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Carbon
DioxideCarbon 

Dioxide
It’s a Gas
It’s a Gas
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Relatively non-reactive is not the same 
as inert, however, and there are a couple of 
reactions involving CO! that are relevant 
in brewing. For example, in an aqueous 
solution, CO! reacts with calcium carbon-
ate (the molecule that forms limestone) to 
produce calcium ions (Ca2+) and bicarbon-
ate (HCO"#), two ions that influence mash 
chemistry. Also, CO! reacts with water 
(H!O) to form carbonic acid (H2CO"). 
This acid lowers the pH of beer slight-
ly, although the lactic acid produced by 
brewer’s yeast during fermentation is more 
important in this respect.

By Xxxxxx Xxxxxxxxx

The sound of a beer bottle being 
opened and the sight of rising foam 
as we fill the glass are among the 
first things we experience when 

drinking a homebrew—and both involve 
carbon dioxide. Carbon dioxide (CO!) 
is a simple molecule, just two oxygen 
atoms connected to a central carbon atom. 
However, while the molecule itself is simple, 
the effects of CO! in beer are complex.

In a molecule of CO!, all of the atoms 
are lined up in a row, so the molecule is 
non-polar. In other words, neither side of 
the molecule carries a net positive or neg-
ative electrical charge relative to the other 
side. In contrast, water (H2O)—another 
simple, three-atom molecule—is polar 
because the two hydrogen atoms attached 
to the central oxygen atom are both on the 
same side of the molecule. In carbon diox-
ide, both oxygen atoms are double bonded 
to the central carbon, so CO! is relatively 
non-reactive. (Double bonds take more 
energy to break than single bonds.) For the 
same reason, it doesn’t ionize easily.

Polarity of a water molecule.

Carbon dioxide is non polar.
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would happen? Pure water has a pH of 7. 
So initially, the atmospheric CO! would 
react to form a small amount of carbonic 
acid. However, because the initial pH was 

bonic acid, in turn, can give up a proton 
(H+)—which reacts with water to form a 
hydronium ion (H"O+)—to form bicarbon-
ate. And the bicarbonate, in turn, can give 
up a proton (H+) to form carbonate. (Also, 
in reality, the protons in these reactions are 
never free—they react with water as the 
negative ion dissociates to form the hydro-
nium ion.) So, putting it all together, dis-
solving CO! in water results in a solution 
of mostly CO! and water—with a small 
amount of other molecules or ions.

It’s not quite that simple, though. The 
propensity for carbonic acid to dissociate, 
and for bicarbonate to give up a hydronium 
ion are both pH dependent. In a low pH 
(acidic) solution, carbonic acid is less likely 
to dissociate. So, under a pH of 6, a solution 
of CO! and water will be mostly CO! and 
water—with a small amount of carbonic 
acid (and much less bicarbonate). In a high 
pH (basic or alkaline) solution, the carbonic 
acid dissociates readily, and the resulting 
bicarbonate will easily give up another 
hydronium ion to form carbonate. So, in a 
solution with a pH over 11, a solution of 
CO! water will be mostly CO! and water—
with a small amount of carbonate (and a 
much smaller amount of bicarbonate).

In between—for solutions with a pH 
between 7 and 10—most of the carbonic 
acid dissociates, but the resulting bicarbon-
ate does not easily give up a hydronium 
ion. So, under those conditions, a solution 
of CO! and water is mostly CO! and water, 
with a smaller amount of bicarbonate (and 
much smaller amounts of carbonic acid 
near the low end of this range or carbonate 
near the high end).

That’s a lot to wrap your head around, 
but the major points are these:
1. If you mix CO! and water, you end 

up with a solution almost entirely 
composed of CO! and water. Carbon 
dioxide is not very reactive.

2. Depending on the pH, a solution of 
CO! and water will have a very small 
amount of carbonic acid, bicarbonate, 
or carbonate. However, all three of these 
are never present together.

3. The higher the pH, the more likely 
carbonic acid is to dissociate, and the 
more likely bicarbonate is to give up a 
hydronium ion. Both of these actions 
will lower the pH of the solution, but in 
a strongly basic (alkaline) solution, the 
amount of change will be very small.

Incidentally, if you allow pure water 
to sit out and let the CO! in the atmo-
sphere dissolve into it, what do think 

DISSOLVED CO2 IN WATER
When CO! is dissolved in water (the 
majority constituent of beer), most of the 
CO! remains as CO!—only a small amount 
reacts to form carbonic acid. The equi-
librium constant (K) relating the relative 
amounts of carbonic acid and carbon diox-
ide is:

K = [H!CO" (aq)]/[CO! (aq)] = 1.3#10$3

If you are math- or chemistry-phobic, 
relax: this is easy to understand. It simply 
means that for every molecule of carbonic 
acid in solution, there are 769 molecules 
(1 ÷ 1.3#10$3 % 769) of carbon dioxide. In 
other words, very few CO! molecules react 
with water to form carbonic acid.

Carbonic acid itself dissociates in water 
to form bicarbonate (HCO"$) and a hydro-
nium ion (H"O+). And bicarbonate reacts 
with water to form carbonate (CO"2$) and 
a hydronium ion (H3O+). The equilibrium 
constants, K! and K", for these reactions are

K! = [H"O+] [HCO"$]/[H!CO"] = 2.00#10$4

K! = [H"O+] [CO"2$]/[HCO"$] = 4.69#10$11

Again, this is easy to understand if you 
break it all down. Simply put, when CO! 
is dissolved in water, a small amount reacts 
with water to form carbonic acid. The car-

TABLE 1: RESIDUAL CO2  
AFTER FERMENTATION AT  
VARIOUS TEMPERATURES

Temperature 
[°F]

Temperature 
[°C]

CO!  
[vol.]

50 10.0 1.15

51 10.6 1.13

52 11.1 1.11

53 11.7 1.09

54 12.2 1.08

55 12.8 1.06

56 13.3 1.04

57 13.9 1.02

58 14.4 1.01

59 15.0 0.99

60 15.6 0.97

61 16.1 0.96

62 16.7 0.94

63 17.2 0.92

64 17.8 0.91

65 18.3 0.89

66 18.9 0.88

67 19.4 0.86

68 20.0 0.85

69 20.6 0.83

70 21.1 0.82

71 21.7 0.81

72 22.2 0.79

73 22.8 0.78

74 23.3 0.77

75 23.9 0.75

76 24.4 0.74

77 25.0 0.73

78 25.6 0.72

79 26.1 0.70

80 26.7 0.69

81 27.2 0.68

82 27.8 0.67

83 28.3 0.66

84 28.9 0.65

85 29.4 0.64
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7, the carbonic acid would react to form 
bicarbonate. But, when the acid dissoci-
ates, it gives off hydronium ions—which 
lowers the pH. And, with a little more 
math, which I’ll skip, you can calculate 
the pH of water exposed to CO! at the 
partial pressure in our atmosphere. It’s 
5.65. And incidentally, this is the pH of 

Sugar 
[oz.]

Sugar 
[g]

CO2 [vol.] 
added to 5 
gal. (18.9 L)

0.25 7.1 0.09

0.50 14.2 0.17

0.75 21.3 0.26

1.00 28.4 0.34

1.25 35.4 0.43

1.50 42.5 0.51

1.75 49.6 0.60

2.00 56.7 0.68

2.25 63.8 0.77

2.50 70.9 0.85

2.75 78.0 0.94

3.00 85.1 1.02

3.25 92.1 1.10

3.50 99.2 1.19

3.75 106.3 1.27

4.00 113.4 1.36

4.25 120.5 1.44

4.50 127.6 1.53

4.75 134.7 1.61

5.00 141.8 1.70

5.25 148.8 1.78

5.50 155.9 1.87

5.75 163.0 1.95

6.00 170.1 2.04

6.25 177.2 2.12

6.50 184.3 2.20

6.75 191.4 2.29

7.00 198.5 2.37

7.25 205.5 2.46

7.50 212.6 2.54

7.75 219.7 2.63

8.00 226.8 2.71

TABLE 2: CORN SUGAR (GLUCOSE 
MONOHYDRATE) REQUIRED TO  
ADD CARBONATION TO 5 GAL. 
(18.9 L) OF BEER
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CO! can dissolve into the beer unless it’s put 
under CO! pressure. The concentration of 
CO! dissolved in a finished beer is a function 
of temperature: the cooler the beer, the more 
CO! it retains. An ale fermented at 68°F 
(20°C) will contain 0.85 volumes (1.7 g/L) 
of CO!. If the beer is later carbonated to 2.5 
volumes (5 g/L) of CO!—the normal amount 
in most craft beers—the residual CO! from 
fermentation amounts to a third of the final 
CO! concentration. A lager fermented at 
55°F (13°C) will retain 1.1 volumes (2.2 g/L) 
of CO!. Although saturated with CO!, fer-
mented green beer does not taste carbonated.

If you are bottle conditioning your beer 
and want to carbonate to a specific level, 
you need to know how much carbonation 
your “flat” beer contains in order to add the 
right amount of priming sugar. The amount 
of residual CO! is given in Table 1. Subtract 
this number from your target level of CO! 
to get how much CO! must be added. Table 
2 shows how much sugar is required to add 
various amounts of CO!. (The sugar is con-
sumed by the remaining yeast in the beer 
and converted into ethanol, CO!, heat, and 
more yeast.)

Carbonation can also be added to beer 
by storing the beer under CO! pressure: 
higher pressures force more CO! into 
solution. Homebrewers are likely famil-
iar with the chart published by Zahm & 
Nagel, which shows the concentration of 
dissolved CO! (in volumes) at pressures 
and temperatures at which the beer could 
reasonably be stored. Just store the beer at 
a given temperature and pressure and the 
CO! level will slowly approach the spec-
ified value. (Without shaking, it takes at 
least three days for the level of carbonation 
to get close to your target.)

As mentioned earlier, cooler tempera-
tures allow more CO! to be dissolved. 
Some say chilling beer before carbonat-
ing will speed up the process, but that is 
incorrect. For starters, carbonated beer in 
a pressure vessel does not contain any-
where near the amount of CO! that could 
be dissolved into it. More importantly, 
CO!, like any gas or solid, dissolves into 
solution more quickly at higher tempera-
tures. Cold beer can hold onto more CO!, 
but warm beer absorbs applied CO! more 
readily. Chemists would say that the seem-
ing discrepancy highlights the difference 
between an equilibrium condition (more 
CO! in cold beer) and the kinetics of the 
situation (the speed at which CO! dis-
solves). Nonetheless, less pressure is need-
ed for chilled beer than for warm beer for 
a given carbonation level, so carbonating 
cold avoids approaching the maximum 
pressure rating of your vessel.

CO2 IN BEER
Carbon dioxide in beer can come from a few 
different sources. The first is fermentation. 
After primary fermentation, the beer is sat-
urated with CO!. In other words, no more 

rain—or at least it is in regions with lit-
tle sulfur dioxide and nitrogen oxides in 
the air. These compounds, often found 
in industrial pollution, cause acid rain, 
which often has a pH between 4.5 and 5.
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(“water loving”) and hydrophobic (“water 
hating”) sections. In other words, surfac-
tants have a section that dissolves easily in 
water and a section that dissolves less easily 
in water. When the bubble reaches the 
surface, it’s coated with surfactants. These 
stabilize the bubble and prevent it from 
popping quickly. Then more bubbles push 
up the first layers of bubbles from below, 
and foam is formed.

A SIMPLE MOLECULE  
WITH A COMPLEX ROLE
Carbon dioxide is a simple molecule, but 
the way it interacts with water, beer, other 
gases, surfactants, and more can be fairly 
complex and interesting—something to 
think about the next time you witness the 
“pop” of a bottle being opened and watch 
bubbles rise to the surface.

Chris Colby has been a homebrewer 
since the early ’90s, when he studied 
molecular evolutionary genetics at Boston 
University. After receiving his PhD in 
1997, he briefly worked in educational 
publishing before becoming a beer writer 
and editor. He is the author of Methods 
of Modern Homebrewing (2017), Home 
Brew Recipe Bible (2016), and the 
upcoming Brewers Publications® title 
How to Make Hard Seltzer: Refreshing 
Recipes for Sparkling Libations 
(September 2020). He lives in Bastrop, 
Texas, with his wife and many cats. 

any depression or “trough” can remain rea-
sonably stable for a long period of time, and 
carbon dioxide’s ability to collect is a well-
known hazard at commercial breweries. As 
before, the CO! will eventually diffuse into 
the surrounding air, but this takes time.

The equilibrium condition of an opened 
bottle of beer is that all the “excess” 
CO!—the CO! dissolved into it because 
the vessel was under pressure—will escape 
and render the beer flat. (As before, this 
“flat” beer will be saturated with CO! at 
a concentration that depends on the tem-
perature and pressure under which it is 
stored.) However, this takes a surprisingly 
long time. For a demonstration of this, 
open a bottle or can of beer and place it in 
your fridge. The next day, pour that beer 
into a glass. If it has not been shaken, it 
will still produce foam and still taste fizzy, 
although less so than a freshly opened 
beer.

CO2 AND FOAM
If you look at a bottle of unopened beer, it 
will not have any foam on top. The mole-
cules that form foam are dissolved evenly 
throughout the beer. It requires CO! to 
bring them to the surface.

As a CO! bubble rises through the beer, 
it collides with other dissolved gas mole-
cules and grows larger. It also encounters 
surfactants, which are “surface-active mol-
ecules,” or molecules that are attracted to 
gas-liquid interfaces. Generally, surfactants 
are large molecules that have hydrophilic 

DOES CO2 FORM A BLANKET?
The difference between equilibrium condi-
tions and kinetics is important to answer-
ing a question that crops up from time to 
time—can CO! form a “blanket” to protect 
beer? This idea appears in many early 
homebrewing sources as a reason that 
open fermentation does not result in stale 
beer. This idea has been challenged by 
homebrewers, who often cite Henry’s Law 
(or another of the ideal gas laws) and say 
that, in the same container, two gases will 
mix completely. This is true, but it is also 
an equilibrium condition. And it takes 
time for this equilibrium to be reached.

In the case of fermenting beer in an 
open vessel, CO! is continually escaping 
from the surface of the fermenting beer. 
Molecules of CO! bump into other gas 
molecules and drive them away from 
the surface. As such, the concentration 
of CO! right at the surface is very high. 
And, although this CO! will eventually 
mix evenly with the other gases in the 
room, that takes time. And during that 
time more CO! will have evolved from 
the fermenting beer. So yes, fermenta-
tion can form a blanket over fermenting 
beer. It’s not impenetrable—in fact a fan 
blowing over the surface would disrupt it. 
However, in a still room, the level of CO! 
is going to increase as it gets closer to the 
surface of the beer.

Carbon dioxide can also form a blanket 
when it is colder than the surrounding 
air—for example, when it exits a CO! cyl-
inder. A pool of CO! in an open vessel or 

ON THE WEB
Learn more about the  
current shortages of CO! 
supply in the Editor's Desk 
on page 3 and on the web at 
HomebrewersAssociation.org/ja20




