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The nature of chemical bonding
between modified clay minerals
and organic waste materials

CLAY MiNERAL/organlcs re-
actions have been studied
extensively by way of in-

frared (IR) spectra,1*' x-ray diffrac- •
lion.4 and other physkochemkal
methods. Many of the* ttudie* ex-
plain Uw role of silicates, Including
their dehydration, which subse-
quently caialyzea the polymcrixa*
tlon of compound* men at ityitne.
Furthermore, then ha* been a con-
siderable amount of work done la
the arcaa of adaorptlon of organic*,
Lewis acU-bue reactions, and ad-
duct formation between the elay and
the organic compounds. A review
of ell of these papers reveals the fol-
lowing:

I) In genera), clays have alternat-
ing layers of alumina (hydrated) and
silica, with both tetrahedral and
octahedral sites available to retain
organic*. 2) For charge balance,
Group I A elements, such as U*,
Na * , and K * . as well as Grcrjp HA
elements, *uch as Ct 1+ . M«* * , *-nrf
Fa3*, are usually vtwrx &.JVXP.
th< c(llf a f nd turnip* ;*"<i * . Tj ' * ,c

<»'*th as 1.J1 , i*^*. ;A '
IV ) cm «ri. iciplr^cc by t-ir^rr •*•>
airrnoalun caiioni (*„'*} oc <*** f
organic catioric sr^cfci. Twif *. >
ititutJon ctufci the *:lav tc or T^T

In nature, 4} ,M.CT
, me ciay can be used

t long vrili cffnwnt hid tt'wr COIP-
citu, su-:h u T.y ash or --•£

Anaiyneai -f*r-

der, In hazardous waste treatment
(the so-called "solidification" or
"encapsulation" technology).

Recently, U was shown thai there
U more than one type of bonding
between the clay mineral and the
organic waste5 by Infrared TCLP
(Toxtcity Characteristic Uachate
Procedure), total extraction, and
thermognvimetric analysis. These
studies clearly Indicate that there are
all kinds of weak to strong bonding
between the organici and the clay
minerals.

In order to determine the practi-
cality of the containment technol-
ogy, we have continued our investi-
gations using more powerful tools,
such aa differential scanning calori-
metry (DSC) and gas chromatogra-
phy-maas spectroscopy (OC-MS),
in addition to Fourier transform in-
frared (FTIR) and thermogravimet-
ric analysis (TOA) techniques. In
this paper, we present our conclu-
tiout drawn on the basis of FTIR,
TQA, DSC, and OC-MS rtiulu,
cc veraing the raikMiUv c* tnis
tfcvay etnergi&f ^,L>.j h
txft'i to mirkfr« "u: ^r^.

kfltwa o*; '̂., c:.-nr
g the v-~ : .'^-

the ;-az»nk>ui s»:b. ™ . : . . -vtv

used in this itudy. ^ vet.
for a mere comotex organic
we believe thri Ui* » r ^

Of. Jtivit , &.MC £m- 1>.c

(Wlchita. Kansas). Known amounts
of the orgaaics (trichloroethylene,
cbloroaniline, phenol, nitroben-
zene, and triethanolamioe) were
treated with Axed amounU of HWT-
22 and wen allowed to cure at room
temperature. The addition of ce-
ment, slag powder, and water waa
av9lded. since we did not want: 1)
water to mask the IR spectra, or 2)
the silicate hydration reaction to ui-
leifera with the clay mineral-organic
reactions.

After 48 hr. the samples were sub-
jected to FTTR analyses with a Per-
kin-Elmer model 1710 FTIR iastni-
ment scanning KBr pellets. The
FTIR spectra of the pure orgaaics
wen also run using this technique.

The DSCs were rua using a
Pbrkin-Elmer DSC-2 Instrument in
nitrogen atmoaphere. The beating
rate was KTC/mln.

To determine the effluent*
evolved during DSC : canning, the
gases wen ibnoifrM :n ac&f'aicd

run.lgea. pt oved
*nd jun ;̂ i< 'U- > <
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with HWT-22. are also ihowo in the
ume uble. The typec of pouibla
bond* an predkied in f/fuiw 1-5.
with the actual DSC curvet thown
la Flgwt* 6-10. The recoutnicted
loa chnKnttognnu of the effluent
|uet from DSC ara ihown io Fit-
MTM // tod 12. The DSC codother-
mlc peak tempenturet, along with
AH of vaporization, an given in
TabU2.

Infrared sptetra
A ciitful eitraioatkw of Table 1

reveal* IR ihifU in both diitctiou.

Thete R shifti an exptaiaed on the
batii of tar h indivKl^

•/:, Nitrobwtiu, Then U a thift
><4ftom 1173 cm'1 to 1130 coT*

which li one chancteriMic of mono-
tubttitmed uomatic compoundi.
Thit lowering U due to ihe rcttric-
Uoot impoied by Uuerealnion (i.e.,
the of ganic compound U land*
wiched between Uyen of alumina
and liilca). Then U Mother reduc-
tion in ihe frequency at the C— N
touching region, from 1349 cm~ '
to 1343 cm"', Indictling that the
motion of ihe nitro group U ie-
tuicied. A UUM of thU reatrictlon

Table 1
Infrared frequendee before mid Mar miment (cm'1)

•tttenA^ndWeMftA ^IVv^^WUn l̂ViV V
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could ba the latenctloa between
outer oibital elecirona la the oxygen
and the matrix, which baa dw elec-
tron deflcfent aluminum. DuatoihU
hooding, the C—N bond order It
decreased and hence thf reduction
In waveaumber. Then an four other
frequencies due to C—H stretch
which an abo restricted. Thla. of
coune, can be explained la terra*
of feeble hydrogen bonding between
Iha five comer hydrogen* and the
silica and alumina oxygen*.

Phtnot, The 01 spectrum of
phenol ii rather simple. The C—O
stretching U reduced by 28 cm'1

from 962 cm"' to 934 cm"'. TWi
U again due to hydrogen bonding
between the -OH hydrogen and
oxygen la Iha lilica and alumina.
This cauaea a flow of electron dea-
ilry from carbon to oxygen, thereby
reducing the C—O bond order.
Also, then Is evidence for a hydro-
gen bonded -OH group at 3640
cm"1 and 3632 cm"1.

Cktoroanilint. There It a poeltlva
ihift teen at the C—O bond. Thia
U due to the decreased electron den-
sity on the benzene, which U caused
by the coordination of the ammo
group nitrogen with the aluminum
(a Uwia acid). Thii effect In turn
draws Ihe ring electron* toward the
amino group. The electron-rich
chlorine shifts Us electron density
closer to the ring carbon, which U
indicated by the positive shift.

Then Is UK a sttong reduction
In the N—H itretcUng frequency
which may be cMibutft to M—
H—O bonding of the nuttrfc oxy-
gena.

TricHhrottfyhnt. There Is again
• ptxltlve shift In the C—O absorp-
tion frequencies, as was mm In the
CA*e of chloroanilina. The charac-
teristic tthyleae frequency and the
C—H stretching frequencies are
both lowered. It appean that interca-
lation causes the former, and re-
sidual hydrogen bonding causes the
latter.

Tritthanolamiiu. We have seen
several weak to moderate uterac-
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_____Al AltOa LAYER______

SlOi LAYER
JMaraclfane beftMen HontooelMsne and cHy matte.

Uoni (or bonds) In the previous
cases. However, in the case of
uieihanolMnine, w* an able to es*
tebltoh {he pretenc« of t coordhita
covhlcnt boRd between UM lone pair
of eiectrons on the ntoogea and the
matrU (altuiiinum). The C—N
st!«tch!ag frequency has drarottl-
cally shifted by 193 cm"1 toward
the positive diitction, whkh Is very
characteristic of amine salt forma-
tioo. ProtontUon of organic com*

•It 11.01

KM «4l«t 10. OB

poundi by clay minerals U a well*
known nactioo. Ii appean thai tbert
U a combined effect erf ihU cooidi-

bond wUb aluminum aa well
u wiffa a proton which produces
such a large ihifl. We alto ate a
thift la the negative direction in the
alcohol - OH stretching frequency.
Thit phenomenon to due lo the hy-
drogen bondiai of the hydnuyl hy-
drogen with the wUtnte oxygeni.

la general, U appear* that then
are nmneroui typaa of complea In-
teractioM Involved ia the cate of
clay miaenl-organici feactioM.
The operating force! raoge firom di-
pole-dipole attraction to pun coor-
dinate covaleot bonda. Hydrogen
bonding and Inlerealation alao ap-
pear to play Impomni rolea. Chela-
lion to another potiibiUty, provided
traMitkw meub (Fa* Co, Ni, etc.)
an prewnt ia the clay mineral* The
pretence of organic catiooi atoo
wean to play a pan In retaining cer-
taia anionic apeciei, mch at carboji-
ylalea. We have atoo Men evidence
for the above-reenUoned facts in the
patl thnwgh FTIR and other
touicea. Another pottibUity could
trite from the Interaction between
the partially filled dv orbitato of
intuition owiato and Ailed pv orfal-
Uli of the ring system.
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Djffirtnttal scanning calorinutry
DSC team wen done la order to

determine the Und of bonding In-
volved, and the amount of energy
that would be necessary to release
Ihe compounds from Ibe matrix. The
eftperiinenial DSCi are shown In
Figures 6-10. The actual AH of va-
porization of some of Ihe chosen
compounds an compered with AHs
from the treated compounds along
with their normal boiling points in
Table 2. The molar oH of vaporiin-
tioo for the compounds were com-
puted from the weight lost at their

' boiling point as determined by dy-
namfe TOA. Three important obtcr-
vations can be made from DSC data:
t) All the compounds are leaving
the matrix (except phenol) at more
than one temperature, and to Ihe
case of phenol, the boiling point in
the matrix Is higher than its normal
boiling point by »0*C. 2) The mul-
tiple endotherms do not In any way
correspond with th*l of the treatment
material Itself and the lotti cosrgy
involved in the Ctwri r-\!ru U
much higher than t he, h?tt of vapcrt-
ration of the origiital organic com-
pounds themselves. 3) \Vbca the
effluent gates from DSC w?re Iden-
tifled with the aid of OC-MS,
-•either the original compounds, nor
any of their fragments, wen seen.
These facts unequivocally indicate
thau a) The compounds are bonded
with the matrix in more than one
way at more than OM site, b) When
heated, the weakest bond U broken
fiat, at the first (lowest temperature)
endotherm, followed by the stronger
bonds, which are seen as the succes-

,\m

,"tm

ar a
Flgum 11 OC-MS MM tor nMrooMieiw beAve toesnent



Table 2

AM Of
tiM

KeeVmol

DSC Data
Obearved&Hof

vaporttaHonKctfftnol
Pereentaoa
tnenaMHi pointrcj temperature

Phenol
TrtcNoretfhyton*

.

Trietwnotemlne
NMrabennne

193.17
106416
127.92
204.26
160.97
337,30
110,96
119.42
136.67
116.46

11.69

6.16

12.76

12.17

36.13

34.43

24.16

18.60

220.7
4:

278.9

69.0

82.8
. , t

162.0

113.6

336.4

210.2

193.17

204.26

337.30

216.46

ilv« endothenns it higher tempera-
ture*, c) The Him of all theie endo-
thenns to much higher than the AH
of vaporization of me Individual
compound*. ThU eleariy shows that
one hu to expend, much more
energy to break the matrix-com-
pounds bondi. d) The OC-MS evi-
dence to surprising. In the cate of
nitrobenzene, which to depicted hen
ai an example, neither the molecular
Ions (m/z » 123) nor the benzene
ring (m/i • 77) wen teea. TWi
tuggetu that once the hazardous
waste to bonded* it does not reappear
In lu own original form; .Instead,
smaller fragments result when
forced out. e) At higher tempera-
tures, some rather unusual long
chain nitrated compounds were de-
tected. These compounds, of

^course, were never detected In the
DSC-OC-MS run of the pure treat-
ment materials before treating them
with nitrobenzene.

ThU evidence clearly predicts that
then are some kinds of reverse
Friedel-Cnfti type reactions, along
with other polymerization reactions,
taking place due to the presence of
aluminum In the matrix. From a
purely environmental viewpoint.
these observations conf.nu Ihct or-
ganophlllc clays can ta&od bm»d
with crguriri, and cwi cutty be
used as a true containment nr;«rriU,
Addition of cement uid slag povdcr
helps to improve mfchanirri and
teaching characteristics. It alto ap-
pears certsin that the longer the
aging time, the more effective will
be the containment. Other com-
pounds discussed In the Infrared sec-
tion also gave similar results In the
OC-MS studies. These observations
are In agreement with conclusions
drawn by other authors.

The entire containment me-
chanism may be visualized In the

following manner
• ThelRjN)* groups make the clay

organophilic and widen the in-
lerplanar distances by acting as
pillars.

• The waste materials are sand-
wiched between the alternating
layers of silica and alumina.

•.Apart from Intercalation, there
seems to be dlpole-dipole Interac-
tion, hydrogen bonding, coordi-
nate covalent bonding, Lewis
acid-base reactions, Friedel-Craft
reactions, and Dlels-Alder type
reactions Involved during con-
tainment.

• When cement and slag powder
are added and hydraied. these ma-
terials seal the clay mineral-or-
ganic layers and crystallize. In the.
long run, then could be inter-
twining crystals of clay minerals
and cement. The slag powder
(due to its fineness) could plug
any flaws (or holes) In the struc-
ture. The fad that such a mix
gives a low feachate value on the
EPA TCLP* supports this hypo-
thesis.

•hfM. CMin« MdUM to
Cowrvtfka and Roeowy Act (RCRA),
plC^ biff*. With ON HauriOUIttd Solid
WMM AaiaitoMli (HSW A). HMM MMnd-
mutt providf M tulytieil muted fat
wool* urn 10 MMttn itN SVCKM of dt*ui-

KchalyCT. TV* rotted tavdvts
uncttoM wt<b nlvMU ai b

tin Toikky On* cfcrbllc UachM?
Pro<*djn (TCLP), UFA Mqutau the TCIJ
to to perfonMd M MC* tyf« ct tottt **«*>
lo detcnaiM whufan nmaatt U nqutrad.
"PiB full MtabUahM owtloun ftlo vtbl* coa-
GcaintioM lor 36 chtaî atr dut my bs. tv*-
Ulnet* !• itw «Ktracu.

If tM nwlu ntet TCU* tr:*(Unk tte
vutt bvotvtd ttiU Mt '»» ra»4'.-ttd <w f j-
HlM*d wrf may bt dl »{»•;,' ft I M "C; A-
permitted fKillty. If TCU wwtt «r«r-<
tuitdatdt, Uw wiiu mid Anc k tit* •'. .i L*

Conctuatone
In light of the FTIR, DSC, and

OC-MS evidence. It hu been shown
that;

1. Then to true multiple bonding
between the treatment material and
the hazardous waste.

2. When forced out by natural
forces such as heat, they fragment
Into simpler molecules.

3. The total energy to drive them
out of the matrix to much higher ihaa
their normal beau of vaporization.

4. The OC-MS evidence indi-
cates thai then an other reactions
catalyzed by aluminum in the clay.

5. There cannot be any true con-
tainment without organophilic
clays, and It to a viable alternative
to the incineration of hazardous
wastes.

1. SOLOMON. O.H.. "CUjf MlMUlt H tlw-
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By J J. Gibbons antd R. Soundara/ajan

The nature of chemical bonding
between organic wastes and
organophilic binders, PART 2

HB ryras of possible chemical bonding between
' h*untoui organic compoundi «nd ofginophlllc

JL blnden have been reported recently.1 However,
during that Investigation, the organk wane was selected
from the haiardoui substances list (HSL) and wu uwd
to react with the binder to simulate a solldiflcatton/sta-
blIlaikM(S/S)ihuaaoii.

The euthon wlihed to verify Ihe conclusions drawn
from their previous study (ate Am. Lab. 20 (7), 38-46
11988)) by subjecting a sample from • confirmed wute
itte to solidification, followed by Fourier transform In-
frared (FTIR) spectroscopy, Ibermognvimetric analyili
(TGA). differential scanning calorimetry (DSC), differ-
enttal icannlng catorimeiry coupled with OC-MS (DSC-
OC-MS), and leaching lew, since theK data will be
of great practical value.

In light of reiulu from Ihe previoui studies and Ihe
data from recent Best Demonstrated Available Technol-
ogy (BOAT) studies,1 the author* tyniheilied their own
organophllk binder thai would be compatible with Ihe
characterized wule In terms of polarity and the "d"
ipaclngs In between Ihe two layers of organophilic
clayi.

Further, dnstk solvent extraction wu used In thto
inveitlgation to assess Ihe reliability of Dili technology
under the wont posslbk leaching condlllom, tlnce It
Is believed by ihe authon that the existing leachale tetU
are Inadequate to dtatlnculbh between a real bonding
ultuatkm and an adsorption/dilution phenomenon.

(n this paper, coo-vlusioos tan presented on Iht nature
and strength of bo**s existing betw sen the organic
wiite and the binders, along with drastic extraction
data which could be used as tn indicator of efficiency
of various blnden.

Or. G/Mofti U M«M|«r. Analytktl Strtictt,
CMntfMMr jbr DAVCO frwfccli. tor., SprbtfltU, Hiueurl. Di.
ImMd^nm^M b Qlmtor of JUMC JENvtoMPMiW wrf Analytic*!
Ubantorta, Wt* ft*lm, UUtotri. TUi fopcr wu frtuiuid 01
At pImtarfA Cvfftrtnet M AnatyHc»l CtumUay tnlApplM Spn-
trotc*rr* Ailanlm, Otorglf, M«nrA 1999. Fto Mhoti trtutfiiUy or*
knowitdtt tht MJdMficf tM roaptrafffli «f CtMit W. tank,

VSKFA.

The waste samples were from an uncontrolled hazard-
out waste site. The waste sampk (as soil) wu extracted
with methylene chloride for sU noun. After proper
clean-up procedures, the methylene chloride extract was
passed through anhydrous sodium sulfato to dry U. The
solvent was allowed to evaporate completely Inside a
fumehood and the end product wu transferred to brow*
wide-mouth tample bottles and kept si 4*C for various
tests.

A known amount of this sample was dissolved In
methylene chloride and was subjected to characteriza-
tion using a model 3 100 GC-MS (FinftlgM MAT. Qn-
clnnaii. Ohio). The pollutants were identified on a peak-
by-peak buirtnd quaitlUaled manually. After proper
Identification of Ihe waste material, the organophilic
clay was synthesized by mixing HoicWonwtrk quanti-
ties of sodium bentonlte and a quaternary ammonium
chloride of the type (R,ArNl * Cl " In e water/lsopropyl
alcohol solution using a high speed blender for 30 min,
followed by filtration and drying at 10VC. Tltt quater-
nary ammonium chloride has been chose* so that; t)
the inierplanw distanc* between Ihe alumina and iha
silka was around 25 A, and 2) Ihe alkyl groups have
comparable polarity indices to that of the characleriwd
waste.

The synthesized clay (about 6% by weight) was
m'xcd thoroughly with ether bmden such as Patfrnrf
cement, fly Mb, And slag powder. This f*»w pn»o>:̂
was designated as li^ treatmMi bitter fbf this lU^y.
tile extract from ite waste (prrswfd et 4*C) vt!
thoroughly mixed with the buvkr tt tt bittV'iwi*U rttî
of 60:40 by weight, sn^ was allowed to cure for 4? I*
(Sample 1). D«ia from Sample I we found in Ta l?<
/and 2.

AdOti or of wii\/ wu tvoldwf elnce U would Interfere
with coJU r'h*9 of PTIR <iam and oiiw p*t>»koct-f raicti

Evl Iniivduce exothennki rec&Uonc such u iU

wsre pn ptrcd MMlng wtih 50:50 ndilufM c* crî lna!
ronumii^ttd 1*^1 > and bltider, a uttlv being mao> by
i. V:.t£ mfCcleul wiUr utd i Jiowlng ihe fluxry to ci r»
tit rooir tei^xr»tur> for 41 hr (Sanvpk 2). Stmpl« 2

io perform !he IcKhlng/extracllon
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Tabtot
Infrared data

hdvarad
Waete

waste site! attract + Ira*
Waste Mndar ajueway
aitraat templet ahrtl asslgnrnmla
3384 3 3 8 8 - 8 OHstttoO——M-O
3382 3372 -10 NHstrfWiN——H-O
3373 3388 -18

1897

1038

1880 -17 Kataorotp p^

1008 -30 HydraganbondnoSl 1
» • o

and reiulu are described In thai wctlon.
The PT1R studies of I) extracted waste, 2) pure bind-

er, and 3) Sample I (binder + wane) were done by
mixing milligram quantities of the respective samples
with dry KBr and peltetlilng them. These palletized
samples were scanned In the range of 4000 to 40 cm ~'
In a model 1710 PT1R unit with a SEARCH-2 compu-
terized database (The PerkuvBlmer Corp., Norwalk,
Connecticut). The TQA and DSC studies were per-

Tables
GC-M8 anatyala data on Identified priority poHutanU"

Cancan- Malhod
No.
1

2
3
4

Campaund
Bto(2-craoiolM
propy«)a*ar
NaphtMlana

tratton rtatacllcm

Baruo(A) anthracene

U29
18.000
20.184
30.460

8-7
1.8
8.4
7.8

' Avtnai wnotaM ncaotry * 91%.

•lipfcMk hydracHboM, •Icotmli. M*M, »oMi, mi otkw Mmlaa
pfWfeKM.

formed using 3-10 mg quantities In a DSC/TOA-2 unit
(Ptfkln-Elmer) Interfaced with a thermal analysis data
system (TADS).

All the runs were carried out In sir and the heating
rale was IO*Omin. Once the endothermlc peak temper-
ature* were identified for Sample I (binder + waste),
the effluent gases at those temperatures wen collected
uilng an activated charcoal cartridge. The adsorbed
gases were then extracted wilh CSa and analyzed lo the

TeWtZ

Haw Jum »a»*e sn>. Waste imrad
Haiardwa waste sHa:

Wndsr(8ampla 1)

DtCdata
D80 mdotwnrtc paafc

TamoaraturarC}
13680

121*07
4H.3BC
41

is.u

Hazardous wa^te sVr • Watt) r*trad
0.53

HaunkMN waste afta:
Wafeli; Mtr»t t Uwlar (Sample 1)

TotalAHtvapoifeaaon)
Total 4 H (vapofttaaon) enrtcsed la 100%

TOAi % w*5(otit lose at otvan
tamperatweranoa
% (notaataln 4 H (vsporfxitlon)
tor haiafdous waste sHa wista axtiaol
tblndaf

10.63

Hurffcjue waate sMa;
wa»ta extract t bkvte (dan«> 1)

38.48



CHEMICAL BONDING oortfnueo*

QC-MS to Identify the fragments of the solidified waste
compounds.

ffMiiftj and dltctwlo*
The results of the JTIR, DSC + TQA. and OC-MS

analyses are shown In foW« 1-3, The actual DSC and
DSO-GC-MS runs are shown In F/jurw /-9, Before
the physico-chemical data are discussed. It Is relevant
to discuss the general theory of the solidincaiion/slabili-
tttlon process.

II is a well-known fact1 that Ihe Group IA and HA
meul ions (U*, Mi*, K+, Mgl*, Cal*. and Ba1*),
whkh are present between the layers of alumina and
silica In clay minerals for electrical charge balance, can
be substituted by quaternary ammonium Ions such as
[R^N] * to yield clays thai have both organic and Inor-
ganic properties. Introduction of these JOBS brings about
Iwo favorable effects on the clay matrix: I) the inter-
planar distance Increases approximately from 6 A to 25
A. and 2) the R groups In the quaternary ammonium
compounds create • stationary phase whose polarity Is
compatible with the polarity of the waste to be
stabilized.

When the organic wastes are Intimately mixed with
'such binders, the stationary phase (due to Us semi-or-
ganic nature) preferably attracts the organlcs to a region
In between the expanded Interplanar spaclnp In the
modified clay matrix. After the organlcs are drawn be-
tween the layen of clay, there are possibilities for •
multitude of chemical bonding to occur, ranging from
weak Van der Wsals forces to strong coordinate cove-
lent bonds.

For Instance, the alumina and silica oxygens can form
hydrogen bonds with the hydrogens in Ihe waste, or
the transition metals In the clay may form coordination
compounds with organic compounds, such si phenols,
amines, amides, carboxylk acids, and hydroxy acids.
Furthermore, the aluminum in the altimlna can bring
about Lewis Acid-Hue reactions due to Its electron
deficiency. ~:

In the past, we have seen evidence for Ihe various
types of bonds discussed above, Apart from Ihe rheiA-
Ical reactions, when water is added to treat Inn waste,
cement hydrstUw teals off Ihe organic molecules drawn
into Ihe clay layen. Addition of inert materials (such
as slag powder) plugs Ihe hales In the solidified matrix,
thereby minimizing the teaching of the wastes.

The choice of the R groups In the (R l̂* Is me key
to the success of the solidification process. In this study,
the [R4N]* groups were synthesized with adequate al-
iphatic chain lengths (decided from Ihe nature of the
waste) with nonfunctional groups that would favor
Lewis Actd-Base reactions, hydrogen bonding, coorrti-
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CHEMICAL BONWN0 conttmMtf

Certain types of clayi that contain traces of various
metals when converted Into organophilic clays bind II-

I ii 1.1. ."i gands like phenols very strongly. Vyith this background,
the results from physico-chemical techniques used in
these investigations will be discussed,

FTIK
The FTIR absorption frequencies, their assignments,

and Ihe shifts In trie assigned frequencies in Sample I
are shown In Table I. Prom Ihe QC-MS data, it was
confirmed that the waste consists of large quantities of
long-chain hydrocarbons, alcohols, aldehydes, kctonea,
and amines, with trace quantities of four priority pollu-
tion. Due to low concentrations of these compounds,
their characteristic frequencies could MM be observed
In the PTIR studies.

Because of this problem, It wu decided to study Ihe
bonding between (he major components and Ihe binder.
There are three shifts In the regions assigned to N-H
and 0-H vibratlonal frequencies: from 3394 to 3383,

* from 3382 to 3372, and from 3373 to 3355, Indicating
weak to moderate perturbations. All these shifts toward
lower frequencies could be attributed to hydrogen bond-
ing between N-H and OH hydrogens and Ihe clay oxy-
gens. There are also weak Interactions in the C-H re-

' glon, which can be attributed to the C-H--O bonding.
» The shift from 1597cm"1 to 1580 cro~' Is explained

by an amine sail formation, which Is the result of a
Lewis Acid-Base reaction. The most significant shift
Is seen In the region assigned to SI-O-S1, from 1035
cm "' to 1005 cnT'. This can be explained by Ihe fact
that Ihe oxygens of the silica strongly Interact with Ihe
hydrogens from alkyl groups, hydroxyl groups, and
amino groups, which result In reduction of the O-Si-O
bond order.

CSC
The DSC data are thcva In Table 2. Tne extracted

weste shows an cndotfegn»t?G peak maximum (Figure I)
at I36.9*C. Tbe energy required to volalHIu Ihe wute
at that temperetufc has been found to be 11.6 j cal/g.
However, the DSC of Sc*np4e I (waste + binder) stums
three cndothermi at I2I.2*C, 4I4.4T. and 4I4.5*C.
respectively. When the energies for these endothermlc
peaks were added together and canceled for 100% (the
weight loss In the sample from Ihe hazardous waste ill*
due to Ihe waste was found to be 36.48% by TOA),
the heat required to drive the waste out of Ihe syitern
turns out to be 28.86 cal/g. This Is considerably higher
(by 54.94%) than the energy required to evaporate ths
waste without the binder.

It is also Interesting to note In the DSC scans of our
synthetic binder that there are cndotherms In the region*

—— *» ...1.1-1. III.. .!,«,*»
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CHEMICAL BONDING eOftfwetf

the fact that the presence of similar compounds la the
clay structure favor belter binding characteristics. The
fact thai the waste requires an additional 54.94% energy
to leave the system Indicates that It Is bound rather
strongly lo the matrix.

GC-MS studies on tH*<ff1u4

..*»*..-. wall tti'Vi

IT* reconstructed Ion chromatograms (RIO of the
extracted waste at Its ton endothermk temperature
range, as well as the solidified waste (Sample I), are
shown In Figures 4 and 5. These RICs reveal that there
are at least two distinct peak* M scan numbers 665 and
787. In the untreated waste. However, the solidified
waste at the same temperature shows two major peaks
at6Maod7S2.

The first Inference would be that these peaks flute
earlier than their untreated couoteftoerts and hence could
be different compounds. Secondly, early elutlon could
Indicate a compound with a tow boiling point/molecular
weight. This observation Is confirmed by the library
search procedures (Figures 6-9).

The peak at lean number 665 la the untreated waste
was Identified as 2,3,4-irlmethyl hexane, but the un-
treated waste yielded a peak at scaa number 654, which
was found to be 3,4-dlmetbyl hexane. This same trend
Is observed for scan numbers 787 (In the untreated
waste) and 782 (In Sample I). In this case, the com-
pounds were Identified as 2,5,6-lrimethyl decane and
2,4,6-trimethyl octane, respectively.

It Is evident from these date that when any element
of nature (such es heel) Is applied to force out the bound
waste from the matrix, It breaks down the waste boo
smaller fragments. This trend was also observed la our
previous Investigations. It appear* In the case of long
chain altphaltcs, that both main chains (as well aa side
chains) cleave when the molecules are forced lo evapo-
rate.

LficMn ft extraction ttwtltp
When competed with the aiscuntft of the priority

pollutants present-In the cxtmctod watte, the leaching
test reiulu using Sample 2 were Impressive. However,
this conclusion can be misleading at times.

In our earlier Investigations, we attempted lo evaluate
the reliability of the existing test methods that are nor-
mally used for radioactive waste i to distinguish a good
solidiflcaMon technology from the lest satisfactory ones.
Several binders which contained organophlllc clays wilt.
synthesized organic waste were spiked along with
another binder that did not have any organophillc clay*
at all. The tests that are currently available did not show
any distinction between the foachaie data In spite of Ow

--— —MIL «i«ua HM form chemical bonds
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In nature, then should be a means of distinguishing a
workable technology from the others in order to protect
the Inferetla of potential users of the technology and
the regulatory agencies.

Barring a few variables (which could be kept rela-
tively constant) such as surface area and temperature,
the main ihermodynemie forces Involved In the leaching
process are: I) heat of solution (AHsoln) of the waste
In the extracting solvent, and 2) the bond energy of the
bonds between the waste and the binder. When the
bond energy exceeds the AHtolii, the waste ntaferial
will be retained In the matrix. On the other hand, when
the AHsoln is greater than the bond energy, the wastes
will be leached out.

U hat been our experience thai successful encapsula-
tion occurs when, me solidification matrix is designed
In such a way that: t) U has an InterpUnar Md" spaclngs
that would "snugly fir the waste molecules; 2) It has
polyfuncttona! groups that would Interact with the waste
In many different ways to permit chemical bonding; 3)
It has a polarity index comparable to that of the com*
pounds In the waste; and 4) U'haa other binder* thai
would seal me bonded compounds and "plug up the
holes" to prevent physical contact between the waste
and the solvent. ,

Conclusions
1. Under suitable conditions, the organic wastes form

• myriad of bonds with the stabilliaiton binders. The
types of bonds Include hydrogen bonding, Lewis Acid-
Base reactions, coordinate covalenl bonds, and metal-
ligand bonds.

2. The bond strength depends upon the nature of the
waste material and the functional groups present in the
compounds.

3. Also, to enhance the bonding, It Is eatential to
have an organophille clay with favorable polarity.

4. It Is technically possible to wnthetfie "tailor-
made" binders for specific waste products.

5. The DSC-TOA data indicate that mom energy Is
required to remove a bound waste from the matrix thin
is needed for ac unbound wefa.

6. DSC-OC-MS studies cwflrra thai <ytai forced
out, the organic waste moU««^« break down Into tiro*
plrc substance*.

7. The conclusion* from the authors' previous *tu-1le*
have been found to be valid In an actual waste site
soHdincaftonyttabiliKatUtti situation.

bonding feMWMt ModUktf stay ptonti Md «|«k wuu &ait
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