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Abstract-Experiments were performed in a stirred tank reactor to study the absorption kinetics of NO into aqueous
solutions of NaClO,/(NH,),CO; solutions. The absorption process is a fast pseudo-reaction, and the reaction was found
to be second-order with respect to NO and first-order with respect to NaClO,, respectively. The frequency factor and
the average activation energy of this reaction were 4.56x 10" m*(mol® s) and 33.01 kJ/mol respectively. The absorption
rate of NO increased with increasing reaction temperature, but decreased with increasing (NH,),CO; solution.
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INTRODUCTION

SO, and NO are the main harmful byproducts of the combus-
tion process in coal-fired power plants which have caused a variety
of environmental problems such as acid rain and photochemical
smog. Up to now, limestone-based wet flue gas desulfurization tech-
nology has been the most effective and widely used method for SO,
control [1]. To control NO pollution, many technologies such as low
NOx burners, reburning, selective catalytic reduction (SCR) and
selective non-catalytic reduction (SNCR) have been applied. Among
these, SCR has been regarded as the most effective. The compli-
cated air pollution devices for each pollutant result in high cost and
space requirements. If NO is oxidized into more soluble NO,, then
it can be removed with SO, by wet flue gas desulfurization scrub-
ber. Makansi [2] indicated that a wet scrubbing combined SO,/NO
removal system was one of the advanced air pollution control tech-
nologies and had a promising future.

Many oxidants were used to oxidize NO into NO,, such as NaClO,
[3-6], KMnO, [7,8], ClO, [9,10], NaClO; [11], Fenton reagent [12].
NaClO, seems to be a perfect choice due to its high absorption rate
and easily-handled waste water [4]. Deshwal [5] found that NaClO,
was a better oxidant for NO absorption at a pH less than 4. Yang
[6] showed that SO, increased the reaction rate of NO to NO, in
acid solution but decreased the rate in alkaline solution. After NO
is converted into NO,, the absorption rate of NO, into the absorp-
tion solution in existing scrubbers for desulfurization has great im-
pact on NO removal efficiency of combined SO,/NO removal sys-
tem. Shen [13] pointed out that with typical conditions for limestone-
based wet flue gas desulfurization scrubber, the O, in flue gas would
oxidize sulfite in the solution and cause the depletion of sulfite in
the liquid boundary; as a result, the estimated NO, removal effi-
ciency was less than 50%. Ammonia has been successfully used
for control hazardous pollutants from flue gases [14]. Zhou [15]
found that NH; could inhibit the dissolution rate of O, into water;
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thus an ammonia-based flue gas desulfurization system may be a
suitable choice for NO, absorption. Considering that (NH,),CO, has
good solubility, the current study investigated the absorption kinet-
ics of NO into NaClO,/ (NH,),CO, solutions in a stirred tank reactor.
The effect of various operating parameters on the absorption kinet-
ics was also tested and discussed.

EXPERIMENTAL

All experiments were performed in a stirred tank reactor, as shown
in Fig. 1, which was also used in our previous work [11,16]. The re-
actor was a cylindrical vessel of 100 mm inner diameter and 160 mm
height; four baffles of 10 mm width were equipped in the inner wall.
The simulated flue gas was prepared by mixing pure N, and 5,000
ppm NO (balanced with N,). The flow rate of simulated flue gas was
kept at 2 L/min and the volume of absorption liquid was keep at
700 mL. A continuous flue gas analyzer (ThermoFisher 60i) was used
to analyze the concentration of NOx in the outlet flue gas stream.
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Fig. 1. Schematic of the experimental apparatus.
1. Mass flow controller 6. Stirred tank reactor

2. Mixing box 7. Stirring impeller
3. Baffle 8. Water bath

4. Stirrer rod 9. Flue gas analyzer
5. pH meter 10. Vent
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Fig. 2. Effect of NaClO, concentration on NO absorption rate.

Reaction temperature was controlled to the desired temperature
within £0.2 °C by using a water bath. Under the experimental con-
ditions, the gas and the liquid phase flow in the reaction tank are
mixed completely. When the absorption rate of the system remained
stable, the inlet and outlet concentration of NOx was measured, and
the absorption rate could be calculated by [11]:

Ny, = YR (p_) _(p_) J
Noo RTS[ ) - (B )

out-

RESULTS AND DISCUSSION

1. Effect of NaClO, Concentration on NO Absorption Rate

The effect of NaClO, concentration on NO absorption rate is shown
in Fig, 2; there is a linear relation between log N, and log [NaClO,],.
It is obvious that NO absorption rate increases with increasing NaClO,
concentration. In alkaline solutions of NaClO,, NO can be oxidized
into NOj [17]:

ANO+3CIO; +40H =4NO; +3CI +2H,0 @

Because the solubility of NO in water is very low, the oxidation
step is of great impact on the absorption process of NO; thus the
NO absorption rate increases with increasing NaClO, concentration.

The absorption rate of NO into NaClO, solution can be seen as
being the m-th order relative to NO [5,18], which can be given by
the following equation according to the gas-liquid mass transfer the-
ory proposed by Danckwerts [19]:

Nyo= /\/ I‘Iﬁ kmnDNOCKr’Z—)}/Cg’a(YOZ (©)]
The value of reaction order of NaClO, can be obtained from the
slope of the straight line in Fig. 2. The slope of this line is about
0.5, that is, n/2=0.5, thus n=1. So the reaction was first-order de-
pendent on NaClO,.
2. Effect of Gas-liquid Interfacial NO Concentration on Its
Absorption Rate
Fig. 3 shows the effect of gas-liquid interfacial NO concentration
on its absorption rate. The value of ¢, ; and D, can be calculated
by using the same method reported in our previous work [11]. As
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Fig. 3. Effect of gas-liquid interfacial NO concentration on its ab-
sorption rate.

can be seen from Fig. 3, the observed absorption rate of NO increases
with the increasing gas-liquid interfacial NO concentration. It is
clear that there is a linear relationship between log N, and log [NO]..
The average slope of the lines in Fig. 3 is about 1.5, i.e., (m+1)/
2=1.5, so the value of m is 2. This suggests the reaction is second-
order with respect to NO. Chu [20] reported a similar result with
NaClO,/NaOH solutions. After determining the value of m and n,
the reaction rate constant can be obtained from Eq. (3).
3. Effect of (NH,),CO; Concentration on NO Absorption Rate
Fig. 4 shows the effect of (NH,),CO, concentration on NO absorp-
tion rate. It seems that NO absorption rate decreases with increas-
ing (NH,),CO, concentration. A similar phenomenon was also found
by Chu et al. [20] during the absorption process of NO into NaClO,/
NaOH solutions. On one hand, the concentration of H" decreases
with increasing (NH,),CO, concentration, which would inhibit the
formation of ClO,; another strong oxidant can also oxidize NO into
NO, [3]. On the other hand, the pH value of absorption solutions
increases with increasing (NH,),CO; concentration, but NO oxida-
tion rate decreases with pH value [11]. Therefore, higher (NH,),CO,
concentration is unfavorable for NO absorption.
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Fig. 4. Effect of (NH,),CO; concentration on NO absorption rate.
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Fig. 5. Effect of reaction temperature on NO absorption.

4. Effect of Reaction Temperature on NO Absorption Rate

The effect of reaction temperate on NO absorption rate is illus-
trated in Fig. 5. As can be seen from Fig. 5 the NO absorption rate
increases with increasing reaction temperature. Increasing reaction
temperature can enhance the diffusion of NO in absorption solu-
tion; furthermore, the reaction rate constant would increase too. Be-
cause the solubility of NO in water is very low, compared with the
dissolution of NO, the oxidation of NO plays a more important role
during the absorption process; as a result, increasing reaction tem-
perature can promote the absorption of NO.

The reaction rate constant varies with temperature, which can be
calculated from Eq. (3). According to the Arrhenius equation:

Ky, = Aexp~ 22

&) @

The value of the frequency factor and the activation energy can
be obtained from the Arrhenius plot shown in Fig. 6. They are 4.56x
10" m*(mol* s) and 33.01 kJ/mol, respectively.

CONCLUSIONS

The absorption characteristic of NO into NaClO,/(NH,),CO; so-
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Fig. 6. Arrhenius plot of Ink,,, vs. 1/T.

lutions was studied by using a stirred tank reactor. The operating
parameters included 200-1,000 ppm NO, 0.05-1 mol/L. NaClO,,
0.025-0.125 mol/L (NH,)),CO;, 298-328 K. The reaction was found
to be second-order with respect to NO and first-order with respect
to NaClO,. The frequency factor and the average activation energy
of this reaction were 4.56x10" m%(mol’ s) and 33.01 kJ/mol, respec-
tively. The addition of (NH,),CO; into the solution of NaClO, would
decrease the reaction rate.

NOMENCLATURE

[ 1 :concentration in liquid phase [mol/m’]
A :frequency factor [m%(mol’s)]

c : concentration [mol/m’]

D,, :diffusion coefficient of NO [m?%s]

Ea :average activation energy [kJ/mol]

k,,, :rate constant of (m,n)-order reaction [m%(mol’ s)]
m :the reaction order of NO

N,, :NO absorption rate [mol/(m*s)]

n : the reaction order of NaClO,

P : total pressure [Pa]

p;  :partial pressure of inerts [Pa]

Pvo : NO partial pressure [Pa]

R :gas constant [J/(mol k)]

T  :absolute temperature [K]

Vi :gas volume rate [m’/s]

Subscripts

i : interface

in  :inlet of the gas stream
out :outlet of the gas stream
0 : initial value

ACKNOWLEDGEMENTS

This work was supported by the Scientific Problem Tackling Pro-
gram of Science and Technology Commission of Shanghai Munic-
ipality (10dz1201401, 10dz1201402, 11dz1201400), the Fifth Key
Subject of Shanghai Education Commission (G51034), the Absorp-
tion and Innovation Program of Introduced Technology of Shang-
hai (Product-40-orientation-28), Innovation Program of Shanghai
Municipal Education Commission (10YZ155), Choose and Culti-
vation of Excellent Young Teachers Program of Shanghai Munici-
pal Education Commission (sdl09008), Talent Induction Program
of Shanghai University of Electric Power (No. K-2009-03).

REFERENCES

1. R. Guo, W. Pan, X. Zhang, H. Xu and J. Ren, Fuel, 90,7 (2011).

2. ]J. Makansi, Power, 9,26 (1990).

3. T. W. Chien, H. Chu and H. T. Hsueh, J. Environ. Eng., 129, 967
(2003).

4.J. Wei, Y. Luo, P. Yu, B. Cai and H. Tan, J. Ind. Eng. Chem., 15, 16
(2009).

5.B.R. Deshwal, S. H. Lee, J. H. Jung, B. H. Shon and H. K. Lee, J.
Environ. Sci., 20, 33 (2008).

6. C. Yang and H. Shaw, Environ. Prog., 17, 80 (1998).

Korean J. Chem. Eng.(Vol. 30, No. 1)



104 R.-T. Guo et al.

7. C. Brogren, H. T. Karlsson and 1. Bjerle, Chem. Eng. Technol., 20,
396 (1997).
8. H. Chu, T. W. Chien and S. Y. Li, Sci. Total Environ., 275, 127
(2001).
9. B.R. Deshwal, D. S. Jin, S. H. Lee, S. H. Moon, J. H. Jung and H. K.
Lee, J. Hazard. Mater., 150, 649 (2008).
10. D. Jin, B. Deshwal, Y. Park and H. Lee, J. Hazard. Mater., B135,
412 (2006).
11. R. Guo, X. Gao, W. Pan, J. Ren, J. Wu and X. Zhang, Fuel, 89,3431
(2010).
12. R. Guo, W. Pan, X. Zhang, J. Ren, Q. Jin, H. Xu and J. Wu, Fuel,
90, 3295 (2011).
13. C. H. Shen and G. T. Rochelle, Environ. Sci. Technol., 32, 1994

January, 2013

(1998).

14. X. Gao, H. Ding, Z. Du, Z. Wu, M. Fang, Z. Luo and K. Cen, App!.
Energy, 87,2647 (2010).

15.J. Zhou, W. Li and W. Xiao, Oxid. Commun., 23, 172 (2000).

16. X. Gao, R. Guo, H. Ding, Z. Luo and K. Cen , J. Zhejiang Univ. Sci.
4,10, 434 (2009).

17.J. Wei, P. Yu, B. Cai, Y. Luo and H. Tan, Chem. Eng. Technol., 32,
114 (2009).

18. C. Brogren, H. T. Karlsson and 1. Bjerle, Chem. Eng. Technol., 21,
61 (1998).

19. P. V. Danckwerts, Gas-liquid reactions, McGraw Hill, New York
(1970).

20. H. Chu, T. Chien and B. Twu, J. Hazard. Mater:, B84, 241 (2001).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


