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Enhanced weathering of industrial Ca-rich silicate byproducts in croplands is

potentially profitable for large-scale atmospheric CO2 removal; during the

weathering process, CO2 dissolves to form HCO3
− and CO3

2− in alkaline soil

pore water, which eventually flows into the ocean. However, the effectiveness

of such systems is still in doubt, owing to the unrealistic models used for

prediction and the insufficient consideration of the dynamic influences of soils

on fluid chemistry. We determined the effectiveness of such systems for

atmospheric CO2 removal, along with their characteristics, through a set of

batch- and flow-through-type laboratory experiments, using andosol and

decomposed granite soil as agricultural and non-agricultural soils,

respectively, and Portland cement, steelmaking slag, and coal fly ash as

industrial byproducts. The results of the batch-type experiments

demonstrated that agricultural soils were suitable for CO2 removal, owing to

their moderately high pH and Ca concentrations in pore water that prevented

intensive calcium carbonate precipitation. The flow-through experiments

demonstrated that a higher Ca-content byproduct can have a large

atmospheric CO2 removal capacity. However, the magnitude of CO2

removal and its time-dependent behavior were difficult to predict because

they were not in conjunction with the changes in the average pH value. This

indicated that the diffusive transport of CO2 from the atmosphere-soil interface

to deeper soils was more complex than expected. Maximizing CO2 removal

requires a better understanding of the diffusive transport of CO2 through gas-

filled pore spaces, created by unsteady-state air–water two-phase flow, due to

intermittent rainfall.
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1 Introduction

Based on the Paris Agreement, the United Nations

Intergovernmental Panel on Climate Change (IPCC) aims to

limit anthropogenic global warming; for this, it is imperative to

consider large-scale atmospheric carbon dioxide (CO2) removal

(Hansen et al., 2017; Rockström et al., 2017; IPCC 2018; Bach

et al., 2019). The atmospheric CO2 removal technologies recently

developed focus on the use of soil and vegetation for atmospheric

CO2 removal (Green et al., 2019; Humphrey et al., 2021; Terrer

et al., 2021; Zeng et al., 2022). In these reports, enhanced

weathering of calcium (Ca) and/or magnesium (Mg) silicate

rocks/minerals applied in croplands has shown potential for

atmospheric CO2 removal. Such enhanced weathering also has

the possible co-benefits of improved food and soil security and

reduced ocean acidification (Kantola et al., 2017; Zhang G. et al.,

2018; Beerling et al., 2018, 2020; Bach et al., 2019; Goll et al.,

2021).

A recent study by Beerling et al. (2020) suggested the

possibility of large-scale profitable atmospheric CO2 removal,

through the enhanced weathering of industrial Ca/Mg-rich

silicate byproducts in croplands. Industrial silicate byproducts,

including steelmaking slag, waste cement, and coal fly ash (Lam

et al., 2000; Jorat et al., 2020; Abdel-Gawwad et al., 2021;

Klemettinen et al., 2021), have been used in the agricultural

sector to supplement minerals to the soil (Das et al., 2019). Based

on a one-dimensional (1D) vertical reactive transport model

simulation, Beerling et al. (2020) estimated that an average global

atmospheric CO2 removal of 0.5–2 Gt/year may be achieved by

applying enhanced weathering in various countries, such as

China, India, Brazil, and the United States of America

(United States), with the costs being approximately USD

80–180 per ton of CO2. In this CO2 removal process, CO2 is

captured as HCO3
− and CO3

2- in alkaline soil pore water,

resulting from the fast dissolution of fine-grained Ca/Mg-rich

silicates that eventually flow into the ocean. For instance, calcium

silicate (CaSiO3) dissolves in soil pore water, which can be

expressed as the following equation:

CaSiO3 + 2H+ +H2O → Ca2+ + Si(OH)4 (1)

In this reaction, protons (H+) are consumed, facilitating the

dissolution of atmospheric CO2 into pore water. This reaction

can be expressed as follows:

CO2 +H2O ↔ HCO−
3 +H+ ↔ CO2−

3 + 2H+ (2)

However, in this atmospheric CO2 removal process,

carbonate minerals, such as CaCO3, may be generated under

conditions of high pH (i.e., low solubility of carbonate minerals

in water) and high concentrations of Ca2+/Mg2+ and CO3
2-, as

shown in Eq. 3:

Ca2+ + CO2−
3 → CaCO3 (3)

Ca- and Mg-rich silicate materials have another role in CO2

removal; they serve as conditioners for Ca- and Mg-depleted soils,

respectively. Therefore, intensive formation of carbonate minerals is

not desirable for croplands, because they reduce the readily available

Ca/Mg for plants. Additionally, this may result in the dissolution of

carbonateminerals, consequently resulting in the release of CO2 into

the atmosphere; notably, this may occur unless the pH of the pore

water is high enough to limit carbonate dissolution.

Croplands have been considered as good candidates for the

application of large-scale profitable atmospheric CO2 removal

technologies (Beerling et al., 2020). However, the existing studies

do not determine the properties of croplands that contribute to

atmospheric CO2 removal and the CO2 removal pathways and

mechanisms in croplands. Moreover, the dynamic influences of

cropland soils on fluid chemistry, such as the kinetics of

pH buffering and cation exchange, have been rarely

considered (Russell et al., 2006; Nelson and Su 2010; Torrent

et al., 2015; Wuenscher et al., 2015; Baquy et al., 2018; Dai et al.,

2018). The steady-state single-phase (water) flow in a soil, with a

static distribution of gas-phase CO2 concentration, is not

realistic, as water inputs to croplands by rainfall intermittently

cause an unsteady-state air–water two-phase flow in soils that

have a dynamic distribution of gas-phase CO2 concentration.

Notably, it is unclear whether agricultural soils can quickly
achieve moderately high pH and effective Ca and Mg
concentrations in soil pore water, required to prevent the
intensive precipitation of carbonate minerals, even when
highly reactive Ca/Mg-rich silicate materials react with the
pore water. It is also unclear whether the CO2 removal
behavior can be predicted based only on the average changes
in the chemistry of the pore water, while neglecting the spatially
variable distribution of the gas phase, due to the unsteady-state
air–water two-phase flow. In this study, we aimed to clarify these
points through a set of batch- and flow-through-type laboratory
experiments on atmospheric CO2 removal, using powders of
Portland cement, steelmaking slag, and coal fly ash (as
representatives of industrial Ca-rich silicate materials) and
andosol and decomposed granite (DG) soil (as representatives
of agricultural and non-agricultural soils). Batch-type
experiments conducted using both agricultural and non-
agricultural soils revealed the effectiveness of applying silicate
materials, particularly to croplands. Flow-through-type
experiments conducted using agricultural soil, through which
vertical water flow occurred intermittently, were used to
investigate the characteristics of atmospheric CO2 removal.

2 Materials and methods

2.1 Soils and Ca-rich silicate materials

In this study, andosol and DG soils, which form naturally and

are commercially available in Japan, were used as representatives of
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agricultural and non-agricultural soils, respectively (Figure 1).

Andosol, known as Kuroboku soil in Japan, mainly consists of

volcanic ash and humus. It is distributed over ~31% of Japan’s land

area, and covers ~47% of the country’s crop fields. Table 1 lists the

major element concentrations and total organic carbon (TOC) of the

soils used in this study.

The elemental concentration and TOC of the soils and Ca-rich

silicate materials were determined using an energy dispersive X-ray

fluorescence analyzer (EDX-720, Shimadzu Corporation, Kyoto,

Japan) and an organic elemental analyzer (vario MACRO cube,

Elementar, Germany). In general, both andosol and DG soils are

particularly rich in Si and Al. However, andosols have higher TOC

concentrations, as the soil contains substantial amounts of humus,

indicating high pH buffering and cation exchange abilities, which

contribute to atmospheric CO2 removal, without intensive CaCO3

precipitation. X-ray diffraction (XRD) analysis was conducted to

analyze the soils and Ca-rich silicate materials using an X-ray

diffractometer (MiniFlex, Rigaku Corporation, Japan) with Cu-

Kα radiation, from 10° to 70° (with a step size of 2θ), at 40 kV

and 15 mA. The XRD patterns shown in Figure 2 reveal that the

dominant crystal phases are albite (NaAlSi3O8), gibbsite (Al(OH)3),

and quartz (SiO2) for andosol and albite and quartz for DG soil,

indicating no or negligible amounts of carbonateminerals in the two

FIGURE 1
Photos of (A) andosol and (B) decomposed granite soil sample before sieving; sieving was carried out to adjust the particle size for the
experiment.

TABLE 1 Major element concentrations and total organic carbon
(TOC) in the andosol, decomposed granite (DG) soil, Portland
cement, steelmaking slag, and coal fly ash samples used in this study.

Andosol DG soil Cement Slag Fly ash

Na2O (wt%) 1.5 3.2 0.6 0.5 0.7

MgO (wt%) 1.5 0.2 3.3 4.0 0.9

Al2O3 (wt%) 17.5 17.0 7.9 11.8 19.6

SiO2 (wt%) 64.0 79.0 23.4 31.5 72.4

P2O5 (wt%) 0.6 0.1 0.1 0.0 0.8

K2O (wt%) 1.4 4.8 0.2 0.3 1.3

CaO (wt%) 2.1 0.6 57.2 43.7 3.6

TiO2 (wt%) 0.6 0.2 0.4 0.7 1.1

Fe2O3 (wt%) 6.4 1.9 1.7 0.1 4.7

Total (wt%) 95.6 107.0 94.8 92.6 105.1

TOC (mg/g) 47.0 1.2 0.9 0.8 12.0

FIGURE 2
X-ray diffraction patterns observed in the experiment for (A)
andosol and (B) decomposed granite soil.
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types of soils. Both soils were air-dried, and particles of sizes <2 mm,

segregated by sieving, were selected for the experiments. Figure 3

portrays the particle size distributions for both soils.

In this experimental study, Portland cement, steelmaking slag,

and coal fly ash were used as representative Ca-rich industrial

byproducts (Figure 4). These materials were air-dried and used

in the experiments without particle size adjustment.

2.2 Experimental system, procedures, and
conditions

2.2.1 Bach type experiment for atmospheric CO2

removal
In the batch-type experiment, we used 600 ml of Milli-Q

water (pH ~7), with/without 120 g of soil, and/or 6 g of Ca-

rich silicate material was put into a cylindrical polypropylene

tank (wall thickness: 0.2 mm, outer diameter and height:

11.5 cm); all contents were mixed well, using a stainless-

steel stirrer, at 25°C for 2 h, during which the pH of the

suspension was measured every 10 min, using a pH meter

(HM-31P, DKK-TOA Corporation, Japan). Table 2 lists the

combinations of soil and Ca-rich silicate materials used in

each experiment.

After 2 h of mixing, a part of the solution suspension was

filtered through a 0.45-μmmembrane to obtain the solution, and

the concentrations of Al, Si, and Ca (which were high in the raw

solid materials) were measured using an inductively coupled

plasma optical emission spectrometer (ICP-OES) (Agilent 5,110,

Agilent Scientific Instruments, United States). The

concentrations of TOC and inorganic carbon (IC) were

measured using a TOC analyzer (Sensing eye 332, Techno

Morioka Co., Ltd, Yamagata, Japan). Higher TOC and IC

values reflect higher concentrations of organic compounds

eluted from the raw solid materials into the solution and the

CO2 species absorbed from the atmosphere into the solution.

Thermogravimetry (TG) in air was also conducted on the soils.

Additionally, after the experiment, selected mixtures of soil and

Ca-rich materials were dried at 80°C for 24 h, to confirm CaCO3

precipitation; for this, we used a differential thermogravimetric

analyzer (Thermo plus EVO TG 8120, Rigaku Corporation,

Tokyo, Japan), for a range of temperatures from room

temperature (25°C) to 1,000°C, at a heating rate of 10°C/min

(Wang et al., 2022). All experiments were only conducted for

once, but the measurements were conducted for three times for

ICP-OES, with a good reproducibility within a margin of

error of 3%.

2.2.2 Flow-through type experiment for
atmospheric CO2 removal

Two kinds of flow-through type experiments were conducted

at 25°C, by sprinkling Milli-Q water on the andosol sample

packed in a cylindrical container having a discharge port at its

bottom, with the Ca-rich silicate material distributed uniformly

on the soil surface (Figure 5). The cylindrical container was made

of polypropylene and had a wall thickness of 0.5 cm, outer

diameter of 12.0 cm, and outer height of 14.0 cm. We placed

600 g of commercially available natural quartz sand (particle

diameter: 1.2–2.4 mm) at the bottom of the container, which

served as a highly permeable layer of approximately 3 cm; the

layer facilitated the sampling of different effluents for chemical

analyses. Note that a filter paper was placed at the outlet port, so

that the quartz sand remained inside the container. The highly

permeable layer enabled the collection of all the water that passed

through the soil within several minutes. Next, 600 g of andosol

was placed above the quartz sand layer to form a ~9-cm-thick soil

layer. Milli-Q water (400 ml, pH ~7) was sprinkled onto the soil

surface to create an initial air–water two-phase condition, where

FIGURE 3
Particle size distribution curves for andosol and decomposed
granite soil after sieving, to adjust the particle size of the soil
samples for the experiment.

TABLE 2 Combination of soil and Ca-containing silicate material in
each batch-type experiment.

Experiment Soil Ca-rich silicate material

Run 1 - -

Run 2 Andosol -

Run 3 Andosol Portland cement

Run 4 Andosol Steelmaking slag

Run 5 Andosol Fly ash

Run 6 Decomposed granite soil -

Run 7 Decomposed granite soil Portland cement

Run 8 Decomposed granite soil Steelmaking slag

Run 9 Decomposed granite soil Fly ash

Run 10 - Portland cement
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the volumetric water saturation of the soil was

approximately 50%.

After making this initial condition, one of the flow-through-

type experiments was conducted in a closed 40-cm cubic box.

Milli-Q water (100 ml) was sprinkled onto the soil surface at a

rate of ~60 ml/s, with or without 30 g of Portland cement,

steelmaking slag, or coal fly ash. After the water flow from the

outlet port stopped, the atmospheric concentration of CO2 in the

box was measured (with the outlet port plugged every 10 min for

600 min), using a portable gas monitor (GX-6000, Riken Keiki

Co., Ltd. Japan), which was also placed in a closed box.

In contrast, after developing the initial condition, the other

flow-through type experiment was conducted, by intermittently

sprinkling Milli-Q water, without using the closed box. Milli-Q

water (100 ml) was sprinkled twice per day (10:00 and 16:00) for

5 days. For every sprinkle, the outlet port of the container was

unplugged to collect effluent. Each fluid sample was first, filtered

using a membrane filter and then analyzed for pH, elemental

concentration, TOC, and IC.

3 Results

3.1 Effectiveness of the model for
atmospheric CO2 removal

Cement was first used to mix with andosol and DG soil in

batch experiments. The composition of the cement is shown in

Table 1. It was rich in Si, Ca, and Al, with the CaO concentration

of 57.2 wt%. The XRD patterns shown in Figure 6 revealed that

the dominant crystal phases were alite (Ca3SiO5), brownmillerite

[Ca2(Al,Fe)2O5], and calcium silicon aluminum sulfur oxide

[Ca2(Si,Al,S)O4]. There were no or negligible amounts of

carbonate minerals in cement. Figure 7A portrays the

pH changes with time in the batch-type experiments for the

soil samples mixed with cement. In the experiments conducted

using only water (Run 1), andosol (Run 2), and DG soil

suspensions (Run 6), the pH initially decreased to ~7 within

30 min and then was almost stable at pH 6.0 in Runs 1 and 2 and

pH 6.5 in Run 6. In the experiment conducted using only

Portland cement (Run 10), the pH was initially much higher

(~pH 12) and remained almost constant throughout the

experiment. In contrast, in the experiment conducted using

FIGURE 5
Schematic illustration of the flow-through type atmospheric
CO2 removal experiment conducted in this study.

FIGURE 4
Photos of (A) Portland cement, (B) steelmaking slag, and (C) coal fly ash powders used in this study.
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andosol and cement (Run 3), the pH was initially ~11, which was

lower than that in Run 10, and gradually decreased to

approximately 10, demonstrating the quick and substantial

pH buffering ability of andosol. The increased pH due to

mixing cement into andosol may enhance the leaching of

humic acids from soil, resulting in a high dissolved TOC

concentration, as shown in Figure 7B (Runs 2 and 3).

Notably, the concentration of IC (used as a proxy of the total

concentrations of CO2 species) tended to be higher for the

experiment with a high final pH, rather than being positively

correlated to the pH (Figure 7A). The concentration of IC in the

experiment conducted using andosol and cement (Run 3) was

3.1 times higher than that conducted using andosol alone (Run

2); for DG soil, adding cement only increased the IC in the

solution by 1.7 (Runs 6 and 7).

Figure 7C portrays the main elemental concentrations of the

solution after the batch-type experiments. The Ca concentration

in the experiment conducted using andosol and cement (Run 3)

was much lower than in that conducted using cement alone (Run

10); this demonstrated the substantial cation exchange capacity

of andosol, which was consistent with the results of Madeira et al.

(2003). When DG soil was used, the addition of cement resulted

in a higher concentration of Ca. It is implied that a large

difference in the Ca concentration in the experiments

conducted using andosol and DG soil with cement

(Runs3 and 7) occurred in the early stage of the experiment,

FIGURE 6
X-ray diffraction patterns observed for (A) Portland cement,
(B) steelmaking slag, and (C) coal fly ash.

FIGURE 7
(A) Changes in pH with time during the batch-type
experiments (Runs 1, 2, 3, 6, 7, and 6); (B) total organic carbon
(TOC) and inorganic carbon (IC) after the batch-type experiments;
and (C) Si, Al, and Ca concentrations for the liquid samples
obtained after the experiments.
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considering the large difference in the effect of cement addition

on the IC concentrations in the experiments.

Figure 8A compares the TG curves for the solids collected

from the experiments conducted using andosol with and without

cement (Runs 2 and 3, respectively). For both samples, most

weight loss occurred below 500°C, resulting in qualitatively

similar TG curves. The less weight loss in the experiment

conducted using andosol with cement (Run 3) may be

attributed to the elution of more TOC, e.g., humic acids from

andosol. In general, the decomposition of amorphous and

crystalline calcium carbonates is known to occur at

~600–800°C (Kimura and Koga, 2011; Schmidt et al., 2014;

Zhang J. et al., 2018; Rao et al., 2019). Therefore, we could

confirm that the precipitation of calcium carbonate did not occur

intensively in the experiment conducted using andosol and

cement (Run 3). In contrast, the TG and DTG curves for the

solids collected from the experiment conducted using DG soil

with cement (Run 7) portrayed an additional weight loss at

600–700°C, which was not observed in the experiment conducted

using DG soil alone (Run 6) (Figure 8B). Therefore, we could

verify that precipitation of calcium carbonate occurred in the

experiment conducted using DG soil and cement (Run 7). The

generation of calcium carbonates also explains the smaller

increase in the IC, resulting from the addition of cement to

the DG soil.

The feasibility of using steelmaking slag and coal fly ash was

then investigated. As shown in Table 1, the CaO concentrations

in slag and fly ash were 43.7 wt% and 3.6 wt%, respectively. The

slag and fly ash samples were also rich in Si, Ca, and Al. The XRD

patterns shown in Figure 6 revealed that the dominant crystal

phases were åkermanite-gehlenite [Ca2(MgAl) ((Si,Al)2O7)] and

FIGURE 8
Thermogravimetry (TG) curves for the solid samples in the
experiments using (A) andosol without and with Portland cement
(Runs 2 and 3) and (B) decomposed granite (DG) soil without and
with the cement (Runs 6 and 7).

FIGURE 9
(A) Changes in pH with time during the batch-type
experiments (Runs 2–5); (B) total organic carbon (TOC) and
inorganic carbon (IC) concentrations and (C) Si, Al, and Ca
concentrations in the liquid samples, after the experiments.
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pseudowollastonite (CaSiO3) for slag, and aluminum silicon

oxide (xAl₂O₃·ySiO₂·zH₂O) and quartz for fly ash. Carbonate

minerals were not found. The effects of cement, slag and fly ash

on the pH changes, TOC and IC, and elemental concentrations in

the batch-type atmospheric CO2 removal experiments conducted

using andosol were compared in Figure 9 (Runs 2–5). The

general trend in pH change was similar in all experiments

conducted using Ca-rich silicate material, i.e., the

pH portrayed a decrease in the initial stage and became stable

with the reaction time. However, the pH was higher in the

samples containing cement, slag, and fly ash (in this

sequence). Additionally, the TOC concentration was higher at

higher final pH, because of the more intensive elution of humic

acids from andosol. The IC concentration was higher in the order

of: samples containing slag, cement, flyash, and andosol alone (IC

of 3.8, 2.2, 1.2, and 0.7 mg/L, respectively), demonstrating the

effectiveness of the experiments for atmospheric CO2 removal,

for all silicate materials tested in the present study. The

inconsistency between the orders of the pH and IC values

may be due to the relatively larger amount of calcium

carbonate formation after the addition of cement, considering

the much higher Ca concentrations of the sample (Figure 9C).

Based on the above discussion, we can verify that agricultural

soil with high humic acids contents, such as andosol, can quickly

achieve moderately high pH and Ca concentrations in soil pore

water due to the cation exchange effects, thus preventing

intensive precipitation of carbonate minerals, even when

highly reactive Ca-rich silicate materials, such as cement, react

with the pore water. Additionally, the silicate materials tested in

this study can be applied in croplands to enhance the removal of

atmospheric CO2.

3.2 Rate-limiting process observed in this
study

Figure 10 portrays the temporal change in atmospheric CO2

concentration from its initial value within the closed box in the flow-

through type experiments for different combinations of andosol and

Ca-rich silicate material. The initial CO2 concentrations in the

experiments conducted using andosol, without and with Portland

cement, steel making slag, and coal fly ash were 460, 560, 460, and

FIGURE 10
Changes in atmospheric CO2 concentration from its initial
value in the flow-through type experiments. The changes in CO2

concentration were calculated by subtracting the initial CO2

concentration from the measured CO2 concentration during
the reaction. The reduced CO2 was captured by the reaction
system.

FIGURE 11
Changes in (A) pH of and (B) total organic carbon (TOC), (C)
inorganic carbon (IC), and (D) Ca and (E) Si concentrations in the
effluents in the flow-through type experiments, without the closed
box, as a function of total water addition.
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500 ppm, respectively. In the experiment conducted using andosol

alone, the decrease in the CO2 concentration ceased within 60 min,

resulting in a small reduction of 20 ppm. In contrast, in the

experiment conducted using andosol with Ca-rich silicate

material, the CO2 concentration decreased continuously

throughout the 600-min (10-h) experiment, achieving a larger

reduction (>100 ppm). The change in the CO2 concentration was

highly nonlinear for all conditions; most changes occurred within

the first 360 min (6 h), achieving stability with time. Additionally,

the CO2 concentration change reduction extent can be arranged in

increasing order: cement, fly ash, and slag.

3.3 Behavior of atmospheric CO2 removal
process

Figure 11 portrays the changes in the TOC, IC, and Ca and Si

concentrations in and pH of the effluents in the flow-through

type experiments conducted in an unclosed box (as a function of

total water addition). Notably, water was added at 10:00 and 16:

00, with the time interval being 6 h at the maximum. This means

fresh water was added after the point when atmospheric CO2

removal by preexisting water almost ceased, based on the results

of the previous section (Figure 11).

The pH values of the effluents obtained from the experiments

conducted using andosol mixed with Portland cement, steelmaking

slag, and coal fly ash were generally higher than those conducted

using andosol alone (Figure 11A), wherein the pH tended to be

larger (in the order of cement, slag, and fly ash), which was

consistent with the results of the batch-type experiments (Runs

2–5). The IC in the experiment conducted using andosol alone

portrayed a consistent trend, generally smaller than that observed in

the experiments conducted using andosol and silicate materials

(Figure 11B). In the experiments conducted using andosol and

silicate materials, the IC first increased, until 300 ml of total water

was added, followed by a decrease. Moreover, the order of

magnitude of the IC was not constant throughout the

experiment. There was no clear relationship between the changes

in the pH and IC of the effluents. Nevertheless, the sum of the

product of each IC value and the added water amount (0.1 L)

differed (cement: ca. 8.6 mg, slag: ca. 8.0 mg, fly ash: ca. 6.9 mg).

Therefore, the total CO2 removal tended to be larger for a higher Ca

content (or higher pH). The changes in TOC also had no clear

relationship with the changes in pH (Figure 11C). In contrast, the Ca

and Si concentrations showed a general decreasing trend, and were

thus related to the pH; this reflected the consumption of Ca-rich

materials, with increasing total water addition, due to dissolution.

It was not difficult to understand the reason for the overall

changes in the pH and the Ca and Si concentrations of the

effluents, all of which were caused primarily by the reaction

between water and Ca-rich silicate materials distributed

uniformly on the soil surface. In contrast, it was quite difficult

to understand the reason for the overall changes in the IC and

TOC, which were primarily caused by the reactions between

water and air and water and soil grains within pore spaces,

despite the fact that the IC and TOC concentrations tended to be

larger at higher pH, as demonstrated in the batch-type

experiments (Figure 9). Empirically, the flow of water in the

experiments conducted using slag and fly ash decreased with

increasing water (that was added to promote dissolution),

compared to that in the experiment conducted using cement,

in which higher IC values were observed in the later stages of the

experiment. This implies the importance of the spatially variable

distribution of the gas phase and the corresponding distribution

of the liquid phase, owing to the intermittently occurring

air–water two-phase flows in soils.

4 Discussion

The batch experimental results in this study infer that the use of

Ca-rich silicate byproducts facilitates the capture of atmospheric

CO2 in both the andosol andDG soil systems, due to the pH increase

caused by silicates dissolution. However, in andosol, due to the high

humic acid content in the pore water, the Ca2+ released from cement

was immediately trapped through the cations exchange effect. The

exchange of Ca2+ with H+ in humic acid contributes to the released

of H+ into solution, restoring the pH of the solution to neutral and

avoiding the precipitation of CaCO3, as evidenced by TG

measurement. The released of humic acid from andosol soil

under alkaline condition, as confirmed by TOC and TG

measurements, may also enhance the migration of Ca.

Conversely, in DG soil with less humic acid, the Ca2+ released

from cement reacted with dissolved CO2 to generate carbonates.

In the flow-through type experiments, the trend of CO2

concentration change shown in Figure 10 indicated that

atmospheric CO2 was removed by the dissolution in the soil pore

water, with an elevated pH that resulted from the dissolution of Ca-

rich silicate material. Based on the results of the batch-type

experiments, a large pH increase occurred immediately after the

initiation of the contact betweenwater and the Ca-richmaterials, and

the continuous decrease in the CO2 concentration demonstrated that

the gas-phase diffusive transport of CO2 (from the atmosphere into

the air-filled pore spaces) in the soil samples was the rate-limiting

process of atmospheric CO2 removal. Additionally, the nonlinear

changes in the CO2 concentration for all conditions indicated that the

diffusive transport of CO2 occurred in an unsteady state.

This study also demonstrated that the absorption behavior of

atmospheric CO2 by soil pore water cannot be predicted based only

on the average changes in the chemistry of the pore water (such as

pH), while neglecting the spatially variable distribution of the gas

phase and the corresponding distribution of the liquid phase, owing

to the unsteady-state air–water two-phase flow. As shown in Section

3.2, the unsteady-state gas-phase diffusive transport of CO2 from the

atmosphere into the air-filled pore spaces in soils is a rate-limiting

process of atmospheric CO2 removal. To maximize CO2 removal in
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croplands via the enhanced weathering of Ca-rich industrial

byproducts, it is necessary to better understand the gas-phase

diffusive transport behavior of CO2 from the atmosphere to the

soil and through the soil; notably, this process is affected by the size

and spatial distributions of gas-filled pore spaces in the soil,

developed by unsteady-state air–water two-phase flow, due to

intermittently occurring rainfall, all of which were not considered

in the previous study (Beerling et al., 2020).

Furthermore, in the natural environment, the compositions of

terrestrial rain could be complicated and vary significantly from

place to place because the regional geology and human activities can

greatly affect the types of particulates that get added to the

atmosphere. The presence of sources of gaseous acids (SO3,

NO2) and bases (NH3) may contribute to Ca-rich silicate

byproducts dissolution and affect atmospheric CO2 dissolution,

while the presence of metal ions may occupy the position in

pore water of agriculture soil for Ca capture. Finally, before

applying the system, the potential risks from the use of industrial

byproducts, whichmay contain potentially toxic elements, to human

and agriculture should be clarified. All the above factors may

influence the experimental results and should be further

investigated for practical application of the system.

5 Conclusion

In previous studies, enhanced weathering of industrial Ca-rich

silicate byproducts in croplands has been suggested for large-scale

profitable atmospheric CO2 removal, through 1D vertical reactive

transport model simulation (Beerling et al., 2020). However,

considering the lack of realism of this model, in this study, we

attempted to clarify the effectiveness and characteristics of such CO2

removal systems and illuminate the dynamic influences of soils on

fluid chemistry, such as kinetics of pH buffering and cation exchange,

through batch-type and flow-through type laboratory experiments.

Experimental results suggest that agricultural soils, such as

andosol are suitable for CO2 removal as they provide moderately

high pH and Ca concentrations in pore water, which can prevent

intensive carbonate mineral precipitation. The IC concentration in

the batch experiment conducted using andosol and cement was

3.1 times higher than that conducted using andosol alone. The flow-

through experiments conducted in this study, using intermittent

vertical water flow, indicated that greater atmospheric CO2 removal

(>100 ppm) may be expected for materials having higher Ca

content. However, the magnitude of CO2 removal and its time-

dependent behavior are difficult to predict because they have no

clear relation to the changes in the average pH value of soil pore

water, probably due to the unexpectedly complex unsteady-state

diffusive transport of CO2 from the atmosphere-soil interface to

deeper soils; notably, this is a rate-limiting process. To maximize

atmospheric CO2 removal in croplands via the enhancedweathering

of industrial Ca-rich silicate byproducts, further studies are required

to better understand the diffusive transport of CO2 through gas-

filled pore spaces. Notably, the diffusive nature of the transport is

created by the unsteady-state air–water two-phase flow resulting

from intermittently occurring rainfall.
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