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Derivation of Eq. (3), Summary of Equilibrium Parameters, and Experimental Confirmation / Visualization

A.1 Derivation of Eq. (3) in the Main Text and the Influence of Volume
It is well known, that the pH value of freshly distilled water at 25 °C kept under inert gas is 7. However, if a flask filled with distilled water is left open to the air for some time, the pH value will gradually decrease and usually level out at about pH 5.6. The reason is the absorption of carbon dioxide and the subsequent reaction with water to form a carbonate equilibrium, containing dissolved CO2, hydrogen carbonate (HCO3-), and carbonate (CO32-) according to Eq. (A-1) and (A-2).
CO2aq  +  H2O   H+  +  HCO3-     2 H+  +  CO32-					(A-1)
CO2aq   	      CO2gas				     							(A-2)
The sum of the concentrations of the dissolved C-containing species, expressed in mol/kg is usually designated Dissolved Inorganic Carbon (DIC). The equilibrium is obtained from Eq. (A-3) to (A-8), which are the mass action law, Henry’s law, mass balance, and electroneutrality. 
											(A-3)
										(A-4)
												(A-5)
 												(A-6)
  								(A-7)
									(A-8)
with usual notations, i.e. concentrations in mol/kg in brackets, n is the number of moles, PCO2 the partial pressure of carbon dioxide, and the K1, K2, KcP, KW are temperature-dependent coefficients. Carbonic acid is a bi-protonic weak acid with the two pKA values
												(A-9)
pK1=6.3 and pK2=10.3 at 25 °C in pure water.
For a closed system and ideal gas, combining Eq. (A-3) to (A-8) leads to Eq. (A-10) which is Eq. (3) in the main text:
		,					(A-10)



with Vgas and Vaq being the volume of the gas phase and the aqueous phase, respectively. ρaq is the density of the aqueous phase, so that Vaq ∙ ρaq is its mass. Activity and fugacity coefficients are assumed =1 throughout this work.
According to Eq. (A-10) the partial pressure of CO2 increases with the number of carbon moles in all chemical form of Eq. (A-1) and (A-2), nC, and with the concentration of protons [H+]. Hence, it increases with decreasing pH-value.

											(A-11)
Beside these parameters, the volumes Vgas and Vaq influence the partial pressure of CO2.  This is illustrated in Figure A-1 in which a closed system of 62 l total volume is filled with different amounts of water (90% and 10%, left side and middle). It was assumed that the gas volume was initially filled with 40.53 Pa or volume fraction of 400 ppm CO2.
						(A-12)
[image: ]It is obvious, that the liquid filling level of a closed system has a strong influence on the equilibrium. In the Earth’ climatic system, the ratio between the oceans (1.33E+14 m³) and the atmosphere, calculated to 1 atm pressure (4.0E+14 m³) is close to 3, similar to the right situation in Figure A-1 (see next section).

Figure A-1. Left: a volume of 62 l at 25 °C is filled with 90% of distilled (DI) water. In equilibrium, the CO2 volume fraction in the gas phase reduces from initially 400 ppm to 30 ppm. The pH-value of the DI water decreases from initially 7.00 to 6.16. Middle: For 10% DI water, the CO2 value decreases to 361 ppm and the pH to 5.63. Right, similarly to the ocean and atmosphere volume ratio, a filling of 25% of a 2000 µmol/kg NaHCO3 solution in distilled water is put into a CO2-free space. The CO2 increases to 284 ppm and the pH value of the NaHCO3 solution increases from 8.32 to 8.65.


A.2 The pH Value of an Aqueous Solution of NaHCO3 and its Emission of CO2
The pH-value of seawater is strongly influenced by the concentration of bi-carbonate, here taken as the sodium salt, NaHCO3. This species has a rather small concentration but plays a decisive role, as is visible from the right part of Figure A-1 and explained below. A simple approximation for the pH value is obtained from Eq. (A-13) and (A-14).
Multiplying Eq. (A-3) and (A-4) yields: 
									(A-13)
which, assuming [CO32-] ≈ [CO2aq] and in logarithmic form transforms to:
	.										(A-14)
This is the so-called “ampholyte equation” stating the pH-value is the average of the two pKA values of a bi-protonic acid such as the carbonic acid. With the pKA – values of 6.3 and 10.3, we expect pH ≈ 8.3 for a solution of NaHCO3 at sufficiently high concentrations. For low concentration, this approximation fails and the pH-value approaches the value 7.0, but for concentrations around 2000 µmol/l as observed in seawater, Eq. (A-14) gives a realistic estimation. 
For the exact pH calculation of a solution of NaHCO3, the electroneutrality condition, Eq. (A-8) must be rewritten to
	.						(A-15)
Apart from this change, Eq. (A-3) to (A-12) can be applied. In Figure A-1, the right side gives an example of the volume effect. Under equilibrium conditions at 25 °C, a 2000 µmol/kg solution of sodium bicarbonate, filling 25% of the volume, donates 284 ppm of carbon dioxide to the gas space which was initially free of it. By doing so, the liquid phase loses acidity and becomes more alkaline (pH = 8.65) and if a vacuum pump would be installed to the gas phase, eventually all of the CO2 would leave the system and the sodium bicarbonate would transform into 2000 µmol/kg solution of sodium hydroxide (NaOH), together with no CO2 at all. 


A.3 Adding Salinity and Borate to get a Seawater Model
With the set of equations mentioned above, we can calculate the equilibrium pH-value and CO2 partial pressure or volume fraction of the carbonate system which is the dominating buffer system in our oceans. For ocean water, however, the equilibrium parameters are strikingly different from pure water. Dickson et.al. [18] have published a summary of these parameters for absolute temperature T in K and the dimensionless salinity S, which are given here. These equations go back to a variety of authors (Dyrsson and Hansson [23], Mehrbach et.al. [24], Weiss [25], Dickson and Riley [26], Millero [27], Millero and Roy [28], Lueker et.al. [29], and Liu et.al. [30]):

			(A-16)
				(A-17)
																(A-18)
								(A-19)
The units of K1 and K2 are mol/kg, KW is in mol²/kg², and the Henry constant KcP is in mol/kg atm. 
For pure water, the values are (Harned and Davis [31], Harned and Scholes [32], Dickson and Riley [26], see also Sander [33]):

								(A-20)
									(A-21)
							(A-22)
						(A-23)

Table A-1 and A-2 compile these values for pure water and ocean water with realistic salinity of ca. 35. The carbonic acid is much stronger in seawater than in pure water. Its acidity increases with increasing ionic strength (Millero et.al. [34]). Particularly the second dissociation constant K2 increases strongly.

Table A-1. K-values for pure water (ideal solution). The unit for the Henry constant is changed from atm to Pa with 1 atm =101325 Pa.

	Parameter
	Unit
	10 °C
	15 °C
	20 °C
	25 °C
	Eq.

	K1
	mol/kg
	3,43E-07
	3,81E-07
	4,15E-07
	4,46E-07
	20

	K2
	mol/kg
	3,25E-11
	3,72E-11
	4,20E-11
	4,68E-11
	21

	KW
	mol²/kg²
	2,93E-15
	4,53E-15
	6,84E-15
	1,01E-14
	22

	KcP
	mol/kg Pa
	5,27E-07
	4,47E-07
	3,84E-07
	3,34E-07
	23



Table A-2. K-values for sea water (S=35). The unit for the Henry constant is changed from atm to Pa with 1 atm =101325 Pa.
	Parameter
	Unit
	10 °C
	15 °C
	20 °C
	25 °C
	Eq.

	K1
	mol/kg
	1,02E-06
	1,15E-06
	1,28E-06
	1,42E-06
	16

	K2
	mol/kg
	6,12E-10
	7,43E-10
	8,98E-10
	1,08E-09
	17

	KW
	mol²/kg²
	1,44E-14
	2,38E-14
	3,84E-14
	6,06E-14
	18

	KcP
	mol/kg Pa
	4,33E-07
	3,70E-07
	3,20E-07
	2,80E-07
	19

	KBor
	mol/kg
	1,66E-09
	1,92E-09
	2,21E-09
	2,53E-09
	25



If the example of the 2000 µmol/kg NaHCO3 solution in Figure A-1 (right) would be in ocean water of S=35 instead of the pure water, the values changed drastically. The much higher ionic strength of ocean water stabilizes charged species and shifts the equilibrium in Eq. (A-1) to the right side. More protons are released and the pH value drops sharply down to 7.40 in the absence of any gas phase. But with a gas phase initially free of CO2 and having a 75% volume share as in Figure A-1 (right), the solution emits CO2 and the pH of the liquid would increase to 7.76. Simultaneously, the gas phase gets 745 ppm carbon dioxide stemming from the NaHCO3 solution. This is calculated from Eq. (A-3) to (A-19) for 25 °C.
One kg of sea water contains ca. 35.17 g of a salt mixture and 964.83 g of pure water [18]. The sodium bicarbonate is a minor component with only about 2000 µmol/kg or 0.168 g/kg, but it generates the buffer system which is of utmost importance for the CO2 ocean-air interaction. Another important trace component is the element Boron with 433 µmol/kg [21,35]. The source of Boron is the Borax mineral with the formula Na2B4O7 plus some crystal water which we can neglect here. Borax hydrolyses according to Eq. (A-24):
Na2B4O7  + 7 H2O        2 Na+ + 2 B(OH)3 + 2 B(OH)4-	 				(A-24)
The boric acid, B(OH)3, is a weak acid with pKA = 9.25 at 25 °C in pure water. In sea water [18, 34] the K- value is obtained from Eq. (A-25):
 
(A-25)
and gives pKA = 8.60 at 25 °C.
In the presence of boric acid and tetraborate, the electroneutrality condition must be modified to:
,					(A-26)

with the remark, that added Borax always adds only two Na+ ions with four B atoms.
Going deeper into synthesizing sea water would mean adding fluoride, phosphates, silicates etc. However, for the purpose of the present work, it is sufficient to stop at this point. Only the special role of the HSO4- ion should be mentioned. The first dissociation step of sulfuric acid has a pKA of about -3 and is fully dissociated. The second step has a pKA of about 1 and is almost fully dissociated, but not as much as the first step. It is, however, much stronger than the carbonic or boric acids and so the HSO4- equivalent is usually added to the free protons [18] to yield an effective number of protons for the pH and equilibrium calculations, i.e.

								(A-27)

In the electroneutrality condition, the HSO4- counts to the anions, and it is also mentioned, that the correction of Eq. (A-27) has no strong effect on the results given here. It is almost neglectable for the present work.

A.4 A Simple Small Scale Experiment 
Experimental tests runs were made in a 65.4 liter closed apparatus described in Figure A-2. The volume of the instruments and pipes was 3 liter, so that 62.4 liter was left as the sum of gas and aqueous phase. The pressure inside and outside the system was both 1 atm. The ambient temperature was between 20 °C and 23°C.
[image: ]The apparatus consists of a sealed acrylic glass box (LWH = 420 X 380 X 410 mm) equipped with two air pumps, a magnetic stirrer, and a CO2, temperature, humidity, and pressure data logger (Driessen & Kern - DKCO2-Log CO2-Datenlogger, precision 3%). At the bottom, there is an 18 litre PE-bowl to keep the water. Over this bowl, an acrylate platform is placed on which pumps and pipes are mounted. 

Figure A-2. Closed system for the experimental tests.

The magnetic stirrer is below the apparatus (outside the box). The magnet is placed in the water bowl. A scrubber (25 l) filled with a saturated calcium hydroxide solution to remove CO2 is positioned outside the box. The pump P1 transports air through the scrubber and so removes the CO2 in a circular flow. After removing the CO2, this pump is stopped. The pump P2 presses air into two perforated plastic tubes that are positioned at the ground of the water bowl. These are producing air bubbles and foster the exchange between the aqueous phase and the gas phase. Further, there is a tube with a port for adding aqueous salt concentrates and for pH sample taking. The pH values were measured outside the system with a pH meter (Dr.meter, Modell: PH838), calibrated and checked against commercially available standards. Repeated tests with calibration standard solutions gave a precision and accuracy of ±0.02 or better. An option for gaseous CO2 feed was realized by adding a NaHCO3 solution to a concentrated solution of citric acid that is kept in a small glass on the platform (above the water). This is suitable to add a well-controlled quantum of CO2 to the gas phase.
The first experiment (see section 3.2) used distilled water. In a second experiment (see section 3.3), we synthesized sea water according to the simplified composition given by Dickson et.al. [17] in which halogenides are subsumed by chloride and Strontium is substituted by Calcium. Thus, we used the salt mixture of Table A-3 to get the ionic mixture of Table A-4 which complies with the reference.
Table A-3. Salt mixture used in this work. For MgCl2 and CaCl2 we used the hydrates. The equivalent water-free amount for MgCl2 and CaCl2 is added in brackets.
	Salt
	Actual
g/kg solution
	Actual 
mol/kg solution

	NaCl
	24,1170
	0,4127

	Na2SO4
	4,0113
	0,0282

	MgCl2
	(5,0295)
	0,0528

	MgCl2 * 6H2O
	10,7410
	

	CaCl2
	(1,1500)
	0,0104

	CaCl2 * 2H2O
	1,5235
	

	KCl
	0,7611
	0,0102



	Ion
	Reference 
g/kg solution
	Actual 
g/kg solution
	Act.-ref.
g/kg solution

	Cl-
	19,4715
	19,4714
	-0,0001

	SO4--
	2,7128
	2,7128
	0,0000

	Na+
	10,7848
	10,7860
	0,0012

	Mg++
	1,2840
	1,2842
	0,0002

	Ca++
	0,4153
	0,4153
	0,0000

	K+
	0,3992
	0,3992
	0,0000


Table A-4. The ionic composition obtained from the salt mixture of Table A-3.






All chemicals were obtained in adequate purity (p.a. or pharma quality with certificate) from either D. Reinecke, Darmstadt or diacleanshop, Dortmund. This simplified recipe does not contain any carbonate, borate or any other buffer system. It is a “bulk” or “matrix” of the sea water and yields a salinity of ca. 35 as confirmed with a refractometric and conductometric salinity tester.
In this seawater bulk formulation, the “active ingredients” for the pH and the CO2, i.e. carbonate and borate, are missing and later added in the experiments. At the start of the experiments, after the scrubbing, there is no carbon in the system.
[image: ]This effect was experimentally tested and the result is shown in Figure A-3. In a first experiment, the situation of the right side in Figure A-1 (NaHCO3 in DI Water) was reproduced. We put 15.6 kg of DI water into the bowl, closed the system and started the scrubber. The measured CO2 amount went down to <20 ppm, which is low enough to start the next step (carbon amount < 0.6 mg). The system was now essentially free of carbon. We added 0.1 kg aqueous solution containing 2623 mg (31,2 mmol) NaHCO3. This amount resulted in a concentration of 2000 µmol/kg solution and a carbon amount of 375 mg. After a few minutes, the CO2 volume fraction in the gas phase starts rising and approaches the calculated value (268 ppm at 20.5 °C) after about five hours. The pH value of the aqueous phase rose from 8.32 to 8.63 more quickly. The more sluggish increase of CO2 stems from bubbles that stick for a while at the surface, before they are eventually released and reach the CO2 sensor. Please note, that no gaseous CO2 was initially present or added. All of the carbon dioxide was emitted by the aqueous phase after adding the NaHCO3 solution to the water.
Figure A-3. Experimental results for the gas-phase volume fraction of CO2 and the pH value in the aqueous phase and calculated equilibrium values in the closed system (Figure A-2) for a 2000 µmol/kg solution of NaHCO3 in distilled water at 20.5 °C. The carbon was added at minute 23 in liquid form. The ratio V gas / V aq was 3, like in the atmosphere/ocean system.

[image: ]Figure A-4 shows the results of a full experimental run with the apparatus and the seawater composition described above. 
Figure A-4. A 20 hours long experimental run with the apparatus (Figure A-2), showing the removal of CO2 by the scrubber, the generation of gaseous CO2 by adding NaHCO3 to the synthetic seawater, the effect of adding dissolved Borax (borate/sodium tetraborate mix), and finally the addition of CO2 to the gas phase. The dots are the experimental results, the broken lines are the calculated equilibrium values. 
The first step of this second experiment was placing 15.5 kg of synthetic sea water into the bowl, closing the system and removing the CO2 left from the open preparative handling in the system by means of the scrubber. Next, we add 0.1 kg aqueous solution containing 2623 mg (31,2 mmol) NaHCO3. This amount results in a concentration of 2000 µmol/kg which is typical for the oceans’ surface and emits CO2 which is clearly visible. After approaching, but due to time constraints not fully reaching the equilibrium, a mixture of 418 mg B(OH)3 and 135 mg NaOH, equivalent to 209 mg B(OH)3 and 344 mg NaB(OH)4 is added in order to account for the hydrolyzed Borax, Eq. (A-24). Finally, after about four hours following the Borax addition, 300 ppm of CO2 was added to the gas phase. 
Like in the first experiment, the generation of gaseous carbon dioxide is observed after adding the NaHCO3 solution. The level is much higher for the seawater and the pH-value is much lower. The Borax-mixture sharply raised the pH as calculated and reduced the CO2 partial pressure. The addition of gaseous CO2 reduced the pH from 8.07 to 7.99. This is the above-mentioned “acidification” effect of CO2 emissions. The aqueous phase keeps absorbing the non-equilibrated CO2 to approach a new equilibrium state if enough time is given.
The observed pH values agree well with the calculated equilibrium values using Eq. (A-10), (A-11), and (A-15) to (A-27). The CO2 ppm values have not quite reached their maximum value because of visible gas bubbles sticking to the basin walls (more than for distilled water in Figure A-3) and time constraints. The values were, however, close to the equilibrium values and confirm the validity of Eq. (A-10) and the equilibrium parameters for seawater. 
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