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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The true solid state density of a material is defined as the ratio of the mass to the volume occupied by that
mass. Therefore, the contribution to the volume made by pores or internal voids and also interparticle
voids (in the case of granulated or highly dispersed samples) shall be subtracted when calculating the
true density.

If the material has no porosity, the true density can be measured by displacement of any fluid in which
the solid remains inert. The accuracy of the method is limited by the accuracy with which the fluid
volume can be determined. Usually, however, the pores, cracks, or crevices of the material will not easily
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bing a gas as the displaced fluid if the material does not contain closed pores, whic
trated by the analysis gas. Therefore, the density experimentally determined by 'gas
rally is the so called skeleton density of the material which equals the true solid istate
hmples without closed pores.

ratus used to measure solid volumes are often referred to as pyknometets or pycno
reek “pyknos”, meaning thick or dense. With gas pycnometry, matetials of irregular 3
ysed.

the volume of solid skeleton of the sample and the sample mass‘have been determined,
jty is readily calculated.
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Determination of density by volumetric displacement —
Skeleton density by gas pycnometry

1 Scope

This International Standard specifies a method for rapid and efficient determination of the skeleton

denspmmmmmmmm
means of a gas displacement pycnometer.

2 Normative references

The
indig
refer

ISO
prop

ISO 9

ISO
adso

3
For t

3.1
dens
ratio|

3.2
true
ratio|

following documents, in whole or in part, are normatively referenced\in’this docun
pensable for its application. For dated references, only the editign)cited applies. I
ences, the latest edition of the referenced document (including any-amendments) appl

14488, Particulate materials — Sampling and sample splitting for the determination o

bries
277, Determination of the specific surface area of solids by, gas adsorption — BET method

15901-3, Pore size distribution and porosity of salid materials by mercury porosime
‘ption — Part 3: Analysis of micropores by gas adsorption

Terms and definitions

he purposes of this document, the following terms and definitions apply.

ity
of the mass of a certain ampunt of a sample to the volume occupied by that mass

solid state density
of the sample miass to the volume of the compact solid skeleton of the sample which

ne piece, by

ent and are
For undated
es.

( particulate

/

try and gas

bxcludes the

voluine of open and'closed pores or internal voids and also interparticle voids as in the case of granulated

or hi

3.3
skelg
ratio|

bhly dispersed samples

pton density
between sample mass and the volume of the sample including the volume of clos

ed pores (if

presentj but excluding the Volumes of Open pores as wWell as that of void Spaces between par
the bulk sample

3.4

closed pore
pore totally enclosed by its walls and hence not interconnecting with other pores and not accessible to
fluids

3.5

open pore
pore not totally enclosed by its walls and open to the surface either directly or by interconnecting with
other pores and therefore accessible to fluids
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3.6

gauge pressure sensor

because gauge pressure is defined relative to atmospheric conditions, the signal or reading of a gauge
pressure sensor is the total pressure minus atmospheric pressure

3.7

absolute pressure sensor

absolute pressure sensor measures the pressure relative to an absolute vacuum that means the reference
is full vacuum (zero pressure)

4 Symbois-and-abbreviated-terms
Table 1 — Symbols
Symbol Name Unit
Ps skeleton density gcm-3
mg sample mass g
Vs skeleton volume of the sample cm}
Veell sample chamber volume cmp
Vief reference chamber volume cmf
Veal volume of the calibrated reference sample cmp
p1 equilibrated gauge pressure prior to expansion @ Pa
D2 equilibrated gauge pressure after expansion a Pa
bAa1 equilibrated gauge pressure before expansion{calibration step A) 2 Pa
PA2 equilibrated gauge pressure after expansion (calibration step A) a Pa
PB1 equilibrated gauge pressure before expansion (2nd calibration step) 2 Pa
DPB2 equilibrated gauge pressure after-€xpansion (2nd calibration step) 2 Pa
Pa pycnometer pressure at start of analysis Pa
p;‘ pycnometer absolute gas(prnessure i (i = 1, 2, A1, A2, B1, or B2) Pal
Di pycnometer excess gas pressurei (i =1,2,A1, A2, B1, or B2) Pa
a  gauge pre¢ssure (excess gas ‘pressure) p; is defined as the difference between the absolute pressure p;k anfd the
pycnometer pfessure p, at start-of analysis, i.e. p; = p? —p, (see3.6,3.7,and 6.3.2.1)
5 Principle‘of the method

The skeleton density will be determined volumetrically in a gas expansion pycnometer. This technique
is based on the displacement of a volume of gas by the solid space. The measurement is performed by
expanding gas from one chamber to another (see Figure 1) under isothermal conditions. First, the weight
of the dry sample is to be determined and the sample loaded into the sample chamber. The sample
chamber then is pressurized to a set value when using the experimental configuration 1 of Figure 1.
In a further step, the analysis gas will be expanded into a second chamber, the reference volume. The
equilibrated pressures for both steps will be recorded by the instrument. Density is calculated using
these values.

For gas pycnometers according to the experimental configuration 2 of Figure 1, the first step consists in
pressurizing the reference chamber to a set value followed by the expansion into the sample chamber
having a lower initial pressure than the set value. It is important for both experimental pycnometer
configurations, that every chamber of the pycnometer is at the same pressure p, prior to starting the

2 © ISO 2014 - All rights reserved
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analysis steps (see Clause 6) Furthermore, all parts of the pycnometer shall have the same controlled
temperature.

The analysis gas of sufficient purity (see 6.1) shall be nonreactive and also non-adsorbing onto the solid
sample. It has to behave as ideally as possible. Therefore, helium is used for most applications. Another
reason for the preferred use of helium as the analysis gas for gas pycnometry is that it is able to penetrate

even

NOTE 1

the smallest pores or cracks of a material.

Because of its pronounced ability to permeate thin inner walls of samples with closed cells, helium can

cause difficulties if permeable samples are to be analysed. Therefore, as described in Annex A.6, gas pycnometric
measurements using helium can be erroneous in the case of organic samples like cellulose and cellular polymers

with

ow density. For density measurements of those samples, the use of alternative inert gases suc

h as nitrogen,
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by n‘1eans of volume-filling inserts placed into a sample chamber. These variations in sam

o

, or sulfur hexafluoride as well as dry air is recommended.
2 If the sample contains no closed pores, then the volume measured by gas pycnhometr
he. To test the presence of closed pores, after a first density determination the sample can

ling any possible closed pores accessible to the test gas. An increased density valae of the gi
Fial indicates closed pores in the original sample.

Apparatus and procedure

Apparatus
Gas expansion pycnometer, with fixed-volume sample chamber (see Figure 1).[1] [

Calibrated reference sample, (in general calibration spheres made of stainles
/n traceable volume).

Analysis gas, in general helium (see Clause'5) with a minimum purity of 99,996 %

Analytical balance.

ating in a vacuum.

fe 1 is a schematic diagram of the two principal configurations of automatic ga
pmeters having fixed sample chamber size. Main components of such instruments are tv
ected by tubes (a sample chamber which can be sealed for inserting the sample or th¢
fes and a reference chamber), a pressure-measuring sensor, and three valves. Th

ber.

le volumes of commercially available gas expansion pycnometers vary from 0,1 c
rm3. Phis is accomplished either by having fixed-volume sample chambers of differ

y is the true
be powdered
ound sample

—_—

] [3]

b

steel with

by volume).

Drying oven, for pre-treatmeént of samples preferably with the option of purging during heating

5 expansion
yo chambers
b calibration

b difference

een the pycnometer configurations is in the sequence of the sample chamber and the reference

m3 to about
bnt sizes, or
ble chamber
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volume are necessary because the accuracy of the pycnometric measurement is related to the percent of
total capacity the sample material occupies in the sample chamber.

Configuration 1

cell

N

E
(
§

\
/
o
\
Vi
\
Vi

M

Configuratign 2

7 3

cell

2
< Ve <"
N
4 5

Key
1 valve 1, gasinlet 4)  reference chamber
2 valve 2 5 sample chamber
3 valve 3, gas outlet 6  pressure sensor

NOTE The pressure sensor can be either‘an absolute pressure sensor or a gauge sensor.

Figure 1 — Two principal experimental gas pycnometer configurations

6.2 Sample pre-treatment and determination of sample mass

Preparing the sample.is the first step in obtaining accurate results from the pycnometer. Samples|shall
be free of mgisturein order to obtain true sample mass and to avoid the distorting effect of water vapour
on the volurhe.measurement. The following procedures are recommended, however, modificationy may
be necessary for some materials.

Sampling shall be carried out in accordance with ISO 14488. Removing the atmospheric gases from the
sample can be carried out by timed evacuation, timed flow of purge gas, or repetitive pulsing (think
multiple rinses) of purge gas. External oven drying of wet samples is recommended.

Heat sensitive materials can be dried by long-time exposure to silica gel, freeze drying, etc. Materials
having a low melting point can be dried using the purge process. In this case, do not weigh the sample
and cup until after the purge and analysis have been completed.

NOTE Outgassing can be considered complete when the results of duplicate skeleton density analyses are
found within the repeatability limits of the pycnometer used.

4 © ISO 2014 - All rights reserved
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Itis important to consider that each preparation step should be conducted to avoid exposure of the dried
sample to atmospheric moisture. This means weighing (see below) as rapidly as possible and installing
the sample in the instrument without unnecessary delay.

The sample chamber should be capped except when inserting or removing a sample. The sample chamber
shall be free of particles and as dry as possible for accurate analysis results.

For the determination of sample mass ms, use an analytical balance readable, without estimation, to at
least

0,1 % of the sample mass.

Weigh the empty sample cup (sample holder).

1

¢
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lace a quantity of sample in the sample cup. Use as large a quantity of sample as possil
up (see Annex A.1). The cup, however, should be at least two-thirds full.

lace the sample cup with sample in a drying oven. The amount of time the sample sh4
epends upon the material and the temperature it will tolerate; this can b&establisH
ests. Remove the sample cup from the oven and transfer it to a desiccator provided

dlesiccant. Allow it to cool until near room temperature. In the steps which follow, n

bxposure of the sample.

Veigh the cup and sample and record the weight. Subtract the empty sample cup weig
ample cup and sample weight to determine the sample weight.

nsert sample cup with sample into the sample chamber ahd seal it carefully.

bporous materials should be prepared according to.the recommendations given in ISO
277.

pporous materials such as carbons, zeolites, or metal organic frameworks rea

ble to fill the

11 be heated
ed by other
with active
ninimize air

rht from the

15901-3 and

dily adsorb

spheric impurities and often have a high\affinity for atmospheric moisture. Contaminants can

'ibute to a significant fraction of the safiple mass. The undesirable effects can be thaf]
ample material is difficult to establish-with precision, and a long sequence of analyse;
tain stable volume measurements.as’the impurities are being purged.

recommended procedure for, _such materials is to transfer the sample in a previou
pmeter sample cup directly~from a vacuum oven to the pycnometer and start the a
bh the sample is still above’room temperature. Allow the analysis to proceed long en
le to cool and thernral-equilibrium to be established. Weigh the sample immediatg
sis. If possible perform this weighing with the sample blanketed by nitrogen or dry

the mass of
is required

sly weighed
halysis even
bugh for the
ly after the
air. Use this

weight to calculate sample density.

6.3 | Determination of the solid skeleton volume of the sample

6.3.1 Pyenometric measurement

Av4

ypical modern
automated pycnometer allows performing automated multiple determinations on a single sample.
Repeat measurements are usually required to ensure the complete removal of atmospheric gases and
the proper thermal equilibration of the sample with analysis gas. Sample skeleton volume should be
determined a minimum of five times. The average skeleton volume and the standard deviation are
calculated using standard statistical methods.

ToOT e t—arc oot ToO—cTT

Initially, all valves are closed with both chambers of the system at the same pressure p,. When valve
1 opens, the sample chamber (pycnometer configuration 1) or the reference chamber (pycnometer
configuration 2) is filled with the analysis gas at an elevated pressure p1 > p5. This valve closes and the
pressure pp about the sample (pycnometer configuration 1) or in the reference chamber (pycnometer
configuration 2) is measured accurately. Valve 2 opens allowing the analysis gas to expand into the
second chamber and the new equilibrium pressure p; in both chambers again is measured accurately.

© IS0 2014 - All rights reserved
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Valve 3 now opens, the gas is vented to atmosphere or to a vacuum, and the cycle repeated until
consecutive volume determinations are reproduced within user-prescribed limits.

As described in 6.3.2.2 and 6.3.2.3, the sample skeleton volume will be calculated using the known
calibrated volumes Vce) and Vier of the sample chamber and the reference chamber respectively as well
as the pressure readings p; before and p; after the gas expansion step. Finally, the skeleton density is

then calcula

ted from the sample mass divided by the solid skeleton volume of the sample (see 6.4).

6.3.2 Calculation of the skeleton volume of the sample

6.3.2.1 Ge s
The pressure p; used in the equations for calculation of the sample volume is excess values-above the
initial gas piessure p, in the pycnometer at the start of the measurement. This means that evénypregsure
value used here represents the difference between the absolute pressure and the initial pressure.This
shall be noted for pycnometers without the option of zeroing the pressure sensor at'the beginnipg of
each analysfis or calibration run. After zeroing, the pressure readings directly represent exces$ gas
pressure values.
6.3.2.2 Cdllculation of Vs from the configuration 1 pycnometer
The volume]| Vs of solid skeleton of the sample is calculated by Formula 1 when using a pycnometer
according tq configuration 1 in Figure 1.
- b2

Vs _Vcell - p1-p; 'Vref (1)
6.3.2.3 Cdllculation of Vs from the configuration 2 pyenometer
In the case qf pycnometer configuration 2, the volumie Vs of solid skeleton is calculated by Formula|2.

pP1—p
Vs =Vee _M'Vref (2)
b2
6.4 Calculation of skeleton density
Use Formulg 3 for the calculation of skeleton density.
mS
=_s 3

ps=7 3)
6.5 Calibration-procedure
6.5.1 Generatrenrarks

Calibration is an operation for determination of the exact values of the internal pycnometer volumes
Veel of the sample chamber and the volume Vy¢f of the reference chamber. Calibrating the pycnometer is
necessary after changing the measurement temperature and after any changes to the sample chamber,
tubing, fitting, sample cup/vessel, etc. Calibration should be performed according to the operator’s
manual. The calibration procedure consists of two independent expansion experiments (calibration
steps A and B) because two volumes are to be calibrated. Calibration step A is an expansion experiment
with an empty sample chamber including measurement of pressure values pa1 and paz. This gives a
relationship between the sample chamber volume V¢ and the volume Vit of the reference chamber.

© ISO 2014 - All rights reserved
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Calibration step B is an expansion experiment with a calibrated reference sample of volume V¢4 in the
sample chamber including measurement of pressure values pg1 and pg>.

NOTE The reference sample can be a certified calibration sphere of sufficient size made of high performance
material such as stainless steel, titanium, silicon nitride, etc (as obtainable from accredited institutions either as
primary or traceable secondary standards). In general, such spheres (or balls) are provided in form of calibration
kits as standard equipment for commercial gas pycnometers.

Combining the results of these two calibration steps yields the sample chamber volume and the reference
volume. Note that all pressures used are excess values (see 6.3.2.1) above the initial gas pressure p, in
the pycnometer at the start of the calibration procedure.

6.5.] Calibration of pycnometer configuration 1

Calibration step A (gas expansion experiment with the empty pycnometer, experimental readings are
pa1 dnd pa2).

Relationship between sample chamber volume and reference chamber volume!

_Paz | Vet (4)
Pa1—Pa2

hal

cell =

CaliHration step B (gas expansion experiment with calibrated-réference sample of volume V4] in the
sample chamber, experimental readings are pg1 and pg2)

Relationship between sample chamber volume, reference chamber volume, and the volume of the
reference sample:

cell =Veal +L Vet (5)
PB1—PB2

hel

Combining Formulae (4) and (5) gives the relationships (6) and (7) for the calculation of the sample
chamber volume and the reference chamber volume using the volume of the calibrated reference sample
and the pressure readings of calibration steps A and B.

Calcylation of the sample chamber volume:

__Dbar(P1—PB2) v ©)
Pa2 PB1 —PACPB2

hel

cell

Calcuiilation of the reference chamber volume:

_(Par=Pa2) (PB1 —PB7) Vo (7)

hel

ref
Pa2 PB1 —PaA1°PB2

6.5.3 “€alibration of pycnometer configuration 2

Calibration step A (gas expansion experiment with the empty pycnometer, experimental readings are
pa1 and pa?).

Relationship between sample chamber volume and reference chamber volume:
Pa1—pP
Veen = AL_LAZ Vief 8
Paz

Calibration step B (gas expansion experiment with calibrated reference sample of volume V5] in the
sample chamber, experimental readings are pg1 and pg3).

© ISO 2014 - All rights reserved 7
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Relationship between sample chamber volume, reference chamber volume, and the volume of the
reference sample:

Pp1—P
Vcell = Vcal + Bl B2 'Vref (9)
PB2

Combining Formulae (8) and (9) gives the relationships (10) and (11) for the calculation of the sample
chamber volume and the reference chamber volume using the volume of the calibrated reference sample
and the pressure readings of calibration steps A and B.

Calculation of the sample chamber volume:

D . —
V= —PB2 (Pa1—Pa2) Vo (10)
Pph1°PB2 —PaA2 PB1
Calculation pf the reference chamber volume:
Vref = Pa2 Pry 'Vcal (11)

A1°PB2—PA2 'PB1

7 Testreport

The test repjort shall include the following details:
— the datdg of the test;

— areferepce to this International Standard (ISO 12154:2014) and any agreed deviations from it;
— details ¢f the sample and the sample preparation;

— the typg of pycnometer and its manufacturek,-chamber volumes, sample mass, sample volume,
temperature;

— the skelgton density of the sample including the uncertainty [combined standard deviation of r¢peat
measurgments according to the Guide.to the Expression of Uncertainty in Measurement (GUM])].[4]
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