trapped water. Finally, the PCC was
dried overnight in an 80 °C oven until the samples reached a
constant weight to ensure all water was removed prior to
characterization.

4.2.4 Characterization techniques. Aqueous species
analysis for both the leaching kinetics and the titration
during pH swing was performed using an Agilent 5110
inductively coupled plasma optical emissions spectrometer
(ICP-OES). Samples were taken and quickly filtered using a
0.22 μm syringe filter to remove any residual debris, prior to
being diluted 50 to 100-fold and quenched in 2 wt% HNO3.
The following wavelengths were used to track the major
elements through the use of the ICP: Ca2+: 422.67 nm; Si:
288.16 nm; Al: 237.31 nm; and Fe: 234.35 nm. To facilitate
the titration of the dissolution reactor liquor, a Metrohm
Titrando potentiometric titrator was used to dose in the base
required to raise the pH of each solution. This also allowed
for adequate time to collect samples for precipitation analysis
via ICP-OES.

The three sets of produced solids, the post-extraction
reactor residue (PERR), PMOs, and the PCC, were all subject
to rigorous solids characterization techniques. A Panalytical
X'pert3 (Malvern) powder X-ray diffractometer (PXRD) with a
3 kW Cu X-ray generator was used to study the crystalline
phases present in the solids, especially the presence of the
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polymorphs of CaCO3, vaterite, calcite, and aragonite, in the
PCC. The PXRD data was refined using the open-source
material analysis using diffraction (MAUD) software. Relevant
crystal structures were obtained from the crystallography
open database (COD). A Shimadzu 7200 energy dispersive
X-ray fluorescence spectrometer (ED-XRF) was used to analyze
the elemental composition of each of these residues, while
Nicolet iS50 Fourier transform infrared spectrometer (FTIR)
was used to exam the surface bonding structure of the
residues, especially in the case of the use of carboxylic ligand
materials used during leaching. A Zeiss Sigma VP SEM was
used to collect residue morphology images which were
sputter-coated for 20 s with AuPd before imaging. A Bruker
XFLASH 6-30 energy-dispersive X-ray spectrometer (EDS) was
utilized to perform elemental mapping of the samples,
especially the PMO, to probe at the homogeneity of the
residue composition.

The particle sizes of the residues and PCC were
analyzed with a LS 13 320 XR Beckman Coulter particle
size analyzer (PSA). Samples were suspended in ethanol
prior to injection into the water column to serve as a
dispersant over the 90 s measurement time using
polarization intensity differential scattering (PIDS) analysis.
The precipitated metal oxides (PMOs) were additionally
characterized for phase development through solid-state
magic angle spinning (MAS) 27Al and 29Si NMR. A Variant
direct drive 300 MHz spectrometer equipped with a 3.2
mm chemogenetics broadband MAS probe running in a
magnetic field of 7 T was used. The reincorporation and
replacement of PMO within cement was tested using
isothermal calorimetry to track the hydration of new
cement pastes. OPC was replaced 10 wt% by PMO and
then mixed together with water to create a final water-to-
solid (W/S) ratio of 0.4. After water was loaded, the
samples were mixed for 2 min prior to being directly
loaded into A TAM Air Isothermal Calorimeter in glass
ampules. The temperature was maintained at 25 °C over
the course of the 168 h experiment.
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