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For the sam ples utilizing d ifferent w ater contents the only variations in the 

equation w ere  changing the liquid lim its (LL) utilized from  1.2, to  0.9, and 

1.5. These w ater contents effectively produced sam ples th a t w ere  stiff and 

difficult to mix(0.9LL), to sam ples tha t w ere  fluid and easy to mlx(1.5LL).

Comparison of the  data  for the  phenol and NB sam ples indicated the 

in tercepts of the leachate concentration versus cem en t/c lay  ra tio  

relationships for the  sam ples p repared  utilizing d ifferen t w a ter contents 

w ere not statistically difference. This indicated no difference in leachability 

of sam ples utilizing d ifferent w ater contents. However, the  relationships for 

the DCB sam ples did indicate a statistically significant (confidence lim it of 

95%) difference betw een intercepts. Also, the  relationships for the  NB 

sam ples did indicate a statistical difference in in tercepts w hen the 

confidence lim it w as lowered to 90%. The differences in the in tercepts of the 

relationships for the phenol, NB, and DCB sam ples did not exhibit a consistent 

trend , though. For phenol the leachability of the 1.5LL sam ples w as the 

g rea test followed by  the 1.2LL and the 0.9LL samples. For the NB sam ples 

the  order from  highest to lowest was 0.9LL, I.5LL, to 1.2LL. For the DCB 

sam ples the  order from  highest to lowest w as 1.2LL, 0.9LL, to 1.5LL. Such 

an occurrence indicates the  differences w ere  due to random  variations in 

analysis or p reparation  of the sam ples. If a difference does exist it is 

minimal. The difference betw een the  in tercep ts for leachate concentration 

versus cem ent/clay  ratio  relationships for the DCB 1.2LL and 1.5LL sam ples 

indicated a difference in leachability of only approxim ately 10%.
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Comparison of Solidification Samples Prepared Utilizing Different 
Mixing Regimes

The m ethod utilized to p repare  and mix organic w aste  solidification 

sam ples has been  considered im portan t to  th e ir leachability  perform ance. 

Several researchers have  indicated the  use of adsorben t solidification agents 

are m ost effective if the  w aste  and adsorben ts are  mixed prior to b inder 

addition (Malone and Larson. 1983 and Lubowitz and Telles. unpublished). 

Their prem ise  is the  prem ixing step  will effectively  a ttach  the  organic 

m aterial to  the adsorben t phase w hich can th en  be effectively  encapsulated  

by the b inder. If the adsorbent, b inder, and organic w aste  are mixed in one 

step the  b inder m ay block the adsorption of the  organic to ad so rben t phase, 

causing g rea ter leachability  from  the sam ple. For practical considerations 

the  utilization of a one step  mixing m ethod w ould be m ore cost effective.

The sam ples in this s tudy  w ere  p repared  utilizing a tw o-stage mixing 

process. A dditional 28 -day  APA sam ples w ere  p repared  for the  phenol, NB, 

and DCB com pounds utilizing a one-stage mixing process. The differences in 

leaching perform ance betw een  the  sam ples are  show n in Figures 51, 52, and 

53 and tested  by  an ANOCVA (Appendix H). For the  phenol, NB, and DCB 

com pounds th e re  w as no statistically  significant difference betw een  the 

sam ples p repared  utilizing the d ifferen t mixing procedures. This indicates 

th a t the  cem ent does not in te rfe re  w ith  the  adsorp tion  of organics by  the 

organoclay in the  one-stage mixing process and th a t a tw o stage mixing 

process does not im prove solidification sam ple leaching perform ance.

Leachate Prediction Model Development
The developm ent of the  model to  p red ic t the  efficiency of organoclays 

in reducing the TCLP leachability  of solidified organic w astes w as lim ited by
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th e  re su lts  of th is s tudy . S evera l of th e  lim ita tions w e re  a lread y  de ta iled  in 

th is chap ter. The m odel w as developed  using only d a ta  from  th e  ben to n ite  

based  organoclays. The clays also had  all th e ir  cation exchange sites 

occupied by  q u a te rn a ry  am m onium  ions a t least 12 carbons in length . The 

m odel w as also developed  using only  d a ta  for th e  nonionic com pounds, NB 

and DCB. The eq u a tio n  utilized to  develop  Kp p red ic tions w as as follows:

Log Kom -  1.16 + 0 .814 Log Kow 

or

Log - 1.16 + 0 .814 Log Kow

w h e re  %OM=the organic m a tte r  frac tion  of th e  clay(i.e 37% is 
re p re se n te d  as 0 .37)

Solving for Kp yields:

K p-14 .3 ‘ %OM*Kow<>&H

S ubstitu ting  Kp for a in  th e  L inear M odel p red ic tion  equation  on page 132 

yields:

r  _________
O.OOIKp Cl + 2.0

w h e re

C -concen tra tion  of organic  in  th e  leacha te  (m g/L )

Or “organic in sample(mg)

CL-clay in sample(g)

2.0=volum e of TCLP leachate(L )(0 .24  L w as th e  am oun t used 
in th is  s tudy , 2.0 L should  be utilized fo r th e  100 gram  
sam ples analyzed  b y  th e  TCLP).
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Kp- the slope of the  Linear adsorption isotherm  (unitless) which 
is converted to units of L /g  by  the  multiplication factor of 
0 .0 0 1 .

Substituting for Kp yields:

c ______________ Or_____________
L O.OM3*%OM*Ko w ° 8 U C L + 2 . 0

This equation can be utilized to m ake organoclay solidified organic w aste  

leachability predictions for nonionic compounds. However, it should be 

altered to account for the effect of organoclay encapsulation by cem ent. This 

w as done by incorporating the actual resu lts /L inear model prediction values 

versus cem ent/clay  ratio  relationships into the  model. These relationships 

w ere used to develop an equation in the  form of a correction factor which 

could be added to the  existing model to account for decreases in leachability 

due to increasing encapsulation of the organoclays at higher cem ent/clay  

ratios.

The SAS® program  utilized to develop the cem ent/clay  ratio  correction 

equation  is displayed in Appendix J. The data was en tered  into the program  

as th ree  separate  groups. These groups of relationships w ere  separated  by 

curing period, 7, 28, and 90-day, w ith  data for both the  NB and DCB 

com pounds being included in each grouping. It should be noted th a t the 

slopes and in tercepts of the relationships w ith in  these groups w ere  slightly 

different. However, these differences may have been due to  slight 

differences in NB and DCB lost from  the sam ples due to  volatilization, slight 

differences in clay organic m atter determ inations, etc. which could not be 

controlled and w ere  not incorporated in to  the form ulation of the  correction 

factor equation. The data  grouped by curing periods w ere  tested  by an
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ANOCVA to de te rm ine  if the  slopes and in te rcep ts  of the  rela tionsh ips for the  

d ifferen t curing periods w ere  sta tistically  d ifferen t. It should be noted  the  

d a ta  for the  DCB-organoclay solidification sam ples th a t did not exhibit 

sta tistically  significant correlations b e tw een  actual re su lts /L in ea r model 

prediction  values and cem en t/c lay  ra tios w ere  no t utilized in  developing the 

model. These included the  7 -d a y  DCB-GF sam ples and th e  28 -d ay  DCB-GF, 

DCB-PC-1, and DCB-PT-1 sam ples.

The resu lts  of the  ANOCVA ind icated  the  d a ta  for each curing period 

exhib ited  rela tionsh ips w ith  the  sam e slope of 0 .0451, b u t had  statistically  

d ifferen t in te rcep ts  of 0.869, 0.855, and 0.835 for th e  7, 28, and 90 -day  

sam ples respectively . Thus, th re e  correction  factors w ere  utilized to  a lter 

the  m odel as follows:

Or
C=0.0143*%OM*KowO-8Hcl  + 2.0 ^°-8 6 9 -°  0 4 5 1 Ct ) 7 -d ay  

Or
C‘ 0.0143*%0M*Kow0 814cl + 2.0 (°-8 55-0.0451C t) 2 8 -day

C=0.0143*%OM‘K ^ 0  8Hcl + 2.0*(0 -8 3 5 ' 0 0451Ct) 90_day

w h ere  Q =the cem ent to clay ra tio  of th e  solidification 
sam ple (unitless, g /g )

It is ap p aren t th a t  th e  7 -d ay  m odel should be  used  to  m ake the 

p redictions for all th ree  curing periods. This w as because th e  actual 

d ifferences in the  m odels although sta tistically  significant w ere  not large and 

the  use of th e  7 -d ay  m odel w ould be m ore conservative . Since cem ent
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in terac tions w ith  the  organoclays m ay req u ire  longer h y d ra tio n  tim es 

g rea te r  encapsu la tion  of the  organoclays m ay  occur and  curing periods 

beyond  90 days should be studied. The com parison  of th e  re su lts  f rom  this 

leachate  pred ic tion  model to  th e  actual re su lts  ob tained  in th e  s tu d y  is 

show n in Figures 60 and 61. The model accura te ly  p red ic ted  the  re su lts  for 

most of the  sam ples w ith in  approx im ate ly  + /- 10 % e v e n  for the  resu lts  of the  

DCB-organoclay com binations th a t  did no t exhibit significant correlations 

be tw een  actual re su l ts /L in ea r  model prediction va lues and cem en t/c lay  

ratio.

The resu lts  indicate  th a t  th is model can be utilized to  m ake 

predictions of the  TCLP leaching perfo rm ance  of organoclay solidified 

nonionic organic w astes. Also, th is model should y ield  accurate  predictions 

regard less  of the  w a te r  con ten t and mixing m ethod  utilized to  p rep a re  the  

sam ples. It should also be applicable rega rd less  of the  ra tio  of organic to  

organoclay w ith in  the  sam ples. In addition, the  predictions from  the  model 

should be conserva tive  since the  leng th  of the  modified TCLP utilized in this 

s tu d y  w as 6 hours  longer th an  the  s tan d a rd  TCLP. Also, the  modified TCLP 

used a leaching fluid to  solids ra tio  th a t  did not account for the  w eigh t of 

w a te r  added  to  th e  solidified samples. This w ould  yield conserva tive ly  

h igher concentra tions of organic in the  modified TCLP leachates utilized to 

develop  the  model.

The leachate  p red ic tion  model should b e  applicable to  rea l-life  organic 

w a s te  situations, desp ite  the  use of s im ula ted  w astes  to  develop th e  model. 

The model should be  applicable to th e  solidification of liquid w a s te s  and 

sludges. The model m ay not be applicable to w as tes  containing high 

concen tra tions of solids such as con tam inated  soils. The high degree  of solids 

will change th e  s tru c tu re  of the  solidification matrix, affecting p e rm eab ility
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Figure 60 : Comparison of Leachate Model Predictions to Actual 
Leachate Results, NB Solidification Samples

characteristics and the encapsulation of the  organoclay b y  cement. The 

substitution of a solids(i.e. soil and cem ent)/c lay  ratio  instead of a 

cem ent/c lay  ratio  into the  model may provide accurate leachate predictions 

for organoclay solidified contam inated soils. However, the existing
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Figure 61 : Comparison of Leachate Model Predictions to Actual 
Leachate Results, DCB Solidification Samples

prediction model m ay  have  to be te s ted  fu r th e r  and  re f ined  to be  applicable 

to  this situation. The perfo rm ance  of such a model w ould be  more 

d e p en d e n t  on  the  p e rm eab il i ty  of the  solidified sam ples instead  of the  

encapsu la tion  po ten tia l of organoclay b y  cem ent. I t also should be  noted



184

that the model may apply and be used to predict the leaching performance 

of samples utilizing cem ent/clay  ratios greater than 13/2, bu t  this can not be 

confirmed without fu r the r  investigation.

Although the leachate results of solidified wastes containing only one 

organic compound was utilized to develop the leachate prediction model in 

this study, the model should also be applicable to predicting the leachability 

of nonionic organic compounds even from complex solidified wastes. Smith 

et al. (1988) stated that a characteristic of organic partitioning onto soil 

organic m atter or organoclays is noncompetitive adsorption betw een 

nonionic solutes. Chiou et al. (1983) dem onstra ted  this noncompetitive 

adsorption of nonionic organic compounds onto soil organic m atter for 1,3 - 

dichlorobenzene and 1,2,4-trichlorobenzene. Thus, the ability of the 

organoclay to adsorb and contain organics within the solidification matrix 

should not be affected by the presence of other compounds. Thus, the 

leachability of each nonionic organic constituent in a complex waste should 

be accurately predicted by  the model. Also, since the model predicts 

leachability performance based on the total amount of organic available in 

the system, it should also be able to accurately predict the results of 

sequential TCLP batch tests.



Chapter 12 

Conclusions and Recommendations 

Conclusions
1. The use of cem ent and organoclays to solidify sim ulated  liquid w astes  

containing phenol, NB, and DCB was more efficient in reducing leachability 

than  utilizing e ither m aterial alone.

2 . Organoclay-organic phases exhibited the  ability  to be encapsulated  by  

cement. This study  gave indications of encapsulation reducing the 

leachability of phenol, NB, and DCB from  organoclays by  as much as 80%.

3- The ability of organoclays to reduce  the leachability  of cem ent solidified 

phenol, NB, and DCB w aste  increased w ith  decreasing organic solubility.

4 . The leachability perform ance of phenol, NB, and DCB solidified utilizing 

organoclays was minimally affected by  varia tions in w a te r  content.

5 . The premixing of organoclay w ith  the  organic compounds, phenol, NB 

and DCB, prior to addition of b inder m ateria ls did not enhance the 

leachability  perform ance of the  solidification samples. One-stage mixing of 

organic, organoclay, and b inder  w as just as effective.

6 . Organoclays substantia lly  reduced the  volatilization of NB and DCB 

w astes  during solidification and the ir  ability  to reduce  volatilization 

increased w ith  increases in the ir  percen t organic m atte r  content.

185
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7 .  A dsorption of the  nonionic com pounds, NB and DCB, onto  organoclays w as 

no t affected by  th e  pH or Ca(0 H)2 concentra tion  of the  adsorp tion  solution.

8 . Adsorption of the  ionic com pound, phenol, on to  organoclays w as  affected 

b y  high pH and high Ca(0H)2 concentra tion  solutions. This w a s  m ost likely 

due  to  increases in  phenol solubility decreasing its partitioning  onto  

organoclay surfaces and  Ca(0H)2 com petition for phenol adsorp tion  sites on 

exposed m ineral surfaces.

9 . A leachate  p redic tion  model w a s  developed  based  on resu lts  ob ta ined  for 

NB and DCB to  p red ic t the  TCLP leachability  of nonionic com pounds from 

organoclay solidified organic w astes. The model should give consisten t 

resu lts  in d ep e n d en t  of the  am ount of organic contained  in the  solidified 

sample. The model w as  lim ited to ben ton ite  based  organoclays w ith  

q u a te rn a ry  am m onium  ions containing a t  least 12 carbons and  occupying 

100% of the  b en ton ite  cation exchange sites. Also, it w as  developed  for 

solidification sam ples w ith  cem en t/c lay  ratios of 3 /2 - 1 3 /2 .  The model is as 

follows:

Or
C=0 .0 143*%0M*Kow°-814Cl + 2.0 ^°-8 6 9 "0 0 4 5 1 Ct ) 

w h e re
C-concentra tion of organic in  the  leachate  (m g/L)

OR=organic in sample! mg)

CL-clay in sample(g)

2.0-volume of TCLP leachate(L) for 100 gram samples
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Kp- the  slope of the  Linear adso rp tion  iso therm  (unitless)

%0M-% organic m atte r  con ten t of the  organoclay expressed  as a 
fraction

Kow=Octanol-water parti tion  coefficient of the  solidified organic 
(unitless)

C f th e  ra tio  of cem en t to  clay in the  solidification 
sam ple  (unitless, g /g )

10. The leachate  predic tion model should give conserva tive  estim ates  of 

TCLP leachability  due to the  a lte red  liquid to  solids ra t io  and ex tended  

leaching period (24 hours) of the  modified TCLP used  in th e  study. It  should 

also be conserva tive  for sam ples cured longer th a n  7 days.

Recommendations for Further Research

1. Additional re sea rch  should be perfo rm ed  on the  adsorp tion  of nonionic 

com pounds onto organoclays to fu r th e r  estab lish  th e  Log Kom v e rsu s  Log 

Kow re la tionsh ip  developed in this study. Also, the  p rediction  of Kp and Kom 

v a lues  should be investigated  for organoclays w ith  d ifferen t percen tages of 

th e ir  cation exchange sites occupied by q u a te rn a ry  am m onium  ions.

2 . D eterm inations should  be m ade to  es tab lish  how the  existing leachate 

prediction model beh av es  a t  cem en t/c lay  ratios g rea te r  than  13 /2  and 

curing periods longer th a n  90 days.

3 . Scanning e lectron  microscope, X-ray pow der diffraction, and so lid-state  

nuc lear m agnetic  resonance  spectroscopy m ethods should be used to 

d e te rm in e  the  reaction m echanism s responsib le  for organic adsorp tion  to



188

organoclays. Also, these  methods should be used to de term ine  the effect of 

cem ent hydra tion  reactions on organoclay structure  and their bonding 

relationship to organics.

4 . The applicability of the leachate prediction model developed in this study 

to predict the  leachability of complex m ulti-contam inant w aste  stream s 

should be determ ined, including w aste  s tream s containing inorganic w astes  

and w astes composed of contam inated soils.

5 . The adsorption of nonionic organic compounds onto a ttapulgite  based 

organoclays and their solidification perform ance should be investigated to 

fu r th e r  establish the  differences betw een the  attapulgite  and bentonite  

based clays.

6 . A ttem pts should be made to establish a relationship be tw een  organoclay 

% organic m atter content and the  ability of the  organoclay to reduce the 

volatilization of solidified organic waste.

7 .  A ttem pts should be made to de term ine  how the organoclays affect 

s treng th  developm ent and perm eability  characteristics of cement. Also, 

determ inations should be made to de term ine  w he th er  organoclays accelerate 

or re ta rd  cem ent hydra tion  reactions and w h e th e r  they  affect the  ability of 

certain  organics to re ta rd  cem ent hydration.
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