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‘continued

SULFONATION AND SULFATION

Sulfonation and sulfation are chemical methods for introducing the SO3 group
into organic entities (1); they are closely related and usually treated jointly. Although
the terms sulfonation and sulfation are often used interchangeably, the two methods
differ chemically.

In sulfonation, an SO3 group is introduced into an organic molecule, to give a
product with —SO3— linkages (sulfonates) in the form of a sulfonic acid (—SQsH),
a salt (—SO3Na), or a sulfonyl halide (—S03X). Sulfonic acids are generally produced
directly by reaction of an aromatic hydrocarbon with sulfuric acid, sulfur trioxide,
or chlorosulfuric acid. Sulfonation of unsaturated hydrocarbons with metal sulfites
or bisulfites produces the metal sulfonate salts. These reactions are referred to as
sulfitation or bisulfitation. In instances where the sulfur atom, at a lower valence, is
attached to a carbon atom, the sulfonation process entails oxidation, Thus, the reaction
of a paraffinic hydrocarbon with sulfur dioxide and oxygen is referred to as sulfox-
idation, and the reaction of sulfur dioxide and chlorine as chlorosulfonation (2), Sul-
foalkylation and sulfoarylation reactions involve the addition of sulfoalkyl or a sulfoaryl
group to an organic molecule. '

Sulfation is defined as any process of introducing an SO3 group into an organic
compound in which the reaction product (sulfate) exhibits the characteristic —0803—
molecular configuration. Unlike the sulfonates, which show remarkable stability even
after prolonged heating, sulfated products are unstable toward acid hydrolysis. This
- difference forms the basis of an analytical method to identify mixtures of these two
species.

In gulfamation, also termed N-sulfonation, compounds of the general structure”
RoNSO3H are formed as well as the corresponding salts, acid halides, and esters. The
reagents are sulfamic acid (amidosulfuric acid), SOs;~pyridine complex, SO3-tertiary

1



2 SUI.FONATIO.N .AND SULFATION

amine complexes, SOs-aliphatic amine adducts, and chlorine isocyanate-SO; complex
(3).

Sulfonation and sulfation processes are important tools for the organic chemist
in the design of specific molecules. For example, the introduction of a.sulfonic acid
group into a specific pogition in an aromatic nucleus and the subsequent substitution
of a hydroxyl group by alkali fusion pepresents a basic industrial process. On the other
hand, the product-development and the application chemists are most interested in
the physical and functional properties contributed by the sulfonate moiety, such as
solubility, emulsification, wetting, and foammg Just as a sulfonated emulsifier con-
centrates at the interface between oil and water phases, contributing to a stable
emulsion, so too, in a broader sense, sulfonation and sulfation processes provide thé
means to interface with, modify, or bridge aqueous and organic systems. This principle
is utilized in the development of water- dispersible or water-soluble dyes, flavorants,
and medicinals by introducing the water-solubilizing sulfonate group. .

Sulfonation, sulfation, and sulfamation processes have led to the commercial
development of new sulfonated and sulfated products. Sulfonated dyes were first
developed in 1862, followed by the bisulfitation of lignin (qv) in 1866, and the oleum
- sulfonation of petroleum (qv) and natural occurring fats and oils in 1875 (see Fats and
fatty oils). Since then, many new and improved processes have been developed con-
tributing to today’s highly efficient and complex technology. Although sulfuric acid-
based sulfonation processes continue to dominate, SO3-based processes have increased
significantly over the last 15 years, including the development and utilization of
continuous SOy film sulfonation and sulfation processes (see also Surfactants and
detersive systems).

Detergent sulfonates or sulfates for use in household detergent and personal care
products must have light color, little unreacted material or free oil, low inorganic salt

content, and negligible odor.
Economic Aspects

It is estimated that in the'United States during 1980, ca 1.6 X 108 metric tons of.
sulfonation, sulfation, and sulfamation products were manufactured with a market
value in exeess of $2.5 X 108, representing ca 4.5% of the total value of all synthetic
organic chemical production (see Table 1). A detailed compilation of U.S. production.
of sulfonated and sulfated surface-active agents for 1980 is given in Table 2, whereas
annual production of total surface-active agents from 1969 to 1980, as well as principal
product classes are shown in Figure 1. Total surface-active agents show a modest
growth durmg this period, with lignosulfonates and sulfated products growing faster
than average (see Table 3). A comparative cost analysis for sulfonating linear detergent
alkylate with sulfuric acid, oleum, or liquid SO, is given in Table 4. Sulfonation with
S0;3 offers a 65% saving over sulfuric acid and a 39% saving over oleum. A similar
comparison for the sulfation of commercial lauryl alcohol shows a 56.3% cost saving
for liquid SO; against chlorosulfuric acid, exclusive of costs or credit created by HC1

- disposal or: neutrallzatmn )



. ';;:3-"

Vol. 22 - ~ SULFONATION AND SULFATION 3
Table 1. Estimated U.S. Volume and Value of Sulfonation, Sulfation, and Sullamation Products, 1980
) Volume, ' Value

Product class Meiric tons % $ %
surfactants 1,338,488 82.6 1,273,278,000 §50.8
dyes ' 56,105 3.5. 398,150,000 16.9
pigments 15,966 1.0 688,950,000 27.5
medicinals 4,534 0.3 56,216,000 -~ 22
pesticides - v 68 0.004 3,299,000 0.1
cyclic intermediates 204,750 12.6 88,467,000 . 35

Total 1,619,911 2,508,360,000

2 Refs. 4-5, and other industry sources.

3 Total surface—active sgents
Total sulfates and sulfonates

Total sulfonates
e v — o . - - Total fatty—based sulfates and
08 Total lignosulfonates \ lignosulfonates
05| TN ]
Total soaps

U
“ Cy1-15 alkylbenzenesulfonates = o] Petroleum sulfonates
a— * oy

N f'——-'-—" . e
0.2 ;,\& ./.,—-—//’_____, ~ Totplsulfam
P "A\-—— - '/"D-N\\ ,/
~__ .7 ~~~
0.1 b ~ -
0.08 |- ] :
[~ . ] Total sulfated fatty derivatives
0.08 |-
0.05 W
0.04 |- 1

0.03 1 | | | t | 1 1 1 L
1960 1970 1971 1872 1973 1974 1975 1976 1977 1978 1979 1980

Figure 1, Annual U.S. production of surface-active agents, 10¢ metric tons.

Reagents

Sulfonation and sulfation reagents are listed in Table 5. In the 1860s, sulfuric acid
was the only known sulfonating reagent; today, it and oleum are the most widely used
reagents because of their convenience and low cost. Since the sulfonation of aromatic
compounds with sulfuric acid produces 1 mol of water per mol of compound, 3-4 mol
acid are required to obtain a suitably high conversion. This excess increases costs, but
reduces viscosity and provides a good reaction medium, diluent, and heat sink. As a
gerneral rule, removal of the spent acid is required; neutralization, for example, with
caustic soda results in a high sodium sulfate content which impairs the quality of the
product. ‘

Chlorosulfuric acid, usually employed in stoichiometric amounts, is another
important low cost sulfonation reagent. It does, however, suffer from two drawbacks;
namely, its corrosive nature, and the fact that it reacts with evolution of hydrogen



Table 2. U.S. Production of Sulfonated and Sulfated Anionic Surface-Active Agents, 198022

Percent
of grand Unit value,
Product Metric tons total $/t Value, $
alkylbenzenesulfonates
dodecylbenzenesulfonic acid 102,734 992.08 101,920,347
calcium salt- 6,125 2,0086.20 12,287,975
isopropylammonium salt 1,565 1,653.45 2,687,649
sodium salt 122,455 859.80 105,286,809
triethanolammonium salt 2,647 1,234.59 3,267,960
tridecylbenzenesulfonate, sodium 51,025 1,300.73 66,369,748
salt '
all other 7,648 1,653.47 12,645,739
‘Total 294,199 22.00 304,366,227
xylene and other aromatic sulfonates
xylenesulfonate, ammonium salt 7,462 704.52 5,257,128
xylenesulfonate, sodium salt 15,211 947.99 14,419,876
all other 11,322 859.80 9,734,656
Total 33,995 2.54 29,411,660
ligninsulfonates
calcium salt 281,631 88.18 24,834,222
iron salt 863 396.83 342,464
sodium salt 46,259 374.79 17,337,411
all other ) ’ 70,394 308.65 21,727,108
Total 399,147 29.85 154.32 64,241,205
naphthalenesulfonates 9,689 0.72 1,455 14,097,979
naphthalenesulfonate—formaldehyde 32,191 241 1,035 33,309,959
condensates®
su'fonic acids with amide linkages
sulfosuccinamates 1,482 . 1,940.07 2,875,184
taurates 1,158 3,196.70 3,701,779
Total 2,640 0.20 6,576,963
sulfonic acids with ester or ether
linkages
sulfosucceinic acid esters, total 9,837 2,280.68 22,523,582
other sulfonic acids and salts, total 20,370 : 3,483.30 70,954,821
Total '. 30,207 2.26 93,478,403
other sulfonic acids and salts, total 9,839 0.74 1,278.68 12,580,933
petroleum sulfonates '
calcium salts 141,316 1,543.23 218,083,091
sodium salts 95,954 992.08 95,194,044
other petroleum salts : 20,514 1,807.79 37,085,004
Total ** 257,784 19.28 350,362,139
sulfated acids, esters, and amides
butyl oleate, sodium salt 478 992.08 474,214
isopropyloleate, sodium salt ' 17
tall oil, sodiumh salt 1,453 617.29 896,922
all othér ‘ 8,649 1,344.82 11,631,348
Total . 10,597 0.79 13,002,484
sulfated alcohols
dodecyl sulfonates
ammonium salt . 3,757 . 2,204.62 8,282,757
magnesium salt 96 3,284.88 315,348
sodium salt 8,186 2,292.80 18,768,861
triethylammonium salt 4,263 2,248.71 9,586,251
2-ethylhexyl sulfate, sodium salt 892 1,873.93 1,671,546

4
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Table 2 (continued)
Percent
of grand Unit value,
"Product Metric tons total $/t Value, $
mixed linear alcohol sulfates, 24,412 2,182.57 53,280,899
sodium salts
octyl sulfate, sodium salt 123 3,130.56 385,059
all other - 67,213 2,270.76 152,624,592
Total 108,942 8.15 244,915,313
sulfated ethers
alkylphenols, ethoxylated, sulfated 2,526 2,371.75 6,006,197
dodecyl gicohol, ethoxylated, 1,909 1,168.45 2,230,571
sulfated, ammonium salt
dodecyl alcohol, ethoxylated, 6,958 1.962.11 13,652,361
sulfated, sodium salt
mixed linear alcohols, ethoxylated., 38,897 837.76 32,586,351
sulfated ammonium salt ‘
all other 60,684 1918.02 116,393,128
Total 110,974 8.30 170,868,606
natural fats and oils, sulfated
castor oil, sodium salt 2,396 1,204,080 2,958,078
cod oil, sodium salt 746 573.20 427,607
herring oil, sodium salt 844 639.33 639,596
neat’s-foot oil, sodium salt 613 683.43 418,943
tallow, sodium salt 1,260 596.26 750,015
Total 5,859 0.44 5,094,238
all other anionic surface-active agents
sulfated and sulfonated, total 31,061 232 - 77162 23,967,289
Grand total 1,337,098 . 951.28 (avg) 1,366,273,398
% Refs. 4-5.
b 100% pure.
¢ Tanning agenta.

Table 3. U.S. Production Growth Rates for Surface-Active Agents, Soaps, and
Sulfonated and Sulfated Products, 1969-1979 :

Products %

surface-active agents, total +14.6
soaps -8.5
sulfonates, total +10.7
alkylbenzenesulfonates =121
lignosulfonates +91.8
fatty acid-based sulfonates +34.0
petroleum sulfonates +5.3
sulfates, total +47.6

chloride, which presents a disposal problem. Alternatively, the hydrogen chloride may
be absorbed in a water scrubber and sold as a commercial grade or recycled.
Stabilized liquid sulfur trioxide, introduced commercially as a sulfonation/sub-
fation reagent in 1947 (7), is second only to oleum; in the United States, in fact, it is
preferred to oleum for detergent manufacture. Because of its extreme reactivity, special
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Table 4. Cost of Sulfonation/Sulfation Agents

kg $/kg 3/t Total
Agent required agents substrate cost, $
sulfonating agent
for 1t linear alkylate (LA)
H280, 7292 0.0818 81.86 122.79
oleum 5590 0.0890 89.02 102.38
SOsg, stabilized 1730 0.2095 209.44 74.56
sulfating agent
for 1 t fatty alcohol
chlorosulfuric acid 281.6 0.3308 330.69 191.80
S0y, stabilized 1944 .4 0.2095 209.44 83.77

% Based on quoted prices as of May 3, 1982

_handling and processing methods are required in order to avoid overreaction, oxidation,
and charring. The extreme reactivity of liquid SO; can be moderated with solvents
such as liquid SO, low boiling halogenated hydrocarbons, and paraffins. The reactivity
of SQj4 is best controlled by dilution of gaseous SOz with nitrogen, SOs, or dry air.
Commercial sulfonation/sulfation processes generally employ a 2-8% SOs—dry air
mixture, or sometimes converter gas at 8% SO3 concentration. Liquid SO; is contin-
uously vaporized into a dry air stream to produce the desired mixture, or provided
directly from a sulfur burner equipped with a catalytic converter (see below). Sulfur
trioxide may also he obtained from oleum.

Sulfur trioxide occurs in three polymeric forms, known as alpha-, beta-, and
gamma-SO; (see Table 6). Only the gamma polymer is liquid at room temperature;
it can be stabilized to prevent conversion to the beta form, which is caused by small
amounts of moisture. Unstabilized sulfur trioxide must be protected from freezing
and moisture; otherwise, polymerization and solidification may create serious process
problems.

The extreme reactivity of SO3 may also be moderated by complexing with Lewis
bases, eg, dioxane, DMF, pyridine, THF, dimethyl sulfoxide, t-ialkyl phosphates, and
organic bases and amines such as trimethylamine; triethylamine; N,N-dimethylaniline;
N,N-diethylaniline; morpholine; and quinoline. The reactivity of such complexes is
inversely proportional to their stability, and consequently they can be selected for
a wide variety of processing conditions. For example, the SO3-trimethylamine complex
is very stable, melting at 239°C. It is soluble in many solvénts, including water, in which
it is sufficiently stable to be used for sulfation. At present, SO3-adducts are not com-
mercially available. In general, the complexing agent must be removed after the re-
action is completed.

A mixture of gaseous sulfur dioxide and chlorine is a useful reagent for reactions
known as sulfochlorination. The actual reagent is believed to be sulfuryl chloride which
also can be prepared by heating chlorosulfuric acid in the presence of catalysts, or from
sulfur dioxide and chlorine in the presence of activated carbon or camphor. Sulfuryl
chloride is soluble in glacial acetic acid and is readily decomposed by hot water or al-
kalies. Its bp is ca 69.2°C and it is extremely corrosive and toxic.

In sulfoxidation, sulfur dioxide and oxygen, catalyzed by uv radiation, convert
paraffins to sulfonic acids:

2RH + 2SO0, + O, —> 2 RSO,0H (1)
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Economic considerations heavily influence the choice of reagent. Although both
sulfuric acid and oleum are cheaper than SOs, a large excess of both reagents is re-
quired, which creates substantial quantities of spent acid that have to be discarded
or recycled, and affects the economics of the process. In contrast, SO; and chlorosul-
furic acid usually react stoichiometrically to give products containing very little sulfuric
acid; consequently, the neutralized product contains only small amounts of sodium
sulfate:

Sodium sulfite and bisulfite are also useful sulfpnation agents they offer economic
advantages and versatility (see below).

Sulfonation

The sulfonation of benzene and short-chain alkylbenzenes, such as toluene, the
xylenes, cumene, and ethylbenzene, is an important commercial process that is carried
out in a number of ways, using sulfuric aeid, oleum, or sulfur trioxide. The sulfur
trioxide route presents potential fire and explosion hazards and produces by-product
sulfones that impair product solubility. Precise process control is essential, and the
sulfones are removed by extraction.

The reaction of toluene with 97% sulfuric acid is highly exothermic:

SO.H
\© + HSO, — CH,—©/ + HO (@)

- If excess acid is employed, the sulfonic acid can be extracted. However in other in-
dustrial processes, particularly in the sulfonation of xylenes, a large excess of the or-
ganic compound is used. The reaction is generally ¢arried out under reflux and the
water formed is distilled until the sulfuric acid has been completely consumed. The
sulfonic acid is isolated by neytralization with caustic soda, and the excess xylene is
separated and recycled Toluene sulfonation yields 62% para-, 32% ortho-, and ca 6%
meta-toluenesulfonic acid (8), The yield of meta isomer can be increased by raising
the reaction temperature and i mcreasmg the strength of the sulfuric acid. Thus, 97.4%
sulfuric acid at 100°C for 2.7 h gave a maximum meta i isomer yield of 33%, with 47.3%
para and 19.7% ortho isomers (9). '

Sulfonated toluene, xylene, and cumene, primarily in the form of ammonium and
sodium salts, are important hydrotropes or coupling agents in the manufacture of liquid
cleaners and surfactant compositions, and serve as key ¢ cnspmg agents in drum and
spray-drying operations.

Phenol from Benzene. For many years, phenol (qv) was manufactured principally
via the sulfonation of benzene. The process was cumbersome and involved a large
number of separate steps, and the production of 1 kg phenol, required 4.3 kg ben-
zene:

CH,

CeHg + HySO, — GgHSO3H + Hx0 3

2 CsHsSO3H + NagS0; — 2 CgHsS03Na + HoS0, @)
CeHsS03Na + 2 NaOH — C¢HsONa + NazSOs + Ho0 (5}

2 CgHsONa + H;SO0;3 — 2 CeHsOH + NaS0; 6)



