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Heat capacity and thermal expansion anomalies in the nitromethanel-butanol mixture
near its upper critical point
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The heat capacity per unit volung, and densityp of the nitromethane-1-butanol critical mixture near its
upper consolute point are determined in this wdk.data are obtained at atmospheric pressure as a function
of temperature in the one-phase and two-phase regions, using a differential scanning calorimeter. The suitabil-
ity of DSC for recordingC,, as a function ofT in the critical region is confirmed by measurements of the
nitromethane-cyclohexane mixture, the results being quite consistent with reported data. By fitthgdidta
in the one-phase region, the critical exponens found to be 0.11f 0.014—and hence consistent with the
universal accepted value—and the critical amplitidle=0.0606+0.0006 JK1cm 3. p data were only
obtained in the one-phase region, using a vibrating tube densimeter. The amplitude of the density anomaly was
found to beC; = —0.017+0.003 g cm 3, which is moderately low in spite of the large difference between the
densities of the pure liquids. The thermodynamic consistency ofatheand C; values was examined in
relation to the previously reported value for the slope of the critical difig/dp. The results of this analysis
were consistent with previous work on this matter.
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I. INTRODUCTION A*
Cp=B+Et+ —t (14D th1+:-), @

The most fascinating feature of critical phenomena is uni-
versality since it implies that systems of a different physical
nature exhibit similar behavior near the critical point. Liquid wheret=|T—T|/T. denotes the reduced temperature and
mixtures in the vicinity of the liquid-liquid critical point, T the critical temperature. The first two terms on the right-
pure liquids near the gas-liquid critical point, and uniaxialhand side of Eq(1) represent the background contribution,
ferromagnetic materials near the Curie point all belong to th&vhich dominates far away from the critical point, and all
universality class of the three-dimensional Ising mddeg]. others the critical contribution, which becomes important as

This endows the experimental study of systems such as puf€ critical point is approached. This last encompasses sev-
liquids or liquid mixtures with considerable interest as it al- eral terms, namely, the_power—lavy d|v§rgence term, which is
lows theoretical results to be checked and experimentall haracterized by the critical amplitude” (where+. refers to
less readily accessible systems to be addressed. At the Ee one-phase region and o the two-phase regiorand by

. . . o e critical exponent. It is well established that critical
croscopic level, universality originates from the Iong-rangee
nature of the fluctuations of the order parameter associatetge<
with the critical-point transition. It is now assumed that the, ., experiments and theory. Specifically, the three-

order parameter for the liquid-liquid transition in binary mix- gimensional Ising model provides predictions for the critical
tures is concentratiof8]. Thus, a mixture in the critical re- exponents in the renormalization gro(®G) context, which
gion behaves as a series of clusters of macroscopically ﬂ“%tgree closely with experimental results. Thus, the accepted
tuating concentration in such a way that microscopic detailggjue of o is 0.110[1,2]; moreover, recent RG calculations
of short-range intermolecular interactions lose significance gi4,5] gave a more precise value (0.1699.0007). The other
the expense of universality. The mean size of the clusters igrms in Eq.(1) are corrections for pure power-law behavior
quantified in terms of the correlation length which di-  called correction-to-scaling terms and are only relevant at
verges to+ at the critical point[1,2] and, therefore, is temperatures far frorit,. Equation(1) only shows the first
much greater than the range of intermolecular interactiongorrection-to-scaling term, which encompasses the critical
near enough the critical point. amplitudeD* and the critical exponeni; (estimated to be
Macroscopic properties reflect these underlying micro-0 504+ 0.008 from RG calculationt,5]).
SCOpiC features and some exhibit anomalous behavior as a A|th0ugh it takes a finite value at the critical point, the
reSUlt[l,Z]. Thus, in the V|C|n|ty of the ||qU|d'||qU|d critical temperature dependence of the denﬂ'.t_y.i_e_, the thermal
point, the isobaric heat capacity per unit volu@g exhibits  expansion—reflects the behavior of the isobaric thermal ex-
a positive anomalyit diverges to+) along an isobaric path - pansivity a,,, which exhibits an anomalgpositive or nega-
according to tive) with the same critical exponent asCj, [1,2]. There-
fore, p is expressed as follows:

ponents are universal—they are the same for all systems
longing to the same universality class—as obtained from

* Author to whom correspondence should be addressed; email ad- t1oy LA
dress: romani@uvigo.es p=pc+Ct+Cit 41+ Cyt71+--+). (2)
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Again, the first two terms on the right-hand side of the equa{4). The methodology used to obtaki was checked against
tion represent the background contribution and the others thegreviously reported results for the nitroethane-cyclohexane
critical contribution; alsop. equalsp at T=T,. system[18].
Although available experimental evidendd,2,6—28
confirms that the behavior predicted by E¢¥). and (2) is
accurate, there are still some obscure aspects in the relation- Il. EXPERIMENT
ship betweerC, andp near the critical point, particularly as A. Sample preparation and chemicals
regards the thermodynamic consistency of these properties.

Let us start from the generalized Mayer relation Nitromethane (99% pure and 1-butanol(over 99.5%

pure were obtained from Fluka, while nitroethane and cy-
clohexane, in purity above 99.5% and 99.9%, respectively,
were purchased from Aldrich. Nitromethane, nitroethane,
and 1-butanol were dried over Fluka molecular sieves of 4
nm mesh size and degassed prior to use. On the other hand,
cyclohexane was used as received. Critical mixtures were
where C, denotes the isochoric heat capacity per unit vol-studied according to previously reported critical composition
ume. Based on the postulates of Griffiths and Whefg®f,  x_ values (0.582 for the nitromethane—1-butanol mixture
C, is negligible relative taC,, in the immediate vicinity of [35] and 0.453 for the nitroethane-cyclohexane mixture
the critical point as it takes a finite value at it. Also, [18]). They were prepared under a nitrogen atmosphere, us-
(ap/dT),—(dp/dT). as the critical point is approached— ing a Mettler AE-240 balance, and vigorously stirred prior to
the latter quantifying the slope of the critical line, which is p|acemen’[ in the measuring cells. We determiﬁ'@dn our
usually expressed as$T./dp. Under these conditions, Eq. |aboratory from turbidity measurements and obtained a value
(3) predicts thatdT./dp will dictate the sign of thea,  of 290.90+0.01 K for the nitromethane—1-butanol mixture
anomaly: positivedivergence tot-«) whendT./dp>0 and  and 296.62-0.01 K for the nitroethane-cyclohexane mix-
negative (divergence to—) when dT./dp<0. Based on ture, which deviated from the previously reported values
these factors, Eq3) relatesA™ to C; as follows: [18,35. These shifts ifT; can be ascribed to the presence of
impurities, which are known to affect the critical composi-
tion to a much lesser extef36].

d
cp—cvaa,,(£> , ©)

AT (1-a)Cf @

o pc(dTc/dp)’ B. Heat capacity per unit volume

o ) ) Isobaric heat capacities per unit volume were obtained by
where the plus sign is applied to lower consolute points angising a Setaram micro DSC 11 differential scanning calorim-

the minus sign to upper consolute points. Jacobs and Gregker, This instrument and the underlying experimental meth-
[30] checked the quantitative accuracy of. Eq) from. ré-  odology (DSC) are described elsewhefa7]. The two mea-
ported C,, p, and dT./dp data for five different critical syring cells of the calorimeter were filled with 1 ml of
mixtures and concluded that the equation was rather inacmgamme and arranged in such a way that no vapor phase could
rate in most cases. The large number of approximations respntact the detection zone of the calorimeter. One of the cells
quired to derive it precludes identifying the origin of the ne|q a reference substan@ebutanol in the present measure-
inaccuracy. Assumin€, to be negligible relative t&€, can  mentg and the other the critical mixture. Working in a down-
introduce some error &, may exhibit &t~ “ anomaly inthe  scan mode, the calorimetric signal is the differential heat
experimentally ~ accessible region[31-33. Deleting  flow associated with a temperature decrease. We used a scan-
correction-to-scaling terms in Eqgél) and(2) can also lead ping rate of 0.01 K mint, which afforded a reproducibility
to error. Another potential source of error is the high unceruf +0.02 mw in the signal. Under these conditions, the re-
tainty in the experimental determination Gf; ; in some  producibility in the C, measurements was estimated to be
cases, the density anomaly is so small that it goes unnoticed0.0002 JK!cm >—somewhat poorer in the immediate
at the measurement precision level. vicinity of the critical point owing to the difficulties inherent

In summary, the sources of error affecting the thermody+o the experimentation in the critical regi¢m,2]. The pro-
namic consistency o€, and p, and the extent of their ef- cedure was less reliable in the two-phase region as the calo-
fects, are unclear. Additional information with a view to rig- rimeter design did not allow the mixture to be stirred. The
orously establishing the validity range for Ed) is therefore  temperature was measured to withif®.002 K with a plati-
required. In this paper, we repo@, and p data for the num resistance thermometer. Signals were calibrated against
nitromethane—1-butanol critical mixture at atmospheric prestwo substances of known heat capadityz. 1-butanol and
sure as a function of temperature near its upper consolut@luene.
point. C, data were obtained in both the one-phase and two- Normally, it is high-resolution adiabatic scanning calorim-
phase regions whereasdata could only be measured in the etry (ASC) that is employed for studying the heat capacity of
one-phase region. The experimental results were used to cahixtures near the liquid-liquid critical point. The main ad-
culate the critical amplitudeA™ and C; by fitting to Egs.  vantage of these calorimeters with respect to DSC lies on the
(1) and(2); also, the reported value dfT./dp[34] was used possibility of stirring the samples for the formeifficult to
to examine the relationship between both in the light of Eqimplement for the lattgr which produces important data in
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FIG. 1. Heat capacity per unit volum€, of nitroethane-

. " . . . FIG. 2. Heat capacity per unit volun@, of nitromethane-1-
cyclohexane in the critical region along an isobaric path.

butanol in the critical region along an isobaric path.

the two-phase region. This factor together with the loweris 4 platinum resistance thermometer. The density mea-

scanning rates provided by ASC with respect to DSC, makgrements thus obtained were reproducible to within about
the former significantly more effective than the latter for .4 500005 gcm®

studying C, near the liquid-liquid critical point. Neverthe-
less, DSC has been proved to be useful for the measurement
of data in the one-phase regi¢B8]—particularly, with a
view to determiningA*. In this work, we assessed the suit- A. Fitting procedures and results

ability of our DSC calorimeter With the nitroethane- Figure 2 shows th€, values obtained over the tempera-
cyclohexane mixture, for which previously reported data Xture range 285.40—295.37 K. Although the standard proce-

i)skg(tez:n(ggooevr:a’r Eimtilmbefgirsor:%?é J?,hg 2C93 o\ialaugei , dure involves simultaneous fitting to data of both the one-
g ) eTON ase and two-phase regiofi)—13, we have decided to
shown in Fig. 1. They were fitted to E¢L) using approach ﬁh P giofk0—13, w v I

(b) as described in Sec. III A: the final results are containecﬁ”minate the latter from the analysis owing to their limited

. ) A recision(see experimental sectiprFitting to Eq.(1) was

n Table_ . Thglvalue ?]fA —0.(_)29]|i 0.0008 Jdecn::_h carried out using three different approaches wigrg, A*,

\Il—lvgfngiur:timsdm;lozre t(% (t)zegtmp(r)%volzu\]szlrfgggt)e Thiz Vali?en’and T. were always used as fitted parameters. In approach
' ; ' e . (a) no correction-to-scaling terms were used and the critical

dates our calorimeter and confirms that DSC is, for som

. . o xponente was used as a fitted parameter. In approdgh
purposes, a F‘?“ab'e .ch0|ce for determini@y, near the no correction-to-scaling terms were employed andvas
liquid-liquid critical point.

fixed at its accepted value. Finally, in approdch the first
) correction-to-scaling term was used and the critical expo-
C. Density nents« and A; were fixed at their accepted values. The

Density values were obtained by using an Anton-Paatalues of the coefficients together with the standard devia-

DSA-48 vibrating tube densimeter. The experimental proce-

dure is described elsewhe[89] and has previously been TABLE Il. Fitting parameters of Eq.1) and standard deviations

employed to study density near the critical pdi24,26]. The s for nitromethane—1-butanol critical mixturB, E, andA* are in

densimeter was calibrated with water ardctane as density JK 'cm™3. The fixed value ofx is 0.110.

standards, and the temperature was measured0t002 K

Ill. RESULTS AND DISCUSSION

Fit B E A" a D* S
TABLE I. Fitting parameters of Eq1) and standard deviatio @ 1.39 0.60 0.061 0.110 0.005
for a nitroethane-cyclohexane critical mixtui.E, andA™ are in +0.13 +0.17 +0.005 +0.014
S0 - i +0. +0. +0. +0.
JK™*-cm >, The fixed value ofx is 0.110. (b) 1.387 0.60 0.0606 Fixed 0.005
B E AF B D+ S +0.012 =*0.12 +0.0006
(0?2 1.36 0.4 0.062 Fixed 0.1 0.005
1.248 0.30 0.0291 Fixed 0.005 +0.05 +0.4 +0.002 +0.3
+0.011 +0.14 +0.0008 T.=290.898:0.002 K

T.=296.618-0.002 K

A, is fixed at its RG valug0.504.
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FIG. 3. Residuals for the heat capacity per unit volu@jgof
nitromethane—1-butanol in the one-phase critical region calculated
from Eq. (1) with fitting approach(b).
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tions of the fits were obtained by using the Marquardt's al- FIG. 5. Densityp of nitromethane—1-butanol in the one-phase
gorithm for nonlinear equatior{gi0] during the optimization critical region along an isobaric patfa) Data 1 K above the critical
process and they are shown in Table Il. The attaihgéthe  temperature(b) Data over the whole measuring range. Values cal-
same for all approachesvas identical to that obtained from culated from Eq(2) with fitting approach(b).

a preliminary simultaneous fitting to data of the one-phase

and_two-phase region_s. Th_e inclusion of the_correction-to- Figure 5 shows the data obtained for the nitromethane—
scaling term resulted in no improved description of the ex-1_p,;tanol mixture over the temperature range 290.91—298.64
perlfmlegtal resuIFs, ﬁo It \g/as |qudbstant|.al. g\.pﬁroéathash K. The density anomaly could not be observed on this scale
most roiable value fo was gbtained by using approah 522 Fid: S1 The results of the iting to Eq2) can help to

(b), as fixing « at its universal value avoided correlation dEteCt.'F' Thus, tWO. types of flttlng |ncIud|r(_@) background
between parametefd]. Figure 3 shows the residuals of the Sggk(;r:gﬁil dtetrer?i\;wgﬁnoec\?vgfgtf:eﬁo_fﬁaglgﬁ tig;;;\(lg)s

fittings obtained using approadh). As can be seen, there _ : . o :
was Very strong consistency between experimental data ar{ged to the value obtained in the fitting of heat capacity data

those calculated both near and away frdg This consis- see Table I Because of the diff.icglty inherent in detecting

tency as well as the quality of the data can be checked fro {Pa” agomallets, &NF{_' chqse ttk? fix Ilnt'(a). T.he'f.purpose fo']:h

a bilogarithmic representation of the critical contribution ! .'tf‘g I(t) wasA 0 esrmlne fe re_? Ik\J/Ie ﬁllgr;lttl_cance 0 (ha

C,—B—Et againstt in a temperature range covering 1 K en 'g% erm. . s_fgan Ie Segn rOT a ed ’dldmg' approaph

aboveT, (Fig. 4). A straight line with slope-0.11 represents (a) did not significantly re uce the standard deviation wit

the ovx(/:er-law behavior predicted by Ed) respect to(b); however, the inclusion of the critical term is
P P y ' justified by the graphs of Figs(& and 5. Figure &) shows

the experimentap values obtaing 1 K aboveT,, as well as
those provided by approadib). The negative deviation in
the calculated values from the experimental ones in the im-
mediate vicinity ofT; reveals a positive anomaly in the iso-
baric thermal expansivity, which was to be expected for this
system @ T./dp>0 [34]). Figure 6 confirms the inefficiency

y of approach(b) in the immediate vicinity ofT. in terms of
residuals and justifies the inclusion of the critical teiman-
dom residuals both near and away frdn).

1.7 T T

1.6 -

14

C-B-Et(JK'em?)

P
—
[\

T

TABLE lll. Fitting parameters of Eq(2) and standard deviation
s for a nitromethane—1-butanol critical mixturg,, Co, andC;
are in gcm?. The fixed values ofe and T, are 0.110 and
290.898:0.002 K, respectively.

1.0 ' : - i +
0.01 0.10 1.00 10.00 Fit Pe Co C1 @ S

10° ¢

@ 0.954 428
+0.000 004

0.954 412
+0.000 004

—0.293
+0.007
—0.3185
+0.0005

—0.017 Fixed 0.000010
FIG. 4. Bilogarithmic representation of the critical contribution +0.003
to the heat capacit¢ ,— B— Et versus the reduced temperattiia (b)
a range 61 K aboveT.. The slope of the full curve is-0.11, in

accordance with Eql).

0.000013
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0.002 ' ‘ Using this datum in Eq. (4) vyields C;=-0.027
+0.008 g cm 3, which exceeds, in absolute value, its experi-
0.001 mental counterpart. This might be due to the fact of neglect-
i ing C, , which produces enhancé@; | values in the calcu-
“? 0.000 lation. In summary, Eq.(4) provides an acceptable
2 v e §p§8®2§ qu_alitative predicti_on and a modest quantitative predic_tion.
2 o0l S DA o | This result is consistent with that found from the analysis of

Jacobs and GredB0]. One other fact to be taken into ac-
count concerning the density anomaly is the relationship be-
0002 o1 2016 5920 tween its amplitude and th_e density difference petween the
T (K) two pure liquidsAp. Hamelinet al. [41] hypothesized that
C; must be proportional td\p; however, the existing data
FIG. 6. Residuals for the densipyof nitromethane—1-butanolin showed no evidence of such a correlati@®]. The large
the one-phase critical region calculated from &y.with (@) fitting value of Ap for the nitromethane—1-butanol mixture
approach(@ and (O) fitting approach(b). (Pnitromethane 1.129 58[35] and p4 _pytano= 0-805 73[35] at
298.15 K along with the moderately small density anomaly
found in this work appear to contradict a proportionality re-
The value of the critical exponentobtained from theC, lationship betweem:l* and Ap.
data for the nitromethane—1-butanol mixture (0.110
+0.014) is consistent with the universal accepted value. The IV. SUMMARY AND CONCLUSIONS
anomaly inC, (A*=0.0606-0.0006 JK*cm™?) is rela-
tively large asA™ typically ranges from 0.001 to 0.1  In this work, the behavior ofC, and p for the
JK tcm ™3, Two-scale factor universalityl] relates the be- hitromethane—1-butanol critical mixture was studied with a
havior of C, with that of the correlation length. Thus, a view to expanding the available knowledge about the critical
dimensionless parameteX=A"(£5)%/kg is established behayior of'liquid mixtures. The anomaly(hpfqr_this mix-
wherekg denotes the Boltzmann constant afjdthe critical ~ ture is relatively large and the value of the critical exponent
amplitude of the correlation length. The accepted value fof IS quite consistent with the universal accepted value. By
X—around 0.01913]—has been derived from theoretical cOntrast, the anomaly ip is moderately small. This can be
calculations and experimental determinations. Accordingly@Scribed to a small value @fT./dp in accordance with Eq.

the predicted value of for this system is 1.680.06 A, (4. Although this equation performs well in qualitative
which should be confirmed from light scattering experi- terms, quantitative consistency is only modest, as found in
ments. previous studies. The large difference between the densities

The amplitude of the density anomaly & = —0.017 of the pure liquids in this mixture provides additional evi-

+0.003 gcm 2, which can be considered to be moderatelyde+nce against the proposed proportionality betwaprand

small taking into account that; can be significantly larger 1 -
(C;=-0.06 gcm® for the methanol-cyclohexane mixture
[22]). The consistency of the large value At with that of

C; in the context of Eq(4) can only be ascribed to a very  This research was supported by the Dirénc®eneral de
small value ofdT./dp. In fact, dT./dp for this system is Investigacim, Ministerio de Ciencia y Tecnologiof Spain
4.6+0.7 mKbar ! [34], which is very small—the typical (Grant No. BFM2000-0597 of the Programa Nacional de
values for this quantity range from30 to 30 mKbar™. Promocia General del Conocimiento

B. Analysis and interpretation of the results
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