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TRANSPORT PHENOMENA

* “name Is from the book from 960 by Robert Bird, VWarren
Stewart and Ed Lightfoot.
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Local Pharmaceutical Release from a New Hydrogel Implant

Peter B. Petratos, M.D., Jie Chen, M.D., Diane Felsen, Ph.D.,' and Dix P. Poppas, M.D."

Center for Pediatric Urology and Laboratory for Minimal Invasive Urologic Surgery, Children’s Hospital of New York,
Weill Medical College of Cornell University, New York, New York 10021

Submitted for publication May 11, 2001; published online February 7, 2002

Background. Solid hydrogel polymers can act as res-
ervoirs for controlled drug release. The object of this
study was to quantify release kinetics for a single ex-
ample of a class of uniquely structured hydrogels. The
polymer of this study belongs to a class of permanent
implants that release pharmaceuticals by diffusion
from an entangled cross-linked matrix rather than by
absorption of the implant by the body. The cross-
linked matrix (CLM) of this study is biocompatible and
polymerized in situ, forming a solid that is mechani-
cally bonded to the implant site. It can seal tissue as
well as deliver drugs at predetermined rates. We eval-
uated dye and antibiotic egress and assessed release
kinetics and retention of antibiotic activity following

tent with a diffusion release mechanism. Antibiotic
released from the tissue sealant was shown to be po-
tent by consistent inhibition of E. coli.

Conclusion. Pharmaceutical release by a represen-
tative CLM was found to be controllable by varying
the concentration of the pharmaceutical in the acti-
vating aqueous solution. The polymerization and re-
lease mechanisms did not degrade antibiotic biologic
activity. CLMs may be a general class of biocompatible
polymers that can locally deliver clinically useful bio-
logics, the release kinetics of which are unaffected by
the variability of implant absorption/inflammation
mechanisms. © 2002 Elsevier Science (USA)

Key Words: cross-linked matrix; antibiotics; con-
trolled release; drug delivery.
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FIG. 2. Release curves for tetracycline from 6 and 20% prepoly-

mer solutions over time. Values at each time point represent percent
tetracycline release (mean = SEM).
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ARRHENIUS KINETICS

 Most (elementary) reactions follow a temperature dependence that
s called Arrhenius kinetics:

E

k:AOe RT
* In this equation, k Is the reaction rate constant, R Is the gas constant,
I'i1s absolute temperature, £, Is the activation energy and Ag Is the
"pre-exponential’’ factor

* The exponential term tells the fraction of molecules that have
enough kinetic energy to get over the reaction threshold

A, s related to the rate at which molecules can rearrange internally
and the number of collisions between molecules for unitary values
of concentrations. It Is a weak function of temperature.



REACTION RATE W/ TEMP

* You may recall the generalization that reaction rates typically
double for a change in temperature of 10K

* While this Is a generalization, it is amazingly useful. We will
explore why this is the case.



PROBABLE ORIGIN OF
STATEMENT

Table 2.6 The variation in rate of a series of reactions with a 10-K change in
temperature

Temperatare Rate Change with a 10-K

Reaction range, °C Temperature Change
CH3COOCH,CH; + Hp0 =1y CH;COOH -+ CH3CH,0H 3.6-304 2.03
CH3CH:Cl 4+ NaOH ——== H,C=CH + NaCl + H;0 23.5-43.6 2.87
CH3CHCH;Cl + NaOH ==——s CH3CH=CH + NaCl 24.5-43.6 268

HPO; + Hz0 === H,PO, 0-61 30

Soirce: Data from Van't Hoff (1884).
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Figure 2,11 The rate that crickets chirp as a function of temperature. Data for field crickeis (Gryllys
pennsyivanicus). From Helnrich (1993),
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Figure 2.10 The rate of £. colf growth as a function of temperature. [Adapted from Bailey and Oliis {1377).]



PLANT GROWTH

Table 2.7 The variation in the
respiration rate of plants with a
10° change in temperature

Wheat 247
Lilac 248
Lupine 2.46

Source: Data from Clausen (1890).
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FIGURE 1.24. Some typical Arrhenius plots for geochemical rcactions. (d) Mg tracer
diffusion data for garncts normalized to 10 kbar and £, conditions determined by the
graphite-O, buffer. (Figure and data from Chakraborty and Ganguly 1991 and

Chakraborty et al. 1992.)
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Figure 4.1.2 |

Energy versus reaction coordinate for ozone decomposition.
(a) direct reaction, (b) Cl catalyzed reaction.
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BEAC [ ING SYSTENS

A——B

rate of accumulation of moles of “A” =

rate that moles of A flow Into the system -

rate that moles of A flow out of the system

- rate at which moles of A are consumed by reaction

Vv

dn,
dt

dC,
dt

= NA,in— NA,out— l//A, reaction

= quA,in S qoutCA,out =53 rAV

V ———Volume of system
q --- volumetric flow rate
C — —— concentration moles/volume

r ——— reaction rate



IF NO IN
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%4 = —-r,V
dt ¢
dcC,
= —r
dt 5
Ara
dt

R OUTFLOW

* Or a more complicated reaction term



RATE EQUATIONS

r,=k "O order"

r, = kC, "lst order”

r, =kC,C, "2nd order"

r, =kC,C; "n+m order"

@
e C

I (Michaelis-Menton)
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REACTION PROGRESS

transition state
(activated complex)

activation
energy

final state
(products)

initial state
(reactants)

potential energy —————e-

progress of reaction =

© 2004 Encyclopadia Britannica, Inc.
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RATE EQUATIONS

r,=k "O order"

r, = kC, "lst order”

r, =kC,C, "2nd order"

r, =kC,C; "n+m order"

@
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Table 1.4.3 | Molecularity and rates of elementary steps.

REACTICHNS

Number of
reactant

Molecularity molecuies General description Example (1) Rate constant (1)
Unimolecutar 1 A — products N,O5 — NO, + NO, 1.96 X 10" exp[ —10660/T], s~
Bimolecular 2 2A — products

A + B —> products NO + NO, —2NO, 2.0 X 10", cm®/ s/ molecule (2)
Trimolecular 3 3A — products _
(rare) 2A + B — products 2NO + 0, —2NO, 3.3 X 10™% exp(530/T), cm®/s / molecule? (2)

A + B + C— products

NO + NO, + H,0 — 2HNO,

< 4.4 X 10™%, cm®/s/molecule? (2)

(1) From J. H. Seinfeld, Atmospheric Chemistry and Physics of Air Pollution, Wiley, 1986, p. 175.

(2) Concentrations are in molecules/cm®.



UNIMOLECULAR ISOMERIZATION
A-->M

Glucose isomerase is an enzyme that converts d-glucese into d-fructose:

(I?
G CH,OH
| glicose |
H— (I: —OH  isomerase le =0
HO — Cll—- H HO — (I'.‘ ==H
H ti;‘ —OH H— (IZ —OH
Hes (F —OH Has ? —OH
CH,OH CH,OH
d-glucose d-fructose

Although glucose, fructose, and sucrose are all sugars, they are not equally sweet, If su-
crose would be ranked as 100 on an arbitrary sweetness scale, then fructose would be 173
and glucose only 74. Therefore, products like Coke and Pepsi now use fructose in their
formulations. This fructose is produced from corn. Raw comn starch is “depolymerized”
and treated to yield an aqueous solution of glucose that is then converted to fructose by
the enzyme glucose isomerase. The enzyme is immobilized on a ceramic support and this
heterogeneous catalyst can provide greater than 18 tons of fructose per ton of catalyst.




EC | OF CATALTS .

Table 2,10 The change in rate of some typical reactions seen when a catalyst is added

{o the reaction mixture

Rate of
E, E,. Enhancement
Uncatalyzed, Catalyzed, Calculated at
Reaction Catalyst kcal/mol keal/mol 500 K
H; + I, — 2HI Pt 44 14 1013
2N;0 — 2N; 4+ O, Au 58 29 1043
(C2Hs),0 — 2CaH4 + H20 I 53 34 10%

Source: Table adapted from data in Bond (1987).
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ENERGY PATHWAY
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Figure 5.1.1 |

Schematic energy diagram for the oxidation of CO and a Pt catalyst. (From data presented
by G. Ertl in Catalysis: Science and Technology, J. R. Anderson and M. Boudart, Eds.,
vol. 4, Springer-Verlag, Berlin, 1983, p. 245.) Ali energies are given in kJ mol~!. For
comparison, the heavy dashed lines show a noncatalytic route.



BT ME CATALES TS

Energy

Reaction coordinate

Figure 4.2.4 | Energy versus reaction coordinate.
(a) Direct reaction, (b) enzyme catalyzed reaction.



INDUSTRIAL CATALYSTS

Table 2.9 Common Heterogeneous Catalysts

Catalyst Reaction
Platinum on alumina, nickel on Hydrogeneration/dehydrogenation
alumina
Platinum/tin on acidic alumina Reforming
Solid acids (zeolites) Hydrocarbon isomerization, cracking
Silver C2Hs + 40z — ethylene oxide
(B203)x(MO3)y CH;=CHCH; + 30, + NH; — CH,CH-CHO + H0
V205 S50, + %02 — 803

Platinum gauze 2NH;3 + 40; — N;0s5 + 3H,0
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Table 2.11 A selection of some of the rate equations for some common catalytic
reactions extracted from the compilation of Mezaki and Inoue {1991)

Reaction Catalyst Rate Equation
k1K3KqPso,Pl” — k2KsPso
803 + 302 — S03 V205 ”202 0y 3
1+K3Pg, + K4Pso, + KsPso,
P3 a P ) !—a
N2 + %Hz — NHj Fe/Al, O3 k) Py, ( 2Hz ) —ky NH%
Pig, Py,
kiPcoP%. — kP
CO + 2H; — CH;0H Cu0/Zu0/AL, 0, 17COTH, — 2 cryOH -
1 +k3Py, +ksPco + kSPCOP}h
: k1 K:K3Pu, Poony,
C2Hs + Hy — C2H Ni/Al, O
2Ha + Ho 2Hg 203 (1+K;Py, + K3Po g, P
K1Kz2Po, Pe,H,
CoHs + 10, = GHL0 Ag/AL,O 2
2H4 + 302 = CHy /AL O3 [+ KoPoPon
ki K3KiPeaP -k
CO 4+ H20 — Hy + COy Fe»03/Cr04 1K3K4PcoPr,0 — k2KsKgPh, Peo,

4NH3 + 6NO — 5Ng + 6H,0

Pt

(1 + K3Pco + KsPu,0 + KsPco, + KePi, )
k1 K2K3PnoPN,
(14 K2Pno + K3Pyji, )2

[CS



OTHER RATE EXPRESSIONS

Table 1.4.2" | Examples of rate functions of the type: r = k[T Cr

Reaction ' ~ Rate function
CH,CHO = CH, + CO k(CH,CHO)'?

C,Hg + H, = 2CH, (catalytic) k(C,Hg)* (H,) ™
SbH; = Sb + 3 H, k(SbH;)"¢

N, + 3H, = 2NH, (catalytic) K(N,)(H,)?*(NH,;)~"*

'From M. Boudart, Kinetics of Chemical Processes, Butterworth-Heinemann, 1991, p. 17.



DIFFERENT REACTOR TYPE

TaBLE 2-4  TYPICAL SPACE TIME FOR INDUSTRIAL REACTORS?

Mean Residence

Reactor Type Time Range Production Capacity
Batch 15minto 20 h Few kg/day to 100,000 tons/year
CSTR 10 min to 4 h 10 to 3,000,000 tons/year

Tubular 05stolh 30 to 5,000,000 tons/year




11IME

Typical
industrial
reaction space

times

SCALES FOR REAC TS

Table 2-5 shows space times for six industrial reactions and reactors.

TaBLE 2-5 SAMPLE INDUSTRIAL SPACE TIMES?

Pressure
Reaction Reactor Temperature  atm Space Time
(1) CgHﬁ — C7_H4 + Hz PFRI 860°C 2 ls
{2) CH,;CH,0H + HCH,COOH — o
CH,CH,COOCH, + H,0 SIS LG 1 .
(3) Catalytic cracking PBR 490°C 20 Is<t<d400s
4) CgH;CH,CH; - CH; CH=CH, + H, PBR 600°C 1 02s
5) CO + H,0 - CO, + H, PBR 300°C 26 45s
(6) C6H6 + HN03 — CSTR Sonc l 20 min

C6H5N 02 + Hgo

"The reactor is tubular but the flow may or may not be ideal plug Aow.




BINIELES | PROCESS ECONOIMIGS

* We might start with a need or desire to produce a certain mass of product per year.

* Immediately we would do a calculation on the expected revenue from such
production, $/year

* The next calculation would be cost to produce
S S ko 5
yr kg yr kg

* in this equation ris density,V Is reactor volume and k is the first order reaction
constant, “space-time” ~ k

pVk

« If k'is too small, then V will be too big for the process to be economical this is (at
least at the moment) a problem with cellulosic ethanol.

 Note that you can increase "k by increasing temperature, there is a limit because this
can cost more (unless the reaction is very exothermic) or because the molecules
decompose.



SUMMARY

* Reaction kinetics for a very wide range of reactions follow (or roughly follow) Arrhenius kinetics

 Most important biological reactions need to occur on time scales of seconds and hence have
activation energies of approximately 20 kcal/mole.

* This leads to a doubling of reaction rate in approximately |0 degrees of temperature
Increase

* While in general, reactions of common components can have arbitrary rates, industrial
processes need to be profitable, this requires reaction rates on the order of fractions of a sec
or at least not longer than minutes.

« Thus most industrially significant reactions use a catalyst which reduces the nominal
activation energy to be lower that 35-40 kcal/mole. Many typical reactions occur with an
activation energy of about 25 kcal/mole. Again, in the range of typical reaction conditions, a
|0C Increase in temperature causes something close to a doubling of reaction rate.

* Simple process economics can be determined from just knowing the reaction rate (expressed
as a first order rate constant.) If the rate is too slow, the reactor volume will be too large for
the process to be profitable.



