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ABSTRACT: In this study, thermal and microscopic analyses were used to evaluate a
variety of carbonate and bicarbonate salts (alkali, alkaline–earth, and other metals) ,
having different thermal stability within the range of poly(ethylene terephthalate)
(PET) processing temperatures, as nucleating agents for recycled bottle PET. In addi-
tion, the effects of the salts on the melt viscosity and MW of the resin after melt
processing were investigated in attempts to determine their overall relative perfor-
mance as potential nucleating agents during injection molding. It was found that among
the additives tried sodium salts are the most effective nucleating agents for recycled
PET crystallization with a concomitant relatively small reduction in molecular weight.
All other salts were less effective nucleating agents and, in some cases, caused also
significant resin degradation. Mechanisms explaining the behavior of the different salts
are proposed. With regard to processability of recycled PET in injection molding, it was
found that for certain additives temperatures below 1007C could be effectively used,
resulting in short cycles that produced crystalline products with satisfactory mechanical
properties. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 1423–1435, 1997

INTRODUCTION and the slow nuclei formation offer advantages in
the manufacture of transparent, partly crystalline
containers. However, the development of an injec-Poly(ethylene terephthalate) (PET) has a low
tion-molding-grade PET from recycled rigid con-crystallization rate compared to polymers such as

polypropylene (PP) and polyethylene (PE); ulti- tainers needs to address its slow crystallization
mate degrees of crystallinity are also low. It has at normal mold temperatures.4 The crystalliza-
been reported1,2 that the maximum radial growth tion rate can be increased by using high mold tem-
of PET crystals is 10 mm/min, a growth rate which peratures (at least 1307C) attained by oil or elec-
is, indeed, very slow when compared, as an exam- trical heating and longer mold cycles; these tech-
ple, to that of PE (5,000 mm/min). Crystallization niques present economic disadvantages5 and
kinetics of unmodified, reactor PET depend pri- often yield finished parts of low crystallinity that
marily on temperature, MW, catalyst residue, and are difficult to remove from the mold or brittle
the presence of diethylene glycol formed during products with a coarse spherulitic structure. A
industrial synthesis.3 The low crystallization rate variety of inorganic or organic substances, known

as nucleating agents, are commonly added at
small concentrations (often õ1 wt %) to produce

Correspondence to: M. Xanthos.
(a) high degrees of crystallinity and (b) a fine* Also at Polymer Processing Institute, Castle Point, Hobo-

ken, NJ 07030. spherulitic structure with concomitant improve-
† Present address: Plastics Industry Development Center, ments in mechanical properties and a faster over-Taichung Industrial Park, Taichung, Taiwan, Republic of

all rate of crystallization. Increased rates re-China.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071423-13 sulting from the higher nucleus density yield
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1424 XANTHOS, BALTZIS, AND HSU

shorter cycles with corresponding economic ad- by increasing the density of sites where PET can
nucleate.vantages.

To determine the overall crystallization rate In addition to moisture that has a plasticizing
effect,8,9 substances such as epoxidized soybeanand the activity of a nucleating agent, in addition

to microscopic examination for spherulitic size, oil, neopentyl glycol dibenzoate,10 aliphatic glycol
phthalate,11 and carbon dioxide at elevated pres-useful parameters obtained from differential ther-

mal analysis6 include sures12 have been suggested as plasticizers for
PET. Addition of plasticizers results in an in-
creased mobility of the polymer chains and a re-(a) The time needed to achieve a 50% crys-
duced glass transition temperature. As a result,tallinity at a constant crystallization tem-
the overall crystallization rate increases. Thermo-perature;
plastic polyesters crystallize in the presence of(b) The overall crystallization rate constant
high CO2 concentration (above a critical concen-(depending on growth and nucleation
tration) to a degree which is controlled by satura-rates); and
tion time and pressure, as shown in studies on(c) The temperature at which the maximum
microcellular foam formation.13,14 Crystallizationof the exothermic peak occurs when crys-
in the presence of other gases has also beentallization is achieved while cooling the
studied.15

polymer from the melt state.
The mechanism of heterogeneous nucleation is

not well understood. It is believed, though, thatMost studies on PET nucleating agents have
nucleation occurs more easily in the presence ofbeen conducted on virgin resins with relatively
foreign particles which reduce the free-energylittle information available on differences be-
barrier which needs to be overcome in order totween virgin and recycled PET (e.g., Ref. 7). Due
form nuclei having the required critical size. Into the particular type of processing, the thermal
general, the nucleating effect of an additive canand mechanical history of PET in finished con-
be qualitatively judged by the decrease in size andtainers is drastically different from that of PET
increase in number of spherulites.6in the original pellets; thus, the response of the

PET synthesis requires the presence of a cata-recycled material to nucleating agents could differ
lyst commonly based on Mn, Zn, Pb, Cd, Mg, Ca,from that of the virgin resin.
Ce, Co, Li, Na, and Sb. Catalyst remnants, whichIn this study, thermal and microscopic analy-
are impurities in the PET resin, can act as nucle-ses were used to evaluate a variety of carbonate
ating agents for PET crystallization.16 As an ex-salts (alkali, alkaline–earth, and other metals)
ample, Lawton17 demonstrated that an antimony-with different thermal stability within the range
based catalyst increases the PET crystallizationof PET processing temperatures, as nucleating
rate. This rate is also known to decrease propor-agents for recycled bottle PET. In addition, the
tionally to the concentration of diethylene gly-effects of the carbonate salts on the viscosity and
col,18 a side product from the synthesis of PET.MW of the resin after melt processing were inves-

Inorganic compounds are widely used as nucle-tigated in attempts to determine their overall rel-
ating agents for PET. A variety of inorganic oxidesative performance as potential nucleating agents
and salts, such as antimony oxide, sodium borohy-during injection molding.
dride, sodium nitrite, carbonate, phosphate, sul-
fate, silicate, and chloride salts and even talc,
have been patented as promoters of fast PET crys-

MODIFICATION OF PET CRYSTALLIZATION tallization.19–22 Various references, e.g., Ref. 23,
CHARACTERISTICS reported crystallization from the glassy state of

PET mixed with 0.2–0.3 vol % of talc, kaolin, sili-
con dioxide, or titanium dioxide. According toA wide variety of additives including plasticizers

and nucleating agents have been suggested in the Groeninckx et al.,24 talc and titanium dioxide par-
ticles of about 1 mm were the most effective nucle-patent literature as crystallization modifiers.6

They include low MW inorganic and organic sub- ating agents when used at 0.2–0.3 vol %, whereas
Dobreva et al.25 reported the high efficiency ofstances, inorganic minerals, and organic poly-

mers. The use of plasticizers increases the growth fine ZnO.
Hydroxides of aluminum, copper(II), nickel(II),rate of spherulites, while nucleating agents are

additives which induce heterogeneous nucleation indium, barium, magnesium, cobalt (II) , and lan-
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CARBONATE SALTS ON CRYSTALLIZATION KINETICS 1425

thanum were used by Aharoni26,27 as nucleating mation of the homogeneous nature of PET nucle-
ation with sodium–organic acid salts was givenagents for PET. The conclusion from these studies

was that nonalkali metal hydroxides capable of by Garcia39 who concluded that the key factors
determining the efficiency of an additive for PETreleasing water within the range of PET pro-

cessing temperatures are effective nucleating nucleation are the alkalinity of the salt, its solu-
bility and ability to disperse in PET, and, finally,agents. Aharoni argued that the increased crys-

tallization rates can be attributed to either a local- the purity and thermal stability of the additive.
Other substances that have been tried as nucle-ized severe hydrolysis or a localized supercooling

of PET in the vicinity of the hydroxide particles. ating agents for PET include some sodium-type
ionomers (high and low MW) and various poly-In either case, the effect is from the water released

from the hydroxide. In these studies, alkali metal mers.40–43 Recently, Reinsch and Rebenfeld3,44,45

demonstrated that crystallization half-times ofhydroxides were not considered, since they may
have induced severe hydrolytic degradation of the PET in composites depend on the type of fibrous

reinforcement (Kevlar, glass) and its sizing. How-polyester.
Use of nucleating agents at high concentrations ever, the degree of crystallinity is largely unaf-

fected by the crystallization temperature and themay decrease rather than increase the PET crys-
tallization rate. This was the case in a study re- presence of PET additives or reinforcing fibers.
ported by Szekely-pecsi et al.28 where high MgO
concentrations yielded a large number of hydroxo-

EXPERIMENTALcarboxylate complexes which reduced the mobility
of polyester chains. Materials

Organic salts is another large category of addi-
PET Resinstives used as nucleating agents for PET in indus-

trial applications. This category includes salts of Recycled bottle PET designated as R-PET was ob-
hydrocarbon and polymeric carboxylic acids, al- tained from the Center for Plastics Recycling Re-
kali metal salts of ethylene terephthalate oligo- search, Rutgers University (New Brunswick,
mers, alkali metal salts of benzoic acid,11,29–32 and NJ); the material was in the form of clear flakes
amine carboxylate, which has been reported to act with measured intrinsic viscosity (IV) of 0.715 g/
not only as a nucleant, but as a plasticizer as dl. Nominal composition was 99.9% PET, 0.03%
well.33 Sodium carboxylates based on pyrrole car- PE, 0.01% Al, and 0.06% others. In some experi-
boxylic acids were found to be effective nucleants ments, virgin PET designated as V-PET (Koda-
without causing reduction of the resin molecular pak 7352, Eastman) was used in the form of
weight.34

opaque pellets; nominal properties were IVÅ 0.74
Legras et al.35–37 studied the crystallization of g/dl, Mn Å 23,000, Mw Å 46,000, and crystallinity

PET in the presence of additives such as sodium o- about 50%.
chlorobenzoate, sodium p -chlorobenzoate, sodium
benzoate, sodium p -hydroxybenzoate, and diso- Carbonate Salts
dium terephthalate and suggested that a reaction Laboratory grades of the following salts were
occurs between the salt and the molten polyester. used: NaHCO3, Na2CO3, K2CO3, MgCO3, ZnCO3,
This reaction produces species having ionic end PbCO3, BaCO3, CaCO3, and SrCO3. The melting
groups which are the actual nucleating agents for points of Na2CO3, K2CO3, BaCO3, CaCO3, and
PET—more specifically, the sodium–PET salt. SrCO3 were reported46 to be well above the esti-
More soluble additives lead to an increased proba- mated maximum processing temperature of PET
bility for reaction and, thus, formation of the ac- (3007C) attained in this study, with no decomposi-
tual nucleant. Using IR spectroscopy, Dekoninck tion. The following salts were reported46 to have
et al.38 were able to confirm the suggestions of decomposition (d . ) temperatures near, slightly
chemical nucleation by using sodium o-chloroben- above, or below the 3007C mark: MgCO3 (d .
zoate and identifying chains having sodium car- 3507C), ZnCO3 (d . 3007C), PbCO3 (d . 3157C), and
boxylate ends. The authors also showed that these NaHCO3 (d . 2857C).
chains precipitate in the PET melt as ionic aggre-
gates which may act as nuclei for crystallization.

ProcessingIf a chemical reaction is involved, one should
be thinking along the lines of homogeneous rather Materials were dried under a vacuum prior to

mixing (PET at 1107C for 15 h, salts at 807C forthan heterogeneous nucleation. Further confir-
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1426 XANTHOS, BALTZIS, AND HSU

12 h). Samples used for DSC, microscopic exami- Tcc temperature at which the maximum of the
crystallization exotherm peak occurs innation, and intrinsic viscosity were prepared in a

Brabender plasticorder under a nitrogen atmo- a cooling scan
Tm temperature at which the minimum of thesphere at 2807C and 40 rpm. PET was first melted,

and after about 5 min, the additives (0.3–1% by melting endotherm peak occurs in a
heating scanwt) were introduced. Mixing continued for several

minutes to prepare samples that were pressed DTch temperature span between Tcc and Tch

into films for subsequent testing.
A Van Dorn 50 injection-molding machine was The procedure for isothermal crystallization

used to prepare specimens for melt viscosity mea- was as follows:
surements, shrinkage, and ASTM mechanical
properties from dry blends of PET and inorganic • First heating from 60 to 2807C at 207C/min;
additives. Conditions were as follows: barrel tem- keep for 5 min.
perature 260–2807C, injection pressure 1100– • Quench at 3207C/min to the desired tempera-
1350 psi, mold cooling time 10–60 s, and mold ture (between 170 and 2407C); measure area
temperature up to 907C. under the peak as a function of time and fit

data into the Avrami equation
Characterization

1 0 x (t ) Å exp[0ktn ]
Thermogravimetric Analysis

A Perkin-Elmer thermogravimetric analyzer where x (t ) is the fraction of the material
(TGA-7) was used to determine the thermal sta- which is in crystallized form at time t , also
bility of the carbonate salts under nitrogen at a known as reduced crystallinity; k , the rate
scan rate of 207C/min, from 60 to 3007C. constant containing nucleation and growth

parameters; and n , the Avrami exponent re-
lated to the mechanism of crystallization (ge-Differential Scanning Calorimetry (Isothermal,
ometry growth, nucleation mode, rate-de-Nonisothermal)
termining step).

A Perkin-Elmer DSC-2 instrument was used. All
• Quench to 1007C and heat to 2807C at 207C/measurements were conducted on predried sam-

min; determine melting temperature and en-ples under a nitrogen atmosphere to minimize the
thalpy; calculate crystallinity by dividing bypossibility of moisture regain and consequent hy-
120 J/g (DHm for 100% crystalline PET).drolytic degradation. For non-isothermal crystal-
The crystallization half-time, t1/2 , i.e., thelization studies, the samples underwent two heat-
time span between starting time and theing/cooling cycles as follows:
time needed to achieve a 50% crystallinity is
also reported.

• First heating from 60 to 2807C at 207C/min;
keep for at least 5 min to eliminate effects of
past thermal/mechanical history.

Intrinsic Viscosity Measurements• First cooling by quenching at 3207C/min to
607C (207C/min was used in some runs). A mixture of phenol (60 wt %) and 1,1,2,2 tetra-

• Second heating from 60 to 2807C at 207C/ chloroethane (40 wt %) was used as a solvent and
min. its kinematic viscosity (hs ) was measured by a

Cannon-Ubbelohde dilution viscometer (Model• Second cooling at 207C/min to 607C.
T5) at 257C. The predried polymer samples were
accurately weighed, dissolved at concentrations,The following data in 7C, usually referring to
C , up to 1 g/dl, and filtered before measuring theirfirst heating or second heating/cooling, are re-
kinematic viscosity (hp ) . The intrinsic viscosityported:
(IV; [h] ) was determined from the average of the
two intercepts by using the following standardTg glass transition temperature of polymer
equations:Tch temperature at which the maximum of the

crystallization exotherm peak occurs in
a heating scan (cold crystallization) hsp /C Å [h] / K * [h]2 C (Huggins equation)
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CARBONATE SALTS ON CRYSTALLIZATION KINETICS 1427

mal stability for the barium, calcium, and stron-
ln hr /C Å [h] 0 K 9 [h]2 C (Kraemer equation) tium salts, a substantial stability for the lead salt,

but a lower stability for all other salts. Similar
where hr Å hp /hs ; hsp Å hr 0 1. stability trends would be expected during mixing

with molten PET.
Optical Microscopy

Quenched thin films, prepared by predrying fol-
Effects of Nucleating Agents on PET Molecularlowed by compression molding, were examined for
Weight/Viscositytexture development by placing on a hot stage

mounted to a Bristoline optical microscope electri- Intrinsic Viscosity
cally heated to about 3007C at 137C/min. Subse-

Values for the intrinsic viscosity (IV) of R-PET,quently, the power supply was cut and the hot
with or without nucleating agents, are listed instage was allowed to cool down to about 2007C
Table II. Since all values are lower than that ofbefore heating started again. The cooling rate was
the unprocessed, as-received resin, % retentionfound to be about 127C/min from 300 to 2607C
values after processing are also reported. Asand 8.57C/min from 260 to 2007C. Typically, each
shown in the table, melt-processed R-PET as wellsample underwent two heating and two cooling
as R-PET containing 0.5% K2CO3, SrCO3, CaCO3,scans. The process of heating and cooling was
MgCO3, and BaCO3 have IV retention valuesmonitored under the microscope. It should be
higher than 90%. Retention values for R-PET con-added that the heating and cooling rates are com-
taining 0.5% ZnCO3 and PbCO3 are below 75%,parable to the controlled rate (207C/min) used in
whereas R-PET containing 0.5% Na2CO3 orthe DSC studies and, thus, the results from the
NaHCO3 have intermediate retention values attwo studies can be easily compared.
about 80%. In general, increasing salt concen-
tration is shown to result in lower IV retentionMelt Viscosity
values.

Melt viscosity was measured in a Kayness capil- To some extent, the reduction in intrinsic vis-
lary Rheometer at 260–2807C and shear rates cosity as a result of shear processing can be corre-
ranging from 10 to 3000 s01 on predried samples. lated with the thermal stability of the carbonate
Thus, viscosity effects could only be attributed to salts, (Table I) and their water content which
the presence of the particular nucleating agent. could lead to hydrolytic degradation and reduc-

tion in MW. The thermally stable CaCO3, SrCO3,
Mechanical Properties/Shrinkage and BaCO3 result in the highest IV retention,

whereas the least thermally stable Na2CO3 andMechanical properties were measured according
NaHCO3 result in the lower IV retention.to ASTM methods; linear shrinkage was mea-

From Table I, the weight losses of ZnCO3 andsured on injection-molded bars after annealing in
PbCO3 are low overall; however, their possiblea vacuum oven at 1307C for at least 40 h.
partial decomposition during mixing to form am-
photeric oxides appears to have catalyzed a seri-
ous molecular breakdown. This is not the case forRESULTS AND DISCUSSION
MgCO3 and K2CO3, which, in spite of their higher
weight loss (7.5–9.0% at 3007C), do not cause aThermogravimetric Analysis of Carbonate Salts
significant IV reduction during melt processing.
This may be dispersion-related, since it wasTable I summarizes the weight losses of the car-

bonate salts under nitrogen within the 60–3007C shown by microscopic examination47 that these
materials could not be easily dispersed in the mol-temperature range. Weight losses up to 1257C can

be associated with moisture; losses up to 2257C, ten polymer matrix; the resulting inhomogeneit-
ies may have led to localized activity that couldwith losses of water of hydration or partial decom-

position to CO2 and water (e.g., for NaHCO3); and have also affected uniform sampling.
It is of interest to note47 that similar trendslosses up to 3007C, with the onset of possible fur-

ther decomposition to basic oxide and CO2 were observed with V-PET (IV of 0.625): 1%
CaCO3 resulted in the highest IV after processing(MgCO3), amphoteric oxides and CO2 (ZnCO3,

PbCO3) or complete stoichiometric decomposition (0.605) or 96.8% retention; 1% Na2CO3 resulted
in an intermediate IV (0.530) or 84.8% retention;(NaHCO3). The results indicate an excellent ther-
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1428 XANTHOS, BALTZIS, AND HSU

Table I Weight Loss of Carbonate Salts by TGA, (60–3007C)

% Wt Loss at % Wt Loss at % Wt Loss at
Salt 1257C 2257C 3007C Comments

NaHCO3 0.34 29.7 35.8 Decomposition
Na2CO3 1.82 14.1 14.3 Moisture, H2O of hydration
K2CO3 0.40 8.2 8.8 Moisture, H2O of hydration
MgCO3 1.2 3.0 7.4 Moisture, H2O of hydration, decomposition

to oxide (onset)
ZnCO3 0.45 1.02 4.64 Moisture, decomposition to oxide (onset)
PbCO3 0.08 0.34 0.98 Moisture, decomposition to oxide (onset)
BaCO3 0.24 0.26 0.26 Moisture
CaCO3 0.01 0.02 0.03 Moisture
SrCO3 0.03 0.05 0.05 Moisture

(a) Those with the smallest melt viscosityand 1% PbCO3 resulted in the lowest IV (0.380)
or 60.8% retention. reduction relative to the melt-processed

PET resin (CaCO3, SrCO3, and BaCO3, see
Fig. 1).Melt Viscosity

(b) Those with an intermediate melt viscosityMelt viscosity plots as a function of shear rate of reduction relative to the melt-processedR-PET, containing 0.5% or no nucleating agents, PET resin (K2CO3, NaHCO3, and Na2CO3,are shown in Figures 1–3. In all graphs, the data see Fig. 2).for the ‘‘as-received’’ resin are shown to be some- (c) Those with the largest melt viscosity re-what higher than those of the melt-processed con- duction relative to the melt-processed PETtrol. The PET/salt compositions may be classified resin (MgCO3, ZnCO3, and PbCO3, seeinto three categories: Fig. 3).

In general, the melt viscosity data show similar
Table II Intrinsic Viscosity (IV) of R-PET with trends to those of the IV data discussed earlier;
Various Nucleating Agents

the overall melt viscosity reduction is proportional
to the % weight losses of the salts up to 3007CNucleating Agent IV (dl/g)
(Table I) . By contrast to the IV data, it appears(%, by Wt) (% Retention)
that with respect to melt viscosity K2CO3 and
MgCO3 follow also the same trends. The signifi-None; as-received resin 0.715 (100)

None; melt-processed resin 0.705 (98.6) cant melt viscosity reduction through the addition
NaHCO3 (0.5) 0.567 (79.3) of MgCO3 is noteworthy. Differences between the
Na2CO3 IV and the melt viscosity data could be attributed

(0.3) 0.687 (96.1) to the different degree of dispersion of the inor-
(0.5) 0.595 (83.2) ganic salts as a result of the different melt mixing
(1.0) 0.525 (73.4) equipment used (Brabender mixer vs. injection

K2CO3 (0.5) 0.657 (91.9)
molder); furthermore, samples used for IV wereMgCO3 (0.5) 0.650 (90.9)
exposed to only one melt processing step, whereasZnCO3 (0.5) 0.500 (69.9)
for melt viscosity samples, decomposition of saltsPbCO3
and subsequent resin degradation could continue(0.3) 0.585 (81.8)
during the viscosity measurements.(0.5) 0.445 (62.2)

(1.0) 0.390 (54.5)
BaCO3 (0.5) 0.645 (90.2) Effects of Nucleating Agents on PET Crystallization
CaCO3 Kinetics

(0.3) 0.700 (97.9)
DSC Nonisothermal Crystallization(0.5) 0.651 (91.0)

(1.0) 0.635 (88.8) Table III summarizes the information obtained
SrCO3 (0.5) 0.654 (91.5) from the nonisothermal DSC scans on quenched
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CARBONATE SALTS ON CRYSTALLIZATION KINETICS 1429

Figure 1 Melt viscosity at 2707C as a function of shear rate for recycled PET con-
taining 0.5 wt % barium, calcium, and strontium carbonate salts; comparison with
unmodified, unfilled R-PET (as-received and after melt processing).

samples during the first cooling. In general, Tch , significant reduction in MW, as shown earlier. As
shown in Table III, increasing concentrations ofwhich is mostly affected by molecular mobility,

should decrease in the direction of Tg with increas- these salts result in increased nucleation effi-
ciency. It should be noted that in our experimentsing rate of crystal growth; and Tcc , which is mostly

affected by the rate of nucleation, should increase all additives resulted in insignificant or no change
of the experimentally determined resin Tg (807C),in the direction of Tm with increasing nucleation

rate. Therefore, efficient nucleating agents would which also indicates hydrolytic stability during
the measurements. Thus, carbon dioxide-inducedbe salts that result in (a) a high value of Tcc , as

close as possible to Tm , and (b) the largest possi- crystallization that has been observed at signifi-
cantly higher concentrations and pressures in mi-ble DTch . In general, the crystallization rate

should improve with additives which increase the crocellular PET13 does not appear probable; car-
bon dioxide in our case could be the byproduct ofvalue of Tcc or lower the value of Tch .

Melt-processed resin has a crystallization rate NaHCO3 complete decomposition or possible par-
tial decomposition of the Zn, Pb, and Mg salts.higher than that of the ‘‘as-received’’ flakes, pre-

sumably due to the reduction in MW by mechani-
cal shear/degradation which results in higher mo- DSC Isothermal Crystallization
bility of the PET segments. As shown in Table
III, BaCO3, CaCO3, and SrCO3, regardless of the Table IV summarizes crystallization half-time

values of PET with and without nucleating agentsconcentration used, are ineffective nucleating
agents, resulting in little or no difference vs. the at different temperatures. t1/2 values increase

with increasing temperature or, conversely, themelt-processed resin control. All other salts are
more effective: Na2CO3 appears to be the best, inverse of t1/2 which can be taken as a crystalliza-

tion rate decreases with increasing crystallizationresulting in the highest Tcc and DTch , followed by
NaHCO3. MgCO3, ZnCO3, and PbCO3 also facili- temperature; this is because undercooling (the

driving force for crystallization) is reduced at hightate crystallization, presumably as a result of the
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1430 XANTHOS, BALTZIS, AND HSU

Figure 2 Melt viscosity at 2707C as a function of shear rate for recycled PET con-
taining 0.5 wt % potassium and sodium carbonate and sodium bicarbonate; comparison
with unmodified, unfilled R-PET (as-received and after melt processing).

crystallization temperatures. The data confirm unprocessed resin, a likely mechanism of crystal-
lization is thermal nucleation, diffusion-con-our earlier observations, i.e., that in the absence

of additives, the melt-processed resin has a higher trolled.48

crystallization rate than has the ‘‘as-received’’
flakes. At 0.5% concentration, the various addi-

Optical Microscopytives follow similar trends to those observed ear-
lier for non-isothermal crystallization. BaCO3, A summary of texture and thermal transitions

from optical microscopy studies is shown in TableCaCO3, and SrCO3 are the least effective salts,
whereas Na2CO3 is the best, and NaHCO3, the VI. From the DSC studies, it could be argued that

the higher the Tcc value the more effective is thesecond best. Compositions containing the other
salts show intermediate behavior, but are all su- nucleating agent. The analog of Tcc in microscopy

studies would be Tmcc , and, thus, this value couldperior to the melt-processed control.
Similar conclusions may be drawn from the be used as an indicator of the effectiveness of nu-

cleation. Nonetheless, Tmcc seems not to be a safeAvrami rate constants shown in Table V which
decrease with increasing crystallization tempera- indicator. For example, from Table VI, one could

erroneously conclude that 1% Na2CO3 is less effec-ture. Salts may be rated as before in terms of their
efficiency. The Avrami exponents for the Na, K, tive than is 0.3%, in contradiction to the observed

texture of patterns. In the present work, TmccMg, Zn, Pb, and Ba salts, at a given temperature
and concentration, show small differences but are could not be accurately determined, and, in actu-

ality, the recorded value was the temperatureoverall lower than those for the unmodified melt-
processed resin and the compounds containing the where crystallization was completed, especially

when the size of the crystals was very small. Thus,ineffective Ba, Ca, or Sr salts. Values of the
Avrami exponents around 3 at higher tempera- if microscopy is to be used for determining the

effectiveness of a nucleating agent, it appears thattures are indicative of heterogeneous, athermally
nucleated, spherulitic growth,3,18 whereas for the decisions should be based only on the size of the
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Figure 3 Melt viscosity at 2707C as a function of shear rate for recycled PET con-
taining 0.5 wt % magnesium, zinc, and lead carbonate salts; comparison with unmodi-
fied, unfilled R-PET (as-received and after melt processing).

observed patterns, i.e., tiny grainy vs. Maltese istics. Some results from Ref. 47 are summarized
in Table VII and discussed below:cross pattern.

The results in Table VI confirm our previous Flexural strength data indicate that at a low
mold temperature (407C), R-PET without nucle-findings, suggesting that sodium, potassium, and

magnesium salts at 0.5% concentration are effec- ating agents was equal or better than was R-PET
containing 0.5% CaCO3, but had lower strengthtive nucleating agents, whereas Ba, Ca, and Sr

salts are not. It is also suggested that both DSC than had R-PET containing 0.5% Na2CO3. R-PET
and R-PET with CaCO3 were uniformly amor-and microscopy studies should be used in order to

make safe conclusions about the effectiveness of phous, whereas R-PET with Na2CO3 had a thin
amorphous surface, but otherwise appeared uni-a substance as a nucleating agent. As an example,

the Tcc value from DSC studies indicates that formly opaque.
At a higher mold temperature (907C), samplesPbCO3 is a good nucleating agent, which contra-

dicts the findings based on fineness of texture. In with 0.5% Na2CO3 had higher flexural strength
than did those with CaCO3 or PbCO3. Improvedthis case, the fast crystallization rate determined

via DSC studies should really be attributed to the crystallinity as a result of an improved nucleation
rate in the presence of the effective sodium saltslow average molecular weight of PET due to mo-
(carbonate and bicarbonate) was also evidentlecular chain breakdown and not to the effective-
from the uniform opacity with no apparent amor-ness of the nucleating agent as a crystal-size re-
phous regions. All other salts resulted in littleducer.
(Mg, K) or no (Ca, Sr, Ba, Zn, Pb) opacity. It
should be mentioned that K2CO3 was poorly dis-
persed as coarse particles in the matrix, while inProperties of Injection-molded PET
PbCO3-containing samples, the presence of black

Molded parts were evaluated for apparent crys- dots was attributed to the salt decomposition and
tallinity, surface appearance, thermal stability, subsequent degradation of the polymer.

The dimensions of injection-molded R-PETmechanical properties, and shrinkage character-
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Table III Nonisothermal DSC Transitions of R-PET with Nucleating Agents

Nucleating Agent
(% by Wt) Tch (7C) Tcc (7C) Tm (7C) DTch (7C)

None; as-received resin 158 168 248 10
None; melt-processed resin 138 181 248 43
NaHCO3

(0.3) 134 193 249 59
(0.5) 134 194 250 60
(1.0) 130 200 249 70

Na2CO3

(0.3) 134 197 249 63
(0.5) 129 201 248 72
(1.0) 122 203 247 81

K2CO3

(0.3) 136 183 249 47
(0.5) 132 187 249 55
(1.0) 129 198 249 69

MgCO3

(0.3) 135 184 248 49
(0.5) 136 186 248 50
(1.0) 136 189 250 53

ZnCO3 (0.5) 140 192 250 52
PbCO3

(0.3) 143 186 249 43
(0.5) 141 192 248 51
(1.0) 143 197 250 54

BaCO3

(0.3) 142 180 248 38
(0.5) 135 181 249 46
(1.0) 145 180 248 35

CaCO3

(0.3) 140 181 247 41
(0.5) 144 181 248 37
(1.0) 142 181 248 39

SrCO3

(0.3) 144 181 247 37
(0.5) 142 182 247 40
(1.0) 142 181 247 39

bars containing effective nucleating agents were Additional Comments on the Role of Additives
lower than those without additives, particularly

The experimental results indicate that among theat a 907C mold temperature. Reduction in linear
studied salts sodium carbonate and sodium bicar-shrinkage data (after annealing) can also be cor-
bonate were the best nucleating agents in terms ofrelated with increased crystallinity. With the ex-
increased crystallization temperature and rates,ception of Na2CO3 and NaHCO3 nucleated R-PET,
fine crystalline microstructure, minimum reduc-all bars annealed for 40 h prior to shrinkage mea-
tion in MW, and satisfactory molding characteris-surements were observed to warp, an indication
tics. A common characteristic of both salts is theirof thermal instability. At a mold temperature of
relative high weight losses (carbon dioxide and/or407C, the shrinkage of R-PET was high and equal
water) at processing temperatures; the observedto that of R-PET containing 0.5% CaCO3; addition
MW reduction could be related to chain scissionof 0.5% Na2CO3 resulted in a much lower shrink-
from hydrolytic degradation, possibly catalyzedage. At a mold temperature of 907C, Na2CO3 re-
by sodium ions. Gilmer et al.34 suggested that ifsulted in the lowest shrinkage at 0.5% concentra-
the mechanism of chemical nucleation is applica-tion with the three salts ranked in the following

shrinkage order: Na2CO3 õ CaCO3 õ PbCO3. ble any sodium salt that is effective as a nucleat-
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Table IV Isothermal DSC Crystallization Half-time, t1/2 , of R-PET with Nucleating Agents at
Different Temperatures

Nucleating Agent t1/2 (min) at t1/2 (min) at t1/2 (min) at t1/2 (min) at
(% by Wt) 1707C 1907C 2107C 2207C

None; as-received resin 0.71 1.14 4.57 —
None; melt-processed resin — — 2.55 —
NaHCO3 (0.5%) — 0.18 0.84 2.61
Na2CO3

(0.3) — — 0.67 2.96
(0.5) — — 0.62 1.98
(1.0) — 0.15 0.57 1.87

K2CO3 (0.5) — 0.45 1.52 4.07
MgCO3 (0.5) 0.24 0.39 1.36 3.65
ZnCO3 (0.5) 0.22 0.34 1.18 2.93
PbCO3 (0.5) 0.22 0.56 1.94 5.37
BaCO3 (0.5) 0.36 0.57 2.13 5.78
CaCO3

(0.3) — 0.6 2.48 6.64
(0.5) 0.25 0.28 2.14 5.81
(1.0) — 0.56 1.88 —

SrCO3 (0.5) 0.37 0.57 2.10 5.49

ing agent for PET must cause a reduction in MW. in the resin after reaction; the resin could also
contain other polar components at small concen-By contrast to the other carbonate salts evaluated

in this study, the sodium salts are characterized trations (e.g., ethylene glycol from hydrolytic deg-
radation or residual diethylene glycol) that couldby both water solubility and, reportedly,46 a cer-

tain alcohol solubility. Solubility may be corre- enhance solubility or affect nucleation. It should
be noted that solubility or ease of dispersion oflated with enhanced dispersion/miscibility of the

carbonate salts or any resultant PET sodium salts the salts in the melt, although not investigated in

Table V Isothermal DSC Calculated Avrami Constants for Crystallization of R-PET with Nucleating
Agents at Different Temperatures

Nucleating Agent
(% by Wt) n–k at 1707C n–k at 1907C n–k at 2107C n–k at 2207C

None; as-received resin 1.8–1.266 2.3–0.516 2.4–0.018 —
None; melt-processed resin — — 3.0–0.042 —
NaHCO3 (0.5) — 2.0–21.6 2.8–1.11 3.2–0.033
Na2CO3

(0.3) — — 3.2–1.44 4.0–0.009
(0.5) — — 2.2–1.97 2.2–0.16
(1.0) — 1.6–13,87 2.3–2.602 2.5–0.005

K2CO3 (0.5) — 2.1–3.744 2.3–0.264 2.3–0.027
MgCO3 (0.5) 1.7–7.948 2.0–4.474 2.5–0.32 2.4–0.031
ZnCO3 (0.5) 1.5–6.782 1.8–4.896 2.6–0.451 2.5–0.046
PbCOc (0.5) 1.6–8.017 1.8–9.518 2.6–0.725 2.5–0.048
BaCO3 (0.5) 1.8–4.459 2.2–2.341 3.2–0.064 2.5–0.008
CaCO3

(0.3) — 2.1–2.06 3.4–0.031 3.0–0.002
(0.5) 1.9–10.348 2.2–2.212 3.4–0.053 3.2–0.002
(1.0) — 1.8–1.946 2.5–0.143 —

SrCO3 (0.5) 1.9–4.386 2.2–2.341 3.2–0.064 2.5–0.008
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Table VII Flexural Strength and Shrinkage ofthis study, should be of paramount importance
Injection-molded Samplesfor either nucleation or chain scission catalytic

reactions as shown in earlier publications.39

Flexural Strength, ShrinkageBy contrast to the sodium salts, common char-
(MPa) (%)acteristics of the barium, calcium, and strontium

salts that were shown to be totally ineffective nu- Mold temperature, 407C
cleating agents without also affecting molecular
weight are high thermal stability and insignifi- As-received resin 88.2 5.5
cant moisture losses at processing temperatures. /0.5% Na2CO3 91.3 1.8
This supports the mechanism presented earlier in /0.5% CaCO3 85.5 5.5
this article by Aharoni26,27 emphasizing the im-

Mold temperature, 907Cportance of released water in increasing the crys-
tallization rate. Although lead, zinc, and magne-

/0.5% CaCO3 95.7 1.2sium salts could be considered as effective nucle-
/0.5% PbCO3 86.2 3.3ating agents according to the criteria set in this
/0.5% Na2CO3 108 0.2study, these metals cause a significant MW reduc-

tion. Common characteristics of these salts are
intermediate moisture losses that could be re-
sponsible for hydrolytic degradation and the CONCLUSIONS
possibility of decomposition to oxides at /or near
processing temperatures; the oxides may act Crystallization kinetics of recycled PET were
catalytically in promoting further chain scission studied in the presence of Na2CO3, NaHCO3,
reactions. K2CO3, MgCO3, CaCO3, SrCO3, BaCO3, ZnCO3,

and PbCO3 as nucleating agents. Based on results
from differential scanning calorimetry, optical mi-Table VI Texture Characteristics and Thermal
croscopy, and resin hydrolytic/thermal stabilityTransitions of R-PET With and Without
studies, it is shown that among the additives triedNucleating Agents from Microscopy Studies
Na2CO3 and NaHCO3 are the most effective nucle-
ating agents for recycled PET crystallization withNucleating Agent
a concomitant relatively small reduction in molec-(% by Wt) Tmch (7C) Tmcc (7C) Tmm (7C)
ular weight. All other salts were less effective nu-

None; as-received cleating agents and, in some cases, caused sig-
resin 144 MC 222 RM 260 nificant resin degradation.

None; melt- Processability of recycled PET in injection
processed resin 138 MC 221 RM 257 molding was also investigated. It is shown that

NaHCO3 (0.5) 137 223 TG 250 temperatures below 1007C can be effectively usedNa2CO3 with short cycle times. More specifically, a mold(0.3) 135 215 MG 250
temperature of 407C was used to produce amor-(0.5) 130 220 TG 255
phous specimens, while at 907C and in the pres-(1.0) 135 217 TG 254
ence of either Na2CO3 or NaHCO3, crystallineK2CO3 (0.5) 140 219 TG 250
products with better mechanical properties thanMgCO3 (0.5) 144 233 TG 267

ZnCO3 (0.5) 134 223 RM 255 specimens containing other carbonate salts were
PbCO3 (0.5) — 223 RM 254 formed.
BaCO3 (0.5) 148 223 RM 260
CaCO3

(0.3) 141 219 MC 252
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