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Abstract: The concentration of dissolved carbon dioxide in seawater affects the formation of seabed
biogenic minerals, and controls the development and evolution of marine organisms, which is one
of the most important indices in the marine environment and geology survey. The concentration of
free carbon dioxide in bottom seawater has important academic value for the exploration of seabed
minerals, marine environment monitoring, the study of the carbon cycle in seabed sediments and
even the global carbon cycle. Titration is used to determine the index, whose range is between 4 mg/L
and 400 mg/L. However, the concentration of free carbon dioxide in bottom seawater in some sea
areas is lower than this range, thus titration may not be suitable. A method for the determination
of free carbon dioxide in artificial seawater, whose name is D.B.S/Henry’s Law, is described in this
paper. D.B.S/Henry’s Law indirectly determines the content of free carbon dioxide in seawater
instead of directly titrating with reagents. It is simple, fast and accurate, and it is based on the
law of conservation of mass/Henry’s law and CO2 dissolution mechanisms. This discovery mainly
provides a new scientific perspective for the determination of trace free carbon dioxide concentration
in seawater. In addition, Henry’s law constants of carbon dioxide in artificial seawater at 3–20 degrees
Celsius are determined with D.B.S/Henry’s Law. These data will be used as an important reference
for the determination of free carbon dioxide in seawater in the future. D.B.S/Henry’s Law may
be used as a supplement of the methods specified in national and industrial standards, which are
applied to the detection of carbon dioxide Henry’s constant and free carbon dioxide content in
various temperature and salinity seawater. D.B.S/Henry’s Law provides a new perspective for CO2

determination and has extensive practical application value.

Keywords: seawater; free carbon dioxide; D.B.S/Henry’s Law; Henry’s law constant; industrial standards

1. Introduction

As marine environment and mineral resources surveys and evaluations are upgraded
and deepened, the concentration of dissolved carbon dioxide in water has attracted the
attention of many scientists [1–7]. The concentration of free carbon dioxide in bottom
seawater affects the formation of seabed biogenic minerals and controls the development
and evolution of marine organisms. The index has important academic significance for the
exploration of seabed minerals, the marine environment monitoring and the study of the
carbon cycle in seawater and seabed sediments, even the global carbon cycle.

At present, the concentration of carbon dioxide in water is determined mainly by
methods specified in national, industrial and American standards [8–12]. The determined
concentration of carbon dioxide is mainly for the total concentration of carbon dioxide,
carbonic acid, bicarbonate ions and carbonate ions in water. Titration is applicable for the

Sustainability 2023, 15, 5096. https://doi.org/10.3390/su15065096 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15065096
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su15065096
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15065096?type=check_update&version=1


Sustainability 2023, 15, 5096 2 of 14

determination of free carbon dioxide in underground water; however, it is not applicable in
seawater. The reason is not only the lower concentration of CO2(aq) in seawater, but also
the much higher concentration of other species in the carbonate system. It can be used to
determine the index, whose range is between 4 mg/L and 400 mg/L, and is not suitable for
seawater with lower concentration of dissolved carbon dioxide [9,13].

D.B.S/Henry’s Law, a method for the determination of the concentration of free carbon
dioxide in seawater, is proposed in this paper. This method can be used to determine an
index whose range covers the parts below 4 mg/L and above 400 mg/L, making it suitable
for seawater with lower concentration of dissolved carbon dioxide. Furthermore, it is
beneficial to find out the key reason for the difference of Henry’s constant of carbon dioxide
in different solutes; however, the detection time of this method is fairly long and the theory
is relatively complex. First, the Henry’s law constant of carbon dioxide in artificial seawater
in a closed balance system and the initial value M0 of total carbon dioxide in the original
system are determined; then, the concentration of free carbon dioxide in the liquid phase
is calculated based on the concentration of carbon dioxide in the headspace gas phase in
the balance system according to Henry’s Law. The key to this method is to determine
the Henry’s law constant of carbon dioxide in seawater samples first. The Henry’s law
constant of gas is determined by many methods [14,15]. The static equilibrium method is
more commonly used and only applicable to volatiles whose concentration can be easily
determined in both gas and liquid phases [16]; multiple phase equilibrium/gas chromatog-
raphy is suitable for volatile chlorinated hydrocarbons in water, but is not suitable for
high-temperature seawater and carbon dioxide with low concentrations [17]; vapor pres-
sure solubility calculation is not suitable for samples with high accuracy requirements [18];
static headspace is not suitable for samples with extremely low concentration [19]; UL-VIS
spectrophotometry that determines the Henry’s law constant based on the principle of spec-
tral absorption is applicable to solutions where chemical reactions occur in the dissolved
gases [20]; A.R.M/headspace is applicable to stock solution samples with extremely low
gas concentrations, but is not applicable to solutions where chemical reactions occur in the
dissolved gas [21].

D.B.S/Henry’s Law is a new method for the determination of the concentration of free
carbon dioxide in seawater, which also solves the determination of the Henry’s law constant
of the carbon dioxide gas. The method is used to indirectly determine the concentration of
free carbon dioxide in seawater based on the carbon dioxide dissolution mechanism instead
of by direct titration with reagents, and this is a simple, fast and accurate way to provide a
new scientific perspective for determining the concentration of trace free carbon dioxide
in seawater. D.B.S/Henry’s Law may be used a supplement of the methods specified in
national and industrial standards, and are applied to the detection of the Henry’s law
constant of carbon dioxide and the concentration of free carbon dioxide in seawater of
various temperatures and salinities.

2. Experimental Design Principles

The dissolution of carbon dioxide in seawater is complex, which involves not only the
physical changes of gas dissolution, but also a series of chemical reactions where carbon
dioxide dissolves in water to form carbonic acids, carbonic acids are decomposed into
bicarbonate radicals and hydrogen ions, and the former dissociate into carbonate radicals
and hydrogen ions (Figure 1).

The dissolved carbon dioxide exists in the four forms of CO2, H2CO3, HCO3
− and

CO3
2−, and the sum of their concentrations is total carbon dioxide (TCO2). Most of the

methods in national or industrial standards are for the determination of TCO2. Of the
four forms, CO2 and H2CO3 exist in molecular form, and the sum of carbon dioxide in
these forms is denoted as “free carbon dioxide”. Accordingly, the sum of carbon dioxide in
HCO3

− and CO3
2− is denoted as “ionic carbon dioxide”; the ratio of the two is denoted

as the carbon dioxide hydration coefficient. The two-stage dissociation reaction of carbon
dioxide dissolution involves the thermodynamic equilibrium of various molecules and
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ions, and factors such as the composition, temperature, pressure and salinity of the solution
will directly affect the equilibrium constant of the dissociation reaction [14], and the carbon
dioxide hydration coefficient. Therefore, the carbon dioxide hydration coefficient varies
under different temperature, pressure and salinity conditions. The solubility of the gas in
water mainly depends on the strength of interstitial filling and hydration [15]. The physical
dissolution of carbon dioxide in water is related to interstitial filling, while the series of
chemical reactions causing the formation and dissociation of carbonic acids determine the
strength of hydration, to a certain extent.
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According to the theory of the dissolution of gases in water [15], the concentration of
free carbon dioxide in seawater conforms to the Henry’s Law in a closed balance system.
According to the D.B.S/Henry’s Law, the Henry’s law constant of carbon dioxide in artificial
seawater in a closed system and the initial value M0 of total carbon dioxide in the original
system are determined, and then the concentration of free carbon dioxide in the liquid
phase is calculated based on the concentration of carbon dioxide in the headspace gas phase
in the balance system according to Henry’s Law. In a constant temperature closed system,
the partial vapor pressure P of the solute is proportional to the solution concentration x
in dilute solutions, and the ratio is a constant value, i.e., Henry’s law constant H, at the
same temperature.

P = H ∗ x (1)

The solubility of free CO2 in artificial seawater conforms to Henry’s Law. In a bal-
ance system at 1 atm, the molar concentration of free CO2 in artificial seawater is x
mol/L, the concentration of CO2 in the gas mixture is Cupgas, generally at 10–6 or 10–9

level and dimensionless, and the partial pressure of the CO2 gas in the gas mixture is
PupgasCO2 = Cupgas ∗ 101325;

The gas mixture in the balance system conforms to the ideal gas equation of state
PV = nRT, and the amount of substance Mupgas of carbon dioxide in it is:

Mupgas = PupgasCO2 ∗ Vupgas/RT (2)



Sustainability 2023, 15, 5096 4 of 14

where Mupgas represents the amount of substance of carbon dioxide in the gas mixture
in the balance system, PupgasCO2 represents the partial pressure of carbon dioxide in the
gas mixture in the balance system, Vupgas represents the volume of the gas mixture in the
balance system, R is the ideal gas constant and T represents the absolute temperature of the
balance system.

Because PupgasCO2 = CupgasCO2 ∗ Pupgas, Equation (2) can be transformed into:

Mupgas = CupgasCO2 ∗ Pupgas ∗ Vupgas/RT (3)

When CO2 dissolves in water, chemical reactions occur to form carbonic acids:

CO2(g)
+H2O↔ C02(aq) (4)

k1CO2(aq) + H2 O � H2CO3 k−1 (5)

where CO2(g) represents gaseous CO2, CO2(aq) represents hydrated gaseous CO2, K1 and
K−1 represents the balance constants for hydration and ionization reactions, respectively,

K =
k1

k−1
=

0.03
20

=
1

670

that is, the concentration of CO2(aq) in seawater is 670 times that of H2CO3 at balance,
which can be neglected. Thus, Equation (6) can be used to express the first-stage ionization
process of H2CO3:

CO2(aq) + H2 O↔ H++HCO−3 (6)

The thermodynamic apparent ionization balance constant K∗1 of the first-stage ioniza-
tion process is:

K∗1=

[
H+
][

HCO−3
]

[CO2]
(7)

where
[CO2] = [CO2(aq)] + [H2CO3] (8)

where [CO2(aq)] represents the concentration of hydrated gaseous CO2 in seawater; [H2CO3]
represents the concentration of H2CO3 in seawater; [CO2] represents the total concentration
of free CO2 in seawater, i.e., the sum of concentrations of hydrated gaseous CO2 and H2CO3.
The solubility of free CO2 in artificial seawater conforms to Henry’s Law. Because the
concentration of [H2CO3] is only 1/670 of that of free CO2, which can be neglected,

Xdownwaterco2 = [CO2] ≈ [CO2(aq)] = Pupgasco2 ∗ H (9)

where Xdownwaterco2 represents the concentration of free carbon dioxide in the liquid phase
in the balance system.

The first-stage thermodynamic apparent ionization balance constant K∗1 can be calcu-
lated based on the first-stage apparent ionization balance constant K1, temperature T and
salinity S of H2CO3 in fresh water [14]:

ln K∗1 = ln K1 + A ∗ S0.5 + B ∗ S + C ∗ S1.5 + D ∗ S2 + ln(1− 0.001005∗S) (10)

A = −228.39774 + 9714.36839 ∗ 1
T
+ 34.485796 ∗ ln T (11)

B = 54.20871− 2310.48919 ∗ 1
T
− 8.19516 ∗ ln T (12)

C = −3.969101 + 170.22169 ∗ 1
T
+ 0.603627 ∗ ln T (13)

D = −0.00258768 (14)
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ln K1 = 290.9097− 14554.21 ∗ 1
T
− 45.0575 ∗ ln T (15)

Accordingly, the second-stage ionization process of H2CO3 can be expressed by
Equation (16):

HCO−3 ↔ H+ + CO2−
3 (16)

The thermodynamic apparent ionization balance constant K∗2 of the second-stage
ionization process:

K∗2 =

[
H+
][

CO2−
3

]
[
HCO−3

] (17)

where [H+] is the concentration of H+ in seawater; [CO3
2−] is the concentration of CO3

2− in
seawater; [HCO3

−] is the concentration of HCO3
− in seawater; the second-stage thermody-

namic apparent ionization balance constant K∗2 can be calculated based on the second-stage
apparent ionization balance constant K2, temperature T and salinity S of H2CO3 in fresh
water (FENG, 1999):

ln K∗2 = ln K2 + A ∗ S0.5 + B ∗ S + C ∗ S1.5 + D ∗ S2 + ln(1− 0.001005 ∗ S) (18)

A = −167.69908 + 6551.35253 ∗ 1
T
+ 25.928788 ∗ ln T (19)

B = 39.75854− 1566.13883 ∗ 1
T
− 6.171951 ∗ ln T (20)

C = −2.892532 + 116.270079 ∗ 1
T
+ 0.45788501 ∗ ln T (21)

D = −0.0061342 (22)

ln K2 = 207.6548− 11843.79 ∗ 1
T
− 33.6485 ∗ ln T (23)

In addition, the effect of pressure on the first and second apparent ionization balance
constants K1* and K2* of H2CO3 meets Equation (24):

ln
KP

i

KO
i

= −∆Vi

RT
∗P + 0.5 ∗ ∆Ki∗P2 (24)

where
− ∆V1 = 25.50 + 0.151 ∗ (S− 34.8)− 0.1271 ∗ t (25)

− 103∆K1 = 3.08 + 0.578 ∗ (S− 34.8)− 0.0877 ∗ t (26)

− ∆V2 = 15.82− 0.321 ∗ (S− 34.8)− 0.0219 ∗ t (27)

− 103∆K2 = −1.13 + 0.314 ∗ (S− 34.8) + 0.1475 ∗ t (28)

In the experiment, artificial seawater of the same composition in the stock solution
barrel is used in all balance systems, and devices such as the thermostatic oscillator and
system constant pressure equipment are used to keep the salinity, temperature and pressure
of seawater in each balance system equal, so as to eliminate the effect of the changes in
salinity, temperature, pressure and components on apparent ionization balance constants
K∗1 and K∗2 .

In summary, CO2 entering seawater exists mainly in the forms of CO2(aq), H2CO3,
HCO3

− and CO3
2−, where the concentration and amount of substance of free CO2 can be

expressed by a formula consisting of the Henry’s law constant (H), the concentration of
CO2 in the gas mixture (CupgasCO2), the volume of the gas mixture (Vupgas) and the volume
of lower seawater in the balance system (Vdownwater); the concentration of CO3

2− and the
amount of substance of HCO3

− in seawater can be expressed using the formula of the total
amount of substance of CO2 in each system or free CO2 and K∗1 and K∗2 . Data, such as the
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pressure of the gas mixture in the balance system (Pupgas), the volume of the gas mixture
(Vupgas), the concentration of CO2 in the gas mixture (CupgasCO2), the absolute temperature
of the balance system (T), the salinity of the seawater (S), and the difference of total amount
of substance of CO2 among different balance systems, can be obtained through tests; the
amount of substance of CO2 in gas mixture (Mupgas) can be obtained by Equation (3), and
the first- and second-stage ionization thermodynamic apparent balance constants K∗1 and
K∗2 of H2CO3 in each balance system can be obtained by Equations (10) and (18). If the
difference of the total amount of substance of CO2 among different balance systems is
known, the Henry’s law constant H0 of CO2 and the amount of substance of free CO2 in
seawater are calculated using the combination of equations.

The internal medium in the closed system is 99.999% high purity argon. Artificial
seawater of a certain volume is placed in the closed system, and the carbon dioxide in
artificial seawater is the source of all carbon dioxide in the system; the total amount of the
substance Mall of carbon dioxide in the closed system is the sum of the amount of substance
of gaseous carbon dioxide, carbonic acids, carbonate radicals and bicarbonate radicals after
hydration of gaseous carbon dioxide in the headspace gas mixture with seawater, namely

Mall = Mupgas + Mdownwater (29)

where Mall represents the total amount of substance of carbon dioxide in the system, Mupgas
represents the amount of substance of gaseous carbon dioxide in the gas mixture and
Mdownwater represents the total amount of substance of carbon dioxide in water, namely
the sum of the amount of substance of gaseous carbon dioxide, carbonic acids, carbonate
radicals and bicarbonate radicals after hydration.

Combining Equations (3) and (29), we obtain

Mall = CupgasCO2 ∗ Pupgas ∗ Vupgas/RT + Mdownwater (30)

All balance systems 1, 2, 3, . . . . . . i in the experiment shall meet the above equation,
namely:

Mall-0 = CupgasCO2-0 ∗ Pupgas-0 ∗ Vupgas-0/RT + Mdownwater-0 (31)

Mall-1 = CupgasCO2-1 ∗ Pupgas-1 ∗ Vupgas-1/RT + Mdownwater-1 (32)

Mall-2 = CupgasCO2-2 ∗ Pupgas-2 ∗ Vupgas-2/RT + Mdownwater-2 (33)

Mall-i = CupgasCO2-i ∗ Pupgas-i ∗ Vupgas-i/RT + Mdownwater-I (34)

The components, temperature, salinity and other aspects of artificial seawater im-
ported in all balance systems are the same. Therefore, the total amount of substance Mall of
carbon dioxide in each balance system should be proportional to the volume of artificial
seawater V, namely:

Mall-i/Mall-0 = Vi/V0 (35)

where Mall-i represents the total amount of substance of carbon dioxide in the system i,
Mall-0 represents the total amount of substance of carbon dioxide the original system 0, Vi
represents the volume of artificial seawater in the system i, and V0 represents the volume
of artificial seawater in the original system 0.

Compared to the original balance system 0, the total amount of substance M∆i-0 of the
increased carbon dioxide in balance systems 1, 2, 3, . . . i is:

M∆i-0 = MiCO2 −M0CO2 = Mupgas∆i-0 + Mdownwater∆i-0 (36)

According to Equation (35),

M∆i-0 = MiCO2 −M0CO2 = Mall-0 ∗ (Vi − V0)/V0 (37)
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When i = 1 and i = 2, combining (36) and (37), we obtain

M∆1-0 = (V1 − V0)/V0 ∗Mall-0 = Mupgas∆1-0 + Mdownwater∆1-0 (38)

M∆2-0 = (V2 − V0)/V0 ∗Mall-0 = Mupgas∆2-0 + Mdownwater∆2-0 (39)

According to the law of conservation of mass and the solvency law of carbon dioxide
in water,

Mdownwater = MCO2aq + MH2CO3 + MCO3
2− + MHCO3

− ≈MCO2aq + MCO3
2− + MHCO3

−

(40)
where Mdownwater is the total amount of substance of carbon dioxide in seawater, MCO2aq
is the amount of substance of free carbon dioxide in seawater, MH2CO3 is the amount of
substance of H2CO3 in seawater, MCO3

2− is the amount of substance of carbonate radicals
in seawater and MHCO3

− is the amount of substance of bicarbonate radicals in seawater.
According to Equation (1), the concentration of free carbon dioxide in the liquid phase

in the balance system xdownwaterco2:

xdownwaterco2 = Pupgasco2 ∗ H0 (41)

Therefore, MCO2aq in Equation (40) can be expressed by a formula consisting of Pupgas,
the volume of the gas mixture (Vupgas), the concentration of carbon dioxide in the gas
mixture (Cupgas) and the unknown number H0. Similarly, MCO3

2− and MHCO3
− can also be

expressed through a formula consisting of the unknown number H0. Combining Equations
(38) and (39), we obtain the series Equation (42):

(V1 − V0)/V0 ∗Mall-0 = Mupgas∆1-0 + Mdownwater∆1-0

(V2 − V0)/V0 ∗Mall-0 = Mupgas∆2-0 + Mdownwater∆2-0 (42)

(Vi − V0)/V0 ∗Mall-0 = Mupgas∆i-0 + Mdownwater∆i-0

In series Equation (42), V1, V0, V2, . . . Vi are known; Mupgas∆1-0, Mupgas∆2-0, . . . Mupgas∆i-0
can be calculated using Equation (30); Mdownwater∆1-0, Mdownwater∆2-0, . . . Mdownwater∆i-0 can
be expressed by a formula containing H0 according to Equations (10)–(18) and (40). Therefore,
there are only the two unknowns, Mall-0 and H0, in series Equation (42), and they can be
solved by combining any two equations. The concentration or amount of substance of free
carbon dioxide in seawater in each system can be calculated through Equation (1).

When determining the concentration of free carbon dioxide in artificial seawater by
D.B.S/Henry’s Law, seawater samples with the same components and of different volumes
should be placed in at least four calibrating standard solution preparers [21] or other
closed devices. A.R.M can also be used—that is, seawater of the same volume is imported
into all calibrating standard solution preparers, but standard gas of different volumes
is added in order to construct a closed system where the total amount of substance of
carbon dioxide is different. All closed systems are subjected to thermostatic oscillation
to make them reach balance before measuring the partial pressure of carbon dioxide in
the headspace gas mixture in the balance system, solving the Henry’s law constant and
calculating the concentration of free carbon dioxide. This method is suitable for thin
water with a concentration of carbon dioxide below 4 mg/L. If the concentration of carbon
dioxide in the headspace gas mixture is lower than the detection limit of the device, it can
be increased to the limit by increasing the seawater volume and reducing the headspace
volume in the closed system. In addition, if more than four balance systems are constructed
in the experiment, different systems can be selected as the system 0 to solve the Henry’s law
constant. This method is also used to verify the results of the experiment for determining
the Henry’s law constant of carbon dioxide in seawater at a certain temperature.
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3. Experiment
3.1. Experimental Design

The experiment consists of the gas source, vacuum system, balance system and ana-
lytical unit (Figure 2). The gas source, the source of the gas for the experimental system,
mainly includes high purity argon and carbon dioxide standard gas. The vacuum system
composed of the vacuum pump, vacuum line and control valve is connected to all devices,
and can achieve the overall or partial vacuum of the system at any time. The balance system
consists of the calibrating standard solution preparer, thermostatic oscillator, transfer gas
bag, control valve, line and so on. The calibrating standard solution preparer, the main
part of the closed system, is a space for gas and liquid, which is connected to the transfer
gas bag via the control valve and line and used with an inflatable balloon placed in the
chamber in advance to achieve the transfer of headspace gas under isobaric conditions
in the system [21]. The thermostatic oscillator, a device that keeps the system at constant
temperature and promotes the full mixture of gas and liquid, can make the system reach a
gas–liquid balanced state quickly, and can accommodate, at most, four calibrating standard
solution preparers at the same time. The analytical unit is composed of the carbon dioxide
analyzer, vacuum pump, connecting line, control valve and so on. With its inlet connected
to the outlet line for headspace gas from the calibrating standard solution preparer and
controlled by the control valve, the concentration of carbon dioxide in the headspace gas
can be determined in real time (Figure 2).
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4© vacuum system–waterproof conical flask→ 5© balance system–calibrating standard

solution preparer→ 6©-1 balance system–thermostatic oscillator→ 6©-2 balance system–
thermostatic oscillator controller→ 7© analytical unit–carbon dioxide analyzer 8 oscillator
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3.2. Apparatus

High precision carbon dioxide analyzer: USA, Picarro G2131-i. Main working conditions:
ambient temperature 10–35 ◦C, sample flow < 0.4 SLM, Cavity Pressure 148 Torr, Cavity
Temperature 45 ◦C, Warm Box Temp 45 ◦C, carbon dioxide measurement error < 200 ppbv
within 30 s. The device is suitable for the gas mixture sample, which is continuously measured
every 1–2 s on average. During measurement, the stable data is averaged as the measured
value of the sample.

Calibrating standard solution preparer: independently developed, FZKJPYP-L4
(Figure 3). The volume is 5 L, and the pressure control range is 1–2 atm. The device
has the following features: (1) it has very good tightness, (2) the inside of the chamber can
be air-washed conveniently, (3) the target gas can be added conveniently, (4) the headspace
pressure in the chamber can be monitored in real time, (5) the headspace gas can be trans-
ferred without changing the headspace gas pressure in the chamber and overall volume
and destroying the gas–liquid balance in the closed system [22].
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Figure 3. Schematic representation of the calibrating standard solution preparer.

Stock solution barrel: with a volume of 20 L and withstanding the pressure of 10 atm,
the barrel is used to prepare, contain and transfer artificial seawater.

Thermostatic oscillator: independently developed, FZKJHWYC-P40, the device is
mainly composed of the metal plate box, temperature probe, refrigerating system, heating
system, circulation system, oscillator and control system, with the volume 40 L, temperature
control range 4–50 ◦C (refrigerating), power 1500 w, and temperature resolution 0.1 ◦C; the
oscillation mode is rotatory type, the rotary frequency is 30–400 rpm, and the timing range
is 0–999 min.

Microsyringe: USA, HAMILTON, 825 RN, specification 22 s/2”/2, maximum range
250 µL, maximum tolerable temperature 115 ◦C, and maximum bearing pressure 2000 psig.

Vacuum pump: China, Flight, FY-4 C-N, ultimate pressure 2 Pa, power 550 w, and
pumping rate 14.4 m3/h.

3.3. Experimental Materials and Reagents

Artificial seawater: prepared in laboratory, the salinity is 3.2–3.5%;
High purity argon: standard substance, 99.999%;
Carbon dioxide standard gas: standard substance, the balance gas is argon.
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3.4. Calculation of M∆i-0

The components of artificial seawater added in all closed systems during the experi-
ment are the same, and carbon dioxide in seawater is the source of all carbon dioxide forms
in the closed systems. Therefore, the total amount of substance (M∆i-0 = MiCO2 −M0CO2)
of the increased carbon dioxide in the balance system i relative to the balance system
0 can be calculated through the total amount of substance Mall-0 of carbon dioxide in
the balance system 0 and the volumes Vi and V0 of artificial seawater in the two sys-
tems, that is: M∆i-0 = (Vi − V0) ∗Mall-0. The volumes of seawater in balance systems 0,
1, 2, . . . i are recorded, and M∆i-0 is solved by combining Equation (42). The addition
of an equal volume of standard gas can also be used in the experiment, where artificial
seawater of the same volume is added in all closed systems, and then carbon dioxide
standard gas with the volume of V∆i-0 and the concentration of Csg is added in systems
1.2.3 . . . i using a microsyringe, with the balance system 0 as the original system. Then,
the total amount of substance of the increased carbon dioxide in the balance system I
relative to the balance system 0 can be calculated directly by the ideal gas equation of state:
M∆i-0 = MiCO2 −M0CO2 = PV∆i-0 ∗ Csg/RT. In the experiment, the same microsyringe and
the same vial of standard gas are used to reduce the possible error caused by the differences
in standard gases and injectors.

3.5. Experimental Process

The experimental process roughly includes several parts, namely the preparation of
artificial seawater, system vacuation, seawater import, injection of medium gas, system
balance, headspace transfer, gas test, experimental verification and so on.

A total of 20 L artificial seawater is prepared (Yu-Bin Hu, 2014) for later use;
Three calibrating standard solution preparers 1©, 2© and 3© are washed with 99.999%

high purity argon six times and vacuated using a vacuum pump until the pressure gauge
reading of the system is 2 Pa;

Amounts of 1 L, 2 L and 3 L artificial seawater are imported into calibrating standard
solution preparers 1©, 2© and 3©, respectively, from the inlet valve at the bottom of the
chamber;

Next, 99.999% high purity argon is injected into the chambers of preparers 1©, 2© and
3© from gas-connecting valves on the top cover, until the pressure gauge reading in the

chamber is 101,325 Pa;
The calibrating standard solution preparers are oscillated in the thermostatic oscillator

for 30 min and stand still at a constant temperature for 6 h to reach gas–liquid balance;
After balance, a 300 mL vacuum gas bag is connected to the outside through the gas

connecting valve on the top cover;
Next, 99.999% high purity argon is injected into the volume transfer ball from the inlet

on the top cover, and the vacuum gas bag inlet valve connected to the outside is opened to
transfer the headspace gas to the gas bag;

The gas bag is connected to the Picarro G2131-I inlet, and the concentration of car-
bon dioxide in the gas mixture is measured and recorded. The standard gas is used for
calibration at intervals of 5 samples before and during measurement.

4. Results and Discussion
4.1. Measurement of Henry’s Law Constant of Carbon Dioxide in Artificial Seawater and
Concentration of Free Carbon Dioxide

According to the experimental design scheme, the Henry’s law constant of carbon
dioxide in artificial seawater at different temperatures is measured based on the concentra-
tion of carbon dioxide in the headspace gas phase in each balance system and the M∆i-0
between balance systems. In the experiment, two bags of 300 mL transferred headspace
gas mixture are collected from each balance system to detect the concentration of carbon
dioxide, or the headspace gas mixture is directly determined by opening the gas–liquid
separator switch and connecting the outlet on the top cover of the calibrating standard
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solution preparer to the Picarro inlet via the line. A gas mixture sample is tested every 1–2 s
on average after entering Picarro G2131-I to form a test curve, and the stable near-straight
line data are selected as the valid data of the headspace sample (Figure 4). The average of all
valid data is taken as the carbon dioxide value of the headspace sample, with the standard
deviation (Std dev) between valid data in the stable test curve less than 50 ppb. The data of
the carbon dioxide concentration in the headspace sample is calculated using the method
specified in the experimental design principle to obtain the Henry’s law constant of carbon
dioxide under the corresponding conditions (Table 1). Based on the data measured in the
experiment, the concentration of free carbon dioxide in artificial seawater can be calculated
using Equation (1).
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Table 1. Experimental data table of Henry’s law constant of carbon dioxide in artificial seawater at
different temperatures.

Seawater Temperature
(◦C) Seawater Salinity (‰)

Henry’s Law Constant
of Carbon Dioxide in

Seawater (kpa)
Seawater Salinity (‰)

Henry’s Law Constant
of Carbon Dioxide in

Seawater (kpa)

20 35 139,741.4351 33 139,739.9233
18 35 131,725.6899 33 131,724.2447
16 35 124,068.3677 33 124,066.9884
14 35 116,496.1441 33 116,494.8329
12 35 109,265.7941 33 109,264.5501
10 35 102,177.1956 33 102,176.0197
8 35 95,433.44691 33 95,432.33758
6 35 88,858.37386 33 88,857.33137
4 35 82,642.78864 33 82,641.81077
3 35 79,587.6257 33 79,586.68021
20 34 139,740.6792 32 139,739.1674
18 34 131,724.9673 32 131,723.5221
16 34 124,067.678 32 124,066.2987
14 34 116,495.4885 32 116,494.1773
12 34 109,265.1721 32 109,263.928
10 34 102,176.6076 32 102,175.4317
8 34 95,432.89224 32 95,431.78292
6 34 88,857.85261 32 88,856.81013
4 34 82,642.2997 32 82,641.32184
3 34 79,587.15295 32 79,586.20747
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4.2. Verification of Henry’s Law Constant of Carbon Dioxide in Artificial Seawater—Systems
Transformation Coincidence Experiment

The systems transformation coincidence experiment is that with systems 0 and 1 as
the set original balance system, the Henry’s law constant of carbon dioxide at different
temperatures is determined based on system 0-1-2, system 0-1-3 and system 1-2-3, and
their standard deviation is compared to evaluate the reliability of the method. In the
systems transformation coincidence experiment, four balance systems are used in which
the standard deviation between the Henry’s law constant measured in each balance system
and the average of the Henry’s law constant measured in multiple balanced systems is only
(10–50) ∗ 10−6 kpa, the maximum relative standard deviation is 0.5‰, and the Henry’s law
constants repeatedly determined in the systems transformation almost coincide (Figure 5).
The systems transformation coincidence experiment verifies the accuracy of this experiment
and the scientificity and reliability of the D.B.S/Henry’s Law design. D.B.S/Henry’s Law,
a scientific method for determining the Henry’s law constant of carbon dioxide and the
concentration of free carbon dioxide, is suitable for the determination of the Henry’s law
constant of carbon dioxide in artificial seawater. This method can be further used in the
determination of the Henry’s law constant of carbon dioxide and the concentration of free
carbon dioxide in the natural seawater of different areas.
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5. Conclusions

In this paper, the D.B.S/Henry’s Law for determining the Henry’s law constant of
carbon dioxide and the concentration of free carbon dioxide is proposed and is used to
measure the Henry’s law constant of carbon dioxide in artificial seawater with salinities
of 32, 33, 34 and 35‰ at 3–20 ◦C. Concurrently, a systems transformation coincidence
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experiment is conducted to verify the accuracy of this experiment and the scientificity
and reliability of the D.B.S/Henry’s Law. The Henry’s law constant of carbon dioxide
in seawater measured in this experiment can be used as an important reference for the
determination of the concentration of free carbon dioxide in seawater. In addition, it can
also be used as a supplement of the methods specified in national and industrial standards,
which are used to determine the free carbon dioxide content and are applied to the detection
of the Henry’s law constant of carbon dioxide and the concentration of free carbon dioxide.
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