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Abstract Increasing atmospheric carbon dioxide (CO2)

concentration can affect CO2 level in soil, and this, in turn,

may cause changes in soil chemical properties. This study

investigated the effect of CO2 exposure on pH and heavy

metal mobility in submerged soils. Laboratory-scale batch

tests were carried out using two soil samples with different

initial pH conditions (A: 5.3; B: 6.3). The changes in the

pH values of the soil solutions (i.e., water layer above soil)

of the CO2-affected soil samples and controls with time

were not significant (p value[ 0.05) with the both soil

samples, and this may be attributed to the formation of

bicarbonate, which may provide a buffering capacity. The

effect on heavy metal mobility was different in the soil

samples A and B. With the soil sample A, the soil heavy

metal concentrations were generally lower in the CO2-af-

fected soil than in the controls. Accordingly, the soil

solution heavy metal concentrations were changed. With

the soil sample B, the soil heavy metal concentrations of

the CO2-affected soil and control did not show a significant

difference (p value[ 0.05). This can be partially attributed

to the dissolution of carbonates that generate bicarbonates,

and this is supported by the lower soil Ca concentration in

the CO2-affected soil. Overall, the results suggest that the

elevated CO2 level in submerged soils may have different

effects on the soil chemical properties, and this necessitates

continuous research efforts in order to manage and con-

serve soil environment under conditions of increasing

atmospheric CO2 concentration.
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Introduction

The concentration of greenhouse gases in the atmosphere has

been increasing, and the CO2 concentration measured by the

National Oceanic and Atmospheric Administration is now

higher than 400 ppm (http://www.esrl.noaa.gov/gmd/ccgg/

trends/full.html retrieved in June 2018). Atmospheric carbon

accumulates in soil through plant photosynthesis, and soil

carbon is released to atmosphere through microbial respi-

ration. Soil is considered to be the largest pool of terrestrial

organic carbon; thus, a small increase in soil carbon storage

may bring a substantial increase in carbon storage potential

[1]. A previous study reported that the increase in atmo-

spheric CO2 increases soil carbon input by stimulating plant

growth and, at the same time, increases microbial decom-

position of old and new soil carbon [2]. This means that, with

increasing atmospheric CO2 level, the possible role of soil as

a carbon storage may not be significant due to the counter-

acting microbial response [2].

In order to determine the effect of increasing atmospheric

CO2 concentration on the terrestrial environment, previous

studies largely focused on the carbon balance in the terres-

trial environment [3–5]. So, the studies on the effect of soil

CO2 level increase on the soil environment are limited to the

changes in the soil carbon cycle (i.e., flux) and plant growth,

which is related to food production [6, 7]. For example, under

the increased atmospheric CO2 level, root production of pine

seedlings and carbon losses through the root system were

increased [7]. Also, climate change has possibility to

increase risks of mycotoxins in crops and food [8]. However,
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there are only limited studies investigating the effect of

increasing atmospheric CO2 level on soil chemical proper-

ties. One study observed that the changes in chemical

properties such as pH and organic matter of the submerged

soil due to elevated CO2 were significantly greater than the

changes in the un-submerged soil, suggesting that increasing

atmospheric CO2 level can be of more concern in paddy soils

[9]. Also, the increased atmospheric CO2 level may change

the fate and bioavailability of heavy metals in soil [10, 11].

For example, the increase in the marine sediment CO2 level

due to CO2 leakage from marine carbon capture and storage

system resulted in the sediment acidification, and conse-

quently, heavy metals such as cobalt (Co), copper (Cu), zinc

(Zn), lead (Pb), and iron (Fe) were released, which, in turn,

inhibited diatom growth [10, 12]. Thus, increasing

bioavailability of heavy metals in soil may increase toxic

effects on crops grown in soil. Furthermore, microbial

activities, particularly carbonic anhydrase activities

involved in hydration and dehydration of CO2, can be

affected by the increased atmospheric CO2 level, and this, in

turn, can affect mineral dissolution and carbonate formation

in soil environment [13]. Dissolution of minerals and metals

into soil solution due to increased CO2 levels in soil may

have adverse effects on groundwater quality, particularly on

groundwater used as drinking water [14].

Previous studies showed that the increase in soil CO2 level

can change soil physicochemical properties, and the soil

solution concentrations of heavy metals can be affected. The

changes may be more significant with rice paddies as soil in

rice paddies is often flooded with water. The importance of

soil conservation is getting more attention with progressing

climate change, as soil environment is directly related to

food security. One study looked at the effect of increasing

atmosphericCO2 concentration on the availability ofmineral

nutrients in soil under both submerged and un-submerged

conditions [9]. However, the effect of soil CO2 level increase

on the fate of heavy metals in submerged soil has not been

studied yet. Therefore, it is necessary to investigate the effect

of the increased soil CO2 level on the mobility of heavy

metals in submerged soil. Laboratory-scale batch tests were

carried out to simulate the submerged soil environment that

is continuously exposed to CO2. Soil samples with different

initial pH conditions were used to investigate the effect of

initial soil pHon soil response to the increased soil CO2 level.

Materials and methods

Soil samples

Soil samples with different pH conditions were collected,

and the soil samples were air-dried and then sieved through

a 2-mm mesh [15]. The soil sample A texture was loamy

sand, and the pH and organic matter content were 5.3 and

2.7%, respectively. The cation-exchange capacity (CEC)

was 18 cmol kg-1. The background concentrations of Cu,

Pb, arsenic (As), Zn, and cadmium (Cd) were 58, 26, 9.5,

110, and 3.5 mg kg-1, respectively. The soil sample B

texture was loamy sand, and the pH and organic matter

content were 6.3 and 10%, respectively. The CEC was

19 cmol kg-1. The background concentrations of Cu, Pb,

As, Zn, and Cd were 13, 42,\ detection limit, 94,

and\ detection limit mg kg-1, respectively.

Experimental setup

The soil sample (1000 g) was placed in a rectangular reactor

(22 cm wide, 15 cm long, 12 cm high), and deionized water

(1000 mL) was added to simulate a submerged soil environ-

ment. Carbon dioxide was injected from the bottom of the

reactor at 35 mL min-1 for 25 days to the soil sample A.

Based on the changes in the soil solution pH with the soil

sample A, the CO2 exposure period was increased to 40 days

for the soil sample B to see whether a longer exposure has a

different result. The reactorwithoutCO2 injectionwas used as

a control. With the soil sample A, the CO2-affected soil

samples were prepared in triplicate, while a single samplewas

prepared for the controls. Single sample was used for the soil

sample B. Changes in the soil metal concentrations and soil

solution pH and metal concentrations were monitored. In this

study, the soil solution indicates thewater above the soil layer.

Analytical methods

The soil solutions were sampled and filtered through 0.45-lm
syringe filters. The soil solution pH was measured using a pH

meter (Mettler-Toledo GmbH S603, Switzerland). The inor-

ganic carbon (IC) concentrations of the soil solutions were

measured using TOC (TOC-L, Shimadzu, Kyoto, Japan). The

changes in the soil metal concentrations [Cu, Zn, Pb, Fe, Cd,

and As] and calcium (Ca) concentrations were determined by

using ICP-OES (ICAP 7400 Duo, Thermo Scientific, Wal-

tham, MA, the USA) after extraction following the Korea

Standard Test Method for Soil [16]. The detection limits of

Cu, Zn, Cd, Pb, Fe, As, and Ca were 0.002, 0.002, 0.001,

0.045, 0.001, 0.004, and 0.016 mg L-1, respectively. The

statistical analysis (i.e., t test, one-way ANOVA) was done

using SPSS (v 21).

Results and Discussion

Effect of CO2 increase on soil solution pH

Figure 1 shows the changes in the soil solution pH with

continuous exposure to CO2 in the soil samples A and B.
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The initial soil solution pH of the soil sample A was

slightly acidic (i.e., 5.3), which was dropped by 0.8 pH unit

to 4.4 after 6 days, but the solution pH gradually retrieved

its initial pH level of 5.2 after 18 days (Fig. 1A). The

control soil solution pH was almost constant over 18 days.

The changes in the soil solution pH of both the control and

CO2-affected soil samples were not significant

(p value[ 0.05). On the other hand, the control soil

solution pH of the soil sample B gradually increased from

6.3 to 7.4 in the first 13 days and then decreased slowly to

reach the initial pH level (Fig. 1B), and the overall change

was not statistically significant (p value[ 0.05). The CO2-

affected soil solution pH was dropped to 5.5 after 3 days,

and then, it retrieved its initial pH level after 13 days

(Fig. 1B). The soil solution pH then gradually decreased to

5.9 over the rest of the reaction period (Fig. 1B). But the

overall changes in the soil solution pH with time were not

statistically significant (p value[ 0.05). Thus, it can be

assumed that the short-term changes in the soil solution pH

can be expected with exposure to CO2; however, the soil

solution pH changes were not significant after a relatively

long-term exposure to CO2. However, the pH values of the

CO2-affected soil solution were lower than that of the

control on the 40th day (i.e., the end of exposure period;

Fig. 1B).

The initial lower solution pH values of the CO2-affected

soil than the control soil can be explained by the generation

of H? from the HCO3
2- generated due to CO2 injection, and

this suggests possibility of soil acidification with the

presence of additional CO2 in the soil environment. This

may bring changes in mobility of metals and ions in soil

[11]. Previous studies reported different observations

regarding soil pH changes with CO2 injection. For exam-

ple, a slight increase in pH (0.5 pH units, p value\ 0.05)

[17] or an insignificant change in pH [18] has been

reported, while other researchers observed a decrease in

soil pH [9, 19, 20].

The negligible overall change in the soil solution pH of

the soil samples A and B over the CO2 exposure period

may be attributed to the dissolution of carbonates and/or
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Fig. 1 Changes in the soil solution pH in (A) the soil sample A over

18 days of the 25-day CO2 exposure period and (B) the soil sample B

over the 40-day CO2 exposure period. The control soil data are a

single sample measurement for the soil sample A, while the others are

average values of triplicate samples
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Fig. 2 (A) Changes in the soil solution inorganic carbon (IC)

concentration over the 40-day CO2 exposure period and (B) correla-
tion between the soil solution pH and soil solution IC concentration

for the soil sample B
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organic matter [21]. Furthermore, the CO2 injection may

promote the formation of bicarbonate in the soil solution,

which may provide a buffering capacity. This is supported

by the changes in the IC concentrations of the soil B

solution (Fig. 2A). The IC concentrations of the control

soil (i.e., without CO2 injection) gradually increased to

27 mg L-1 over 9 days and were kept at a similar level

(21 mg L-1, on average) for the rest of the exposure period

(Fig. 2A). On the other hand, the IC concentration of the

CO2-affected soil solution rapidly increased to 200 mg L-1

in 6 days, suggesting the contribution of the added CO2.

The IC concentration had another peak after 28 days

(Fig. 2A). The changes in the TOC concentration of the

soil sample B were not significant (p value[ 0.05). This

suggests that the injected CO2 was involved in the for-

mation of carbonic acid that is in equilibrium with bicar-

bonate in the soil solution. The formation of bicarbonate, in

turn, may result in an increase in the IC concentration of

the soil solution. Also, the buffering capacity of the soil

solution increases with the bicarbonate formation. As can

be seen in Fig. 2B, the soil solution IC concentration

decreased as the CO2-affected soil solution pH increased,

and they showed a negative correlation (R2 = 0.90,

p value = 0.000). This agrees with the increasing fraction

of bicarbonate with increasing pH in the carbonic acid-

bicarbonate equilibrium system. Also, these results support

the formation of bicarbonate in the CO2-injected reactors.

Effect of CO2 injection on soil metal concentrations

Figure 3A shows the concentrations of the major heavy

metals in the soil sample A with and without the 25-day

CO2 exposure period. When compared to the control soil

(i.e., without CO2 exposure), the heavy metal concentra-

tions of the CO2-affected soil were generally lower, except

for Cd and Zn where negligible changes were observed

(Fig. 3A). The decreases in Pb, As, Cu, and Fe concen-

trations were 32, 18, 20, and 14%, respectively (Fig. 3A).

This indicates that heavy metals in the soil sample seem to

be released with CO2 exposure. This may be supported by

the soil solution heavy metal concentrations (Fig. 3B–D).
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Fig. 3 Changes in (A) the heavy metal concentrations of the soil

sample A after 25-day exposure to CO2, (B) the soil solution Pb

concentration, (C) the soil solution Cu concentration, and (D) the soil

solution Fe concentration in the first 13 days of the 25-day CO2

exposure period. The control soil data are a single sample measure-

ment, and the CO2-affected soil data are an average of triplicate

samples
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3 days and then was maintained at a similar level for the

CO2-affected soil sample, while the change in the Pb

concentration of the control soil solution was negligible

(Fig. 3B). The average soil solution As concentrations

were similar in the control and the CO2-affected soil

samples (data not shown). The soil solution Cu concen-

tration in the CO2-affected soil sample was increased ini-

tially and then decreased (Fig. 3C). On the other hand, the

solution Cu concentration of the control soil sample kept

increasing with time (Fig. 3C). The initial increase in the

soil solution Cu concentration in the CO2-affected soil

sample may be attributed to the initial decrease in pH

(Fig. 1B) promoting the release of Cu, and the subsequent

decrease in the Cu concentration may be due to the for-

mation of CuCO3, which is stable under high CO2 pressure

and pH between 4 and 8 [22]. The soil solution Fe con-

centration of the CO2-affected soil samples and the control

sample kept increasing with time, but the Fe concentrations

were lower in the control sample (Fig. 3D). Overall, the

lower soil metal concentrations in the CO2-affected soil

sample could be related to the higher soil solution metal

concentrations, suggesting potential changes in heavy

metal fate in soils exposed to CO2. The soil solution metal

concentrations generally increased in the early stage of the

CO2 exposure period, and during this period, the soil

solution pH was lower in the CO2-affected soil sample

(Fig. 1A). Thus, the decrease in the soil metal concentra-

tions (Fig. 3A) can be attributed to the lower pH condi-

tions. In addition, although the changes in the Zn

concentration were not statistically significant, the average

Zn concentration was decreased with CO2 exposure

(Fig. 3A). The decrease in the soil Zn level is likely to

suggest an increase in the soil solution Zn level. Previous

study showed that the available Zn increased with exposure

to the elevated CO2 level [9].

Figure 4 shows the changes in the concentrations of Zn,

Pb, Cu, and Ca in the soil sample B. Unlike the soil sample

A, the heavy metal concentrations in the control soil and

the CO2-affected soil samples did not show a significant

difference (p value[ 0.05; Fig. 4). Also, the changes in

the concentrations with time were not significant

(p value[ 0.05), except for Pb, which showed a weak
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Fig. 4 Changes in the (A) Zn, (B) Pb, (C) Cu, and (D) Ca concentrations in the soil sample B over the 40-day CO2 exposure period. The data are

a single sample measurement
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positive linear relationship (R2 = 0.20, p value = 0.016;

Fig. 4B). Given that the average pH values were lower in

the CO2-affected soil sample (Fig. 1B), lower soil metal

concentrations can be expected due to the dissolution of

heavy metals at lower pH conditions. However, this was

not the case with the soil sample B. The CO2 injection to

the soil sample B did not have a significant effect on the

heavy metal mobilization (Fig. 4). This can be partially

attributed to the negligible overall change in the pH during

the 40-day CO2 exposure period (Fig. 1B). Previous study

used the Ca concentrations to detect CO2 leakages of CCS

[23], so the changes in the soil Ca concentrations were

compared (Fig. 4D). In the CO2-affected soil, the Ca

concentration was decreased in the first 3 days and then

maintained at a similar level (Fig. 4D). Although the

changes with time were not significant, the Ca concentra-

tion in the CO2-affected soil sample showed a decreasing

trend over the 40-day CO2 exposure period. Similarly, a

decrease in Ca was observed in the soil exposed to elevated

CO2 levels [9]. On the 40th day, the Ca concentration was

lower in the CO2-affected soil than in the control soil

(Fig. 4D). This may suggest the dissolution of Ca-bearing

carbonates, which might provide a buffering capacity [21].

The buffering capacity provided by the bicarbonates gen-

erated may explain the similar heavy metal concentrations

in the CO2-affected and control soil samples (Fig. 4).

The results show that the soil solution pH values seem to

decrease initially when soil is exposed to CO2; however,

after a relatively long-term CO2 exposure, the soil solution

pH changes with time were not significant under the

studied conditions. This may largely be attributed to the

bicarbonate formation due to the CO2 injection and/or

dissolution of carbonates that can either provide a buffering

capacity or form metal complexes. Because different soils

have different chemical properties, the fate of heavy metals

in different soils in response to the exposure to elevated

CO2 levels can be different as observed in this study. With

the soil sample A, the soil metal concentrations were

generally lower in the CO2-affected soil than in the control

soil, although the final soil solution pH values were similar.

On the other hand, with the soil sample B, the final soil pH

value was lower in the CO2-affected soil than in the control

soil, but the studied soil metal concentrations were similar,

except for Ca. Thus, further research is needed to better

understand the effect of CO2 increase in soil environment

with increasing atmospheric CO2 concentration in order to

manage and conserve soil environment in the era of climate

change.
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