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ABSTRACT: Disturbance of a nonaqueous phase liquid (NAPL) contami-
nated sediment; for example the loading-induced consolidation after place-
ment of a sediment cap, may result in the release of the NAPL. Organophilic
clays are reported as effective media in adsorbing NAPLs and organic con-
taminants. Gonsolidation tests were performed to evaluate the effectiveness
of placement of an organophilic clay layer to capture any such displaced
NAPL. NAPL contaminated specimens were tested in a modified triaxial
setup under anisotropic loading conditions. Kaolinite was used to represent
the sediment solid phase and Soltro! 130 (a type of mineral oil) was used to
represent the NAPL. The tests with no organophilic clay showed that higher
!\{AF’L saturation resulted in a stiffer soil matrix, which reduced NAPL expul-
sion. The more organophilic clay was used, the less NAPL release was
observed. For the conditions of this study, no NAPL breakthrough was
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observed, when the initial NAPL saturation of kaolinite was 28 % with a layer
of organophilic clay on top. The adsorption capacity of organophilic clay
with this oil was approximated as 1.2 ml {0.93 g) per 1 g of organophilic clay
solids. Organophilic clay reached its full adsorption capacity independent of

provide guidance to estimate the quantity of organophilic clay needed for
site-specific applications.

KEYWORDS: organophiiic, NAPL, contamination, sediment

Introduction

Nonagueous phase liquids (NAPLs) are hazardous organic liquids which are
immiscible in water. NAPLs have accumulated in some sediments as a result
of past industrial activities. Although this NAPL is typically heavily weathered
with few remaining mobile components, disturbance of the sediments can lead
to release of the NAPL. As a result, in situ management of the NAPL contami-
nated sediments in rivers, lakes, and ponds through capping is often desirable.
Sediment capping involves placement of a clean sediment or sand layer over
the contaminated sediments. However, this may also lead to disturbance due to
substantial consolidation of the sediments and displacement of previously con-
tained NAPL. This displacement may be of particular concern when an inert
nonsorbing layer of material is placed on top of the contaminated layer [1,2].
An incrt cap material may not be very effective because NAPL breakthrough
into the clean water may occur as a result of the consolidation of the underlying
sediment.

In cases where NAPL migration is a concern, the use of an amended layer
that may work to actively control the migrating contaminant phase, i.c., active
capping, may be warranted. The use of NAPL sorbing material such as organo-
philic clay may be an effective means of controlling NAPL migration. Organo-
philic clays are manufactured by exchanging the inorganic cations (sodium and
calcium) in the clay structure with a quaternary amine containing a long chain
organic group [3]. This process results in a hydrophobic soil structure that can
adsorb dissolved and separate phase organic contaminants.

Laboratory tests on organophilic clays provide data for its ability to adsorb
oil. Alther [4] reported that in a batch test, organophilic clay adsorbed oil up
to 70 % of its own weight. Moazed [3] performed batch tests with organo-
philic clay in five different oil and/or water mixture media. The weight of
adsorbed oil was between 30 % and 70 % of the initial weight of the organo-
philic clay.

Paul et al. [5] and Lo and Yang [6] rcported that when organophilic clay
adsorbed organic materials, it would swell. This swelling results in a decrease
in the hydraulic conductivity of the organophilic clay. This swelling may be
desired when organophilic clays are used in geosynthetic liners where contami-
nants need to be sealed off from the surrounding environment. However in
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river beds, when the hydraulic conductivity of the cap material drops, it may
restrict the natural upflow of water.

The sorption capacity of organophilic clay is usually measured by batch
studies. Batch tests represent the most ideal conditions for the NAPL adsorp-
tion and measure the maximum sorption capacity of the organophilic clay. This
may not represent the actual condition of the organophilic clay when placed on
the sediment in river beds, especially if the consolidation of the sediment trig-
gers NAPL migration; the adsorption capacity of organophilic clay may be
reduced drastically as a result of the dynamic consolidation process.

Measuring the adsorption capacity of organophilic clay integrated into a
consolidation test can better mimic field conditions and give a more accurate
insight on the expected organophilic clay performance. Steward [7] used a
modified triaxial setup to perform consolidation tests on NAPL contaminated
field sediments. Moretti [8] used the same setup to investigate the performance
of organophilic clay, which was placed on top of the specimens. Erten et al. [9]
developed a laboratory specimen preparation procedure and performed consoli-
dation tests on reconstituted sediment samples and madified a triaxial setup to
adapt for consolidation testing under very low stresses.

In this study, consclidation tests were performed on reconstituted sediment
samples with a layer of organophilic clay (CETCO PM 199™) placed on top
of them. The consolidation tests were performed in a modified triaxial frame
and the loads were determined to represent different cap heights on top of the
organophilic clay layer. The effluents were collected in bladder accumulators.
NAPL and water contents of the specimens were determined by a hexane
extraction procedure and moisture content tests.

Test Apparatus

The triaxial testing equipment and procedure described in Erten et al. [9] was
used for the tests in this study. The schematic of the test system is shown in
l?ig. 1. Bladder accumulators were added to the top and the bottom drainage
lines to collect the effluent without contaminating the pressure panel while
allowing for voiume change measurements. An air piston was attached at the
top of the triaxial setup to apply the vertical load needed to achicve Ko con-
solidation. The precision of the air piston was 044 N. A load cell was
attached between the air piston and the triaxial cell. A differential pressure
trans'ducer was attached to the bottom of the cell and to the bottom of the
specimen for direct measurements of the lateral effective stress. Low pres-
sures on the specimen and the cell could be applied accurately using appropri-
ate pressure rcgulators mounted on the pressure panel. Neoprene membranes
were used instead of regular latex membranes due to their higher resistance to

N-AP‘L. Vertical deformations were measured by a dial gage at the top of the
triaxial cell.
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FIG. 1—Schematic of final apparatus.

Materials

The organophilic clay used in all tests was PM199™, which was manufic.

tured by CETCO (Hoffman Estates, IL). Pure Georgia kaolinite was used lo
represent the sediment due to its fine pore structure and well-known properti€s
[9]. Previous studies reported that the specific surface area of pure kaolinite 15
around 20 m?/g, while the cation exchange capacity is around 3 meq/100 8
[10-12]. The liquid limit and plasticity index of the kaolinitc were measured
as 58 % and 25 % respectively. The kaolinite had a mean particle size Of
0.7 pm.

Soltrol 130 Isoparaffin solvent was mixed with kaolinite to represent the
NAPL phase in sediments. Soltrol 130 is similar to a middle distillate such ax
diesel or kerosene. In addition, Soltrol 130 is a low viscosity mineral oil, which
encourages NAPL mitigation. Because Soltrol 130 is transparent and hard (o
differentiate from water, it was dyed with Sudan 1V, which is a fat soluble, red-
colored dye. In all specimens, de-aired tap water was used as the water in {he

pore fluid.



36 STP 1554 ON CONTAMINATED SEDIMENTS: RESTORATION OF AQUATIC ENVIRONMENT

Procedure

Consolidation stresses were calculated for a hypothetical case in which the sedi-
ment specimen was located 1.1 m below the mudline and 3.0 m Qf water was
overlying the sediment (Fig. 2). Consolidation tests were performed in five stages
o represent the sediment’s initial stress condition and varying cap heights of 0.5
m, 0.9 m, 1.8 m, and 3.0 m. It should be noted that the maximum cap height simu-
lated in these tests was 3.0 m, which is a greater load than what would normaily
be expected [13]. Therefore, NAPL breakthrough may be lower than the values
reported in this study in a field application, depending on the cap thickness.

Table 1 shows the caicuiated vertical effective stress values at various cap
heights. The unit weight of cap material and the sediment were approximated
as 20 kN/m> and 16 kN/m3, respectively. The vertical effective stresses were
calculated for the geometric condition given in Fig. 2. The different cap heights
on the sediment were simulated as a change in the vertical effective stress on
the triaxiai specimen. Ei-Sherbiny [15] consolidated Georgia kaolinite in a tub
filled with water and measured the moisture content profile of the kaolinite
sediment after consolidation under its own weight. On the basis of the findings
of El Sherbiny’s [15] study, the initial void ratio of sedimented kaolinite for
the stress condition given was 2.06. Therefore ail samples in this study were
mixed to this initial void ratio.

The diameter and the height of the specimens were 5.08 cm and 10.16 cm,
iespectively. The specimens were consolidated under anisotiopic conditions. In
a previous study, it was found that the lateral earth pressure coefficient (Ko)
value of this soil was between 0.6 and 0.7 [9]. A K, value of 0.7 was used in
all tests. Sediment specimens were prepared by hand mixing in a bowl. All
specimens were prepared at an initial NAPL saturation of 70 % and water satu-
ration of 30 %; for water saturations higher than 30 %, the sediment sample

was not stable and water pushed NAPL out of the pores. The NAPL content of
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FIG. 2—Location of the hypothetical test specimen.
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TABLE 1—Vertical effective stresses at various consolidation stages [14].

Consolidation Stage Field Condition Vertical Effective Stress (kPa)
I in situ 6.3
I 0.5m cap 11.2
111 0.9m cap 16.0
v 1.8 m cap 25.7
A 3.0m cap 3R7

the specimens was reduced to the desired initial NAPL saturation by flushing
water through the specimen from the top to the bottom. The displaced fluid
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NAPL content of specimens could be reduced to the desired value successfully

ing thic nrocadnira
llls (SR8} PIU\;LUUI\J

The membrane was stretched around a split mold (similar to the one used
for preparing sand irtaxial specimens) and ihe sedimeni mixiure was piaced
into the membrane in several lifts. After each lift, the soil in the membrane was
slightly tapped for compaction. All the lines, porous stones, and filter papers

were water gaturated. In another etnrl\: hreakthronoh nresenre of NAPL, into
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the water saturated system was found to be negligible [9]. For tests with the

iy aqe . 2
organophilic clay, the amount of organophilic clay was varied from 2500 g/m”~
to 10400 g/m2 The organophilic clay was submerged in water in a beaker and
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removed and a layer of water-saturated organophilic clay was spread over the
sediment using a small spatula.

Hexane extraction [16] and moisture content tests [17] were used to obtain
the NAPL distribution along the height of the specimen after the consolidation.
A picture of the specimen after a consolidation test is given in Fig. 3. After
each consolidation test, the kaolinite portion of the specimen was cut into four
horizontal slices. From each slice two samples were taken for the hexane
extraction procedure and the moisture content test. The organophilic clay was
mixed thoroughly to obtain a homogenous mix and two samples were taken for

the hexane extraction nrocedure and one samnle was taken for the maoisture
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content measurement. In reporting the results, the NAPL and water content of
the two organophilic clay samples were averaged. Control tests showed that

almost 100 % of Soitrol 130 vaponzed in 105 °C after 24 h. Therefore moisture
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extraction procedure was used to obtain the amount of NAPL in that slice; the
water content of the slice was calculated by subtracting the NAPL content
from the total fluid content.
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The amount of NAPL trapped ’n the specimen was caiculaied b y meas-
nrino the amaonnt n'F NAD] collect

uring the amount L collected in the bladder accun

ing this amount from the initia
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ORGANOPHILIC CLAY

FIG. 3—Sediment specimen after the consolidation.

calculations are shown in Table 2 under the column titled “Consolidation
Data.” For verification of the amount of NAPL in the specimen, this amount
was compared with the amount calculated using the hexane extraction proce-

dure. The hexane extraction procedure measured consistently lower NAPL
amounts (Table 2), w

vith differences varying between 5 % and 16 % of the
actual volume. Thls difference was attributed to the NAPL losses during the

nof ¢ consolidation tests at rf:ffel ont initial NAPI, saturations,

Volume of NAPL in the Specimen (mi)

Initial Saturation of NAPL
in Kaolinite (%) Consolidation Data Hexane Extraction
28 33 28
49 38 2
70
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specimen preparation and Soxhlet extraction while performing the hexane
extraction procedure, and it is accounted for in analyzing the test data.

Results

Control Tests

Control tests without organophilic clay were performed on sediment samples at
various initial NAPL saturations from 15 % to 100 %. Figure 4 shows the

weight of expelled NAPL normalized to the weight of kaolinite solids for each
specimen. The nrevious study 91 showed that for this soil and testino condi-
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tions, when the NAPL saturation was below ~18 %, NAPL was no ionger
mobilized and trapped in the soil pores. Therefore in Fig. 4, no NAPL break-
through was observed below 20 % of initial NAPL saturation. The final vertical

effective stress in all tactg was 38 "J LDa Tha avnallad NNADI amannt af tha and
CLILLHIVO SULOS I all 18515 WAS 50,/ Krad. 10 CXpCnca ivar Ly aifiOuint at uic Cina

of each test was determined by measuring the amount collected in the bladder
accumulators. At higher NAPL contents, more NAPL tends to be displaced as
a result of consolidation (Fig. 4). This trend can be observed up to around 50 %
of initial NAPL saturation. On the other hand, when clay paiticles are exposed
to a non-polar fluid, Soltrol 130 in this study, diffuse double layers around the
clay particles shrink and the clay particles form a more flocculated structure
[18]. This structure results in a stiffer soil matrix so that reduces the volume of
expeiled fiuid. The effect of this phenomenon can be observed on Fig. 4 when
the initial NAPL saturation is higher than 50 %.

Figure 5 shows the maximum flow rates of consolidation for three tests af-
ter 1 min, 10 min, 100 min, and 1000 min. The rate of consolidation values
ranged between 1 x 1072 ml/s and 7 x 10~ ml/s for these NAPL saturations,
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FIG. 4—Weight of expelled NAPL per weight of sediment solids at various
initial NAPL saturations.



40 STP 1554 ON CONTAMINATED SEDIMENTS: RESTORATION OF AQUATIC ENVIRONMENT

Initial NAPL Saturation )
©29% ©O50% O70% |
— b
= ¢
& 1.E-02 4~ 9 -
) ; : ;
& ¢
1E-04 B
1 10 100 1000

Time {min)
FIG. S—Rate of flow after 1 min, 10 min, 100 min, and 1000 min.

decreasing with time due to consolidation. For the tests with 50 % and 70 % of
initial NAPL saturations, only NAPL expulsion was observed during consoli-
dation. Maximum flow rates were observed when the initial NAPL content was

50 %, due to the telatively high water saturation, which promoted faster N APL
expulsion compared with the specimen with 70 % initial NAPL saturati

Tests with Organophilic Clay

Various amounts of water saturated organophilic clay were placed as a NAPL
containment layer at the top of the triaxial specimens. The specimens were
consolidated under double drainage condition. Threc tests performed at an ini-
tial NAPL saturation of about 30 % show that when more organophilic clay is
used, less NAPL is expelled (Table 3). At an initial NAPL saturation of 28 %
with 10400 g/m?® of organophilic clay, no NAPL breakthrough was observed.
For context, in terms of the rate of adsorption the maximum flow rate from
consolidation was about 2 X 1072 ml/s. These results show that when enough
organophilic clay is used, NAPL release can be stopped.

Table 4 shows the NAPL distribution before and after the consolidation for

TABLE 3—NAPL expulsion when different amount of organophilic clay was used at similar initial
‘APL saturation.

- Mass of Organophilic Weight of Expelled NAPL per
Initial Saturation of NAPL Clay Solids per Unit Area Weight of Kaolinite
Test in Kaolinite (%) of Kaolinite (g/m?) Solids (g/g)
1 29 0 0.075
2 27 2500 0.074
3 28 4100 0.016

28 10400 0.000




TABLE 4—NAPL distribution (%) in specimens before and after consolidation under 39 kPa added stress.

Weightof  Initial Amount  Initial Saturation Mass of Organophilic Initial Distribution for NAPL (%) Final Distribution for NAPL (%)

Kaolinite of NAPL in of NAPL in Clay Solids per Unit Organophilic Girpansplilic Expelled

Solid Kaolinite (ml linite (9 Area of Kaolini 2 : " ©

olids (g) aolinite (ml) Kaolinite (%) rea of Kaolinite (g/m*) Kaolinite Clay Kuolinite Clay NAPL (%)

1739 349 29 0 100 — 51 — 49
136.1 332 28 10400 100 0 27 73 0
154.7 65.6 50 0 100 — 40 — 60
146.4 62.9 49 10400 100 0 14 47 38
167.1 94.7 70 0 100 B 79 — 21
136.1 72.2 70 10400 100 0 47 32 21

b vI2P0IdLS/0251°01:10P Y 13 NI 1H3
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NAPL could not be completely recovered by the hexane cxtraction procedure,
the percentages of NAPL in the kaolinite and organophilic clay were estimated
using the ratio of the mass of NAPL in organophilic clay to kaolinite obtained
from hexane extraction, The dry weight of organophilic clay was 21 g in the
tests where organophilic clay was used. The adsorption capacity of organo-
philic clay was found similar in the three tests and averaged 1.2 ml (0.93 g) of
NAPL per 1 g of organophilic clay solids. The results indicate that organophilic
clay reached its capacity independent of the volume and rate of NAPL expelled

Volume of NAPL/ Weight of Soil Solids (ml/g)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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FIG. Hg) NAPL and (b) water distribution along the specimen before the
consolidation when the initial NAPL saturation was 70 %.
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due to consolidation in these tests. These data provide guidance to estimate the
quantity of organophilic clay needed for site-specific applications.

The organophilic clay was observed to adsorb NAPL before no consolida-
tion was initiated. For example, one specimen with a layer of organophilic clay
at an initial NAPL saturation of 70 % was left in contact with a layer of organo-
philic clay for 1 day under undrained conditions, and then dissected to perform
moisture content and hexane extraction tests. Figure 6 shows the water and
NAPL distribution along the specimen after 1 day. As seen in Fig. 6(b), water
has moved into the kaolinite and the NAPL in kaolinite was adsorbed into the
organophilic clay (Fig. 6(a)). Organophilic clay adsorbed NAPL almost to its
full capacity even without any consolidation-induced expulsion of NAPL. The
consequence of this interaction is that more NAPL is expelled from sediment
at this high initial NAPL saturation because the organophilic clay promotes
consolidation, explaining why NAPL is still expelled when organophilic clay
was placed on top of the specimen with 70 % NAPL saturation (Tablc 4),

Conclusion

The results showed that organophilic clay can be effective at reducing the
amount of NAPL that may be displaced from a sediment during capping-
induced consolidation. The tests on specimens with no organophilic clay layer
indicated that when the NAPL saturation of the specimen increased, the clay
particles formed a less compressible structure, which reduced the amount of
expelled NAPL after consolidation. When the amount of organophilic clay
used on top of sediment increased, the NAPL displacement reduced. The
results imply that if a sufficient amount of organophilic clay is used, NAPL
rclease can be stopped. For the conditions of this study, no NAPL breakthrough
was observed when the initial NAPL saturation of kaolinite was 28 % and
10400 g/m* of organophilic clay was used. Final NAPL contents of organo-
philic clay indicated that the adsorption capacity of the organophilic clay was
about 1.2 ml (0.93 g) per 1 g of organophilic clay. The tests showed that orga-
nophilic clay pulled NAPL out of kaolinite even before consolidation, which
subsequently can reduce its adsorption capacity during consolidation. These
data provide guidance to estimate the quantity of organophilic clay needed for
site-specific applications.
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