
Introduction

Sulfur-based salts are important for a number of industries,
such as dyeing, textile and paper. Presently, these salts are
obtained by the absorption of sulfur dioxide gas into aqueous
sodium hydroxide solution, which serves as the absorption
medium. However, known methods for the production of sul-
fur salts through this route reported in literature are compli-
cated and found to be cumbersome from the practical point
of view. Therefore, there is a need to develop an economical
and simple method for the preparation of these salts indige-
nously, which at present are being imported for various
industrial uses.

A number of researchers (Bravo-Rodriguez et al., 2000;
Pasiuk-Bronikowska and Rudzinski, 1992; 1991; Chang and
Rochelle, 1985; 1982) have studied the absorption of sulfur
dioxide into sodium hydroxide solution. Simultaneous absorp-
tion of sulfur dioxide and carbon dioxide into sodium hydro-
xide solution flowing over a single sphere has been sugges-
ted (Goettler, 1967). The absorption rates were modeled on the
basis of film theory with the assumption that dissolved sulfur
dioxide and hydroxide ion participate in a two-step instanta-
neous and irreversible reaction with the formation of two-
reaction planes within the liquid phase. Hikita et al. (1972)
proposed the solution of penetration theory using the model
of two-reaction planes. Hikita et al. (1977) also measured the
absorption rates of pure sulfur dioxide into aqueous sodium
bisulfite, sodium hydroxide, and sodium sulfite solutions in a
liquid jet column. They reported these reactions to be irre-
versible. Onda et al. (1971) studied the behaviour of reaction
plane movement by absorbing sulfur dioxide into agar gel

containing sodium hydroxide or sodium sulfite solution, and
the results obtained for the sulfur dioxide-sodium hydroxide
system were found to be in close agreement with the penetra-
tion theory based on two-reaction plane model. Earlier inves-
tigators (Hikita et al., 1977; Onda et al., 1971), however, paid
no attention to the reversible hydrolysis of the absorbed
sulfur dioxide during their two-reaction plane model studies.

Most previous studies used either pure or concentrated
sulfur dioxide in the gas phase under which the sulfur dioxide
hydrolysis reaction is highly depressed (Teramoto et al.,

1978). However, the sulfur dioxide concentration in stock gas
SO2 scrubbers is normally very low, and under these condi-
tions the sulfur dioxide hydrolysis reaction can have a sig-
nificant effect on the absorption rate. Chang and Rochelle
(1985) thus noted that reversible hydrolysis reaction of sul-
fur dioxide needs to be considered. They further suggested
that hydrogen ions play an important role in the absorption
mechanism when the sulfur dioxide partial pressure was less
than 0.05 atm.

The present work reports the results of the reaction mecha-
nism in non-aqueous phase on the basis of instantaneous
irreversible chemical reactions, which was investigated by
absorbing sulfur dioxide at high partial pressure into alcoho-
lic sodium hydroxide system. The observations so obtained
showed that the mass transfer was enhanced during sulfur
dioxide absorption into alcoholic sodium hydroxide solution.
The high values of mass transfer enhancement factor thus
obtained by using mass transfer solutions were compared
with those reported previously (Kumar et al., 2003; Orthmer,
1964).*Author for correspondence
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Materials and Methods

Absorption reaction procedure. Fine powder of sulfur was
used for the generation of sulfur dioxide using sulfur burner.
Distilled and deionised water was used for the preparation of
desired concentrations of sodium hydroxide (0.001-2 M).
Ethyl alcohol was used as the non-aqueous medium. Nitro-
gen gas was used for the dilution of sulfur dioxide gas. All
reagents used were of analytical grade. A glass separable
reaction vessel (500 cm3) with a lid having four necks was
used for the absorption studies (Fig. 1).

Central neck of the reaction vessel was used for the accom-
modation of condenser (F) and to allow unreacted sulfur
dioxide gas to escape through other end of the condenser.
The other three necks were used for the introduction of mix-
ture of sulfur dioxide and nitrogen gas (D), for placing the
thermometer (C), and for the addition of samples (B). A ther-
mostatically controlled waterbath was used to maintain the
reaction temperature at 25 °C (± 0.05 °C). 250 ml of ethyl
alcohol was charged in the reaction vessel. 50 ml sodium
hydroxide solution of various concentrations (0.001-2 M)
was added into the reaction vessel (500 cm3) and stirred was
magnetic stirrer. Sulfur dioxide, diluted with nitrogen gas
(8%), was bubbled into the alcohol-sodium hydroxide solu-
tion. All experiments were performed at ambient pressure
and 25 ± 0.05 °C. The partial pressure of the outlet sulfur
dioxide gas stream was measured by a sulfur dioxide analyzer
(Thermoelectron model 40). At steady state, samples of out-
let liquid were acidified by hydrochloric acid and oxidized by
hydrogen peroxide to determine total sulfate concentration
by ion chromatography.

Mathematical basis for mass transfer enhancement fector.

Mass transfer enhancement factor (φ) was calculated by the
following equations (Chang and Rochelle, 1985; Orthmer,
1964).
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The standard values of KgA and K1
oA are 1.4 x 10-2 g mol/atm

per sec and 2.5 x 10
-4

 liter per sec, respectively; N was calcu-
lated by material balance, and the value of H was determined
as follows:

H = Exp (2851.1/T - 9.3795)

where:

[SO2]i = concentration of SO
2
 gas at gas-liquid interface

[SO
2
]o = concentration of SO

2
 gas in bulk liquid
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2
 = SO

2
 partial pressure (atm)

N = absorption rate (g mol/sec)
A = mass transfer area (cm2)
KgA = gas phase mass transfer coefficient (g mol/atm per sec)
K1

o
A = liquid phase mass transfer coefficient (liter/sec)

T = absolute temperature (K) of reaction mixture
Exp = experimental value
φ = enhancement factor (ratio of actual diffusion rate to its
       diffusion rate in the absence of chemical reaction)
H = concentration (g mol/liter per atm)

Reaction mechanism. The following equations were taken
into consideration during the present studies when dilute
sulfur dioxide was absorbed into alcoholic sodium hydroxide
solution producing an intermediate complex as shown below.
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It was observed that reaction (4) was the rate determining step,
during which sulfur dioxide reacts with the intermediate com-
plex to produce bisulfite ions and alcohol was regenerated.
The reaction proceeded irreversibly at a single-reaction plane,
whereas reactions (5) and (6) were important in which bisulfite
ions were not present in significant amount in the alcoholic
phase. Reactions (4) and (5) took place at the two-reaction
plane, which proceeded when hydroxyl ion was the major
species in the alcoholic phase.

Results and Discussion

Effect of alcoholic sodium hydroxide concentration on mass

transfer enhancement factor (φ). The effect of sodium hy-
droxide concentration on mass transfer enhancement factor
was studied by varying its concentration from 0.001-2 M
sodium hydroxide solution. Sulfur dioxide gas diluted with
nitrogen gas (8%) was passed through the reaction medium
containing ethyl alcohol at 25 °C and partial pressure of SO

2
 >

0.05 atm to precipitate sodium sulfite. Absorption rate (N) of
sulfur dioxide gas and (φ) values were calculated by using
equations (1) and (2). Results obtained during this study are
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shown in Table 1. It was observed that absorption of sulfur
dioxide in alcoholic sodium hydroxide solution was directly
proportional to the concentration of sodium hydroxide solu-
tion and to the mass transfer enhancement factor (φ), thereby
eliminating the reversibility of reactions (4) and (5) at low
concentrations of alcoholic sodium hydroxide solutions.
Results obtained experimentally for the enhancement factor
are shown in Fig. 2 (curve-2). Hikita et al. (1977) working
with aqueous sodium hydroxide system and at partial pres-
sure of sulfur dioxide much lower than the present studies
obtained appreciably less absorption as shown in curve-1
(Fig. 2).

The (φ) values obtained in the present studies were much
higher than the results obtained by other researchers (Chang
and Rochelle, 1985; Hikita et al., 1977) while working with
sodium hydroxide in aqueous phase. These high (φ) values
may be due to the presence of alcohol, which suppresses the
reversibility of reaction. Therefore, it may be concluded that
mass transfer enhancement factor (φ) was high on using
non-aqueous phase. Moreover, the degree of conversion rate
obtained was greater than the results reported by Chang
and Rochelle (1985) and Hikita et al. (1977) while studying

the absorption mechanism in aqueous phase, as the concen-
tration of sulfur dioxide was approximately zero at the inter-
face of reacting surfaces due to the immediate conversion of
sulfur dioxide into sodium sulfite. Sodium sulfite settles down
as precipitate and the concentration difference allows further
diffusivity of sulfur dioxide into turbulent eddies of the alco-
holic sodium hydroxide system (Orthmer, 1964). It may be noted
from Fig. 3 that [H+] ions have no influence on the reaction, as
their presence is not comparable to the [SO

2
] and [HSO

3
–]

ions near the gas-liquid interface. Hence, irreversible reac-
tions occurred in the alcoholic NaOH system reported pre-

Table 1. The effect of alcoholic sodium hydroxide concentra-
tion on mass transfer enhancement factor (φ)

Alcoholic [SO2]i [SO2]i - [SO2]0 N φ

NaOH (g mol/liter) (g mol/liter) (g mol/sec) (experi-

(g mol/liter) mental)

0.125 0.1134 0.1014 8.42x10-5 3.10

0.250 0.1133 0.1013 8.87x10-5 3.50

0.500 0.1131 0.1011 1.06x10-4 4.20

1.000 0.1125 0.1005 1.43x10-4 5.70

2.000 0.1066 0.0946 2.15x10-4 9.10

T = 298 K; H (concentration: g mol per liter per atm) = 1.2067; PSO2

(partial pressure of SO2) = 0.10 atm; [SO2]0 = 0.012; [SO2]i = con-
centration of SO2 gas at gas-liquid interface; [SO2]0 = concentration
of SO2 gas in bulk liquid; N =  absorption rate of SO2
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Fig. 2. Comparison of mass transfer enhancement factor
(φ) values based on present experimental data
using alcoholic sodium hydroxide solutions (curve-
2) with the values reported by Hikita et al. (1977)
using aqueous sodium hydroxide (curve-1).
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Fig. 1. Absorption reaction assembly: (A) reaction flask
(500 cm3, inner dia 85 mm), (B) sample feed and
sampling hole, (C) thermometer, (D) bubbling tube,
(E) stirrer, (F) condenser, (G)  heater, (H) waterbath,
(I) magnetic stirrer, (J) bath agitator.
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sently. It may also be observed from Fig. 3 that the effect of
alcohol as non-aqueous medium was significant as it sup-
pressed [H+] ions, thus resulting in the irreversible reaction.
Some researchers (Chang and Rochelle, 1985), however, have
suggested that the influence of [H+] ions in the aqueous phase
results in reversibility of the absorption reactions.

Comparison of mass transfer enhancement factors pre-

dicted from four different models. A comparison of the
present experimental studies for 0.001 M sulfur dioxide in
alcoholic sodium hydroxide solution varying from 0.001-2 M,
to all previous models is shown in Fig. 4. The results obtained
in the present studies, as shown in curve-C, based on surface
renewal theory with irreversible reactions involving alcoholic
NaOH intermediate complex, fit the data well (Fig. 4).

The results for studies with irreversible reaction in curve-C
(Fig. 4) show that alcohol had a profound effect on the
absorption of sulfur dioxide resulting in much higher (φ) val-
ues as compared to penetration model (curve-D). The pre-
sence of alcohol was found to suppress the reversible reac-
tions, hydrolysis reaction, and the influence of hydrogen
ions on the absorption of SO2. In addition to these observa-
tions, it was also noted during the present investigation of
irreversible reactions, that the absorption of sulfur dioxide
was much higher and the mass transfer enhancement factor
was higher than reported by earlier researchers (Chang and
Rochelle, 1985; Hitika et al., 1977), which may be attributed
to the presence of alcohol which showed to eliminat rever-
sibility and consequently resulted in higher rates of forward
reactions.
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Fig. 4. Comparison of mass transfer enhancement factors
predicted from four different models for SO2/N2 -
NaOH system at 0.001 M [SO2]i: (A) film model
with three reversible reactions; (B) surface renewal
model with three reversible reactions; (C) present
studies for irreversible reactions; (D) penetration
model with two irreversible reactions.
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Fig. 3. Concentration profiles for the absorption of sulfur
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