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In this study, a novel bi-order model combined with zero- and first-order kinetics
was proposed for the decomposition of PMMA (MW = 120,000 g/mol) in concentrated
HNOj; by microwave irradiation. To develop and validate this model, Fourier Trans-
form Infrared spectroscopy, scanning electron microscopy, fractional-life method, the
gravimetric analysis and Newton’s method were utilized. Rate constants, activation
energies, the pre-exponential factors and the weight fractions (®) via main-chain scis-
sion for the decomposition at 423-453 K were derived from this model. The zero-order
reaction was observed dominant at 423—443 K, while the first-order reaction domi-
nated at 453 K and 473 K. The digestion efficiency increased as HNOj3; was increased
to >3 mL at 423 K—443 K. At 473 K, the digestion was almost 100% when HNOj; vol-
ume was >3 mL. The estimated ® values increased with HNO3 volume at 423 and 443
K, but varied insignificantly at 453 and 473 K. © 2009 American Institute of Chemical
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Introduction

Poly(methyl methacrylate) (PMMA; Figure 1), regarded as
a sustainable resource, is a thermoplastics extensively
applied to a variety of fields, e.g., nanotechnology,l_3 micro-
electronics,* automobile industry,5 dentistry,6 network com-
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mathematical

modeling, microwave digestion,

munications,” battery engineering,*'? and articles of daily
use.'® There were ~327,000 tons of PMMA consumed in
year 2003 in Western Europe alone.'* An increase of ~3.2%
in global demand was predicted by 2008,' which will result
in a large amount of waste PMMA being generated by
the various industries. As a result, because of resource and
environmental concerns, it is imperative that waste PMMA
is recycled. An ideal way to recycle PMMA is by regenerat-
ing the monomers [methyl methacrylate (MMA)] from waste
PMMA followed by their repolymerization, especially when
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Figure 1. Molecular structure of poly(methyl meth-

acrylate).

the PMMA is mixed with additives, fillers, and dyes.'® The
MMA itself is also a chemical feedstock applied extensively
to adhesive formulations, waterborne coatings, and corrosion
casts of anatomical organs, which currently costs more than
2 USD/kg."”

The decomposition of pure PMMA and PMMA compo-
sites by pyrolysis, photochemical reaction, oxidation, high-
temperature heating, and mechanical stressing has been
intensively investigated.18_20 Compared with condensation
polymers [e.g., poly(ethylene terephthalate)], addition poly-
mers, such as PMMA, are not easily recycled to their
monomers by simple chemical methods.>' Instead, the
decomposition of PMMA by thermal degradation has been
reported to be feasible and economic for MMA feedstock
recycling as investigated re:cently.zz*26 During degradation,
the behavior of polymers depends distinctively on molecular
weight, temperature, and gas atmosphere.”’28 The decompo-
sition of polymers often requires high temperatures and pres-
sures as well as a long reaction time to take place. As a
result, microwave digestion has been used as a powerful and
versatile method over the last few decades.

Compared with conventional pyrolysis, sample digestion
by microwave irradiation has several advantages, such as
significantly reducing the time required for pretreatment,
minimizing contamination, and sample-loss, as well as pro-
viding excellent temperature control. It also provides high
decomposition efficiency and precise decomposition monitor-
ing for environmental,”’ material,>*>? and biological sam-
ples.¥2* Generally, larger amounts of digestion reagents,
longer digestion time, or higher digestion temperatures can
increase the digestion efficiency. However, the decomposi-
tion of the polymer matrix by a specific method is seldom
quantitatively evaluated. Therefore, a systematical database
of decomposition kinetics would be useful in choosing
digestion recipes.

The characterization of the digested sample is the main
difficulty in studying kinetics, particularly when the species
concentration is one of the kinetic indicators. Thus, another
suitable indicator for the digestion is required to probe the
kinetics. When digestion is complete, most of the long-
chain molecules can be converted into small volatile mole-
cules by fragmentation and removed by further heating.
Accordingly, the weight loss method is suitable to investi-
gate the kinetics of microwave digestion in a closed ves-
sel. The decomposition of PMMA occurs successively by
initial scission, depropagation reaction, and further degrada-
tion into volatile molecules.® There are at least two mech-
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anisms validated to date for the initial scission of PMMA.
In the initial scission, both the C—C main-chain (back-
bone) scissions and the side-chain (hemolytic) scissions of
the methoxycarbonyl groups are involved, however, the
former is dominant in decomposing PMMA into MMA as
the major product.'*® In addition, CO, CO,, CH;OH, CH,,
and char are produced in the elimination of the methoxy-
carbonyl side groups.>’ In most previous studies, the
decomposition of PMMA was investigated as a first order
reaction.”*>*%3% Other reaction orders that ranged from 1.0
to 1.3 were recently reported.zz’28 Furthermore, depending
on the decomposition method and conditions used, differ-
ent activation energies and Arrhenius constants were also
obtained.'*33%3° However, the decomposition behavior and
relative kinetics for PMMA by microwave digestion in
acid solution in a closed vessel was rarely examined, in
which considerable endogenous pressure also exists. Addi-
tionally, at high temperatures, the products may be differ-
ent from those at low temperatures, which may thus lead
to different prediction for the reaction kinetics. Most previ-
ous studies treated PMMA decomposition as a single order
reaction, however, noninteger reaction order may indicate
that concurrent reactions are involved. Therefore, in this
study, we aimed to provide not only an economical
method for recycling PMMA but also to investigate the
kinetics and behavior for the decomposition of PMMA
MW = 120,000 g/mol) by microwave/HNO; digestion.
The related parameters including reaction order, rate con-
stant, and activation energy were also deduced. At the
same time, the effect of the amount of HNO; on the
digestion efficiency of PMMA was explored as well in
this work.

Experimental
Reagents and equipments

Reagent-grade poly(methyl methacrylate) obtained from
Sigma-Aldrich Co. was in the form of solid powder. Its aver-
age molecular weight was 120,000 g/mol. The concentrated
HNO; (69-70%) was also reagent-grade and supplied by
Mallinckrodt Baker, Inc. An electronic balance (Model-
AT201; Mettler-Toledo, Inc., Switerland) was used to pre-
cisely measure the weight of the samples. The microwave
apparatus (MARS 5; CEM, Matthews, NC, USA) was com-
posed of a power device with a selectable output of 0-1200
W (at 2.45 GHz), a Teflon-coated cavity, a computer with
programmable settings, a turntable-rotating system for homo-
geneous heating, and a 14-position sample carousel. A
sensor (ESP-1500 Plus) was connected to the control vessel
to monitor the pressure, which was set at 2.41 x 10° Pa as
the maximum. As the pressure in the vessel exceeded the
limit, the microwave oven was automatically shut off. When
the endogenous pressure decreased, the microwave oven
rebooted. An optical fiber was used to monitor the digestion
temperature. The sample was mixed with HNO;5 and digested
at various temperatures in a 100 mL double-walled vessel
(HP-500 Plus), which comprised a Teflon PFA cover, a
chemically resistant inner shell, and an Ultem polyetherimide
outer shell. On the vessel, a cap (Autovent Plus) was used to
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Figure 2. FTIR spectra of virgin PMMA (MW = 120,000
g/mol; dissolved in CH,Cl,) (a) before and (b)
after microwave/HNO; digestion at 453 K.

vent the excessive pressure as well as to avoid the loss of
sample and volatile analytes.

Sample treatment for Fourier transform infrared
spectroscopy

After decomposition, the sample was completely dried and
formed as pellets with KBr. In the control group, pure
PMMA was directly dissolved with CH,Cl,, pipetted onto a
KBr disk, and further baked at 60°C. The digested PMMA
and the control samples were then analyzed using an Fourier
transform infrared (FTIR) spectrometer (Nicolet Avatar 320;
Madison Instruments, Inc., Wisconsin, USA) with 1 cm ! of
resolution. All films were thin enough to obey the Beer-
Lambert law in this study. The residues of PMMA digested
at 453 K were also examined.

Sample treatment for scanning electron microscopy

The digested PMMA solution was diluted 500-fold by dis-
solving 20 uL of the solution in 10 mL of HNO;. An aliquot
of 2 uL diluted solution was coated on a 0.8 cm x 0.8 cm
silicon wafer using a spin coater (KW-4A; Structure Probe,
Inc., USA). After the sample was dried at 60°C, it was
coated with gold in the coating chamber for 110 s and then
observed using a scanning electron microscope (SEM)
(JOEL-JSM-6500F). The size distribution of the PMMA was
analyzed using IRCON® software.

Determination of the efficiency on PMMA
decomposition

The gravimetric method was utilized to investigate the
effects of digestion temperature, digestion time, and HNO;
volume on the kinetics of PMMA decomposition during
microwave/HNO; digestion. The digestion efficiency (&)
described in Eq. 1 was determined by measuring the weight
difference of the entirely dried solid sample before and after
digestion. The total sample weight before digestion and the
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remaining weight after digestion were denoted with o, and
o, respectively.

E(%) = 100(w, — w;)/wy (1)

An aliquot of 0.1 g PMMA and 3 mL of concentrated
HNO; were added into the reaction vessel and digested
under various target temperatures (423, 433, 443, 453, and
473 K) at a constant heating rate to investigate the effect of
temperature on digestion efficiency. To examine the effect of
HNO; on digestion efficiency, the aforementioned proce-
dures were followed except that the amount of concentrated
HNO3; was modified to 2-7 mL.

The PMMA powder was either adhered to the inner wall of
the vessel or suspended on the surface of the HNOj solution
before digestion. When the PMMA was fully decomposed, it
was totally dissolved; otherwise, brown solid aggregates
would be observed. During microwave/HNO; digestion, the
color of PMMA powder changed from white to brown and
eventually became transparent. To estimate the amount of
solid residue, the cooled digested product was transferred to a
20 mL beaker, evaporated on a hot plate to complete dryness,
and then weighed with the electronic balance.

Results and Discussion

Figure 2 illustrates the typical FTIR spectra of the PMMA
before and after microwave/HNO; digestion. Compared with
other pyrolysis reactions,** ™ the decomposition by micro-
wave/HNOj; digestion in closed vessel was found to be able
to occur at lower temperature (10 K higher than the melting
point of PMMA). This saved more energy than the tradi-
tional decomposition methods. The absorbances for aliphatic
C—H (SP*, C=0, and —CH; groups were pronounced
before PMMA was decomposed as presented in Figure 2a.
Absorption arising from C—H stretching of the methyl
groups appeared in the region of 3200-2700 cm'. Numer-
ous saturated hydrocarbons containing methyl groups
resulted in asymmetrical and symmetrical stretching of C—H
bonding in the methyl group, which corresponded to two dis-
tinct peaks at 3000 and 2954 cm™', respectively. The peak
in the region of 1742-1720 cm™' denoted a C=0 double
bond stretching vibration of the saturated aliphatic esters.*’
The Asymmetrical bending vibration (4,;CHz) occurred near
1450 cm™', while the symmetrical bending vibration
(0,CH3) appeared near 1387 cm™

After microwave digestion (453 K) took place with
HNO;, the broad band of OHgyeen in the carboxylic acid
group arose in the 3610-3200 em ™! (vop) region as shown
in Figure 2b. This suggested that the PMMA polymer
became hydrophilic after hydrolysis during digestion. More-
over, the absorption of the carbonyl group (ve—o; stretching
of carboxylic acid group) near 1730-1784 cm™' became
broadened. This was due to the formation of OH groups by
acid hydrolysis. Several broadened peaks which appeared in
the 900—1500 cm ™' region after digestion denoted the peaks
of PMMA branches. This indicated that the dominant
products were volatile monomers accompanied with several
low-molecular-weight molecules. Compounds with carbonyl
groups (e.g., formaldehyde, acetone, and methyl pyruvate)
may arise by the oxidation of MMA during PMMA
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Table 1. Average Particle Size of PMMA (MW = 120,000 g/
mol) after Microwave Digestion at Various Temperatures

Mean + SD* (nm)

Digestion temperature (K)

Control group’ 33.40 + 14.84
443 26.70 + 10.94
453 19.02 + 7.31
463 1273 + 6.73
473 9.65 4+ 2.70

*Standard deviation of the particle size.
"The acid was removed before baking for sample pretreatment.

decomposition at high temperature.>** Hydrophilic com-
pounds with carboxylic acid groups may also be obtained by
acid hydrolysis of transition products during digestion. Fur-
thermore, according to the absorption of C=O and OH
groups in the FTIR spectra and the results of our previous
study using GC-MS analysis,45 HCOOH was produced dur-
ing PMMA decomposition. However, it was arduous to iden-
tify whether the fragmented functional groups in the decom-
position originated from PMMA or MMA.

The particle size of PMMA revealed a Gaussian distribu-
tion and varied with the digestion temperature (Table 1). In
the range of 423-473 K, the PMMA particle size declined
with increasing temperature, which also expanded the sur-
face area of the materials. In addition, the relative standard
deviation is useful in estimating particle size dispersity of
the decomposed products after microwave digestion. Accord-
ing to the standard deviations, the range of size distribution
narrowed with increasing temperature. Furthermore, the
uncertainty in the mean particle size decreased as the diges-
tion temperature increased. The decomposition was generally
in agreement with the process of depolymerization, in which
small molecule products such as monomers and radicals
were produced.44

Figure 3 reveals the effect of digestion temperature on the
digestion efficiency for PMMA by microwave/HNO; diges-
tion. When the temperature increased, the pressure endoge-

100 3.0
—a—MWW=120,000 g/mol

- -+ - Endogenous pressure (MPa) 125

|

8

Digestion efficiency (%)
P
Endogenous pressure (MPa)

b=

423 433 443 453 463 473
Temperature (K)

Figure 3. Variation of digestion efficiency with temper-
ature and endogenous pressure.
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Figure 4. Variation of digestion efficiency as a function
of digestion time with different digestion tem-
peratures in 3 mL of nitric acid.

nously generated in the closed vessel also dependently
increased. The endogenous pressure resulted primarily from
the evaporation of HNOj and partly from volatile products
(e.g., MMA, H,0, CO, CO,, and trace of volatile organic
compounds). The average translational kinetic energy of the
volatile molecules also increased with temperature, which
further enhanced the endogenous pressure. This was in
agreement with the kinetic-molecular theory of gases*® and
the van de Waals equation.’ No apparent effect was
observed on the digestion efficiency for PMMA at 423 K.

Figure 4a illustrates the variation of digestion efficiency
with digestion time at various digestion temperatures. At the
same temperature, the digestion efficiency for PMMA
increased with digestion time. Furthermore, at the same
digestion time, the digestion efficiency also increased with
digestion temperature. These results indicated that the
decomposition of PMMA by microwave/HNO; digestion
was a time-dependent reaction. The remaining weight of
PMMA varied apparently with digestion time at various
heating temperatures as shown in Figure 4b. At the lowest
digestion temperature (423 K), the weight loss rates of
PMMA appeared to proceed following zero-order kinetics.
The coefficient of determination (R2) of the results obtained
by linear regression was 0.916. When the digestion tempera-
ture increased to 433 K, the reaction started to diverge from
the zero-order kinetics because the coefficient of determina-
tion (R?) of the linear regression line was only 0.848.

As the digestion temperature increased to 443 K, most of
the weight loss of PMMA intensively occurred rapidly
within 10 min, after which its speed slowly declined. To
obtain a preliminary estimate of the reaction order, the frac-
tional-life (t) method*® was utilized. By plotting logt versus
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Table 2. Kinetic and Statistical Parameters for PMMA
Decomposition in 3 mL of Concentrated HNQO; Using
Microwave Irradiation

Digestion Mass fraction, Rate constant, Rate constant,
temperature (K) D (g/g) ko (g/min) k; (min~ ")
453 0.63 115 x 1073 1.00
443 0.30 1.10 x 1073 0.560
433 0.15 1.08 x 1073 0.250
423 50x107°? 9.90 x 107* 0.102

original weight in a logarithm scale, the reaction order at
this temperature was determined from the slope of the linear
regression line. The reaction order was 2.57 (R2 = 0.982),
which was estimated by defining the fractional life as the
time period needed for the original weight of PMMA to
decrease to 85%. This suggested that the order of reaction
was probably not an integer and the decomposition should
involve two simultaneous reactions with different orders.*

At a higher temperature, 453 K, the remaining weight of
PMMA dropped rapidly within 5 min. Using fractional-life
method and defining the fractional life as the time period for
the original weight of PMMA to decrease to 85%, the reac-
tion order was determined to be 2.15 with R = 0.997. This
indicated that the reaction probably proceeded with two con-
current mechanisms with different reaction orders, and the
estimated order (2.15) should be a pseudo order.*® Further-
more, according to the results of FTIR and SEM characteri-
zation for the digested compounds of PMMA as well as the
digested products reported in literature,>”*** the decompo-
sition of PMMA should involve side-chain and main-chain
scissions. In the side-chain scissions, free radicals such as
-CHj3, -OCH; and -COOCHj; were possibly generated first,?
which were further decomposed into small volatile mole-
cules (e.g., CO, CO,, CH4 and CH30H). On the other hand,
the MMA monomers were produced via the main-chain scis-
sions. Consequently, the decomposition of PMMA was pro-
posed as a bi-order reaction involving main-chain and side-
chain scissions. The reaction rate () was then developed, as
shown in Eq. 2, to achieve a better fit for the decomposition
of PMMA:

dw ¢
W/:—E:VO'FVl:kOwl—i—klwy 2

where @ and ¢ respectively denoted the weight of PMMA and
the digestion time, respectively. Moreover, 7, and 7y,
symbolized the rates of PMMA decomposition for side-chain
and main-chain scissions, while ky and k; denoted the rate
constants for the two types of scissions, respectively. The
superscript letters, x and y, were integers, which represented
the reaction order for side-chain and main-chain scissions,
respectively. In the main-chain scission, the dominant products
were mainly MMA monomers, and its kinetics was generally
considered as a first-order reaction.>>>%3° On the other hand,
the side-chain scission (e.g., homolytic scission of methox-
ycarbonyl side groups) produced low-molecular-weight com-
pounds, which was usually regarded as a zero-order
reaction."*>! Accordingly, a combination of zero- and first-
order kinetics was hypothesized for the decomposition of
PMMA by microwave irradiation in a fixed amount of HNO;
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(3 mL). The orders, x and y, in Eq. 2 were then replaced by 0
and 1 respectively to obtain Eq. 3.

(03]
=7+ 71 =k + ko 3)

V:—E

Furthermore, the relationship between the remaining
weight (wg, ;) and the initial weight (wq;, ®;;) of PMMA
via side-chain and main-chain scissions during digestion
were depicted in Eqs. 4 and 5, respectively.

wy = wo; — kot 4

W = my; exp(—k;1) )

As the total weight of virgin PMMA (w,) was fixed (0.1
g) in the close digestion vessel, the @ fraction of virgin
PMMA was considered to decompose via the main-chain
scission [i.e., wy; = ®w,] and the remaining fraction (1—®)
was decomposed by the side-chain scission [i.e. wy =
(1—®)w,]. The relationship between the remaining weight of
PMMA (w,) and the digestion time was thus described by
Egs. 6 and 7, where the factors @, ko and k; were >(.?

Wy = Wy + W

=[(1 = ®) - v — kot] + @ - o exp(—ki1) ©

r k
(%) = 100% —100 [(1 - @) —wif 4@ exp(—kif)
(7

The Newton’s method is often used to solve nonlinear
equations by iterative approximation to minimize the square
sum of deviations between experimental and modeled data.
To obtain the values of @, ky and k; at different tempera-
tures, the Newton’s method was utilized to fit the modeled
values governed by Eq. 7 to the experimental data. By intro-
ducing the values of @, &k, and k; listed in Table 2 into Eq.
7, the relationship between the experimental and the mod-
eled results at various temperatures were obtained as shown
in Figure 5. According to the coefficients of determination
(0.904-0.991), the proposed model fitted very well to the ex-
perimental data. The R* value (0.904) derived from the
model fitting (the zero- and first-order combined kinetics) at
423 K was very similar to that of the simple zero-order
kinetics (R* = 0.904). Nevertheless, the fitting at 433 K by
this model was much better (R* = 0.970) than that by simple
zero-order kinetics (R2 = 0.518). Furthermore, according to
the @ values (Table 2), the first-order reaction (® = 0.63)
dominated at the higher temperatures (453 K and 473 K),
while the zero-order reaction (® < 0.15) dominated at the
lower temperature (423-443 K). This conformed to the
results exhibited in Figure 4. Orders other than the zero and
the first were also introduced to replace x and y in Eq. 2 to
carry out similar fittings. However, poor R* values were
obtained, which invalidated the derived models.

To estimate the activation energy (E,) of the decomposi-
tion (the required threshold energy to induce decomposition
by a collision), the Arrhenius equation [Eq. 8]>° was utilized.
The k; (i = 0 or 1) and A denoted the rate constant and pre-
exponential factor respectively, which corresponded to the
frequency of collisions or the entropy.”* Here, A was temper-
ature-dependent but not strictly a constant®”; R symbolized

August 2009 Vol. 55, No. 8 AIChE Journal
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Figure 5. (A-H) Consistency between the experimental
and the modeled values of the remaining
weight of PMMA after microwave digestion
with 3 mL of HNO; at the tested tem-
peratures.

the universal gas constant (8.314 J/mole/K). In Eq. 8, the A
and E, factors were regarded as independent of temperature
[T (in Kelvin)] when E, > RT.

ki(T) = Aexp (;’;) ®)

By taking natural logarithms of both sides, this equation
was manipulated into a linear form as illustrated in Eq. 9.

E, (1
Inki(T) =InA R <T> )

A reasonably straight line was obtained by plotting the
rate constant in natural logarithm (Ink;) against the reciprocal
temperature (1/7). According to Eq. 9, the slope corre-
sponded to —E,/R, while the intercept with the vertical axis
at 1/T = 0 was In A. The rate constants of the zero- and
first-order reactions were then introduced into Eq. 9 to deter-
mine the activation energy. The obtained slopes (—E./R) of
the two regression lines were —899.87 and —14691 with R?
values of 0.931 and 0.995, respectively. Thus, the activation

AIChE Journal August 2009 Vol. 55, No. 8

energies for the zero- and first-order reactions were further
estimated as 7.49 and 122 kJ/mole, and the A factors were
8.50 x 10~ g/min and 3.80 x 10" min~', respectively.
However, the E,/RT ratios were 1.98-2.12 and 32.4-34.7,
respectively, for the zero- and first-order reactions, which
conflicted with the requirement of E, > RT for the tempera-
ture-independent assumption of E, and A. To follow the gen-
eral definition of E, for any rate process applicable whether
or not E, depended on T,°° Eq. 10 was developed by modi-
fying Eq. 8.

,dInk

E, =RT
d dr

10)

From the diagram of Ink versus 1/7, as shown in Figure 6,
a good linearity existed and thus the slope, dInk/dT, was
identical to the value of Alnk/AT as a constant. Furthermore,
respective activation energies (E, and E;) of the zero-order
and first-order reactions were then calculated from the slopes
of the linear regression lines, as listed in Table 3. In addi-
tion, the A factors (Ay and A; respectively for the zero- and
first-order reactions; Table 3) were estimated respectively
from the intercept in Eq. 10. The activation energies were
6.98-8.01 kJ/mol (mean value = 7.49 kJ/mol) for the zero-
order reactions, while those for the first-order reactions were
114-130 kJ/mol (mean value = 122 kJ/mol). Since the acti-
vation energy for the first-order reaction was about an order
higher than that for the zero-order reaction, the former was
suggested to be more susceptible to temperature variation,
according to Eq. 10. The A factors for the zero- and first-
order reactions were estimated to be 7.23 x 10°—9.67 x
102 g/min and 1.15 x 10°—1.12 x 10" min~"', respec-
tively. As illustrated in Figure 6, the rate constants of weight
loss for the first-order reaction apparently depended on the
digestion temperature, while those for the zero-order reaction
showed less dependence on the temperature. The increase of

1.0
g | y =-14691x + 32.501
R =0.995
1.0
=0 + Zero- order
E 3.0 1 . First- order
x 40
£
&0 1 y =-899.87x - 4.7764
6.0 - R =0.931
70 - e
8.0 ; . ; ;

0.0020 0.0021 0.0022 0.0023

AT (1K)

0.0024 0.0025

Figure 6. Relationships between the digestion temper-
ature and the rate constants for PMMA
decomposition via the zero- and first-order

kinetics during microwave/HNO; (3 mL)
digestion.
Published on behalf of the AIChE DOI 10.1002/aic 2155



Table 3. Activation Energies and the Pre-Exponential
Factors at Various Temperatures for PMMA Decomposition
in 3 mL of Concentrated HNO; Using Microwave

Irradiation
Digestion Eo* E,f Ayt Al
temperature (K) (kJ/mol) (kJ/mol) (g/min) (min™ Y
453 8.01 130 9.67 x 107 1.12 x 10"
443 7.66 125 8.82 x 1073 2.93 x 10"
433 7.32 119 827 x 107 6.08 x 10"
423 6.98 114 723 x 1073 1.15 x 10"

*Activation energy for the zero-order reaction.
" Activation energy for the first-order reaction.
*Pre-exponential factor for the zero-order reaction.
SPre-exponential factor for the first-order reaction.

reaction order with the temperature was ascribed to the
increase of effective collisions (i.e., collisions whose energy
exceeded the activation energy), vibrational energy of
PMMA, and the multiplication of reacting surface area due
to the fragmentation of PMMA.

Figure 7 illustrates the effect of HNO3 volume on PMMA
decomposition with 5 min of digestion time. At 423 and 443
K, the remaining weight of PMMA declined with increasing
HNOj; volume. The HNOj3 apparently enhanced the digestion
efficiency as the added volume was increased to more than 3
mL. The increase of digestion efficiency was attributed to
the increase of oxidizing potential of HNO;. As the volume
of HNO;s; was increased to more than 3 mL at 473 K, the
digestion efficiency for PMMA increased to almost 100%.
At this temperature, the effect of HNO; volume on digestion
efficiency became insignificant when the HNOj volume was
more than 5 mL.

As the rate constants in this work depended only on
temperature, the effect of HNOj3; volume should be corre-
sponding to the fraction (®) of PMMA decomposed by the
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Figure 7. Variation of remaining weight of PMMA with
the HNO3; volume at digestion temperatures
of 423 K, 443 K, 453 K, and 473 K.
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Table 4. Predicted ® Values at Various HNO3; Volumes and
Digestion Temperatures with 5 min of Digestion Time

Digestion HNO; (mL)

temperature
(K) 2 3 5 7
423 5.00 x 107 5.00 x 107 8.00 x 1072 1.30 x 107"
443 1.50 x 107" 3.00 x 107" 450 x 107" 5.00 x 107"
453 625 x 107" 630 x 107" 670 x 107" 7.50 x 107!
473 8.90 x 107" 9.10 x 107" 9.26 x 107" 9.26 x 10"

main-chain scission, as shown in Eq. 7. By introducing the
digestion time (i.e., t = 5), the digestion efficiencies and the
rate constants at different temperatures into Eq. 7, the ® val-
ues were determined (Table 4) using Newton’s method. The
® values increased with HNOsz volume at 423 and 443 K,
but the values varied insignificantly at 453 and 473 K, as
illustrated in Figure 8.

Conclusions

The results of this study provided a new method for recy-
cling PMMA (120,000 g/mol) economically as well as pro-
posed a bi-order kinetic model for the decomposition of
PMMA by microwave/HNOj; digestion. Based on the experi-
mental results and the proposed model, the following find-
ings were established from this study. The PMMA polymer
became hydrophilic due to hydrolysis after digestion by
microwave irradiation in concentrated HNOj solution. The
dominant products were volatile monomers, such as MMA
and hydrophilic compounds with —COOH groups. As the
digestion temperature increased, the surface area of the
PMMA material enlarged while its particle size decreased
and the size distribution narrowed. The PMMA decomposi-
tion was proposed and validated following a bi-order kinetics
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Figure 8. Predicted ® values for PMMA decomposition
by microwave digestion with 2-7 mL of HNO3
at different tested temperatures.

August 2009 Vol. 55, No. 8 AIChE Journal



model, which combined the main-chain scissions via first-
order kinetics with the side-chain scissions via zero-order
kinetics. The kinetic model was well fitted to experimental
data for the remaining weight of PMMA after microwave/
HNO; digestion under the tested temperatures. The first-
order reaction dominated at high temperatures (453 K and
473 K), while the zero-order reaction dominated at the lower
temperature range (423—443 K). Moreover, the digestion effi-
ciency for PMMA was obviously enhanced at lower temper-
ature (423 and 443 K) and increased to almost 100% at 473
K when HNO;3; volume was more than 3 mL, which was
ascribed to the oxidizing potential increase of HNOj. The @
values also increased with HNO5; volume at 423 and 443 K.
However, at 453 and 473 K, the variation of ® values was
insignificant.
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