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Introduction 

Emulsion polymers are products-by-process, which means that the final product properties 
and quality are defined during the polymerization. Therefore, efficient polymerization process 
control is needed to produce high-performance polymers. This requires the availability of on-
line measurements. An adequate online sensor must be able to provide continuous (or at least 
frequent) measurements, must be accurate enough and has to operate over long periods of 
time in environments often physically and chemically aggressive. 
In the last three decades significant effort has been devoted both by academic and industrial 
research groups to the development of suitable, accurate and robust monitoring techniques for 
polymerization reactors. The monitoring of emulsion polymerization reactors might a priori 
seem easier than the homogeneous counterpart reactors because of the lower viscosity of the 
reaction medium, but it turned out to be much more complex1,2 Sensors for the monitoring of 
several properties (e.g., conversion, polymer composition, molecular weights, particle size 
…..) have been developed and assessed in polymerization reactors. Not all the reported 
techniques were accurate or robust enough as to be implemented in industrial environments. 
Excellent reviews about the development and applications of online sensors developed in the 
last three decades have been published3-6. The current trend is to use noninvasive techniques 
in order to avoid the complexity of manipulating viscous or reaction mediums prone to suffer 
coagulation. Reaction calorimetry and Raman spectroscopy are two of the most promising 
noninvasive techniques to monitoring emulsion polymerization reactors because of the 
advantages they have in comparison with other techniques. 
In reaction calorimetry, the measurement is noninvasive, rapid, robust, relatively simple and 
cheap because it is based on temperature measurements. As a consequence, it is one of the 
techniques that most easily can be implemented in industrial environments. Among the 
different spectroscopies techniques that have been applied to monitor emulsion 
polymerization reactors, Raman spectroscopy offers several advantages in comparison with 
the absorption based spectroscopies: Near-Infrared (NIR) and Mid-Range Infrared (MIR). 
Thus, water has a very weak signal in Raman spectroscopy and functional groups that are 
inactive or very weak in absorption present a strong Raman scattering, i.e., carbon-carbon 
double bonds. Furthermore, for industrial implementation Raman spectroscopy offers the 



possibility of using silica fibers (that have a low cost) with a length of up to 100 m, to 
transmit the radiation to and from the sample. 
 
In this work, the performance of the noninvasive techniques (calorimetry and Raman 
spectroscopy) to monitoring semibatch high solids content emulsion polymerizations for two 
different monomer systems (vinyl acetate/butyl acrylate, VAc/BA, and butyl acrylate/ methyl 
methacrylate, BA/MMA) is compared. Overall and instantaneous conversions, as well as free 
monomer concentrations were measured. The polymerizations were carried out under starved 
conditions (high instantaneous conversions) for the BA/MMA system, and under non-starved 
conditions for the VAc/BA system.  
 
Results and Discussion 

Figure 1 shows the evolution of the instantaneous conversions (as calculated by gravimetry) 
for the seeded semibatch experiments carried out for each comonomer system. It can be seen 
that the trend was similar in both cases; namely, there was an accumulation of monomer 
during the first stages of the process, and then the conversions were roughly steady up to the 
end of the feeding period. Beyond this point, the conversions increased as the process 
proceeded batchwise. The conversions reached during the plateau were greater than 80% for 
BA/MMA and under 70% for VAc/BA. The former corresponded to starved conditions, 
whereas the latter did not. 
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Figure 1. Instantaneous conversions for the semibatch emulsion copolymerizations used to compare Raman 
spectroscopy and calorimetry: (left) BA/MMA; (right) VAc/BA. 
 
VAc/BA system (Non-starved conditions) 

Figure 2 presents the comparison of the overall conversion predicted by the two monitoring 
techniques and by gravimetry (reference technique). It can be seen that the predictions of both 
Raman and calorimetry were close to the gravimetric values. 
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Figure 2. Overall conversion(a and b) and free VAc monomer concentration(c). Comparison of calorimetry and 
Raman spectroscopy with the reference techniques (gravimetry and gas chromatography).  
 
Figure 2 also shows the unreacted VAc ( weight fraction based upon the total reactor mass) as 
measured by the reference technique (gas chromatography), and by calorimetry and Raman 
spectroscopy. Both techniques provided a good prediction of the free concentration of VAc in 
the reactor and they were comparable to the chromatographic values. Furthermore, both 
techniques captured well the change in the profile when the feeding period was over and 
monomer concentration decreased.  
 
BA/MMA system (Starved conditions) 

As shown in Figure 1, the instantaneous conversion for this comonomer system was higher 
during the whole process. This means that monomer concentrations were also significantly 
lower than in the previous case, specially the concentration of MMA, which is the more 
reactive monomer in this system. Consequently, the heat released by polymerization was 
much lower too.  
Figure 3 presents the comparison of the overall conversion measured by gravimetry and the 
two online techniques for the copolymerizations experiments carried out with the MMA/BA 
comonomer system. As it can be seen, in general there is no much difference for both 
techniques, and they compared well with gravimetry.  
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Figure 3. Comparison of the overall conversions measured by gravimetry for the BA/MMA system: Raman 
spectroscopy (left) and Calorimetry (right). 
 
Figures 4 show the comparison of the instantaneous conversion and the MMA and BA 
monomer concentrations calculated by means of the gravimetry and by Raman spectroscopy 
and calorimetry for one of the experiments carried out with this comonomer system. 
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Figure 4. Comparison of the instantaneous conversion and free amounts of MMA and BA in the semibatch 
experiments as measured by the three techniques. 
 
This graph shows that the prediction of the instantaneous conversion and free monomer 
concentrations were better for the FT-Raman spectroscopy than for reaction calorimetry. 
Similar results were obtained for other experiments carried out at different monomer ratios 
and with different feeding times for the monomer.  
 
In conclusion the study revealed that under non-starved conditions both calorimetry and 
Raman spectroscopy provided comparable results. However, significant differences were 
found for the BA/MMA semibatch emulsion copolymerization carried out under starved 
conditions. The overall conversion predicted by both techniques was good, but for the 
instantaneous conversion and free concentrations of monomer. Raman spectroscopy was far 
more accurate than calorimetry. 
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Advantages of Raman
- Non invasive technique
- Direct measurement of
  unreacted monomers, solids content
- Possible in industrial reactors

Reaction Calorimetry  
                  +
Raman Spectroscopy         

- Non-invasive technique
- Easy to implement in industrial 
  environment and cheap
- Adequate for online control
- Provides continuous information
  of the heat of reaction

Advantages of Calorimetry

Monitoring emulsion polymerizations
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Qr= Heat of Reaction
Qf= Heat Flow
Ql= Heat Losses
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Reaction Calorimetry: Estimation of UA and Qr
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Reaction Calorimetry: Estimation of conversion
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Reaction Calorimetry: Estimation of free monomers
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Reaction Calorimetry: An example (2)
VAc/BA=50/50   Semibatch Batch   55 wt% solids content
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Raman spectroscopy
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Raman Spectroscopy : Reaction monitoring

VAc/BA copolymerization
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Calibration
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• A model using the whole normalized spectra, containing 3 
PCs was considered the optimum.
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PLS Calibration models
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 Validation of Calibration
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 Calorimetry vs Raman 

 Two comonomer systems considered:
   BA/MMA  and   VAc/BA

 Overall and instantaneous conversions 
   and Free Monomer:

  Gravimetry and Gas Chromatography (as reference)
  Reaction Calorimetry (RC1 Mettler-Toledo)
  Raman Spectroscopy (RFS-100 Bruker) 

 Semibatch reactions of high solids content

   Starved(MMA/BA)  and Non-starved (VAc/BA)
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 Calorimetry vs Raman : Experimental Details 
VAc/BA/AA

BA/MMA

Ingredient Initial Charge Stream 1 Stream 2

Water 99,5 - 99,5
Alipal 6,13 - 6,13
Arkopal 6,13 - 6,13
VAc - 600 -
n-BA - 141,1 -
AA - 22,9 -
K2S208 2,29 - -
NaHCO3 2,52 - -
Seed 527 - -

Ingredient Initial Charge Stream 1 Stream 2

Water 617 - 32,5
Dowfax - - 9,45
K2S208 Variable - -
NaHCO3 Variable - -
n-BA+MMA - 540 -
n-BA/MMA - Variable -
Seed 63 - -

50/50(3), 70/30 and  90/10

Feeding time= 3 and 4 hours

Feeding time= 2 and 3 hour 
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 Calorimetry vs Raman: Semibatch Operation

BA/MMA Starved Conditions 50/50 to 90/10
VAc/BA Non Starved Conditions 
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 Calorimetry vs Raman: Overall Conversion

VAc/BA copolymerization. Non-starved 
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 Calorimetry vs Raman: Instantaneous conversion 
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 Calorimetry vs Raman: Free Monomer 

VAc/BA copolymerization. Non-starved 
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 Calorimetry vs Raman: Overall Conversion

BA/MMA Copolymerization: Starved Conditions
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 Calorimetry vs Raman: Instantaneous conversion 

BA/MMA Copolymerization: Starved Conditions
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 Calorimetry vs Raman: Instantaneous conversion 

BA/MMA Copolymerization: Starved Conditions
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 Calorimetry vs Raman:  Free Monomer 

BA/MMA Copolymerization: Starved Conditions
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 Calorimetry vs Raman:  Free Monomer 

BA/MMA Copolymerization: Starved Conditions
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 Calorimetry vs Raman:  Free Monomer 

BA/MMA Copolymerization: Starved Conditions

0

0.02

0.04

0.06

0.08

0.1

0.12

0 50 100 150 200

Free-MMA (mol)

Time (min)
0

0.1

0.2

0.3

0.4

0.5

0 50 100 150 200

GC 
Calorimetry
 Raman 

Free-BA (mol)

Time (min)

BA/MMA=70/30



May 17, 2005

 Calorimetry vs Raman:  Free Monomer 

BA/MMA Copolymerization: Starved Conditions
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Calorimetry predicts incorrectly free monomer, specially MMA
Raman is superior to Calorimetry
Raman suffers predicting very low concentrations!!
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 Calorimetry 

Error is inherent to the measurement

Example:

2% Error 3% Error

Estimation of unreacted momomer when there is an error of 2% :

xexp= 60%→ xest= 61.2%

(Free monomer)exp=40% → (Free monomer)est=38.8% 
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2% Error 18% Error

Estimation of unreacted momomer when there is an error of 2%:

xexp= 90%→ xest= 91.8%

(Free monomer)exp=10% → (Free monomer)est=8.2% 

 Calorimetry 

Error is inherent to the measurement

Example:
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Concluding Remarks

• Raman spectroscopy in combination with chemometrics can be used 
to monitor high solids content reactions, even when the bands of the 
monomers are overlapped (all acrylic  or vinyl/acrylic mixtures) and 
the reactions are carried out under starved conditions.

• Calorimetry and Raman predict in a similar manner overall 
conversion. No significant differences for starved and non starved 
conditions. Calorimetry is easier!

• For instantantaneous conversion and free monomer:
– Raman  and Calorimetry provide similar predictions under non-starved 

conditions, namely, high monomer concentrations.
– Raman spectroscopy gave much  better predictions than reaction 

calorimetry under starved reactions.



May 17, 2005

Acknowledgments
• Ministerio de Educación y Ciencia (Project PPQ2000-1185 and 

scholarships for Oihana Elizalde and Maider Azpeitia)
• The University of the Basque Country (Project 00221.215-

13594/2001)
• M.M. Reis acknowledges FAPESP (grant number : 03/06837-8 and 

01/13017-1)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




