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ABSTRACT N

A critical review of the properties of and the technology for treatment of
clay tailings produced during the processing of mined oil sands is presented.
An evaluation ot current technology in tailings treatment is provided as w-ell as
some recommendations co_nceming the more promising treatment methods.

The ;/iscositiqs and densities of dilute aqueous suspensions of
Na-kaolinite (25°C) and Na-montmorillonite (22-55°C) and of mixtures of
Na-kaolihite/Na-montmorillonite (25°C) were meisur'ed. Results of the
measurements on pure clay suspensions at 25°C have been\énalyzed in terms
of the Einstein equation, which has been éitended to be applicable to
non-sbherical clay particles and to allow for the fact that montmorilionite is a
swelling glay. Viscosities -of mixed clay systems are nearly consistent with a
simple additivity model; the small non-additivities can be explained in terms of
adsorption of relatively sméll mommo:rillonite .particles on the surface of -
relatively large kaolinite particles. The effect of temperature on the viscosities
of s:uspensiorvs of montmorillonite -is cpnsistent with the idea that aggregation of
clay particles dfminishés with increasing temperature. '

:fhé thermodynamics of adsorption of several gaseous hydrocarbogs on
the surface of kaolinite was studied by gas-solid chromatography. Retention
da‘ta obtained at several temperatures in the Henry's Lhw region were used to

calculate the enthalpies (AH°), entropies (AS®), and Gibbs energies (AG®) of

adsorption. . .

»



v,
It has been common practice to obtain enthalpies and entropies of
.—/

adsorption from the temperature dependance of the Henry's Law constant, as

mentioned in the preceding paragraph. Results obtained in this research (only

for the "best” systems) are accurate enough 10 justi:'y?pdble ditferentiation '
with respect to temperature and thence an evaluatiomof the increment in heat
capacity (AC,,") associated with adsorption. A simple "molecular” picture of
adsorption permits prediction of the sign of ACD° in accord with present

experimental results. These ACp° values also permit evaluation of partial molar 4
%

heat capacities of adsorbed gases.
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} CHAPTER 1
Ingroducﬂ’on
\

This thesis describes three kinds of investigations of the physical
chemistry and technology of clay systems.

Anvint'roduction to the extensive, and often deleterious, eftects that clays
can have in a physical system is provided in Chapter 2. This chapter is a
critical review of tailings (waste) properties and management in the oil sands
mines of northern Alberta as well as other mining industries worldwide.
Suspénded clays in aqueous wastes from these mines have led to problems in
disposal and recycle that have important economic and environmental
consequences.

Ohe 6f the notable properties of clays is the often significant effect that
small amounts of clays have on the rheological properties of aqueous
suspensions. Chapter 3 describes studies that were done to invesfiéate the
viscosiiies of clays and clay mixtures in aqueous suspensions.

Chapters 4 and 5 describe research on the ihermodynamics of
a‘d;orption of oréanic vapours o’n clay surfaces, using gas-solid
chromatc;graphy. Cr;apter 4 descriges dxperiméntal procedﬁ-t“es. and gives
-experimental results that permit calcul'ation of the enthalpy (AH°), entropy (AS°)

and Gibbs energy (AG°) of adsorption. Chapter 5 describes the calculation of

the heat capacity change (ACp°) for this adsorptnon process, which is

9

' mformatlon that has rarely b beén obtainable from gas-solid chromatography or
4



from conventional equilibrium or calorimetric measurements.



CHAPTER2 ' Q

' <
A Review of Properties and Treatment of Oil Sands Tallings
Introduction —
\ Oil production from the oil (tar) sands in northern Alberta has been
9
&

feasible since the development of the Clark hot water'p'rocess for bitumen’

extraction and Syncrude and Suncor have proven that it is commercially viable
as wél'l. One of the major pr-oblems that remains to be solvgd is the economical
and environmentally accept&e treatment and ultimate disposal of tailing§ that
result from the application of the Clark hot water separation process (1). An
indication of the magnitude' of the problem is provideq in Table 2.1.

This present revjew first describes some chemical and physical
properties of oil .sands tailings and then summarizes methods that have been
- proposed or tested for oil sands tailings treatment, as well as some methods
that have been used in other mininé operations. There have been several

]

earlier reviews (1-6) that have dealt with some aspects of the tailings problgm:
Partly‘becaus'e ;uthors of these earlier reviews have focussed mostly on only
selected aspects of the tailings problem and partly because none of these
“‘parlier useful reviews includgs discussion of the most recent work, we have

undertaken the present revigw.

L

1 Bitumen has been defined by.the (Alberta) Energy Resources Conservation
Board as "a naturally occurring ViSCous mixture, mainly of hydrocarbons
heavuer than pentane, that may contain sulphyr compounds, and that.in its
naturally occurring viscous state is not re#fverable at a commercial rate
through a well” (7).

N
A



Table 2.1. Material handling in oil sands mining operations. Data taken from
Strom and Dunbar (7).

Weight of Material Handled

(103 vd)
. Syncrude ‘ Suncor
230 | 110
- 190 80 |
25 . 12
380 < 170
120 , 50

»

12




There are two major points at which talllﬁbs can be treated. One such
point is before they are dumped into tailings ponds and the other is eﬁeL
storage for a period of time in ponds.__There are also various levels of
desirability in dealing with tailings problems. The least desiroble is to pump all
cvasts to tailings ponds without treatment, with the poods being left as
permanent storage. Next in order of desirabi!ityiis treatment of pond tailings or
~ tailings streams to produce maximum amounts of water fo? recycle and a solid,
non-toxic residue that can be handled easily and used as backfill. Ideally there
would be a treatment scﬁeme whereby all tailings produced could be treated so
that no permanent tailings ponos would be heeded. After mine closure the site
could therefore be converted to an environmentally safe area. Finally, the

method chosen must be economical, especially when one considers the huge

~

volumes that must be treated. In 1977 Suncor estlmated toat a cost of 1$ per
1,000 imperial gallons ($0.22/1,000 L) treated would be reasonable (3).
P‘resently, plant tailings from oil sands nﬁning operations are
:mpounded behind dukes up to 35 m hlgh wuth a pond area of approxlmately 15
| km?< at Syncrude and corresponding dlmenswns of 100 m and 3 km?2 for the
ponds at Suncor. This.impoundment is _?ecessary becaus'e suspended matter
in the tailings ponds consoiidaites only to a very Iimitéd extent leaving a
pers;stent unrecyclable sludge. Thls sludge plus sand and dicty water that

make up the rest of the tallmgs has a bulkmg factor of about 1.4 (1), whnch
means that without treatment, there is not enough space in the mined-out pit to
_store all the téilings. The impact of this téilings problem has b&én described by

-



the Energy Resources Conservation Board in terms of the fact that tailings -

pc&nds &,ﬂd cover eight billion barrels of mineable, recoverable reserves (7).

Physical and Chemlcal'Prope?tles of Oll Sands Tallings
There are four major sources of tailings from hot water procoss pl'anjs.
First is screen ovorsize, removed from the conditioning drum, that is returned to
the mined out pit. Second is the bottom, mostly sand, layer from the priméry
separation vessel that is mixed with the third source, the scavenged middlings
stream, for pumping to retention ponds. These tailings from the primary
separatlon vessel will be referred to in this review as the primary or extraction
tailings stream. Fourth is a combmed stream fror‘h the froth treatment plant,
called centrifuge or froth treatment tailings, that is also pumped to 1a|l|ngs~
ponds. In total, thé ‘oil sands tailings stream is a warm, aqueous suspension-of
mainly sand snlt c|ay. and residua| bltumen and naphtha at a pH between eight |
and nine. .
| Oil_sands composmon varies consnderably, $O talhngs composmon also
vanes It should also be noted that composmon changes with tlme due mostly
to settling, oxudauon and bactenal action (8)
»Descrlptlon of tallings ponds ‘
When the effluent is disohérged into the tailin’g? pond two layérs are
. formed: (1) ooarse sand, whuch is etther used for bunlding dikes or deposuted as’
beach sand during overboardmg into the pond and (2) dilute sludge that runs

off into the pond. Figure 2.1 shows a schematlc cross-§ection of an oil sands



ta:li'ﬁlg’s pond. illustrating the different zones that are present.
x%;re floating bitumen mat has been recovered by skimmers (9,10) and
the relatively clear wafer below is recycled to the precessing plant  After
sedimentation over a period of a few months to reach 20 wi% solids content,
the sludge layer consolidates very siowly over the next couple of years 10
mature sludge that contains 30-40 wt% solids (12.13,179). The dynamics of
settling in oil sands tailings ponds have been thoroughly investigated by Scott
etal (13.14,15.179.180) .

Tallings composition

The compositions of various tailings samples are given In Tahle 2 2
The main components are water. sand (defir’;ed ‘as‘ having a particle size
greater than 44 umj, silt (parﬁcles from 2 to 44 um), clay (particles smaller than
2 um), bltumen and naphtha (\mrecovered solvent from Wth treatment
plant). There are also small concentrations of dissolved orgamcs and. heavy
minerals.

The composition in tailings ponds varies according to depth as shown
in Table 2.3. Mineral contents as high as 55 wt% at the bottom of a Suncor
tailipgs pond have beeﬁ reported, but such high values were considered

. e
‘exceptions (1), with deep sludge usually reaching an. oqu'ilibrium solids
concentration of around .35 wWt%. | T,
Talllngs mlneralogy .
Tamngs anerals consist of sand, clays, and trace metals. The sand is

97.5-99 % SiOp, 0.5-0.9 % Al03, and 0.1-0.9 % Fe (16). As expected, the .
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Figure 2.1 - Schematic cross-section of Syncrude tailings pond (adapted from

-

Camp {1) and Dusseault et al (11)).
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Table 2.2. Tailings composition (values are given in wi%)

________________ =
Tailings Water Sand Clay Bitumen pH Reference
Source and Silt
> -
Primary
48 25-35 10 1.0 19
25-30 —eea- 65-70 ------- 8-85 , 20,21
A 42-68 ------- 0.4 17
Centrifuge, '
48 _ ' 17
. (+2.5 naphtha)
solids 68 - 89.8 ------- 23 22
(+1.2 naphtha) e ¢
Pond Sludge
75-95  ----e- 5-25 - ’ 8-8.5 20,21
65 e 29.0 ------- 6 23




®

Table 2.3. Tailings pond composition (values are in wt%). Assay of Suncor

tailings pond (data taken from Camp (\17)\_\

S —— —ecwmc——=z=====c==c==s=sss=sss=s===
Depth Water Mineral Bitumen Sand Silt Clay
Dike 22.8 77.0 0.2 | 95.3 32 1.5
gm 74.7 33.0 33 0.0 590 410
12m 70.1 40.8 3.9 0.0 62.0 | 38.0
18 m 65.5 47.5 4.5 00 585 415

10
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amourits and types of clay vary considerably, but more recent assays of tailings
pond sludge show approximately 2/3 to 1/2 kaolinite and 1/3 to 1/2 illite (17,18).
A more detailed profilé from older assays is given in Table 2. 4.

Heavy ;netals detected in tailings include Ti, Zr, Fe, V, Mg, Mn, Al, Pb,
Zn, Nb, and Mo (24-26). The most important are titanium and zirconium as
these are valuable enough and present in large enough quantities to warrant
consideration of their recovery 'rﬁw tailings (24,27).

Organic composition of taiiings

Various types of dissolved and clay-associated organics, besides
residual bitumen, are found in tailings. While nearly every class of organic
compound has been detected (28,29), the majority are organic acids and
polyphenolic aromatic compounds (21,29,30). For a review of water soluble
substances derived from heavy oils and bitumens see Hepler et al. (31).

"An analysis of tailings pond dike drainége water.showed 100-120 mg/L
organic carbon, of which 55% were organic acidé. This study also found 4
mg/L organic sulphur compounds and 3 mg/L phenolic compounds. The
concentrations of other clasées of compounds such as aldehydes,' ketones,
quinones, amides, and amines were below 1-2 mg/L (29); Adsorbed on clay
surfaces, perh?ps linked via Fe3*, are polyphenolic carbc;xylic acids or ketones
derived from lignins or tannins (32-34).

Among organic acids detected are two classes, of surfactant. carboxylic

and sulphate/sulphonic acids (21,35,36,37). Both of these classes of surfactant



-

Table 2.4. Tailings minerak')g)\ﬁ .

_= === - s EEREETEES

Total Tailings

3‘\(1 7' 85%quartz

- Fines Fraction (<2 )

5

9%clay 6 % feldspar trAce heavy minerals .

~

(3) 22 - 76 % kaolinite 7 - 10 % illite 1 - 8 % montmorillonite

13

trace: chlorite, quartz, calcite, dolomite, siderite, feldspar,

ankerite, zircon, ilmenite, leucoxene, rutile.

1 The numbers in brackets refer to the references from which the data w{grje

taken.

L8

-
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1
which are generated by the addition of sodium hydroxide to the tar sands and

hot water mixture, are necessary for bitumen recovery in the hot water'procésé
(37,38,39). However, the same surfactant properties that aid bitumen recovery
adversely affect settling of clays in tailings (21). '

Inorganic composition of tailings

Dissolved ions that have b% detected in tailings samples (including

recycle water) include Na*, K*, ca2+, Mg2+, A+, Fe2+/3+ NH4+', ions

derived from SiOo, CI °, S042", H/PO42‘, HoPOy4 . HCO3‘: and CO42". Sodium
is the mos}gbundant cation at 200-390 mg/L, while carbonate/ bica;bonate is‘
the most abundant anion at 300-700 mg/L.  The concentrations of other
dissolved ions range from 1 to 100 mg/L (25,40). These values were obtained
from samples collected in the late 1970's and 1980/81 from Syncrude's tailings
stream (40) and pond (25), and Suncor's tail{ngs pond (40); the actual values
have increased since then due to recycling of recovered water.
Physical propertles'ot tallings |

The densities of some tailings components are: 1.0-1.3 x 103 kg/m3 for
pond slﬁdge (depending on the depth at which the sample was taken_) (11,25),
and 1.6 x 103 kg/m3 for beach sand (17). Size distributions of particles in
tailings have been r'epongd (12,41,42) . |

‘Electrophoretic studies (17,43) h_avé shown that tailings ‘clay particles R
haye a zeta potentiai of approximately ;60 mv. The electrophoretic behaviour of

the sludge particlgs is due mostly to kaolinite and smrallAamounts of

montmorillonite in the suspension (43).



14

Reasons for sludge stabHity

It is important to know the reason(s) why\'oily sandé tailings yield such a
stable suspension as such knowledge -can provide a useful guide to
- development of a practical tailings treatment process. In the various propo%ed

explanations for this stability, one or more of three sources have been
| “ AT

4

implicated: suspended clay paﬁicles, resiaual bitumen, and dissolved organics.
) Various aﬁthors have written that soluble organic surfactants such as
sulphonic and carboxylic acids disperse ‘clay panicleé, creating a staple
suspengion in pond sludge (3,30,36,39). Speight and Moschopedis (20,21)
have shown that asphaltic acids derived frorr; bitumen decrease surface and‘
intedfacial tension and may therefore di’sperse clay particles. A stable
dispersion could also be formed as a result of repulsive forcés due to the hgh
~neagative surface charges ofj.the' clay particles (8,41,43,44.45,46). It is albso
possible that bound organics on" ;:Iay particle surfaces link. with bitumen in
tailings and thus help to create a stable suspension, thus reducing the ab.imy :)f _
oil sands tailings to consolidate (18,32,34,47). Finally, Scott, Dusseault, and
Carrier (13) suggest that residual bitumep in mature sludge»acts as a |
deformable solid that clogs pores in the sludge. décreasing permeability and
hégce drasticaﬂy increa}sing- consolidation times. They argue that there is'no

direct problem with séttling rates as ad.s.orbed bitumen on clay surfaces actually L,

increases settling rates by increasing agglomeration.



- ’ - Ol Sands Tallings Treatment
There are various approaches to déaJing with tailings problems and

s

t}éatment meth\ods hdave been proposed for all of them. These include
designing ‘retentio.n ponds to store all unrecyclable tailings produced, physical
met'hods, chemical treatments, geotechnical methods, and process
modifications. It should be noted that there are also various goals with respect
to dealing with tailings that could involve the usé of an)} treatment method in the
aforementioned categories, either singly or in combination. Obviously the
design of a treatment method will depend on whether the aim is to (for
example) decrgase pond .sludge accumulation, increase recycle water,
produce a solid for landfill, or clarify water for return to the environmént.
Stora'ge

d Temporary retention ponds have been built by Syncrude and Suncor on

their lease sites to hold unrecyclable tailings while the mines are in operatioh.

At least two major engineering studies were carried out (16,48) to design

tailings disposal options using ponds. They concluded that for wet tailings
disposal, it was most economical to maximize the use of in-pit ponds once
‘space became available, which was{projected to be afte_r approximately eight
years of mine operation. Hardy Associat_eé (16) recommended pumping total
tailings to in-pit ponds.once they were built, and later to pump the sludge

formed to ‘an out-of-pit pond located beyond surface mineable limits, leaving

behind the settled sand as backfnll The Techman and Rheinbraun group (48)
3 Q
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proposed the reverse, with sludge being stored in-pit while sand and
averburden were to be stored outwof-pit, as they thought that this would reduce
the risk of pollution if the pond dikes failed.

Alt.hougrim it has been neé:esSary to build temporary refention ponds,
there are disadvantages to their use for permanent storage. These include the
facts that ponds-may cove‘r useful oil sands, constructing and maintaining dikes
is expensive, and the dikes would probably have to last hundreds of years
b'efvore the sludge finaily solidified. There are also environmental
considerations such as the toxicity of pond drainage vwater and therefore
tailings pond wafer, and the hazard to birds created by oil slicks on the pond
surface (12,16,28,48,49). ‘ |

As outlined in & report by Hardy Associates. (50), governmént agencies
such as th'e Development and Reclamation Review Commitee (DRRC) and the

. Alberta Oil Sands Envnronmental Research Program (AOSERP) that were

responsible for evaluating and developing reclamation plans had the objective

16

that land disturbed by mining operations should be returned to a level of |

- productivity the same as or better than that prior to development. It is quite

obvious that leaving huge ponds contaunlng mllllons of gallons of toxic sludgev

would not meet this criterion.

Beclamation

Environmental studies of reclamation processes have been carried out,

£

with emphasis on ways of stabiIiSing and reclainiing the sand dikes by' re-

vegetation.



The vegetation used to reclaim tailings pond dikes has to be drought
resist&M because of the low water holding capacity of the fine dike sand
- (48,49). This vegetation should also praferably need a minimum of care in the
way of irrigation and fertilization. It may be that a combination of Jack pine,
which grows well on sandy soils, and lichen to maintain moisture in the 'soil
would work (51,52), although we have not found any report of actual testing on
a pond sand dike. It has been shown that under laboratory test conditions
mixing overburden and peat with tailings sand provides an adequate soil for
_plant grow1h (53,54,55) and this is the current practice. Prosently Suncor uses
a combination of grasses 'and both deciduous and coniferous trees to stabilise
tailings dikes. Due to dehydration stress caused by the low water holding
capacity of the sand, however, many of these plants are domaged by insects

(560. It is therefore questionable as to whether there is at present a stable

17

selk-perpetuating ecosystem on the dikes ,which ‘should be the ultimate goal of

these dike reclamation programs (51).

Process modification

Process modlflcatuon refers to proposals that call for a change in the
current operatmg procedures of the oil sands processmg plants in order to
decrease sludge production. In this section we limit our discussion to
modifi'cgtions of the processing of surface mined sands (also see Kessick and
Jobson (2) for a review of this subject). There have been many studies of
alternate ways of getting bitumen out of the ground (57) (and as such could be

considered "process modmcatlons") that potentially would lead to a smaller

i



18

tailihgs problem, but this area is beyond the scope of this review. .

People who have suggested process modifications to deal with tailings
have tal/ven the approach that the best way of coping with the p'roblem is not to
create it in the first place; or at least decrease the amount of tailings produced.
However, given the size of oil sands treatment plants, it is unlikely that the
companies involved would adopt ‘any extensive, and hence expensive,
changes unless some sort of remarkable benefit could be de,monstreted. Camp
(1) has pointed out that some if not most 'sugge\eted rhodifications dre probably
counter-productive in that bitumen extraction efficiencv would_likely be
decreased from the current levels of around 90%. It is possrble however that
| compames that decide to operate new mining prolects mlght choose e dﬁterent

bitumen eXt_raction‘orocedu_re. especially in view of the fact that the tauhngs
produced by the hot water.process,_have’ created such a big problem. Some
early patents describe bitumen extraction procedures other thah the hot water
extraction process that may produce a decreased amount ot ‘tailings. |

In the -1960's Puddington's group at the National ;\Research Council |
developed the spherical agglomeratlon process that couIL recover 96% or
more of the bltumen from oil sands (58,59,60). The trnal product contauned a
y maximum of 73% brtumen (versus approximately 65% for troth from the hot
water process (10)) and in some cases less than a third the. amount otrwater "
: (12% for the sphencai agglomeration process versus 42% for the hot wayd
process) The bltumen obtarned from the spherical aggtomeration process
could be used for direct coking- because of thrs decreased water oontent While

o

I - - ) ° rl . N
G o . .



the tailings volume from the spherical agglome’ration’process would be greatly
increased, as it uges about two and a halt times more water than the hot water
process, the settling and‘consolidation behaviour of these tailings may be more
favorable as sodium vhydroxide is not essential to the process (if indeed sodium
hydroxide is responsible for sludge stability). |

In Fischer's process (61,62), tar sands are pulp‘ed With a hot aqueous
sodium silicate solution and a light oil to extra@bitumen, leaving behind a sand
residue. The liquid fraction is~_treated in a separator after the addition of Ca2+
and an alkyle_ne oxide pol):\mer to help fl‘occulate tne clay. The clay settles out
as a sludge, the bitumen ~is removed in the oil phase and the agueous sodium
silicate layer can be recycled. Altnough it was"not stated ‘explicitly‘, residual
calcium (if any) in the recycle water did not seem to adversely affect the pu.lpi‘ng
step. | \ |

A process develaped by Simpson (63) that treats stored oil sa‘ndhs-that

have become acidic upon exposure to air; is similar to Fischer's process. Oil

sands, various hydrocarbon solvents (comammg some aromatic compounds to

19

extract the asphaltene fraction of bntumen) 1 wt% water (vs weight of oil sands |

' bemg processed) and enough base to raise the pH to 5 (to mcrease fultratnonﬂ

' rate at the next step), are mixed together and then ﬂltered to.separatersand from

solvent. The solvent is then recovered from the sand residue by steam

L

stripping, and-the bitumen is recovered by an unspecified process. Tailings

' produced consist of mmsgt sand that could be readnly used as back fill.

<

The Dow-Kellogg process (64) uses organlc solvents alone to get a.
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claimed bitumen (ecovefy of 97%, or better. Oil sand is mixed with

20

dichloromethane (this was the best of the solvents tried) and then the

bitumen/dichloromethane stream is rinsed from the sand using recycled
h .

bitumen/dichloromethane. This stream is then sent for fines removal and
distillation while the sand residue is dried to remove excess solvent and then
dun{psd in the mined-out pit. Advantagss of thg procoss as qutlined by the
developers includé: a tailings pood is unnecessary, it is a fast process, it works
well on low grade ore, and it consumes low amounts of wate?. -

Kruyer (65) developed the Oleophilic Sieve® for recovering bitumen
from oil sands or residual hydrocarbons from tailings. It consists gf a steel drum
containing oleophilic steel balls into which oil sand slurry (no sodium
hydroxide; no. détails are given-as to the slurry coroposition) or tailings are fed.
The bitumen coa}s the balls and is eventually slooghed off through the drum

LY

screen onto an.oleophilic sieve.mesh belt that passes around heated steel

rollers where the bitumen is raleased. In a two Stage process this technique

~gave greater than 90% "bitumen recovery from low grade oil sand with an,
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original. bitumef content of 8%, and 98% recovery from higher grade oil sand

with an original bitumen content,of 12%.

The “RTB/Gqu process (66) is similar to.the hot water proceés in that it

_also uses hot, alkaline water to extrsct bitumen, but the way the Water is used in

thns process is dnfferent In the oondituonmg step of tha RTR/Gqu prooess
excpss amounts of hot, alkalme watar are used undar mild mlxing oonditions

instead of the minimum amount of water and turbulem mixinq oondltions of the



g hot water process In this way, clay aggregates are not dispersed, which is
important for subsequent water recovery steps A liquid nch stream and a solid
rich pulp are removed separately from the conditioning vessel and sent to an
oil/water separator and a desander, respectively, as opposed to the total
mixture béing sent to a prirnary separation vessel in the hot water process.
Fr\o.‘t[sw is separated from middlings in both the oil/water separator and de\sander_
‘and then sent to be washed_” Final recovery of byumen ranged between 84%
and 91% in the most recent study (66). The middlings are sent to ajloéwlator
and clarifier from which water is recovered and recycled back to the extraction
step, thus conserving both hea; and water. The flocculated solids are removed.
for disposal as are the coarse solids from the desander and the oil/water
separator.’ The most econoemical method of disposing of the d:amp sand was
found to be hydraulic pumping to a central discharge area (see Robiﬁékéi@?)
and Shields (68) for descriptions of thickened discharge methods of tailings
disposal). The flocculated fines can be surcharged with sand and then left to
consolidate in disposal beds (69). Economic evaluations have sﬁown that the
RTR/Guﬂprocess is potentially less expensive than tﬁe burrent hot water
process due to savings in energy from recycling hot water and in tailings
“handling as tailings ponds are not needed (66,69). ‘ .

An alternative tq any type of extraction process is direct cracking of
biturien iﬁoil sand as described by Taciuk (70).  Oil sand is dried and then

transferré& to a reaction zone where it is mixed with hot sand and the bitumen

is thermally cracked. Lighter hydrodarbons are collected as a vapour while

°
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coke coats the remaining sand, which is transferred to a combustipn zone

where it is burned to provide heat for the whole process. Waste consists of oil
depleted sand that can be used to fill miqu out areas. Pilot plant studies have
been completed successfully and the process is currently ready for commercial
development. This method seems promising as it works well on low grade ores
and one cost anélysis claims it is actually cheaper than the hot water process.
However, hydraulic pumping is the most economical method of transporting
large amounts of golids, whether the solids are initially dry or wet. Thus, the
cost and difficulty of handling tailings produced by the Taciuk process may be
just as great as for the hot water process.

Other proposed process modifications involve changes or additions to
the currently used hot water extraction process and these will be discussed
under their respective categories (i.e. whether a physical or chemical
modification); but again we emphasise that the specific aims of the various
processes described in this reviéw may vary.

Physical methods

Common physical processes that could be -,q_sed to aid in tailings
treatment include filtration (various types), centrifugation, cycloning,
evaporation or distillation to separate liquid from solid. Here we mention séme
processes spacifically developed for oil sands'tailings.

Baillie and Malmberg (71) patented a process in which they centrifuged
chemically flocculated pond sludge to recover usable recycle water.

Flocculation by itself did not- work and centrifugation without flocculation took

22



too long. This method removed 37-87% of total solids from a 7.1% solid
suspehsion where the actual efficiency dep&nded on the extent and speed of
the centrifugation. ‘Hepp and Camp (72) also combined a chemical and

physical treatment in which they adjusted the pH of the suspension either

.

above 9.5 or below 7.5 and followed with vacuum pre-coat-ﬁltration, as they
also found that neither treatment worked well alone.

Maloney (73) combined spherical agglomeration with the hot water
process in order to reduce the.bitumen, silt and clay‘contem of the tailings
stream. Tailings of any form, but preferably pond sludge, is m!xed with oil sand
and then fed into an inclined tube provided with propellers, where it undergoes
a kneading/agglomeration process. The recovered material consists of sand,
bitumen agglomerates, and an aqueous effluent stream s;bstantially reduced
in solids that is claimed to be suitable for recycle to the hot water process (no

data are given on actual compositions). There are some ynanswered

questions however, - How much bitumen is left on the oil sands used in this

23

process, and do the bitumen agglomerates require extra processing because of |

their increased content of silt and clay?
As was previously mentioned, Kruyer's (65) Oleophilic Sieve® can be
used to recover residual bitumen from tailings. In this process an average of

85% of total bitumen was recovered from a sludge feed containing 6.1 wt%

‘bitumen, 70.7 wi% water and 23.3 wt% minerals, as a product containing 58

4
wt% bitumen, 15 wt% mineral and 27 wt% water.
\

Flintoff ahd7PIit1 (74) found that electrophoresis-assisted gravity settling
V4 1

4



of tailings solids decreased the solids content of diluted pond sludge containing
2.4% solids (diluted from 14% solids) by 68.3% as compared to just 33.3% by
gravity, settling alone. However, because of the high conductivity of sludge a lot
of power was required and therefore the authors thought that this method was
too expensive. In 1976, cost was estimated at a capital investment of $22
million with operating costs of $0.85/1,000 US gal. ot 2.4% sludge processed.
Ritter (75,706,77) also worked on an electrophoretic treatment of ‘either
pond sludge or fresh tailings,‘ although he preferred dealing with sludge alone
(no sand) in order to minimise the amount of solids treated. électrophoresis by
itself produced a solid too wet for disposal, and one could not get below 5%

solids in recovered water. To overcome this probiem, Ritter pre-treated/the

sludge with 0.5-3.5 g Ca(OH); or C\a/O per liter of sludge‘and then reduced the
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pH/to/between 9-1({5 with carbon dioxide or ammonium _carb’onate or.

bicarbonhate. This sludge mixture was then passed yhrough a container with a
moving anode belt on the bbttom and a cathode grid suspended above (but
still submé}ged in the sludge). In the 10 v field the _negatively charged clay
particles were deposited~ as a rigid mass of 40 wt% solids on the anode and
later removed as the belt moved along. Electroosmosis, which occurrs
concurrently, helped to dry the deposited solid to 65% solid; or r;wra, which
was suitable for backfill. The regovered water contained Iass than 3.0% solids
and could be recycled to the hot water process. As shown by piiot plant tests,
this technique seems to work well but it is; again (ather expensive, with capital

cost in 1982 estimated at $123 ﬁillion and an operating cos} of $15.8 million a



year, or about $5.00/m3 ($0.80/barrel) bitumen produced .
Fear and Camp (78) treated tailings (or middlings) with sonic waves to
Eeparate and agglomerate fine minerals, bitumen, and water - all of which are

recovered separately after settling. Adjusting the pH above 9.0 or below 7.5 or
adding a coagulant aided the processr

Chemical methods

Chemical methods involve the use of some form of additive (either

-

during the hot water extraction process of to-the final tailings) that is intended to
‘ N
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flocculate or otherwise speed the settling of suspended solids. Some

examples of additions of _chémicals t:) steps in the hot water process, which
could be considered process modifications, are given below.

One way of decreasing the amount of taﬁlings produced is by
decreasing the amount of fresh water used in processing. Usually, enough

rd

water has to be added to the primary separation tank to maintain the clay/water

ratio below 0.12 to p‘revent "setting up"_;;h the separation tank, which is a

condition where the mixture in the tank is too viscoug for the bitumen to float to
the top 1(79). Camp (79) proposed that a deflocculator such as sodium silicate,
sodium po}yphosphate. or sodium lignosulfonate be added to the primary
separation tank at a rate between 0.1 to 5 Ibs/ton oil sands to keep the viscosity
low. Howevér. he did not discuss the possibility that the added deflocculant
would perhaps increase the difficulty of h;ndling the reduced volume of tailings
produced. Camp (80) also proposed an alternative to adding a deflocculant,

which would be to remove the Ca2* and Mgz" ions (which act as flocculators)
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from the tailings that are destined {Qr recycie using ion exchange resins. In this
way a clay/water ratio larger than 0.12 could be used in the separa}ion tank
without it "setting up™. In one exarﬁ;;e the fresh water requirement was reduced
from 382 tons fresh water/1,000 tons oil ;and treated,to 210 tons fresh water
plus 210 ions ion—exchange treated sludge/1,000 tonbs' oil sand. An added
benefit of this method is that only half the sodium hy\droxide usually used is
negded.

In a variation of the usual hot water process, described as an alkali
recycle process by Kessick (81,82), oil sand is slurried v:ith hot aqueous
SOd|Um hydroxlde (approximately 0.1 wt% is used) in a 1:1 mix, to form an O/W
emulsion. Thus emulsion contains about 87% of the original bitumen as a
mixiure containing 12.7 wt% bitumen and 16.8 wt% solids. After settling, the
emulsion is separated frorﬁ-the sand and then aefated with carbon dioxide free
air after Which just-enough calcium'hydrox-ide is added to-invert the emulsion
(too ‘much leads to suspended clays being trapped in the emulsion). The W/O
. emulsion can then be dewatered by, for example, adding an organicsolv;nt (to
speed phase separation by réducing- viscosity), followed by phase separation

by settling or centrifugation. The organic layer formed is sent to a bitumen

LN @

processing plant while more calcium hydroxide is added to the aqueous layer

fo settle the clay, which is then removed by some physical means and used as
" backfill. The aqueous sodium hydroxide formed N recycled (Na* because of
ion exchange of Ca2+ for Na* in clays). The apparont advantage to this

\
method is that the amount of water used is reduced and sodium hydroxide Is,

4
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recovered for recycle (81,82). Tailings from the present hot water process or
pond sludge can be treated this way where they enter the process at the first

addition of calcium hydroxide. This leads to recovery of residual bitumen and a

usable backfill (83). . 5 -/

In what could be considered a chemical treatment Camp (84) took
advantage of the surface active properties of solids in tailings pond water. He
mixed pond water with an immiscible organic solvent (with or without pre-
treatment with a flocculant or coagulant) and collected the interface zone where
the solids concentrated, leaving behind recyelable water ‘and solvent. The
collected interface 6ould then be treated further to recover water and solvent.
However, this procedure needed a lot of solvent (two thirds the volume of pond
water treated) “and was meant for low solids concentration (about 2%) and so
would have limited ‘applicability. |

- Nearly all other patents and references dealing with chemical
treatments have dealt with the problem ‘of coagulating suspended ciay in the
final tailings or pond sludge to produce recyclable water and a solid residue.
Most types of chemical treatments have to be combined with some physical

process as discussed previously to sepa;ate the aggregated solid from the
water. The type of chemicals used can be divided éocording 1o the 'fbllowing
categories. " ]

Table 2.5 gives a summary of some of the types of drganic flocculants

that have been tried on oil sands tailings.

i



Table 2.5. Organic flocculants used on oil sands tailings

=m==== === == =ESsss=z== ERNESEEREDIISSSS

Reference : Lang and Hentz (85)

Additive : acrylic acid/polyacrylamide, then cationic or nonionic polymer or
inorganic salt

Comments : use of primary and seconﬁy flocculants.

Reference - Kessick (86)
Additive : polyacrylamide

Comments :  used with Ca(OH)j treatment.

‘Reference :  Specken (87)
Additive . Aquafloc (431,464- 467) Kilar-aid 15, Na|colyte (607,3670,8175),
WT3000, CA2325, Cytloc (326,345,346), Separan NP10,
Hercofloc (818.2,815.3,834.1}.1
Comments :  flocculants included anionic, cationic and nonionic polymers
~ usgdat 5 and 20 ppm. |

Reference :  Schulz and Morrison (45)

Additve :  Alchem (603,607,623,8172,8863,43025,82070), Purifioc
(C-31,G-41), Separan (200,MGL,711,5A-1704.2), Drewfioc
(1,020,01P,03,21), Cyanamid (521C.560C 573C.575C 577C,
579C,581C, 900N-902N, 905N), Jaguar (MDD,387,402,MD-7A,
MRL-22A MRL-91), Polyhall (295,430, 540, 630, 650), Catrez 3, -
TFL (300,310,311,315,320, 325,330, 335, 336)", Dearborn
(431,462-464), Mogul (9001-9004,9006-9008, 9011), '
cqrbpxymethyloellulose. dodecylamine, micro-aid.
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Table 2.5. continued

Comments :

Reference :

Additive :

Comments :

Reference :

Additive :

Comments .

P o T T T 3+t 1 Tttt st

used at concentrations of 25-500 ppm ; the latter three were
tried at 10-104 ppm and 0.1 -103 ppm (Micro - aid is a Yucca

plant glucoside).

Speight and Moschopedis (21)

Gendriv (162,458), Polyhall 295, Jaquar HP-1, Keltex.!
They are, respectively, polygalactomannan (cationic),
polyacrylamide (cationic), polygalactomannan (nonionic),

Na-alginate (anionic).

Hocking and Lee (36)
Purifioc C-31, Separan MG200, Separan AP273

\

They are, respectiviey, cationic,}anionic, and nonionic

~v“polyacrylamide.

1 Aquafloc and Klar-aid 15 are products of the Dearborn Chem.Co.; Nalcolyte
is from Alchem; WT3000 and CA2325 are from Calgo;m; Cyfloc is from
Cyanamid; Separan, from Dow, and Hercofloc, from Hercules Inc.; Jaguar,
Polyhall, and Catrez are from Halimark; TFL, from Tretolite; Gendriv comes

"from.General Mills; Polyhall and Jaquar are from Stein & Hall; Keltex is from
KELCO (21,45,87).

29
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Lang and Hentz (85) patented a process involving acrylic compounds in
which they used a combination of primary flocculant to settle sus]pended clay, |
followed by secondary flocculant to/ settle suspended silica, leading to clear
water from sand depleted primary separation vessei tailings or pond sludge
THe primary flocculant could be acrylic acid or polyacrylamide used at 1-20
Ibton suspended solids and the secondary flocculant could be a cationic or
nonionic polymer (used at 1-3 Ib/ton suspended solids) or inorganic salt (used
at 3-50 Ib/ton suspended solids). The flocculants were added as a'dilute
suspension so there was also dilution of tailings. The resultant ﬂbcs settled
rapidly and could be separated from thQ water by any physical process and the
water reused or returned to the environment. They did not give any details on
water recovery or the water content of the settled solids. '

Kessick (61) also used polyacrylamide to_ destabilize sludge by -

{
destroying the hydrophilic nature of surfactants present. In laboratory tests he
. £

added 2-5 mg polyacrylamide. per liter, then 0.5 g Ca(OH)y per liter, then 17.5

mg more polyacrylamide per liter. of sludge. About half the sludge volume was
recovered as a clear filtrate and the filter residue contasned 75% solitls. About

the same amount of wéter was recovered after a week of settlmg (mstead of

-

filtration).

Specken (87) found that treating dilute suspensions of 2-7 wt% sollds
with 0.03-0)14 g KMnOy4 /L and 2-30 ppm of a medium'anionlc pplye_lectrplyte

(such as Aquafloc 466) increased settling rate of solids in tests by up to 50%.

\
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Schulz and Morrlson (45) used 25-500 ppm organic flocculants to treat
tailings sludge. The flocs formed created a gel instead of settling the solids and
a physical process would therefore be needed to‘eeparale solids: from liquid.
Speight and Moschopedis (21) obtained similar lesults using 10-400 ppm
flocculanls on sludge. None of the flocculants was able to eoagulate clay

| particles in a 22 wt% sohd suspension, but they had minor success when the
sludge was dlluteg by, bnapllng the volume with water before flocculant Was
added. The besl r “s- were obtained when the diluted sludge was first
neutralized with hydrochloric acid and then treated with flocculant. The solids
precipitated to 75% of the origihal slUdge'volume after 12 hours.

Hocking and Lee (36) also found that flocculants worked best on dilute

- sludge. While they found that dilution alone with up to eight times the volume of
distilled water did not affect solid settling rate, diluting one part sludge with four
parts water and then adding 12.5 ppm flocculant increased the seltli.flg rate to
one and a half times that of a blank. They foundkthatl Separan MG200 gave the
best floc formation and settling. However, although settling rates were
generally increased by flocculants, packing of the settled sludge was not
improved. |

Generally, organic flocculants gave at most an enhanced settling rate.
When used by themselves without dilution of the tailings, flocculants usually

‘produced a lhlckened unworkable sludge (21,45). The flocs occupy too much

volume and contain too much water to be used as land fill (unless mixed wnh

considerable sand). Flocs\should be dewatered, which can be tricky, and is '
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another expense. Thus, as has been painted out by Schutte (88), uSing organic
flocculants is too expensive and too inefficient to be a practical tailings

treatment.

Inorganic coagulants :
a

Various inorganic catnons have been proposed as coagulants1

in
aulmgs treatments. These include Na*, Ca2*, Mg2+ Fe3+, and A|3* used at a
.Wide variety of concentrations. As in the case of grganic flocculants, some form

of physical treatmerit has usually been-*proposed to separate the coagulated

-

4

clays fram the liquid phase and to increase the solid content or decrease ihé
water content of the final product so that it'can bel used as backfill.

According' to the Schulz-Hardy rule, the vaIL;e of the critical
conce_ntration of electrolyte required. fo flocculate solids in a dispersion is
determinéd by the valency of the counter ion. Using the Derjaguin‘ Landau
Verwey, and Overbeek theory ong c%n show that a lower concentratlon of a

- higher valence counter |on is needed to have the same etfect as a given

concentration of a lower valence electrolyte. However, the Schulz-Hardy rule

1 Lane (17,46) has differentiated between the use of the terms coagulation-and
flocculation as applied to clay suspensi'ons while most other authors seem to
use the words interchangeably. Inorganic cations are .said to coagulate clays
as they decrease the thickness of the Gouy-Chapman doublo layer of the clay -
particles, and thus allow, them to adhere to one another. Organic polymers
ﬂopculate clays without changmg their (the clays) surface charge properties, by
acting as bridges between tHe pamcles This review uus the terms -

interchangeably. . . o

9



only holds for simple, well defined systems and so would not be expected to be
exactly applicable to such a compﬁcated system as tailings. For example,
Schulz and Morrison (45) founo that 50 mg AI3+ or Fe3*/L and 150 mg Ca2+
or‘Mgz"/Lcoagulated pond sludge containing 20% solids to the same degree

(although they do not give any data on the settling properties of the resultant

mixture), and Hocking and Lee (36) foundthat 2 wi% Aly(SO4)3 coagulated
,_\\ ‘:\ .
pond sludge just as effectively as 5.1 wt% CaCOg or 5.1 wt% BaClp. However,

Hall and Tollefson (89) found that Ca2* was about seven times as effectlve as
A3+ in cOaguIating tailings. Processes such as complex“«formatlon catlon
exchange in clays or solubility effects are all possuble contnbutors to tamngs
coagulation as well as double layer compressuon on whloh the Schulz-Hardy
rule is based. Calcium in paricular may be an exceptlon to the rule. as it may
act as a bridging agent between clay particles and bitumen, whtch would lead
to agglomeration (46,89). | \

As calcium is an eﬂective coagulant and because lime is a relatively

inexpensive chemical, many groups have studied the use of caicium to Settle

33

tailings. The amount of calcium needed depends on a variety of fabtors

mcludmg‘g the composition and propemes of the tailings sample belng treated

The amount of carbonate dissolved in the tamngs also -controis calcnum dosage "

as enough calcuum has to be added to prec:pttate the carbonate ion as oalcaum

\

carbonate before the remaining calcwm ions can interact wﬁh the suspended

clays (17). Some' examples_of calcium concentrations found to coagulate '
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tailings'are: equal to o¢ greater than 0.1 g calcium/100 mL sludge (20,30,90),

0.6-1.0 g lime/L tailings (17), 150 ppm calcium (45), and 5.1 wt% CaCQé (36).

Itis obvuous from this short list that there is no easy formula for deciding how

much calcrum to use, but one should at least use the more soluble calcnum

e

oxude or hydroxlde rather than the relatlvely msoluble carhonate”

Krofchak (90) clalmed based on laboratory tests, that a weight beanng
solid could.e formed dlrectly lrom# pond sludge by rapldly and thoroughly
dispersing 0.1 wt% caiciirn salt and/or mineral acid into pond sludge, and then

P . . {)

pumping the mixture to a storage area where it would be left to solidify via the
R . - ® !
formation of large, b‘mding silicates:

Whlle most prOposaIs for the use of inorganic cations have Involved the
treatment of the sludge tractlon of oil sands tallmgs a treatment ot whole ‘
tailings with llme COmbmed with vacuum belt flltratlon has been patented by Liu » B
. etal. (91,92) g and Fuhr et al. (93) and has been investigated for several years at
Syncrude They found that ﬂbcculatlng whote tailings (that lS fines and sand
together /greatly enhanced the tllterablllty of the solids. In thelr process they
control the amount of lime added elther by momtormg the zeta potentlal of fines
: (enough Ilme has been added when-. the potentlal reaches zero) or by
momtonng f nes concentration i the oil sand foed. Addtng between 0.2 to 1.8 -

- g CaO /kg SOlld gave opttmurn results with the preclse value dependlng on. the
| tioes concentratlon of the suspend/ed sollds | ' o

Lane ot al.- (46) also proposed add‘ ng lime to whole talllngs, at 0 8-0 9

-
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g CaO /L whole tailings, but also added 8-10 mg/L of a polymeric flocculant (to
increase the permeability and density of the settled solids). This treatment
gives rapid settling of suspended solids, glth0ugh Lane also outlined a similar
procedure using approximately 1.5 g CaO /L tailings with no added polymer.

Hall and Tollefson (44,94) diluted sand-depleted tailings with two to
three volumes (relative to tailings volume) hard water and found an increased
settling rate of the final suspension, although the final sludge volume was not
muéh lower than that of untrqated, settled tailings. They attributed this effect to
calcium ions present in the water and proposed that the calcium ion
concentration be increased by adding calcium oxide in order to decrease the
volume of water needed for dilution.

Usmg calcium also has the potentlal advantage that it may interact
funher with the clays in the settled SO|ldS to form particle binding compounds
such as calcium silicates or calcium aluminates via pozzuolanic reactions
(17.46,95). However, the high conten‘ty;of sand and orgaf;ic compounds of oil
sand tailimgs may make it apoor cand';date for this type of stabilization (17).

As many have pointed out, the problem with using Ca2+* for tailings
" treatment is that excess CaZ* in the recycle water would decrease bitumen
kecovery. One way around this is outlined in a patent by Yan and Chung (96).
They suggested adding 20-500 ppm Ca2* to thgtotal tailings stream to settle
out clay, before it is sent to the tailings pond and then the Ca2+ is precipitated

~from recycle water in calcite precipitators using added carbonate. However,

35

Lane (17) claims that excess free ca2+ would not be a problem as the excess -



36

CaQWId precipitate out naturally as calcium carbonate after reaction with

dissolved HCO3‘/CO32‘, either with or without aeration to increase the HCO3‘/

CO32‘ concentration.
Speight and Moschopedis (21) tried sodium chloride on diluted (9 wt%
solids) pond sludge and while some flocculation was seen, it would not seem

practical as more than 2.5 wt% NaCl was needed. Hall and Toliefson (94) also
unsuccessfully tried alum (AIZ(SO4)3~16H20) as a coagulant for tailings. While

300 mg/L alum increased the settling of centrifuge plant tailings by about 10%,
it created a ge! in primary separation vessel! tailings (minus sand) and was

rejected as a treatment method.

Bakshi (97) proposed mixing tailings with fly ash (which consists of
silica, alumina, CaO, FeoO5 and MgO). In laboratory tests the suspension that

formed when about 6 g fly ash wére added to 50 g tailings filttered well, giving a
dry cake and 60% recovery of water. This‘method has a practical difficulty,
however, as thousands of tonnes of fly ash per day would be needed.

Schulz and Morrison (45) added Portland cement to sludge and found
that at 1% cemenvt the mixture was semi-solid, at 2% a friable solid formed, and
.at 5% cement the splid had some strength. The amounts used are similar to
those usgd wr'\en'treating tailings'with Jime, but a comparison of treatments
should be made 1o test whether the solid produced using cement has enough

of an improved quality to justify the extra expense. Schulz and Morrison (45)
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also unsuccessfully tried 10% NaySOy to remove water by absorption.
in order to detoxity tailings pond water in situ Specken (98) proposed
that activated carbon be added, followed by a coagulant such as calcium

{
sulphate, then about 20 ppm flocculant, and finally 0.3-1.0 g/L bentonite to
clarify the water. Sometimes potassium permanganate had to be added to

oxidize certain polymeric compounds (no more than 0.76 g/L was used). In
another patent Specken (99) proposed the use of 20-200 ppm (by weight)
potassium permanganate alone to clarity tailings suspensions. The process

could be accelerated by adding 1-20 ppm anionic or non-ionic polymer
flocculant.

QA

drainage water using bacteria from the Athabasca river, but he made no claims

Costenon“(100) has also patented a method for detoxifying pond

that the same could be done for the whole tailings pond.
iter R

Various groups have shown that decreasing the pH of plant tailings or

pond sludge using various means such as adding HCI (aq), HoSOy4 (aq), or
bubbling CO2(g). HCIlg) or SO5(g) through the samples (or in Nedapac's case

(101), just applying COo to the tailings pond surface), increased the settling

rates/and compaction of suspended solids to a limited extent (21,25,36,71,72,

88,89,94,101). .

Schutte (88) found that decreasing the pH of ?ilings to between 5.5 and
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6.5 increased flocculation and coagulation of suspended clay as well as
decreased amounts of surfactants and organic residues found in the clarified
water, the net eftect of" which would be the reduction of siudge settling pond
area needed. He noted that, if the clarified water was leﬂ. standing in contact
with the settied sludge for a few days, it's pH returned to neutral and the
recovered water could be recycled or possibly returned to the environment.

In a subsequent study, Speight and Moschopedis (21) found that
acidifying diluted sludge (approximately 9% solids) to a pH approximately
equal to 6 with hydrochioric acid flocculated the clayé and led to limited sen!ing
to about 85% of the original sludge volume. However, they found that acid
treatment of non-diluted sludge (approximately 22% solids) made the situation
worse, as a thick mud formed. Hall and Tolletson (;9.94) also found that below
a criticdl pH value in the range between 5 and 6 (obtained using sulphuric
* acid), solids in centrifuge plant tailings settled more rapidly as compared to
untreated sludge. Acid treatmentc also irhproved the clarity of the water
obtained. Hall and Tollefson suggested that singe Schutte (88) showed that
acidification removes dissolved orgénics, acidification had potential for
. detoxifying water that was to t;e returned to the environment, atthough they did
not adually measure toxicity levels. They found that this treatment only worked
on centrifuge plant tailings and @ primary’ tailings sludge as, similar to
Speight and Moschopedis’ (21) study, acidificatién actually decreased the

settling rate. Hall and Tollefson recommended against acidification as a

tailings treatment because of the expense and the fact that recovery of residual

38
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bitumen would be difficult.

in another study, MacKinnon and Retallack (25) again showed that
acidification helped settle out solids as well as detoxified thevrecovered water
whereas other treatments (e.g., adding calcium oxide or physical separations)
did not detoxity recovered water.

Hepp and Camp (72) proposed that either a decrease in pH below 7.5
or an increase above 9 (using sodium hydroxide or soqium carbonate) would
flocculate suspended clays, which could then be removed by vaccum pre-coat
filtration. Baillie (71) also proposed a similar pH treatment but thought that
centrifugation, rather than filtration, would be better for separating solid from’
liquid. )

1zl
4
N

‘ / Hocking and l:ee (36) suggested that destroying surfactants would help

settle tailings solids. They tried various oxidizing agents such as Og, HyO»,
\

> A i
and Clp, and reducing agents such as SO», Hp, and CO and found none to be
: ) —\

effective that did not decrease the pH at the same time. Unt\onunatély, these
experiments did not show whether the surfactants weré destroyed by these
treatments; this information would help establish whether sudadants play a role
in sludge stability.
Geotechnical Methods

We define geotechnical methods as those methods that depend on the

inheremt drainage or settling propertie’s of tailings (perhaps mixed with some
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__inert solid), and do not use chemical modifications of the tailings or mechanical
physical treatments (for example, centrifugation, vacuum filtrdtion or
electrophoresis).

Schulz and Morrison (45) tested a variety of solids for their abifty to. aid
the dewatering of pond sludge, agihough they did not give details on how the
sludge was actually treated with these materials. The solids tested included
1% sand, 1% silicon dioxide, 2°(o iron powder, 1% fluorite.’and 3% coke, all of

: —
which were ineffective, and 1-2% talc, 2% charcoal, and 1-4% graphite, all of
which iricreased settling to a limited extent. Given the limited success of this
technique, it is not recommended. ’

In an early patent Baillie (19,102) suggested that tailings be discharged
down a gentle, unpacked sand slbpei into a collection pond. The fines
concentration would decrease as the suspenSuc{n be\colated through the sand
| because funes would be trdpped in the spaces\L betwqen sand grains. The‘
increased surface area of the water would also increase the rate of
evaporation. This would decrease the need for storage space and incr;ase the
amount of recyclable water for»the hot water process or for diluting hot wat_e'r-
process tailings for pumbing. This is actually eqqivalent 10 ove?boardir}g. which
is already in u.se. in o}der to reduce the requ‘iren‘\ent for fresh water in the hot
water process, Baillie and Van Dyck Fear (103) later proposed that pond
sludge, instead of fresh water, be used to dilute primary upantlon vossel
 tailings for pumping to the tailings pond. This would have the pddod advantage‘.

that again, as sand from the freshitailings settles, clay from recycled siudge fills



41

voids formerly -occupied by wéter. In this way, requirement for fresh water for
pumping is d‘ecreased and the tailings pbnd water has a decreased solids
concemra}ion so that more can be recycled to the hot water process.

A similar patent by Bain and Roberts (104) descr\ibes a process in which
sludge is recovered from the tdilings pond, added to the fresh tailings stream,
and then pumped to a settlning tank from which the upper aqueous layer is
pumped back to the tailings pond and ?he lower aqueous sand/sludge layer is
dispérsed down a sand pile, thus trap‘ping clay and fines in sand interstitial
space. However, in this process t:he upper layer of the settling tank and the
water that drains from the sand pile sti|~l have 25% total solids (although the .
total amount of solids iﬁ suspension has decreased) ;xnd can not be recycled to
the hot water process, |

Schutte (105) patented,a process that uses tvyo seftling zones. Tailings
are‘pumped’ to the firsf zone from which part of the upper layer is used to
fluidize hét water proces:tailings for p_umping to this settling zoﬁe, thus
decreasing ane of the majpr demands for water. Another part of the upper layer
from the first settling zone is pumped to a second settling zoné. The d‘ppe}‘
layer of this latter zone is clear enough to use as procI:e;s water in the hot water
process. -

I'n"L;\e's reports referred to in the section on the use of inarganic
‘coagulating agents (17,46) he has mentioned that he is devaloping a process
wh'ere‘by.instead of having to use some form of physical technique to separate

< the coagulated clay, tailings -are treated with lime and then directly deposited
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down a gentle slope in a manner conducive 10 obtaining éhﬁlied effluent and a
trafficable solid sediment. In test runs they obtained a sediment of about 70-80
9% solid that is quite permeable and workable, but as it still holds a lot of water it
is liquifiable and therefore can r:ot be used for strength-bearing duties
immediately.

Scott and Cylmerman (12) have use‘c;three component phase diagrams
(for example, solid-fines-water) to predict what combination of materrgls would
give a disposable solid. In order to be considered solid enough for reclamation,
‘Syncrude determined that the material would have to have an undrained shear
strength of 5 kPa, which wo)d be equivalent to at least 70 wt% solid. Scott and
Cymerman had a variety of materials to select from such as overburden, beach,
dyke or underflow sand or’ various densities of pond sludge. Various
combinations of materials are possible, one example being .one part mature
-sludge and three parts sand that gives a mjxture with 65% solids and a high
consolidation rate. In this proposal, pond sludge is pipelined to a mjxer where
other materials (overburden or sand) afe added and the mixture is allowed to'
settle. After settling, th!bottom layeis pumped to its final destination where
the tailings can be capped and revegetated once they consolrdate sufficiently.
There had been some large scale tests in progress as well as planned at the
time of the 1984 symposium where this information was presented (12).

In another proposal Dusseault et al. (11) plan to use the swellinq

properties of clay shale that is present in overburden to dewater pond sludge.

In this method pond sludge is diluted with rmddlmgs to 25% solids and then,
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pL.;mped 1o the overburden mine face where it is mixed with equal amounts (by
volume) of clay shale. The mixture would then be pumped into the Mined out
pit where it would soon form a reclaimable surface. Laboratory tests showed
that such a mixture developed a mean shear strength ot 29.3 kPa in 24 hours

with lowest strengths of about 4-7 kPa.

Scott and Dusseault (106) have developed a sand spraying technique
similar to the one used in the treatment of phosphatic waste in Flonda. In this
long term process, clay is left to settle to 12% solids during summer and then a
40 vol% sand slurry (total tailings can be conveniently used) is sprayed on top

( .
during winter. This sand spraying is supposed to increase the clay
‘consolidation rate by creating vertical channels through the sludge that help to
release trapped water. The mixture would now be about 50-70 wt% solids,
which can accomodate sand fill and allow reclamation. Thig technique also
\
has the advantage that the tailir{gs bulking fador is decreased from 1.4 to 1.2.

Yong (107) has reported an internal  sand surcharging technique for
tailings treatment (as opposed to Scott and Du§seault's (106) sand spraying
process). According to Yong, ordinary surchargin§, jn which sand is layered on
the sludge surface, does not work as the sand layer collapses into the sludge.
In his process hot Qvater process tailings are dosed to 25-75 ppm (by volume)
Rydrolyzed starch and then stored in a tailings pond for six months to two years.

N\ Siudge is then pdmped.out and an unspecified amount of sand and the same

amount of starch as before is added to it. This mixture is then transferred to a

permanent storage area where, by self-weight, a porous piston effect is

-~
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achieved for compressing and dewatering the sludge. The sludge is now
capable of supporting a sand or overburden layer for reclamation. The starch is
vital to this process as it is the only chemical that was found to increase the
permeability and shear strength characteristics of the treated sludge. Without
starch, Yong found that sand surq‘harging did not work as the sludge was
incapable of supporting the sand layer necessary for compression.
Freeze-thawing has been proposed as a method (for dewatering sludge.

In laboratory experiments Kessick (18) recovered 60% of the water (by fitration)

after freeze-thawing pond sludge containing 0.3 wt% Ca(OH)o or 0.2 wt%

CaCl2 He predicted that adding lime, followed by freeze-thawing, would
decrease sludge volume by two and a half times. Elliot (108) used three
freeze-thaw cycles on pond sludge treated with either 0.6 g HoSO4/L sludge or

1.6 g alum/L ‘sludge to obtain a product containing up to 30 wt% solids. In a
process nearly identical to Elliot's, Tibbitt {(109) used freeze-th\aw to separate
solids from liquids after the solids were flocculated using both an acid and base
treatment. In Boyer's (110) freeze-thaw pro\czéss, cooied tailings or pdnd sludge
were pumped into é pressure vess}el, mixed with cpmpressed air and then
blown out the enq:;‘;j, a nozzle when the ambient femperature was below 0°C.
The snow that formed was _substantially reduced in clay and when it melted the
clarified water could be collected. .

In a minor process modification patented by Minkkinen (111), some heat

and water that are lost to the tailings stream can be recovered. Tailings are -
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exposed to air ;o that the air's temperature and humidity increases, and then
this air is contacted with water so that the water in turn increases in temperam/re
‘and its voluma@ increases as it picks up between 2-10% of the original tailings
water. This water can then be recycled to the hot water process.

-
Recovery of residual hydrocarbons

The most expensive parts of the current bitumen recovery process‘at
Syncrude are removing ,overburden, mining and transport of oil sand; it is
theref’ore advisaﬁ!e to recover as much bitumen as possible from oil sand
entering the hot water process._Currently Syncrudg and Suncor recover
approximately 90% of the bitdmeq, with the largest loss (at Syncrude) being to
the sand tailings of the primary separation vessel. Syncrude lost over 0.76 x
106 m3 of bitumen in 1983 alone and this value is likely to increase as ore
quality decreases, as this in turn results in decreased extraction efficiency of_the

» hot water process (10,112). ,

Syncrude has already modified the basic hot water process in order to
recover residual bitumen that was previously lost to tailings. They have added a
tailings oi‘I recovery vessel in which sand tailings and middlings from the
primary separation vessel are mixed and aerated so that bitumen is recovered
as a surface frot_h and sent for further processing. This is in addition to the
already "existing secondary flotation circuit consisting of frothers and froth
settling tanks to fioat off residual bitumen in middlings alone. Naphtha is also |
recovered from froth treatrqent 'p‘lant tailings using vacuum stripping (after

,&sting and, rejecting stearﬁ stripping) (112). A patent by Simmer (113)

ES
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describes a method to recover naphtha from froth treatment plant tailings.
Tailings are passed through a vacuum tower where naphtha and some \Ararer is
vaporised and later condensed. The naphtha is then separated from the water
ina settling' tank.

There are several patents on other methodsvé increr;xsing the amount of
bitumen extracted at various steps in the hot water process as well as
recovering.residual bitumen from tailings and pond sludge. Since tailin~gs pond
sludge will have to be treated eventually in some vrray. it would seem
advantageous to incorporate a bitumen recovery process in any' method
developed (94)%

One of the simplest/,proposals for recovery of residual bitumen, as
described by Bain and Roberts (114), is to dilute recovered pond sludge to
between 6-18% solids, ar;d then settle for up to 100 hours. Bitumen is
recovered as a froth, the middiings fraction (less than 6-18% solids) is sent to
the ret‘ention pond, and sludge (great_er th,an 6-18% solids)'can be removed for
further dewatenng Bassaw (1 15) reported that the slmplest way to treat the

?

~ slugge obtained from thrs process was to let it dry in air to a drsposable solid.
-~ lefl:is is similar to the findings of Rrpmeester and Sirianni (116) who found that .
removmg free brtumen from tailings mcreased the evaporatlon rate of water
from the remaining suspensaon. | _
Various groups have proposed exploiting the oleophmc nature of coke
produced at the oil sands plant by using it to adsorb bitumen from taillngs

According to Hall and Tollefson (94,117), the most important oonsldaraﬂon in

»
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using coke is the contacting method. In their process tailings and goke are
mixed together and S‘i‘tumen is adsorbed on the coke particle surfaces. They
found that shaking for two to three hours was the best contact method, while
tumbling, stirring, percolation'or a bubble aerator were less efficient contact
methods. In laborator); tests they recovered 60-70% of residual bitumen from
primary separétion vessel tailings and 70-93% residual hydrocarbon from
centriLfluge plant tailings u§ilng 10 g coke/100 mL tailings. The ¢oke with
adsorbed bitumen could then be recovered by filtration or differential settling
and then the bitumen recovered by steam treatment. While the external surtace
area of the coke was one of the control}ng factors for recovery efficiency, the
size of the internal surfacé area governed the removal of water soluble
organics.

In a process using coke, developed by Hudson and Seitzer (.118),
middlings or tailings as a liquid or vapour would be passed through a deep
coke bed (although vaporising tailings would not seem feasible when one
consid;;s the energy requirements). In laboratory trials, 68% of res_idual
bitumen was recovered when using 10 g coke/100 mL §Iurry. Ina pilot plant.

trial, 500 tons:of tailings were o'verboarded ontb\ a 125 ton coke bed and 66% of.

residual bitumen was recovered. The authors proposed to burn the coke with

adsorbed bitumen for fuel. ad

In a recovery process similar to that of Maloney's (73) process -
described under 'physical methods', which was developed by Sirianni and

Ripmeester (119), tailings, tar sands, and enobgh coke to give a concentration
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of 0.5-5 wit% were mixed together and then agitated with shearing ection. The
coke adsorbed the bitumen from tailings and‘tar sands until eventually an
orgamc phase was formed This phase was separated by screenmg or coarse
fitration and the bitumen recovered while the aqueous phase, now with a fitth |
to a tenth the original tailings hydrocarbon content, was discharged to the
tauhngs pond.
Majid et al (120,121) described a spherical agglomeratuon process in .,
which tailings, coke, and extra water were mixed to form agglomerates of coke
. and organics that could then 'oe/recovered for further processing. They found
that recover; rate was directly pr0pomonal to the BET area of the coke used
In laboratory tests when coke and pond sludge were mixed together in a
blender recoyeries ranged between 50%, using a mixture containing 20 wt%
' coke, to BO% using 40 vrt% coke. Adding a total of 0.1 wi% sodium silicate or
: Ingno sulphonate increased this recovery by about 10%
‘Ashton and Davitt (122) patented a method for recovermd resrdual
‘ biturnen from tailings ponds in situ. Pond sludge is pumped into the top of a
closed vessel standing in the tailings pond.. Bitumen would float to the top
| where it could be recovered while siudge would fiow out holes near the bottom .
‘of the container.” Bitumen recovery is increesed beeause .of agitation of the .
sludge as it is pumped up to the surface — This technique u/ould also deerease
the hazard to birds as all floatmg bitumen would be in the sealed oontamer
There are severai patents descnbmg vanatuons of ‘aeration and/or

agntatro:n for recovermg bitumen from tailings from vanous sources These
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include techniques that are already 1n use in some areas Essentially any form

of turbulent shearing motion, whether from tumbling. mixing. aeration or

combinations of these, is useful in dispersing bitumen and bitumen-mineral

agglbmerates so that the bitumen can rise to the surface as a froth (123) The
'

recovered froth can ?hen be sent to the regular froth treatment plant.

An example of a typical aeration/agitation process is outlined in a senes
of patents by Davitt (124-128). .19 basic process pond sludge is
simultaneously agitated and aerated and the froth layer that forms is collected
and settled in a settling tank. The upper layer that forms iy the settling tank i1s
then sent for bitumen recovery in one example using 22 wt% solids pond
sludge containing 3 wi% bitumen, Davitt recovered about half of the residual
bitumen. The upper layer sent for bitumen recovery contained 40 wt% bitumen,
11.7 wt% solids and 41.3 wt% water (124)

Suncor (23) has developed a bitumen recovery process from pond
sludge, based on Davitt's pétbms (124-128), which has undergone pilot plant
studies. Sludge is pumped from the tailings pond to a mixing tank where in the
fiist stage of the process the sludge is diluted to 15% solids and then sparged
with compressed air. This aeration displaces carbon dioxide from solution and
hence increases the pH of the solution from 6.8 to 8.0. ‘The dilute, aerated

N
sludge is sent from the mixing tank through a series of rougher, scavenger, and
then cleaner flotation tanks to recover the bitumeﬁr; };oth. The froth is sent

through an Oleophilic Sieve® and the recovered bitumen is then transferred to

the cémrifugation circuit of the regular froth treatment process. This process.
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recovered about 70% of bitumen in sludge Halt the water used for diluting the |
sludge was recovered after sixty days settling and nearly all was recovered
after six months.

To recover residual bitumen frc;m primary separation vessel sand
tailings. Hall and Tolletson (123,129) designed a procedure in which the sand
underflow was diluted with either pond sludgeg. centrifuge plant tailings, or
primary separati&n vessel middlings, and then agitated in somé way, such as
by tumbling This process recovered 66% of the residual bitumen in the froth
formed. and if aeration by carbon dioxide was added the recovery increased to
g1% Carbon dioxide was used as it decreased both overfrothing and the
viscosity of thé mixture.

~' The form of agitation or aeration that is most efticient depends on the
type of material being treated. Hall and Tollefson found that aeratiocn using
gither a frit (129) or jet (123) gave the best results for centrifuge plant tailings.
They recovered froth containing 37-48% combustible _hydrocérbons and an
_increased (buv/n‘l\t specified) level of solids, for a residual biiumen recovery of
between 60-80%.  Adding carbon dioxide increased the fecovery level by up to
40%. However, they found that this treatment did not work on the sludge
fraction of pri?nary separation vessel tailings. Instead, steam or heating
combined with aeration gave the best recovery of 53%. Agitation by tumbling
gave the best recovery of about 50% for total primary separation vesse! tailings
(423,129). -

Other variatipns that have been tried using aeration and/or agitation
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include  Steinmetz’s (130) patent to use stirring. mixing or turbulent pumping of
middlings, instead of aeration, 10 recover 88 wi% residual bitumen as a froth
containing 5 wt% fines, as compared to 21 wi% recovery as a froth containiné
7 4 wit% fines from aeration; St. Denis and Kessick's.(131) method of diluting
pond sludge (one volume sludge 10 two volumes water) followed by aeration to
get 100% bitumen recovery, and Poheous et al’'s (132,133) patents on
agitation and aeration of centrifuge plant tailings with nitrogen (to prevent
explosive mixtures with naphtha) in a sealed vesse! (in order to be able to
recycle the nitrogen) for 65% hydrocarbon recovery as a froth containing 8—28
wt% hydrocarbon, 37-70 w:% water and 22-43 wt% solids. |

Various prefreatments of tailings have ‘also been proposed to increase
the efficiency of aeration/froth fiotation process. These include increasing the
pH with base then decréasing it again with _acid (134); adding sodium silicate
(126,127) or 10-10.000 ppm (by weight) ammonium lignin sulphonate (135),
diluting sludge between 1:10 to 2:1 (watér:s|udge) (136),; or cycloni.ng sand

.tailings and middlings to provide an enriched\{{itumen stream for aeration
(137,138). ’

Lane (139) claimed that fiotation methods to recover residual bitumen
may be useless as the increased fines content of the froth may block final
bitumen recovery in the frc;th treatment plant. He has suggested that it may be

" more economical to forget about residual recovery and instead treat whole
tailings to get a stable solid. To circumvent this problem, Cymbalisty (140)

suggested that tailings be diluted, preferably aerated, and then left to settle

~
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quietly (as opposed to constant aeration as is usually proposed). - Froth
obtained by this method had a decreasefd solids and water content as
compared to that of other aeration methods (froth composition this method: 77
wt% bitumen, 5 wi% solids, 18 wt% water, compared to 52 wt% bitumen, 13
wi% solids. 35 wt% water from usual aeration process). Alternatively,
Elanchenny and Seitzer (141) proposed that the froth produced in the first
flotation process can be treated further to reduce fines content by for example
dilution with water and then further aeration, or as reported by Ponteous et al.

(132), by dilution with naphtha folfowed by centrifugation to upgrade froth to

o \
N

84% bitumen, 4% solids and 11% water.

Various groups used carbon dioxide instez;d of air for aeration as they
found it gave an increased recovery rate and decreased frothing (101,123,129).

While most proposed methods involved treatin.g material in specially
constructed vessels, Nedapac (101) and Hall and Tollefson (123) suggested a
process in which carbon dioxide or air is added directly in the tailings pipe as
tailings are being pumped to the ‘pond. The bitumen rich froth would then be
recovered as the tailings settled.

Two groups have tried to devise’a treatment that would simultaneously
extract rasidual bitumen from pond sludge and cemefit the mineral solids.
Joshi and Prasad (142) added a total of 0.4% of an unidentified chemical t0
sludge containing 27% solids in bench top experiments, and recovered up to
54% bitumen floating on top after centrifugation, as opposed to 45% bitumen

recovery with no chemical treatment. At higher chemical concentrations the
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sludge gelled Aand without centrifugatio’n bitumen could“not be recovered. They
found that after the b'itumen was removed the centrifuged solids took only three
weeks to dry. Kutasinski (143) patented a treatment of mature sludge that
consisted of addi;wg a total of 0.006 wt% sodium aluminate and/or
methanamide (at a cost of 0.1¢ per gallon sludge treated iq 1977) directly into
the tailings pond. The bitumen would float to the top to be skimmed off and the
sludge left behind would solidify_.

As an option to recovering residual bitumen, Hocking (144) proposed
that indigenous hydrocarbon-using microorganisms be used to clean up
tailings. He found that mixing sludge with urea and aerating led to breakdown
of some bitumen and an increase in the settiing rate of remaining solids.
Recovery of metals

The few reports (27,145,146,147) on recovery ot useful metals from
tailings deal Yvith the recovery of titanium and zirconium as these metals are

o : °
valuable enough to pay for their extraction. These metals are found in oil sands

tailings as the minerals zircon (ZrSiOg4), rutile and anatase (TiO»), iimenite

(TiOx'FeO), and leucoxene (minerals containing TiOo and FeO) (145,24).

Centrifuge plant tailings provide the richest source of heavy minerals
(24,148) with values reported between 5-9 wt% for titanium and 2-5 wt% for
zirconium (24,146). Therefore, proposed extraction schemes use this"téqmgs

stream as the starting material. In a process developed by Syncrude (27),

-
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centrifuge tailings are first treated to remove residual hydrccarbons by burnoff  *

in a fluidized-bed reactor. The residue is then ted into a hydrocycloné system

<

- followed .by gravity separators to separatz a zirconium and titaniurh rich
-

material. Zircon is then separated from the titaniu?n based minerals by using

hig'h-tension separators. The titanium mineral fraction produced is relatively

pure while the zircon enriched fraction requires a clean up by using magnetic

separation and high tension separators.

Subsequent pate-iits have suggested modifications of this procedure as
for example, .using dry sieving of the burnoft resiédue to separate the titanium
and zirconium minerals that are then sent to the high—ténsion ;eparators (146),
or by ins;ening a preliminary air flotation step to concentrate the minerals furiher
(up io 28-30% anatase and 10-12% zircon with 80-90% recove/i)i) fore
subsequent recovery steps (147). |

Based on mine capacity, Trevoy et al. (27) thought thaf the Synérude

mine could provide enough titanium and zirconium minerals to support

commercial plants for titanium pigment and zirconium metal production.

Properties and Treatment of Clay Tailings from Other Sources
There are other mining/extraction industries worldwide besides oil |
sands mining in northern Alberta that have problems in dealing with slow
settling clay suspensions. It is possible then that one could get some idoas on
how to treat oil sands tailings by seeing what was successful in these other

industries. Kessick and Jobson (2) have élso reviewed this area.
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Phosphate Mining

From 1932 to 1973 between 2x106 and 27x106 tonnes of slime solids
were produced each year by the phosphate mining industry Qf Florida. These
solids are pumped 1o tailings ponds for storage as a 3-5% solids suspension
(149). As of 1979 there was an estimated 2x109 tonnes slime solids in storage
(150). The sludge ponds are usually 1.2-3.2 km? in area with 6-18 m high
dikes. About 10 kmZ are added each year {o the 325 km? already in use as
tailings ponds (151,152,153).

Phosphalic tailings characteristics

PhosphatiAC slime solids contain r?ontmorillonite, attapulgite, kaolinite,
quanz, fluorapatite', dolomite (149), illite, wavelite and crandalite (150). In one
sample, 72-84% of the total solids present were clays and 55-88% 6f these
clays were attapulgite and kaolinite while the rest was montmorillonite (149).
Most of the clays were Ca2* clays while others were Na* or Mgz* (150). The
clay composition and concentration were highly variable in slime solids
collected from different locations.

In a review Pittﬁan et al. (152) state that the clays in phosphatic tailings
solidity in four stages. The first stage is sedimentation during which the clays
settle “out of supernatant water; next is consolidation, the most important
process, during which the clays solidify under their own weight, thus squeezing

ial water: third is cansolidation dnder hydraulic

out trappéd and intersti

gradients (which makes bottom pond drainage very important); and lastly, '

surface stabilization where surface water is removed leading to increased
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drying and the creation of a surface crust.

Phe

There is an excellent review of processes developed for treating
phosphatic waste material, published py the U.S. Bureau of Mines (152). In this
review the authors covered early de-watering techniques, techniques curréntly
being tested, and methods that are being developed.

Most of the early methods developed have been abandoned as being
impractical. These ineluded:

- electroosmosis, which was too slow and consumed too much
power, or electrophoresis using moving bélt anodes, which did not yield clear
water,

- the use of ultrasonic energy to precipitate clays, which was still
under investigation;

- centrifugation, which was impraqtical because of high capital costs
and energy requirements;

- process modifications sdch as using dry extraction methods or
magnetic separation, which were not considered to ba feasible;

S - using flocculants; but these had the problem that methods that
" worked in the laboratory often did not work in the field due to the high sample
variability. Of all types of flqcculants tested the higher molecular weight
polyacrylamide polymers were the most effective, and anionic wor'e better than
either cationic or non-ionic polymers; |

- using phelating ag_énts to speed settling, but noné was used on a

-
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practical scale;

- using colloidal gas aphrons, which are dispersions of micrometer-
sized gas bubbles, to induce flocculation and flotation, which was still being
tested,

" - adding hydrated lime;

- clay aggregation using fungi; some species worked but the method
was deemed impractical.

Some methods that had undergone large -scale tests we“r‘e:

- freeze—thaw, which was too expensive;

- crust development, using grains or grasses, Japanese millet was
found to work weli;

- spreading the material over a large area to speed drying; this was
" considered impractical; |

- mixing an overburden slurry with clay wastes, but this,"jpst
produced an even bigger mess, mostly due to the organics in the overburden,
which led to i/ery stable suspensions;

- using moving screens to break up gel structure in the tailings pond
and therefore free interstitial water. The method worked: for example it took
about fourﬁ days to reach 25.2% solids from 5% solids but because the screens
héd to move extremely slowly, it wds not practical;

- forming a sand-clay sandwich, which was based on the idea of
increasing the weight on the clay to increase dewatering. The method worked

Jut it was still rathet slow and large areas and spgcial equipment were needed,;
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- using a flocculant, which did work, but a lot of variables had to be
controlled, such as the sand/clay/flocculant ratio, and it was thought to bg too
expensive,

- using sanq wicks (columns of sand) in the tailings pond to increase
dewatering, but the columns were very difficult to set up in existing ponds;

- using a series of settling tanks, cyclones and dewatering screens
to process floccuiant treated tailings; it was a very expensive process and was
thought to be no better thap conventional settling over a longer time period,;

- mixing tailings with thickened sludge dredged from the tailings
pond bottom, which did not work;

- pumping thick‘eneq sludge dredged from the tailings pond bottom
into mined out vpits and then covering ‘with a sand layer to obtain a stable

landfill. The method was promising but layering the sand was proving to be

~

difficult;

- spraying sand on th}c/kened sludge. The sand would slowly settle
into the sludge, creating channels and thus releasing water. Although initially‘
'-. the method did not appear to work, aﬂ‘two years 50-70% solids were

. .
obtained.

Terichow et al. (154,155) developed a shme freatment metlﬂd bSsed on

the el‘ropm‘pmpemes of phosphatic slnme solids. Pre-treatment with
0.01 N AI2(SO4)3 made the suspended‘articles positively charged, and when

the suspensuon was mixéd with negatively charged gyps'\ or anthracite they

found increased settling. The ﬂlterabmty of the settied soluds was also
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increased, the best fitration rate occurring when there was the largest attraction
between slime solids and added material (usually at 1:1 mixtures, weight slime

\

solids : weight added gypsum or anthracite)v_

Of all the flocculants tested on phosphatic waste, high molecular weight
polyethylene oxides (molecular weight of around 5x10° g mo|‘1) are the ones
that have been developed to the point of Iarge.sca(re field tests. Laboratory
studies showed that‘ adding polyethylene oxide as a dilute solution (final
amount added was 1-3 kg/t slime solids) to a 4-5% solids slimelSUSpension
gave ~a 40% solids product, t-he largest molecular weight polyethylene oxides
worked best. The amount of polyethylene oxide needed depended on the
co‘mposition of the sample being treated, and in particular it seemed to be

correlated with the surface areas of the clays in suspension. A trommel was

-

used to dewater the fiocs as, once the polyethylene oxide was added, the flocs
had to be dewatered immediately to prevent them from breaking up (156).
Lérge scale tests treating 60 gal/min of suspension using three pounds
polyethylene oxide ber ton of slime solids gave a 22-25% solidé product'whiCh,
when disposed of in shallow (4¢§ deep) pits, dewatered to 4(5% solids after 45 -
days (157). Larger scale field tests treating up to 200 ggl/min gave similar
results, although in these cases they added lime to convé‘rt the clays to the
Ca2* form before adding the polyethylerte dxide (153,158). Stanley and
Schreiner (159) studied the effect of the cation forrh of the clay on dewatering of
phosphatic waste, and found that the floc size and structure of the settled solids

depends on the cation form of the clay, with Ca2+-clays forming the most
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compact structures.

Treatingﬁenegal phosphatic waste. (15% solids), which contains mostly
apatite with som; montmorillonite and kaolinite, with polyethylene oxide, led to ‘
a better solids product than the same treetment of Florida phosphatic waste.
Using a total of about 0.4 Ib polyethylene oxide (as a dilute (0.01%)
suspension) ton gave a 45% solids product (160).

Ways of reducing expenees by decreasing the amount of polyethylene
oxide used were investigated. After testing vahous chemicals including
inorganic cations, organic flocculants, and hydrogen bonding componnds (to
mimic the action of polyethylene oxlde) it was found that adding two pounds ot

guar per ton of slime solids worked well and was cheaper than polyethylene

oxide alone (161).
A method to recover vanadium as V2Osg from@osphatic waste was

developed but in 1'5 the process Was too expensive relative to then current
world prices for vanadium (162).
- Sand Washing
Slow gsettli'ng clay tailings are produced by sand washing operatlons of
various Australian rnines. The initial s'uspenslon is usually 1-5 wt% solids but
does settle to 40 wt% solids in tailings ponds (163). At one site about 4,000
tonnes dry solids are produced each month.
‘ The major component of suspended SO|ldS in thesa tallmgs is kaohn
.@nd there are trace amounts of quartz mica, glbbsne and pyrlte At some sltes

there is also orgamc matter, which has been washed from the sand .The llqund
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limit of this material varied between 46 and 60% solids. There are various

dissolved inorganic cations (Na*, K*, Ca2+, Mg2+) at concentrations ranging

between 4 ppm (K*) to 360 ppm (Na*), and inorganic anions (CI", 8042‘

PO4?') at co‘ncentrations ranging between 16 ppm (PO43‘) to 490 ppm (CI).

Clay suspensions from sand washing operations can often take
decades to settle out, even to a limited extent. Due to economic necessity
Sparrow’s .group in Australia has worked on dewatering méthods that maximize
use of gravity and solar driven processes. While tailings from sand washing
can be dewatered by filtration or centrifugation after flccculation, the capital and
operating costs make these methods too expensive (163).

Sparrow et al. (163-167) have shown that dewatefing of these clay
tailings is significantly improved if the talilings are allowed to drain as the solids
settle. A combination of decantation and drain\age is used at the start, then
evaporation and dra-inage once a thick sludg} is obtained. They have
developed an equatlon to predict rate of water Io%s based on the evaporation
rate and hydrauhc conductivity of the tailings pc;}d, From field tests and
c:alculations they found that large, shallow (maxamum height of 40 cm), ponds
with sand beds are needed for efficient drying. Under thgse conditions

dewatering to 60, wt% solids took one month, stértihg with 20 wt%, solids_

pumped from current settling ponds. .

v

Ihle and Sparrow (168) tested the effect of additives on drainage’

»behaviour of clay tailings. They found that while cationic or non-ionic
’ ) ,
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polyacrylamides increased the settling rate they also increased the volume of
the settled solids and were therefore not used.

Ore Processing ’

Libor (169) patented a process based on the use of flocculants to treat
clay suspensions formed during ore processlng in miniig:lg i‘ndus.tries.
Macrornolecules-' such as proteins, polymeric_ amides or polysaccharides are

~

used at concentratiqns of 50 mg/kg solid in suspension to flocculate the clays.

S
L

The flocs that form are then further thickenea by adding a polyamine,
polypeptide or polyacrylic acid, and after a filter aid is added. such as calcium
oxlde or barlum oxide, the suspension is either céntrifuged or vacuum fitered to
separate solid from liquid. Theoretically, the pro?ﬁess can handle suspensions
from 0.05-35% solids using 0.003-0.5% flocculant. ] | |
-Smelley's grou@t the US Bureau of Mines has applied their method for
treating phosphatlc wistes by flocculatlon wuth polyethylene oxnde foliowed by
dewatering to clay. 3uspenSions from other ore processnng industries (160 170)
Polyethylene oxide flocculatlon was used to increase the solids content
ofm potash-clay brine and hence increase polash recovery. The original solids ,‘
content was 3.8% with the major clay constituent being montmonllonite. Again,
using a dllute polyethylene oxlde (0 1%) suspensmn Smelley's group.
recovered a solid frac;lon containing 35-40% solids usmg 2-5 lb polyethylene :
oxide fton. In this case the amount of polyethylene oxide nefded depended

directly on the bnne concentratlon (160,171).

Flocculatlon with pOIyelhylene oxlde also worked on uranium mill
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taillings (15% solids). talc (hydrated magnesium siicate) mine tailings (9 7%

sohds) (160.172), and tc a lesser extent oN TuOQAHCI»Fe-CI slurry (1.7% solds)

-

from the acid leaching of iimemite (160.170).
-
Vreugoe and Poling (173) also reported on the use of flocculants 10 treat

v 1

Cu-Mo fiotation tailings These tailings are a 10-30% solid, alkali suspension,

in which 70% of the particies are less than 74 um and 10% are less than 10 ym ,

Of the vanous commercial flocculants trveVnuonnc flocculants (used at 0.03%)
‘ *

increased setthing rates the most and the greater the polyacrylﬁmita content of

the flocculant. the bigger the increase This was despite the fact that the solid

\ L)
particles in the suspension were negatively charged. ,The authors thought that

Ca2* from lime added in the flotation process acted as a salt linkage between

~ .. -

' ’ .
the particles and the anionic fiocculant.
Sand bed filtration such as developed by Sparrow's group for the

treatment of sand wash tailings has also been used to reduce the level of
N - .

bauxite procéssing tailings (a red mud of around 25% solids) to one third to cne

half the origmal~vblume (’174) and in treating alumina waste from acid

extraction of alumina from non-bauxitic ores (175). In this latter process sand’

-

bed settling and decaniation were tested on a 23% solid suspension in nine
feet tall (ID 6.75 in) columns with a foot of sand at the bottom. In 186 days the

mud leve! dropped from 108 to 69 inches and a sediment of about 50 wt%

/
solids was obtained.

L 2N

< Coal Washing

As mentioned previously, Smeliey's group has used polyethylene oxide
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floccu'.a‘ubn and dewatering on other types of tailings. including those produced
during coal washing (160.170) Just under half the panicles in an aqueous
suspension from a coal washery are smaller than 325 mesh and this fraction
consists of kaolinite, mica, quarz gnd coal with minor amounts of chlorite and
montmorilionite. Using 0 2-2 Ib/ton polyethylene oxide (as a dilute solution of
0.05-0.25%), they achieved a 49-50 % solids product from an initial solids
content of 36% (160). This method was field tested on dilute suspensions
(2 7-8 7% sohds) and more concentrated suspensions (18.5-24 1% solids),
using a microsieve screen (instead of a trommel) to dewater the suspension.
They found they had to increase the pH first with lime after which they obtained

-

a dewatered product of up to 63% solids from the di|u¥ suspens;on and 58%
solids from the concentrated suspe?sion (176). |

& laboratory tests on coal washery iailings.‘Lockhan (177,178ashowed
that simple sedimentation followed by electroosmosis was"cheaper than
ﬂocculatioﬁ with polyelectrolytes followed by centrifuggtion. Using the former
method the mostly clay sqlids (including kaolinite, montmorilionite, illite and
.mixed layer clays) sedimented in three hours to about 56 wt% splids from an
initial 8 wi% solids suspension, and -this sediment, when subjected to

electroosmosis, produced a product of 73 wt% solids after 100 minutes at S0v

(about 5 to 8 kWh#t). Flocculants actually decreased the compaction of solids

during sedimentation.

. N -

-
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Conclusions

There are three things that have become rather obvious in considering
the wide variely of treatments of o1l sands tailings that have been proposed,
and which are probably self-evident to the people working in this area, but we
will mention them here These are. |

a) One must have a clear idea as to the goal of the paﬁlcular treatment
method For example. ts the aim to provide maximum amounts of recycle water,
or to clean up the water enough so that it can be returned to the environment, 1s
it the intention to previde a sohd that can suppon heavy equipment or just to
minimise sludge volume, and so on Of course these goals, or any others, do
not have to be muiually exclusive, although some naturally would be.

b) 1t any method is to be generally épplicable, one must know how the
composition and characteristics of the material being treated affect the

) -
procedufe being developed, so that the process can be monitored and
controlled.

c) Propoged methods have to be scientifically, technologically and
economically sound. In other words, a iot of developmental work has to be
done‘ at laboratory and pilot plant levels before a partiéular process can be
evaluau‘ad completely.

There are really two different aspects to the tailings problem. These are
reducing the amount of tailings produced,. and deali.ng with the tailings that are
produced.

Decreasing the amoun\g tailing§. produced would entail process
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modifications of the present hot water process to decrease the volume of
proceés water used, or the use of a completely different bitumen extraction
process. Extra steps could be added to the hot water process to extract
bitumen not recovered from the primary separation vessel or middlings recycle,
so that the maximum bitumen is recovered for a give‘Q am0unt' of produced
tailings. Syncrude has already done feasibility stﬁaies on the use of
hydrocyclones, cycloseparators, dense media separators, rake thickeners,
cone thickeners, counter-current decantatiqn, induced air fiotation and
dissolved air flotation, amongst others, to increase the extraction efficiency of
the hot water process, and eventua!!v decided to use induced air flotation and a
cone thickener (their tails oil recovery vessel) (10).

As regards using a process other than the hot water process, one could

argue that one should not tamper with a successful method, which the hot water

process .undoubtedly has been despite the taitings problem; however as ore

quality decreases, extraction efficiency of the hot water-process also decreases

and this has prompted the develbpmem of other bitumen extraction processes

~

such as the’RTR/Gulff‘proce_gs (69), Taciuk processor (70) and the Oleophilic
Sieve® (QS)J Comprehensive pglot blani studies and ec‘:onomic analysis would
be needed to detérmine yvhothef'tﬁese‘or other anemativesi o the hot water
'process would be viable and, of course, whether they produce les -sludge.

7

T‘Qe is no- problem in developmg methods to.aat oil sands taihngs at

the bench top scale, but'there is a problem in designing a fe‘asible‘and'

economical process that would be acceptable to the industry. This is why

(

\
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S.uncor has rejected most mechanical and physical methods such as filtration,
centrifugation, freeze-thaw, evaporation/distillation, electrophoresis and
bioprocessing (1,6).

Most chemical processes sucﬁ as the addition of organic flocculants are
uneconomical, even if they work. The use of lime as a coagulant may be more
practical as it is ant inexpensive chemical and does seem to be effective in
precipitating suspended clay solids and producing a potentially dis;_)osable
solid, especially‘when treating whole tailings (46). -

Geotechnical methods often involve just the re-routing or handiing of
ma;erials, which to the non-engineer seémé ineipensive and easy to do, but
transporting and pumping materials is or%f the most expensive aspects of tgé
oil sangs extraction process. The idea of Scott and Dgsseault (11,12,179) to
produ@e a usable backfill by mixing appropriate materials such as sanlj, sludge

\and overburden séems quite attractive and the simplicity of the idea is

. appe‘aling, but there is still some work to be done to determine its large-scale

’
i

feasibility. )
v A combination of maximizing the extraction efficiency of the hot water' |
prqeess together with a simple tailings treatment process such as lime as&sted
e&mg of whole tailings or the production of a usable. backfill by the
appropriate muxmg\gf/vé?nt\us waste materials, seems to be the best possible
s n to the tailings problem. Maximizing the use of natural !orces such as
grgvity aqd the settiing and consolidatioh properties of tailings may be the best :

ap?oach to an economical treatment method such’that, when the -oil sands
' ~
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mines shut down, a filled, reciaimed, mined out pit wiill be left behind instead of
hectares of sludge.

At present there is no process that satisties ell of the following cnteria: a)
yields a solid that is suitable for disposal, with no subsequent environmental
problems, b) yields water that is suitable for disposal in rivers or lakes or that is
suitable for recyele to the bitumen extraction plant, c) that wor.ks reli‘ably,dﬁ’a
large scale under the range of weather conditions in the Athabasca region, d)‘
that has acceptable capital and operating costs.

) in view of ihe above, a more basic understanding of erhysical and

chemical events that occur during the processing of mined. oil sand would

hopefully lead to technological developments that would be based on scientific

v
»

understanding and reliable data.
It was'the desire to extend and improve the understanding of clay-water

systems, such as those encountered in énhanced production of conventional

A4

»

. . &
oil by water floodi#g, that has [ed to the research on viscosities that is described

in Chapter 3.

-

It has been .mentioned previouslythat naphtha is used in the

commercial production of bitum_en from mined oil sands a\nd frla!t ‘some of this
valuable naphtha end-s ue in the tailir{gs adsort;ed on clays. - Efficient reoovqry .
of this naphtha requires sorne knowledge bf the thermodynamncs of adsorption
of light hydracarbons on clays, whnch has provnded part of-the motivation for the

research described in Chapters 4and5. K
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'CHAPTER 3
Viscosities of Dilute Aqueous Suspensions of Clays

, .
Introductlorb '

wi

Colloidal suspensions of c,_lays in water end a_dueous solutions have
: been investigated in many ways including many mvestngatnons of rheologlcal
properties. Because of apphcatnons in such: fields as ceramtgs and drllllng
muds, most of these onvestugauons have been bonce?ned with concentrated :
suspen5|ons gl whﬁch non-Newtonian flow is vmportant There have been only
a few -investigations of the viscosities of dilute suspensmns, in spnte of their
general theoretical imponanze ,anq also their practical importance in such
areas as enhaneed oii recoxery and water treatment. Our paniculaf interest
has been in the flow propertiés of dulute suspensions of clays, mcludmg‘
B nnveshgahons of mixed-clay systems that ma/be |mpor1ant in connection wnh
problems !nvo!vin‘g oil sands tailings as“well as to problems related. to.
permeabilities in enhanced oil reeovery.
= ' ° . .
As background for our research we cite a few preyious investigations. of
viscosities of dilute suspensions of clays (1-6) and- evidence for interesting and -

>

potentially important interacfions of different kinds of clays withﬁeach other in

dilute suspensions (7.8). S o

~

1. A'version of this chapter has been published. K.L. Kasperski. C.T.
Hepler and L.G. Hepler, Qan.J.Chem. 64 (1986) 1919.
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Experimental

( Materials P X ‘
~ Well characterized clay samples were obtained fromoihe Source Clay
Mineral Repository’ Départment of Geology, University Qf Missoori Colurnbia
~ Missouri, USA. The kaolrmte (KGa 1) came from Washmgton Coumy. Georgra
and theé montmonl|omte (SWy-1) came from Crook County. Wyoming. Our\

- preparations of Na-kaolinite and Na-montmorillonite for subsequent use

) followed 'procedures that have been described previously (9,10). A 7

Apparatus and methods
&

Densmes of suspensions were obtained with glass pycnometers of 25

cm3 nommal volumeawhlch we callbrated at each tempera}urﬂ with distilled .

- LTy v

~ water. Uncenrtainties in most of our densmes of clay suspensrons are Iessu

than:tOOOOSgcm3 - ( \
R
~ Cannon- Fenske glass vrscometers (ASTM 25 and 50) from Flsher

Scientific were calibrated wrth drstrlled water and w;th 0.010 M NaOH at each °

‘ temperature. - Flow times ranged from 1 to 20 minutes, as tihed ‘with a ‘

-y o _ . ] £ ;
stopwatch; total timing uncertainties (due to the stopwatch and our response . -

_trmes) were about + 04 sec. At the low fiow rates of our measurements. tthe'

: 5 A '
- were no‘omphcaﬁons due to non- Newtonran flow, hence we were une.bie to .
N .

) mvestrg'the non- Newtoman rheology that beoomes lmporlant at higher ﬂow

}.

'.rares and for more concemrated suspensions (2 3 5. 11) -' Lot -

P’amcular care was teken with cleaning the viecorneters between L

-

o »

C _measurements because of the tendency of cley pamcle‘% to adhere to the walie

- . L y———

5
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of the capillaries of the viscometers, which was particularly troublesome with

our most concentrated suspensions

All measurements were done with pycnometers and viscometers

suspended in a constant temperature water bath with temperature known to 1

0 01°C and stable to + 0 005°C. as -checked with a platinum resistance

~

thermometer

Results and Calculations
Results of our measurements leading to densities and viscosities of
suspensions of Na-kaolnite 'a_hd Na-montmorillonite at 2500°C are
summarized in Tables 3 1 an.d 3 2. respectively, and illustrated in Figure 3 1.
which is based on eq. [3 8] that is presented later.

»

We want to calculate the volume fractions of dry clay in our various

!

suspensions, which -equires that we know the density of our solid dry clays.
Previous investigations ;f s:mif; clays have led to reported censities ranging
from24t028g cm3 for Né—montmorillonite (45.12,13) and 258 t0 263 g
cm-3 for Na-kaolinite (12,14). Largely because of the substantial rangé in

reported densities for Na-montmorillonite, we use our densities of suspensions

Lo obtain our own values for the densities of the dry clays we have used, as

follows.

We begin by assuming that the volumes of dry clay (V) and water (Vw)

are additiir_g so that the volumes of suspensions (Vg) are given by
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Table 3.1 Densities and viscosities of suspensions of Na-kaolnite in 0. 010 M

NaOH at 25 00°C

W1% clay Density Viscosity Og [(nAno)'/Od no]1
(g cm‘3) (mPas)
118 1005 0.909 0 00453 4.2
202 1010 0920 000778 40
2 91 1Q16 0.942 0.0113 5.0
379 1021 0.956 0.014 g 44
3 86 1022 0.968 0.0184 5.7
507 1.030 0.984 0.0199 52
661 1.039 1.050 0.0262 6.8
7.08 1.042 1.084 0.0282 7.6
7.44 1.045 1.070 0.0297 6.7
8.66 1.052 ‘ 1.100 , 0.0347 6.7

¢

1 The viscosity of 0.010 M NaOH is 0.892 mPa s, as compared with 0.890

mPa s for pure waler. Here we use 1, = 0.892 mPa s.



Table 32 Densities and viscosities of suspensions of Na-montmoritllonite in

watér at 25.00°C

=== ====

W1t% clay

010
0.20
030
040
050
060
070
090
100
1.20
1.40
1.60
1.80
2.00
2.20

-

Density
(g cm3)
09976
0.9983
09988
0.9997
1 0001

1.0007

1.0014

1.0026
1.0032
1.0045
1.0057
1.0070
1.0083
1.0095
1.0109

Viscosity

(mPa s)
0 948
1007
1.067
1.156
1220
1.280
1.388
1.630
1671
1.980
2311
2.556
3.031
3.622
4767

768 x 1074
115x 1073
154 x 1073
192x 103
231 x103
270x 103
3.47 x 103
3.86 x 103
464 x1073
5.42x 1073
6.20 x 1073
6.98 x 1073
7.77 x 1073

8.55x 1073
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Figure 3.1. Graphs of reduced viscosity (@-no)led No) against volume fraction
of dry clay (Qq4) for montmorillonite (a) and kaolinite (b). -The dashed line for
montmorillonite is an extension of the straight line comsponding‘ 10 (AS)y, =
148 and (BS?),,, = 2.6 x, 104 and is drawn to show the deviation from linearity

above a value of ut 0.006 for @y
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[31] Vg=Vc+Vy . \

Very accurate results reported by Low (13) provide support for the validity of eq.

[3.1] to the level of accuracy that we require here. Some algebraic

manipulations with eq. [3.1] and the definition of density lead to

[32] do=[dwdgP] /7 [100 (dw - dg) + dgP ]
in which the symbols have the following meanings: d.. dg, and d,, represent

“ . » .
the densities of dry clay. agueous suspension, and water, respectively, and P

represents the weight percent clay in the suspension. Because of the term (d,,

dg) in eq. [3.2] and the * 0.0005 g cm™3 uncertainties in our valugs ot dg, this
equation is useful only when applied to solutions more concentrated than about
one percent ¢lay. Our calculations with eq. [3.2] applied to densities of our
suspensions lead to d. =261 0.1 g em3 for dry Na-}«aolinite and the same

value for dry Na-montmorilionite, in which + 0.1 g cm3 is our estimate of the
total uncenainty due to our experimental results and the mmyassumpuon that
volumes are additive. |

There is also another way to calculate d, from our resuits. Solution

chemists have found it useful to define "apparent molar” properties for solutions
[ 4
of small molecules and "apparent specific” properties for solutions of high

molecular weight polymers, with the latter being appropriate to our problem. In

similar fashion we define the apparent specific volume of clay (Vg) as
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[33] Vg=1Vg-Vw)/Mc
in which Vg represents the volume of a suspension containing a specitied

amount of water, V,, represents the volume of that same amount of water, and

m¢ represents the mass of dry clay in the suspensig Algebfaic‘mémpulations '
simila; to those that led to .eq. [3.2] lead to

34] Vg =[100 @y - dg)/ (dsGyP)] + [1/dy ]~ 5

_in which the symbols have already been defined.

In eq. [3.4], just as in eq. [3.2], we have a (dy, - ds)‘te[m that limits useful

calculations to suspensions containing more than abou}‘one percent clay.

Calculations with data trom Tables 3.1 and 3.2ine .4] lead to V, = 0.387

cm3 g'1 for each of our clays. Since the reciproca

-

g is the density, we

again obtain d.=26g cm™3 for each of our clays- THis value of, dc is not an

independent confirmation of our identical value based on eq. [3.2] since our

usé of eq. [3.4] is also based on the implied validity of eq. [3.1}:

Now We Use the above value, dg = 2.6 g cm3, for dry clay as follows to

«

obtain the volume fraction of dry clay in water ( Qg ) that will be used in

' ) N | 4
subsequéﬁ? calculations with the Einstein equation. Chooéinq to consider 100
- g of shgpension, we obtain

[35] @g=Vc/Vs=Pds /1000;
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Values of @y, the volume fraction of dry clay, are listed in Tables 3.1 and 3.2 for

Na-kaolinite and Na-montmorillonite. }

. A simple way to begin the analysis of viscosity data for suspensions

is in terms of the Einsteih equation, which we write as

(3.6) (n—no)/no=A®+B®2+... |

x>

In this equation n and N, represent the viscosities of the suspension and of the

pure solvent, 'O is the volume fraction of the suspended particles, and A and B
are constants. It should be emphasized that @ refers to the volume fraction of )y
N

clay particles-as they exist in suspension; that is, @ may refer to the volume

fraction of swollen clay particles whereas it is the volume fraction of dry clay

(@g) that we know and have listed.in Tables 3.1 and 3.2. All we can do now is
> _{a Q .

recognize that @ and Oy are related by a "swelling factor” that we denote by S

so that
37] ©@=S0g

Substitution of eq. [3.7] into eq. [3.6) and fearrang&ment leads to

[3.8] (n-ng)/ Ognp = (AS) + (BS?) Q4 + -

As suggested by this equation, we have calculated the values of the reduced

viscosities, [(n - ng) / Og 1), that are listed in Tables 3.1 and 3.2 and have

constructed graphs of these reduced viscosities against @y as in Figure 3.1.
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Least squares fits of eq. [3.8] to our experimental resuits lead to {AS)y = 148

and (BS‘?)m = 2.6 x 104 for Na-montn\orillonite and to (AS)y = 3.5 and (BSz)k =
. 1.1 x 102 for Na-kaolinite, where the subscripts m and k refer to montmorilionite

and kaolinite, respectively.

Vi
Einstein's origina! calculations showed that A = 2.5 for spherical

L ( .
particles. Subsequent calculations by others have shown that A > 2.5 for

particles of non-spherical shape, such as the clays of present interest. Since it

is known "that montmorilionite is a S\}velling clay (14), we also know that Sm > 1.

On the basis that Ay, > 2.5 and Sy > 1, it is expected that (AS), should be -
substantially greater than 2.5, as has indged been found: Kaolinite, however, is
not a swelling clay (15), so we expect the difference between (AS)y and 2.5 10 .

be determined almost entirely by the non-spherical shape of the kaolinite

particles.

More quantitative consideration of the magnitudes of Ay, and Sg, must

~

be based on detailed considerations 61 the swelling of montmorillonite and on
the related hydration of the clay particles in aqueous suspénsnons as well as on
"W shapes of the suspended (hydrated) pari Ies Adthough these matters are
of general scientific intergst and are also irIponant m ‘connection wnth many
question; concernmg the qolloud qhemustry of clays in aquoous systems, they
extend ‘b'ey_ond the realm of the present investigation and rﬁu'st be left as

subjects for other investigati'ons.



98

L4

‘ b
The B term in equation [3.6] and thence the BS? term in equation [3.8]

is partly determined by particle-particle intevactions. Even allowing for the fact
that S, > Sk. the coriclusion from our resuits that (BSZ)rn >> (BSz)k shows that

particle-particle interactions are stronger in suspensions of montmorillbnite
(nearly neutral pH) than in suspensions of kaolinite (high pH) of similar

\

concentrations.

Results obtained for the densities and viscosities of suspensions of
Na-montmorillonite at several temperatures are given in Tables 3.3 and 3.4.
Properties of distilled water used in our calculations are given in Table 3.5. The
viscosities and densiiies decrease with increasing temperature, as expected.
For dilute suspensions (0.30 weight percent) the reduced viscosity does not
change significantly with temperature, as was also found by Wood, Granquist,
and Krieger (1) for suspensions of attapulgite.. However, for more concentrated
suspensions (2.20 weight percent) the reduced viscosity increeses with
increasing‘r temperature, which could be the result of a partial breakdown of
relatively large nearly spherical structures to smalie; less spherical structures,
and which could acoount qualitatively for the observed temperature
dependence.

Beceuse many natural environments contain miitures of clays, and

: 4

earlier investigations (7,8) have shown that there are specific interactions

between different clays in aqueous suépensions, we Have measured viscosities
v /

‘of some mixed clay systems. Our densities and viscosities of suspensions of

mixtures of Na-kaolinite and Na-montmoﬁllonite at five different total clay
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Table 3.3. Densities and viscosities of 0.30 wt% Na-montmorillonite in water at

various temperatures

4
Temperature Density Viscosity Dy {(nMg) / O}

(°C) (g cm3) (mPas)

25.0 0.9988 1.067 1.15x10°3 173

35.0 09959 .  0.870 \ 1.15x1073 182
45.0 0.9917 0.721 1.14x10°3 184

55.0 0.9881 0.608 1.14x1073 181

)

Table 3.4. Densities and viscoslties of 2.20 wt% Na-montmorillonite in water at

various temperatures
Temperature Density Viscosity Dq [(n-ng)/ Bdn,l
' ' .

- (°C) (@ cm™3) (mPas)

L
25.0 1.0109 4767 8.56x10"3 509
350  1.0083 - - 4011 8.53x10°3 536
45.0 1.0044 3457 . 8.50x103 565
550 . 0.9996 3.020 8.46x10°3 590

\ : ' -

(\
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\Table 3.5. Densities and%viscositiqzs of pure water at various temperatures (16)

== = ===

Temperature. Density o Visco}é
(°C) - (gem3d) (mPa's)
25.0 +0.99707 . 0.8904
35.0 0.99406 0.7194
45.0 _ 099025 0.5960
55.0 0.98573 . 0.5040

~
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congentrations (0.25, 0.50, 0.75, 1.00, and 3.00 weight percent}-were measurea
" at 25.00°C, with results given in Tables 3.6-3.10.

We investigaté the possible effects of kaolinite-montmorillonite .specific
interactions on viscosities by comparing our measured viscosities with thdse
that can be predicted on the basis of a simple additivity principle; This
compan’son can be done in two ways.

O
One way to express additivity of viscosity effects is by way of

[3.9] [(M-ng)/ Mg Imixture = [(M-Ng) /Mgl + [(M-Mg) /Mg Im

in which [(n - "o)/“o lk and [(n - no) /Mg Im are obtained from eq. (3.8]

multiplied-through by éid, using values of (AS), (882). and @4 appropriatg to

each component of the mixture. Comparison of results of these calculations
with the measured vis;:osities shows that thére are small. (relative to
uncertainties) deviations from additivity. This iqillustrated in Figure 3.2 in which
the values from Tables 3.6 to 3.9 of the measured specific viscosities are
colmpared to those calculatéd using eq. [3.9] for differént fractions of
montmonllomte of the aotal clay in suspension. \

The other (effectively equwalent) way of testing our rasults for additlvlty

is to use the vsscosmes of mixtures havmg the same ratio of (kaolinite/
montmonllomte) in eq. (3. 8] to permit evaluation of (As)mix and (Bsa)m& for -
each (k/m) ratio. To the extent that a slmple addltivity'priqciplje is -vaHd. these

(AS)mix and (BS?)mix.values should vary linearly with composition from the
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Table 3.6. Viscosities of suspensions of rhixtures of Na- kaolinite and Na-
montmonllomte in 0.010 M NaOH at 25.00°C. To.tql clay concentration = 0.250

wt%. Densmes oball suspensions = 0.9991 +0.0005 g cm3,

\

1 See footnote, Table 3.1.

2 Samples of clgys used for the series of mgasurements summarized here
were prepared at a different time thén those used for the meaéurgments in
Tables 3.1and 3.2 - hence there are small differenées between viscosities

reportéd here and in Tables 3.1 and 3.2.

3

~ Mass ratio  Viscosity [(n-no)/ D) [(n-no)/ Ny ]exp [(MMg) /1y ]cal'c 1
(k/m) (mPa's) /
N ;
pure m?2 1.040 171 0.164 0.165
0.050 1.024 152 0.446 0.156
0.100 1.031 160 0.154 0.148
0.125 1.015 142 {0136 0.144
0.167 1.024 152 & 0.146 0.139
0.250 1.021 149 0.143 0.129
~.0.500 1.007 132 0.127 0.106
1.00 0.972 91 0.088 0.078
2.00 0.952 68 0.065 0.052
4.00 0.942 57 0.054 0.032
6.00 - 0.922 33 0.032 0.024
800 0928 40 0.038 0.019
100 0030 43 0.041 0.016
20.0 0.914 24 0.023 0.010°
purek?  0.899 6 0.006 0.003



Q

103

Table 3.7. Viscosities of suspensions of mixtures of Na-kaolinite and -
Na-montmorillonite in 0.010 M NaOH at 25.00°C. Total clay concentration =

0.50()%’%. Densities of all suspensions = 1.0006 +0.0005 g em3,
.- . '

e

&

 Mass ratio Viscosity [ (n-Ng) /D | [(n-no)/ng']exp [“(n-no)/'n‘o]"ca|c1

(k/m) (mPas)

pure Jm2_ 1 .351

0.050 1.197
0.100 1178
0.125 1.200
0.167 1.229
0.250 -  1.219
0500 . 1541 _
1.00 1.167
200  1.090
4.00 1.045

- 6.00 0.977
800 . 0953 .
'~ 10.0 . 0.944
20,0 0925
purek® ~ _0.894 -

£

267
177
166
179
196
190
378

160

115
89
49
35

[ S

30

18

+

(o]

- 0513

0.340
0.320
0.344
0.376
0.365
0.726
0.307
0.222
0.170

0.094

0.067
0.058
0.036

. 07002

0.375
0.354

0.334

0.325
0.312

- 0.287
- 0.232

0.168
0.109
0.066
0.048
0.039

-0.033
0.020
©.0.007-

1 See footnote, Table'3.1.
2 Seg footriote, Table-3.8.
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ta-montmorilionite in 0.010 M NaOH at 25.00°C. Total clay concentration
th"/q Densities of all suspensions = 1.0022 + 0.0005 g cm’

Mass ratio  Viscosity [(n~no)/®dnol

(km) (mPas)
pure m? 1.364
0.050 1.381
0.100 1.347
0.125 1.336
0.167 1.325
0.250 1.339
0.500 1.313
1.00 1.229
2.00 1.234
4.004 1.082
6.50 1.028
8.00 0.991
10.0 . 0962
20.0 0.941
pure k2 0.916

182
189
176
171
167
172
162
130
132
73
52
41
26
18

[ (ﬂ“lo) / Mo ]exp

0.526
0.546
0.508
0.495
C.483
0.499
0.470
0.376
0.382
0.211
0.150
0.118
0.077
0.053
0.025

0633
0.594
0559
0543
0518
0.475
0.379
0.270
0.172
0.102
0.074
0.060
0:050
0.031
0.011

1 See footnote, Table 3.1.
2 See footnote, Table 3.6.

104

’Ségable 38. Viscosities of suspensions of mixtures of Na-kaolinite and

[ (Mg /Mg lcale |
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Table 3.9 Viscosities of suspensions of mixtures of Na-kaolinite. and

Na-montmorillonite in 0.010 M NaOH at 25.00°C. Total clay concentration =

100 wt%. Densities of all suspensions = 1.0037 +0.0005 g cm’

1 see footnote, Table 3.1.
2 gep footnote, Table 3.6,

Mass ratio  Viscosity [(n‘no) /Odno] ( (reng) /g ]exp | (q-no) Mo ]calc 1
(km) (mPa s) '
“pure m2 n782 258 0.996 0.937
0050 1742 246 0.951 0.876
0100 1.856 279 1.078 0.822
0.125 1844 276 1.065 0.797
0167 1.706 236 0.910 0.759
0.250 2.04 333 \ 1.28 0.692
0.500 2.40 437 169 0.546
1.00 2.260 396 1.530 0.383
2.00 1.340 130 0.501 0.240

4.00 no meastxred viscosity

6.00 ‘ no méasured viscosity ‘_

8.00 0.971 23 0.087 0.081
0.0 . 0950 17 0.064 0.068
20.0 0.910 12 0.045 0.042
pure k2 0.910 5 0.019 0.015
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Table 3 10. Viscosities of suspensions of mixtures of Na-kaolinite and

Na-montmorillonite in water at 25.00°C Total clay concentration = 3.00 wt%.

Densities of all suspensions = 1.0157 +0.0005 g cm™.

Mess ratio

(k/m)
900
567
300
233
1.86

Viscosity [ (MMp) /Mo Jexp
(mPa s)
“1 54 073
1.70 0.91
24 1.7
o8 21 °
37 32

0.252
0.375
0.672
0.845
1.036
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b) 0.50 wt% total clay
i
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d) 1.00 wt% total clay
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Graphs of specific viscosities against fractions of Na-

montmorilionite (Qy /D ora)) in Mixtures of Na-montmorilionite and Na-
kaolinite for total clay concentrations of 0.250, 0.500, 0.750, and 1.00 Wt%.
Experimental values (@) are compared to the vaiues calculated for the additivity

mode! using eq. {3.9] (§olid line).
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in this way that there are small (relative to uncertainties) déviations from
additivity. The deviations (just barely statistically significant) of viscosities of
dilute suspensions of mixed clays from simg;le additivity justify a briet summary
as follows. First, viscosities of dilute suspensio.ns with (k/m) ratios larger than
about 0.25 are slightly larger than'pr’edictéd on the basis of additivity, while
viscosities of suspensions with smaller (k/m) ratios are close to those predicted
on the basis of addmwtf These observations are consistent with the idea (7,8)
that relatively small montmorillonite particles are adsofbed on and coat the‘
surface of relatively large kaolinite particles, but it should be recognized that the

effects of such adsorption on viscosities of dilute suspensions are less than the

effects on electrophoretic mobilitiesg(8) and related zeta potentials.
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7 CHAPTER 4
Thermodynamics of Adsorption of Hydrocarbons on Kaolinite

Determined Using Gas-Solid Chromatography

introduction
Interactions that an insoluble solid (such as kaolinite) will have, whether
with liquid or gaseous substances, w;ll be mediated by adsorption at its surfate:
therefore, a knowledge of surface properties of the solld-ls @fpgﬂant in
understanding the behaviour of these multiphase systems. Adsorption
thermodynamics provudes ba5|c mformatlon concernmg the interaction betv{leen
adsorbate and adsorbant as well as the state of the adsorbed phase. Study of
the thermodynamncs of adsorpnon of a multitude of systems has flourished
eince the first' publications discussing the 'thermodynamics of quorbe; phases
(1-5)." Reviews of the many areas of investigation in gas-solid adsorption are

..given by Sing (6) and Par'kynsj_ar-\d Sing (7). |
- Gas-solid adsorption thermodynamics can be studied by calorimetry, by
equilibrium ie¢h~niques involving the determination of adsorptionA isotherms gt
‘severé-l tempekatures, or by bas-soli& chromatography (for a discussion of
these techniques see Holmes-(8) and Ponef: et al. (\9))., Of particular interest

are the values of thermodynamic properties oxtrabo!dted to zero surface

coverage (analagous to the mfnite dilution state for oolutions). as this state is ’

generally oonsndered to be best for oompanson of dmerem msolld systems‘ L

(10). However calonmetnc studues are ueuelly dono -t epprocloble surface .

. . PR .
s : . . »
. . . . N .

. '
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coverage of the adsorbent due to sensitivity limits, particularly in the case of
physical adsorption for which the-heats involved are quite small (11-13). While
adsorption isoth&¥ms have been measured to very low pressures (and hence
very low surface coverage) (14), there remain doubts as to the accuracy of the
data obtauned due to problems with measuring the low pressures and
un’certaihty as to whether a true equilibrium has been reached (10). By using
ges-ehfomatograpﬁy, one 'can' obtain thermodynamic properties at nearly zero
surjece coverage as th.is is inherent in- the experimental procedure and
de:?vation of the equations that lead to thermodynamic values obtained from
gas-solid chromatographic data (see Theory and Calcuiation Methods section).

The adsorption properties of _kaolinite are of interest because of its wide
use in industrial processes as well as its presence in soils and certain
geologieal formations, suen as the oil sands, that are important mineral
resources. |

Kaolinite is an example of a 1:1 layer clay, that is, it consists of multiple
Iayeré held together by van der Waals forces. Each layer is made up of one
tetrahedral and one octahedral sheet. - The tetrahedral sheet is a twd

4

dimensional array of tetrahedral silicon bonded to oxygen while the octahedral

]
sheet is a two dimensional array of six-coordinate aluminum bonded Ao oxygen

and hydroxyl groups. There is some very minor substitution oft-fuminum for

silicon in the tetrahedral sheet argd i?on or titanium for aluminum in the
.. N '

octahedral sheet. These substitutions of lower valent cations, as well as broken

; bonds on the edges of fhe clay particles, lead to a net negative charge which is

-
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neutralised by adsorbed cations. Kaolinite has a cation exchange capacity
usually in the range of 3-15 milliequivalenis /100 g (15). Thus, the adsorption
surface is a complex mix of cations, oxygen, and hydroxyl groups.

There is considerable interest in the study of adsorption of sut;stances
such as amines §16,17) and sulphates (18) from solution onto kaolinite,
because of their |mportance in soil chemistry. Isotherms for the adsorption of
asphaltenes from solution onto kaolinite and montmorillonite were also
obtained due to the.importance of these clays in oil reservoirs, although the
authors were ur;able to ob;ain any thermodynamic data (19). The gas phase
adsorption of water vapor on clays was also extensively studied in order to
determine the state of the adsorbed water (20): the entropy of adsorption was
evaluated from adsorption isotherms obtained at various temperatures and
from these results it was concluded that water adsorbed on the clay surface had
greater randomness than water molecules in bqlk liquid water (though less
- than in water vapour) (21). |

Of interest in the technology of enhanced oil recovery is how the
adsorptive propemes of clays such as kaolinite may mtedere with oil recovery
. (12). As mentioned in Chapter 2, adsorption of naphtha on clays in oil sands
tailings is also an important problem. As an approach to these problems. the
thermodynamncs of adsorption of orgamc vapors on kaolinite was studled as
described in this thesis. There has been a report in the litoratura of a study of
the enthalpy of adsorpuoh of butane and butene on kaolinito ln order to probe .

the type of adsOrptnon sites available, using gas-sobd chrornatography (22)
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This report will be discussed further in the Conclusions section.

T

Experimental

Preparation of kaolinite for gas chromatograph column

The sodium and calcium forms of well-crystaliized kaolinite were
prepared as described in Chapter 3, with the exception that 1 M CaCl, was

used.instead of NaCl to prepare Ca-kaolinite.

The wet clay obtained from the above procedure was dried for two to
three days in an oven set at 70 °C. The dry clay pellet was gently‘ broken up
with a spatula and then sieved to obtain the 50/70 mesh fraction (particie
diameters between 212-300 um). Any fine particles remaining in the 50/70
fnesh fracti‘on were removed by repeated differential settling: the clay was
gently suspended in about five fimes its volume of cyclohexane and then left to

settle for approximately thity seconds. The cyclohexane, containing fine clay

particles, was decanted and the process repeated until there were no particles'

visible in the decanted solvent (usually about fivé times). The de-fined clay was
driéd at room temperature overnight and then stored in a vacuum desiccator.
Preparation of packed gas chromatograph column. -
Columns were prépared using 0.635.cm I.D. stainless steel tubing with
lengths of either 0.5 or 1.0 m. The tubing was first cleaned and paséivat‘éd by
sequentially w:‘ashing with acetone, distill;d water, concentrated nitric acid,
distilled water, concentrated ammonium hydroxide, distilled water, and

acetone. Once dry, one end of the column was plugged with silanized glass
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wool and then attached to a water aspirator. The 50/70 mesh cléy was poured

. into the other end while the column was gently tapped. Vigorous tapping or

rough handling of the kaolinite was avoided as the particles were quite fragile.

Packing densities ranged ffom 0.438 to 0.491 g cm3. The top end of the

column was then sealed with silanized giass wool, stainless steel fittings were
attached, and the column inétalled in the gas chromatograph. o

The column was conditioned by heating first at 0.2 °C\2 min-! to 82 °C

and then at 0.1 °C min! to a final témperature of 120 °C, while helium was

passed through tt;e column at 50 cm3 min™!. Total conditioning time was 650
minutes. . |

Determination of retention times A

An HP 5890A gas chromatograph with an HP 3392A.integrator from

Hewlett- Packard were used to obtain retgntion times and relative geak areas.
e VWY
¥ w

¢ Peaks were detected with a thermal conductivity detector. 99.995% pure

helium, passed sequé‘ntially through a moisture trap and an'oxygen trap, was

-

" used asthe carrier gas. - : .

Organic compdunds used for adsorption measurements were purified -

by distillation, except for 1,3-cycloheiadie.ne that was used as received from
Aldrich Chemical Co., and heptane (HPLC grade solvent) that was used as

recenved from Terrochem Laboratones

The following procedure was uséd to obtain data nndod o de&ermino .

retention volumes at very low surface coverage of lha adsorbod umple .The A'

laqund sample was drawn up-into a 10 uL Hamilton syﬁngo m then oprI‘d
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thus wemng the interior walls of the syringe. 2 pL of neon were then drawn into
the syringe and injected into the column. Therefore, the actual sample that was
injected was some mixture of organic vapor and neon. Neon Was_ used as a

non-adsorbed substance to determine the unretained retention time, t. The

injections of 2 pL of neon were repeated without drawing up fresh liquid, so that
with each subsequent injection the percentage of organic vapor relative to
neon decreased until the organic substanée was undetectible. The retention

times of neon {t,,) and the sample (1g), as well as their peak areas expressed as

a percentage of totdl peak area, were obtained from the ‘integrator for each
injection. Retention times were measured in miggstes as the times at which the
apexes of the_peaks appeared on the gas chromatogram wuth zero tlme
| corresponding to the time of injection. |

Column gas flow rates were measured with a soap bubble tlow meter
and a stop watch. These flow rates ranged between 15 and 40 cm? min! with
an estimated uncertainty 6t +0.1 cm®min"?, based on the standard deviation of,
at least five replicate flow measurements. .

A platmum resustance thermometer was used to calibrate the oven of the
gas chromatograph and to measure room temperature. Estimated uncertanmty
of the oven temperature.is 0.1 °C, based on three measurements each made
- four months apart.

Jnlet ‘coiumn pressure was measured with a pressure gauge situated at

the head of the column and atmospheric (i.e. outlet) pressute was nfeasured

L J P
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with a mercury barometer. )
' ~\
Determination of clay surface areas .

The surface areas 6f the 50/70 mesh fractions of kaolinite were

4

determined using an Omnisorb 360 Analyzer from Omicron Technology
Corporation. Approximately 1 g samples of the clays were pretreated by
heating to 70 °C for 48 h, under vacuum (23). No weight los$ was detected.

The surface areas were calculated with the BET equation and the isotherm for

the adsorption of nitrogen.

‘ &
Theory and Calculation Methods

Calculation of Retention Volumes
The net retention volume (Vy, in cm3) for an adsorbed sample was
cal¢u|ated from its retention time and the retention time for non-adsorbed neon

according to l(24,25)

ST | Pu\ (Tc
[46'1] VN::(tR-tM)]F (1--P—°) (71_:-)

- The column pressure-gradient correction factor, j, was calcutated from (24,25)

»

. L , .
- . 2 - ’
‘, (3) (PI-Po) '1
v = —— oy,
-\ 2 3"
IR RN

. [4!21

in which P, is the column inlet preSs‘u‘fe‘and P, is the oolumnjl OlRlO}-P,rOstme. 'f‘ L »

- . Y Q
N . ~
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e

[

eq [4 1]. F 1s the outlet gas flow rate in cm3 min ', tg is the retention time of the
sample and 1, is the retention time of an unretained compound (neon n these

experiments) in minutes The terms (1-P_/P ) and (T~/Tg) correct the measured
P o c''m

flow rate for. the etfects of the vapor pressure of the soap solution in the bubble

flow meter and for the temperature ditference between the column and flow

meter, respectively P i1s the vapor pressure of water at the room temperature,

P, is the atmospheric pressure. Teis the_column temperature and Jis the

robm temperature in Kelvin
: T :
The specific retention volume, Vg .is given by
\Y

T N
4 V = ——
(4 3] g WS

' -4
in which Wg is the weight of solid in the column. in grams.  The commonly

reported specific retention volume appropriate to a flow rate measured at

-
/'A"

27315 K, V273, is given by o8
73 T 27315
aa] V.=V, (————TC )

Relation of distribution coefficient (k) for an adsorption process to gas

chromatfgraphlc data

The following derivation is compiled. from the approaghes of various

authors (24-27).

. : )
Figure 4.1 shows an adsorption isotherm for the process
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[4.5] molecule (gas) —3> molecule (adsorbed) N

In the isotherm, the surface concentration ot the adsorbeg molecules (I', moles
adsorbed per unit surface area) is plotted against the partial pre%5ure of
adsorbate in the gas phase (P). The region of the adsorption isotherm at very
low gas phase pressures of adsorbate (i.e. at very low surtace area coverage)

is known as the Henry's Law region, angcan be expressed as

(4.6 k = lim (%:;—)AS.T

PL0
where k is the Henry's Law constant define<d for adsorption. At infinitely fow

~

pantial pressures af gas phase adsorbant eq. [4.6] reduces to

-
4 K = =
(4.7] b

Thus, at low gas phase pressures, k is the distribution coetficient of adsorbate
partitioned between the gas phase and adsorbed phase. In the specific case of
adsorption in a gas chromatdgraphic column, the distribution coefficient, k, can
be expressed in terms of the ratio of number of molecules on the stationary

phase to those in the mobile phase.

One way to relate the adsorption property, k,to a gas chromatographic *
property is to use tt:e rqtemion ratio R' (the prime is used to distinguish between
retention ratio and the gas constant, R). In gas chrom;tography. the retention
ratio is defined as the fraction of timg spent (on average) by the adsbrbafe in

the mobile phase. The r(‘atention ratio can also be defined as the fraction of total
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ST

- o

} Henry's Law region

Py

s

Figure 4.1. An adsorption isotherm (curved line) showing the Henry's Law
region (straight line). T is the surface phase concentration of adsorbate
in moles per unit area and P i5 the gas phase partial preséure of

adsorbate. (adaptea from reference 26). i
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molecules that are In the mobile phase at equilibrium. That is,

cVM

[4.8] R = —
ev,, + TA
S

where ¢ is the gas phase concentration o{ gdsorbate (mol cm3), Vy is the

compressibility-corrected mobile phase hold-up (i.e. the void volume, cm3),

calculated from ty. and As is the total surface area of the solid (cm?).

Combining eq. [4.7) and the ideal gas law with eq. [4.8] gives
Vy+kART,

(4.9] R

o :
The retention ratio, as mentioned previously, can also be defined as the

time that a sample molecule spends in the mobile phase relative to the total

time it spends in both phases. This can be expressed as

Vu

[4.10] R =t
Ve -

where Vg is the pressure-gradient corrected elution volume for the sample,
X .

calculated from tg. Cognparing eq. [4.9] and eq. [4.10] one can see that
[411] Vo=V, +kART, |

The definition of specific.surface area (S, cm2 g'1) is given by
A : .
s \,
[4.12] S= W

Using eq. [4.12) and the definition of specific retention volume, which

~ can be expressed as VgT = (Vg -V} / Wg. €Q. [4.11] becomes ° |

o
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VT

(4.13] k=§—-9—- "
RT,

Calculation of standard enthalpy (AH°), entropy (AS°), and Gibbs energy

(AG°) of adsorption

From the thermodynamic relationships for an isothermal process

[4.14] AG® = - RT In Kgq

;nd

(4.15])  AG® = AH° - TAS® -
one obtains, upon equating the above two equations and rearranging,

AH° AS°
[416] In K°q=——R—i_— + R

-

For adsorption, Keq refers to the process represented by eq. [4.5] and is defined
{
A

as .

(F/T°)

417 K =1P7pe) /

where I'° and P° represent standard states for the adsorbed phase and gas

b ]

V4
phase, respectively. Substituting this definition of Keq ineq. [4.16] leads to

AH® AS°® .
(418 I (%) N (’,—:i)

Tﬁe term on the left hand side of eq. [4.18]-is the natural logarithm of the

distributi‘on,Qcoefﬁcient. k; therefore substitufing for k from eq. [4.13] and

rearranging gives
-
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_ . _
v, AH° AS° SR
[4.19) n =2 = —— 4 +In - )
('rc RT. .R P
or, using eq. [4. 4]
3 He AS° (r*’SR 273.15)
(420  In v2 R T =+ 1n 5

The specific retention volume for an adsorbed sample at "zero" surface

coverage is determined at a series of temperatures and then the enthalpy of

adsérption is calculated jrom the slope, and entropy from the intercept, of the
line in a graph of In (VgT / Tc)orin Vg273 against 1/T.. The value of R used in)

the round brackets of eqs. [4.19] and [4.20] is 83.14 cm3 bat K-! mol'! and
areas are in cm? to agree with units of cm3 used for retention vplumes and ba#~

-

for pressure. AG®.is calculated using eq. [4.15).

' The gnthalpy calculated here is based on the assumption that it is

independent of temperature, which means that the heat capacity of adsorption

(ACp°) is taken 1o be zero. As will be shown in Chapter 5, this is not the case for

some examples. \
* The enthalpy of adsorption calculated using eq. [4.19]) or [4.20] is a

differential enthalpy, sometime called the isosteric enthalpy or heat of

adsorption (qst)1. Thus, AS° calculated from the intercept of th,e above line is

qm in eq. [4.19] and eq. [4. 20] was obtaand in reference to & mndard state
that is | defined in terms of a fixed surface concentration (T°). This heat of
adsorptnon is analagous to the value obtained from the CIautlus-Claﬁoyron
,equatnon describing the adsorption process ’
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. also a ditferential quantity’. To investigate models of adsorption o)ne can
compare experimental entropy vdiues with those predicted from statistical
mechanical caléulations; however, the experimenta! entropy value that is
equivalent to that of the usual statistical mechanical calculation is the total or

integral entropy (AS°) because it is thé total entropy that is related to the total

number of possible quantum stafes (1). Therefore AS® is calculated from AS®
. . ~ -
using the relationship (3)

[4.22] AS°® = AS° + R
Standard states for adsorption

The enthalpy gf adsorption does not depend on the choice of standard
states for the adsorbate, but the entropy and Gibbs energy of adsorption do
depend on this choice. The choice of a standard state is generally predicated
on what is the most meaningful with respect to some theory or'the most
convenient for calculation. For the gas phase the ugual choice has been that of
the ideal gas at one ?ar and the temperature of interest, a{nd this is what ‘has

been used in this stbdy. However, the selection of the most meaningful or
. \ \

1 continued from p.123

L I q ‘ .
[4.21) (a . P) = .

in which the surface concentration is kept constant (27,28).

1 AB° = 55 - S°9where 55, the partial molar surface phase entropy, is defined
as (9S8 / anf); 5, and 5°9 is the gas phase entropy (31).



125

useful standard state for the two dimensional adsorbed phase is not so
straightforward. Three of the more commonly used standard states are those of
DeBoer and Kruyer (29), Kendall and Bideal (30), and that of half surface
coverage (4).

| DeBoer and Kruyer (29) chose a standard surface state in whichﬂ the
average distance between adsorbed molecules is the same as that between
molecules in the gas phase at 1 bar (originally 1 atm) and 273.15 K. This
Qistance is 3.353'5'x10'7. cm or, on tha surface, the area per molecule is 1.1246

x10-13 ¢m?. The equation of state ‘ia two dimensional surface phase

equivalent to the itieal gas law is'given by
[423) TA=nRT

where T is the two dimensional pressure with units of force per unit length and,
A is the area per mole covered by the adsorbed phase (31). From this equation
the area per mole is directl.y proponiorlal to temperature ao thq standard
surface area per mole af adsorbed sample (A°) at any gi\/en temperatu‘re, is

(4. 24]' A° = A(T/27315)

‘where A = N x 1.1246 x10 13, AsT = 1/A, the DaBoer/Kruyer standard surface

phase concentration () equals 4.0333 x10°® T-! mol K cm’ 2

| Kemball and Rideal (30) defined a surface thickness for the adsorbed
phase. and thus converted a two dlmensional pressure to & thm dimensional
pressure and took the standard state as 1 bar (onginally 1-atm). From the ideqj

gas law, the volume per molecule is 3.721x1020 em? at 273.15 K and 1 bar, or, ’

)
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at any temperature T, 1.363x1022 T cm3 K™'. Kemball and Rideal arbitrarilly

chose a thickness for the adsorbed layer of 0.6 nm. Using this value, the area

per molecule is 2.271x10°15 T cm2 K-! and thus the Kemball/Rideal standard

surface phase concentration (I'"°) equals 7.216x10° 19 T-1 mol K cm2.
For some calculations it is convenient to define the standard surtace

state as that of one half surface coverage, that is, 8° = 1/2 where 8 is the fraction

surface coverage (10,32). This can be expressed as

(425]  6°=n°ng =172

where n° is the standard state number of moles adsorbed and n, is the number

k4

of moles that form a monolayer of area Ap,. Thus

[4.26] T°=n%An

Am is calculated from

[427]  Ap=0,"mN
.

where o is the area occupied by one molecule and is given by (33,34)

2/3

M
[4.28] O = 1.091 (’ﬁ)

in which M is the molar miass and p the density of the adsorbed substance in

Qle liquid state at the temperature of the adsorption measurement. Thus

[429) TI=1/(20,N) molcm2.
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for the half surface coverage standard state.

In summary, the value of I'° used in equations [4.19] and’[4.20) to
calculate the entropy of adsorption (and thus the Gibbs energy of adsorption)

was selected from one of: \

(1) TI°=4.033x10° T molKcm™ (deBoer and Kruyer)

where T is the average temperature of the study‘;

(2) re=7216x10"10 71 mol Kcm?2 (Kemball and Rideal)

where T is the average temperature of the study;

(3) TI°=1/(20,N) mol cm2 (1/2 surface coverage)

Results and Discussion

Determination of specific rqtention volumes a'tv zero surface coverage

Examples of gas‘chromatogrgms for a compobnd with a short retention
time (pentane) and a compound with a long retention time (benzene), obtained
in this study, are given in Figure 4.2. The retention time\s qbtained from these
chromatograms were used to palcfula_te specific retention volumes by way of
equations [4.3],and [4.4] as outlined in the Calculation Methods séction.

Retention data were obtained for the adsorptuon of pentane, hexane., |

heptane octane oyclohexane cyclohexene, 3-cyclohexad|ene and benzene

ona Na-kaohmte column at-a series of temperatures and in some cases, a

series of camer gas ﬂow rates. T

-

The data m Table 4.1 are provided to illustrate how the rotention

*
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a) neon \
(=501
pentane
(g =1316)
T “
o] ] |
o
D
i
JU _
' time (min) .
o) ¥ mn | ,
= 214)
T
2
&
w
q |
benzene
(tg = 39.689)
T time (min) —

Figure 4.2. Chromatograms showing elution peaks following the injection of 2
uL of a neon/sample mix on a Na-kaolinite column at 70 °C. &) Pentane elution:
column gas flow rate = 12.8 cm? min'1; chart speed = 1.0 cm min™1. b) Benzene
~ elution: column gas flow rate = 31.6 cm3 min-1; chart speeds = 1.0 cm mm up
o arrow, 0.10 cm min"! after arrow. Signal magmﬁed x32 after arrow.
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Table 4.1. Values of percent pentane and corresponding retention volumes
(V9273) for the adsorption of pentane on Na-kaolinite at 70 °C

Percent . . Retention
Pentane Volume (cm3g™')
99.31 “0.740
98.79 | 0.862
98.18 0.917
91.37 0.975
7 72.78 ' 0.991
50.79 0.998 .
44.02 : = 1.001
42.42 SR 1.000
41.19 ) P 0.998
20.88 , . _ 1.000
14.34 ' ©1.003
13.68 1.001
5.00 ' 1.005
4.45 ~1.003
2.89 1.003
2.05 | “ 1.003 )
1.85 . 1.042
1.68° - : 1.005 ..
1.31 - - 1.014
0.81 ’ . 1.005
0.70 1.001

0.19 - 0.991
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—volumes at (nearly) ze\rosuﬁ%?e coverage were obtained. In this example th?

A9}

specific retention volumes, V9273,' of pentane eluting from a Na-kaolinite

column .at 70°C are given'. The percent pentane reported in the table is the
fraction of the pentane peak relative to the sum of the areas of the neon peak
and the pentane peak, as determi{ed by fhe integrator. These data were then
graphed in order to extraeolate to zero eercent pentane, as shown in Figure

4.3. A straight line was drawn through the points jn the linear portion of the

graph and extrapolatedto zero percent ‘-p\entane@to obtain the valueco'f the

N

retention volume (Vg273) that was used in the calculation of thermodynamic

- values (Figures 4.3 and 4.4). .
The above procedure was used to obtair{ the iero gercem reteEiion.-
volumes for hexane (Figure 4.5). Due to the limited hnear pomon of the data a
second degree polynomial was fitted to the data for heptane (e;<cept for data
obtained at 80-100 °C, for which a third order polynorfhal least squares
analysis gave the best fit), octane, and cyclohexase, and ext?apolated {o zero
percent sample to obtain the desired retentio_n volumes (Figuree'\4.6-4.8{. .For
cyclohexene, a straight line was drawn throu{;h data points at low percentage

cyclohexene and extrapola‘fed to zero percent (Figure 4.9). A second or thnrd

. order polynomial was fitted tothe data at low percent saméle concentratldn of

.
1The temperatures that are given in the text, tables, and figures, aré, for )

simplicity, those of the set values of the gas chromatograph. The actual values,
as measured with.a platinum resistance thermometer,-that were used in all

ca“lcu|ations. are given in Table 4.2. : . , B
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Set , Actual .
Temperature (°C) Temperature (°C)

30.00 | | 29.69 « A

35.00 o 34.76

40.00 -7 39.78

45.00 ‘ 4479

50.00 - i} 49.81

.00 : 5481

~60.00 _ 59.83 |

65.00 o . 64.90 IS

70.00 A | 69.91 <

75.00 - . 74.89

80.00 L ' 79.89

85.00 ¢ 84.90

90.00 | ‘ . 89.91

95.00 - ; " 94.95

100.00.. ' : 99.97

105.00 - '104.98

|




132

110
o]
.m 100M ——
o (o]
3 L .
- o
090 .
5 j
P o080F
070 ——r *j
"0 20 40 60 80 100

percent pentane

Figure 4_{ Graph of retention volume (V"’273) against percent pentane showing
the extrapolation to zero percent pentane, for the elution of pentane from a

“Na-kaolinite eolumn at 70 °C.
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Figure 4.4. Graphs of retention volume (ng (cm3 g'), y-axes) against percent
pentane (x-axes) showing the extrapolation to zero percent for column
temperatures from 30-100 °C, for the elution of pentane from a Na- kaolinite
column. o “



M2 K

oAt . 1 a

\Q\\
N

A s A . ]

111 -
0

10

20 30 40 50

a) column temperature = 40 °C

7 50
"OULVM_I\

¢ 50

o
6 oo
540 b
500 4 s L. L. o
0 20 40 60 8¢ 100

b) column temperature - 50 ' C

C”M

ANl & \

. o]

o

430 F

<20 F o

410 a
1. K D G

4 00
0

20

40 60 80 106G

Q} column temperature = 60 °C

’ e

i U | - | » §

0

20

40 60 80 100

d) column temperature = 70 °C

\

196
194
[ ]
192
190 | .
188+
]

186t
184
182 | o
180 Ao Lol

0 20 40 60 80 100

e) column temperature = 80 °C

1 40 .
Y 35
T30} [sTo])
1245}
1.0
114
110 ¢ a A A . A4 A a a

0 20 40 60 80 100

1) column temperature = 90 °C
0“0y =
0F i« E‘\ﬂn’on\
o
0 RS,
o]

Ueu
08060t
0850
0840 b dea AL A0

0 20 40 60 80 100

g) column temperature = 100 °C

134

Figure 4.5. Graphs of retention volume (V23 (cm3 g''), y-axes) against percent
hexane (x-axes) showing the extrapolation to zero percent for column
tem‘garatures from 40-100 °C, for the elution of hexane from a Na-kaolinite

column.
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Figure 4.6. Graphs of retention volume (V27 (cm3 g'1), y-axes) against percent
heptane (x-axes) showing the extrapolation to 'zero percent for column
temperaturés from 50-100 °C, for the elution of heptane from a Na-kaolinite

, column.
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Figure 4.7. Graphs of retention volume (V°273-(cm3 g ), yeax;—s;-;gainsi percent
octane (x-axes) showing the éxtrapolation to zero percent for column
temperatures from 50-100 °C, for the elution of octane from a Na-kaolinite

column,

/
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Fsﬁure 4.8. Graphs of retention volume (v°273 (cm3 g'1), y-axes) against percent
cyclohexane (x-axes) sﬁowing _the‘ extrapolation to zero percent for column
temperatures from 40-100 °C, for the elution of cyclohexane from a Na-kaolinite

column.
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Figure 4.9. Graphs of retention volume (V273 (cm3 g1), y-axes) against percent -
cyclohexene (x-axes) showing the extrapolation to zero percent for column
temperatures from 50-100 °C, for the elution of cyclohexene from a Na-kaolinite
columem.”
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1,3-cyclohexadiene and benzene where it was justified by the availability ot
data, as shown in Figures 4.10 and 4.11; otherwise, a straight line was drawn

RN

through the data and extrapolated to zero percent to obtain the ratention
volumeﬂs.

The values of zero percent specific retention volumes as a function of
temperature and, for selected compounds, carrier gas flow rate, are given in

-

Tables 4.3-4.10.
it is shown in Figures 4.4-4.11 that it was most difficult to obtain
retention data at low sample concentrations when the temperature was:low, for
compounds with long retention times, such z;s cyclohexene, 1,3-
C)‘(clohexadiene, and benzene. This was due to greater band spreading with
t‘he longer retention times of these compounds, and hence a decrease in signal
intensity from the TCD. Therefore, there is a greater uncertainty in the retention
volumes extrapolated to zero perce'nt a’nd hence in the calculated
thermodynamic properties for these compounds. |
Calculation of thermodynamic properties
There are two criteria that must be met for the validity of theer'dyvnamica
calculations for adSO(ption at ver;/ low surface coverage: th\e measurements'
must be carried qut in ‘e Henry's Law region of the adsorption isotherm

! .

(35.36)‘a‘nd the adsorption/desorption process occurring in the column must be -
at equilibrium (36,37). |

Criteria used for establishing if one is in the Henry’s law region are (i)

the peaks should be' symmet_rical (36) (or on)ly( sJightly asymmetricai (26)) and

-
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Figure 4.10. Graphs of retention volume (V273 (cm3g-!), y-axes) against
percent 1,3-cyclohexadiene (x-axes) showing the extrapolation to zero percent
for column temperatures from 50-100 °C, for the elution of 1,3- cyclohexadiene
from a Na-kaolinite column. ’
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f} column temperature = 105 °C

Graphs of retention volume (V23 (cm3 g°1), y-axes) against -

percent benzene (x-axes) showing the extrapolatnon to zero percent for column
temperatures from 65-105 °C, for the elution of benzene- from a Na_-kaolmne

column.
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Table 4.3. Zero surface coverage specific retention volumes (V9273) for pentane
on Na-kaolinite as a function of temperature and carrier gas flow rate

Temperature Flow Rate Retention Volume

°C) (cm3 min) (cm3g™)
300 16.3 5.70
21.0 5.52
K 22.7° 6.65
40.0 17.5 411
20.9 3.37
226 3.84
50.0 17.6 2.58
20.9 217
22.6 2.41
160.0 12.8 1.54
20.9 1.42
227 . 1.58
70.0 " 12.8 1.06
18.5 1.01

A 22.9 1.08
80.0 : 12.8 0.76
’ 20.9 0.7

226 0.75.
90.0 15.0 ©0.57
18.5 0.52
22.7 0.55

100.0 20.9 0.39 -

22.4 ‘ 0.41

1E?timated uncertainties are £ 0.03 cm3 g at higher temperatures, but are
much larger at low temperatures.
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on Na-kaolinite as a function of temperature and carrier gas flow rate

o .

Table 4.4. Zero surface coverdge specific retention voltze (V°273) for hexane

Temperature ~ Flow Rate Retention Volume'
(°C) (cm3 min") (cm3g)

40.0 | 26.7 12.85
30.2 : © 11.98
335 11.58
50.0 24.1 7.74
25.5 7.49
, 29.9 7.46
60.0 24.8 4.56
- 29.2 4.66
30.3 , 4.59
70.0 24.3 - 288
25:8 2.93
29.2 2.94
80.0 24.4 1.95
26.5 1.93
— 29.3 1.90
90.0 25.9 1.33
26.9 . 1.36
295 = 132
1000 - 19.0 1.04
) Yy . 241 I 0.97
L 341 0.90

1Estimated uncertainties are  0.07 cm3 gt at higher temperatures, but are
much larger at low temperatures. : .o S

- - &
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Table 4.5. Zero surfade coverage specific retention volumes (Vg273) for heptane
on Na-kaolinite as a function of temperature and carrier gas flow rate

= === = == == ==

Temperature ' Flow Rate " Retention Volume'

(°C) (cm3 min’?) cm3gT)
50.0 220 - 30.1
_ 30.5 29.5

60.0 . 20.5 ~18.4
’ 26.7 \ 16.3

70.0 , 25.1 : -+ 10.53
' 29.1 9.40
80.0 25.1 6.41
29.7 5.75

90.0 22.0 3.90
27.5 3.74

100.0 251 2.72
26.5 2.47

1Estimated uncertainties are + 0.3 cm3 g at higher temperatures, but are much
larger at low temperatures.

-~
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Table 4.6. Zero surface coverage specific retention volumes (V9273) for octane
on Na-kaolinité as a function of temperature

Temperature Flow Rate - Retention Volume
C) (cm3 min")  (em3g)
50.0 33.1 . 101.2 -
60.0 31.7 . 585
70.0 331 . V4]
80.0 A _ 31.7, 17.8
90.0 30.5 10.7

100.0 305 6.8

1 Estimated uncertainties are + 0.5 ¢m?g™ at higher temperatures, but are
much larger at low temperatures.

- 9
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Table 8.7 Zero surface coverage specific retention volumes (V9273) for cyclo-
hexane on Na-kaolinite as a tunction of temperature and carrier gas flow rate

. Temperature Flow Rafe Retention Volume
C) (Cm3 min'") . (cm3g‘1)

40 0 ' 26 1 . 8 71
28.9 8.45
5070 ! 5.44
30. 502
60 0 238 339
. 29.0 . 3.09
70.0 225 ‘ 218
288 203
800 293 1.36

313 . 1.38 *
90 0 259 0.98
293 0.95
1000 20.2 079
295 070

1 Estimated uncertainties arest 0.04 cm3 g at higher temperatures, but are
much larger at low temperatures.
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’
Table 4.8 Zero surface coverage specific retention volumes (Vg273) for

cyclohexene on Na-kaolinite as a function of temperature

Temperature Flow Rate Retention Volume'

¢C) ) (cm3 min'1) cm3g’)
50.0 369 47.3
60.0 339 31.3
70.0 37.2 21.5
80.0 37.2 1.8
90.0 37.3 8.9

100.0 ~ 37.6 6.9

! Estimated uncertainties are + 1.2 cm3 g'! at higher temperatures, but are

much larger at low temperatures.

.Table 4 9. Zero surface coverage specific retention volumes (V9273) for 1,3-
cyclohexadiene on Na-kaolinite as a function of temperature

================‘=========‘==8===33=8::8===8==8-:===838=8I‘.-8
Temperature Flow Rate Retention Volume'
°C) (cm3 min'?) (cm3g)
50.0 358 0 e 2
60.0 . 35.1 57.6
70.0 34.3 349
80.0 33.9 31.6
90.0 36.6 19.9 .
100.0,> 30.5 12.4

1 Estimated uncertainties are 1.0 cm3 g°! at higher temperatures, but are much

larger at low temperatures.
2 nsufficient data for extrapolation.



148

’

Table 4 10 Zero surface coverage specific retention volumes (Vg
benzene on Na-kaolnite as a tunction ot temperature

Temperature Flow Rate Retention Volume
(°C) (cm3 min™) (cm3g7)
650 26.3 138
700 322 s 103
800 298 558
80.0 325 356

100.0 . 314 : 201
1050 31.7 17 .4

1 Estimated uncentainties are t 2 cm3‘<g’1 at higher temperatures, but are much

larger at low temperature§
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(ii) the retention times should reach a constant value that is independent of
sample size (38). Most peaks obtained were symmetrical, as shown in Figure
4.2, although minor tai‘ling was observed for compounds with long r_etentic;n
times, such as 1,3-cyclohexadiene and benzene. Figures 4.3-4.11 shqv that,
most retention volumes (and hence retention times) reached a_constamfvaluef
An exception is the aasorption of cyclohexene (Figur‘e 4.9) which showed
evidence that the Henry's Law region had not been reached.

If the adsbrption process is at equilibrium the calculated retention
volume should be constant with respect to changes in cdrrier gas flow rate
(36.37). If the system is not at equilibrium, the retention volume will increase
with a decrease in flow rate. This was studied for pentane, hexane, heptane,
and cyclohexane. The data in 1:ables 4.3 and 4.4 show that, within the
estimated uncertainties of the retention volumes, pentane and hexane were ét
equilibrium. However, for heptane and cyclohexane, retention volumes did
increase with decreasing flow rate at the lower temperatures, so it is likely that
retention volumes were underestimated at these temperatures. By extension,
this may be true for the other compounds with large retention volumes.h

In or;er to obtain adsorption data in the Henry's Law region it was
necessary to use high carrier gas flow rates for compounds with long retention
times in order to limit band spreading, 'so that the peaks from injections of low
~ concentrations of sample would not fall below the detection limits of the TCD.

As it was‘." octane, 1,3-cyclohexadiene, and benzene were marginally in the

Henry's Law region while cyclohexene was not. However, as has been seen,
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at these necessarily high carrier gas velocities, the equilibration ot the
adsorption process for compounds other than pentane and hexane was limited
by the kinetics of adsorption. Therefore, in cases where the adsorption process
was not at equiibrium, the differences in the éxperimental, extrapolated
retention volumes, and those that would be e‘xpected at equilibrium, shift the
slope of the linear fit of eq [4.20] from the expected value to a smaller value,
and h.ence calculated enthalpies would be less negative than they should be.
Calculation of the standard enthalpy of adsofption (AH°)

Equation [4.20] was fitted to data from Tables 4.4-4.10, ;s well as other
data not shown, and the slopes and the intercepts determined by a linear least
squares analysis. Examples of graphs showing this fit are given in Figure 4.12.

Enthalpies calculated from the slopes of these graphs are given in Table 4.11.

The enthalpies of adsorption are all consistent with physical adsorption.
there are no values more exothermic than -60 kJ mol-1, whereas chemical
adsorpjion processes usually have enthalpies of adsorption more negative
than -80 kJ mol"! (31). |

The ®nipalpies of adsorption of the alkanes show an approximate lingar
relatipn with carbon number (graph not shown) as is seen, for example, in the"
gas-liquid chromatography of organic compounds in which the log retention
time changes Iinéarly with carbon number for an homoliogous series (38,39).

In the series of six carbon cyclic compounds, increasing the number of

double bonds has only a small effect on the value of the enthalpy of adsorption

except for benzene for which the enthalpy of adsorption is significantly mére\
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Figure 4.12. Graphs of In V273 against 1/T¢ (K1) for the adsorption of organic
vapours on Na-kaolinite, showing the straight lines obtained from a least
squares fit of eq. [4.20). a) alkanes; b) cyclic compqunds.
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Table 4.11. Enthalpies (AH°) of adsorption of organic vapours on Na-kaolinite

-‘=“==8====================

Compound Temperature - &H
Range (°C) (kJ mol't)

pentane (5) 30 -100 36.3+0.8
hexane (4) 40 - 100 4151205
heptane (2) 50 - 100 493104
octane 50 - 100 54.6+0.8
cyclohexane (3) 40 - 105 389+1.0
cyclohexene 50 - 100 401117
1,3 - cyclohexadiene 50 - 100 - 40.2+ 31
benzene (2) 65 - 105 53.4+ 31

1 The reported values are the mean t standard deviations for replicate studies
(the numbers in brackets indicates the number of replicates). Where there is no
figure in brackets, only one study was done and the + error is based on the
standard error of the slope ofthe graph from which the enthalpy was calculated.
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exothermic than for the non-aromatic cyclic compounds.
Calculation of the standard entropy of adsorption (AS°) )

The differential entropies of adsorption were caiculated from the .
intercepts of a least squares fit of retention data using eq. [4.20], and the

integral entropies of adsorption were calculated using eq [4.21). The specific
surface area (S) used in this calculation was 6.2¢g x 104 cm2g™'. The values of

the integral entropies of adsorption -for the Kemball-Rideal (K-R) and the
deBoer and Kruyer (D-K) standard states are given in Table 4.12.

Comparison of experimental entropy values with the values obtained
from statistical mechgr;ical calculétions can provide information about the
mobilities of the adsorbed molecules on the clay surface. There may \be
non-localized (or mobile) adsorption in which the adsorbate moleéules are
completely free to move arouqd on the surface, or there may be localized
adsorption in which the adsorbed molecules are constrained to adsorption sites
on the surface.

In mobile adsorption the entropy ch?nge upon adsorption is equivaient -
to the loss of one degree of translationallfreedom, perpendicular to the clay

surface (4). This value can be calculated from the Sackur-Tetrode equation

[430)  4Siue=RIn.(MZT*?) -9.669 JK" moi”

(in which M is the molar mass and T the average temperature of the study), and
" the equation for the translational entropy of a two-dimensional gas as derived

by Kemball (40).

Ct
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Table 4.12. Experimental and theoretical entropies (AS°) of adsorption of
organic compounds on Na-kaolinite reterred to two different standard states,
Kemball-Rideal (K-R) and deBoer-Kruyer (D-K). Mobile adsorption model.

-AS° (J K1 mot™)

P T T T+ T T T T T 1
_.__—___-_—___-__—_—________...__-.—————.—_——_——————————.—_—__

Compound
Experirnental1 Theoretical
K-R D-K K-R D-K

pentane (5) 48.8 + 2.1 63.1 +2.1 37.23 51.54
hexane (4) 553 +1.2 69.7 £1.2 38.03 52.34
heptane (2) 67.8 £ 1.6 822 +16 38.73 53.03
octane 740 £ 21 88.3+2.0 39.27 53.57
cyclohexane (3) 50.6 + 6.0 65.0 +6.0 37.94 52.25
cyclohexene 36.4+50 _ 50.815.0 37.90 52.21
1.3-cyclohexadiene  29.7 £ 12.0 44.1 £ 12.0 37.80 52.10
benzene (2) 60.8 + 8.0 752 +80 37.81 52.11

1 The reported values are the mean * standard deviations for replicate studies
. (the numbers in brackets indicates the number of replicates). Where there is no
figure in brackets, only one study was done and the terror is based on.the
standard error of the intercept of the graph from which the entropy was

calculated.

4
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[4.31] S°° = RIn(MTA%) +27531 JK " mol’

2 trans

in which A° is the area available to the molecule according to the particular

standard state, that is, 1/I'°. Therefore, the theorsetical entropy of adsorption
based on statistical mechanical calculations is given by

(4.32] AS°=.S° _ .S° JK ' mot’

2% trans 3™ trans

Table 4.12 gives the results of this calculation of the theoretical entropy
change for mobile adsorption. In this calculation it does not matter whether the
Kemball-Rideal or deBoer-Kruyer ste;ndard state is used, as long as the
theoretical AS° is compared to the experimentak AS® calculated using the same
standard state: the difference between the theoretical and experimental values

will be the same (see Table 4.12): There is, however, a éubtle difference

between the aforementioned standard states and that of 6 = 1/2. In the first two,
the standard state is considered to be an ideal two-dimensional gas while the

.y latter standard state refers to a condensed phase, that of a half complete

»

monolayer. In the derivation of eq. [4.31] the adsorbed phase was considered
1o be an ideal two-dimensional gas (40) and so a comparison has been made
only between experimental and theoretical values calculated using the

Kemball-Rideal or deBoer-Kruyer standard states to evaluate the non-localized

'adsorption model. = - ‘
L J
In companson to the theoretlcal entropies of adsorptlon in Table 4.12,

all of the expenmental values show a greater los$ of ontropy th!n is ‘Bredncted

', 0
fromilile loss,of on_e translatiOnal degree of freedom‘. which is co.mmon in thg

4
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case of physical adsorption (4). This extra loss of entropy could be due to loss
of rotational freedom as suggested by Kemball (40) in his study of the
adsorpfion of organic molecules on mercﬁry. For example, for benzene
adsorption the decrease in entropy due to the change from a free rotator in the
gas phase, to an adsorbed molecule that is constraingd to rotate only in the
plane of the ring and about only one of the axes in the plane, was calculated to
be about 38.5 J K’ mol'!. Kemball (40) also estimated that for heptane a loss of
freedom of rotation about one bond for the adsorbe/d molecule relative to the
gas phase molecule would lead to a decrease i;w entropy of about 21.3 J K*!
mo!''. These values are‘-of the same order of magnitude as observed in this
study. Therefore it is possible that organic molec;JIes adsorbed on the clay
surface are free t_c; move about on the surface, but have some restriction in
rotational freedom.

In the above discussion, contribution to entropy change due to
vibrational changes has been neglected as the vibrationai ‘contribution to
entropy at room temperature is small relative to rotational and translational
contributions. _F

As previously mentioned, another model for adsorption is Ipcalized
adsorption. In this case the egiropy of the surface phase will be the sum of the
configurational entropy (i.e. that due to the number of ways of arranging
molecules amongst adsorption sites), and thermal entropy from the molecular
motion about the adsorption site (3,10). As,shown by E qrett (3) the diﬁerential

configurational entropy is given by )
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0

433 Seconfic = — R In
1433 o 1-9

where 0 is the fractional surface coverage. Therefore the theoretical differential

entropy of adsorption for localized adsorption can be calculated from (3)

0
1-9 _ -
& /
where’A-é' is the decrease in entropy from the loss of translational and

(4.34) AS = AS" - Rin

rotational freedom, that, as a first approximation, is simplified to the loss of three

degrees of translational freedom for the adsorption process, which gives

S - Rin 0

[4.35] AS =— 3%trans 1-8

When a standard state of 8 = 1/2 is used, the above éQUation simplifies to (3,41)

[436] AS=-,S

trans

Experimental differential entropies of adsorption, calculated using a
. .

standard state of‘ 6 = _1/2, and theqretical entropies of adsorption for the
localized model of adsorption, calculated frqm Z‘éq.» [4.36], are given in Table
4.13. The experimental values are less negative than predicted, with the
difference betwe‘ experimental and theoretical entropies ranging between
50-90 J K-1 moi-!. However, if the gas phase translational entropy has not just '
been lost, but has' been converted to vibrational enfropy, this could account for
.the difference (3). For example, a vibrétional frequency of 6.25 x 10‘? séc"‘ at
300 K wdu'ld'coritributa a total of 82 J K1 mol'! (for a total of thrée degrees of

\

vibrational freedom) (4). This is in the range (10'1-10'2 sec’?) of frequencies
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Table 4.13. Experimental and theoretical entropies (AS°) of adsorption of
organic compounds on Na-kaolinite referred to 6 = 1/2 standard state.

Localized adsorptipn model.

F Y1 3 1 11 T

P e e T T T 1T T 1 L 1 e e et

Compound -AS° (J K1 mol)
Experimental1 Theoretical

pentane (5) 959 + 2.1 164.74
hexane (4) 101.9.£1.2 167.26
heptane (2) 1139 1.6 169.45
octane 1195 £ 21 171.08
cyclohexane (3) 98.3 £6.0 166.97
cyclohexene 845 +50 166.97
1,3-cyclohexadiene 782 £ 12.0 166.66
benzene (2) 109.9 £8.0 166.93

1 see footnote Table 4.12.



\ ‘ | 159

A \
suggested by Hill (42) for adsorbed molecules oscillating around an adsorption
site. lTherefore}hs Everett (3) concluded, it is quite ditficult to determine
- whether the adsorbed molecules are mobile or localized. The entropies of the
adsorbed phase molecules are given in Table 4.14. These values were
calculated from the difference betwe.e'.n the integral entropies of adsorption
(Kemball-Rideal standa‘rd‘qstate) and the gas phase entronies at the average
temperature of the studies, with the gas phase enfropies obtaigﬁed from Stull et
al. (43). The adsorbed phase entropies follow the same treng}s as gas‘phase
entropies: there is a gradual incir’ease with increasing chain length of the
alkanes as e\)e would expect for an increase ig;‘rotational entropy; adsorbed
benzene shows a similaPdrop in entropy as gas\;)hase benzene as compared
to cyclohexane cyclohexene and 1,3 cyclohexaduene
Calculation of the standard Gibbs energy of adse{ptlon (AG®)

The Gibbs energies of adsorption were calculated with eq. [4.15].. In this
instance, the differentialoand in‘tegral. éibbs ‘enhies o.f adsorption areAA
equivalent (44). Thellp values are given in Table 4.15 for both the deBoer-
‘Kruyer and Kembal|-Rig\eaI standé}d*States. ‘ | .
Comparison of different kaollnlte preparations

It was found that thermodynamnc values were reproducuble when using

the same column or dlﬁerent columns .made 1rom the same preparation of .

kaolinite. This was not the case, however when columns were used that were

A )

made from duﬁerent preparauons of kaohmte

Columns: made usmg each of two preparatcons of Na-kaolmite
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_ Table 4.14 Gas phase entropies and adsorbed phase entropies of organic

compo‘L(mds on Na-kaolinite

Compound Terﬁperature S (UK Tmolhy!

(K) Gas Phase Adsorbed.Phase
pentane (5) 338 364 5 3161 2 '
hexane (4) 343 409 2 354 4 1 ’
heptane (2) 348 454 7 N +2
octane 348 497.2 | 423 % 2.1
cyclohexane (3) 343 N 3149 . 264 + 60
cyclohexene 348 , 328.7 ; 292 £ 50
1.3-cyclohexadiene 348 - 2 2
benzene (2) - 358 \284,9 224 + 80 _

1 See tootnote Table 4.12.
2 Data unavailable. N

L)
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Table 4.15  Gibbs energies (AG°) of adsorption of organic compounds on
Na-kaolinite referred to the Kemball-Rideal (K-R) and deBoer-Kruyer (D-K)
standard states 7

Compound Temperature = - AG° (kJ mol")!
Range (°C) K-R D-K

pentane (5) 30 - 100 171 201 123102
hexang (4) 40 - 100 19.7 1 0.1 14.7 + 0.1
heptane (2) 50 - 100 22.8 +0.2 178102
octane 50 - 100 26.0 1.0 21.011.0
cyclohexane (3) 40 - 105 186 +0.3 137103
cyclohexene 50 - 100 27.5 +3.0 22.4 430
1,3-cyciohexadiene 50 - 100 269+58 |, 9219150
benzene (2) 65-105 . 28.4 £ 0.2 23.3\: 04

1 The raported values are the mean + standard deviations for replicaje studies
. (the numbers in brackets indicates the number of replicates). Where there is no
figure in brackets, only one study was done and the t error is based on the
combined error of the ehthalpy and entropy values.
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~

(Na-kaolinite #1 a;wd Na-kaolinite #2: note that the body of results presented
here and in Chapter 5 were obtained using Na-kaolinite #1) and one of
Ca-kaolinite were used to obtain the adsorption properties of selected organic
compounds. Values obtained for AH®, AS°® and AG® of adsorption are given in
Table 4 16 (Kemball-Rideal standard state). The trends are still the same in
compafing the {esults for different organic compounds on the same column so
one would obtain the same conclusions when comparing the properties of
different adsorbants on a column. However, there is a significant differencé in
the values of the enthalpy and entropy of adsorption for Na-kaolinite #1 and the
other two clay preparations, while there is no difference between Na-kaolinite
#2 and Ca-kaolinite. The differences between the two Na-kaolinites cancel in
‘the AG°® values which indicates that AH® and AS°® value are more sensitive 10
changes in system characteristics.

The reason for the difference between the thermodynamic properties of
two preparations of Na-kaolinite, prepared by the same method, is unclear.
Adsorption on Na-kaolinite #2 (and Ca-kaolinite) relative to Na-kaolinite #1 is
stronger, as indicated by the increased negativity of both the enthalpy and
entropy of adsorption. The slight differences in surface areas could not account ’
for the observed ditferences. Therefore, there is either a greater concentration
of binding sites, or there are sites of ditferent (stronger) binding energies on the
surface of the former two clays. Thé former is possible if these two clays have a
greater cation exchange capacity than Na-kaolinite #1 and hence a greater

concentration of surface cations, as the cations hgve been implicated by some
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Taple 4.16 Comparison of thermodynamic properties of the adsorption of
organic compounds on ditferent preparations of kaolinite (Kemball-Rideal!

standard state)

P T T T T T T T 1t 1 1t 1t D R R i

Clay Adsorbate - AHo - AS° 2 -8Ge° 3
1 ¥
(kdmot!) (U K'mol') (kJmol’)
(

Na-kaolinite #1  pentane (5) 363108 48.8 + 2.1 171201
hexane (4) 4151205 553+1.2 19.7 £ 01
cyclohexane (3) 389 12°% 506 £6.0 186 +0.2

Na-kaolinite #2  pentane 425 + 1.1 69.8 £ 3.5 189115
hexane 487 + 1.4 75.9+40 223 1.7
cyclohexane 448+10 702x30 207 1.5

Ca-kaolinite pentane 414110 66.2 £ 3.0 19.0x1.4

. cyclohexane 451 +£1.0 70.2 £ 3.0 21.0t1.4

1 see footnot'e'Table 411,
2 See footnote Table 4.12.
3 see footnote Table 4.15.
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in the binding of adsorbed organics (495). It is also known that kaolinite has a
heterogeneous surface with respect to adsorption (46), Hut whether the nature
of the adsorption sites can be so easily changed is doubtful. Whatever the

case. the effect is larger than the effect of changing the cation type on the clay

surtace from Na* to Ca®*.

Conclusions
The results of the calculation of the enthalpy of adsorption of selected
hydrocarbons on the surface of kaolinite have shown that the process is
physical adsorp_tion (physisorption). Physical adsorption is a result of van der

Waals attractive forces and not, as is the case of chamisorption, due to the

formation of bonds. .

Kaolinite has a heterogeneous \adsorpti'on surface with two and

™~
“sometimes three different heats of adsorption being found with increasin%)

surface coverage (46). This is consistent with the complexity of its surface

<

struct?!re as described in the introduction. As this present study was carried-out
(for the most part)rin the Hénry's Law region of the adsorption isotherm, the

' calculated enthalpies reported here will be those of the most active adsorption .

sites. Cooper and Hayes (22) studied the energy distribution of adsorption
sYt"es on kaolinite for the adsorption of butene and butane, .using -gas’

»

c?matograghy. They found two maxima in the energy distribution, curves

cresponding to two main adsorption sites, one which they identified as an -

/

oxaq adsorption site with an energy of 19.7 kJ mol-! and the other as an
v &l
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hydroxy! adsorption site with an energy of 22.2 kJ mol'!. Their data did show
however, a very low frequency of occupation of energy levels up to a maximum

of about 31.4 kJ mol'', which value is consistent with results presented here.
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CHAPTER'5

&5

Heat Capacity of Adsorption of Hydrocarbons on Kaolinite

Determined Using Gas-Solid Chromatography

Introduction
N

.‘{owledge‘_ of the change or inorement in the heat capacity for
adsarption (ACp°9 allows one to calculate the temperature dependence of the
. . ' “a
enthalpy and entropy of adsorption. In addition to this useful application of
N ) [} .

classical thermodynamics, AC ° values have proven useful in other fields (such

"as solutson chemlstry) in comnbutmg to the basic scientific understandnng of

molecular mteractnons Because (for reasons given bglow 1here are very few

-

ACp°, values fqr adsorption of gases on sohds, there have so far been very few

-

of the cldssical thermodynamic calculations and also few contributions to

microscopjé understanding of adsorption using ACp° values. \

In principle one can obtain AC,° of adsorption fr_o'rh knowledge of the

» heat c’:apaci‘ty of the solii:l (no gas adsorbed), and the heat capacity- of-»xh'e s‘glid

with adsorbed gas in combmanon wsth knowledge of the amount of adsorbed

| gas The desnred AC can be obtannad by extrapolatmg AG values oblained

wom . N R .
AL & ‘C,(ioljd+ad:gas)-C_b(‘bl(.‘t‘oli8) A . C ——
5] ac, = | .. T _

: . L0 o » a - : : r' L. P o [ > - .
- ~'.- B ‘ C . §

o zero n, (number of moles of gas adsorbed per gram of solid adsortient).

' : oo B R "\."{,a
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Unfortunately, the difference between the two he‘at-capacities in the nufmerator

~ of this équation is typically yery small for small n,, which means that this direct

method is rarely practical.

A few of these direct calorimetric determinations of ACp values have

been carried out, using specially constructed calorimeters (1-3). Such
AY .

determinations have been limited to specially selected systems (low

temperatures, specific solids having very small heat capacities'and very largé

surface areas) (1). _ : B

Because calorimetric ‘measurements leading to'desired ACp values

(especually for low coverage) are limited to specaal cases that do not include
systems of contemporaryvmterest it is hnghly desirable-to have some other
method tha\ might be moreggen.erally applicable. To illustrate the possibilities
and difficuities associated with a more general appréach, it is now appropriate

to consider briefly one application of the‘fmodynamics to chemical equilibria,

using acid-base equilibria as an example. ‘ .

In the study -of acid-base ,equilibria it has been common practice to

obtai}u (or at least try to obtain) heat capacity data from equilib*r‘fﬁm ‘constants in -

: ’
the following manner. The temperature dependence of enthalpy is given by -

2 d AH° AC® ‘ o
[5 ] -7 =2 _ ) -

Aésuming ACp° is independent of temperature, integration gives

’ (3]
(53]  AH}=aH +AC T
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where AH, is a constant of integration. The temperature dependence of the .

equilibrium constant is'given;by . ‘,' .
dinK AH° ) .o -
[5.4] 2= : L |
~ dT  RT ' u &

“Substituting the value for AH;° into eq. [5.4] and integrating gives

AH, ac® '
+ PInT + 1 )

RT R

L]

» W
(5:5) CInKg, =-

where 1 is a constant of integration. Thus ACp° can be obtained from a double ¢

differentiation of the equilibrium constant with respect to Iemperature. ‘
. .« - .

2
The derivation given above ca}_be applied to the particular case of

equnlibrium constants for adsormon obtained by gas-solid chromatograph? %
i . s . . ‘
one substitutes for Keq in eq. [5.5] using eq. [4 17} one obtains . L

A

(*] ]

. aC, ,
[5.6] In (r) - —i+-—R—°|nT+1' ' o

where I' contains the expressmn for the standard °siates . Followuig a

o

: _procedure similar to the one used iwbxam eq. [4 20T one obiains 4
o . > x

-

s AC :
73 I p ) ) " » . '
[5.7] Ian AT TR inT_+ p e

'd

,c0uld calculateAC o f” B P

The uncenamty in ihe AC obtained from a doubie diﬂefemia!ion,v&m

ﬁ

naturairy be quiie substantiai Ina piopagation otserror anaiysis for a simiiar
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y

caiculation to obtain ACD0 from pK, data, King (4) found that for a random érro'r

of +0.02 in the pKy values, the standard deviation in the AC,° value for a 50 °C
4 .
range in temperature, with values at 10 °C intervals, is + 117 J K mol! As

King (4) points out, his treatment neglected systematic errors so one should

probably double the "statistical” uncertainties to obtain "real” uncertainties of

about 230 J K'' mol . Itis therefore necessary 1o have very good equilibrium
results over a wide temperature range to obtain ACp° values that will be usefull,
but still will likely retain a moderately large uncenaioty. But even moderately
accurate ACD" values will be of some usefulness and represent a stén to getting

better values in the future.

I
%

Results and Discussion

As was mentioned in Chapter 4, the calculation of the enthaipy of
adsorption was based on the approximation that ACp° = 0. Least squares fits of

eq [4.20] to the retention data for the experiments reported in Chapter 4 were
very good, with correlation coefficients larger than 0.95 in all cases k0.995 for
some). However, an examination of residual plots showed that for %orr'\e
systems the enthalpy of adsorption did show a dependence on temperature, as
illustrated in Figure 5.1. Figure 5.1a shows the graph for a linear least squares
. - .
it of eq. [4.20] to the data for the adsorption of pentane on Na-kaolinite, while
_ figure 5.1b shows the plot of the residuals. The definite curve in the residuals

§hows that the enthalpy was dependent on temperature. An example
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Figure 5.1. a. Graph showing the curve obtained for a least squares fit of eq.
[4.20) to the specific retention volumes (V°273) obtained for the adsorption of

pentane on Na-kaolinite at a series of tgmperatures. b. Piot of the residuals‘_

obtained from the fit in a.
'y
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of a les, -@fg&n@able system that does not show this curve in the resiguals is
' givenfh{‘f:‘igure 5 2 for the adsorption of benzene on Na~kao‘|inite.

‘Equation [5.7] was fitted to data which showed a systematic
temperature-aependem enthalpy. This included data for the gdsorpt_ion of

pentane, hexane, octane and cyclohexane on Na-kaolinite. Fits ofeeq. [5.7]

were done using a linear least squares regression analysis. The values for

ACp; obtained from this fit are presented in Table Sal. An example of the least -

-~

squares fit is given in Figure 5.3a for the adsorption of pentane. The plot of the
residuals.afterthese second fits that include ACp° show random scatter (Figure

5.3b) indicatihg that therg is no justification for considering the possible

temperature We of Acpo asin

[5.8) AC,°=a+bT +..

Consideration of eq. [5.8] would be equivalent to diffe'rentiating the
experimental results three times or more. This inability to make use of eq. [5.8]

is not surprising as even excellent data cannot stand multiple ditferentiation.

‘

¢

COnblusIons
Although SingJ(S) maintains tr?at ACp" of adsorption.values obtai!ned-
from gas-solid chromatogrgphy are of "doubtful value®", there have been a 1o;~
reports in the literature on these meas;:fgments. Bertuép et al. (6) obtalnogl the

ACp° (150%)“ of ildsorptio'n of hexane and hepfane- on & mlcro-lporous

aerosilogel by gas-soiid chromagodrdbhy. Goedert and Guiochqn (7) also
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,obtained from the fit in a '
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Table 5.1. Heat capacities of adsorption (ACp°) of organic vapors'on

-

" Na-kaolinite
===2£====================i=‘====’:=====;=.‘a‘-===========’====-B.I=B
Compound ACp°1 Cpa’(gas)2 » Cp°(ads)

(J K1 mot?) (J K1 mol') (J K'Y mol)
pentane (4) 145+ 53 133.1 . 278+ 53
hexane (3) - . 180 ¢ 122 159.9 340 £122 -
heptane (2) Y141t 44 187.6 1329 + 44
octane (1) 208+ 76 ’ 214.0 422+ 76 -
cyclohexane (3) “140+46 1255, 265 + 46

1 The values given are the mean * standard deviation of replicate experiments
with the number of replicates given in brackets. For octane the * yalue is based
on the standard error of the fit obtained by least squares analysis. "
2 Data from Stull et . (9). Uncertainties in ‘Cp°y("gas) are negligible compared to ..4

4

uncertainties in ACp°. :
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noticed a curve in a In K againgt 1/T plot in a study of adsorption of methane on

graphitized carbon black (selected for its homogeneous surface), and wrote
that it may be possible to get information about ACp° of adsorption. In a later

'repdn this group (8) used gas-solid chromatograpl;:y to obtain ACp° for th

adsorption of pentane on graphitized carbon black.

r

As mentioned in the introduction, values for ACp° can be used in

classical thermodynamid calculations of the temperature dependence of

enthalpy as given by eq. [5.2], and that of entropy as given by

aas®  ACy
gt =T

5.8]

To evaluate the significance of the ACp°'\vaIues obtained in terms of a
molecular model one can first consider the sign. AC,° can be expressed as, =

[5.9] ACp° =€,° }ads gas) — C,° (gas)
If the adsorbed phase can be madelled semi-realisticélly as '5 i\'No—dimansional.
liquidg.it WUDId follow that Cp° (2D‘ qu'j > Cp° {real g’as),.which is in accord wi;h g
our boéitiveo‘A‘Cpﬂ valueé. On'e might al;o ’pi(:t-:nre the adsorbigd phase "
'(especially for 1ocalized adsorption) as a two-dimensional solid, again leading

_to posmve aCy° as found in thls research. » .

‘In conclusnon AC ° values for the adsorpa6\01 several hydrocarbons

on Na-kaohnite have been obtained The positivo values m oonsmom with a

.

| _model for th‘o adsorbed phase as a Wdumonsloml liqufa or soud
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CHAPTER 6

< Concluding Summary ;

" Resedfch in the aréa of physical chemistry can lead to a basic

understanding and.provide useful data of themical and physical processes.

v,

The investigations that have been described in this thesis are intended to

-

contribute to such scientific understanding of th:yenies of liquid-solid. and

-

gas-solid systems containing clays and to pro(ide data that will be useful in

~

certain fields.
The importance of such information is illustrated in Chapter 2, which is

an extensive review of the properties and technology for treatment 6f aqueous

oy,

clay waste (tailings) produced during the processing of oil sands mined in
N

northern Alberta. The information in this review is necessary background '
information for anyoné‘who intents to work toward a practical solution of this
economi"c:ally and envi?énmentally important problem. In addition, this r@view
led to’the identification of severai sbecific kinds of new research that aré
needed, andr this idgntiﬁcation has contributed to the selection of-problems for
the resegr.ch that is dess'cribed ir;\this thesis. ‘ » |
-]  Partly because of the dbvious connection-between clay-water properties
and the tailings problerr; investigations of thé viscosities of .lqu'eous éléy
suspensions were undertaken as dmrlbod in Ch.ptor 3. These studies o
.involved the moa:uromoms of viscooltiﬁ‘ and donﬂtm of aqueous

: suspensions of _known compositions. Results of ,t{muwomm of donsm.s —

N L . . “ . . .
' : . ’

»
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of aqueous s‘uspensiohs have led to evaluation of the density of dry clays.

Analysis of the viscosities was carﬁed out in terms of a modified version of the

. <
well known Einstein equation; these modifications allowed for the non-
spherical shape of clay particles as well as the water-induced swelling of clay |
" (eepecially montmorilionite) in aqueous suspensions. Measurements of the
viscosities of suspensions of m’ixed clays led tq‘fre‘\sﬁlfs that have been analyzed -
" in terms of the modified Einstein equation and a simpie additivity model.

Chapters 4 and 5 describg %nothér asped of the physical chemistry of
clays; that is, the thermodynémics of adsorption of gaseous molecules on the
surface of clay based‘on gas-solid chromatographic measurements in the
Henry's Law (very low surface coverage) region. Results of these
measurements have led to calculation of the}‘{ﬁal‘pies. entropies and Gibbs
energies of adsorption (Chapter 4) . The résulting enthalpies of adsorption .
cohfirm the expectation that we are dealing with physical adsoiption rather thén
chemisorption. The entropies df adsorption (specified standard states) have
been considered in relation to models of mabile versusﬁoc_alized:adsorption*

The thefmodxnamic analysi\s describ:emc'ha»bter 4 is based on the - -
common situation in which the accuracy and ravnge of the experimental data

does not permit pne to obtain any information about the possible dependence

of the enthalpy and entropy of adsorption on temperature, which is'equii/alent

& . . ’
. to setting ACQ"jf_or adsorption equal to zero. Examination of the residuals of the -

least squares fits described in Chapter 4 has shewn that some of the present

s

data are suﬂiciéntly' accurate and have been obtained over a ébfficiently wide
. _ o
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range of temperature to ustify more elaborate thermodynamic analysis in which
"ACp° is not equal to zero. This kind of analys’s led to values for ACp° tor

adsorption of several vapors on kaolinite. Because this calculation is
T A ¢
equivalent'to a double differentiation of the equilibrium constant with respect to

temperature and each such differentiation magnifies experimental uncertainties

and erfors_, the derived ACp° have large uncertainties. In spite of these
uncertainties it is clearly established that the ACp° values are all positive and it

is also shown that sutt positive AC§° value are consistent with the idea that the

4 -
adsorbed phase may be pictured as a twd=dgimensional liquid.

4
~ »



