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Standard Method for
Estimating Kinetic Parameters by Differential Scanning

Calorimeter Using the Borchardt and Daniels Method ~ *!

This standard is issued under the fixed designation E 2041; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope E 537 Test Method for Assessing the Thermal Stability of

1.1 This test method describes the determination of the Chemicals by Methods of Differential Thermal Analysis
kinetic parameters of activation energy, Arrhenius pre- E 698 Test Method for Ar(henlus Kinetic Constants for
exponential factor, and reaction order using the Borchardt and _Thermally Unstable Materiats o . _
Daniel$ treatment of data obtained by differential scanning E 967 Practice for Temperature Calibration of Differential
calorimetry. This test method is applicable to the temperature Scanning Calorimeters and Differential Thermal Analyz-
range from 170 to ers _ o _ _
870 K (100 to 600°C). E 968 Practice f_or Heat Flow Calibration of Differential

1.2 This treatment is applicable only to smooth exothermic _Scanning Calorimete?s .
reactions with no shoulders, discontinuous changes, or shifts in E 1142 Terminology Relating to Thermophysical Proper-
baseline. It is applicable only to reactions with reaction order ties’ . . )

n = 2. It is not applicable to autocatalyzed reactions and, E 1145 Terminology Relating to Hazardous Properties of
therefore, is not applicable to the determination of kinetic _Chemicals . o

parameters for most thermoset curing reactions or to crystalli- E 1641 Test Method for Decomposition Kinetics by Ther-
zation reactions. mogravimetry o _

1.3 Electronic instrumentation or automated data analysis E 1970 Practice for Statistical Treatment of Thermoanalyti-
systems or treatments equivalent to this test method may be cal Dat&
used. 2.2 1SO Standards:

ISO 11357 Part 5: Determination of Temperature and/or
Note 1—The user is advised that all electronic data treatment may not Time of Reaction and Reaction Kinetfcs

be equivalent. It is the responsibility of the user of such electronic data
treatment to verify applicability to this test method. 3. Terminology

1.4 Sl values are the standard. 3.1 Definitions—Specific technical terms used in this test

1.5 This test method is similar, but not equivalent to, ISOmethod are defined in Terminologies E 473, E 1142 and
Method 11357, Part 5, which contains provisions for additionalg 1445,

information not supplied by this test method.
1.6 This standard does not purport to address all of the4. Summary of Test Method

safety concerns, if any, associated with its use. It is the 4.1 Atest specimen is heated at a linear rate in a differential
responsibility of the user of this standard to establish approscanning calorimeter or other suitable calorimeter through a
priate safety and health practices and determine the applicaregion of exothermic reaction behavior. The rate of heat
bility of regulatory limitations prior to use. evolution, developed by a chemical reaction, is proportional to
the rate of reaction. Integration of the heat flow as a function of
time yields the total heat of a reaction.
2.1 ASTM Standards: _ 4.2 The Borchardt and Daniélslata treatment is used to
E 473 Terminology Relating to Thermal Analysis derive the kinetic parameters of activation energy, Arrhenius
pre-exponential factor, and reaction order from the heat flow
L . S A and total heat of reaction information obtained in 4.1 (see
This test method is under the jurisdiction of ASTM Committee E37 on Thermal .
Measurements and the direct responsibility of Subcommittee E37.01 on Tes$eCt|0n 5)'
Methods and Recommended Practices.
Current edition approved Oct. 1, 2003. Published November 2003. Originallyap-
proved in 1999. Last previous edition approved in 2001 as E 2041 — 01.

2Borchardt, H.J., Daniels, FJ, Amer. Chem. Sod/l 79, pp.41-46 (1957). 4 Available from American National Standards Institute, 11 W. 42nd St., 13th
2 Annual Book of ASTM Standardgol 14.02. Floor, New York, NY 10036.

2. Referenced Documents

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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5. Basis of Methodology 6. Significance and Use

5.1 Kinetic reactions may be modeled with a number of 6.1 This test method is useful in research and development.,
suitable equat|0ns. The Borchardt and Daﬁ|mth0d makes 6.2 The determination of the appropriate model for a chemi-

use of the general rate equation to describe the dependence @i reaction or transformation and the values associated with its

the rate of reaction on the amount of material present. kinetic parameters may be used in the estimation of reaction
da/dt = K(T) (1— o)" @) performance at temperatures or time conditions not easily
tested. This use, however, is not described in this test method.
where:
da/dt = reaction rate (mimnt) 7. Interferences
o = fraction reacted (dimensionless), S
k(T) = rate constant at temperatufemin™2), and 7.1 Because of its simplicity and ease of use, the Borchardt
n = reaction order (dimensionless) am_j ngels methpd is often the method of ch_0|ce for charac-
5.2 For a reaction conducted at temperatufg the rate terization of the kln.etIC parameters of a reaction system. The
equation of Eq 1, may be cast in its logarithmic form: Bprchardt and Dame;ls method_, like all tools used to evaluate
In[dadd] — In(k(T)] + n In[L — o @ kinetic parameters, is not applicable to all cases. The user of
this test method is expressly advised to use this test method and
This equation has the form of a straight lines mx + b,  jts results with caution.
where a plot of the logarithm of the reaction rate[do/dt]) 7.2 Tabulated below are some guidelines for the use of the

versus the logarithm of the fraction remainiingl — o] yields  gqrchardt and Daniels method.
astralght line, the slope of which is equaltand the intercept 7.2.1 The approach is applicable only to exothermic reac-
is equal toln[k(T)). tions
5.3 The Borchardt and Daniels model also makes use of the™
Arrhenius equation to describe how the reaction rate changesNote 2—Endothermic reactions are controlled by the kinetics of the

as a function of temperature: heat transfer of the apparatus and not by the kinetics of the reaction.

K(T) = z e®RT (3) 7.2.2 The reaction under investigation must have a constant
mechanism throughout the whole reaction process. In practice,

where: ) ) B this means that the reaction exotherm upon heating must be

Z = Arrhenius pre-exponential factor (mi), smooth, well shaped (as in Fig. 1) with no shoulders, multiple

E = Activation energy (J mof), peaks or discontinuous steps.

T = Absolute temperature (K), and . , .

R = Gas constant (= 8.314 J mbIK™). 7.2.3 The reaction must lmeh order. Confirmation of anth

sorder reaction may be made by an isothermal experiment such
as that described in Appendix X1.

7.2.4 Typical reactions which are nath order and to which

Infk(D] = In[Z] = &/RT ) Borchardt and Daniels kinetic may not be applied for predic-

The equation has the form of a straight linez mx+ b,  tive purposes include many thermoset curing reactions and

(wherey = In[k(T)], m= E/R x =1/T and b= In[Z]) where  crystallization transformations.
a plot of the logarithm of the reaction rate constadnfK(T)]) 7.2.5 Thenth order kinetic reactions anticipate that the
versus the reciprocal of absolute temperatlffe) produces a yalue ofn will be small, non-zero integers, such as 1 or 2.
straight line, the slope of which is equal t&ER and the  values ofn greater than 2 or which are not simple fractions,
intercept of which idn[Z]. such as/2 = 0.5, are highly unlikely and shall be viewed with

5.5 As an alternate to Eq 2 and 4, the rate and Arrheniuggytion.

equations may be combined and cast in its logarithmic form: 7 5 5 The Borchardt and Daniels method assumes tempera-
In[de/df] = In[Z] + nIn[1 — o] — E/RT (5) ture equilibrium throughout the whole test specimen. This

The resultant equation has the fomw a + bx + cy (where ~ Means that low heating rates, (that is, < 10 K/min), small
z=In[de/df], IN[Z] =&, b=n,x=In[1 - o], c = E/R and  SPecimen sizes (< 5 mg) and highly conductive sealed speci-
y = I/T) and may be solved using multiple linear regressionMen containers, for example, aluminum, gold, platinum, etc.,
data treatment. should be used.

5.6 The values foda/dt, (1 — ) and T needed to solve Eq 7.3 Since milligram quantities of specimen are used, it is
2, Eq 4 and Eq 5, are experimental parameters obtained fro@ssential that the specimen be homogeneous and representative
a single linear heating rate DSC experiment scanning throughf the test sample from which they are taken.
the temperature region of the reaction exotherm as shown in 7.4 Toxic or corrosive effluents, or both, may be released

5.4 The Arrhenius equation Eq 3 also may be cast in it
logarithmic form:

Fig. 1. when heating the test specimen and may be harmful to
5.7 Kinetic results obtained by this test method may bepersonnel or to the apparatus. Operating with a venting or
compared with those obtained by E 698. exhaust system is recommended.
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FIG. 1 Idealized DSC Curve
8. Apparatus 8.2 Containers(pans, crucibles, vials, etc.), that are inert to

8.1 Differential Scanning Calorimeter (DSE)The instru-  the specimen and reference materials, and which are of suitable

mentation required to provide the minimum differential scan-Structural shape and integrity to contain the specimen and
ning calorimetric capability for this method includes the "eference in accordance with the specific requirements of this

following: test method.
8.1.1 DSC Test Chambecomposed of the following: 8.3 While not required, the user will find useful calculator or
8.1.1.1 Furnace(s) to provide uniform controlled heating of cOomputer and data analysis software to perform the necessary

constant rate within the applicable temperature range of thif1€nts required by this test method. .
test method. 8.4 Balance—to weigh specimens, or containers, or both, to

8.1.1.2 Temperature Sensoto provide an indication of the * 10 ug with a capacity of at least 100 mg.
specimen/furnace temperature+00.01 K. 9. Calibration

8.1.1.3 Differential Sensarto detect heat flow difference I
9 9.1 Perform any calibration procedures recommended by

between the specimen and reference equivalent to 1 pW. ! . :
8.1.1.4 A means of sustaining a test chamber environmerff!® @Pparatus manufacturer in the instrument operator's

of purge gas at a rate of 10 to 50 mL/min. manual. . .
purge g 9.2 Calibrate the DSC temperature signal over the range of

Note 3—Typically, 99.9+% pure nitrogen, helium, or argon is em- the reaction using Practice E 967.
poned_. Use of dry_purge gas is recommended and is essential for g 3 cgliprate the DSC heat flow signal using Test Method
operation at subambient temperatures. E 968.
8.1.2 Temperature Controllercapable of executing a spe-
cific temperature program by operating the furnace(s) betweeh0- Procedure
selected temperature limits, that is, 170 to 870 K, at a rate of 10.1 Weigh 1 to 10 mg of test specimen to a precision of
temperature change of up to 10 K/min constantt6.1 K/min. = 10 pg into a sample container and hermetically seal the
8.1.3 Recording Devicecapable of recording and display- container. Weigh the specimen and containettd0 pg. Load
ing any fraction of the heat flow signal (DSC curve), including the test specimen into the apparatus using an equivalent empty
the signal noise, on the Y-axis versus temperature on thspecimen container as the reference. Close the DSC sample
X-axis. chamber and prepare the apparatus for an experimental run.
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Note 4—This test method is based upon a “non-self heating” assumpedepending upon the values selected in 11.4 and 11.5
tion. Combinations of specimen size and reaction kinetics that produce .
heat flow greater than 8 mW fail this assumption and produce erroneous 11.8 Calculate the reciprocal of absolute temperature for
results. Small specimen sizes may be used to obtain this critical non-sefach value determined in 11.6 and 11.7 (see Note 8).

heating assumption. o . .
9 P Note 10—Often, it is convenient to report the value of reciprocal

10.2 Equilibrate the specimen at a temperature 40 K belowemperature in units of ki

the first exothermic behavior. . .
11.9 Calculate the natural logarithm of the rate of reaction

Note 5—This temperature may be determined from a previously(In[de/dt]) for each of the values determined in 11.6 and 11.7
recorded exploratory run using Test Method E 537. (see Note 8).

10.3 Heat the test specimen at a rate of 5 K/min to a 11.10 Determine the values far s, E, sz, Ing;, ands
temperature 10 K higher than the completion of the exothermity either Method A or Method B below.
reaction as indicated by the return to baseline. Record the heat11.11 Method A:
flow and sample temperature throughout this region. 11.11.1 Assume a value for= 1.0.

Note 6—Other heating rates (< 10 K/min) may be used but shall be 11.11.2 Calculate the value for In[1 — «] for each value
indicated in the report. Agreement of results undertaken at several heatirdetermined in 11.6 and 11.7 (see Note 8).
rates will provide confidence in the method and efficacy of the results. 11 11.3 Calculate the value ftn[k (T)] using:

10.4 Cool the specimen container to ambient temperature In[k(T)] = In[da/df] — nIn[L — o] @)
and reweigh. Record and report any change in mass from that i :
observed in 10.1 prior to the test. for each value determined in 11.6 and 11.7 (see Note 8).
10.5 Calculate reaction orde)( activation energyf), and _ 11.11.4 Prepare a plot di[k(T)] versusl/T such as that in
Arrhenius pre-exponential factoZ) according to the proce- Fig- 2.

dures in Section 11. Note 11—The uncertainty introduced into results by linearizing non-

11. Calculation linear data are discussed dn Chem. Ed74, 1001 (1997).

11.1 Construct a linear baseline from a point on the baseline 11-11.4.1 This plot should result in a straight line. If it does
before the reaction exotherm to a point on the baseline after tfgPl, assume a new value far and repeat the steps in
reaction. 11.11.2-11.11.4.1 until a straight line is obtained. Report the

11.2 Construct a perpendicular line from the baseline to th&@lue ofn, which yields a straight line. A curve that is concave
peak of the thermal curve and record this value in mw. Only/Pward indicates that the value wfs too large while one that
results for which the maximum heat flow (as expressed by thi§ concave downward indicates thais too small.
line) are less than 8 mW shall be used in these calculations. If 11.11.5 Using a least squares best fit technique (see Practice
the heat flow at the peak maximum is greater than 8 mwE 1970), determine a slope (m), intercept (b), standard devia-
reduce the specimen size or heating rate and rerun tH&on in slope () and standard deviation in intercept)($or
experiment (see Note 4). this straight line. The slopes m angl bave the units of 1/kK.

11.3 Integrate the total peak area bounded by the peak itsdffitercepts b and,sare dimensionless.
and the constructed baseline to obtain the heat of the reaction11.11.6 Calculate the value for activation energy and stan-

(AH) in mJ. dard deviation in activation energygjsusing the following
11.4 Identify the temperatures which correspond approxi€quations:

mately to 10 and 90 % of the peak area obtained in 11.3. E=—-meR 9
11.5 Select a temperature interval which provides a mini-

mum of ten equally-spaced values between the temperature s =5,°R (10)

limits determined in 11.4.
11.6 At each of the ten temperatures identified in 11.5,where:
record the rate of reactionlid/df) in mW, temperatureT) in K R = 8.314 J mof K™,
and heat of reaction remaining\l;) in mJ as illustrated in 11.11.7 Determine the value if{Z] and standard deviation

Fig. 1. in In[Z] (i.e., s, z) from the values of b and,sn 11.11.5.
Note 7—It is convenient to prepare a table of these values. In[Z] =b 11)
11.7 For each of the fractional areas obtained in 11.6, 3 1
determine the fraction remaining (1) and the fractional rate Snz =% (12)
of reaction @a/dt) using the following equation: 11.11.8 Calculate the logarithm of the reaction rate constant
(1— &) = AH, / AH ©) at any temperature of interest using the values from 11.11.6,

11.11.7, and Eq 14.

11.12 Method B:
_ _ ) _ 11.12.1 Alternatively, the values far, §, E, s, In Z and
Note 8—In this and all subsequent calculations, retain all avallableSnz may be determined simultaneously using a multiple linear

significant figures rounding only the final result to the number of . - . .
significant figures described in Section 13. regression data treatment applied to the following equation:

Note 9—The values for (1 -«) should range between 0.9 and 0.1 In[da/df] = In[Z] =nin[l — «] — E/RT. (13)

da/dt = (dH/dt) / AH (7)
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11.13 Calculate the logarithm of the reaction rate constant at3. Precision and Bias
any temperature of interest using the values from 11.12.1 and

. 13.1 An interlaboratory test was conducted in 2002 to
the equation:

determine the precision and bias of method B of E 2041-01

In[k[(D] = In[Z] — E/RT (14)  using trityl azide (e.g., azidotriphenlymethane). The results

12. Report from a minimum of 12 laboratories, using 5 replicates each
' (i.e., 44 degrees of freedom) are used to provide the informa-
12.1 The report shall include the following information:  tijon (see RR: E37-1028) listed below. Seven instrument
12.1.1 Complete identification and description of the matemodels from three manufacturers were used and the data was

rial tested, including source, manufacturing codes, etc. evaluated using three different software programs.
12.1.2 Description of the instrument and software used for ;3 5 pracision—
the test. '

12.1.3 Experimental conditions including test specimen 13.2.1 Within laboratory variability may be described using

mass, heating rate, temperature range of test, specimen cotﬂ—e _repeatability value (1) obtain_e_d by multiply_ing the standard
tainer purgle %as type aFr)1d fl;w rateg pec deviation by 2.8. The repeatability value estimates the 95 %

12.1.4 Description of the data treatment used includin onfidence limits. That is, two results obtained in the same
namé .and version of any software packages and Wheth%boratory should be considered suspect (at the 95 % confi-
Method A or Method B is used. ence level) if they differ by more than the repeatability value

12.1.5 The values and their standard deviations for reactioh o N .
order (f] + Sn) activation energyE + SE) in kdJ/mol and 13.2.2 The within Iaboratory repeatablllty relative standard

logarithm of the Arrhenius frequency factdnfZ] + s, ). deviation_for activation energy (E)_, logarithm of the pre-
with Z in 1/min. Report all values to one position to the right exponential factor (log [Z]) and reaction order (n) was found to

of decimal point. be 3.0, 3.4, and 6.6 %, respectively.
12.1.6 Report any values of logarithm of the rate constant at 13.2.3 Between laboratory variability may be described
temperature of interest. using the reproducibility value (R) obtained by multiplying the
12.1.7 The original thermal curve. standard deviation by 2.8. The repeatability value estimates the
12.1.8 The dated version of this test method use. 95 % confidence limits. That is, two results obtained in
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different laboratories, should be considered suspect (at the 9&lues for kinetic parameters for trityl azide and so bias may
% confidence level) if they differ by more than the reproduc-not be estimated. See X2.1.
ibility value R.
13.2.4 The between laboratory reproducibility relative stan-14. Keywords
dard deviation for activation energy (E), logarithm of the

reexponential factor (log [Z]) and reaction order (n) was
Eoundpto be 9.8 9.8 an(d 32[0/1) respectively. ™ chardt and Daniels kinetics; differential scanning calorimetry

13.3 Bias (DSC); kinetics; pre-exponential factor; reactions

13.3.1 Bias is the difference between the value obtained and
that of a reference material. There are no known standard

14.1 activation energy; Arrhenius frequency factor; Bor-

APPENDIXES
(Nonmandatory Information)

X1. TEST FOR nth ORDER OR AUTOCATALYTIC REACTIONS

X1.1 The Borchardt and Daniels method is applicable onlyspecimen into the apparatus. Immediately close the sample
to nth order reactions. It is not applicable to autocatalyzedchamber. Record the thermal curve for 20 min or until the
reaction. This appendix describes a useful test procedure f@xothermic event is complete, that is, the rate of heat flow
verifying a given reaction isith order. approaches zero.

X1.2 Weigh 1 to 5 mg of the test specimen into a sample Nore X1.1—Caution: Burn hazard. The sample chamber and its heat
container and hermetically seal the container. Do not load thehields and covers are hot presenting a burn hazard to the operator.
test specimen into the apparatus. Load an equivalent emp#gercise great care in this operation. Use protective safety equipment to
specimen container as the reference. Close the DSC sampiesure the safety of the operator.

chamber, and prepare the apparatus for an experimental run.
prep PP P X1.6 Observe the shape of the resultant thermal curve.

X1.3 Select the temperature corresponding to 10 % peakieat-flow curves, which reach a maximum heat flow value
area from 10.3 as the isothermal test temperaluEuilibrate  within a few seconds after placement of the test specimen in
the apparatus at this test temperature. the apparatus and then decay away, are likely to be duathto
order reactions. Heat-flow curves, which begin low, build to a
maximum (after tens of seconds) and then decay away, are
likely to be due to autocatalyzed reactions. See Fig. X1.1 and
X1.5 Open the DSC sample chamber and load the tedtig. X1.2 for example curves.

X1.4 Initiate the experiment recording heat flow as a
function of time.
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FIG. X1.1 Heat Flow Curve for an nth Order Reaction
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FIG. X1.2 Heat-Flow Curve for an Autocatalyzed Reaction

X2. Comparative Results

X2.1 The trityl azide (used in the interlaboratory testtest using the TGA variable heating rate test standard Test
referenced in Section 13) was used as a test specimen Method E 1641. In this study, the mean values for activation
additional interlaboratory tests. A comparison of mean valuegnergy and logarithm of the pre-exponential factor were 73.0
may be useful to the user. kJ/mol and 7.13 (with Z expressed in 1ty respectively. In

) Test Method E 1641, the reaction order (n) is fixed at 1.00.

X2.2 The mean values determined by DSC method B ofrhese values are statistically different (student t-test) from

E2041-01 for activation energy (E), logarithm of the pre-i,sse obtained in this test or those of Test Method E 698.
exponential factor (log [Z]), and reaction order (n) were found

to be 165.1 kJ/mol, 17.2 (with Z expressed in min-1) and 1.32, X2.5 Trityl azide was also evaluated in an intralaboratory
respectively. test using modulated thermogravimetry an approach that is not
) . ) ) yet an ASTM International standardn this work, the mean
X2.3 Trityl azide was also used in an interlaboratory test,gjues for activation energy and logarithm of the pre-
(see RR: E27-1002) for DSC variable heating rate Test Metho@xponential factor were 87.5 kJ/mol and 8.87 (with Z ex-
E 698. In that study, the mean values for activation energy anCEressed in mid), respectively. In modulated thermogravim-
logarithm of the pre-exponential factor were 145.5 kJ/mol an try, the reaction order (n) is fixed at 1.00. These values are

15.2 (with Z expressed in mif), respectively (with 8 degrees gatistically different (student t-test) from those obtained in this
of freedom). In Test Method E 698, the reaction order (n) iStest or those of Test Method E 698.

fixed at 1.00. These values are statistically (student t-tes

different from those obtained in this test. 55 Blaine, R.L., Hahn, B.K., “Obtaining Kinetic Parameters by Modulated
Thermogravimetry”, 1998. Volume 54, pp. 658-704

X2.4 Trityl azide was also evaluated in an intralaboratory
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).



