
ABSIRACT _ 

The melting and crystallization character&s of par&k waxes and petroXatums 
were studied using a Per&Elmer DSGlB, Since these materials begin transitions 
at subambierit temperatuq-it was n ecessary to -cool u3h liquid n&o- in order 
to obtain stable baselines prior to the onset tern- Heats of filsion of waxes 
and pttrokxtums were detennked by measuring the total end~thenkic areas_ The 
crystallinities of waxes were determined from expe&~ental beak of fusion and 
literature values for the pur?-normai pa&f&~ The %zlSctsof tempturq &ogram 
rati on the peak temperatures of waxs were determined fiom_crysta.&zation &d 
melting scans_ The -es were extrapoktted to the equilibrium-melting point at zero 

i temperatnre program rate. S_peciik heat and enthalpy curveswere generated from 
- DSC melting curves and “no-sample base&~&‘- Using sapphire as a standard sp&fic 

heats wereako measured outside of the range where endothermic transitions occmxd. 
I. -_ 

l.NlRODtJCIION 

Petioleum waxes are familiar products with applications ranging from candles 
-and-crayons to packaging and dentistry_ Petrolatum is Iess familiar but also has wide- 
ranging applications: Among the most important properties of both waxes and 
petrolatums are theii melting and crystallization characteristics. I&&ably, the first 
thing a consker does after receiving a shipment of the& materiakis to melt @em.. ] 

After pr ocessing or blending with other &xzdients~the final product is c+ed and 
allowed to crysMl&, Numerous investigator% ha& reporte&q~~th&~the&al &alysis 

of paraffin wax& - 5. Fewer p&pIe have. studied petroMxims6* .‘: Most of the ~&$c% r 
show DSC. or DTA Scans stkrting around- room teml&a~--axk ~prog&njn&t6 
higher tempe& It is the-purpose of this &es&ation to study. themelting &nd 
crystallktion of parafk Wax and petioiatum fro& suI$mbi$it-- tkniperatnk.‘&- -. 
te&pe~+ove~n&ingpoin~--‘ -_:.- ; ._. .- L,<’ , -_ 7-c: --:+ -_ .:. 

- Ipiqriismit&i~ m- of heat is ~~~~~~~an.~~~nsdous-~~~_~_ 
The arn?t qf beat requ.ire&ti~mei~ IO or 20 t.@$&d-g@lons-~f’&&&roMu& 

_-. ‘. _.._-. :,.:._-..‘--.- . . . . -y_ 5 
,. - I --r- :. : .> _-. .z. - _r -_-_ _. _ _:’ _. - _ 
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in a railroad car involves a considerable expenditure of energy. Although the handling 

of waxy materia!s has been an energy consuming business, the abiIity of waxes to 
store heat may conserve energy in the future. Several groups are currently evaluating 
the use of para& waxes as “phase change malerids to store solar energf”. A further 
obbtive of this study is to quantiiizt heat effects of waxes so that engineering calcula- 
tions can be made that wiII lead to optimum ener_gy use, 

The work described in this study was performed using a Perk&Elmer differential 

scanning calorimeter Model DSC-IB. The sample chamber was continuously purged 
with dry nitrogen. Liquid n.itro_a was used as a coolant in a Perkin-Elmer low 
temperature cover (Dewar flask). The standard cover was wrapped with additional 
insuiation so that sufiicient iiquid nitrogen remained during an analysis to cover the 
sampfe area_ HaII of the liquid nitrogen evaporated during a scan, the baseIine drifted 
even though the i -nstrumat indicated temperature control. 

The use of Iiquid nitrogen inevitabIy leads to condensation of moisfure in and 
around the inssment. Therefore, the entire anaIyzr unit was pIaced in a PIexigIass 
dry box which was continuously purged with dry nitrogens, Liquid nitrogen coolant 
was introduced through a tube connected to the top of the dxy box. The boiIing 
nitrosn hefped maintain an inert atmosphere inside the box. 

The positioning of the aluminum pans on the center of the sample pIatform is 
important in DSC work. The slightest movement of the pans or their covers wii 
result in nonreproducibIe curves. It is criticaI to avoid any jarring or vibration of the 
analyzer unit. The use of a poI_yurethane pad under the unit undoubtzdly saved us 
many fmting moments. fn addition, we found it nv to avoid using the 
locking me&anism for the Iow temperature cover because of its jarring action. 

StainIcss steeI p&es positioned on top of the cover provided enough pressure to seal 
the cover over the sample chamber. 

Sbmple prepmation 

The reiatively soft nature of the materials studied ne&ssitated the use of 
Perkin-EIm&s voIatiIe sample containers. These containers cold weld the aluminum 
pans to their covers and avoid squeezing out .the sample as in the standard sample 
containers. Wax sampIes were prepared using a clean cork borer of the same diameter 

as the sampfe pan. Wax was extruded from the cork borer and sIiced with a razor 
blade into discs of the desired thickness. PetroIatum sampIes -were prepared by 
melting 3 small quantity and pIacing the specimen in the,sampIe pan with a glass 
c@IarytubeSampIesizsran~geddom5to12m g. The waxes and petrolatums were 
%anned at a rate of 10”C/min during normal cooIing and beating runs. The &t 
meIting scans were not reported since they are oRen nonreproducibIe. lpis is probably 
due to a repositioning of the &p?e in the seafed pans. 
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cazibratiozl 
The calibration standards listed in Table 1 were run using similar instrumental 

conditions as the waxes. In some W it was necessary to reduce the sensitivity since 
the high purity of the standards gave large endothermic melting peaks, Ali of the 
standards were at least 99% pure- The temperature calibration was carried out using 
the extrapolated onset temperature of the melting peaks, T=- The accmacy was 
considered sufiicient for our work. A factor used for calculation of heat of fusion., 
A& was determined from the area of the mefting peak for pure indium. Six scans 
were made on three indium samples before a mean value was obtained 

TABLE 1 

?I-- -w-7 -28-s 12 483 47-8 If) 
D-m. a-ater 0-O 2-O 20 79-7 80.6 1-l 
H-oaada2aue 28.2 305 23 57-6 55-s 3.1 
Stcaric zid 69-o 71-o 20 475 SOB 5.3 
Naphthalake 80.2 799 l-2 35.1 330 6-o 
Benmisadd 1224 1215 o-9 339 34.9 29 

Avaagc deviation 1.7 2-8 

MeZti*l,a scans 

Figure 1 shows melting curves of two commercial par&in waxes, The tower 
curve shows a solid-solid transition around 35°C and a peak melting point at 55°C 
Solid-solid transitions have been discussed extensively in the literaturel* 4* ‘_ Briefly* 
the transition is an orthorhombic to hexagouai crystalline re&angement invoIving 
a rotational motion at the mohzuJ.ar level; From a practical aspect, the transition 
is important since a substantial amount of Went heat is invoXve& The upper curve 
in Fig. 1 was produced by a shghtiy lower melting wax and shows -two solid-&d 
transitions. 33armby et al.’ not& that ooly the low melt+ waxes have two~&ansitions_ 

The total endothermic transitions, from onset of the solid-solid transition to 
completion of meking generally occurred over temperature ranges of 40°C or more- 
Since petroleum yes are n&tures of parafEnic com&nxis, as shown by the carbon 
number distribution in Fig. 2, overlapping of the solid-solid transitions and mehing 
peaks is expected. Indeed, even at a scan rate _of ZST/miq thqtwb peaks did not 
separate enough for the trace to return to the baseline.. The primary mehing peaks 
taken by thcmsclvcsinvohre a relatively narrow temperature range as can he seen 
from the peak width at one-halfthe peak height , -. 

_ 
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Note: Doshed lines represent 
extrapolated boseline- 

-T6e meking curves of ttre petrolanuns shown in Fig. 3 provide a contrast to 
par&h waxes, Mefting occurs over a wide temperature range witfi a sin&2 broad 
peak Petrolattzm begins meftingat lower temperatures than g.rardZn wax and reaCha 

a maximum endothwa, around room +npzratwe- The reason why petrolatum 
melts at fewer tempera- despite a higher mokeular w&&t compared with m 
waxes, involves at least two factors, Tht waxes in petrolatum are brabched and q&c 
paraf”Ms* as opposed to normal par&ins which have higher melting p&s. In 
addition, petrohum has a large oil fkaction inherent- in its composition. This kl 
6as a s&vent &kct so t&at ciissofution occurs at a temperature lower t&n isoWed 
wax would ordinarily meit 
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petrolatum scans is due to the hi&er sensitivity at which pctroIatum must be run 
compared with waxes. The higher sensitivity also increased baseline cxxl-vat-;re whit.%-- 

made onset and completion temperatures d.ifEcuIt to determine in some cases. The 
onset temperatures in Fi_e- 3, for exam& were chosen by “eyeballing” the extr& 
polated baseline. The baseline displacement of Stock A between‘ -70 and -56°C is 
interpreted as a glass transition. With the large amorphous oil f&on in petrolatum, 
one would expect to find glass &au&ions more frequently than we have. It is possible 
that the glass-transition for some sampk~~is at lower temperatures than our work 
iRVOhS 

.:_“ "_ 

The onset Of the endothermic peak is_considerab~ below room temper&ire 
for-bothwaxand-~o~-Inthe~ofwaxes,thismeansacertainamonntof 
rotational motion is. occurring at room temperature- In the‘case of petr@ati, 
appr&ma&y half of the Crystallizable compou& af” already x.nelti.~ti r&ult 
in both materials is a softer product thaa at subambient temperatares, The semi-*Iid 

natpe of petroia&n at ioom temperature can then be att&uted-to three factors in 
iti composi&&x: I.@&rk oil, -a -XI ‘of, me&xi xnkmcry~ -yax+ @nd solid 
jni*t.+n&&_- _ 

.- 
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Cq~ion sa7n.s 

The preceding dkcussion was limited to melting phenomenon obtain& from 
DSC heating scans. r=rgUre 4 shows exothermic crys@Jization peaks obtained using 
the same sample5 as in Fig- I_ The crystallization peaks are essentiaUymirror imag;cs 
of the melting peak except that the cooling~auves were shifted to slightly lower 
temperatures, That is, czysM.ktion (during c+ng at lOOC/min) occurs at tern- 
peratures 5-8 degrees Iower than the melting scan+ (during heat@g.at lO"cimin),-1 -. 

The peZro&um crystallization scans are shcpwx~ in Fig; 5. In the case of petrol& 
tom,theimitialcrysrallizationfiomtheliquidoftcnrcsultrina.sharr,spikrThisij 
demons&ate&by Scans-B and C in Fig-.5 This iqitial e&berm is pdablycansed 

by Wcrystdbtion of a smaii fraction of normal parafi& w+h may bc prcstntin 
petrolatmn. 

-_ 
_: 
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Wax B 

r-i 4_ DSC .alrvci 0fparafEnwaxcs cooling& 

Eflect of lemperature program rare 

The effects of various temperature &ogram rates on melting and CrystaIIization - 
phenomenon are conveniently studied by DSC- Melting - of four pan&l 
waxes were o&i&i at heating rates of 25, 5, IOF %I, and 4O”C/min- A.common 
~~~lin~ rate of ~O°C/min was used betyeeri each meltingscan, The same samples 
were &&.I programmed at yacious.cooling rates to &btain cq%tal&zuion scans_ : -. .~ 

The residts of the various temperature proem-ram for tsard of the w&es are 
shown in Tabk Z &s expected;- there is ti signi&ant effect on the peak temperatma : :. 
caused by the therm& resistan& between__the: &npk and its piatform. (tempe&& - 

Sensor). The gre&er the tempeAl3n-e proWti ra& the great&r will-be t.&dis&&- 
ment from eq$ibrium conditions I$ es&n&_ &: f&t prOgram r&t&, the &ple’ -1 

- tempcratureca&ot lrbep pa&with the platformte&j&atu~~ -:- 1 I’ ~- 

in -Ta&k% 2 _~ere.:f&ed Y& ~IILIXX~ ~_re 
._ 

~___. _*._ =P$+y@ geak krpperatures 
grcssioo equatiks _an&$ottcd &I fig- 6- The p&&&&a&u$ion$ for 5 curve &re 

I- -7. _ 
., - -. ~_- _ . . . ._ - ._ . . : _ . . . 
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TEMPERA7URE l=ROGRAM RATE,“C/MI?U 

given in Fig- 6 along with their correlation coe&ients, C. The correlation coefki~ts 
indicate good bts for all of the equations_ 

The question arises as to why a standard temperature rate of lOT/min w& 
used when a slower rate would bc more accurate in terms of an equilibrium melting 
point. The scan rate was chosen partly for convenience but aiso because it gave iarger 

peaks than atslower rates_ DSC scans of petrolat& are especially difkult at slower 
scan- mtes since the.cndotherms are relatively smalI and cover- a wide temqeratpre I 
raqq.-An additional tigument for using a scau rate of IO”C/min is the adoption of 

&atraieintwonewi%!3TMstandards’“~ “.Inprzlckicalterms,waxes andp&rolatum 
are seldom ~heked under ideal cotid.itionS, A 55-gaL drum of wax, for exampk, z&y- 
heat quic&Iy around the +ti_waUs, but-v& slowiy in~&i&rior_ 1 . : 

- _; __ _ ._- - : -- ; ._- : _ ” 

DSC &Js trd&dmeltti?lg~~* 

-- __- 

--+ . .I _. .I?. 
- : 

*.. .- -‘I-h&ob~ousM@nfa~ ,of the&al aualys&ver fr+ciitiokii-:meUiug pa&<- 
_ 
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such scans were discussed earlier_ Another illustration of the advantage of a complete 
5can is shown in Figs- 7 and 8- The curves show the melting and crystakation of a 
petrolatum (92 %)-poIyetbylene (8 %) blend The en&ire petroiatum melting peak is 
complete around 55°C wbiIe the poIyethylene melts with a double peak at 98 and 

IW”C. When the usual ASTM petrolatum melting point procedure’” was applied 
to such a produc& tke result was a misIeading& hi& value of 93°C. 

IBe ASI% meiting points for unblended petrolatums were found to have no 
relation to their DSC scans- This was expected since the ASTM melting point for 
petro&um is arbitzzriiy defined as tit temperature at which a drop falls from the 

buIb of a tkrmometer when beated at a prescribed rak This me&xi depends on 
rheologiml properties as we11 as on actual melting13_ 

The relation&p of DSC data to the ASTM cooEng curve melting &nt14 of 
paraffin waxes was also investig&d_ For tbis comIation, it is ne~mary to go back 
#thepeaktemperaturevezsusscanratecm~esinFig 6_ThemostintcreAngfeatare 
of the plots is that the mdting and cooiing curves for a particuIar wax cxbr;y?olatc b 

_ ‘- 
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neady the same temperature at zero heating or cooling rate. The extrapolated temper- _ 

atures were found to corrqxu&~ within a few dcgrezs centigrade, to the AST&X 
cooling curve meking points for the wax-- 

The basis for the cooling curve melting point is that wax gives up its heat of 
fusion at the melting point- Therefore, the rate of cooling levels off at the melting 
point_ Since the AZZTM method obeys Nexvtods Law of Cooling*, the sample cools 
at an exponential rate which is very slow near the melting point. The ASTM method 
approaches the melting point at nearly equilibrium conditions- This contrasts with_ 
the DSC which controls heating and eooliug at a beat mtc DSC peak temperatures 
converge upon the ASTM melting point only when very slow temperature program 
Z-atesarenseCL 

Heats ofji&m and crystatiinity 
Table 3 gives the heats of fusion of four par&in waxes determined by DSC. 

The areas measured by a plauimeter included the total endotherms for the melting 
scans_ Each datmn in Table 3 represents an individually weighed specimen and the 
average of at least two pktimeter measurements- Pooling the variances gave a 
standard deviation of I-44 caljg for zdi of the data_ The main source of error ws 
probably the extrapolation of the baseline, partkularly at the onset temperature- 
Since the solid-solid transitions did not return to the estrapolafd baselines, only 
estimates of the heats of transition were made- A perpendicular was dropped from the 
minimum between peaks, to the extrapolated baseline. This technique gave an es& 
mated dH for the sol&-solid transitions of 5.4 and 29 ca& for Wax A and IO.8 Cal/g 
for Wax B. The heats of fusion for the acti meiting of Wax A and Wax 8 were 
estimated to be 35.2 and 321 cal& respectively. No attempt was made to replicate 
heats of fusion for petrolatnm sampies. Single detennktioas for the petrolatum 
scans in Fig, 3 were I20 and 202 caljg for Stocks A and B, respe&vely and 15-6 
cal& for the refined petrolatuq C. 

TABLE 3 

scamm- H2at.s of fasb, AHrfcdigJ 
W&CA WizrB WOXC WPXD 

: 
439 44.4 - 41.7 4x-7 

_ 
44.2 41.7 43.9 41-7 

3 423 427 . 438 45.1 

tEzard 
435 429 43.1 428 

deviatiq, l-04 
E 

IA4 z-96 
variaocc;s ‘: Lo2 154 3s5 



7.23 
1243 
14.63 
15-m 
13.18 
10.56 
7.67 

- 5.39 
269 
I-42 
O-65 
O-34 
0-i-S 

57.64 
53-07 
59-10 
_a91 
59.37 
55-75 
60-83 
56.79 
59.77 
56.10 
6059 
56.02 
59-40 
57&g 
58-70 

0259 
I.380 
4z73 
6328 
8.686 
8-413 
8-017 
5997 
4.584 
3xJ24 
l-630 
o-795 
u-386 
0.1% 
ODs2 
AHr+=Z=5454.04cdfg 

The heats of fi.rsion for the total endotherms given in Table 3 are valid for making 
engineering cakuIations_ For example, the dH,‘s can be used aIon,o with heat capacity 
to calcukte the total amount of energy required to r&it a given quantity of wax. 
There are, how-ever, limitations to the use of the data in Table 3_ 

Waxes are not 100% crystalline materials. In fact, they contain a certain 
portion of amorphous compounds which are primarily cyclic and isopamfirns. 

Since the experimental dH,‘s were based on the tota specimen weight, inckding the 
amorphous material, the experimental dHr is lower than the theoretical AH’ for 

100% crystallIne inateriak 
Polymer chemists take advantage of the crystalline-amorphon conckpt of 

Semi-crysMme polymers in order to caicu~ate the degree of crystalhnity, AHf/AHp, 
of poIymers’5- 16_ The same calculation (crystallinity = AHJdH,) cm be applied to 
waxes. in the case of pol_vmers, 4HP is not easily obtained_ However, in the case of 
waxes., it can be calculated from the carbon number distribution and literature values 
for the pure compounds_ Table 4 il!ustraks the cakubition of AH, for Wax A. Since 
Iiterature values for the combined heats of transition and heats of fusion were ad- 
able” , they were used with the mean experimental AN, values from Table 3, ,bpplying 
the equation above gives a aystalh&y of 020 for Wax A and 0,725 for Wax B_ 

The significance of crystallinity measurknents is similar to _&at in polymers’s. 
Wax can be thought of as-a two-phase systek, consisting 0f.a cry&dine fractIoh‘X, 
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which is the crystallinity determined above, and an amorphous fmtion., 1 - XL 
Many of the bulk properties of a wax such as density, refractive index and heat 
capacity are simply combinations of these properties from the two phases 

The ca.Icuiation of crystahinity mot k apphed to petrolatum since a complete _ 

gas chromatographic analysis of high mokuIar weight fractions is not possibIe. 
Only an estimate couId be made based on an analogy to wax_ Since heats of fusion 
for petrolatum are usually less than one-half of those for waxes, we wouid expect a 
crystahinity of less than 0.40 for petrolatum- However, since approximately one-half 
of the crystalline material in petrolatum is melted at room temperature, the crystalli- 
nity would drop to approximately 020 or less. This is another Indication of tk semi- 
solid nature of petrolatums. 

; 
9 

Specijic heat and enthaipy 
The DSC scaus described earlier do not have their ordinates calibrated in actual 

units. The vertical axis cau bc wnverted to enthzdpy and specific heat if the true 
baseline of a scan is availabie, The true baseline is obtained by running a scan with 
an empty pan b&ore the sample is run in the same pan, Quantitative measurements 
of heat effects by DSC arc usualiy derived from areas_ By measuring the amplitudes 
at one-degree intervals, it is possible to divide a scan into narrow trapezoidal areas and 
compute the enthalpy per degree”. Since enthrdpy per degree defines specik heat, 
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a record is produced which records specific heat as a fimctio0 of temperature: By 
contiauousty summing the enthalpy units, the char&e in enthalpy is re&rded relative 

to the arbitraxy starting point 
R&in-Elmer has instrumentation available that &-fon& the functions 

d&bed above automatically, In our case, the amplitudes were measured by hand. 
and the ccmputations were performed by computer_ ugure 9 shows the resulting 
plots of enthalpy relative to 250 K and spec& heat for Wax B. It can be seen that 
the computed specific heat curve is the same shape as a DSC curye obtained directly 
from the instrument The enthalpy curve gives the total amount of energy required 
to briag one gram of Wax 3 from 250 K to any other temperature up to 340 K- The 

enthalpy between any two temperatures in this range can be dbtained simply by 
subtracting the lower value from the bigber value- 

The enthalpy curve in Fig- 9 can be used by engineers to determine the most 
ef&ient temperature range for the storage of solar energy. The steepest part of the 

curve is coincident ~4th the melting peak between 323 and 332 K. The enthdpy in this 
relatively narrow, nine-de_= temperature range is 28.5 cal/g Ifa wider temperature 
range is acceptable, the total endothermic peaks can be used between 289 and 334 K- 
This temperature range would allow the storage of 65 Cal/g of solar energy in Wax B. 

The strict mtion of specific heat for pure mmpounds exeiudes its nzeasure- 
ment at temperatures where first-order transitions take pIace_ Indeed, specific heat is 
infinite at such temperatures However, as demonstrated in Fig- 9, specific heat can 

be recorded while a transition or melting peak is occurring in real mixtures of organic 

compounds. The reader should understand that the speciiic heats shown for Wax B 
involve contributions from first-order transi&ons as weli as from sensible heat_ To 
record sensible heats without interference from endothermic transitions, temperatures 
must be less than the onset of the solid-Aid transition or greater than the completion 
of melt.& Another method of measuring specific heat wzs used in these ranges. 

TABlE 5 

SPECTFICHEATOFWAXB 

- 

SoIid 

Lisuia 

TarrpcrpIrrrc Sprcif; hm (cpltg “Cl 
1”C.l sipphircassan&rci From Erg.9 

-20 0381 0.365 
--1s 0.399 0.385 
-10 0.403 0.405~ 
-s O-424 0&!5 

0 O-428 0.458 
5 0.455 0.478 

2 0578 
0580 

95 -' 
-- 

as81 
100 0585 
105 0590 ~_ 
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Perk&Elmer recommends a specific- heat method that uses sapphire as -a 
standard’?, This method was t&ted on pure naphthalene akd found ~to agree -with 
the Iiterature to *5%_ The sapphire procedure was us& to make the specific h&t 
determinations in Table 5. Data from Fig. 9 are iucluded for comparison of themethqds. 

The sapphire method is preferred becayse of its greater accuracy, but it is more time 
consuming since individual scans can oaly cover 20-u) degrees at a time.. 

Complete DSC qaus of waxes and petrolatums can be made when auxikqy 
cooling is used- Even though thermal equilibrium is not ordinarily achieve& the 
scans provide useful information to chzuacterize the crystalline phases of waxes and 
petroIatums_ Quantitative measurements of basic thermodynamic data pro\-ide <n- 
formation on the energy requirements of a wax from subambient temperaturek to 
temperatures above the melting point 

The author wishes to thank Dr_ F_ Noel of Imperial Oil Enterprises and Dr. 
W_ P_ Brennan of Per&-Elmer for several helpful su_ggestions. 

T, Extrapolated onset temperature. Used for pure conipounds only. 

AH, Heat of fusion plus heats of transition (if present) determined by E)SC. 

LJHr Heat of fusion plus heats of transition (if present) of 100% crystalline 
materiai. 

Ts Glass transition temperature_ 

X Weight fraction of crystalline material. 
I - X Weight fraction of amorphous material, 
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