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Abstract

It is contended that by producing sodium hydroxide from electrolysis of brine and then
converting the hydroxide to a bicarbonate (NaOH + CO, = NaHCO:3), we will be able to get rid
of CO, from fossil-fuel burning plants [1]. Salt which occurs in abundance can be used to
produce sodium hydroxide, chlorine and a little hydrogen (the chlor-alkali process); sodium
hydroxide reacted with CO, would form sodium carbonate or bicarbonate. The problem is both
the high energy cost and the violation of the “chlor-alkali balance”; the latter term is explained as
follows. The reaction to produce sodium hydroxide (NaOH) is:

NacCl (salt)+ H,O (water) = NaOH + 0.5 Cl, (chlorine gas) + 0.5 H,

Thus for each mole (40 grams) of NaOH, there is 0.5 mole (39 grams) of chlorine produced.
Depending on the market, either sodium hydroxide or chlorine can be byproduct. It is obvious
that sodium hydroxide cannot be produced in such quantities, that chlorine becomes surplus
because it is more than what industry can use. When that happens, we will have the problem of
chlorine storage which will be worse than the problem of CO, storage. Chlorine is a poisonous
gas. Similarly the baking soda produced from one plant may exceed the needs of the industry by
several million tons.

Sodium hydroxide may be used on a smaller scale if procured as a byproduct of chlorine
production from existing chlor-alkali plants to sequester CO, and produce hydrogen. The process
is highly profitable and is the only process (other than electrolysis from alternate energy) to
produce carbon-emission free hydrogen [2].

Introduction

The problem of carbon emissions from our fossil fuel burning plants of various kinds (power,
steel, cement, gasifiers) has become so critical as to threaten our very survival. There are a
number of possible solutions that have been explored over the last several decades but a viable
solution is still at large (Lackner et al [3]). Most likely there is no one single solution but perhaps
multitude solutions have to emerge, each doing its bid in curtailing the carbon emission.

Carbonation is a method by which we can lock the gases such as carbon dioxide or carbon
monoxide into solid stable carbonates and as long as these carbonates are not reused in high
temperature or acidic applications, the gases will be locked permanently and safely. In this paper,
we provide briefly a review of the current practice and then focus on a specific carbonate which



is being favored in some projects. The review is brief to put the carbonation theme in proper
context. The paper by Lackner et al [3] gives a detailed review of the carbonation methods.

Carbonation reactions

Mineral sequestration was first mentioned by Seifritz [4] and discussed further by Dunsmore
[5]. However, Lackner et al. [3] were the first to provide the details and foundation for
today’s research efforts. Here we present a brief review.

A carbonation reaction may be represented by
MO + CO, = MOCO; (1)

where M can be any metal such as (Ca or Mg). To qualify for this application, the metal oxide
has to be

e abundant in the earth’s crust

» must react with CO, at low temperatures

* must have a reaction kinetics appropriate for the low temperature equilibrium
« must form a carbonate that is stable in the environment at ambient conditions.

Unfortunately, although we live on an oxidized crust of a planet, there are no oxides that occur in
abundance that fulfill the requirements as outlined above.

The sodium carbonate as carbon storage

It is well known that sodium hydroxide would react with CO, to produce sodium carbonate or
sodium bicarbonate:

2NaOH + CO; = Na,COx+ H:OAH (300 K) -180 kJ )
Na,COs+ CO, +H,0 = 2NaHCO:AH (300 K) -80 kJ 3)

Both the reactions are exothermic and proceed rapidly to completion. Sodium carbonate would
then seem an ideal candidate for the storage. It has, indeed, been adopted and promoted by some
[1,2].

The sequestration of CO, in sodium carbonate will depend on the availability of sodium
hydroxide. Industrially sodium hydroxide is produced by the electrolysis of brine as (the chlor-

alkali reaction):

NaCl + H,0 —0.5 Cl, +0.5 H, + NaOH AH (300 K) 271 kJ(4a)



More accurately:
Na'Cl' + H,O + e — 0.5H, + CI' + NaOH (4b)

The reaction produces chlorine and NaOH in approximately equal amounts. Depending on which
demand is dominant, either chlorine or NaOH can be regarded as a by-product and the price
varies accordingly. To produce NaOH it is necessary to prevent reaction of the NaOH with

the chlorine. This is typically done in several ways, of which the membrane cell process is
economically the most viable requiring lowest consumption of electric energy and the amount of
steam needed for concentration of the caustic is relatively small (less than one metric ton per
metric ton of sodium hydroxide). It would then appear that the global warming problem can be
solved simply by using salt and water which we have plenty in our oceans.

The chlor-alkali process is very energy intensive. It requires 1873.84 kWh per metric ton of
NaOH. Note that this energy is the energy required for the reaction (4) and is independent of
whether we employ a diaphragm method or the membrane technique.

If we can have enough supply of the sodium hydroxide, we can sequester carbon gases safely by
combining reaction (4) with reactions (2) and (3) as suggested by some [1,2]. There is little doubt
that such a method will work but we must consider how effective this could be as a global
solution. To understand this better, let us take the example of the Kingston fossil plant in
Tennessee. The plant consumes some 12,700 metric tons of coal a day when operating at full
power which equals 530metric tons/hour. The material balance is as follows:

Reaction C+ O, =CO,

Metric tons 12 32 44

Reaction (4) 2NaCl + 2H,O — Cl, + H, + 2NaOH
Metric tons 117 36 71 2 80
Reaction (2)2NaOH + CO, = Na,COs+ H,O

Metric tons 80 44 106 18
Reaction (3) Na,CO; + CO, + H,O = 2NaHCO:;
Metric tons106 44 18 168

Let us now consider the material consequences the method which will combine reactions (2) to
(4) for carbon sequestration. For bicarbonate reaction

NaOH + COz = NaHCO3

Each metric ton of NaOH sequesters 1.1metric tons of CO»; if we consider a plant of the size of
the Kingston plant, we are generating 1943 metric tons of CO, per hour (17 million metric tons;
the Kingston Plant is capturing CO, and they have reduced the emission to 2.16 million tons in
2009) requiring 1766 metric tons of NaOH and 3.31MWh energy. If this energy is to come from
burning coal (starting with energy density of coal 6.67 kWeh/kg and taking into account 30%
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efficiency of power burning plant we get 2000 kWh/metric tons of coal)), we need to burn 1655
metric tons of coal, which would release 6068metric tons of CO, per hour. Depending on the
energy value of the coal, the carbon emission could be less but it will be few times more than
what will be sequestered.

To ensure that there is no mistake in using the numbers, let us quote directly from US Energy
Information Administration [7]: “Coal with a carbon content of 78 percent and a heating value of
14,000 Btu per pound emits about 204.3 pounds of carbon dioxide per million Btu when
completely burned.” However, average Btu per pound of coal used in US is even lower 10,000
[7]. This gives us the following: to produce 106 Btu (293. KWh), 71.43 1lbs (32.43 kg) of coal is
needed and 204.3 Ibs (92.75 kg) CO, is emitted. If we take as an example 1GW coal power plant
with average efficiency of 34% [7], to produce 1GW of electricity 325.47 tons/h of coal is
needed and 930.85 tons/h of CO; is generated. To sequester this amount of carbon dioxide in the
form of sodium bicarbonate 846.22 tons/h of NaOH will be needed. If production of 1 ton of
NaOH requires 1873.84 kW of electricity, 1.59 GW of electricity will be needed to sequester all
CO; emitted by IGW power plant!

We may consider the simplified process (assuming that energy is conserved in various reactions):
NaCl + CO, +H,O = NaHCOs + 0.5 Cl, + 0.5 H, AH= 38940 kWh/metric ton
Mass balance/Metric tons 58.5 44 18 84 35.5 1

Table: Mass balance for sequestering CO,.
Metric ton (1 GW plant) 5 GW Plant  Total US #Plants (1 GW) that
production  can be built

NaCl 9,882,905 49,414,525 40,300,300 4.1
NaOH 6,764,480 33,822,400 11,025,000 1.62
Cl, 5,995,527 29,977,638 12,600,000 2.1
NaHCO:s 14,205,408 71,027,040 100,000 0.007
CO; carbonated 7,440,928 37,204,640

The annual production of chlorine from one plant will be 13.7 million metric tons or 15 million
short ton. According to The Chlorine Institute statistics, in 2008, the U.S. chlor-alkali industry
produced 11.5 million short tons of chlorine and 12.1 million short tons of caustic soda (sodium
hydroxide). Therefore chlorine from one plant will flood the market and will lose its market value

and create new and formidable problem of sequestration of a toxic gas.



The baking soda production annually will amount to 33 million metric tons. At the turn of the
twentieth century, 53,000 tons (48,071 metric tons) of baking soda were sold annually. While the
population increased dramatically, sales by 1990 were down to about 32,000 tons (29,024 metric
tons) per year. If a truck carries 13 tons per trip, the salt to be carried would require 198 trucks of
salt per hour and they will transport out 285 truck load of baking soda. This will be an

impossible traffic to handle.

Conclusions

In conclusion, it is clear that carbonation using NaOH is not a practical method for carbon
sequestration when such NaOH is to be produced specifically for carbonation. Such is the
method proposed by Jones [1] which will result in market saturation with chlorine after the
method is used in one or two medium sized power plants. The industry has to maintain the chlor-
alkali balance for a stable market and not produce chlorine more than what the industry can use.
Within the limits of chlor-alkali balance, we may use the byproduct NaOH produced by the
already existing chlor-alkali plants. By using the method as proposed by Saxena et al. [2,8], we
help the environment by reducing some percent of carbon emission created by the currently
operating chlor-alkali plants and reap a substantial economic benefit
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