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&) =KpC (Eqn. 2)
where %: mg organic adsorbed/g clay

C= the concentration of organic in solution at equilibrium (mg/L)

Kp=a constant equal to the slope of the linear adsorption isotherm (L/g).

The mass balance for the system was:

(2)CL +0.24C =OR (Eqn. 3)
where CL= clay in the solidification sample(g)

0.24=volume of solution utilized to leach each solidification sample (L)
ORr=organic compound added to each solidification sample(mg)

Solving equations 2 and 3 simultaneously yielded:

ORrR

C=Rpcr 0724

(Eqn. 4)

The actual leaching results for all the solidification samples cured for 7, 28 , and 90 days are
displayed along with the predicted sample leaching results in Figuies 3a-12a. In Figures 3b-12b the
actual leaching results are compared to those predicted by the preceding equation in the form of a ratio
(actual results/linear model prediction) and plotted versus the cement/clay ratios of the mixtures utilized
to solidify the samples.

Actual results/linear model prediction ratios were expected to be one if no encapsulation of the
organic-organoclay phase occurred during solidification and less than one if encapsulation did occur.
The relationships of actual results/linear model predictions to the cement/clay ratios of the solidified
samples were expected to have negative slopes and y-intercepts of one, if encapsulation of the organic-
organoclay phase increased with increases in the cement/clay ratios of the mixtures utilized. (The y-
intercept represents a waste solidified only with organoclay and no binder and should equal 1.0 based
upon organic adsorption to organoclays being completely reversible. Completely reversible adsorption
is anticipated since organic adsorption onto organoclays has been indicated as a partitioning effect (12-
13)).

The intercepts for the NB and DCB actual results/linear model prediction versus cement/clay
ratio relationships varied from 0.63-1.85. All the relationships had negative slopes. All the intercepts
were actually near or below one except for DCB solidified with the Susp clay whose actual
results/linear model predictions versus cement/clay ratio relationships gave intercept values of 1.48,
1.85, and 1.39 for the samples cured 7, 28, and 90 days, respectively. Also, the results for the DCB
solidification samples utilizing the GF, PC-1, and PT-1 clays gave erratic results. Analysis of this data
at a 95% confidence level indicated the linear regressions of the DCB actual results/linear model
prediction values versus cement/clay ratios for the 7-day GF and 28-day GF, PC-1, and PT-1 samples
were not statistically significant.

Other obvious prevailing trends were observed in the actual results/linear model prediction
versus cement/clay ratio relationships. The slopes of the linear relationships for all the organoclays
utilized to solidify the NB and DCB samples seemed to remain relatively constant regardless of the
sample curing times, however, the intercepts of these relationships appeared to decrease with increases
in curing times. The intercepts of the relationships for samples with the same curing times appeared to
be quite similar.

DISCUSSION

Comparison of 7, 28, and 90-Day Solidification Sample Leachate Results predicted by the Linear
Model

Overall, the actual results/linear model predicted leachate values versus cement/clay ratio
relationships for the NB and DCB solidification samples behaved as expected. Most of the
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Predicted and Actual Leachate Resuits Comparisons to Linear Model, NB & APA
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FIGURE 3: Comparison of NB Solidification Leachate Results to Linear Model Predictions for the
APA Organoclay

relationships, especially those for the 7-day cure samples, had y-intercepts near 1.0. This would be
expected for minimal curing times if desorption from the organoclay surfaces was completely
reversible. The only exceptions were the relationships for the Susp organoclay and DCB whose
intercepts were well above 1.0. The slopes of the relationships for the Susp clay with both DCB and
NB were greater than those for the rest of the clays. The steeper slopes for the Susp clays in the actual
results/linear model predictions versus cement/clay ratio relationships may be due to greater chemical
interaction between this attapulgite based clay and the cement binder, as compared to that by the
bentonite based clays. This may be due to the differences between the structure of the two clay
minerals. The chemical interaction most likely involved the formation of encapsulating minerals.

The decrease in the ratio of actual results/linear model predicted values with increasing
cement/clay ratios for all the relationships for NB and DCB samples not only indicated evidence of
organoclay encapsulation by the cement binder but indicated increasing organoclay encapsulation with
increasing cement/clay ratios in the mixtures utilized to solidify NB and DCB. This demonstrated that
solidification of organic wastes with cement and organoclays provides more efficient containment than
treating the waste with either material alone, and that the containment is due solely to adsorption by
organoclay. Figures 3-12 indicate that at high cement/clay ratios and curing times the cement
encapsulation may reduce the organic available to desorb from the organoclay surfaces by as much as
80%. The decreases in y-intercepts further below one from the relationships for the samples cured for
7 days to those cured for 28 days and those cured 90 days in Figures 3-12 demonstrates that the
cement-organoclay ability to contain organics increases with increasing curing times. This is
consistent with the premise that continuing cement hydration reactions would increase the effectiveness
of the encapsulation of organic-organoclay phase. ~Finally, the slopes and intercepts for the actual
results/linear model prediction versus cement/clay ratios being similar for samples cured for the same
time indicates that these relationships should remain the same regardless of the nature of organic
solidified or the organoclay utilized.

Leachate Prediction Model Development

The development of the model to predict the TCLP leachability of organic wastes solidified
with organoclays was limited by the materials and results of this study. The clays utilized in this
study had all their cation exchange sites occupied by quaternary ammonium ions at least 12 carbons in
length. The model was also developed using data for the nonionic compounds, NB and DCB. (It was
determined that predictions could not be made accurately for ionic compounds such as phenol (8)).
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Predicted and Actual Leachate Results Comparisons to Linear Model, NB & GF
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Predicted and Actual Leachate Resuits Comparisons to Linear Model,DCB&Susp
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At this point the linear adsorption isotherm slopes, Kp, could have been used to develop the
model. However, it was obvious that a model utilized to predict the leaching performance of organic
wastes solidified with organoclays would be more beneficial if the need for laboratory adsorption
studies was eliminated. In order to avoid the latter, methods utilized to predict the stope of adsorption
isotherms for nonionic organic adsorption to natural soils and sediments were employed (12, 14-17).
These methods correlate the log Kow (log of the octanol water partition coefficient) of an organic
compound to log Kom of the soil which adsorbed it. Kom is Kp normalized by dividing it by the
percent organic matter (OM) fraction of the soil (Kom=Kp/OM). For a particular organic and
organoclay, Kp can be predicted from the organic's Kow and the organoclay's organic matter content.
. Attempts were iade to utilize the existing models. However, they were found inapplicable to the
organoclays (18). The adsorption efficiency of the organic matter of the organoclays far exceeded that
of natural soils and sediments.

Thus, the data obtained in this study was used to develop this equation. The log Kom versus
log Kow data for NB and DCB and organoclays used in this study are shown in Figure 13. The
relationship developed in Figure 13 is as follows:

Log Kom = 0.988 + 0.840 Log Kow R=0.95 (Eqn. 5)

One observation noted was that the organoclay that exhibited the lowest log Kom values for both NB
and DCB was the Susp organoclay, which was the only organoclay manufactured from attapulgite
instead of bentonite. For this reason only the results for the bentonite based clays were used to
develop the model. It was determined that the differences of the Kom values and actual result/linear
model prediction relationships for the attapulgite based clay, Susp, added variability to the model.
With the exclusion of data points for Susp, the equation developed in Figure 13 became altered as
follows:

Log Kom = 1.16 + 0.814 Log Kow (Eqn. 6)
or
Kp
Log (W) =1.16 + 0.814 Log Kow

where %OM=the organic matter fraction of the clay (i.e 37% is represented as 0.37)
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FIGURE 13 : Comparison of Organoclay Log Kom Values to NB and DCB Log Kow Values

Solving for Kp yields:
Kp=14.3*%OM*Kow0.814 (Eqn. 7)
Converting Kp from a unitless value to units of L/g yields: _ |

Kp=0.0143*%0OM*Kow0.814 (Eqn. 8)

Substituting this into the linear model prediction equation (Eqn. 4) yields :

0
C= R
0.0143*%0OM*Kow0-814Cy + 0.24

(Eqn. 9)

where
C=concentration of organic in the leachate (mg/L)
OR=organic in sample(mg)

Cy =clay in sample(g) |
0.24=volume of TCLP leachate(L) |

Kp= the slope of the linear adsorption isotherm (L/g)
Inputting the leaching solution volume typically utilized for the TCLP, 2.0 L, yields :

C= OR
0.0143*%0OM*Kow0-814C[ + 2.0

(Eqn. 10)

This equation can be utilized to make leachability predictions for nonionic organic compounds
solidified with organoclays but should be altered to account for organic-organoclay phase
encapsulation by cement as evidenced in this study. This was done by developing an equation to
incorporate the actual results/linear model prediction versus cement/clay ratio relationship results into
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the model. These relationships were used as a correction factor to alter the model to account for
decreases in leachability due to increasing organoclay encapsulation at higher cement/clay ratios.

An analysis of covariance (ANOCVA) was utilized to assess the differences in the actual
results/linear model prediction versus cement/clay ratio relationships for the different curing periods
utilized for the solidification samples. The data was entered into the program as three separate groups.
The groups of relationships were separated by curing period, 7, 28, and 90-day, with data for both the
NB and DCB compounds being included in each grouping. It should be noted that the slopes and
intercepts of the relationships within these groupings were slightly different. These differences may
have been due to slight differences in NB and DCB lost from the solidification samples due to
volatilization, slight differences in clay organic matter determinations, etc. which could not be
controlled and could not be accounted for in the model. The data grouped by curing periods were
tested to determine if the slopes and intercepts of the relationships were statistically different.

The results of the ANOCVA indicated the relationships for each curing period exhibited the
same slope of 0.0451, but had statistically different intercepts of 0.869, 0.855, and 0.835 for the 7,
28, and 90-day samples respectively. Thus, three correction factors were utilized to alter the model as
follows:

OR

C=
0.0143*%OM*Kow0-814Cp, + 2.0

*(0.869-0.0451Cy) 7-day (Eqn. 11)

0
C= R
0.0143*%0OM*Kow9-814Cy + 2.

o *(0.855-0.0451Cy) 28-day (Eqn. 12)

0
C= R
0.0143*%0M*Kow0-814Cy + 2.0

*(0.835-0.0451C¢) 90-day (Eqn. 13)

where Ci=the cement to clay ratio of the mixture used to solidify the sample (unitless, g/g)

A conservative assumption would be to utilize the 7-day model to make the predictions for all
three curing periods, as the actual differences in the models, although statistically significant, were not
large.

& The results indicate that this model can be utilized to make predictions of the TCLP leaching
performance of organoclay/cement solidified nonionic organic wastes. The predictions from the model
should be conservative since the length of the modified TCLP utilized in this study was 6 hours longer
than the standard TCLP, and a conservative leaching fluid to solids ratio was utilized.

The model should be applicable to the solidification of liquid wastes and sludges. The model
may not be applicable to wastes containing high concentrations of solids such as contaminated soils. It
also should be noted that the model may be used to predict the leaching performance of samples
utilizing cement/clay ratios greater than 13/2, but this can not be confirmed without further
investigation.

Although the leachate results of solidified wastes containing only one organic compound was
utilized to develop the leachate prediction modet in this study, the model should also be applicable to
predicting the leachability of nonionic organic compounds even from complex solidified wastes. A
characteristic of organic partitioning onto soil organic matter or organoclays is noncompetitive
adsorption between nonionic solutes (12-13) Thus, the ability of the organoclay to adsorb organics
which can be encapsulated by the solidification matrix should not be affected by the presence of other
compounds.

CONCLUSIONS

The results of this study indicate that the ability of organoclays to reduce the leachability of
solidified organic waste 1s not related solely to their adsorption capabilities. The results indicated that
at cement to clay ratios of 13/2 and curing times of 90 days the cement binder encapsulates the organic-
organoclay phase reducing organic leachability by as much as 80%.

A conservative mode] for predicting the TCLP leachability of nonionic organic waste solidified
using organoclays was presented as follows :

OR
C=
0.0143*%OM*Kow0-814Cy_ 4+ 2.

= *(0.869-0.0451Cy)
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where C=concentration of organic in the leachate (mg/L.)
C] =clay in sample(g)
Ci=the cement to clay ratio of the solidification sample (unitless, g/g)
Kp= the slope of the Linear adsorption isotherm (L/g)
OR=organic in sample(mg)
2.0=volume of TCLP leachate(L)

The applicability of the model was limited to organoclays manufactured from bentonite which have all
their cation exchange sites occupied by organic quaternary ammonium ions at least 12 carbons in
length. It is also limited to nonionic compounds such as NB and DCB. It also may be limited to the
solidification of liquid organic wastes or sludges using cement and organoclays in ratios of 3/2 to 13/2.

Since the existing model was developed using the results from only two nonionic organic
compounds it is strongly recommended that further organic compounds be researched to test the
applicability of the model. It is also recommended that the results of organoclays manufactured from
different clay minerals be tested and compared. Tests should be performed to determine if additional
encapsulation of the organoclays occurs beyond curing times of 90 days and to establish the reactions
which may occur between the organoclays and cement. Finally, the applicability of the model should
be tested for real waste materials such as organic contaminated soils.
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