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TRACE ORGANIC ANALYSIS OF MICROENCAPSULATED MATEFRIALS

1. INTRODUCTION

1.1 Definition of the Problem and Program Goals.

Detection and identification of trace target species in
complex polymeric mixtures requires application of advanced
analytical instrumentation and methodology. In particular,
microencapsulated toxic substances present a demanding challenge
for their detection and identification in the environment. The
accomplishment of this task requires knowledge of
microencapsulation technology including the formulation and
processing of complex materials, so that analytical
characterization can be designed in a comprehensive and meaningful
manner. The initial activity on this task utilizes background
information in microencapsulation research and technology that
involves the food, agricultural, pharmaceutical, consumer product,
and biomedical industries.

The major goal of this task is the development of
analytical systems and/or methodologies to detect/identify/quanti-
tate trace organic chemical species in complex microencapsulated
mixtures. The analytical chemistry required to characterize
formulated materials has been developed over many years in context
to polymeric substances, both natural and synthetic origins. The
instrumentation and methods developed and applied have focused on
analytical pyrolysis interfaced to chromatographic and spectral
separation/detection/identification systems (l1). Trace organic
analysis involves the use of enrichment or concentration units
which are manufactured as highly autgmated systems. This
Integrated Intelligent Instrument (1) approach, outlined in Figure
1, is based on sample processing, concentration, separation,
detection/identification, and applied artificial intelligence.

The approach selected for this task emphasizes selected
analytical tools that are commercially available and used for
detection and identification of trace amounts of toxic species that
are in formulated polymeric forms, such as immobil&zed carriers or
microencapsulated materials. Development of the I~ approach
focused on two major technologies; namely, analytical pyrolysis and
supercritical fluids, with advanced data analysis and applied
artificial intelligence (Al) methods. Figure 2 outlines how
formusated (e.g. microencapsulated) materials are studied within
the I~ approach. :

Specific program objectives are outlined in the following
five statements:

1. Develop current awareness of the extensive
microencapsulation research and technology base.
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2. Provide detection and characterization of
microcapsules with their chemical/physical microstructure.

3. Establish detection and identification schemes for
signature analysis and classification of core/shell formulated
products, including thickeners, additives, and carriers.

4. Determine the quantitative amounts of microcapsule
samples (milligrams) at trace ppm, ppb levels.

S. Encode information in an applied artificial
intelligence format.

The means to accomplish these objectives include (a)
assessment of microencapsulated R&D as background for developing
analytical schemes; (b) assessment and assembly of selected
analytical instrumentation to qualitatively and quantitatively
determine component levels in complex mixtures; and (c) document
and outline the information with applied AI. Our approach is shown
schematically in Figures 3 and 4.

The long-term goal includes extension of laboratory
results from these studies to the in-field, battlefield
environment. This longer-term goal was considered in the initial
design and execution of the task. The role of highly automated, .
expert-system oriented analytical instrumentation is significant in
this regard. Specialty hardware/software designed to accomplish
the detection and identification of trace toxic materials in
complex matrices can be realistically proposed based on results
from this and allied studies. Following the current emphasis on
technology assessment and transfer methods for R&D links to
commercially significant ends, such specialty tools based on the I3
approach have significance throughout our industrial processing and
environmental fields. This contract research provides the
technical basis for the design and manufacture of a prototype
highly automated portable, modular threat analyzer to meet Army
needs.

1.2 Experimental Design.

Although there are numerous methods available to
statisticians in the conduct of experimental design for chemical
studies (2-5), the choice of a Box-Behnken design was made for
specific reasons important to the interpretation stage. The
Box-Behnken is a central composite, blocked design to randomize
experimental error. The design provides an excellent multivariate
tool for evaluation of experimental parameters. The pure
experimental error is determined, in addition to measuring how well
the variables account for the system variance (or lack of fit to
the model). A typical output is shown in Figure 5. The response
surface is determined over the instrumental range under study, so
as to detect main variables responsible for the measured response,
and importantly, any second order or quadratic interactions. Use

14
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of experimental designs are emphasized in current industrial R&D to
provide the most information in the shortest possible time, thereby
resulting in productive research. Background experience in this
area led to the specific choice of the Box-Behnken and also led to
extensions of its use for multivariate response data needed in our
studies.

1.3 Data Analysis.

The role of chemometrics has increased significantly over
the past decade (6-8) to increase the information content from data
generated by highly automated instruments. Only such reproducible,
accurate data can be handled by chemometric techniques, including
factor analysis and pattern recognition software. The mathematical
and statistical treatments common in classification or multivariate
analysis were further developed in this project to include applied
artificial intelligence. Use was made of AI shell software
packages, as well as specialty software, to develop a prototype
expert system network, EXMAT. The need for combined numeric and
symbolic computing was recognized early in our program and ideas
were presented at a Workshop held in Seattle, WA in August 198S,
sponsored by the American Association for Artificial Intelligence
and Boeing Computer Services. Extension of this approach is being
made to current developments in neural networks addressing both
hardware and software aspects in cooperation with General Research
Corporation, Mclean, Virginia.

2. MICROENCAPSULATION RESEARCH AND TECHNOLOGY BACKGROUND

2.1 General Considerations.

Microencapsulation technology has developed over the past
decade in a rapid and diverse manner throughout the food, chemical
(pesticides, consumer products, etc.) agricultural, and
pharmaceutical industries (9). Aerosol carriers, agent thickeners,
and additives are composed of varied organic substances, many of
which are polymeric in nature. Complex mixtures result when such
materials (surfactants, surface and viscosity modifiers,
emulsifiers, plasticizers, humectants, etc.) are formulated to
achieve specific performance and compatibility requirements. Wall
materials or specialty membranes and polymers may surround the
encapsulated core or serve as transport agents in novel ways (1@).
These multicomponent products are formulated to provide "tailored"
physicochemical behavior over a range of environmental stabilities,
controlled release mechanisms, and transfer/distribution means.

The advantages of providing reactive or labile species in
timed-release/encapsulated formulations are given extensively in
the agrochemical, biomedical, and pharmaceutical industries.

Fabrication techniques needed to produce such materials
are likewise varied, including microencapsulation processes; e.g.
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Wuster coating, centrifugal extrusion, vapor deposition (Parylene),
liquid walls, interfacial polymerization, phase separation, complex
coacervation (thermal, nonsolvent, interfacial), in-situ and matrix
polymerization. Many processes are commercially developed and
available for specialty applications (9).

Characterization of microcapsules thus requires detailed,
comprehensive analytical methods for microstructure, composition,
and physicochemical information. Concerted organic trace analysis
conducted in the industrial R&D sector ensures that needed
production quality and in-field applications are achieved over the
planned range of formulation, processing, and end-use conditions.
Furthermore, prediction of physical/mechanical properties for the
intended lifetime of the material requires knowledge of degradation
mechanisms and associated kinetics. Such controlled release
performance critically depends on polymeric microstructure and
compositional details of the thickeners, additives, and carriers
used in the process. Thus, instrumentation designed for analysis
of complex materials are required in our study.

2.2 CRDEC Microencapsulation Workshop, December 3-4, 1986.

Of singqular importance to the Army was the
Microencapsulation Workshop that was organized and held at CRDEC in
December, 1986. Collection of the Workshop presentations has been
published as "Macromolecules in Microencapsulation Research and
Technology," CRDEC-SP-87622, August 1987.

The purpose of the CRDEC Microencapsulation Workshop was
to encourage technology transfer among active industrial R&D,
academic and U.S. Government investigators. Emphasis was placed on
the physicochemical characterization of natural and synthetic
macromolecules used in the microencapsulation field, with the
associated synthesis, formulation, and processing aspects.
Specialty design of polymeric microstructure and
formulation/processing variables required for wide-ranging
performance was emphasized with regard to controlled release,
transport mechanisms, microporosity, and environment stability.

Over 5@ companies, 20 academic/research institutes, and 8
government agencies participated. Nearly 162 persons attended the
Workshop. Topics of research presentations included preparation,
chemical/physical modification, and characterization of specialty
polymers, surfaces, and membranes; design and monitoring of
selected diffusion, permeability, adsorption/absorption or
stabilization phenomena; and macromolecules and associated
materials used as carriers, stabilizers, or thickeners in
microemulsions and colloidal systems.

Directly relevant for Army applications is research that

involves the production, delivery, and detection of substances
encapsulated/immobilized in complex polymeric/inorganic systems.
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The analytical capabilities needed for these materials also impact
industrial manufacturers in food, chemical, agricultural,
pharmaceutical and consumer product fields, as well as forensic
sciences. Environmental and legal requirements, as well as quality
control/assurance operations require that modern analytical systems
be integrated into most corporate R&D programs.

Relevant literature in the microencapsulation field is
given in Bibliography 16.1, (page 38), including references in
microemulsions, microcapsules, polymeric/liposome delivery systems,
physicochemical research, and specialty polymer information.

3. INSTRUMENTATION BACKGROUND

3.1 General Trace Organic Analysis.

The concerted organic analysis approach has been
discussed (1l1) and developed over nearly two decades for applied
research and problem-solving in industrial R&D (1). A schematic
(Figure 6a) outlines the approach as it was presented in 1971 (12)
and updated in Figure 6(b) in 1986. Figure 7(a, b) show the
background information for sample processing and on-line analysis.
The specific advantage of our study over previous and on-going
efforts in polymer characterization is that of developing and/or’
applying new and automated instrumentation that is now available.
Analysis of synthetic and natural polymeric mixtures have
benefitted from the advantages of combined dynamic headspace
analysis (DHS) with pulse and/or programmed pyrolysis. Careful
thermal processing under controlled conditions is accomplished on
small (milligrams or micrograms) amounts of sample. For many
cases, this thermal method replaces solvent extraction or
time-consuming isolation methods. For samples that are thermally
labile, nonthermal treatment is used, and supercritical fluid (SF)
instrumentation (e.g., extraction) achieves this goal. Our general
problem~solving in materials science uses these two major
instrumental fields as outlined in Figure 6(b).

3.2 Analytical Pyrolysis Technology.

The pyrolysis instrumentation available for performing
this task is the Chemical Data Systems (CDS) Model 123 Pyroprobe,
configured with a programmable pyrolyzer interfaced to the Model
320 Sample Concentrator. For samples that may be thermally labile
and for ultra-trace analyses, the Model 33@ Sample Concentrator is
used with cryogenic enrichment and direct transfer of the trapped
volatiles (splitless mode) to the separation or identification
system (GC, FTIR, MS, etc.). The latter system, the Pyroprobe
Model 124, provides one of the most sensitive means for trace
organic analysis of complex materials. The acquisition and method
development performed as part of this task established the
significance of the pyrolysis technology to study the selected
microcapsules {(see Section 5).
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In a Dynamic Headspace (DHS) experiment, a small (mg)
sample is placed in the thermal desorber unit of the sample
concentrator and heated to the desired temperature which is below
the degradation level for the sample. Volatiles (residual
monomers, water, additives, solvents, etc.) are released from the
matrix and trapped or concentrated by means of the on-line internal
trapping system. This enrichment stage uses either solid
adsorbents and/or cryogenic means such as liquid N,. When desired,
the trapped volatiles are pulse-heated off/out of zhe trap and
delivered to the analytical system. 1In some cases, DHS may not be
needed and the pyrolyzate (from pulse or programmed treatment) is
delivered directly to the GC or analytical unit. Hence, pure
materials for reference patterns, as well as those that must be
manipulated from complex matrices are examined in an absolutely
repeatable, reliable manner in the microprocessor-controlled system
under the conditions to obtain the most useful diagnostic
information.

Furthermore, in an example of DHS combined with
pyrolysis, Figure 8 illustrates results from thermal processing of
a high molecular weight polyethylene-vinyl acetate (PE-PVA)
copolymer with He and air atmospheres, respectively. The DHS
analysis revealed low-level volatiles (ppm amounts) that were
removed from the polymer matrix in the low-temperature (120 C for 5
min) mode and the pulse pyrolysis step (7Sﬂ°C) showed the
characteristic triplets from PE, as well as the PVA fragments.

Importantly, programmed pyrolysis or "time-resolved"
pyrolysis exhibits advantages over pulse methods for detection of
microstructural details and mechanjistic information (1). 1In Figure
9, programmed pgrolysis results (1°C/min to 850°C) are compared to
pulse data (808-C/20 sec) on an NBS reference polymer, high density
PE. A major difference is seen in the fragmentation pattern which
has been used for diagnostic purposes. Development of linear,
low-density PE (LLDPE) systems provides improved processing and
performance behavior by means of incorporating small amounts of
comonomers such as butene, pentene, and octene with ethylene.
Compounding co- or terpolymers results in "tailor-made" materials
for desired ranges of performance which are illustrative of the
microencapsulation field.

Common polymers which are employed as wall materials,
carriers, thickeners, or stabilizers for microencapsulation
applications have been studied with analytical pyrolysis over the
past two decades and are discussed in reference
1, (e.g., see Chapter 5 (Synthetics) and Chapter 8 (Biopolymers)).
For natural polymers used in the food and pharmaceutical
industries, pyrolysis methodology has proved to be important.
Figure 10 (a, b) illustrates typical results from a concentrator/
capillary GC study obtained from a DHS analysis of volatiles from
two lots of a formulated product. Lot #1 (Figure 10a) shows three
major peaks that were reduced significantly in Lot #2 (Figure
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16b). Further, quantitative assays may be needed, such as
pharmaceutical products that are processed with various solvents
that must be removed to very low levels. A DHS experiment provides
the needed information on residual solvents in the part-per-million
or part-per-trillion range in this automated system (13).

Other naturally occurring materials, such as protein in
hair samples or microorganisms are studied in crime laboratories
using analytical pyrolysis (1). The need for glass-lined systems
is demonstrated in the pyrograms of human hair, raw wool,
microorganisms, silk, cellulose, and"'chitin shown in Figures 11
-(a-f). Naturally-occurring materials are often more
thermally/catalytically sensitive and require non-reactive surfaces
to ensure high reproducibility. It is thus concluded, analytical
pyrolysis technology has emerged as a powerful means to study
diverse materials over wide concentration and thermal ranges for
industrial R&D, and the materials, environmental and foremnsic
sciences.

3.3 Supercritical Fluid Technology.

In addition to using thermal methods (e.g., DHS,
pyrolysis) to assist in characterizing complex polymeric materials,
nonthermal methods may be necessary for difficult samples, such as
microcapsules with thermally sensitive core targets. The '
supercritical fluid (SF) treatments that can be used involve
extraction (SFE), desorption (SFD), reaction (SFR), and on-line SF
chromatography (SFC) or capillary GC. Background information in
this field is given in Bibliography 1@.2 (page 40).

Since supercritical fluid (SF) densities resemble liquid
densities, high solvating power can be achieved with SF, yet the
diffusivity/viscosity property of the fluids are gas-like for fast
mass-transfer behavior. Temperature influences solubilities of
solutes in ways that depend on the involved region of the
solubility diagram. The general statement may be made that “the
dissolving power of the SF is essentially proportional to its
density”. Therefore, significant changes in solvent properties are
brought about by variation in temperature and pressure.
Instrumentation with highly controlled temperature and pressure
(density) parameters was used in these analytical applications. A
beta-site arrangement with Computer Chemical Systems, Avondale, PA,
made possible the development of this technology for microcapsule
analysis at CRDEC.

For all analyses, the supercritical mobile fluid employed
was CO, (critical temp = 31°C, critical pressure = 1070 psi), since
it has“properties that permit safe use at moderate temperatures and
pressures (110¢ psi to 6000 psi). Therefore, SFE or SFD analyses
were conducted with complex materials, including consumer products,
microcapsules, charcoals, soils, etc. Samples were placed into the
extraction/desorber unit (up to ca. 400 mg of sample) and treated
under SF conditions, a typical set of conditions being 3008 psi,
186°C, 15 min with mobile fluid CO,. The effluent containing the
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solvated species is transferred automatically to the on-line
chromatographic unit for separation in packed or microbore columns.
Simultaneously, the SFE effluent is monitored by a flame ionization
detector (FID) to establish extraction profiles of the SF process.
Detectors other than those used with GC instruments may also be
on-line with the SF unit such as HPLC-type detectors, including
ultra-violet (UV), visible (VIS), or spectral systems (MS, FTIR, or
MS/MS). Exploratory research described in Section 6 (page 32)
describes activities in fiber optic monitors (FOM) for the SFE unit
throughout various spectral regions. This permits real-time,
on-line detection and identification.of SFE effluents (14 b, c¢).

4. EXPERIMENTAL DESIGN AND APPLIED ARTIFICIAL INTELLIGENCE

4.1 Experimental Design and Method Development.

Development of specific analytical methods proceeded on
the pyrolysis and SF systems, which in two cases used an
experimental design for assistance in method parameter screening,
or defining a "response surface“. The chosen design for this
purpose was a five-factor, three-level Box-Behnken program (15).
Extension was made of this well-known approach (which uses a single
response) to a multivariate response because of the unique needs of
our analytical data. The 46-run des1gn used for analytical
pyrolysis and SFE method development is shown in Figures 12 and 13.
Patterns from GC, MS, or FTIR data were the needed "responses" upon
which our interpretations were based and, therefore, the object of
our attention. Method development is designed to provide the most
information in an efficient manner, so generation of the "most
informative" pattern is the goal in this situation. To gquantitate
these patterns, an extended Box-Behnken design was developed using
a multivariate response derived from factor analysis and principle
component analysis (16).

4.2 Applied Artificial Intelligence and Expert System
Networks.

The concerted analysis of complex organic materials with
modern instrumentation involves many judgemental decisions to be
made in analytical strategy, instrumental configurations, data
analysis and interpretation (Figure 14 (12)). Computer-assisted
experimentation with microprocessor-based tools often includes
embedded intelligence in the diagnostics, data acquisition,
advanced data analysis and failsafe operations. However, need
exists for the analyst to approach problem-solving for difficult
materials such as microcapsules using the instrumental capabilities
combined with some problem-solving expertise in the strategy and
interpretive areas. An Al approach was developed that aids in the
experimental determination of chemically significant information
for these materials. A commercial shell, TIMM, (General Research
Corp., McLean, VA) was used to develop the prototype network,
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EXMAT, a linked network of expert systems for materials analysis
(17). The prototype system also included the database management
expert system, EXDBM, and the expert system for chemometrics
EXMATH. The outline is given in Figure 15 (a-f) (17). AI-based
work at CRDEC involved a test series of organic amine salts
analyzed with analytical pyrolysis/concentrator/GC-MS
instrumentation. Completion of the prototype development was shown
by the use of the AI software and by chemometric analysis software
to provide classification of the three groups of structurally
similar organic amine salts (Figure 15 (e, f)) (18).

The EXMAT prototype network was extended for application
to the microencapsulation field. This development included a
decision structure outline for microencapsulated materials
(MICROCAP) using an analytical strategy based on nine available and
functional instrumental capabilities. 1In addition to the four
major systems noted above, other analytical systems include FTIR,
high pressure liquid chromatography (HPLC), thermal analysis (DSC,
TGA, TMA), microscopy (SEM, TEM), X-ray fluorescence, and
microchemical C,H,N,O elemental determinations.

Background in sensors and art1f1c1a1 zntelllgence topics
is given in Bibliography 18.3 (page 41i).

4.3 Technical Resources: Materials, Instrumentation,
and Software.

4.3.1 Materials.

Necessary reference and control samples were obtained for
method development within each instrumental field. Bend
Corporation (Bend, OR) made available three different core
pesticides with polymer shells/walls, solvent, emulsifier and
surfactant. R.T. Dodge Corporation provided additional test
samples with gelatin and isocyanurate cores inside variously sized
polymer walls. This series is different from the Bend series not
only in the type of shell and core material, but in the relative
amounts; the former contained large amounts of target core species
(50-80% by wt.), whereas the Dodge series had smaller amounts of
different targets (2~5% by wt.). Selected test materials were used
to establish analytical ranges of detection and sample loadings
needed for the different instrumental techniques. The samples are
representative of the materials to be analyzed and wer