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ABSTRACT

Defoamers are often used to control or reduce foam problems in a variety of pulp and papermaking
processes. It has been};ecognised that non-judicious use of defoamers can lead to undesirable deposi-
tion problems. Amide-based defoamers have been largely supplanted by waterbased or water-extended
defoamers that are supposed to be non-depositing. However, mill experience and research has shown
otherwise. Hence, there is a need for analytical procedures to determine silicone defoamer components in
deposits. In this work, for the first time, Py-GC/MS has been used to analyse for silicone defoamers in pulp
and paper matrices. This work demonstrates that the technique is ideal for analysis and characterisation
of silicone defoamers on pulp fibres and in mill deposits. The technique is easier and much more rapid
than using solvent extraction and solid phase extraction, previously developed for analysis of silicone
oil defoamers in deposits. It is applicable to silicone defoamers irrespective of molecular weight and can
be used to ascertain the source of a particular defoamer formulation. Application of the technique to a
washed kraft pulp, previously treated with silicone defoamers, shows that silicone defoamer oil carryover
on pulp fibres can be substantial, depending on the defoamer formulation used. In pitch deposits, the
level of silicone oil can be over 25% (w/w). In addition, analysis of deposits from mills using the defoamers
shows that silicone defoamers have the potential to cause pitch deposition contrary to claims that the
defoamers do not cause such problems. Thus, the method can be used to assess the impact of defoamer

carryover on pulp properties and the contribution of silicone defoamers to pitch deposition.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Silicone defoamers are now widely used in pulp and paper
mills primarily for control or elimination of foam problems [1,2].
The silicone-based defoamers typically use in their formulation
hydrophobic silica in place of ethylene bis-stearamide, which is
one of the active ingredients in amide-based defoamers. In addi-
tion to providing excellent foam control, they are reported to have
superior pulp drainage.

Similar to mineral oil-based defoamers, silicone defoamers
are combined or formulated with other materials to produce
cost-effective products. To develop efficient silicone foam control
agents, specialty chemical formulators must consider a number of
factors, including: the nature of the foaming media; process con-
ditions in the application; the form of the defoamer; and perhaps
most important, the characteristics of the base silicone antifoam
compound technology.

The defoamer can be either an aqueous silicone emulsion or
a non-aqueous silicone concentrate. The form of the product will

* Corresponding author.
E-mail address: bsithole@csir.co.za (B. Sithole).

0165-2370/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jaap.2012.08.013

dictate which silicone technologies are likely to be the most effec-
tive for the application and also what other additives or materials
will be required in the final product formulation.

Silicone concentrates are used globally, but aqueous silicone
emulsions are the predominant choice of pulp mills for their foam
control needs. The key active ingredient used in the production
of aqueous silicone emulsions is typically a J00% active silicone
antifoam compound. Silicone oil, that is, polydimethylsiloxane
(PDMS), and silica particles are the two major ingredients of sili-
cone defoamers. Silicone antifoam can be in the form of compound
(100% active content), emulsion (variable active content) or powder
formulations. In the simplest form, a silicone antifoam compound
can be thought of as silica-filled silicone [1].

Formulated silicone defoamers combine the selected silicone
antifoam compound with a number of other raw materials. These
include water, surface-active agents, hydrophobic particulates and
anti-microbial agents. In addition, various organic moieties can be
incorporated into the PDMS backbone to make organo-modified
siloxanes that are compatible with, or soluble in, aqueous and/or
organic systems [2]. A schematic of the PDMS structure is shown in
Fig. 1.

There are issues and problems associated with the use of silicone
defoamers in the pulp and paper industry. They include: silicone
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CHs CHs CHs CHs absorption spectroscopy. Silicone concentrations as low as about

H I I I I H 1 ppm can be measured.
c 3_?'_0 —Si—0 |S'_O _?'_C 3 However, when the method was applied to tissue samples
CH3 k CH3 CH3 treated with silicone defoamers, it was found that the solvent
extraction process was only 70-90% efficient [10]. Therefore, this
m n

}\-‘ig. 1. Structure of organo-modified PDMS (R =organic moiety).

carryover on pulp fibres, contribution to deposition problems, and
environmental/health concerns related to bioaccumulation and
oestrogen activity of siloxanes, especially the cyclic ones.

1.1. Silicone carryover

When mills conduct trials with silicone defoamers, the evalua-
tion criteria are usually limited to cost and efficacy of the defoamer.
However, according to a technical data sheet from a defoamer sup-
plier “PDMS has a very high ability to adsorb on sludge and therefore
most of the injected PDMS (in an effluent treatment system) is attached
to the sludge. Later, sludge is disposed to land and abiotic degradation
of the PDMS occurs. Any remaining small amount of PDMS (analytical
detection limit) tends to bind to solid particles suspended in the process
water phase” [3]. From this it can be surmised that these defoamers
could also adsorb strongly onto pulp and paper matrices and could
have an impact on pulp properties such as their bonding ability and
wettability. Before the potential impact can be assessed, the extent
of defoamer carryover with pulp fibres must first be determined.

1.2. Defoamer deposition

According to a paper by Habermehl [1], the key benefits noted
since the introduction of silicone defoamers in pulp and paper
making processes include reductions in addition rates relative to
mineral oil-based defoamers; reductions in pitch deposits asso-
ciated with defoamer usage; dramatic reductions or complete
elimination of chemical pitch control additives; and lower cost
in use. However, silicone defoamer deposition issues have been
reported [4] and observed [5], possibly due to overdosing.

1.2.1. Environmental/health concerns

Siloxanes have been detected in environmental matrices, espe-
cially in sewage sludge. In studies conducted by the Nordic
countries, D5 was the dominant siloxane in all environmen-
tal matrices sampled except for air, where D4 dominated [6];
D =(CH3),Si0,. A cross comparison of the Environment Canada and
US EPA lists of persistent, bioaccumulative and toxic compounds
lists siloxanes as contributing 8% to the list of 610 compounds [7].
Dimethyl cyclic siloxanes with 46 siloxane groups appear to be
particularly bioaccumulative and recent laboratory measurements
confirm this [8].

As the first step in addressing these two issues, reliable tech-
niques must be available for determining silicone defoamers in
pulp fibres and in pitch deposits. In this report, we examine the
relative merits of various analytical techniques for analysing sili-
cone defoamers, and we show that pyrolysis-GC/MS (Py-GC/MS) is
particularly well-suited for these analyses.

Several methods have been used to analyse for silicones in var-
ious matrices. They are summarised in the following paragraphs.

1.3. Solvent extraction and atomic absorption (AA) spectroscopy

Gooch [9] ascertained that residual silicones in fruit juices can be
separated from the naturally occurring siliceous materials in fruit
products and selectively recovered by solvent extraction, after suit-
able pre-treatment. The recovered silicone was measured by atomic

methodology will not be suitable for assessing carryover of silicone
defoamers with pulps.

1.4. Sample digestion and gas chromatography (GC)

With sample digestion and GC, the silicone defoamer is hydrol-
ysed in strong acid to its monomer units that are derivatised with
trimethylsilyl groups, extracted into

hexamethyldisiloxane and subsequently analysed by GC [11].
The turnaround time for this method is prohibitively high - approx-
imately one week, with 18 h required to prepare each sample [11].
Unlike solvent extraction, the digestion process is virtually 100%
efficient, and GC has the added benefit of being able to differentiate
the functionality of the silicone. Thus any different groups present
in the PDMS backbone can be determined. Unfortunately, informa-
tion about the original starting compound is lost since the sample
is digested into its monomer units.

1.5. Solvent extraction and solid phase extraction (SPE)

Sithole and Filion [5] described the determination of silicone
defoamers in pitch deposits by SPE. The methods used entailed sol-
vent extraction followed by separation by solid-phase extraction
and identification of the separated components by FTIR. They are
applicable to low molecular weight defoamers (up to 10,000 Da)
and enable complete characterisation of deposits from mills that
use such defoamers. The methods, however, are not applicable to
pulp fibres as they are not sensitive enough and fail when applied
to deposits that contain high molecular weight silicone oils.

1.6. Pyrolysis-gas chromatography (Py-GC)

Silicone vapours can be a problem in the electronics indus-
try as they can affect electrical contacts. Aramata and Saitoh [12]
developed a method for detecting silicone in the atmosphere that
entailed adsorption of silicone vapours onto charcoal, desorption
of the silicones with solvent, concentration by solvent evaporation,
and analysis of the desorbed silicones by Py-GC. Atomic emission
detection (AED) coupled to the Py-GCimproved analytical precision
and sensitivity by eliminating interferences from non-silicone com-
pounds collected on the adsorption media. The AED monitors the
Si atom in the silicones. The AED pyrograms showed several peaks
corresponding to D3, D4, D5, D6 and D7, where D =(CH3),SiO,.

From the preceding information, it appears that Py-GC/MS
should be a viable technique for the analysis and characterisation of
silicone defoamers in fibres and deposits. We therefore proceeded
to evaluate this technique on pulp and deposit samples.

2. Methods
2.1. Samples

Silicone defoamer samples were obtained from various supplier
companies: they were obtained in formulations that are used in
pulp and paper mills. The defoamers were homogenised well to
assure sample homogeneity before analysis.

Pitch deposit samples were obtained from mills that used sili-
cone defoamers in their processes. Typically the deposits occurred
on wash process unit operations. The samples were freeze-dried
and portions analysed by sequential solvent extraction with ace-
tone and chloroform to yield three different fractions, namely,
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acetone extracts, chloroform extracts and insoluble fractions. The
extractions were conducted using a Soxtec extraction apparatus.
The various fractions were dried to constant weight before weigh-
ing. Each fraction was then analysed for silicone oil content.

The samples were analysed by Py-GC/MS and the analytical con-
ditions were as follows:

Pyrolyser:

PY-2020 (Frontier Laboratories, Japan) attached to a capillary col-
umn

Oven temperature: 300°C

Pyrolysis temperature: 650 °C for 20,

10-30 pg samples were loaded into stainless steel sample cups
0.5 pL of tetramethyl ammonium hydroxide (25% in methanol;
Sigmai-Aldrich) methylating agent were added onto the samples
to enable jn situ methylation of the components

GC:

Varian 3900
Injection temperature: 300°C
Injection method: 1:25 split

Low MW fragments

Column: DB5-HT: 30 mx 0.25 mm i.d. x 0.10 pm film thickness
Flow rate: 1.6 mL/min

Temperature programming: 50°C for 2 min, 8 °C/min to 310°C,
hold for 0.5 min

MS:

Varian Saturn 2100T ion trap
Interface temperature: 300°C
Ion trap temperature: 250°C
Electron jonisation

Scan range: m/z 50650

Since siloxanes are ubiquitous, special care is required to avoid
the risk of contamination of samples during sample collection, stor-
age and analysis. Analyses of blank samples were run frequently to
assure that there were no contaminations from the environment
and from column bleed.

2.2. Silicone defoamer carryover

Silicone carryover on pulp fibres was determined by measur-
ing the binding abilities of defoamers to a brownstock kraft pulp.

High MW fragments
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Xig. 2. (A) Pyrograms of different silicone defoamer formulations.}\A and B) Refer to different defoamer formulations. Peaks labelled 1-6 are used for fingerprinting of the

various silicone defoamer formulations.}\B) Mass spectra and identities of the major pyrolysis products in defoamer formulations shown in A. Numbers ]/TG refer to peaks

labelled in/\-\.
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Defoamers were obtained from 2 suppliers: Defoamer E (100%
actives) and defoamer F (30% actives). The defoamers were mixed
with a kraft brownstock pulp at 0.5 kg/ton. The amount of silicone
oil carryover was determined by measuring the amount of silicone
on the fibres after washing and vacuum filtration of the pulp with
3 volumes of water to simulate washing in an industrial process
(procedure recommended by a defoamer supplier).

Initially, the silicone oil on the fibres was analysed directly by Py-
GC/MS of small portions of the fibre but although the PDMS could
be detected, the results were not reproducible due to sample non
homogeneity. It was therefore decided to extract the defoamer from
pulps with a solvent and analyse for the silicone defoamers in the
extracts |5,6]. Hence, the pulp samples were Soxtec extracted with
chloroform to recover the silicone defoamers. The extracts were
dried under nitrogen, weighed and then reconstituted to a desired
volume with chloroform. Known portions of the extracts (L quan-
tities) were analysed by Py-GC/MS. The reference defoamers were
used as standards for quantification.

3. Results and discussions

The pyrograms in fig. 2A show that Py-GC combined with mass
spectrometric detection can differentiate silicone defoamers from
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( Continued)

different suppliers. The pyrograms reveal a homologous series of
peaks corresponding to PDMS monomer units. In addition, the

pyrograms show that the defoamers contain mainly low molec-
ular weight silicone defoamer groups (peaks eluting between 2 and
15 min) with smaller amounts of high molecular weight silicone
oil fragments (peaks eluting at retention times >15 min). The mass
spectra and identities of the major pyrolysis products are shown
in fig. 2B: it is evident that the major components in the formu-
lation are comprised of cyclic moieties. An interesting observation
is that Defoamer D contains a significant amount of hydrocarbon
oil relative to the silicone oil as evidenced by the large hump elu-
ting between |5 and 30 min. This hump profile is well known from
previous analyses of hydrocarbon oils and is confirmed by mass
spectral data on the eluted peaks [13,14]. Thus Py-GC/MS has the
potential of not only determining the presence of silicone defoamer,
but also can provide information about the type of defoamer for-
mulation used.

3.1. Silicone defoamer carryover

Pyrograms and mass spectral data of the samples are shown in
Kigs. 3 and 4: it is evident that the pyrograms of the pulp extracts
match very well with those of the starting defoamer compounds.
The pyrograms display similar profiles and retention times. Further
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Fig. 3. Pyrograms of Defoamer E and extracts of pulp treated with Defoamer E. Quantification was done using peak # 4, corresponding to dodecamethyl cyclohexasiloxane.

confirmation of the presence of defoamer in the extracts is provided
by mass spectral analysis of the peaks: as can be seen in the top part
of Figs. 3 and 4, the mass spectra of peaks that are common in the
pyrograms are identical.

The two major peaks in the pyrograms were used for quan-
tification. The results (Table 1) show that pulp washing reduces
defoamer content in the fibres by about 43%. Pulp samples treated
with Defoamer E contain 10-fold lower amounts of defoamer than
pulps treated with the Defoamer F. This is despite the fact that
Defoamer E had 100% actives versus 30% actives in Defoamer F. This
implies that one cannot predict which defoamer will result in lower
silicone carryover based on their actives content. Thus it is clear
that carryover of silicone defoamers with pulp will vary depend-
ing on the defoamer used. In addition, residual amounts of silicone
defoamers on the fibres are quite appreciable and can potentially
affect fibre properties.

3.2. Analysis of deposits

Pitch deposit samples from mills that were using silicone
defoamers were analysed by SPE as previously described [5]. The
results revealed that the SPE method failed since silicone defoamer

Table 1
Determining silicone defoamer oil carryover on kraft pulps.

compounds were present in the methanol and chloroform fractions,
and also in the non-extractable fraction of the deposit (confirmed
by FTIR and Py-GC/MS). The deposits contained high molecular
weight silicone oils some of which eluted in the chloroform frac-
tion but significant amounts appeared to have remained on the
SPE columns. For example, the total acetone extractives of one
deposit were 77.65% but the total amount of material recovered
from SPE separation was only 57.08%. Results from the analysis of
several other deposits showed similar trends indicating that the
SPE methodology fails when applied to samples that contain high
molecular weight silicone defoamers. Consequently, the deposits
were then analysed by Py-GC/MS as illustrated in the following
examples.

3.3. Deposit 1

A deposit sample from a kraft mill was analysed in two ways:
pyrolysis analysis of the whole deposit and pyrolysis analysis of
deposit fractions obtained from sequential extraction with acetone
and chloroform and of the residue after extraction. Previous work
with low molecular weight defoamers has shown that sequential
extraction is quantitative for silicone defoamer components [5].

Pulp treated with

Sampleklescription
Pefoamer E, washed

Pulp treated with
Pefoamer F, washed

Pulp treated with
Pefoamer E, unwashed

Pulp treated with
Pefoamer F, unwashed

Pulp samplexveight (g) 1.785 2.046

Chloroformgxtracts (mg) 3.0 8.0

Silicone defoamer content of gxtracts (%) 14.92 64.77
0.024 0.253

Silicone defoamer content ofRulp (%)

1.576 2.046

3.7 13.2
17.71 68.68

0.042 0.443
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. 0
The defoamer used at the mill (Defoamer F) was used as a refer- t | 4]
. . . . .. =]
ence. The pyrograms indicate that the deposit contained silicone 3 Acetone fraction
defoamer fragments that corresponded to those identified in [ig. s | 3]
2B. Quantitative data shown in Tables 2 and 3, using Defoamer F as g‘ 2l
the standard, indicate that the deposit contained about 26% (w/w) 5
silicone oil defoamer. The data on direct analysis of the deposit are ﬁ- 13 + P
encouraging considering that only small amounts of material are o n A ‘ +
[\ E l 1 3
Table 2 8 | 6] E
Analysis of silicone oil in the whole deposit sample. 5 53 1
o
Amount of deposit&nalysed (ng) Silicone oil in thekleposit (%) é’ 4] 4 + . 1
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105 3227 g | 3 ]
100.9 31.63 c +
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Table 3 o 307 1
Analysis of silicone oil in a fractionated deposit sample. g 201 ]
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Retention time, min
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Average 25.85 }\-‘1g. 5. Pyrograms illustrating the presence of silicone oil in a fractionated deposit

sample. The asterisks refer to peaks that may be used for quantification.
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k‘ig. 8. Mass spectral identification of silicone oil fragments in a pitch deposit sample.

added to the pyrolyser. Consequently, direct analysis of deposits is
preferable as this saves time and effort.

The presence of silicone oil defoamer in the different fractions
of the deposit is illustrated in [ig. 5.

3.4. Deposit 2

The pyrogram of a kraft mill brownstock deposit sample (fig. 6)
shows that the deposit contains both silicone and hydrocarbon oils,
but the silicone oil is present at lower concentration than the hydro-
carbon oil. There is no evidence for the presence of high molecular
weight silicone oils in the deposit. The average amount of silicone
oil in the deposit (based on Defoamer A used at the mill) was 7.4%
which is somewhat higher than the 5.4% value obtained with the
SPE method.

3.5. Deposit 3

A deposit from a newsprint mill was pyrolysed to examine
its silicone fragments. As shown in Fig. 7A, similar silicone com-
ponents (marked in asterisks) are present in the deposit and in
Defoamer D used as a reference in the absence of the defoamer
used at the mill. However, as can be seen in the circled area,
the deposit sample contains silicone oil components that are not
present in the defoamer. An expanded view of this section is shown
in fig. 7B. The mass spectra of the compounds (fig. 8) show that
the defoamer standard contains two silicone components (marked
with asterisks) that have a cyclic structure, namely, dodecamethyl
cyclohexasiloxane and tetramethyl cycloheptasiloxane, whereas
the deposit contains four silicone components, two that are cyclic
(as in the defoamer) and two that are straight chains whose
mass spectra closely matched with the mass spectra of hexas-
iloxane, 1,1,3,3,5,5,7,7,9,9,11,11-dodecamethyl and heptasiloxane,
A,1,3,3,55,7,7,9,9,11,11,13,13-tetradecamethyl. These results fur-
ther confirm the need to use silicone defoamers used at the mill as
standards for quantification.

4. Conclusions

Py-GC/MS is a well-suited technique for analysis and characteri-
sation of silicone defoamers on pulp fibres and in mill deposits. The
technique is easier and much more rapid than using solvent extrac-
tion and solid phase extraction, previously developed for analysis
of silicone oil defoamers in deposits. It is applicable to silicone
defoamers of all molecular weights and can be used to ascertain
the source of a particular defoamer formulation. Application of the
technique to a kraft pulp treated with silicone defoamers shows
that silicone defoamer oil carryover on pulp fibres can be substan-
tial, depending on the defoamer formulation used. In pitch deposits,
the levels of silicone oil can be as high as 25% (w/w). In addition,
analysis of deposits from mills using the defoamers shows that
silicone defoamers have the potential to cause pitch deposition
contrary to claims that the defoamers do not cause such problems.

For quantitative analysis, a defoamer formulation used in the
process should be used as standard for quantification of defoamer
carryover or defoamer in deposits. In its absence, the results can
only be considered as qualitative.

The carry-over of silicone defoamers in pulp fibres may be a
cause for concern, especially in environments where there is poten-
tial of inhaling pulp fibres in operations where such fibres are
processed.
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