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Solvent-based cleaning of emulsion polymerization reactors
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Abstract

Fluid dynamic gauging (FDG) has been used to study the kinetics of the cleaning, from various solid surfaces, of polymer layers representative
of polymerization reactor foulants. Currently, solvents such as methylethylketone (MEK) are used for cleaning and it is desired to replace this with
aqueous systems with less severe environmental impact. Laboratory-prepared samples of two polystyrene co-polymers and samples prepared in an
industrial pilot plant were treated with two alkaline solutions, sodium hydroxide (NaOH) and sodium metasilicate, with an aqueous commercial
cleaning agent (TPU) and with the organic solvent MEK. Single and composite layers were studied, and a variety of outcomes observed. The simple
alkalis swelled the polymers but did not clean: MEK and TPU swelled and then cleaned off both laboratory films, the mechanism varying between
cohesive breakdown and adhesive detachment for different polymer/solvent combinations. One pilot plant material behaved as its laboratory
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nalogue, while another, which was not tested in the laboratory, left a residual film on the surface. Experiments on composite layers
ich diversity of behaviours which could be modelled as combinations of single film characteristics.
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. Introduction

Fouling is a persistent operating problem in many poly-
erization reactor systems where fouling layers are generated
y reactants and/or products sticking to the walls or inter-
als (e.g. El-Aasser and Sudol[1]). These unwanted surface

ayers reduce heat transfer efficiency and can cause cross-
ontamination between batches, which is problematic when
eedstocks are varied regularly. Fouling occurs in emulsion poly-
erization reactors via a number of mechanisms, which are
escribed in detail by Vanderhoff[2]: major causes are loss of
olloidal stability, where the emulsion forms a coagulum, and
lternative polymerization pathways which form insoluble foul-

ng precursors. Fouling can be reduced by careful control of
omposition and operating conditions but poor mixing in large
eactors can result in local conditions which promote deposition.
eactor surfaces can be treated to reduce adhesion of films or

nhibit reaction but this is not always feasible if feedstocks vary

Abbreviations: FDG, fluid dynamic gauging; MEK, methylethylketone;
aOH, sodium hydroxide; PMMA, polymethylmethacrylate; PS, polystyrene;

widely, aggressive cleaning is required or funding is limi
In large-scale production it may increase reactor down-t
thereby lengthening cycle times unpredictably, and redu
yields. The most cost-effective solution must therefore con
mitigation options for fouling, cleaning and waste minimiza
(e.g. Perka et al.[3]).

Regular cleaning is therefore necessary, and may em
chemical agents (e.g. soaking or spraying with solvents to s
and/or dissolve deposited material), hydraulic action (jet
sprays to shear material off) or a combination of both. The ch
of chemical cleaning agent and operating methodology is
based on empirical testing. Similarly, predicting the effect
physical treatment such as jetting requires detailed knowl
of the strength and rupture behaviour of a fouling layer. Ob
ing reliable data for a physically based model of removal p
several challenges, although spinning disk techniques have
used with some success to quantify dissolution and mass
fer characteristics of polymer layers and mineral scales,
Hunek and Cussler[4] and Kabin et al.[5,6]. For physical clean
ing mechanisms, both the stress imposed by the flow an
mechanical strength of the foulant need to be quantified.
PU, commercial cleaning agent
∗ Corresponding author.

E-mail address: ian wilson@cheng.cam.ac.uk (D.I. Wilson).

mechanical strength of fouling layers of thickness >100�m can
now be quantified using micro-mechanical devices (e.g. Liu et
al. [7]), whereas technical studies of jet and spray ball cleaning
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Nomenclature

d tube diameter (m)
dt nozzle throat (m)
h clearance (m)
m gauging liquid mass flow rate (m)
s suction head (m)
t time (s)
Tg Glass transition temperature (◦C)
x volume fraction of swollen polymer

Greek letters
δ foulant layer thickness (m)
εmax maximum extent of swelling

Subscripts
max maximum
o initial

in the process sector are relatively sparse, although Morison and
Thorpe[8] have reported the flow distribution in a spray-ball
system which could be used to estimate shear stresses imposed
on a fouling layer. Recent changes in environmental legislation
mean that selection of cleaning technology now also needs to
consider the environmental impact of the fluids used and their
disposal. Organic solvents such as methylethylketone (MEK),
although very effective, carry large environmental impact penal-
ties and the use of alternative solvents, preferably aqueous ones,
is receiving considerable attention.

This paper reports the use of the non-contact technique of
fluid dynamic gauging, FDG, to monitor and thereby compare
the cleaning characteristics of different solvents on a number of
fouling layers generated by emulsion polymerization on labora-
tory test sections and in an industrial pilot plant. FDG was devel-
oped by Tuladhar et al.[9] as a method for tracking the dynamic
swelling and removal of denatured whey protein deposits on
stainless steels which swell markedly in alkali.Fig. 1 illus-
trates the concept: a convergent nozzle with throat diameterdt is
located near, but not in contact with, a semi-rigid and imperme-
able deposit surface immersed in an inviscid Newtonian liquid, a

Table 1
Polymer film properties

PX/PPX PA PPM

Molecular mass (kDa)a 30 125 150
Acid content (wt%)a 7 5 2
Hansen solubility

parameter (MPa0.5)a
18.42 19.81 18.81

T b
g (Perkin-Elmer Pyris 1

DSC, 100 K/min)b (◦C)

39 46 4

a Supplied by NeoResins.
b Analysis by D. Barker, Cambridge.

a clearanceh. A steady suction pressure difference is applied so
that liquid flows from the quasi-stagnant bulk into the nozzle; the
flow rate of liquid is measured and yieldsh with good accuracy
as long ash/dt < 0.25. The accuracy of measurement depends on
the geometry and instrumentation but for thedt = 1 mm nozzle
employed in this work the precision was∼10�m. Knowledge
of the nozzle location relative to the surface underneath the layer
then yields the thickness of the deposit,δ.

Computational fluid dynamics (CFD) simulations of the flow
regime under the nozzle lip[10] can then yield estimates of the
stresses imposed on the surface, which can be linked to hydraulic
conditions during cleaning. FDG was derived from pneumatic
gauging, developed by Macleod and Todd[11] to monitor
the thickness of solvent-swollen rubbers, which employed an
emerging jet of air as the gauging fluid. Here, it is being used to
monitor the swelling of synthetic polymers immersed in liquid
solvents, via an effluent flow.

2. Experimental

Laboratory tests were performed on two types of proprietary
polystyrene (PS) co-polymers, termed PX and PA.Table 1sum-
marises some characteristic properties of these materials. Pilot
plant samples featured a second PS co-polymer, PPX, with prop-
erties identical to PX, and a polymethylmethacrylate (PMMA)
co-polymer, labelled PPM. Laboratory test films were deposited
o ener-
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p xed
t tion
u water
a g to
t

oval
i and
d e
o lvents
( while
F with
Fig. 1. Schematic of FDG operation.
t

n 50 mm diameter 316 stainless steel disks. Layers were g
ted from latex suspensions at room temperature using 0.2
.08 mm wet film rollers. The applied film was left to settle
h, then dried in a vacuum oven for 12 h at 50◦C. Films shrank t
0% of their initial thickness over the drying stage. Further c
ould then be applied to the dried film to build up the initial fi
hickness or create composite films (here, up to 300�m thick).
ilot plant samples were deposited on longer 316 stainless
lates (width 25 mm, length 150 mm and thickness 1 mm) fi

o the walls or baffles of a semi-batch emulsion polymeriza
nit. These were removed, rinsed with reverse osmosis
nd immersed in water containing a biocide before shippin

he laboratory for FDG testing.
Two FDG devices were used to monitor swelling and rem

n this work. Both employed similar nozzle configurations
iffered in the liquid bath arrangement.Fig. 2(a) shows th
pen system used for involatile and less aggressive so
here, aqueous NaOH and sodium metasilicate solutions),
ig. 2(b) shows the contained system used for experiments
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Fig. 2. FDG apparatus: (a) open system and (b) contained solvent system.

MEK and a commercial cleaning agent, TPU. Detailed descrip-
tions of the apparatus are given in Chew[12].

The operating modes were identical. A flow or weir arrange-
ment is used to maintain a constant liquid level while the suction
driving head,s, is controlled by moving the open end of the
siphon tube. The position of the gauging nozzle relative to the
plate is controlled using the micrometer M, although the item
manipulated by M differs between the units. The flow rate is
measured using a gravimetric balance (±0.005 g) connected to
a computer. Once the plate was fixed in position, thereby settin
the start time, and a steady flow established, the clearance wa
adjusted to give a flow rate in the band corresponding toh values
of 100–200�m. This initial adjustment period usually lasted for
around 2 min, so no data were available near time zero. At lowh
values, i.e. 40�m or less, the gauging flow could cause visible
deformation of the swollen polymer layer.

The potential for the gauging technique to influence film
behaviour, either by surface shear or enhancement of mas
transfer, was tested by performing pairs of experiments unde
identical process conditions. In the control experiment, the

gauge was positioned near the surface (at 100�m <h < 200�m)
throughout, while in the other the gauge was moved completely
away from the surface (e.g.h > 15 mm) for periods of 1–2 min,
then returned to the gauging length. For all conditions tested,
the thickness–time profiles agreed within the accuracy of the
technique and were comparable with duplicated experiments,
indicating that the gauging technique did not influence film
behaviour.

Four solvents were compared: aqueous solutions of sodium
hydroxide (NaOH) and sodium metasilicate, methylethylketone
(>99% 2-butanone) (all supplied by Fisher, Loughborough, UK)
and Transol Production Unit (TPU, NL). TPU is a commercial
blend of surfactants and dispersants based on an aqueous solu-
tion of sodium metasilicate with pH∼ 12.8. Aqueous NaOH
and metasilicate solutions were prepared by dissolving NaOH
and sodium metasilicate pellets in reverse osmosis water. Fume
hood limitations restricted MEK experiments to 60◦C, whereas
the other solvents were studied up to 90◦C.

3. Results and discussion

3.1. Non-solvent action

Fig. 3shows the thickness profiles observed for PA exposed to
NaOH at different temperatures. Similar profiles were obtained
w ntil
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ith PX, and for both polymers swelling was not observed u
emperatures exceeded 30◦C. After an initial induction period
hich was longer for the larger molecular mass PA than with

he polymer swelled in a linear manner until it reached a pla
evel, labelledδmax. The induction period length decreased w
ncreasing temperature in an Arrhenius fashion describe
ctivation energies of 12± 1 kJ mol−1 (PA) and 25± 3 kJ mol−1

PX). The maximum extent of swelling,εmax, was defined as

max = δmax − δo

δo
(1)

hereδo was the thickness of the initial dry film. The swelli
rofiles of both polymers correspond toεmax values > 1, i.e
eyond that of simple rehydration to the original wet film thi
ess. The films did not rehydrate or swell when exposed to w
t pH 7. No reduction in film thickness over time was obse
uring the plateau phase, indicating that NaOH is a non-so

ig. 3. Film thickness profiles for PA in NaOH. Laboratory films,δo = 100�m.
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Fig. 4. Swelling profiles of PA (triangles) and PX (circles) in aqueous sodium
metasilicate (black symbols, 90◦C) and sodium hydroxide (grey symbols, 70◦C)
at pH 12.8 (corresponding to TPU). Laboratory films,δo = 100�m.

This was confirmed by use of a second base, sodium metasili-
cate at 90◦C and pH 12.8 (that of the TPU solution), as shown
in Fig. 4. No induction period is observed in the metasilicate for
either polymer, while linear growth and a plateau phase, corre-
sponding to differentεmax values, are again evident.

These results indicate that alkaline solutions are non-solvents
for these polymer films, promoting swelling via charge interac-
tions as the alkali neutralizes acid groups present in the poly-
mer but without any dissolution of bonds between chains. The
effect of temperature and hydroxide concentration on extent of
swelling and rate varied with the nature of the polymer, and
exhibited noticeable differences above and below theTg value.
Induction periods were longer for PA, which is consistent with its
larger molecular mass, while the swelling rate for PX overtook
that for PA at higher temperatures.

The linear swelling profiles indicate that swelling is not con-
trolled by Fickian diffusion of hydroxide ion through the swollen
layer: separate tests showed that the (linear) rate of swelling was
independent of initial film thickness, indicating that swelling
was controlled by a Case II diffusion mechanism[13]. The
temperature dependency of swelling was characterized using
simple Arrhenius relationship and the Williams–Landel–Ferry
(WLF) model[14] used for polymer melts and solutions. The
data did not fit WLF kinetics but gave reasonable agreemen
with the Arrhenius model, yielding activation energies of 21
and 35 kJ mol−1 for PA and PX, respectively.

3

r-
e ther
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Fig. 5. PX film thickness profiles in MEK. Laboratory films,δo = 100�m.

decay stage. Similar profiles were observed with PA, at different
rates. The swelling rates were independent of initial film thick-
ness, again indicating a Case II diffusion mechanism. Theεmax
values were smaller than those observed in alkaline solvents,
due to the removal process starting earlier, resulting in a short-
lived plateau stage, if one exists at all. The removal rate was
not affected by surface shear or mass transfer rates, indicating
that the controlling processes are internal steps such as reptation
(disentanglement of polymer chains), swelling and dissolution
of polymer chains as reported by Devotta et al.[15]. Quantita-
tive parameters describing the profiles, such as linear rates,εmax,
etc., were strongly affected by temperature. The activation ener-
gies of rate of swelling and rate of dissolution for both polymers
again lay within the range 10–25 kJ mol−1.

MEK is clearly an effective solvent for both polymers. MEK
caused swelling and dissolution at 18◦C, whereas the films did
not interact visibly with the alkaline solutions at 30◦C or lower.
MEK is, however, a volatile and hazardous liquid and one of the
aims of this work was to assess alternatives to its use in reactor
cleaning.

TPU is a formulated alkaline solution andFig. 6shows that
it is able to remove both PX and PA films, although by starkly
different mechanisms. The PX profiles inFig. 6(a) show simi-
lar behaviour to those observed for MEK, although at generally
slower rates. No induction periods were observed and the extent
of swelling was smaller than in MEK. The rate of swelling and
ε
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.2. Solvent cleaning

Fig. 5 shows the behaviour of PX films in MEK at diffe
nt temperatures. Swelling starts almost immediately, i.e.

s no induction period, and again exhibits an initial nearly
ar profile followed by a short-lived plateau stage and a li
a

t

e

r

maxwere insensitive to initial film thickness, as before.Fig. 6(b)
ndicates a very different removal mechanism for PA film
PU. The layers started to swell in a linear manner as so

hey were exposed to the solvent until they reached the
f complete swelling, when the film instantaneously deta

tself from the solid surface. This detachment occurred in
bsence of dynamic gauging, e.g. when immersing the dep
A films in a beaker filled with TPU, and on a range of differ
urfaces, including glass, copper, stainless steel and othe
lms, indicating that adhesive failure was the controlling me
nism. Cohesive breakdown occurs in the other cases, whe

inks between the polymer chains are broken in order that s
nits may dissolve. The cohesion within the PA films was
vident after detachment as the experimenter could manip
nd move the films through the liquid. These results sug
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Fig. 6. Film thickness profiles in TPU: (a) PX including duplicated runs at 30◦C
and (b) PA. Laboratory films,δo = 100�m.

that the surfactants and other additives in TPU are breaking
surface–polymer linkages in these layers.

Fig. 7(a) compares the swelling time and total time to clean
PX, and it can be seen that TPU was slower than MEK across
the whole temperature range studied; both solvents removed
the whole fouling layer. Using TPU to clean PX films would
therefore reduce the chemical hazard compared to MEK, at the
cost of longer down-time for cleaning.Fig. 7(b) shows that TPU
is as fast as MEK as long as the detached film can be removed,
and there is therefore a good case for its use in cleaning reactors
processing PA.

3.3. Composite layers

We now consider composite layers of foulant, mimicking the
situation where extended cleaning is performed at the end of a
series of reaction cycles. Experiments were performed on films
composed of different layers on a stainless steel surface, e.g. [SS
316:100�m PX:100�m PA] and [SS 316:100�m PA:100�m
PX]. Fig. 8 shows the removal profiles for composite films in
TPU at 60◦C. The reader is reminded that the upper layer is
deposited on the bottom layer after the latter has been dried.
When PA was laid on top of PX, the PA layer swelled and
detached, leaving the PX layer to dissolve off at a very similar
rate to that observed for a PX layer in isolation. Most inter-
estingly, when PX was laid on top of PA, the swelling profiles
s es of

Fig. 7. Comparison of cleaning performance of solvents: (a) PX and (b) PA. (Cir-
cles) Time to swell and (triangles) time for complete cleaning. (Solid symbols)
MEK and (open symbols) TPU. Laboratory films,δo = 100�m.

swelling for the two polymers observed in single-component
studies and detachment of a composite swollen film once the
PA had reached the end of its swelling stage and adhesive fail-
ure occurred. In this case the PA film carried off the PX layer
with it completely. These observations were evident at differ-

Fig. 8. Removal of simple composite films of PX and PA using TPU: (squares)
PX on top of PA and (triangles) PA on PX. Laboratory films,δo = 200�m, from
2× 100�m layers (after Chew et al.[18]).
howed a change of slope consistent with the different rat
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Fig. 9. Thickness profiles of pilot plant samples: (a) PPX and (b) PPM. (Trian-
gles) MEK at 60◦C and (circles) TPU at 90◦C.

ent temperatures. Furthermore, calculations indicated that the
time to remove all material could be predicted reliably from the
experiments on layers of uniform composition.

This result indicates that scheduling of reactor batches can
be exploited to enhance cleaning, and particularly to overcome
the relatively slow performance of TPU as a solvent for PX
compared to MEK. Rather than relying on the solvent to clean
by breaking down cohesive interactions within the layer, the
figure indicates that the adhesive failure mode with PA can be
exploited to remove swollen material attached to this layer, in
effect cleaving the fouling layer off the surface.

3.4. Pilot plant studies

The use of FDG to study individual and composite layer
cleaning behaviours and thereby rank solvents and optimiz
operating protocols is now applied to compare laboratory test
with pilot plant material. Aged pilot plant samples of PPX and
PPM were supplied by NeoResins.Fig. 9 shows the removal
profiles of PPX and PPM, respectively, using MEK (at 60◦C)
and TPU (at 90◦C). It should be noted that the initial film thick-
nesses differ even though the test plates were taken from the sam
reactor, confirming that fouling in the reactors is non-uniform.

Fig. 9(a) shows that the removal profiles for PPX in MEK and
TPU are similar to those observed for PX (e.g.Figs. 5 and 6(a)):
b s o
s
r lose

Table 2
Comparison of cleaning parameters extracted from cleaning profiles for PX
(laboratory) and pilot plant layers

Solvent Film

PX PPX PPM

MEK at 60◦C
Rate of swelling [�m/min] a a 24
Rate of dissolution [�m/min] 34 35 27
εmax 0.80 0.57 0.71
Residue depth [mm] 0 0 0.04

TPU at 90◦C
Rate of swelling [�m/min] 7.2 6.3 6.2
Rate of dissolution [�m/min] 7.7 7.5 6.3
εmax 0.39 0.25 0.42
Residue depth [mm] – – 0.05

a Swelling too rapid to measure.

agreeing to within 3%, indicating that the results obtained with
laboratory samples are directly applicable to the pilot plant mate-
rial. The rates of swelling and maximum extents of swelling
differ appreciably. Theεmax values for the pilot plant samples
are smaller, which is partly due to these parameters being cal-
culated using the initial measured wet film thicknesses since
they were supplied immersed in biocide solution; there were not
many samples available, so drying these to determine the dry
film thickness was not viewed as a priority. The initial wet film
thicknesses were estimated by extrapolating the removal pro-
files to t = 0 min. Once more, TPU proved to act more slowly
than MEK both at swelling and dissolving the films.

The removal profiles for PPM, plotted inFig. 9(b), show
the three characteristic stages mentioned previously but feature
incomplete cleaning: a residual layer of thickness 40–50�m
remained on the steel plate. These residual layers could be
readily scraped off with a fingernail or spatula, indicating that
soaking and swelling weaken the adhesive bonds of the foul-
ing layers (the original layer could not be scraped off easily).
Extended soaking in either solvent did not remove the residual
layer. Chemical analysis of the residual layer was not performed,
partly due to the limited number of pilot plant samples. The lay-
ers are too thick to be adsorbed layers, which Hinsberg et al.
[16] observed with some materials on quartz crystal microbal-
ance surfaces. From a practical standpoint, this material is then
suited to hydraulic removal using lances or spray-balls depend-
i ed to
a
w sting.
T PPM
h oid-
i r in
P

ated
i s in
s reac-
t l
p acter-
i e
t sites
oth solvents remove the layers completely. The rate
welling, dissolution andεmax are compared inTable 2. The
ates of dissolution for PX and PPX in both solvents are c
e
s

e

f

,

ng on the force required to disrupt the layer. FDG can be us
ssess the strength of such layers (e.g. Chew et al.[17]) but there
ere not enough samples available in this case for such te
he difference in cleaning behaviour between the PPX and
ighlights the role of the polymer as well as the solvent. Av

ng the formation of the differently structured surface laye
PM would be another strategy for enhancing cleaning.
The study of composite films in the laboratory was repe

n the pilot plant using PPM and PPX by generating film
uccessive batch reactions with different monomers. The
or was rinsed out between batches.Fig. 10shows the remova
rofiles obtained for these composites in TPU and the char

stic parameters are compared inTable 3. The fraction, and henc
he initial thickness, of each polymer present in the compo
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Table 3
Comparison of cleaning parameters extracted from cleaning profiles for pilot plant composite layers

MEK at 60◦C TPU at 90◦C

PPM/PPXa PPX/PPMa PPM/PPXa PPX/PPMa

Rate of swelling [�m/min] 29 27 6.1 5.9
Dissolution rate [�m/min] 31 29 7.1 7.0
εmax 0.65 0.64 0.32 0.33
Residue depth [mm] 0.12 0.05 0.13 0.04

Layer arrangements: top/bottom.
a Film.

Fig. 10. Cleaning profiles of pilot plant composite films in MEK at 60◦C and
in TPU at 90◦C: (a) PPX layer on top of PPM and (b) PPM layer on PPX.

is unknown. Also, the change in the swelling rate observed in
Fig. 8 was not discernible here because the rates of swelling
of PPX and PPM in TPU are similar, and swelling in MEK was
rapid. Thus, the location of the interface of the two different lay-
ers was not obvious. More sophisticated techniques such as las
interferometry, as reported by Hinsberg et al.[16] for nanometer
thick films, would be required to distinguish individual layers.

The thicknesses of the residual layers when the PPM laye
was deposited directly on to the metal surface were similar to
those inFig. 9(b). It is reasonable to speculate that the residues
consisted of PPM alone since PPX dissolved completely in TPU
and MEK. This postulation was supported by a simple analysis
on the TPU case outlined inAppendix A. Here, it was assumed
that the bottom layer only started to swell to maximum thickness
only after the top layer had swelled completely.

An important feature of the profiles inFig. 10(b) is the depth
of the residues obtained when PPX was the bottom layer; thes
were thicker than those remaining when PPM was the bottom

layer or when PPM was the only material present. In this case, it
is postulated that the residual layer in this case consists of a PPM
residue layer and, beneath it, swollen PPX. The PPM residual
layer formed a protective ‘membrane’ which allowed the solvent
to penetrate and swell the PPX but did not permit swollen PPX to
dissolve away. The simple analysis outlined inAppendix Asup-
ports this model but the results may not be conclusive because
of its simplicity and it contains large uncertainties in the estima-
tion of the maximum extents of swelling. Precise interpretation
would require knowledge of the spatial composition of the film,
along the lines of that described by Hinsberg et al.[16] or using
confocal microscopy. For this case, the observed behaviour is
counter-intuitive. After all, if the PPX layer is swollen, then one
might expect it to dissolve and the PPM layer thereby be washed
away—but it does not. Further investigation will be required to
elucidate this behaviour.

4. Conclusions

This paper demonstrates the usefulness of fluid dynamic
gauging in studying and quantifying the mechanisms arising
in solvent cleaning of emulsion polymerization reactors. The
thickness of the fouling layers can be monitored in situ and in
real time over a useful range of experimental parameters. Further
data such as initial swelling rates and induction periods could
b th of
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e obtained using customized apparatus, while the streng
he foulant layers could also be probed using FDG in its f
ode. The findings, in particular those from cleaning of com

te layers, provide useful guidance for solvent selection, re
peration and cleaning scheduling.

Cleaning experiments on PX, PA and the pilot plant sam
howed four types of outcomes. Firstly, no removal was obse

n sodium hydroxide and metasilicate. PX and PA swelled
fter an induction period. Stamatialis et al.[13] classified this a
on-solvent behaviour. Secondly, PX and PA swelled imm
tely on contact with MEK, followed by complete dissoluti
his behaviour was also observed for PX in TPU but at a sl
ate. The third outcome is the self-detachment of PA in TPU
ubstantial swelling. Lastly, MEK and TPU partially dissolv
he pilot plant sample (mainly PMMA), leaving an undissol
esidue. All the results showed that MEK generally wor
astest among the solvents considered.

Experiments on composite films suggested that the rem
ehaviour of such films could be predicted from the r
f swelling and dissolution of their individual layers, a
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thereby offer guidance for scheduling of batch reaction and
cleaning.

The pilot plant PX films (PPX) showed that the rates of
swelling and dissolution compared closely to laboratory PX
films. PPM left a residue which could not be removed by chemi-
cal action alone, and this tended to inhibit the removal of swollen
or dissolved material underneath it.
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Appendix A. Estimations of pilot plant behaviour

A.1. PPX on PPM

Consider the case for [PPX on PPM] in TPU at 90◦C, in
Fig. 10(a). It is reasonable to assume that PPM starts to swell only
after completion of the swelling of PPX (this observation is con-
sistent with Case II diffusion, i.e. the presence of an advancing
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A.2. PPM on PPX

The same analysis, with the assumption that both layers
swelled completely, is applied to the case for PPM on PPX
in Fig. 10(b). Here, the depth of the residue is significantly
greater than that for PPX on PPM. The postulation is that
the residue is composed of both PPM and PPX because the
undissolved PPM layer prevents PPX from dissolving. Solv-
ing Eq.(A.1) in this case yieldsx = 0.60 and 1− x = 0.40. The
maximum thickness of swollen PPM in the composite film is
(Eq.(A.2)), δmax,PPM= 0.40× 0.19 = 0.08 mm. The depth of the
residue composed of swollen PPM,δresidue,PPM, in the compos-
ite film is predicted using the ratio calculated from Eq.(A.3),

δresidue,PPM = δmax,PPM × 0.35 = 0.08× 0.35 = 0.03 mm

This value is significantly less than the observed thickness for
PPM/PPX, i.e. 0.13 mm. It is then clear that the residue also
consists of PPX either fully or partially swelled.

The predicted depth of the residue composed of PPX,
δresidue,PPX, in the composite film is,

δresidue,PPX = δresidue,composite− δresidue,PPM

⇒ δresidue,PPX = 0.13− 0.03 = 0.10 mm

The maximum thickness attainable assuming PPX swelled com-
p
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ront) and that both layers swelled completely to reach equ
ium thickness. The residual layer inFig. 10(a) is expected to b
nly PPM since the PPX layer on top would have dissolved c
letely after∼44 min. This postulate can be tested by a sim
nalysis as follows.

For the swollen composite film, letx be the volume fractio
f swollen PPX so that 1− x is the fraction of PPM. Therefor

εmax,composite= xεmax,PPX + (1 − x)εmax,PPM

0.33 = x · 0.25+ (1 − x) · 0.42
(A.1)

olving Eq.(A.1) givesx = 0.56 and 1 –x = 0.44. The maximum
hickness of swollen PPM in the composite film is therefore

wollen PPM= (1 − x)swollen composite film (A.2

iving δmax,PPM= 0.44× 0.27 = 0.12 mm. For PPM alone
PU (Fig. 9(b)), the depth of the residue,δresidue,PPM, and

he maximum thickness,δmax,PPM, are, respectively, 0.05 a
.14 mm. The ratio of these is,

δresidue,PPM

δmax,PPM
∼ 0.05

0.14
= 0.35 (A.3)

he depth of the residue,δresidue,PPM, in the composite film i
redicted using the ratio calculated from Eq.(A.3),

δresidue,PPM = δmax,PPM × 0.35

δresidue,PPM = 0.12× 0.35 = 0.04 mm

he predicted value ofδresidue,PPM∼ 0.04 mm is the same
hat observed for [PPX on PPM] in TPU at 90◦C in Fig. 10(a).
his is consistent with the assumptions that both layers sw
ompletely and that the residue was composed only of sw
PM.
-

d

letely in the composite film is

max,PPX = x × δmax,composite= 0.60× 0.19 = 0.11 mm (A.4)

his prediction forδresidue,PPX∼ 0.10 mm is marginally less tha
hat calculated when PPX was assumed to swell completel
.11 mm. This inconsistency might suggest that the top
revented the lower PPX layer from swelling fully, there
reventing it from dissolving. The discrepancy inδresidue,PPX,
owever, is marginal and may be due to the uncertainties
stimation ofεmax when calculating the fractions of PPX a
PM in the composite film. A conclusive interpretation wo

equire knowledge of the initial compositions of the films. Ho
ver, these calculations do indicate that the PPX is not unsw
t follows that TPU must have penetrated the PPM layer, so
he PPM residue itself is presumably fully swollen.

Note that this analysis is not applied to pilot plant sam
leaned in MEK because the processes in MEK were rapid
he sharp peaks in the removal profiles suggest that equilib
welling was not reached.
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