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Abstract

The adsorption behavior of three amphiphilic ionic liquids (ILs), 1-alkyl-3-
methylimidazolium chloride {[Cnmim][CI], n=6-8}at the interface of n-butyl acetate
+ water system was studied with IL concentration range of 1.00x107*-1.00x107
mol-dm™ and temperature range of 293.2-318.2 K. The ILs behave as strong
surfactants in this chemical system and significantly reduce the interfacial tension
with the order of their alkyl chain length and is consistent with their hydrophobicity
nature. An almost linear decrease of interfacial tension with temperature was also
relevant. The experimental data were satisfactorily reproduced with Szyszkowski
equation, implying an ideal ILs adsorption. In this regard, the Langmuir maximum
interface excess and equilibrium adsorption constant were obtained at different
temperatures for each IL. Accordingly, effectiveness of adsorption and adsorption
tendency increase with the alkyl chain length. At the saturated interface, increasing
temperature leads to declining Langmuir maximum interface excess due to disrupting
surrounding water molecules around ILs hydrophobic portions. However, adsorption
tendency of ILs increases slightly with temperature.

Keywords: lonic Liquids, Alkyl Chain Length, Interfacial Tension, Szyszkows
kiequation, Ideal Adsorption

1. Introduction [4], corrosion inhibition [5],

lonic liquids (ILs) are entirely composed of
ions and possess low melting points [1]. The
unique physico-chemical properties of ILs
such as very low vapor pressure, non-
flammability, high thermal stability and ion
conductivity have attracted much interest in
recent years [2,3]. The ILs properties can be
improved by modifying cations and/or
anions. Accordingly, ILs have been utilized
in many fields such as catalyzing reactions

absorption[6], liquid membrane separation
[7]1, liquid-liquid extraction [8] and
electrochemistry [9].

One of the marvelous characteristics of
ILs is surface/interface activity due to their
amphiphilic nature just like conventional
surfactants [10,11]. However, most studies
have focused on ILs behavior as surfactants
in aqueous phases. For instance, Zhao [12].
synthesized n-alkyl-n-methyl piperidinium
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bromide ILs and studied their micelle
formation and surface activity in aqueous
solutions. It was shown that by increasing
alkyl ~ chain  length, critical  micelle
concentration (CMC) decreases; however,
adsorption efficiency and maximum surface
excess rise with increasing hydrophobicity of
ILs. Among different kinds of ILs,
imidazolium-based  ones  have  been
conventionally considered due to their
excellent surface activity [3,5]. In this regard,
as shown in Fig. 1: a typical imidazolium-
based IL possesses cationic hydrophilic (head
group) and hydrophobic (tail) portions,
providing a high tendency to adsorb at the
surface of solutions. Matsubara et al. [13],
for instance, studied the surface tension of
aqueous solutions containing imidazolium
ILs at different temperatures and
demonstrated that reduction in surface
tension occurs with temperature.

There are, however, few literature reports
exist that deal with the adsorption of ILs at
the oil-water interface and interfacial tension
(IFT) variations, despite the significant role
of this property in mass transfer phenomenon
[14]. Our previous study was focused on the
IFT wvariation and micelle formation of
imidazolium-based ILs at toluene + water
system [15]. The wused ILs significantly
reduced the IFT and the adsorption tendency
revealed increasing with  temperature.
Considering the chemical structure of n-butyl
acetate and from adsorption point of view,
different results are expected with this
chemical system.

The aim of present work was to study the
adsorption behavior of three conventional
imidazolium-based chloride ILs, namely 1-
hexyl-3-methylimidazolium  chloride, 1-

heptyl-3-methylimidazolium chloride and 1-
octyl-3-methylimidazolium chloride {briefly:
(ICymim][CI], n=6, 7 and 8)} at n-butyl
acetate + water interface. This chemical
system has been recommended by the EFCE
working party [16] as a system with
moderate IFT (about 14 mN-m™) for liquid—
liquid extraction studies and has been
frequently used in different studies [17-20].
An ILs concentration range of 1.00x10*-
1.00x107" mol/L and temperature range of
293.2- 318.2 K were utilized. The
Szyszkowski equation was then employed to
correlate the experimental data in relation to
ILs bulk concentrations. Accordingly, related
parameters of interface activity were
obtained and discussed.

/N,/\,’G\M/ c1-

Figure 1. The chemical structure of 1-alkyl-3-
methylimidazolium chloride.

2. Experimental

2-1. Materials

N-butyl acetate with mass fraction purity of
more than 0.995 was purchased from Merck.
The raw materials for synthesizing and
purifying ILs, including: 1-methylimidazole,
1-chlorohexane, 1-chloroheptane, 1-
chlorooctane and ethyl acetate were also
purchased from Merck and Riedel-de Haen
with mass fraction purity of more than 0.999,
0.99,0.98, 0.96 and 0.995, respectively. All
materials were used without further
purification. Fresh deionized water with
electrical conductivity of 0.07 uS-cm™ was
used for aqueous solutions throughout the
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experiments. The specifications of the used
chemicals are given in Table 1. Each of the
ILs, [Cemim][CI], [C/mim][CI] and
[Csmim][CI], was prepared according to a
standard method [21,22] and details have
been described in our previous study [15].
Synthesized ILs were characterized by the
way of 'H NMR, ®C NMR and mass
spectroscopy, the characterization data were
in agreement with the expected structure. The
purity was confirmed by the appearance of
just the ILs peaks and none for reactants
and/or by-products.

Table 1

Origin and mass fraction purity of the used materials.
Chemical Name Origin Purity
n-butyl acetate Merck >0.995
1-methylimidazole Merck >0.999

1-chlorohexane Merck >0.99

1-chloroheptane Merck >0.98

1-chlorooctane Riedel-de Haen  >0.96
ethyl acetate Merck >0.995

2-2. IFT measurements

The drop volume method was used to
measure the IFT values. It is a reproducible
technique and has been used by other
investigators [13,23]. The details of drop-
forming device and the procedure are
reported in previous studies [24,25]. In this
method, IFT, y, is obtained from the

following equation [26].

=Y ] ()

where V is drop volume falling off a
capillary into the organic phase; Apis the
density difference between the aqueous and
organic liquids (pw and po), g and r are the

acceleration of gravity and capillary radius
(0.35 mm in this study), respectively, and

gp(r/Q}V)is a constant which can be

obtained from empirical relations [23].

The contacting media and conducting tube
to a capillary were temperature adjusted at
desired temperature, using a calibrated
thermostat (OPTIMA 740, Japan) with an
uncertainty of £ 0.1 K.

IL aqueous solutions were prepared by
mass using an Ohaus (Adventurer Pro, AV
264) balance with an uncertainty of +0.1 mg.
Also, 200 and 250 (+0.2) cm® volumetric
flasks and 5 and 10 (+0.01 and +0.02) cm®
volumetric pipettes were used. Different ILs
concentrations from 1.0x10™* to 1.0x10"
mol-dm were prepared and examined. The
absolute maximum standard deviation  of
concentrations was
+ 0.01x102 mol/L for all cases. Each IL
concentration was utilized for IFT
measurements at different temperatures from
293.2t0 318.2 K.

Prior to experiments, equal volumes of
both phases (100 cm®) with corresponding
aqueous phase concentrations of the ILs were
mixed for at least 30 minutes, and then left to
rest for another 30 minutes. It is notable that
the mutual solubility of organic and aqueous
phases was very low and that the formation
of emulsion of either phase in another was
not observed. Samples of the organic and the
aqueous phases were also withdrawn to
measure  their  density at  different
temperatures. Density was measured by
means of an oscillating U-tube densimeter
(Anton Paar DMA4500, Austria), provided
with automatic viscosity correction. The
uncertainty for density measurements was
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+0.01 kgm?> The estimated average
uncertainty for all the measured IFT data was
+0.1 mN-m™.

To examine the performance and the
reliability of the method, the IFT of the pure
chemical system of n-butyl acetate + water
(binary saturated, without IL) at 298.2 K was
compared with reported values in the
literature. The obtained value of 14.0mN-m™*
is in agreement with reported values of 14.1
and 14.4mN-m " [27,28].

3. Results and discussion

3-1. Experimental results

A concentration range of ILs from very low
to about the CMC was utilized, each at six
temperatures, ranging from 293.2to 318.2 K.
Density of individual IL solutions changed
with both concentration and temperature. The
aqueous and organic phase densities varied
within 990.33t0 998.25 kg-m ™ and 856.32 to

15

882.44 kg-m™, respectively.

To ensure the attainment of equilibrium
condition, the IFT changes with drop
formation time, obtained with different
aqueous phase flow rates from 0.0005 to
0.005 cm®s™ were measured. The results
with typical ILs concentration of 5.0x107
mol/L at 298.2 K are presented in Fig. 2.
This figure demonstrates that the used ILs
have no adequate time to adsorb at the
interface  when drop formation is fast.
Therefore, the dynamic IFT is related to short
times of drop formation (less than about 40 s
here). As the formation time increases, each
IL has a greater chance to accumulate at the
interface. Eventually, when the time of drop
formation becomes sufficiently long, the
interface expansion occurs adequately slow
to find equilibrium adsorption and no
meaningful change is relevant with more
drop formation times.
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Figure 2. IFT variation as a function of drop formation time for ILs at typical concentration
of 5.00x107% mol/L and temperature of 298.2 K.

The IFT data and phase densities at
different temperatures as well as IL
concentrations  are  given in  the

62

supplementary material. The measured IFT
values were within the range of 13.4 to 14.0
mN-m™ for the pure system (at different
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temperatures, without any IL), 11.3 to 13.2
mN-m™* with [Cemim][Cl], 10.4 to 12.4
mN-m~*with [C;mim][CI] and 9.4 to 11.3
mN-m™ with [Cgmim][CI]. The average
percentages of the IFT decrease were 20.2,
26.2 and 33.1%, respectively.

In Fig. 3, the IFT variations versus ILs
concentration at different temperatures are
presented. As can be seen, IFT significantly
decreases with low amounts of the ILs (to
about 1.00x1072 mol/L) and then varies
slowly by approaching CMC. Because of
their amphiphilic nature, ILs just like
conventional surfactants migrate toward the
interface  and by increasing  their
concentration more adsorption  occurs,
leading to further decrease in the IFT [29].
The interfacial activity of the used ILs appear
in the order of [Csmim][CI]> [C/mim][CI]
>[Cemim][Cl]. As expected, more methylene

groups (-CH.-) in the ILs structure causes
IFT to decrease more due to the greater
hydrophobic nature in their tail [30]. Finally,
IFT  decreases almost linearly  with
temperature for each of the ILs concentration
(Fig. 4). Rising temperature causes the
kinetic of the molecules to improve and
consequently, IFT diminishes [13].

3-2. Theoretical modeling
In most studies, Gibbs [31], Langmuir [32],

Szyszkowski [33] and Frumkin [34]
adsorption equations have been employed to
relate interface adsorption and bulk

concentration of surfactants and ILs. Among
them, the Szyszkowski equation [35] gives
the best fit with the obtained data here:

y=y0—2RTI ', In(l+ K. Cy.)

(2)
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Figure 3. IFT variation as a function of ILs concentration at different temperatures.
Solid lines correspond to theoretical curves obtained by the Szyszkowski model.
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Figure 4. IFT variation as a function of temperature in the presence of ILs at typical

concentration of 5.00x10 mol/L.

where y, is the IFT of pure chemical
system (C,.=0); R and T are gas law constant
and absolute temperature; Cy, I, and K _ are

the IL bulk
interfacial concentration (under saturated

concentration, maximum
interface) and the Langmuir equilibrium
adsorption constant, respectively. In a simple
convention, the factor 2 stands for the
dissociation of each ionic surface active
substance into its cation and anion.

The coefficient of determination, R?
which is the difference between calculated
and experimental IFT values, was obtained
by [36]:

N
Z(Vcal,i - Vexp,i )2
R2 =1- i=1 (3)

N
Z:()7 - Vexp,i )2
i=1

where N, y, ., and y are the number

of data used in the fitting, the IFT calculated
by the model, the experimental IFT and the

average of all the appropriate experimental
values, respectively. The corresponding R
values (within 0.9720 - 0.9990) are listed in
Table 2 and indicate consistent fitting with
the model. In Fig. 3, solid lines are
theoretical curves, obtained based on
Szyszkowski equation.

In our previous study [15], non-ideal
interaction, mainly electrostatic repulsion,
between adsorbed ILs was relevant at toluene
+ water interface. However, an ideal
monolayer adsorption can be concluded here
from the agreement with Szyszkowski
equation [37]. Different adsorption behavior
can be attributed to the interaction between
ILs molecules with both organic and aqueous
phase molecules. Considering the structure of
the used ILs (Fig. 1), it is clear that there is
acidic hydrogen on carbon number 2
(between two electronegative  nitrogen
atoms). There is, therefore, high possibility

of hydrogen bonding between the acidic
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Table 2
Minimum area occupied by a molecule, A, standard

free energy of adsorption, AG:,,

determination, R?, for adsorption of ILs at different
temperatures.

and coefficient of

Anx108 -AG?

ads 2

T (m’) (k3-mol™) i

[Comim][CI]
2032 0.106 162.58 0.9999
2082  0.108 165.87 0.9996
3032  0.109 169.69 0.9998
3082 0111 173.51 0.9994
3132 0113 177.37 0.9997
3182 0130 181.24 0.9998

[C;mim][CI]
2032 0.096 201.80 0.9868
2082  0.098 205.93 0.9865
3032 0.099 210.07 0.9869
3082  0.101 214.22 0.9866
3132 0.103 218.49 0.9864
3182 0118 222.78 0.9868

[Csmim][CI]
2032 0.090 235,63 0.9726
2082  0.092 240.13 0.9728
3032 0093 244.76 0.9727
3082  0.095 249.41 0.9729
3132 0.096 254.14 0.9728
3182 0111 258.93 0.9727

hydrogen and electronegative atoms in
both n-butyl acetate and water molecules.
This interaction decreases or diminishes
repulsions between adsorbed ILs molecules
at the interface, causing the ideal adsorption
behavior in this chemical system.

Based on the Gibbs adsorption theory and
by using the slope of the IFT plots versus C.
(Fig. 3), interface excess, I, was obtained
for each IL from [37]:

C d
r—_—w | 97
2RT(dC,L] (4)

The interface excess variation as a
function of ILs concentration is presented in
Fig. 5. The trends clearly demonstrate
forming monolayer adsorption since the
interface excess rises sharply at low
concentration and then a plateau appears.
For concentrations below but near the CMC,
the interface excess tends to constant values
corresponding to the maximum interface
excess (/7,,). Estimated /" values from Eq.

4 and Fig. 5 are approximately the same as
those obtained from fitting by Szyszkowski
equation. Relevantly, the  obtained
maximum interface excess (from fitting) for
each IL is depicted in Fig. 6. By increasing
temperature, 1 decreases due to disrupting

surrounding  water molecules  around
hydrophobic portion which leads to less
transference of ILs toward the interface
[38]. It is also reasonable to attain higher
r value by [Cemim][CI]] than by
[C/mim][CI] and [Cemim][ClI], since higher
methylene group (-CH.-) in the ILs tail
provides higher hydrophobicity, which in
turn gives higher adsorption effectiveness,
I, values [30].

Corresponding to 7, the minimum area
occupied by an adsorbed molecule at the
interface, A, , can be obtained from the
following equation [39]:

1

A =
; FmNAv (5)

in which N, is the Avogadro's number.
The calculated A values for each IL at
different temperatures are also listed in Table
2. When concentration at the interface
decreases, each molecule occupies more area.

The adsorption tendency is characterized
by the Langmuir adsorption constant, K, , for

which the variation with temperature is
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Figure 5. Interface excess as a function of ILs concentration at different temperatures.

75

70 4

50

45

=~ [Csmim][Cl]
—A—[C;mim][CI]
=8 [Csmim][CI]

290 295 300

305
Temperature (K)

310 315 320

Figure 6. Maximum interface excess as a function of temperature for the used ILs.

shown in Fig. 7. As can be seen,
temperature has a slight effect on the
Langmuir adsorption constant. What is more,
adsorption tendency increases with alkyl
chain length. Longer chain ILs exhibit higher
adsorption tendency due to their higher
hydrophobicity.

Another important parameter, relevant to
equilibrium constant is standard free energy

of adsorption, AG,,, which is calculated
from [38]:

66

AG., =—2RT In (K#p} 6)
Where o' (p'=p,/18) is  molar
concentration of water at a given

temperature. Corresponding standard free
energy of adsorption of ILs at different
temperatures are given in Table 2. From

negative values ofAG,,, it can easily be

ads ?
concluded that ILs adsorption is spontaneous
in all cases.
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Figure 7. Equilibrium adsorption constant as a function of temperature for the used ILs.

4. Conclusions

The amphiphilic imidazolioum-based ILs,
[Cemim][CI], [C;mim][CI] and [Csmim][ClI],
significantly reduce the interfacial tension of
n-butyl acetate + water system at different
temperatures. The average percentages of
IFT decrease were 20.2, 26.2 and 33.1%,
respectively, within the applied range of
temperature.

Studied interfacial properties of the ILs
were  distinctive  with  respect  to
hydrophobicity feature relevant to alkyl chain
length in their molecular structure. In all
cases, an almost linear decrease of IFT with
temperature was relevant.

The experimental data were satisfactorily
reproduced with the Szyszkowski adsorption
equation, indicating an ideal monolayer
adsorption behavior due to the chemical
nature of the ILs in contact with organic and
aqueous phases. Accordingly, saturated
interface excess decreases with rising
temperature;  however, increases  with

hydrophobic nature of ILs. In the meantime,
the alkyl chain length shows greater
influence on the Langmuir adsorption
constant than temperature.

The results illuminate the capability of the
used ionic liquids in decreasing the
interfacial tension of “n-butyl acetate +
water” system and therefore altering
hydrodynamic and mass transfer in processes
like liquid-liquid extraction. The remaining
major problems to be investigated are the
behavior of similar structure long chain ionic
liquids as well as the influence of real
aqueous phase pH and the extent of salinity.
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Supplementary Table
lonic Liquid Concentration, C, , Phase Densities, p , Drop Formation Time, t, and IFT Values,

y, for Each IL at Different Temperatures *

T(K) Ci (mol-dm™) P (kg-m™) po (kg-m™) t© 7 (mNmy
[Cemim][CI]

293.2 1.00-10° 998.23 882.40 162 13.2
1.00-10°° 998.23 882.40 157 13.0
2.50-10° 998.24 882.40 152 12.8
5.00-10° 998.35 882.40 146 12.6
1.00-10 998.38 882.40 141 12.4
2.50-10° 998.41 882.40 136 12.2
5.00-10° 998.67 882.40 130 12.0
1.00-10° 998.80 882.40 125 11.8

2908.2 1.00-10° 997.06 877.23 154 13.1
1.00-10°° 997.07 877.23 149 12.9
2.50-10° 997.09 877.23 144 12.7
5.00-10° 997.16 877.23 140 125
1.00-10° 997.20 877.23 135 12.3
2.50-10° 997.25 877.23 131 12.1
5.00-10° 997.51 877.23 126 11.9
1.00-10° 997.67 877.23 122 11.7

303.2 1.00-10° 995.64 872.04 147 13.0
1.00-10°° 995.64 872.04 143 12.8
2.50-10° 995.73 872.04 138 12.6
5.00-10° 995.79 872.04 133 12.4
1.00-10 995.87 872.04 129 12.2
2.50-10° 996.14 872.04 124 12.0
5.00-10° 996.29 872.04 120 11.8
1.00-10° 996.41 872.04 116 11.6

308.2 1.00-10° 994.04 866.83 140 12.9
1.00-10°° 994.05 866.83 136 12.7
2.50-10° 994.15 866.83 132 125
5.00-10° 994.20 866.83 127 12.3
1.00-10 994.28 866.83 122 12.1
2.50-10° 994.56 866.83 118 11.9
5.00-10° 994.76 866.83 113 11.7
1.00-10° 994.90 866.83 108 115

313.2 1.00-10° 992.14 861.59 132 12.8
1.00-10°° 992.29 861.59 127 12.6
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2.50-10°° 992.41 861.59 122 12.4
T(K) Cu (mol.dm_g) Pw (kg'm_s) Po (kg'm_s) t(s) 14 (mN.m‘l)
5.00-10° 992.68 861.59 117 12.2
1.00-10°° 992.86 861.59 113 12.0
2.50-10°2 993.00 861.59 109 11.8
5.00-10°2 993.14 861.59 105 11.6
1.00-10°" 993.44 861.59 100 11.4
318.2 1.00-10°* 991.04 856.32 124 12.7
1.00-10°° 991.05 856.32 120 125
2.50-107 991.15 856.32 116 12.3
5.00-10° 991.20 856.32 111 121
1.00-10°° 991.28 856.32 106 11.9
2.50-1072 991.56 856.32 101 11.7
5.00-10°2 991.76 856.32 96 115
1.00-10" 991.90 856.32 91 11.3
[C;mim][CI]
293.2 1.00-10°* 998.23 882.41 150 12.3
1.00-10°° 998.23 882.41 146 121
2.50-10°° 998.23 882.41 141 11.9
5.00-10° 998.24 882.41 137 11.7
1.00:10°2 998.24 882.41 133 115
2.50-1072 998.24 882.41 128 11.3
5.00-10°2 998.37 882.41 124 111
1.00-10* 998.42 882.41 119 10.9
298.2 1.00-10°* 997.07 877.24 143 12.2
1.00-10°° 997.11 877.24 138 12.0
2.50-10°° 997.24 877.24 133 11.8
5.00-10° 997.37 877.24 129 11.6
1.00-10°2 997.47 877.24 124 11.4
2.50-10°2 997.68 877.24 120 11.2
5.00-10°2 997.79 877.24 116 11.0
1.00-10°" 997.86 877.24 112 10.8
303.2 1.00-10°* 995.08 872.06 136 121
1.00-10°° 995.09 872.06 131 11.9
2.50-10°° 995.09 872.06 127 11.7
5.00-107 995.21 872.06 122 115
1.00-10°2 995.25 872.06 117 11.3
2.50-10°2 995.31 872.06 113 111
5.00-10°2 995.36 872.06 98 10.9
1.00-10°" 995.52 872.06 93 10.7
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308.2 1.00-10°* 994.07 866.85 128 12.0
1.00-10° 994.07 866.85 123 11.8
T (K) CiL (mol-dm™?) po(kg-m™) po (kg:m™) tE 7 (mNm?
2.50-10 994.13 866.85 118 11.6
5.00-10°° 994.23 866.85 113 11.4
1.00-10°2 994.34 866.85 108 11.2
2.50-1072 994.44 866.85 103 11.0
5.00-10°2 994.64 866.85 98 10.8
1.00-10t 994.65 866.85 93 10.6
313.2 1.00-10™* 992.08 861.60 120 11.9
1.00.10°° 992.13 861.60 116 11.7
2.50-103 992.17 861.60 111 11.5
5.00-10° 992.18 861.60 106 11.3
1.00-1072 992.25 861.60 101 11.1
2.50-10°2 992.34 861.60 96 10.9
5.00-10°2 992.41 861.60 91 10.7
1.00-10t 992.64 861.60 87 10.5
318.2 1.00-10™* 991.04 856.33 113 11.8
1.00-10° 991.04 856.33 108 11.6
2.50-107 991.05 856.33 104 11.4
5.00-10° 991.05 856.33 100 11.2
1.00-10°2 991.05 856.33 96 11.0
2.50-10°2 991.17 856.33 91 10.8
5.00-10°2 991.24 856.33 87 10.6
1.00-10t 991.31 856.33 82 10.4
[Camim][CI]
293.2 1.00-107* 998.23 882.43 137 11.3
1.00.10°° 998.23 882.43 132 11.1
2.05-10° 998.23 882.43 127 10.9
5.00-10° 998.24 882.43 122 10.7
1.00-1072 998.25 882.43 117 10.5
2.50-1072 998.25 882.43 112 10.3
5.00-10°2 998.39 882.43 107 10.1
1.00-10t 998.45 882.43 101 9.9
298.2 1.00-10™* 997.09 877.25 129 11.2
1.00-10° 997.15 877.25 124 11.0
2.50-10 997.20 877.25 120 10.8
5.00-107 997.36 877.25 116 10.6
1.00-10°2 997.44 877.25 111 10.4
2.50-1072 997.57 877.25 107 10.2
5.00-10°2 997.67 877.25 102 10.0
1.00-10t 997.77 877.25 97 9.8
303.2 1.00.10°* 995.08 872.07 121 11.1
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T(K) Cumoldm™)  sulkem®  pkgm™  tO 7
1.00-10°° 995.09 872.07 117 10.9
2.50:107 995.09 872.07 113 10.7
5.00-10° 995.14 872.07 109 10.5
1.00:1072 995.28 872.07 104 10.3
2.50-1072 995.33 872.07 100 10.1
5.00-10 995.40 872.07 96 9.9
1.00-10™" 995.54 872.07 91 9.7
308.2 1.00:10™* 994.59 866.86 113 11.0
1.00-10°° 994.08 866.86 108 10.8
2.50:107 994.24 866.86 104 10.6
5.00-10° 994.34 866.86 100 10.4
1.00-10°2 994.44 866.86 96 10.2
2.50-1072 994.54 866.86 91 10.0
5.00-102 994.64 866.86 87 9.8
1.00:10™" 994.74 866.86 82 9.6
313.2 1.00:10™* 992.18 861.62 105 10.9
1.00:10 992.19 861.62 101 10.7
2.50-10°° 992.20 861.62 97 10.5
5.00-10° 992.31 861.62 92 10.3
1.00:1072 992.38 861.62 88 10.1
2.50-1072 992.38 861.62 84 9.9
5.00-102 992.44 861.62 80 9.7
1.00-10°* 992.72 861.62 75 9.5
318.2 1.00-10°* 991.04 856.35 99 10.8
1.00:10 991.04 856.35 95 10.6
2.50:107 991.04 856.35 90 10.4
5.00-10° 991.05 856.35 86 10.2
1.00:1072 991.05 856.35 82 10.0
2.50-107 991.06 856.35 77 9.8
5.00-10°2 991.20 856.35 73 9.6
1.00:10™" 991.92 856.35 69 9.4

2 The standard uncertainties u are u (C)=0.01x10°mol-dm, u ()=0.01 kg-m™, u (t)=1sandu (¥ )=0.1 mN-m™.
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