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The proton CW MMR%epectra of benzene adsorbed on chafcoal,

silica gel and Cab-o-sil| have beéen measured at various tempera-

tures in the range 30 °C to -100 C.  Sudden changes in the:

temperature dependence of the NMR signal intensities evaluated

: o ~

from the spectra zre interpreted as a liquid-solid phase

: _ S , .
transition. A ciscussion of the suitability of-the NMR signal

intensities as a measure of relative contents of phases is |
e - Ay
given.

Differential scanning calorimetry measureménfg{ﬁgde on the

same adsorption systems show thermal effects at abproximafely The

same temperatures and thus confirm that the phase transition is

of the first order. -

t+ has been found that the phasg fransition of adsorbed -

v

benzene on all the adsorbents studied occurs at temperatures
lower that.the normal méﬂfingApoinT of benzene and that the -

amounfs of phases change gradually over a certain Tempequuré

range during the transition.
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1. Introduction

i

'physical properties are modified, sometimes to a’'very considerable-

degree. It seems to be definitely established +ha+ the melﬂrig '
p01n+s of adsorbed subsfances on porous adsorbenfs are lower +han

Those of The correspothng bulk subsTanceS'(])?

When a substance is adsorbed on a solid surface, certain of its

The phenbmenon, besides.its basic importance in adsorpfion'

Theory, could play an lmporTanf part in heTerogenous nucleation

AiheorygandfhasgcgnSLQQLabiagiechnicaigand4aconom1c4Impnfgeacegiingggggggggggg,

connection with the Itqundesolid phase transition. of water confalned

in capillary systems such as soil and building materials. .
. , . , , ‘
The ‘frost action, freezing and thawing of so}l and their

resulting effects on contacting materials and structures, and a

related effect called frost heaving, the raising of ground surface

'duq to the formation if ice in the underlying\foik, are both

complicated phenomena, not fully uriderstood, and have considerable

importance in construction engineering as a possible cause of damage

of ground surface structures such as highways, airfield pavements,

and canals (2). Freezing of adsorped water is also important in

building materials technology (3), :-hydrology (2}, and it was studied

in connection with hail formation and its prevenfidn (4).

The !iqufd—solid type TransiTions of adsofbafed havglbeen

' sTudled by a number of Technlques, such as measuremenfs of".

adsorpTlon isosteres (5,6,7), measunemenfs of heat capacities
i8,9,7,JO,JJ,12), dilatometric measureménfs (13,14,15,16,17),

measurements of dielectric constants (18,19), NMR spectroscopy
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(21,22,23), and X-ray difraction (29). Howéver; reliable data
covefing moré aspects of the phenomena are scérée, partly due to }he
diff{culfies in attaining an,equi{ibrium'sfaTevin the. region of Thé
phase Transi;ion and due fo exfenéjve experimental meaguremeﬁ+5"
needed,  Reviews on the subjecT may be found in Thé excel lent ‘

monographs of Brunauer 1. Young and Crowel! (24), and a revﬁew

article of Dubinin (25). -

-~

The general picture which may be drawn from reported da+a<is

that on the systems with porous adsorbenfs,”subh.asﬁsj{ica”gel, N

- Hquid-sol idtransition-canbe drawn.

(6,8,12,18,20) and ferric Qxiae gel (5), the melting poihf of
adsorbate is lower than in the bulk phase and the melting is not.
sharp, but occurs in g certain interval of femperatures. From

experimental data accumulated until now, no conclusion about

‘ spegﬁﬁﬁc interactions befweenAadsorbenTTahd adsorbate concerning the

%
L4

.Thediowefing of the melting points in-capillarty systems is

T

explained on the basis of Théfcapiliary chdensa+ion theory as a

consequence of the equilibrium beTWeen The solid adsOrba+e, present

in normal.bulk form, and caplllary liqud havung Iower vapor

Ten51on than bulk liquid et the same Temperafure (5 12 19).

Rather surpr15|ng resulTs of calorlmefric measuremenfs were

i

reported by Morricon et al. (7,9) showing, that in the sysTems

nitrogen and argen adsorbed on rutile which Can:be“considered'as a

4.

‘ non-porous adsorbent, similar phase transitions occur and also, that

the vébour pressure in melting fegion’was lower +than_the vapour

B A

pressure of the corresponding .bulk solid. It seems unlikelylfha+ in

these systems Tﬁe capiltary éondenéafion can play any important part,




e bulk solid adsbrbate

is not compatible with experimenfallyifound vapour pressures..

In this work the sol id liqﬁid type transition of adsorbed benzene

was sTudled on Three adsorbents of dlfferenf porOSiTy, us:ng magneflc

£

o resonance absorpflon for defermtnaflon of relaflve amounts of phases.

The obJecf was to deTermnnerthThe llquxd—solld type of TranszJon',\

.

L

can be deTec+ed, particularly bnACab4o4sil, which may be conéidered

as a non-porous sdsorbent. - , .

' Comparison with differenfial scanning calorimetry measurements

T “was made o deTerm!ne it Thé phase ?ran5|+|on is of the flrs+ order,

‘

parle due To the possibility, pointed out by Resing (34), of an
apparenf".non-fhermodynamlé.Transtffon,‘which may be an arfefacf of
the NMRVTechnique. | | |

On the next pages, in Section 2, the suiTabiliTy of the NMR

Technlque for deTermlnaTton of re!aflve amounfs of phases in mulfi-

phase sysTems is dtscussed
In Section-3, there are descr?bed experfmenfal procedures of
: .preparation of samples, and NMR and DSC measuremenfs

Resulfs are summarlzed~and discussed ,in Sections 4 and 5,
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©2."Phase_content determination by NMR
A F ’ :

NMR technique offers, in,pfinciplg/a} least, a suitable means
of observing phase transitions -in.adsorbed layers. Inh comparison

with some other me+h9ds,/for instance methods based on analeis of

adsorption data, where only the onset of the formation of the new

%

< " phase is detected, the NMR method has also the advantage that it may
determine the relative contents of.phases in multiphase systems.

The underlying principles are that the s}gnal ihTen;iTy is
- , -

proportional to the number of magnetic nuclei and that the mofecules

in differnet states of agregation have different mobilities and

different local magnetic fields.
The use of NMR as a tool of, quantitative analysis has been

Teviewed by several authors (30,31,32). The dependence of the

sxgnal intensity on some of the instrumental factors was discussed by

VW|II|ams (33), who pOInTed ouT Tha+ for accurafe lnTenSITy measure-
ments, the problems of magnetic field and r.f. transmitter insfabi]i}ie;;
nonlinearities associated wifﬁ Thé{resonance signal in the receiver |

- «' and the recorder have fo be overcome. Thesg factors are majnly-design
problems of apparafué. Because ®f the dependénce,of the signal

intensity on the instrumental factors sgch as the Q of the sample

circuit, effective volume of the coil, filting factor, receiver pass .

band width, which connoT be evaluated precisely, ohly relative

measuremenfs with respecT to some sTandard are pOSSIbIe

AparT from the insTrumenTaTion problems,&iﬁg main problem in

quantitative analysis by NMR arises from The,depegdence of the
£ \\ : ; _ ) /‘.- 5
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_ ;_,abéorpTion on fhé values of T], Té
equations (1) and (la), which were obtained by Combining the. Faraday

law with solutions. of Bloch equaTibns;for gteady state conditions

: (30).\. : - : )

. o 2 , _ ,
VS OXH VH, T/ (4T g -)P4s) | ‘ (1) i
and { T .
o C Y g x HYH. T (G =) / (1472 @0 -) 248 (1a)
0 Xy Y 15 2o

where Vv and Vu are the voltages induced~in the receiver coil for

the absorp{ion and the diSpersioh made respectively, & and w, are

-

éﬁ&TTz afe the

frequency ahd"ﬁééBﬁEﬁEéﬁ?Féﬁhéﬁc?iFestCTTVe]Y}'T]

longitudinal and the transverse relazation® times, H, and Hy are the:

1

r.f. and the constant magnetic field‘szrespecﬂvely,jx° is magnetic

&

susceptibility, and s is thersaturation factor defined as . =«

e o= y2 2 . ' ‘ 1
s = YHT,T, . . | . @

The,,,ma;'sirgﬂc susceptibility is }te,laied,,To,,fh,e,,n,umb,er,,of,,,nucl ei N .

in unit volume, and consequently to the concentration of studied sub-

stance in the effective volume of the recefveﬁ coil, by the eqdaTion

. . ] )
X, = (HU4DR?/3KDN | | (3)
where W is the magnefic;ﬁomenfrofOThe nuclei, | is Thé-spin number
. )4\ ’ A . ’ o .
and k is the Boltzman constant. : _ & ‘

The quantities related to the concenfration of the nuclei

studied, which may be evaluated from the absbrpfion made spectra

— : are maximum intensity or peak height V max and the area under the

»

—— - ———¢urve signal-infensity vs frequency, i.e.integrat  —of Vv(w‘ im
; the interval @e(0,®)." From equation (1), we find
\

) ' ’ . ‘& i _ . V
Vo max & XoH T,/ (148) L | o 64)

and



v

- ‘ —

l - ] ‘.Q",-
< 2z T : : ‘
I, X H, /(1) . , ( i ) (5)7
By coﬁparison of-the equations’ (4% and (5) it is apparent that

fer low r.f. fields,'wheﬁe;s<<] the peak heights are dependenT on

T, and There{??e usable only lf the llnes are of ldenflcal wndTh - .

2

whereas the integrated rnTensnfleerare lndependenT of T2.
. - : . S

The use o?}The integrated inTenSifies'is preferable even at

h'igher\Kf./!fields,where the safurafion factor is not negligible,- |

because the |inear deﬁendence.on concentration is_ Pess influenced\and
‘\/ ~ )
Thelr values Tend To f|n|+e l|m|+s as H1 Tends to Inflnify, whereas .

the peak heighTS tend to zero.
There are,eeﬁe advantages in using the-dispersion mode signal for
intensity evaluation. ' As- can be seen from equaTioh.(la) Vﬁ(“) jsran

odd  function and has local ewtrema at

Oo- = (1/T(14s)¥ - (6)
where the signal Tnfensify 16— o oRo o
. . . i . .
! Vi - .
. z ¢ s . )
Vi ectr © XMy T3/ (149) S . 7)

/.
The inTegrar of V (W) in The inTervaF~wE(QM;”) is divergent, but

a useful expression can be obTalned by ;nTegraflon in the interval

(wo,wc+(1/T2)(1+s)’5) ‘ : B o o ()

Iu,exTLr'ct on] , S : - (8)

»As can be seen, the resulting integral is independent of both

ie+axaf1onff|me> :1 arrd |2 : =

The dpnendence Zof s1gna1giniens4iies4ongiempeﬁaiupegisgde19£m+nedﬁ44——fr

- by temperature- dependeq/e/bf instrupéntal facTors, and temperature

dependence of magnetic suscepflbl_lfy given by equation (3},

MinimizaTion of temperature dependehice of instrumental factors isa

trrg
N
. S
|
|
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design problem. The dependence of magnetio 8usceptibility on

Tempera?ufe may be taken into account by using the Curie law. Cos
The quanTITaTave deTermnnaTnon of The amagunts of phases ina . X\\

two-phase sysTem can be based on The facTF+haT the mobifity of’

clei in one phase is much less than in the other; as a
cgnsequence, the resonance- spectrum of such a system consists of a
rellatively narrow line arising from the nuclei of more mobil® phase

superimposed on a broad line of nuclei in less mobile phas€. The |

impiicit assumption here{ls fﬁaj there is no exchange of nuclet

beTween the phases, or it is so \Tow, in cqmparlson with relaxaflon
#

Tnmes, That each phase behaves as if it were isolated from the

oTher, , o T ,,fg;,fae;

N

If we have two phases a,and B8, without any exchange involved
and wnTh the same resogance frequency, then the resulting signal

V, is a superpos:flon of the signals of the |nd|V|duai phases Va,

t
v, -
For the absorption mode signal the ToTa] peak heighf is
e B |
Vmax,T = Viax -+ Ymax (9)
. NI/ (1+s®) + N T57<1+55) “ o
and the relative error in intensity made, if we read Vmax + instead
a . : - o
of V ; 1S
. max : - ‘
3 - B B a a B
§g1 = N TZ)/<N“TZ).<1+S )/ (1+sP) (10

This is valid, if the heights are read re!aTiVely to the "true
baseiine", i.e. line defined by V = 0. In practise, because only
part of the spectrum is recorded, The baseline is taken as a

W, -
straight line passrng through some points VBGuB), VB( y hb). In

——————————Fhisecase retativeerror—in ;H'ft:n::i‘l'y is
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=8 - (N Ta/(]+(T )2 (0p-L0g)” l/( |

an

+ NﬁTz/(J+(T3>2€t5 o, 12 4 SB)) (1+s%) /(N T“)

Similarly for the lnfegrafed |n+enSI+y, lf it is infegrated in the
interval wiUnB 0, GE) and the basellne is taken as a sfralghf ine

- .paseing Through points VBGJB) y (Q)-Gé) the relative error Is given

o e ~N

) .

¥ : a ' a '
rel = (2/”)(arcfan(T2(ﬁ%-&b)/(J+s %) : - (12)
g Rk . ) - .
PR + PN “arctan(rBey -0/ (14sP)?)
a ‘ a P N 2 aq, -
| - TZ(UO-QB)(]+S )/(]+(T2) (Q%-Cb) + s7) |
BNy TP a B\2 2, B
\ _ NP )TZ(Ub égiilif 1/ (+(TE) 2 (0,-0)%+ sPy)

-1

I+ should be stressed Thaf TEe‘above conszderefions are Qalid3 :
only fgz,Lorenfzianﬁshaped;lihe§,wbdweyer¢,Theyﬂmayesefye,as_a _

. guidelines in general, |

» In the case of benzene, the width of lines at maximum slepe ,

values are 2 80 gaess at 273K and 2.82 geuss at 180 °K (35). | 1f the
Jine W|dTh at half-maximum |n+enSI+y of adsorbed benzene were 250 Hz
and the sweep with of +he spee‘rum 5000 Hz, then the expected error
weu(d be ebou+ 6% of the True,valge of the mobile phase. amount, for'_

PR
s

- the ratio of phase amounts 1:1.

However, IT refaTtive measuremenTs are made’ by comparing The

—— L ~va4ﬂes—e#—+ﬁ#egra+s——%heﬁe+he—eFFeFfw+++—beﬁﬁmHnc..

IS
>



~ extracted with benzene in a Soxhlet appardtus for approximately 170 .

3. Exper|men+al - ) _ 7 N

AN
‘3.1, Materials

@

S“J.J.;Adsorben+s
k1 °
.Aasquen+s used in this study were:

<

Charcoal, a¢+iva+ed,'"Darcoh G—60! 20-40 mesh from Matheson
Coleman & Bell Co., Norwood, Ohio; , o

Silica gel, "For gas chromatography", 60-80 mesh from_the same . - R

company, and

%
9

a type of aerogel silica, Cab-o-sil, grade M-7D, from CaboTi
Corporation, Boston, Massachusetts.

- -~

All adsorbents were first dried in vgcuum at 200 °C and then

hours to remove possibly preseh+ bepzeﬁe soluble compeunds. In the v

ﬂ case,of the charcoal the extracfidh was prolonged to approximately

“

500 hours. The sampless were then dried in vacuum at 100 °C and used
for all- NMR, adsorption, and DSC measurements.

.
F

3.1.2. Adsorbate

-

—4——”41he—aésepba#egusedgwasgbeﬂ%eﬂe——B-4%%——Sﬁee#Faﬁa+yzedA—MH4#r————————fg——f

) Cﬁ[iiiiﬁdgiteeZLng,pOLﬂtgsLZA,C,AiLQmAELSChEEASCLEﬂiLiLCACQ4+4Eai£_444444;;,,
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Lawh; New'Jbrsey. I+ was dried over metallic sodium and kepTKOVer
. : - - / N . .
, .- , )
‘sodium in a reservoiiyﬂj;ached to the adsorption apparatus. Before:
admitting to the édsorbenf; }he Qeniené was degassed‘by repeated

13

'_disTi!lafion in vacuum.

ES ) v

3.1.3. Adsorbents Characteristics

‘ Adsorption isotherms of'nffrogen were measured for all three

adsorbents at the temperature of boiling liquid nifrogen’&§+ng the

gfavimeTric method. The adsorbent samples were treated in the same -

~

way as the samples used for the NMR measurements. The employed

-~

adsorptien apparafﬁs consisted of a Worden microbalancé, with

magnetic compensation, of sensiﬂvi‘ryw and a mercury

U-manometer and two Mcleod gaugeé. BET specific surface areas were

evaluated from measured data and are given in Table I. The molecular .~

‘area of nitrogen was taken as 16.2 AZ._

£
kY
Tabte I.- L
Adsorbdnt Surface area m2/g A
Charcoal ' 682 .
Silica gel 697

Cab-o=-sil 180 ) : R
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S 3.2. NMR Measurements

3.2.1. Apparatus

Nuclear mégnefic studies were performed on the Varian Model*

XL-100 spectrometer. The .standard Varian Model V-4415 pfobe unit

Jthrsémble tubes. The‘coolihg“hedium was nitrogen gas passéd
through a heat exchangér filled wiih quuia nitrogen.

- The NMR sampie tube itsel f was equipped with a high vacuum - -
stopcock (Ace Glass ln;,, type 8195) and provided with a thermo- -
couple well, to allow meésuremenfs of temperature in situ, to
make possible NMR studies on the same éample of adsorbent with
different adsorbate coverages, énd +o permit determination of the

L]

free volume of the NMR sample tube.* The tube could be easily

- attached and detached viaa CajbﬁﬁﬂifFééTbEFh¥i++fhgifoi+Hé7méﬁffd]&xVW

of aAQigh vacuum adsorption apparatus without changing +hd,_adsorbate
amount in the tube. To minimize +empera+ure éradienfﬂin,fhe sample
along the longitudinal axis of the tube and the subsequent
redisfnibdfion of adsorbate due to TemperéTure differences, a
thin-walled (<0.4mm) +ibe was used and the amount of adsorbent was
'kepf as small as ﬁossibie. The sTanéaﬁd adsorbent column heigHT

used was about 17mm,

with the gas-flow type temperature control was used, with insert for "

The temperature of the sample was measured by means of +hé

copper-constantan thermocouple junction inserted in the well of the

NMR sample tube. The reference junction was kept at the femperafuré.

of an ice-water bath.

.

U
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Care was qu?nfTb'kéép féﬁperafuﬁE"F Time dependence monotonic,
to avoid an interference of.possible hysteresis.

3.2.2, Preparation of NMR samples

e

The NMR sample tube with an adsorbent was attached to +h?"
adsorption apparatus and the adsorbent was degassed at 350 °C‘fof”48

. . - -6 .
hours after the residual pressure was {5%10 torr. The sample tube

7thh degéssed adsorbent was ¥Rénrwéfghed on the éhalyfica) ba}ance“

to determine the weight of the adsorbent, Theﬁfqbe was again.
attached to the géggrpfion-appqrgfusignd-+he requ}red,gmgggjﬁof;
t;enzene vapor was adsorbed, keoming the end of the sampI;e tube with °
adsorbent in ice-water bath. A mercury U-manometer was uéeﬁ to
measure'equi!ibrium préssure. Howgver, the amount of éQSbEbaTe in*fv

the sample tube was determined by direct wéighiné of the sample'Tvﬁe

after it was detached.

This procedure was repeated with each'NMR sahpWe;'excepT afTQf*””"'

the firs+ adsorption of benzene vapor the sample was degassed at
room temperature for 2 hours. ‘ :

3.2.3. Spectra Measurements

T

Using the spectrometer in frequency—sweép mode, proton specfra
were recorded for each adsorbent sample and covérage»af various

temperatures. Starting with the apparafus steady state temperature

the temperature was decreased approximately at the rate 0.25 °C/min.

to the next required temperature. Time was allowed for Thersamﬁle

-

S
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to come to constant temperature before measurement was made; spectrg
L "o T ,
were measured when temperature was consilant within 0.3 "C for at

least 15 minutes. Spectra were measured both for increasing and for
decreasing sérjés of femperatures.

El

To avoid saturation of the samﬁle, the' amptitude of the RF swgep'

field was kept at the lowest value for which a suitable signal could

be obtained. The inpUT power level was adjusted until the onset of

saturation was noted and then reduced well below this level,

<




';3.3. Differential Scanning Calorimetry

- DSC -measutrements were per?ormed on the Perkin Elmer Mode! DSC-1
differential gcanning calorimeter using the low temperature. accessory.
The samples were encapsulaTed in pans usually used for solid samples,

but, instead of the standard flat pah Iid another pan with a slightly

¢

not completely hermetical. Therefore the leak rate was determined
and an eventual correction was considered in estimation of volatile

adsorbate content. Sample holder domes were used in &ll measurements.

3.3.1. Preparation of samples

A sample of adsorbent (T0.5g) was placed in a small glass bulb
provided with a stopcock, éffached to the 'adsorption apparatus and
-degassed in the same way as the sampleé for NMR measurements.—-
Benzene vapor was then condensed on the adsorbent at a temperature
of about 10 °C unTilviT Was compIeTély immersed in liquid benzene.
The appropriate amount (;10mg)_of adsorbent was +hep taken from the
fiquid and placed into the sample ban which was jmmediafely covered
with a,éfreTched pan. | |

Aww’/K1

Just bé}ore the DSC measuremen+ﬁ¥he weight of the pan with the

-

sample was determined -at several time intervals at room temperature

“to estimate the leak rate.



3,3.2. Measurements

fMeasurements were done at two scan speeds, 10 °C/min. and 2.5

°C/min., for all samples. .

The pan was weighed immediately after the measurement and

corfecfion was eventually made to esfimafe the amount of adsorbate

at the time of measurement, The 1id of the pan .was then perforated

and adsorbed benzene removed by heating at 200 °C in vacuum for 2

hours. Weighihg the pan with adsorbent and again after adsorbent

-

was removed, the weight of adsorbent- was determined.

{!>_
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4, Results and Interpretation.

4.1. NMR Measurements ' - B S ';?L

THe proton NMR spectra were measured ofr several systems
benzene / adsorbent listed in Table 1., together with values of
benzene adsorption giVen in g of benzene per g of degassed adéofbenf

and monolayer coverage relative fo nitrogen BET area values. The

molecular area of benzehe is taken as 43.0 Kz (36) .

Table |1 ' | ’ e

Adsorbent Benzene adsorption (g/g) No. of Monolayers. "
Charcoal 0.669 . 3.2

0.682 3.3 .

1.016 4.9 #j .
Silica gel 0.292 1.4 -

0.388 1.8 - -
Cab-o-si| 0.058 1.1

. 0.250 4.5.

The values of adsorption given are not corrected for the amount
of adsorbate in the free volume of ¥he NMR sample tube. The
corrections were esfimafeq>by means of the equation

ng =n - (Vg/ T) .P(T,a)

where n is the total n&@ber of moles of an adsorbate present in the
sample tube, né is The number of males adsorbed,_vg is the free volume

of. the sample tube, and P is the vapor pressure in the sample fube,

which depends on the temperature T and the specific adsorption a.

" It was found that corrections are less than 2% for all-sysTeﬁs,

except for the systems benzene / Cab-o-sil, where the correction can
’ .

Ve \\\,.—) 7



be about 22% and 30% for the fractional monolayer coverages 4.5 and
LJ.J, respectively.

For the charcoal systems both absorption and disper;ion spectra

wére scanned at various temperatures, and heights of peaks and line

widths at half-heights were evaluated. ‘ : ‘

For the silica sysTems the integrals were scanned additionally,
*"‘4* - e P el . e =™ L __

using The,BuiITQIn electronic integrator, and integrated .intensities
were evaan+ed, usualry,‘as an average from three repetitive.scans.
The lowest reachable Temperature was |imited by instrument

design, and was about 160 °K.

e

The resul+s for individuall adsorption systems are summarized in
a series of graphs representing the dependence of the NMR signal
intensity on temperature, the effect o% Temberafure on the NMR line
width and the effect of temperature 6n the rélaTive}amounT of the
. mobile phase. i |

The last quantity has been evaluated from the expression

C=1T/ 300 '300

where | is the signal inTensify (in arbiTrary units) at temperature
T, and ‘300 is the intensity, in the same ‘units, at temperature 300

°K. The quantity C has a meaning of concentration of the mobile

phase in the effective volume of the receiver coil, relative to

. ..__concentration at 300 °K, if the temperature dependence is given only

by the Curie law. Assuming that at 300 °K all adsorbate is present
; as the mobile phase, C is, with good approximation, measure of the
relative amount of the mobiie phase.
Where two symbg!s 5Fé used To,indicafe>poin+s in graphs, then +

refers to descending temperatures, and x refers to ascending temperatures,



The results for three samples with fractional monolayer coverages
3.2, 3.3 and 4.9 are presented in Figs. 1-9, Beéause of broader
tine wnghs, as can be seen from Figs. 2, 5, and 8, the errdrs in
intensities are greater for this system then for the others. For the

\Krange of line widths 1400 o 2400 Hz and the usable frequency sweep

hxggbf spéetreme#er~8@90¥Hz3~fhe~errors~eva+ua+ed“frbm*#fmrequafﬁtﬂffi6)
are about 4% and 20%, respectively, or about 20% if the concentrations
coﬁresponding»#e the tine widths 1400 and 2400 Hz are compared.

Figs. 1-9 show that the Tempefafure dependence of allrpIOTTed
quaﬁTiTies shows‘hysferesis in the cooling-reheating cycle fJr ail
three samples. The content of The_mofe‘mogi}e~phase at the same
TempekéTure ié higher for descending femperatures, as can be seen
from Figs. 3, 6 and 9.

The same Figures show that the content of the more mqbile”ghase,

arTs.To decrease at certain Temperafu}e, and Thérdecreaéing proceeds

with decreasing temperature.

4.1.2. System benzene / silica gel

Figs. 10-15 show the results for two samples with benzene content

of 0.292 and 0.388 g/g of adsorbent.

»

Figs. 13 and 15 for sample 0.388 g/g show a sharp decrease of

the.intensity and the mobile phase concentration at a temperature

ébbuf ZjéW°K. A similar sharp decrease, but smaller, can be seen oh >
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Figs. 10 and ]2 for the sample 0.292 g/g The co%{se of the
“témperature dependence of the line widths is pracfical|yrun;hanged, -
as Figs. 11 and 14 show. :
Aé can be seen from Figs. 12 and'J5, after the sharp éecrease the
amount of the mobile phase is relatively constant (actually it is
slighT]y incréasfng) over a réThen extensive range of +emasfa+ures,.

and then starts gradually to decrease. .

e

The siight increase in the amount of The mobile phase cap only .
~
- partly be explained by additional adsorpTion from the gas phase in- -
the free‘vofume of the NMR sample tube. The other reasons may ‘be the .

temperature dependence af instrumental factd

or the redistribution

of adsorbate due to the femperature gradient in

. 4.1.3. System benzene / Cab-o-sil

The results for fwo samples with fractional monolayer coverages
1.1 and 4.5 are presented in Figs. 16-21, ‘ : /

. Because of smaller specific surface and specific vo!ume welghT
(0,11 g/ml ifmpare with 0.87 for silica gel and 0.40 g/ml| for
charcoal) of Cab-o-sil, the amounts of benzene present in NMR sample
'ube were smaller, and the amounts adsorbed were more subjected Yo

the change of adsorption with femperature as can bé seen from‘Figs.

18 and 21. Similarly, as for the silica gel éysféms, it seems that

temperature,

Qualitatively the temperature dependence of the intensities and

‘K‘ ‘
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charcoal / benzene, the drop at the Tempera%ure abouT 278 K, and °

then gradual decrease with decreasing temperature.

4.2. DSC Measurements

LY

Because of the problem with completely hermetical encapsulation

of samples, the amounts of fhe adsorbate during the measurements
were not known éxachy. The vélues given are the arithmetic means
calculated from the experimenfélly défermined-beginning and end
amounts in the individual runs. Thershown uncertainties were
evaluated as half of the amount of adsorbaTé lost by evaporation
during the meaéuremenf. ?

A‘I the DSC curves shown represent fhe;heafing curves. The peaks
on the cooling curves were unusually sharp and occured at irrepréducible
temperatures, lower than those on the heating curves; thus. indicating. . .. . .

supercool ing.

4,2.1. System benzene / charcoal

in Figs. 22~25 are shown DSC .curves forjsystem benzene / charcoal.
The two scans of the sample 0.88 g of benzene /\é\of charcoati in Figs. -
22-23 show that the behaviour of the system with increasing

temperature is reproducible. Figs. 24 and 25 show DSC curves of

the sample 0.79 g/g at scan speéds 10 °C/min. and 2.5 °C/min.,

reépecfively. As can be seen, the general features of the curves

are ‘the same; therefore it may be assumed that the curves reflect
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- equilibrium behaviour of tbe system

The hxgher +empera+ure peak in Fig. 22 - 25 is located at The

© same +empera+ures as The peak of pure benzene standard, and.may be

assigned to the melting of excessive unadsorbed benzene. The lower
 temperature peak, with the departure point from +hevre1a+ively
's+raigh+ line at about 260 °K, can be assigned to the melting of the

~

adsorbed benzene . . : .

[ S e N gt

Quan+|+a+lve estimation shows, that the +o+al area of the ;/
peaks, between poinfs‘T=260 °K and T= 283 °K, represent only about 44%
of the heat of fusion of the total benzene;ameunis in the samples. T
Fen the heat of fusjon the normal melting point value 2.35 keal/mol
was +aken (42). Comparison with NMR results (see bigureg 3 and 6)

shows rough agreement of The amounts of unfrozen benzene in the

samples at 260 °K.

4.2.2. System beDZ?ﬂe,/,si licagef .t

'ln Fig. 26 the curve A represenfs the DSC curve of the sysfem
benzene / silica gel 0.38 g/g. rThe curve B is ThelDSC cUrve of the
blank Fun, without the adsorbenftand adsorbate, shown for comparisen
because of nontinearity of the calorimetric system in a broader L
Temperafure interval, | .

The p03|+|on of the hlgher femperafure peak suggests that it is

caused by melTlng of the excessive unadsorbed benzene The™ lower

temperature peak may be assigned to the melting of the adsorbed e

~benzene. Comparison with Figures 12 and 15 shows fair coincidence of
the lower DSC peak temperature and the temperature region of maximum

rate of change of C values,
1
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‘volume filling is about 0.26 g of benzene / g of silica gel. The
excessive benzene amount in the DSC sample is then about 0.12 g/g.
The quantitative extimation shows, that the amognf of benzene
calculated from the higher +empera+ureiééak area agrees well with
that value. The area éf the lower TemperaTureipéak rep;esenTS about

80% of the adsorbed benzene, assuming that fhe heat of fusion of

benzene is the same as at the normal melting point of bulk benzene.

- 4.2.3. System benzene / Cab=o=sit—— - -

The DSC curve of the sample 0.39 g of benzene / g of Cab-o-si|
o , .
'1 . is shown in Figure 27. As can be seen, the departure of the curve
from the straight line starts at 255 °K, that is well<below the normal

melting point of the bulk benzene,
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5. Discussion

The NMR data for all Thg%e adsorpTion/sysfems studied show’ that
with decreasing Temperafuré the NMR signal intensities and fhe
corresponding values of C_exhibif a sudden drop at some onset

_ temperature and then they gradually decrease;>
Comparison with DSC curves of the same'adsorpTion sysTems shows
S rw~:~w~#ha$4#he~#empepa¢uresga$¥whieh~¢hese~dpepsAeeeupueoineide*iaJ44ﬁkgf
well with the temperatures of peaks on DSC:curves. Also the
Temperéfure at whicthhe departure from the relanvely straight line
occurs on the DSC curve céiﬁé?aémii¥ﬁ'+ﬁé moré signifiéaﬁ% éhange'fﬁwrw
the rate Qf change of é vatues. N

The peaks on the DSC curves are qssumed to be manifestations of
first order phase Tranéifions. Theréfore it may.be concluded that
the NMR signal inTenéiTies and the corresponding values of Cvindiéafe

Changes in the content of the mobile phase during a first order phase

. " ' LY
transition, and that Resing's (34) theory of the apparent phase

transition is not valid here.
Resing (34) has developéd The_Theory, based on the Zimmerman

and Brittin theory for relaxation in muLTiplé phase systems (43), pf

an apparent-phase-transition effect due to é broad disfﬁibﬁfion of |

correléfion’jimes. The underlying principie is that if the system

consists of two or more phasés, characterized by differenfrreléxafion
— —times; between which the physical-exchange of +he nuclei, characterized —
by acorrelation time, is possible, then fwo limiting behaviors can

occur. In the limit of fast ékchange a single relaxation Timelis'seen;

_in the 1imit of slow exchange each phase relaxes as If it were isolated

- ‘
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trom all others. A'pﬁééé Té;aéfiﬁéafhere in The NMR sense, as a
i;roup of nuclear spins having a given relaxation time.
For a system consisting of many phaées and with a certain
‘disfribufiqn of correlation times at a given temperature it might be

expected that some of The phases would be efffgfively isolated at-

the slow exchange limit, some of The phases would be characterized

by rapid exchange, and the remainder would be in the intermediate
region. The proportions in the various regions of behavior wéu!d be
expected to be a function of femperature. At high temperatures,
charaqTerized’by faster molecular motions, all pﬁasesvmighf be
7%EXpecTed to exchange rapidfy, while at low temperatures, Qhere
rmofion is slower, all phases might be effectively isolated. As the
temperature of the system changes from sufficiently high temperature
to a sufficiently low one a "phase transition” can be observed.
Howevef, there is no phase change in the TP?[deYP§WE9,§?H§9‘9f,Th?,
Term.r 7 |
Resing (39) used an agsumpfion of log=normal distribution of
corfelation times to fit NMR relaxation data for benzene adsorbed on
charcoal,wifh'very good results. Unfortunately, no search for thermai
effects was made, so it has not been proved if the behavior of the

system is due to the "apparent phase transition" or the real thermo-

e dynamic phase transition. Our results on a similar system benzene /

~ charcoal show the existence of a distinct thermal effect.

Of parficularvinferesf is the fact that the phase transition

was detected on system benzene / cab-o-sil, because cab-o-sil can be

considered as a nonporous adsorbent. This is in agreement with



Morrison's (7) observation, that The lowering of melting pdinf,of'
adsorbate is not restricted only to porous adsorbents.

- Béfh NMR data and DSC measurements show that %he phase
TEansiTion»in the adsorbed layer is not generally sharp prdcess
occuring at a single temperature, but that it proceeds{ starting at

some onset temperature, gradually with decreasing temperature.

These conclusions are in general agreement with the results of
the NMR studies of similar systems such as water / silica ge! by

nzene / silica gel by Woessner (38), benzene / charcoal

Barne$ (23),
by Thompson et al. (39), and the calorimetric studies of T;é sysfems
n-hexane, benzene, and water adsorbed on silica gel (12), and benzene
and carbon tetrachloride on silica gel (20). However, in the latter
reference i% is reported that no heat effect due fo a phase fransition
has been found with the system benzeﬁe / charcoal.
Comparison of the behaviour of the sysfems benzene / Cab-o-si |
and benzene / silica gel in the region of the phase transition shows
. teafures which may be attributed to the distinction between the
adsorpfion on nonporous adsorbents and the adsohpron on porous
jadsorbenfs in the region of the éapillary condensation,. where the
adsorpfign éan be correbéfed with the effective pore diameTer or its

distribution.

In the case of the system benzene / silica get the detected

onset temperature of freezing and the corresponding peak temperature

on the DSC curve are quite distinct, the difference is about 80 °K,
from the butk freezing point even for the sample with completely

‘filled capillarieﬁ and with éxcess bulk adsorbate.
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In the case of the sample benzene/Cab-o-sil theonset

temperature of freezing seems to increase with increasing adsorption

7 and“TQ approach the melting point of bulk adsorbate. As can be seen

from Figure 27 the peaks on the DSCvcurve corresponding to the adsorbed
and the excessive benzene coalesced.

That behaviour is compatible with the existing theories of the

freeZIng of adsorbed substances. -

For the porous adsorbents IT is assumed that the liquid phase
adsorbate is c§n+ained in capillaries of an éffec+ive radius r, and fé
In equilibéium with the adsorbate in the gaseous phase and with 5611d o
phase adsorbate present either as a bulk cryé+a| or a solid contalned

in capillaries. By combining the Kelvin'equaffon and the Clausius-

Clapeyron equation a formula for .the depression of the melting point of
the adsorbate relative o the bulk melting point can be derived (40,5,19)

In T/Ty = “2Vi¥1, g /AH T : (13)

or similarly for the solid phase adsorba+e,con+ained in capillaries
and obeying the Kelvin equation (5,40,41)

in T/Ty = 2(v}13,g - VSTE, )/AHfr : | (14)

where To is the phase transition +empera+ure of the adsarbate in The

caplllary system, T is the triple point Temperafure of the bulk

adsorbate, v and,vS are the melar volumes of the liquid and the solid

]

respectively, Aiifis the molar heat of fuslon, r is the radius of the

capillary at The meniscus and Y, g and,'fs g are the surface tensions of

An assumption involved in-the derivation of the equations is that

Y

1,9 and AHf are constants, which may not be justified if the
’

V_‘l’
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depression of the méf?fﬁ@jﬁanf is large.

The equations (13 and (14) correlate the nelting point
depression with the pore diameter. The fact that the melting occurs
over a range o; temperatures gcan be e%plalned_by the distribution of
values of the pore diamefefs in the adsorbent.

'The value of r, calculated by means of equation (13) for T=180 °K
uslng the values of. AHTr YT” -and-v. T
2.35 kcal/mgl 31.1 dyn/cm and 87 30 ml/mol), is 12.6 A. A somewhat’
beTTer‘apprdﬁimaffon of r, gsing esfimaTed values of AHf, Y],g and v] 
for the interval mean temperature 229 °K (2.18 kcal/mol, 36.2 dyn/cm °
and 82.73 ml/mol respeéfively), is 15.0 A, 7

This value of r which corresponds to the péak value temperature

on the DSC curve for the system benzene /. silica gel is a reasonable

v expécTaTion of the most frequent pore size for the type of silica gel

used.
For the -nonporous édsorbenTs it may be assumed ThéT the whoie
available ‘area of the adsorbent is covered with liquidiike adsorbate
which is In equilibrium with the gas adsorbate and the solid adsorbate
presehf'as a bulk crystal. This mode!l has been used by Patrick and’
Kemper (8), and Berezin and Kiselev (12). But as was pointed out by‘

Morrison et al.(7), it implies that until the end of the meleng-prb;ess

The adsorpTioh isosteres musT coincide wi+h'The sublimation curve ‘in the

- P angmummhMﬁm@'m@gﬁmm¢4ﬁmﬂwmﬂm%@magm%m

-at-the normal-melting-point(namely———

nitrogen adsQ[bed on ruTiIe.

LY

7 , )

* \ i

The value of v,'was estimated by means of Lydersen, Greenkorn and Hougen
(44) correlation method, Y by using the nomograph by D.F. thmer et al.
(45), and AH by using of extrapolated Cp data taken from (460

-~



Another hypothesis in Thelcaée of nonporous adsorbent is that

there can exist Two distinct surface phases, one with molar entropy

d

s%, molar volume v
a _ a

and concentration Ta,‘fhe other with entropy S:,

B

molar vo{umevv: and concentrationT " (27,26, 7). The equation

RT(dIn P/dT) = 5~ (F¥sg -TPsh)/re - 150) | sy

derived by Hill (27) for the equilibrium of the two surface phases

£y

and the gaseous phése defines a single line in a P,T diagram. |+

implies the existence of a single isostere in the melting region,.whlsé;-*

is not in agreement with experimental data, however, reconcitiation can - ——

be achieved by considering surface heterogeneity (7).
Intferesting and not quite clear is the origin of the cool ing=-
reheating hysteresis in the +empera+ure dependehce of the NMR signal

intensities and the corresponding C values observed on charcoal smaples.

Similar hysTeresis was observed by Barnes (23) on the system water /

silica, aﬁd'by'Morariu ahd Mills (37). °
I+ seems ThaTrhySTeresis involvéd may be of the type of super—
cooled({rquid‘HySTeresis caused by nucleation kinéfic factors, or of the
type similar to adsorption - desorption hysteresis of porous adsorbents.
HoweQer; iT_dées not seem that hysfefesis exhibited in Figures 1 ; 6 is
ofzthe.fOEmer type; the temperature dependénce is gradual wffhouf any

sugden changes.  The latter type of\hysteresis, which was suggested

by Barnes, assumes that the adsorbate do not freeze in capillaries, but

moves outside to form bulk solid. In this case it is not cleéf why the

hysteresis was not observed also on the silica gel samples.

iy
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