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Throughout the runs the feed flowrate remained between 30 and 33L/min. The 
volume ratios of steam to feed and waste steam to feed both varied between 10 to 
15%. Because of the low concentrations of the contaminants in the water there was 
no phase separation present in the decanter. 

In general, all VOCs, except trichloroethene, showed the greatest reduction in 
concentration when the concentrate stream was refluxed, regardless of whether the 
feed stream is fed midway or at the top. Benzene generally showed the greatest 
concentration reduction, followed by toluene. 

In most cases the concentrations of the compounds in the bottoms stream were 
below the gas chromatograph detection limits and the remediation targets set by 
Ontario Ministry of the Environment. The only cases where compounds were over 
the remediation targets were runs without reflux. 

The best results were obtained with the steam stripper when the feed was fed 
midway and the waste stream was refluxed. Using these operating conditions the 
steam stripper was able to reduce the concentration of all VOCs analyzed, to greater 
than 99.9%. This case is shown in Table 5. The percent reduction in concentration, 
in this table, is calculated from the feed and waste stream concentrations because 
almost all of the treated water streams were below the detection limits. 

TABLE 5: STEA_M STRIPPER - GLOUCESTER 1990 RESULTS (13) 
feed rate = 33.314/min steam/feed = 7/100 

	

FEED 	WAS'TE 	% REDUC, LION IN 

	

(ug/L) 	STREAlvl 	CONCENTRATION 
(ug/L)  

'I RICHLOROETHENE 	2800 	65060 	 >99.9 

TOLUENE 	 0.83 	305.3 	 >99.9  
BENZENE 	 1.78 	12060 	 >99.9 

CHLOROBENZENE 	31.7 	3205 	 >99.9  
CHLOROFORM 	 157.8 	4501 	 >99.9 
1,2 	 24.0 	1104 	 >99.9 
DICHLOROETI-IANE  

'1 ETRAHYDR 0 FURAN 	836.9 	18750 	 >99.9 
ETHER 	76.2 	2342 	 >99.9 
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With a dilute feed stream, such as the Gloucester water, reflwdng is required 
to further increase the concentration inthe waste stream. It is therefore not 
surprizing that the best results were obtained with  reflux and a midway feed. 
Feeding midway allows the waste stream to be further concentrated in the top 
part of the column and the feed to be stripped in the bottom part of the column. 

The highly concentrated waste .  stream resulting from the steam stripping 
process was passed through an enhanced oxidation unit which was able to destroy 
the contaminants to below discharge limits. It was shown that the combination 
of the enhanced œddation unit and the steam stripper had the potential to 
completely remove and destroy the contaminants in the groundwater. Figure 4 
provides a schematic of the process train used at the Gloucester landfill. 

n •n 

FIGURE 4: STEA11,1 STRIPPER PROCESS TRAIN AT GLOUCESTER 

DISCHARGE 
BOILER FEED 

LABORATORY ANALYSIS 

The samples for both air stripping evaluations and the steam stripping 
evaluation were analyzed by gas chromatography. The steam stripping results 
were analyzed in EED's lab using a Hewlett Packard 5830 gas chromatograph 
(G.C.) with a 7675 purge and trap and a flame ionization detector. The 1990 air 
stripping samples were analyzed by a Hewlett Packard 5890 G.C. with direct 
headspace injection (model HP 19395A) and both an electron capture detector 
and a flame ionization detector. The 1986 air stripping samples were analyzed 
using purge and trap and flame ionization detection. (3,13) 



DISCUSSION.OF GLOUCESTER RESULTS 

In comparing the results from the air stripping and the steam stripping runs 
presented above, it  cari  be seen that in all cases the technologies were able to 
significantly reduce the concentration of the VOCs found in the groundwater. All 
the compounds shown have relative volatilities within  the known removal range 
for both steam stripping and air stripping, so it is not surprising that both air 
stripping and steam stripping were able to remove these compounds. 

In comparing the best observed results for each technology, it can be seen that 
the steam stripper was able in reduce the concentration of all compounds listed 
to greater than 99.9%. The concentration reduction for the air stripping runs 
shown, ranged from 94.0 to 99.8% for the packed column and 92.8% to greater 
than 99.9% for the multi-stage aerator. 

CONCLUSIONS 

Both air stripping and steam stripping are effective technologies for removing 
volatile organic compounds from water. In comparing the operating costs of the 
two basic technologies, air stripping is considerably less expensive, but recent 
concerns over the air pollution created by air stripping have resulted in the need 
to add off-gas treatment. The addition of off-gas treatment, usually carbon with 
a regeneration system, increases the cost of air stripping substantially, making 
stea.m stripping a competitive technology. However, the advancement in new 
destruction methods for off-gas treatment may increase the favourability of air 
stripping for VOC removal. When comparing operating and capital costs, it must 
be kept in mind that steam stripping is a more flexible technology, because it is 
capable of removing a much wider range of compounds than air stripping. 

A full comparison of the technologies should be performed on a case by case 
basis, because the capital and operating costs will vary with contaminant 
concentration and contaminant type. It is also recomrnended that for any VOC 
or semi-VOC remediation, a series of treatment techniques should be considered 
to increase the cost effectiveness and the decrease the need for off-site treatment 
of waste streams. 
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ABSTRACT 

The use of solvent extraction for the clean up of oil-contaminated 
soils has proven to be an effective technology at the bench scale level. 
Results using a 1,000 g batch system showed extremely high oil removal 
efficiencies from contaminated sand (up to 98.9%) and peat soil (up to 
83.9%). The final oil contaminant concentration for sand varied between 
0.06% and 0.39% while that for peat soil varied between 1.52% and 
5.21%. The guidelines for the decommissioning and cleanup of sites in 
Ontario for oil and gre,ase (1 wt. %) were met in all instances for the 
treated sand. Hexane recovery from diesel contaminated sand and peat 
soil experiments were approximately 81% and 67% respe,ctively. 

INTRODUCTION 

The petroleum industry and government agencies are worldng 
together to develop technologies for cleaning up oil-contaminated soils. 
There are many technologies currently available for treating oil-
contaminated soil, such as soil vapour extraction, solvent extraction, 
bioreme,diation, and incineration. However, many of these technologies 
are either too expensive to be economically viable or do not clean the soil 
quickly enough or sufficiently for regulation purposes. 

The Emergencies Engineering Division (EED) of Environment 
Canada initiated a project in September of 1989 involving the removal of 
petroleum-derived hydrocarbons from contaminated soils by solvent 
extraction using readily available and relatively inexpensive solvents. This 
project was jointly funded by EED and the National Groundwater and Soil 
Remediation Program (GASReP). 
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BACKGROUND 

Solvent extraction is a process whereby a soluble substance is 
leached from a solid with a liquid solvent. This process has been used 
effectively ,  in industry for several decades, but it is only recently that it 
has been applied to the remediation of soils. Most existing soil treatment 
units employ proprietary solvents resulting in high operating costs. EED 
chose to evaluate hexane and natural gas condensate (NGC) as solvents 
because of their low cost and availability at refinery sites, where 
petroleum hydrocarbon spills are likely to occur. The only drawback to 
using these solvents is their high flammability which requires an explosion 
proof facility. 

EED has completed laboratory studies employing two solvents 
(hexane and NGC) for the removal of light crude oil from contaminated 
soils (sand, peat, and clay). These results suggested that solvent 
extraction could be an effective technology and efficient process in 
removing petroleum hydrocarbons from contaminated soils [Hoisak, 1991 
and Punt et al., 1991 1 . Thus further investigation at the bench scale level 
was recommended prior to designing and building a commercial plant. 

The bench scale facility was not complete for testing due to an 
unexpected delay in obtaining some explosion proof parts and Canadian 
Standards Association (CSA) approval for the distillation system. This 
resulted in limited data on the recovery of hexane from the process. 
Furthermore, NGC could not be evaluated because it had to be pre-
distilled to produce a usable solvent. 

PROCESS DESCRIPTION 

The bench scale process consists of three major steps: solvent 
washing, settling/decantation/filtration of extract, and solvent recycle. 
The process uses hexane, a petroleum solvent, which would be available 
from crude oil processing. The oil-contaminated soil is first contacted 
with the solvent in a batch multi-stage arrangement within the mixer. The 
oil/solvent mixture is then decanted from the mixing drum and filtered to 
prevent solid particles from entering the extract and subsequently 
hindering the solvent recovery steps. The oil/solvent extract is then 
distilled for solvent recovery. Whether recovered oil could serve of any 
use has yet to be determined. 
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PROCEDURE AND ANALYSIS OF SOLLS 

Analytical Methods 

Initially, freon (1,1,2-Trichlorotrifluoroethane) was used to extract 
initial and final soil samples in order to determine their percent oil 
contamination by weight. However, it was discovered, through a few trial 
runs using dichloromethane (DCM), that this chemical's oil extractive 
abilities are just as powerful as those of freon. The results using DCM 
and freon agreed to within 1%. The importance of this discovery is that 
DCM costs approximately 1/10th the pric,e of freon and therefore DCM 
was used to extract the remainder of samples in the study. 

The percent oil contamination within the sample was c,alculated as 
follows: 

% oil contamination = 	weight of oil 	x 100% 
weight of sample 

•The decontamination efficiency was-calculated as. follows: 

decontamination efficiency (%) = (initial - final) % oil  x 100% 
initial % oil 

Preliminary .  Analysis of Peat and Sand 

The average moisture content and fraction of oil present in 
uncontaminated sand and peat soil are presented in Table 1. The particle 
size distribution of sand and pe,at by sieve analysis are presented in Table 
2. 

Table 1. Average -Moisture Content and Fraction of Oil Present in 
Uncontaminated Soils. 

• 

1 	 • 

Type of soil 	Average Moisture 	Oil Contamination 
Content (wt.%) 	of BlankI Sample 

(wt.%) 

Sand 	 7.6 	 0.00 

Peat 	 32.1 	 0.01 



• 
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Table 2. Particle Size Distribution of Sand and Pe,at by Sieve Analysis. 

Mesh 	Actual size 	Sand 	Peat 
size 	(micrometers) 	(wt.%) 	(wt.%)  

14 	> 1180 	28.0 	1.8 

32 	500 	27.1 	21.9  

60 	250 	21.1 	44.0  

150 	106 	21.4 	27.9 

400 	38 	2.4 	4.4 

Soil Contamination and Soil Sample Preparation 

Soil samples of between 750 and 1,000 g were used in the bench 
scale study. The soil samples were added to the mixing chamber along 
with the desired amount of 24 hour weathered oil. The soil/oil samples 
were mixed for approximately 10 minutes in a ROSS mixer. This 
contamination method has two distinct advantages. Firstly, such mixing 
gives the worst case scenario and therefore the extraction efficiency 
slightly underscores the project's effectiveness. Secondly, the oil in the 
soil must be evenly distributed so that a random sample of the 
contaminated soil will represent the percent contamination of the entire 
sample. 

After mixing the samples, they were allowed to sit for 24 hours 
prior to their extraction in order that adsorptive and absorptive processes 
may take place as they would in a real-life oil spill. 

Sod Washing 

The contaminated sample was added to the mixing container and 
weighed. The appropriâte mass of solvent was added for the first 
extraction taking into account the desired solvent-to-sample ratio of 2. 
The slurry was then mixed at the optimum mixing parameters. The 
mixture was then allowed to settle for 10 minutes prior to decanting 
though #1 Whatman filter paper. The other extractions were then 
performed as described above and the extracts were combined. 

Cent rifugation 

The moist extracted solids were then centrifuged in order to 
remove any more of the oil contaminants and hexane present within the 
soils. The moist solids were transferred to the centrifuging jars and spun 
at 4,000 rpm for 15 minutes. Upon completion of the centrifuging 
process the supernatants atop the centrifuge jars were decanted, filtered 
through #1 Whatman filter paper and combined with the other extracts 
from the extraction steps. 
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RESULTS 

Determination of the Optimum Mixing Parameters for Solvent &traction 

Distillation 

A simple reflux distillation was employed for separating the oil 
from the hexane. Once the heating of the hexane extracts began, the 
temperature of the bottoms increased and then levelled at 69-70°C. The 
temperature at the top of the reflux condenser stabilded at 68-69°C. The 
temperature at the top of the reflux column decre,ased as the solvent 
fraction in the column diminished. Distillation continued until the 
temperature at the top of the condenser was betwe,en 65.5 and 66.0°C. 

Samples of the light ends (tops) and the heavy ends (bottoms) were 
taken and sent to the chemistry lab for gas chromatography (GC) analysis 
in order to determine the concentration of hexane in both the distillate and 
the bottoms. The percent solvent recovery was done on a gravimetric 
basis and was calculated as follows: 

% hexane recovered = 	weight of hexane recovered  x 100% 
total weight of solvent used 

In order to properly assess any engineering process, it is essential 
that the process be evaluated at optimum experimental parameters. For 
the solvent extraction process, this means optimizing the mixing time and 
speed setting along with the number of extractions at the desired solvent-
to-sample ratio. A solvent-to-sample ratio of 2 was employed as this was 
determined to be the optimum based on laboratory results [Hoisak, 1991]. 

The effect of the number of extractions on the decontamination 
efficiency of 6% Bunker C-contaminated sand is presented in Table 3. An 
intermediate contamination of 6% was used since the bench scale study 
investigated Bunker C-contaminated sand between 2 and 16% and it was 
known that decontamination efficiency varied with oil contamination. 

The decontamination efficiency increases slightly and then levels 
off with the increase in the number of extractions performed. The 
optimum number of extractions is 3 as the increased decontamination 
efficiency observed between 3 and 4 extractions would not justify 
increased time and labour costs required to perform the additional 
extraction. 



Table 3. The effect of the number of extractions on the decontamination 
efficiency of 6% Bunker C-contaminated sand samples. 

Run 	No. of 	Oil (wt. %) 	Decontamination 
No. 	Extractions 	 Efficiency (%) 

	

Initial 	Final 

0-1 	1 	5.9 	0.63 	89.3 

0-2 	2 	6.0 	0.54 	91.0 

0-3 	3 	5.9 	0.31 	94.7 

0-4 	4 	5.85 	0.27 	95.4 

0-5 	5 	5.9 	0.26 	95.6 

The next parameters to be optimized were the mixing time and 
speed. The function of the mixing stage is to provide an adequate 
combination of agitation and residence time in order to obtain the desired 
degree of decontamination. 

The effect of mixing speed and time on thé —decontamination 
efficiency of 2% bunker C-contaminated sands are presented in Tables 4 
and 5 respectively. The optimum mixed speed setting and time are 4 
(Ross mixer) and 8 minutes respectively as these conditions yield the best 
decontamination efficiency while minimizing time and power 
requirements. 

Table 4. The Effect of Mixing Speed on the Decontamination Efficiency 
of 2% Bunker C-contaminated sand. [mixing time: 2 min.] 

Run 	Mixing 	Oil (wt.%) 	Decontamination 
No. 	Speed  	Efficiency (%) 

	

Setting 	Initial 	Final 

0-6 	2 	1.95 	0.24 	r 	87.7 

0-7 	4 	1.94 	0.19 	90.2 

0-8 	6 	1.98 	0.19 	90.4 
0-9 	7 	1.99 	0.19 	90.5 

-6- 
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Table 5. The effect of mixing time on the decontamination efficiency of 
2% Bunker C-contaminated sand. [mixing speed setting: 4] 

Run 	Mixing 	Oil (wt %) 	Decontamination 
No. 	Time (min) Efficiency (%) 

	

Initial 	Final  

0-10 	2 	1.94 	0.19 	90.2 

0-11 	5 	1.97 	0.18 	90.9 

0-12 	8 	2.08 	0.16 	92.3 

0-13 	10 	1.95 	0.16 	91.8 

In sum the optimum parameters for Bunker C-contaminated sand 
are: 

Mixing speed: 4 on Ross Mixer 
Mixing time: 8 minutes 
Number of extractions: 3 
Solvent-to-sample ratio: 2 

Due to time constraints, these optimum parameters were used for 
the remainder of bench scale testing regardless of the nature of the soil or 
the contaminating oil. It should be understood that these parameters may 
nol necessarily represent optimum conditions for all types of soils and 
oils. 

Bunker C-Contaminated Sand and Peat Sod 

The results of the hexane extraction of bunker C-contaminated sand 
and peat soil are presented in Tables 6 and 7 respectively. 
Decontamination efficiency versus initial oil contaminant concentration in 
sand and peat soil are plotted in Figures 1 and 2. For the oil 
concentration range (in sand) investigated, namely from 2.22% to 
16.10%, the decontamination efficiency increased from 91.9% to 98.0% 
while the final oil concentration varied between 0.18% and 0.39%. For 
the oil concentration range (in peat soil) investigated, namely from 2.5% 
to 21.0%, the decontamination efficiency increased from 32.0 to 75.2% 
while the final oil concentration varied from 1.70% to 5.21%. 

The extracted soils were quite dark in appearance and were 
clumped together due to the fact that Bunker C contains a high percentage 
of heavy ends which cannot be effe-ctively extracted by hexane. [Petti, 
1992] 

-7- 



Upon centrifuging the moist solids, the heavy portions of the oil 
were driven down into the soil. Black pockets of thick viscous 
hydrocarbons were visible in both the sand and peat soil after 
centrifuging. It is highly unlikely that Bunker C would be able to 
penetrate the soils more than a few centimetres in an actual spill due to its 
high viscosity. Therefore, the extraction efficiency obtained for Bunker 
C-contaminated soils may substantially underscore the decontamination 
efficiency since the contacting obtained during sample preparation would 
not be possible under normal spill conditions. [Petti, 1992] 

Table 6.1  Hexane Extraction of Bunker C-Contaminated Sand at the 
Optimum Mixing Parameters. 

Run No. 	Oil (wt.%) 	Decontamination 
Efficiency (%) Initial 	Final 

S-1 	2.22 	0.18 	91.9 

S-2 	436 	0.3Q.. 	933 
S-3 	630 	0.33 	95.1 
S-4 	6.90 	0.24 	96.5 

S-5 	7.17 	0.39 	94.6 

S-6 	9.62 	0.33 	96.6 
S-7 	9.80 	. 0.33 	96.6 
S-8 	14.30 	0.36 	97.5 

Sd-8* 	14.21 	0.35 	97.5 

S-9 	 0.32 	97.8 
S-10 	16.10 	0.32 	98.0 

= sand sample duplicate 
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Table 7. Hexane Extraction of Bunker C-contaminated Peat Soil at the 
Optimum Mixing Parameters. 

Run No. 	Oil (wt.%) 	Decontamination 
Efficiency (%) Initial 	Final 

P-1 	2.50 	L70 	32.0 

P-2 	5.20 	2.90 	44.2 

P-3 	6.98 	3.19 	54.3 

P-4 	7.67 	3.44 	55.1 
Pd-4* 	7.52 	3.33 	55.7 

P-5 	9.30 	3.50 	62.4 

P-6 	10.26 	3.44 	66.5 

P-7 	13.61 	3.91 	71.3 

P-8 	18.82 	5.01 	73.4 

P-9 	20.13 	5.12 	74.6 

P-10 	21.00 	5.21 	75.2 
= peat soil sample duplicate 
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Figure 1. The Effect of Initial Bunker C-Contamination of Sand on 
Decontamination Efficiency. 
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Figure 2. The Effect of Initial Bunker C-Contamination of Peat Soil on 
Decontamination Efficiency. 
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Light Crude Oil-Contaminated Sand 

The results of the hexane extraction of light crude oil-contaminated 
sand and peat soil are presented in Tables 8 and 9 respectively. 
Decontamination efficiency versus initial oil contaminant concentration in 
sand and peat are plotted in Figures 3 and 4. For the oil concentration 
range (in sand) investigated, namely from 1.17% to 16.31%, the 
decontamination efficiency increased from 91.5% to 98.9% while the final 
oil concentration varied between 0.10% and 0.18%. For the oil 
concentration range (in peat soil) investigated, namely from 2.57% to 
17.23%, the decontamination efficiency increased from 33.9% to 83.9% 
while the final oil concentration varied between 1.70% and 2.78%. 

Light crude oils are complex and variable mixtures of 
hydrocarbons of different molecular weight and structure and may contain 
as many as 300 different compounds [Petti, 1992]. It would be unrealistic 
to assume that hexane would be a suitable solvent for the extraction of all 
these compounds. When dealing with such a large number of different 
compounds of different molecular weight and structure, a residual amount 
of some of the components is expected to remain with the extracted soils. 

Table 8. Hexane Extraction of Light Crude Oil-contaminated Sand at the 
Optimum Mixing Parameters. 

Run No. 	Oil (wt. %) 	Decontamination 
Efficiency (%) Initial 	Final 

S-11 	1.17 	0.10 	91.5 

S-12 	2.43 	0.11 	95.5 

S-13 	2.83 	0.12 	95.8 
S-14 	5.16 	0.16 	96.9 
S-15 	5.87 	0.13 	97.8 

Sd-15* 	6.12 	0.16 	97.4 

S-16 	7.41 	0.17 	97.7  

S-17 	9.41 	0.18 	98.3 
S-18 	11.31 	0.14 	98.8 

S-19 	12.44 	0.15 	98.8 

S-20 	16.31 	0.18 	98.9 
* Sd = sand sample duplicate 

-11- 



Table 9. Hexane Extraction of Light Crude Oil-contaminated Peat Soil 
at the Optimum Mixing Parameters. 

Run No. 	Oil (wt.%) 	Decontamination 
Efficiency (%) Initial 	Final 

	

P-11 	2.57 	L70  

	

P-12 	4.41 	2.38 
Pd-12* 	4.62 	2.41 

6.50 	2.40 	63.1 
7.84 	2.41 	69.3  
9.54 	2.43 	74.5 
10.28 	2.43 	76.4 

12.11 	2.50 	79.4 
13.48 	2.51 	81.4 
14.12 	2.70 	80.9 

* 	D.4 	— 	....,..-.4. 	.,....:1 	.-1..., 	-..-4-. 
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Figure 3. The Effect of Initial Light Crude Oil-Contamination of Sand 
on Decontamination Efficiency. 
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Diesel-Contaminated Sand and Peat Soil 

The results of the hexane extraction of diesel-contaminated sand 
and peat soil are presented in Tables 10 and 11. Decontamination 
efficiency versus initial oil contaminant concentration in sand and peat soil 
are plotted in Figures 6 and 7. For the oil concentration range (in sand) 
investigated, namely from 2A2% to 7.83%, the decontamination 
efficiency remained relatively constant at 97.5% while the final oil 
concentration varied between 0.06% and 0.19%. For the oil 
concentration range (in peat soil) investigated, namely from 2.87% to 
10.0%, the decontamination efficiency increased from 47.0% to 76.7% 
while the final oil concentration varied between 1.52% and 2.44%. 

Diesel contains a greater amount of light ends as compared to light 
crude oil. Hexane appears to be a suitable solvent for the extraction of 
this oil. The extracted soil samples still had a noxious odour even though 
the residual oil was as low as 0.06% in some extracte,d sand samples. 
[Petti, 1992] 

The recycling of hexane reduces the cost of the soil treatment and 
the volume of waste. As previously mentioned, unforeseen delays in 
obtaining an explosion proof hot plate resulted in obtaining only solvent 
recovery data for diesel-contaminated soils. Hexane recovery for sand 
and pe,at are approximately 81% and 67% respectively regardless of the 
degree of initial diesel-contamination. 

The average percent hexane in the condensate was approximately 
99.8%, while a blank run of pure hexane gave a purity of 99.9%. Thus 
one can conclude that the distilled extract produces a recycled solvent 
which is suitable for reuse. 

Table 10. 	Hexane Extraction of Diesel-Contaminated Sand at the 
Optimum Mixing Parameters. 

Run No. 	Oil (wt. %) 	De,contamination 	Solvent 
Efficiency (%) 	Recovery (%) Initial 	Final 

	

S-21 	7.83 	0.19 	97.6 	 79.8 

	

S-22 	6.42 	0.17 	97.4 	 81.3 

	

S-23 	4.99 	0.13 	97.4 	 79.4 

	

S-24 	4.50 	0.11 	97.6 	 81.7 

	

S-25 	2.42 	0.06 	97.5 	 82.0 
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Table 11. Hexane Extraction of Diesel-Contaminated Peat Soil at the 
Optimum Mixing Parameters. 

Run No. 	Oil (wt.%) 	Decontamination 	Solvent 
Initial 	Final 	Efficiency (%) 	Recovery (%) 

	

P-21 	10.0 	2.44 	75.6 	 66.4 	. 

	

P-22 	9.51 	2.22 	76.7 	 65.9 

	

P-23 	7.16 	2.23 	68.9 	 66.8 

	

P-24 	5.30 	2.00 	62.3 	 67.2 

	

P-25 	2.87 	1.52 	47.0 	 67.3 

COMPARISON TO SOIL REMEDIATION G'UIDELINES AND 
LABORATORY SCALE RES'ULTS 

The guidelines for the decommissioning and cleanup of sites in 
Ontario for oil and grease set out by the Waste Management Branch of the 
Ontario Ministry of the Environment (MOE) in February 1989 is 10,000 
ppm (1 wt. %). These guidelines were met in all instances for sand 
contaminated with light crude oil, diesel or Bunker C as the final oil 
contaminant concentration varied between 0.06% and 0.39%. The final 
oil contaminant concentration for peat soil varied between 1.52% and 
5.21% and thus did not comply with the MOE guidelines. It should be 
emphasized that these are only guidelines and not regulations. 

In general, the decontamination efficiencies at the bench scale are 
slightly lower but consistent with those at the laboratory scale. Once 
again, decontamination efficiencies with sand are greater than those with 
peat and the final oil concentration in sand is less than that in peat. • 
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Figure 5. 	The Effect of Initial Diesel-Contamination of Sand on 
De-contamination Efficiency. 
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Figure 6. The Effect of Initial Diesel Contamination of Peat Soil on 
Decontamination Efficiency. 
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CONCLUSIONS AND RECOMMENDATIONS 

Results using a 1,000 g batch system showed extremely high oil 
removal efficiencies from contaminated sand (up to 98.9%) and peat soil 
(up to 83.9%). The final oil contaminant concentration for sand varied 
between 0.06% and 0.39% while that for peat soil varied between 1.52% 
and 5.21%. The guidelines for the decommissioning and cleanup of sites 
in Ontario for oil and grease (1 wt.%) were met in all instances for the 
treated sand but not for the peat soil. Hexane recovery from diesel 
contaminated sand and peat soil experiments were approximately 81% and 
67% respectively. 

The solvent extraction process seems to be a promising technology 
for the treatment of contaminated soils. However, its potential will 
depend on the environmental regulations and the allowable limits of oil 
and grease for returning treated soil to its original place. The treated soil 
may need to be subsequently treated to destroy the residual  contaminants 
or be recycled through the process to meet the environmental regulations 
at the municipal, provincial, or federal level. Furthermore, as regulations 
become more stringent, other constituents, such as benzene, toluene, etc. 
will have to be analyzed. 

This treatability study has proven to be very effective for soils that 
have been in contact with petroleum hydrocarbons for short periods of 
time. However, this process must be evaluated for soils which have been 
in contact with petroleum hydrocarbons for longer periods of time 
resulting in only the heavy, viscous components remaining. 
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A hybrid method incorporating selective polymeric binding and membrane separation was used to 
remove arsenic from a synthetic solution representing groundwater. Two types of polymers, 
polyethylenimine  (PET) and poly-diallyl dimethyl ammonium chloride (DADMAC) and an 
ultrafiltration membrane were used at various concentrations and pH. Bench-scale tests 
demonstrated a high degree of arsenic removal. The retention of arsenic was also determined in 
the presence of various background salts such as NaC1, Na2CO3, Na2SO4, NaNO3. Retention 
was found to depend on the concentration and type of anion present in solution. 

Introduction 

Arsenic contamination in groundwater is a serious problem due to its toxicity and its 
presence in certain areas of our environment. Arsenic's toxicity varies depending on its oxidation 
state (+5, +3, 0, -3). Three distinct arsenic forms are most common: metallic As(0), trivalent 
As(+3), and pentavalent As(+5), the trivalent being the most toxic. Arsenic fihds its way into the 
hydrosphere primarily from mining leachate, the combristion of fossil fuels and the use of 
herbicides, pesticides and defoliants in agriculture. When combined, these factors cause an annual 
increase of 110,000 tons [1] in the.arsenic level Of the hydrosphere. 

The increased level of arsenic in water presents a danger for all species existing in our 
environment, which raises concerns about human health and the salubrity of the environment. In 
response to the problem of contaminated water and soil, the Canadian government has developed 
quality criteria intended to provide guidelines for allowable levels of inorganic and organic 
compounds in surface waters and soil [2]. The remediation criteria set for water are summarized 
in Table 1. 

Table 1. Quality Criteria for Contaminated Sites: Arsenic Concentration in Water. 

Freshwater 	Irrigation 	Livestock 	Drinking 
Watering 	Water  

50 gg/L 	100 gg/L 	500-5,000 gg/L 	25 ggfL 

I  



According to these criteria, the concentration of arsenic in fresh water should not exceed 
50 ppb. However, the concentration of arsenic in lakes surrounding mines can be in the range of 
several hundred ppb and as high as several hundred ppm in mining leachate. Arsenic 
contamination of the hydrosphere is a serious environmental problem since its residence time in 
lakes is 45 years, while in Oceans it will persist for 60,000 years [1,3]. The persistence of arsenic 
in a stream is directly affected by water flowrate. In general, lower concentrations of arsenic are 
observed in streams having higher water flowrates. In such streams arsenic is quickly diluted and 
less is absorbed by sediments. 

Several methods have been developed to extract arsenic from aqueous solutions. Three main 
techniques are currently employed, namely reagent precipitation, ion exchange on polymeric 
resins and sorption on inorganic sorbents [4]. Reagent precipitation is currently the most widely 
used technique on an industrial scale. Table 2 sununarizes various precipitation agents used and 
the recovery obtained for each. 

Table 2. Percentage of arsenic removed using various precipitating agents. 

recipitating agent 	I 	% removed  
ferric  sulfate 	 80 - 99  
ferric chloride 	81 - 100  
ferric hydroxyde 	94 - 96  
alum 	 85  - 92  
sulfide 	 80 

As shown in Table 2, FeC13  can achieve a higher percentage of arsenic removal, but 
Fe(OH)3  is still considered to be the most efficient and economical precipitant. Although it is very 
effective, precipitation by Fe(OH) 3 , cannot reach the low concentration of arsenic imposed by 
Canadian environmental standards. 

Ion exchange is a technique which has been developed initially for use with a stationary 
resin. This method is effective reaching 100% removal provided that the concentration of 
background salts remains at a low level. Sorption on inorganic sorbents can also be very effective 
with 95% rejection but the process is relatively slow and can take as long as several hours or even 
days to achieve the saturation of a sorbent. None of the existing technologies for arsenic removal 
is ideal and universal. Improvement of edsting methods and the development of new techniques 
is, therefore, an environmental necessity. • 

The combined method of polymeric binding and membrane separation has been used for 
wastewater treatment [5], for the selective concentration of microcomponenfs from seawater [6], 
for analytical [7] and other purposes. The technique involves the addition of a water-soluble 
polymer to a contaminated aqueous solution. Target ions bind selectively with the polymer and 
ultrafiltration is performed to remove the polymer from the solution. The technique has also been 
used in the past to remove arsenic with limited success [8]. Knowing that groundwater is a 
multicomponent system where many constituents can interact with the binding agent, we assumed 
that the polymeric binding agents used in ref. [8] did not possess sufficient selectivity towards 
arsenic. 
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The main objective of this work was to investigate the applicability of the polymeric binding / 
membrane separation method for the purposes of arsenic removal using agents having a greater 
selectivity for arsenic. The effect of solution composition (components, concentrations, pH) on 
the efficiency of the separation was studied. 

Experimental 

Synthetic groundwater was produced by preparing solutions côniaining anions found in 
groundwater. A total of eight synthetic ground water solutions were prepared using the following 
salts, NaC1, Na2CO , Na2SO4, NaNO3 . A 1,000 mg/1 solution of pentavalent arsenic was then 
added to these solutions yielding spiked solutions of arsenic containing 0.3 to 30 ppm of arsenic. 
Commercially available polyelectrolytes, polyethylenimine (PEI) and poly-(dially1 dimethyl 
ammonium chloride) (DADMAC) were used as binding agents. The physico-chernical properties 
of these polymers were çlescribed by Mangravite [9]. PEI and DADMAC were selected for 
arsenic binding since it was documented that water soluble polymers, which have similar chemical 
Structure and properties as solid polymeric resins, possess an affinity towards arsenic [4,10]. 

All tests were performed using standard ultrafiltration equipment. Polyethersulphone 
membranes Bioken (Bioken Separations, Inc.) with a molecular weight cut-off of 10,000 daltons 
were employed. Polymers tested in this work were completer)i rejected by the membrane. 

The retention of arsenic on the high pressure side (feed side) of the membrane (RAs) was used 
to characterize the efficiency of arsenic removal. It was reported in Volchek, Legault and Keller 
[11] that metal retention in the case of the polymeric binding / membrane separation process could 
be found as a product of polymer, retention (Rp) and the degree of binding of a metal by a polymer 
(8). If a polymer is completely retained by a membrane (Rp = 1), the metal retention is simply 
equal to its binding degree, i.e.  RAS  = .. 

Arsenic concentrations were determined by atomic absorption spectrophotometry. A hydride 
generator was used to enhance the sensitivity of the apparatus at low metal concentrations. 

Results and Discussion 

In the first set of tests, the relative effectiveness of polymers as binding agents was studied. 
Selected results are presented in Table 3. 

Table 3. Retention of arsenic in the presence of polymeric binding agents. 
Feed concentration [As] = 0.3 ppm; Transmembrane pressure: 40 psi. 

pH 	Arsenic Retention (RAs) 

DADMAC 	 PEI  
lppm 	lOppm 	lppm 	lOppm  

	

3.5 	0.20 	. 	0.46 	0.43 	0.79  

	

7.0 	1.00 	1.00 	0.55 	0.74 
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At higher pH, DADMAC was a more effective binding agent than PEI. This fact may be 
explained as follows: DADMAC is a chemical analog of strongly cationic ion exchange resins, 
whereas PEI is an analog of weakly cationic resins. Strongly cationic resins possess higher 
affinity towards arsenic [1]; therefore, DADMAC should be a stronger binding agent. The 
experimental results justify this hypothesis. 

It was also found that a decrease in pH resulted in a decrease in arsenic retention by the 
membrane. This observation was more evident in the case of DADMAC. In the case of PEI, 
however, the change in arsenic retention was less significant. This can be explained by the fact 
that arsenic in groundwater is present predominantly as As(V) forming several species: H 3As04, 
H2As04-, HAs042-, and As043-  [12]. The presence of each species depends on the pH level of 
the solution as demonstrated by Figure 1. Calculations were carried out using data presented by 
Pascal [12]. The arsenic anions can interact with positively charged groups of resins (or 
polyelectrolytes) forming metal-polymeric compounds, whereas the neutral form H3As04  is 
inactive. All four forms of As(V) are in a chemical equilibrium while at lower pH this equilibrium 
shifts favoring the formation of the neutral form. At a pH above 4.5 a greater amount of arsenic 
is accessible for binding. 

In the case of PEI, this polymer is capable of binding arsenic when it possesses positively 
charged ammonia groups. This takes place when the concentration of protons in a solution is 
high enough, i.e. at pH values below neutral. In this case, the change in pH affects both arsenic 
and PEI. 

In the second series of tests, the effect of background salts on the arsenic retention was 
studied. It was found that an increase in the salinity level of water resulted in a decrease in arsenic 
retention. The magnitude of this effect being different for each salt (see Figure 2). This 
phenomenon may be explained from the point of view of competitive binding. 

Naturally occurring groundwater is a multicomponent system. Many components, 
including all anions, can interact with a polycation. Greater stability constants and higher 
concentrations of an anion result in a higher degree of binding with a polymer [1 1]. It is known 
that strongly cationic resins containing ammonia groups have the following affinity towards 
anions: SO42-  > NO3" > Cl > HCO3[10]. Also, when an anion with a lower affinity is present at 
much higher concentrations it can block the binding of a more affine anion. Therefore, the 
binding of arsenic in groundwater has a competitive character. At lower concentrations, 
background salts do not affect arsenic binding substantially since the anions of these salts posses 
less affinity towards DADMAC. At higher concentration, however, they block arsenic binding 
which results in a deterioration of arsenic retention. Varying magnitudes of arsenic retention 
obtained in the presence of these salts can be explained as a result of the different stability 
constants of the DADMAC with the anions of these salts. 

I' 
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Conclusions 

The evaluations performed to date have demonstrated that the combined method of 
polymeric binding / ultrafiltration can be used for the removal of arsenic from contaminated water. 
The presence of anions strongly affects the efficiency of the process. Water soluble polymer 
DADMAC can be considered suitable for arsenic removal. Results indicate that the proposed 
technique could be used as a single step method for water treatment or as a post-treatment step 
after reagent precipitation. 
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Figure 1. Concentration of Arsenic Compounds at Various pH. 
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Figure 2. Retention of arsenic (R As) in the presence of DADMAC and background salts: 
Naa, NaNO3, Na2SO4, Na2CO3. 
Feed concentrations: [As ]= 30 ppm; [DADMAC]= 3,000 ppm; 
Transmembrane pressure: 40 psi. 
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