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Abstract

A homogeneous catalyst system made up of [Co{yA*/I~ has been put forward to catalyze the oxidation of concentrated ammonium sulfite.
The experiments were performed in a packed column with sulfite concentrations above 25 tephperature range 20-65, and oxygen
partial pressure 0.052-0.21 atm. The experimental results indicate that the §g(NH homogeneous catalyst system can obviously accelerate
the concentrated ammonium sulfite oxidation rate. After 2 h reaction, the sulfite conversion is only 12.5% with no catalysts while 72.1% sulfite
conversion can be obtained with 0.02 mdl ICo(NHs)s2* and 0.005 moH?! I~ in the ammonium sulfite solution. The sulfite oxidation rate
increases 284% as Co(N)}4** concentration increases from 0.01 to 0.02 mél But there is little use increasing the Co(ikf* concentration
above 0.04 moH!. The sulfite oxidation rate may increase 229% as the temperature increases from 2.8 @fite oxidation rate is independent
of the initial sulfite concentration. Increasing the oxygen partial pressure can increase the sulfite conversion. The reaction order with respect t
oxygen is 1.2 and sulfite is zero. The apparent activation energy determined is 23.5kJ mol
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The ionization equilibrium between sulfite and bisulfite is

+ 2— -
Flue gases are sometimes scrubbed with aqueous ammonia T50° < HSOs (4)
to reduce their sulfur dioxide content. Ammonium sulfite thus

o - - Sulfite and bisulfite will be oxidized by oxygen as follows:
formed can be oxidized to ammonium sulfate that is used as a

fertilizer. Though ammonium sulfite may be used directly as gNH4)2SO3 +1/20; — (NH4)2SOy (5)
product, it may decompose into $@gain if it is used as a fertil-
izer or wasted water will discharge if used as a raw material fofNHaHSQs +1/202 > NH4HSOy (6)

papermaking. Therefore, it is crucial to turn ammonium sulfitt  The oxidation rate is affected by sulfite concentration, oxy-
into ammonium sulfate efficiently and economically to enhancgyen partial pressure, sulfate concentration and pH values. The
the cqmmermal competitive power for ammonia desulfurizationemperature and catalysts are also important factors determining
technique. the reaction rate.

_ The following reactions may take place in ammonia desulfu- Many scholars have studied both the homogeneous and het-
rization process: erogenerous liquid phase oxidation of sulfite because it is an

SO» + 2NH3 + H20 — (NH4)2S0s 1) idea}I process to produce ammonium sulfate from ammonium
sulfite directly.

SO + (NH4)2S03 + H2O — 2NH4HSO3 2 The researches made in low sulfite ranges
(2 x 1073~0.092 mol 1) under homogeneous conditions

NH3 +NH4HSO; — (NH4)2S0s (3) showed[1,2] that the order for the oxidation of ammonium
sulfite in sulfite was 1.5 and in oxygen was zero.

* Corresponding author. Tel.: +86 21 6425 2884; fax: +86 21 6425 3528. Mishra[3], Neelakantaf4] and Ahmad5] have studied this
E-mail address: wkyuan@ecust.edu.cn (W.-k. Yuan). reaction under heterogeneous conditions. Mishra found that the
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reaction was zero order with respect to sulfite and 1.5 order witfyNH 3)5Co-O—-O—Co(NHs)s]** (Eq. (8)):

respect to oxygen. Ahmad reported that the reaction was zero

order with respect to sulfite above a critical sulfite concentraSOs?~ +2NHz + H20 + [(NH3)sCo-0—O—Co(NHs)s]*

tion, second order below a critical sulfite concentration, and first 2— — 3+

order in oxygen. Gurkaf6] found that the reaction mechanism = SO +20H" +2Co(Nrb)e ®)

and consequently the order of the intrinsic rate of reaction were However, hexamminecobalt(ll) may also be oxidized to hex-

dependent on oxygen to sulfite ratio. All of their experimentalamminecobalt(lll) by oxygen. The hexamminecobalt(lll) ion,

results were obtained in low sulfite ranges (0.04-0.7 mil| Co(NHs)s3*, cannot be oxygenated in aqueous ammoniato form
Mishra[3], Neelakantaf4] and Ahmad5] have studied the dioxygen complex. In other words, the hexamminecobalt(lIl)

catalysis of cobalt on the oxidation of ammonium sulfite. Bubjon is unable to activate oxygen molecules. The oxidizing abil-

[7,8] has systematically studied the oxidation of sodium suldty of the hexamminecobalt solution will diminish as the reaction

fite catalyzed by cobalt, analyzed its catalytic mechanism an@roceeds.

obtained its kinetic equation. Mishra found that in the ammo- In order to maintain the capability of activating oxygen

nium sulfite solution, under aerobic condition, the stable speciesiolecule, hexamminecobalt(lll) ions must be deoxidized to hex-

will be Co(NHg)s3* ions. In the absence of ammonia, the speciesamminecobalt(ll) ions once again. One measure can be consid-

present should be some hydrated oxide of'Ca@his hydrated  ered to take is adding iodide anions into the solution. lodide may

species of C& may be more active as a catalyst as compared talisplace one ammonia molecule from the hexamminecobalt(l11)

Co(NHz)e>" ions. With the result, in the presence of ammonia,ions (Eq.(9)):

the concentration of the active species is reduced and thereby

lowering the rate of the oxidation of ammonium sulfite. Co(NHg)>" +1~ — Co(NHg)s!*" +NH3 9)

Zhuo[9] and LI[10] have studied the oxidation of concen- Ultraviolet light irradiating the Co(Nk)sI%* aqueous solution

trated ammonium sulfite under heterogeneous conditions. Ther}/] S . I .
o ; ' ay lead to photo oxidation—-reduction decomposition with con-
reported that the oxidation rate of ammonium sulfite decreased

as the sulfite concentration increased when the sulfite conce= 0" of Co(lll) to Coll) (Eq(10)) [14]:
tration was above 0.5mott. The oxidation reaction should 24 hv n .

be carried out under low total salt concentration (sulfite anaco('\”-b)5I —>C* + 5NHz + | (10)
sulfate <1 molt?). The catalysis of cobalt disappeared if the  The iodine radicals generated in react{®0) may react with
ammonium concentration was high enough to produce hexanto(NH;)s12+ as follows:

minecobalt ions.

The authorg11] put forward a novel homogeneous catalyst Co(NHg)sI?" +1° — Co?" +5NH3+ I, (11)
system made up of [Co(N#Y]%* and iodide to achieve catalytic ) ) ]
oxidation of sulfite in aqueous ammonia solution. Cog)y3* The regeneration of cobal(ll)is completed by reactiti®

ions act as the catalyst and lons act as the co-catalyst. Uy and(11). Thus, hexe}rmr_ninecobalt(_ll)_ions are regenerated by the
irradiation enhances regeneration of Co@)éd* ions. Oxygen coordination of C8" with ammonia in aqueous solution (Eq.
in the gas phase is the source of oxygen for dissolved oxygeg-z)):

that serves as oxidant. In this paper we report the study of suctlgonr +6NHg — Co(NHg)s2" (12)
homogeneous catalysts on the oxidation of concentrated ammo-
nium sulfite. lodine generated in reactidfi1l) ought to be reduced to iodide

once again so as to keep the continual regeneration of cobalt(ll).
By chance, sulfite in the aqueous solution can reduce iodine to
iodide (Eq.(13)):

The hexammir_1ec0balt_(|l) ion,Cc_J(l\y)tgz_", is oxygenated in H,0 + I, +S05% — 2I-+S052 +2H* (13)
agueous ammonia, the dioxygen displacing one of the ammonia
ligands. A brown binuclear complex, with bridging dioxygen, The net reaction can be written as
is formed; decrease of the oxygen pressure or increase of the ” ”
ammonia concentration deoxygenates the comd2xi 3} SGT +1/20; > SO (14)

5 According to the discussion above, homogeneous catalytic
2Co(NHg)6“" + O2 oxidation of ammonium sulfite may be achieved by adding
< [(NH3)5Co-O—0O—Co(NHz)s]** + 2NHz (7)  cobalt(ll) salt and iodide salt into aqgueous ammonium sulfite
solution and irradiating the solution with ultraviolet beam to
The bridging G-O group is considered a peroxide ion. regenerate cobalt(ll) cations during the reaction. The process
The oxidizability of [(NHg)sCo—-O—O—Co(NHs)s]** can be consists of the recycles of cobalt(ll) and iodide. The oxidant
assumed to be equal to that op®p. Such process is called in the process may be the oxygen coexisting in the flue gas.
the activation of oxygen molecule which makes some processéche hexamminecobalt and iodide that are not consumed in
not possible with free gaseous dioxygen carry out. Thereforghe net reaction can be considered as homogeneous catalysts.
sulfite can be oxidized quickly to sulfate in aqueous solution byThe ammonia desulfurization method can be improved by such

2. Theoretical
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Fig. 2. Effect of catalysts on sulfite conversion in a packed column (sul-
fite=2.5mol 1, 21% G, 50°C).

5

Ultraviolet beam ——— - — ﬂ with a GP40 gradient pump and an AD20 Absorbance detec-
tor. A Dionex lonPac AS4A-SC column (4 mr50 mm)
Fig. 1. Flowchart of experiments performed in a packed column: (1) cylinderwas used to separate ions which were detected by the
(2) massmeter, (3) packed tower, (4) circulation tanker, (5) pump. AD20 Absorbance detector. Sodium carbonate/bicarbonate
(0.0018/0.0017 moH!) eluant with an isocratic flow rate of
method to leave out the oxidizing section, simplify the tech-2.0mimirm! was used. The sulfite calibration curve was
nique, reduce its energy consumption and enhance its econonftained using standard sodium sulfite solutions ranged from
competitiveness. 4.310x 107 to 1.902x 10~3mol -1, Least-squares fits to the
data yield Eq(15)with a correlation coefficient) 0.9998. An
eight -sample relative standard deviation of sulfite measurement
was determined to be 0.9%:

N2 air

3. Experimental

The experiments were carried out in a column (18 mm i.d..; _ o 9576 10% +0.5434x 108C (15)
1000 mm long) packed with 2mm glass ring packing. The
schematic diagram of the experiments is showfitn 1. The  whereH stands for peak height ar@stands for sulfite concen-
column used had a water jacket through which water from dration.
thermostatic bath was circulated to maintain the desired temper-
ature. The experiments were carried out at atmospheric pressude. Results and discussion
A 360 nm ultraviolet beam irradiated the circulation glass tank
to catalyze the regeneration of cobalt(ll). Before performing ant. 1. Effect of catalysts on sulfite oxidation
experiment, the system was flushed with the-R, mixture
of desired composition. A 500 ml of the reactant solution was Fig. 2 shows the effect of Co(NgJ2*/I~ catalysts on the
admitted into the circulation glass tank. The packed column wasonversion of sulfite. It can be concluded that Cog)ga*/I—
operated with a continuous feed of influent gas, at 0.3 thiat  ions enhance the conversion of sulfite remarkably. After 2 h,
the bottom and a continuous feed of ammonium sulfite solutionthe sulfite conversion is only 12.5% with no catalysts while
at a superficial flow rate of 5%m—2h~1 (25mImin~1), over  25.6% with 0.01 molt! Co(NHz)s?* and 0.0025 mott! |-,
the top. Samples were withdrawn periodically to analyze the’2.1% with 0.02 molt! Co(NHs)s2* and 0.005 molt? I~ in
change of sulfite concentration. The samples were diluted witthe ammonium sulfite solution seperately. The conversion of
oxygen free distilled water (purged with nitrogen). The sulfitesulfite increases as the Co(iJg?*/I~ concentration increases.
conversion and oxidation rate was determined from the change Fig. 3 manifests that increasing the complex catalysts’ con-
of sulfite concentration in the duration of the experimental runcentrations may speed up the sulfite oxidation rate, espe-
It is known that even minute quantity of impurity, espe- cially when their concentrations are low. For example, the
cially metal ions, affects the oxidation rate of sulfite solution.sulfite oxidation rate increases 284% (from 0.00594 to
Thus, special precautions were taken to prevent the presen6e0228 moltmin—1) as Co(NH)s2* concentration increases
of impurities. All the chemicals used were of analytical grade from 0.01 to 0.02 molt!. But the sulfite oxidation rate increases
Ammonium sulfite solutions were newly prepared by passingnly 8.1% as the Co(NkJs2* concentration increases from 0.02
SO, gas through aqueous ammonia and diluted to a specific coe 0.04 mol 2.
centration. CoS@and Kl were directly put into the ammonium As discussed previously, the homogeneous Ca{H/I—
sulfite solutions to act as homogeneous catalysts. catalysts can accelerate the concentrated sulfite oxidation rate
A Dionex DX 500 ion chromatography system was used tcbecause Co(NkJs>* is able to activate oxygen molecule.
determine sulfite concentration. The IC system was equippeBue to the different catalytic mechanism, contrary to the sit-
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Fig. 5. Effect of temperature on sulfite oxidation rate in a packed column (sul-

Fig. 3. Effect of catalysts on sulfite oxidation rate in a packed column (sul-fit¢ =25 molF%, Co(NH;)s?"=0.04mol %, 17 =0.01 mol %, 21% O).
fite=2.5mol 1, 21% G, 50°C).

as the temperature increases. The sulfite conversion increases
uation catalyzed by cobalt ions, ammonia is indispensiblérom 38.4%t0 91.2% when the temperature increases from 20 to
to the Co(NH)e2*/I~ catalytic system so as to stablize the 65°C after the reaction has proceeded two hokiig. 5demon-
Co(NHs)s2* ions. Increasing the Co(N#2*/I~ concentra-  Strates that increasing the temperature can speed up the reaction
tion may speed up the sulfite oxidation if the Co®)&f*/1~ rate greatly. The sulfite oxidation rate may increase 229% (from
concentration is below a critical value. According to the exper-0-00949 to 0.0312 moff min~?) as the temperature increases
imental results, it is insignificant to increase the Cogyya*  from 20to 65°C. It can be concluded that a high temperature is
concentration further above 0.04 motlunder the experimen- Of benefit to the sulfite oxidation in this catalytic system.
tal conditions. The reason is that Co(i)s?* ions only activate
oxygen molecules which makes some processes not possibfe’. Effect of oxygen partial pressure on the sulfite
with free gaseous dioxygen carry out but do not enhance oxyaﬂdaﬁon
gen solubility in aqueous solution. Increasing the Cogh&
concentration further above 0.04 motimay not increase the ~ The experiments are carried out at"&with different oxy-
[(NH3)5Co—O—0O—Co(NHs)s]4* concentration in the aqueous 9€n partial pressure in the gas phase for a fixed sulfite concen-
solution further because of the small Henry's constant fer O tration of 2.5 moltL. The experimental results are depicted in

As a result, the sulfite oxidation rate can not increase further. Figs. 6 and 7 _ _ _ _
It can be seen frorfig. 6that increasing the oxygen partial

pressure can increase the sulfite conversion. After 2 h, the sul-
fite conversions are 20.2% with 5.2% oxygen, 39.4% with 10.4%
oxygen, 70.7% with 15.6% oxygen and 76.1% with 21% oxygen
in the gas phase, respectivélyg. 7indicates that the sulfite oxi-
dation rate varies almost linearly with oxygen partial pressure.

4.2. Effect of temperature on the sulfite oxidation

Experiments are performed at four different temperature
in the range of 20-63C for a fixed sulfite concentra-
tion of 2.5molL. The experimental results are depicted in

Figs. 4 and 5

Fig. 4 shows the effect of temperature on the sulfite conver

The sulfite oxidation rate increases 440% (from 4x5I0 2 to

2.46x 10~2mol I~ min—1) when the oxygen partial pressure

sion. It can be concluded that the sulfite conversion increasd8¢r€ases from 5.2% to 21%. Increasing the partial pressure of
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Fig. 4. Effect of temperature on sulfite conversion in a packed column (sulFig. 6. Effectof oxygen partial pressure on sulfite conversion in a packed column
fite=2.5mol 'Y, Co(NHs)s?* =0.04mol 1, I~ =0.01 mol I, 21% Q). (sulfite = 2.5 molt?, Co(NHs)e?* =0.04 mol 1, 1~ =0.01 mol 1, 50°C).
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column (sulfite=2.5moH!, Co(NHs)s2*=0.04moll?, 1==0.01molf?,
50°C).

b is obtained as 1.2 by linear fitting the experimental

oxygen in the gas phase, according to the Henry law, the oxygef#ata shown inFilg. 7 611”0' thlez sulfite oxidation rate con-
dissolved in the aqueous solution will increase. As a result, thétantk is 0.144F*min~=atm™ < at 50°C (correlation coef-
sulfite oxidation may be speeded up. ficient=0.988). In other words, in this homogeneous catalytic

oxidation process, the reaction order is 1.2 order with respect to
oxygen.
According to Eq(16), k at other temperatures can also be cal-
culated from the data iRig. 5as: 0.0617 moH! min—t atm1-2
20°C, 0.0729moltmin~tatn!? at 35°C, 0.203

4.4. Effect of sulfite concentration

The sulfite conversions with different initial sulfite concentra-
tions at 50°C are shown itfrig. 8 As reported by Zhou et 9], -1 =L atrr 12 .
the sulfite oxidation rate decreases with the increase of sulfitg'® min™" atm at65°C.

concentration when the concentration is above its critical con- .The Iggarlthm of sulfite oxidation rate constants is plotted
centration about 0.5 mat. However, our experimental results with the increase of absolute temperature at temperatures of 20,

indicate that the sulfite conversion with an initial sulfite concen-32 90 @nd 65C (Fig. 9). The apparent activation energy for the
tration 2.5molt is almost equal to those with initial sulfite ©Verall sulfite oxidation is calculated to be 23.5kJ1 fobith a

; —1 min—1 atr1.2 Thi
concentrations of 3.2 and 1.9 mofl Thus, it can be concluded prtlaexpor:entlal fﬁctorr?fs.&l;oz rr|10II mmd atm . - This

that the sulfite oxidation rate is independent of the initial sulfiteV&'ue IS 1ower than the previously reported activation energy
concentration in this homogeneous catalytic process. for sulfite heterogeneous oxidation. The reason could be that

the Co(NH)e2*/I~ homogeneous catalysts reduce the apparent

activation ener reatly.
4.5. Kinetic equation v 4

According to the experimental results described above, an: Conclusion

apparent kinetic equation can be given as follow: . ) .
An innovative catalyst system made up of Co@)§d*/I-

R= kp’é)2 (16)  hasbeen developed to catalyze the concentrated ammonium sul-
fite oxidation. Co(NH)e2* ions act as the catalyst and lons
act as the co-catalyst. UV irradiation enhances regeneration of
Co(NHs)e2" ions. Oxygen in the gas phase is the source of oxy-
gen for dissolved oxygen that serves as oxidant.

The experiments show that the Co(B)s?*/I~ homoge-

80

70 - —*—2.5mol17S0,”
| —o—32moll " 80

3 60
% o L —+—1.9molI"S0Z neous catalyst system can obviously accelerate the concentrated
g I ammonium sulfite oxidation. Increasing the Co@§#* con-
z - centration can increase the sulfite oxidation rate. But there is
S s L little use increasing the Co(N§}s2+ concentration further above
§ I 0.04 mol 1 under the experimental condition.
@ 2or The sulfite oxidation rate can be speeded up by increasing
10 - the oxygen concentration in gas and (or) raising the reaction
oWl temperature. The sulfite oxidation rate is independent of sulfite
0 20 40 60 80 100 120 concentration.
Time(min) Though the study on the homogeneous catalytic oxidation of

Fig. 8. Effect of sulfite concentration on sulfite conversion in a packed columriMonium sulfite under the C_Ond't'on of industrial importance
(oxygen = 21%, Co(NH)s* = 0.04 mol %, I~ =0.01 mol F%, 50°C). has been performed systematically and some useful results have
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been obtained, it is imperative to make further studies into suchs] N. Ahmad, i. Eroglu, T. Qirkan, Factors affecting the kinetics of the
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