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'INTRODUCTION

Soxl contamination has become a serious problem and has attracted a lot of attentxon in North America.
Treatment of contaminated soil is used extensively in Europe and has become important in North America in the
recent years', The number of contaminated sites requiring urgent attention in Canada and United States is increasing’
which calls for efficient and cost effective treatment methods.
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Environment Canada’s Emergencies Engineering Division (EED) has recently conducted research on the
methodology and the feasibility of soil remediation, The main objective of this study has been to develop and
propose a process train for remediation of a soil contaminated with heavy metals and PCB’s, along with the
treatment of the wastewater resulting from the process. As far as. PCB’s are concerned, a suggestion on where the
process train should include a PCB removal step has been provided. Figure 1 demonstratcs the general outlme of
the approach adopted in this study for the treatment of contammated soil.

Soil Chracterization

| Mineralogical Analysis I

i Soil Classification I

lidemodology Determination '

Chemical

‘I

Physieal _ I Mechanical

4m E e

lApplication Of Methods To Soil Fractions

| Proposed Process Train

FIGURE 1. General outline of the approach adoptéd for soil treatment.

The site under investigation is a property of the Ministry of Transportation of New. Brunswick which has
been used as a scrapyard and storage for batteries and transformers. The soil is contaminated with PCB’s (mainly
A1260) and heavy metals such as copper (Cu), lead (Pb), zinc (Zn) and cadmium (Cd). The heavy metals are mostly -
in the form of metallic solids which exist in a wide range of sizes. '
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There are a wide vanety °f methods available for soil treatment. Unfommately no specific daiversal method SN
~ can be applied due to the diverse geological/physical characteristics of soil and nature of the contaminants contained - . .
.in the soil matrix. Both the mmeralogtcal charactenstlcs and the metal concentratlon of the sorl must be’ consrdered R

when evaluatmg methods for soll treatment

The Canadran COUDCll of thsters of. the Envrronment has recommended interim - standards for L
environmental quallty criteria for contammated sites. The remediation criteria has set the acceptable concentration - . .

of metals for commercial and industrial sites at 20 ppm for cadmium, 500 ppm for copper, 1000 ppm for leadand =

'1500 ppm for zinc®. In order to meet these standards, different methods such as physical, mechanical, chemrcal and - TN
their combinations have been investigated and compared: It should also ‘be noted that due to the. non-hornogeneous S

nature of the test sorl the results and efﬁcrency of the treatment methods were evaluated wrth respect to each sample 3
tested \ : L

Rinse waters’ resulting from the soil treatment process are highly contaminated with heavy metals mth

) concentratrons as high as several grams’ per. litre. To meet environmental requrrements these metals must be’
‘removed before discharging into the environment, For this reason, any method appltcable for treating waste water o
. containing heayy metals can be used. A few established methods are ‘reagent precipitation,- ion. exchange,

electrodialysis and solvent extraction. Reagent prectprtatron (via neutrahzatron) may be chosen for its low cost and
relative stmplrcrty e : ,

The use of membrane technology has the potentxal to concentrate the. ﬁnal wash water produced
from the soil washing’ (post precipitation and neutralization phase) process. The ﬁnal wash waters may contain heavy

‘metals in concentrations not acceptable for discharge. It is anticipated that the use of meémbranes. ay producea’ ST
~ permeate free of heavy metals which would meet discharge regulations. The concentrate from the membrane portion _

of the soil washing prOJect could be remtroduced back into the process- ‘where the heavy metals could be - precipitated - 3
“and removed. The primary purpose of the membrane system would be to improve the efficiency of the treatment. ..o -
© -process and ensure that the large volume of water, used in the ‘wash process, could be processed for. recycle or. . .. -
o drscharge The use of polyelectrolytes could be investigdted for their ability to capture the heavy metals ina large - -

matrix. This would enhance the rejection.of the membrane and gain added volume reductlon thhout compromxsmg _
the qualrty of the permeate o : : o :

PROCEDURES

The detarls of the expenmental condttrons have been explamed thh the results, More. detaxls ahout the -
descnptton and application of the. methods hsted below can be obtained from special literature in the areas Of
hydrometallurgy, mineral processmg and wastewater treatment The procedures and analytrcal methods used are as
folIOWS : L

‘ Sorl Treatment

- dry classification;
" - wet classification;
- attrition (wet and dry);"
- acid leaching (AL);
- flotation; -
- - density separation (gold tahle/gravrty tahle and air table);
- magnetic Separation;
.= 'electrostatic separation;



" Wazlo s er Treatment

- reagent precipitation;
- membrane separation.

Analytical Methods
~ Scanning Electron Microscopy using Energy Dlsperswe X-ray Analyzer (SEM/EDX),

- digestion of the soil samples with aqua regia (1:3 v/v mixture of 70% HNO, and 37% HCl),
- Atomic Absorption Spectroscopy (AA). ‘ :

RESULTS AND DISCUSSION

In the search for the most efficient and effective method for remediation of the test sbii,- several different

methods were performed and compared. Tests were carried out on the raw soil (without classification) and on the -

fine and coarse fractions of the soil. The methods used were chemical, mechanical, physical and their combinations.

Soil Treatment

‘Mineralogical .analysis and dry, dassiﬁcaﬁon

A mmeralogtcal analysis of the soil sample was camed out by Mineral Science Laboratories at the Canadz ) _
Centre for Mineral and Energy Technology (CANMET) Polished sections were prepared from each fraction of the

soil and mineral species were determined via ore microscopy and electron microscopy. The- general - phase

characterization and identificationof metal carriers were mainly based on SEM/EDX?, The purpose of the analysis

was to determine the physical characteristics of the soil, metal carriers and the physical form in which the metals

appear ( eg. silicates, salts, metallic solids).-Figures (2 - 5 ) show the nature of the metallic particles and the soil’

matrix. The metal contaminants of major concern were lead, copper, cadmium and zinc. These metals mostly

existed in the form of metallic solids. These metallic solids, especxally lead and copper were abundant in all the .

fractxons of the soil.

According to the mineralogical analysis the average metal concentratlon of the 5011 sample was 21500 ppm

Cu, 30 ppm Cd, 12600 ppm Pb and 3700 ppm Zn. Copper occurred as metallic copper (~95%), copper chloride -
(~2%), copper oxide, silicates and alloy. Lead was present as lead metal(~95%) covered with PbO and PbCl,,

small amount of lead chloride (~2%), oxide, sulphate, and silicates. Zinc occurred as ZnFe,0,, zinc metal, plus

minor constituents of various complex silicate mixtures®, The analysis showed that 30% of the zinc is removable
and the 70% in the form of silicates, which are already immobilized, were not considered as contaminants. It is _

therefore important to note that not 100% of each metal present in the soil is considered as a contaminant. The dry
classification of the soil sample is presented in Figure 6 which demonstrates the size range of the soil particles in

each fraction. The dry classification was performed using a sieve shaker and a set of sieves with mesh sizes of '_ :

0.038-15 mm.

{ v
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FIGURE 2. Backscattered electron micrograph showing the general mineralogy of the
sample: 1- Fe,0,, 2- Cu metal, 3- Pb metal, 4- silicate’.

FIGURE 3. Backscattered electron micrograph showing the typical morphology of the Cu metal in the sample.
1- Cu metal, 2- Cu,0°.
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FIGURE 4. Backscattered elect. i i soes .
ke ered electron micrograph showing the association of PbCl, (bright) and CuCl, (dark
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FIGURE 5. Backscattered electron micrograph i :

; ph showing the typical morphology of the Pb -
The Pb metal is frequently rimmed by PbSO . quartz (san ~ : metal in the sample.
the Pb metal’. y Y s or PbO; q (sand particles) is commonly present as inclusions in
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‘Once the soil sample was classxﬁed mto dxfferent size fractxons, the .metal concentmnon of each fractlon‘

Weight Parcentage

25T

1517

0.038 0.106 025 0.5 1.
- Particle Size (mm) -

1
3
1
4
k
A

PP )

1.18

3
[

P, i

‘5'.. 15-

35

FIGURE6 . Dry classxﬁcatxon of the test soil.

PP

was determined. The results of the fractxonal analysxs of the test sml is presented in Table 1.

TABLE 1. Results of soil fraction analysis.

: ST % METAL IN FRACTION B
FRACTION SIZE B |3
(mm) Cd Zn " ‘
. 0.0-0.038 0.07 - - 0.09 - 1 on 0.09
I 0.038 - 0.106 118 250 1.60 1.90
' 0.106-0.250 18.5 33.8 234 18.6 | ’I
0.250-0.50 296 - 40.1 37.6 29.2
| o0s0-118 40.0 15.0 210 14.5
| 1s-s 104 | 524 147 1361
I 515 - 0.16 145 098 0.25
“ 1535 0.05 124 om - 0.06.

Additional analysis showed that the surfaces of the lead and copper metal pieces were coated with chlorides
and oxides’. This indicates that the metallic solids in the soil were not stable under certain climatic conditions (acid -

rain) and would leach from the soil into the water table.



Wet Classification

A wet classification of the test soil was camed out to detemﬁn'e which fraétions of the soil had to be treated

for the maximum removal of each metal and how each fraction should be treated to obtain this goal.

The treatment consisted of attrition of the test soil for 1.5 hrs (at a propeller speed of 920 rpm and 20°C) -
and wet classification of the slurry. A commercial detergent was added to one of the samples to observe the effect

of a surfactant on the soil structure and the metal distribution in the sample fractions. For the wet classification of

the slurry, a screening and horizontal shaking was carried out using a standard shaker table. The horizontal shake
was brought to a halt slowly by the reduction of the shaking speed. The process produced four fractions. Each '

fraction was then analyzed for its metal content.

Large copper wires and solder-like metallié solids were observed in the soil matrix. In the 1.18-4.00 mm ~ -
fraction complete separation of the metallic solids was observed. In the 0.50-1.18 mm fraction an abundance of
small pieces of copper wire was observed without any separation from the soil matrix. This fraction was classified -

into magnetic and non-magnetic subfractions by a Rare Earth Permanent Roll Magnetic Separator. Each of the

subfractions were then treated with an electrostatic separator. The electrostatic separator divided each' of the

subfractions into conductor, middling ( the term middling is used for particles having a conductivity, intermediate
~ with respect to that of conductor and a non-conductor) and non-conductors. The various fractions obtained were

analyzed for metal content and the results are presented in Table 2. The distribution of metals in the various -

fractions is shown in Figure 7.

The effect of the surfactant produced an increase in the > 0.50 mm fraction from 46 % to 58% by weight; .
" The surfactant weakened the forces binding the particles of all sizes together. These forces are adsorption forces, -

Van der Waals and London forces as well as hydrogen bonding between clay particles®. An increase in the removal

efficiency of zine, cadmium, copper and lead dust (in the 0.10-0.20 mm) resulted from the i increase of the

<0.50mm fraction obtained by usmg a surfactant.

Table 2 shows that the non-magnetic fraction containéd 62% of total copper and 68% of total lead. .The
magnetic fraction contained 70% of total cadmium and 75% of total zinc. The non-magnetic fraction contained all

.the visible metallic ‘solids. Therefore the electrostatic separation did not make a noticeable difference and the ~

magnetic separation was sufficient to reduce the amount material that had to be processed.

TABLE 2. Metal distribution in the magnetic and non-magnétic sub-fractions of the 1.18-0.50 mm fraction.

_ %METAL
FRACTION T : ,
Cu cd Zn P
CONDUCTOR 18 20 26 37
MAGNETIC MIDDLING 14 .34 30 7
: NON - 7 -} - 11 108 12
" CONDUCTOR : o ' '
_ CONDUCTOR 52 18 9 2
NON
MAGNETIC MIDDLING 2 8 12 25
NON g .4 5 14
CONDUCTOR 1 : :

-~ . , -
N N

rI - - - — - ’ -.' =




. without surfactant
- with“sur‘fa‘ctant I
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Qther ¥iechanical Treatment

Further mechanical separation techniques were tried on the soil sample in an effort to determine the most
effective- separatxon producing minimum waste. The soil was classified into four fractions after dry attrition. Results
are presented in Table 3. : :

TABLE 3. Weight percentage of the soil fractions after dry attrition

FRACTION SIZE (mm) FWT 1
>4.00 » 28
" 4.00-1.18 | 19
“ ~ 1.18-0.50 _ ' 19
ll <050 . - ' w '

The fraction > 4.00 mm contained a substantxal amount of solder-hke metallic sohds The majority of the -

_copper wire was observed to be in the range of 0.5-4.00 mm.

Half of the <0.50 mm fréction was subjected to wet attrition and flotation. The metallic solids in the post
flotation slurry were then separated on a gold table according to density difference. The objective was to see what

percentage of the sample, on the weight basis, would separate with the metallic solids. The flotation froth contained

23% of total copper, 99% of total cadmium, 18% of total lead and 45% of the total zinc which corresponded to
24% of the sample by weight.

The slurry was separated into table concentrate, table middling and table tailing usmg a Gold Table. These .
separations were based on density with table concentrate having the highest. The metallic solids were separated in

the table concentrates being 18% of the total sample by weight. The table concentrate contained almost all of the

metallic solids. The cylindrical shape of the copper wires interfered with the separanon because the copper wires.

would roll down the table and separate with the middlings.

A portion of the <0.50 mm fractlon was first passed though a 0.25 mm sieve. The fraction <0.25 mm

had no metallic solids. The 0.25-0.50 mm fraction was then treated on an air table which also works on the principle
of dens:ty difference. In the case of the air table the flow of air is upwards, unlike the gold table in which the flow
of water is horizontal. Therefore the shape of the copper wires did not interfere with the separation when using the
air table. The air table successfully separated the metals and concentrated them mto 7% of the above fraction.’

The rest of the fracnons were treated in the same manner. For every fraction treated the separation thh
the air table was more efficient. The air table was able to separate the metallic solids by concentrating them mto
less than 8% (as opposed to 18% when usmg a Gold Table) by weight of each of the samples treated

The >4.00 mm fraction which contained a large amount of solder like solids, was crushed down to a 4.00

mm size. As a result of the crushing all the metals were flattened and completely removed by sxmple screening with
-2 4,00 mm mesh.,

10
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The acid wash was carried out at 20°C and the slurry rmxed at 210 rpm for 3.5 hrs The slurry was ﬁltered .
and the sludge and ﬁltrate .obtained were analyzed for thexr metal content.

: The soxl fractlon of < 1.8 mm was separated and leached thh three dxfferent acxds HCl HZSO and HNO3 N |
‘ata pH of 1 in order to determine the most efﬁcnent acxd for the process (T able 4).

_TABLE 4. Results of soil washing with HCL, HNO, and H,SO,

| % REMOVAL

ACID -
1IN cd o ‘ oz | Pb
HCt ' Tse | 23 80 - 33 -
"HNOo, |- 3 N Cso . | 66.
Bso, | 4 s . 60 | R

The _most effective acid was selected ‘based mostly on ‘the recoveries that were achieved for Cd and Zn. - .
This was due to the fact that AL was the key method for Cd and Zn removal. Cu and Pb removal were not the

deciding factor in the acid selection because ~95% of these metals were in the form of metallic solids, wh1ch were
removed using mechanical treatment. : - .

From the three acids tested, HCI was selected for it's hxgh Cd and Pb removal- and relative low cost. Itis

1mportant to note that a neutralization step should follow the acid leaching step and the combined effect of the AL
and neutralization would result in-an increase in-the salinity of the soil. “To reduce the problem of salxmty, acid = -
leachmg should be limited. to certam fractions. of the soil were it would be more effectwe "

Mechanical Pretreatment and Acid Leaching

Once HCl had ‘been selected a combmatlon of mechanical pretreatment and AL was_examined. The

- mechanical pretreatments applied were attrition and a combination of attrition and flotation. The attrition was_ -
carried out with water at pH 7 for one sample and at pH 4.5 for another- sample at 20°C. and 50°C (T able 5) After o

each mechamcal pretreatment the samples were: leached with 0.1 M HCL.

11




TABLE 5. Results of wash at 20°C and 50°C.

- | . %REMOVAL - “
TREATMENT
_ s0c : e :
cd | Ccu | za | P | calcal|l za| P
WATERWASH| 71 | 60 | 64 | 75 [| 43 | 67 | 63 | 75
pHT7 (FINE) |- 1 ’ ‘
WATERWASH| 75 | 54 | 62 | 50 [ s2 | 70 | 69 | s0 |
pH 4.5 (FINE) : -
WATER WASH o 52 6l | 4 75
FLOTATION - q- - -
ACT, CARBON

The results above demonstrate that temperature and pH during pre-treatment did not play an important
role in the removal efficiency. It can also be seen that a substantial amount of the metals in the fine fraction has
been removed. One can assume that the fine fraction (< 1.18 mm) of the soil contains almost all of the zinc -
which can be removed by AL. Cadxmum also exists mainly in the fine fraction of the soil and can be removed
very effectively by AL.

Waste Water Treatment

In all the tests the wash wéter from attrition and the ﬁlirate from AL had to be treated in order to be
recycled or discarded. In case of discharge the interim standards set by the Canadlan Council of Ministers of the
Environment had to be acmeved The standards are listed in Table 62.

The wastewater treatment tests were carried out on 100 htxes of solution which was based on the

expected concentrations of the metals in the actual process wastewater. The samples were neutrahzed and the
metals precipitated. The resultmg liquid phase: was treated with a membrane system

Reagent Precmltatmn

Results of reagent precipitation are presented in Table 7. The concentranon of major contaminants (Pb '
Cu, Zn) dropped from several grams to several milligrams per litre. Concentrauon of Cd also decreased except '

in the case of calcium carbonate treatment.
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TABLE 6. Inteﬁrh criteria for water

I - PURPOSE
INORGANIC — — ‘ ; ; —
- PARAMETER '~ mESHWATER/ . IRR[GATIONA . LWESTOCK
) e " AQUATIC LIFE (pph) “(ppb) - WATERING (ppb)
Cew.. a4 200-1000: 5005000
| . cd 0218 0 - 20
on 600 500 - 1500
- A
Na - - -
o - - 1000 -
Fe 300 5000 -
) 17 200 100

Satxsfactory metal separanon was not achieved for Cd ( Figure 8 ) Iron can be separated from other
components within the pH range 34, which produced the precipitation of approxxmately 90% of this metal.’

: Deprte the fact that _ the initial metal concentrations were reduced up to several orders of. magmtude, o
‘the residu..] concentrations were higher than discharge limits. Additional treatment was therefore reqmred To
achieve dxscharge limits . membrane technology was used. . - :

TABLE 7. Metals concentratxons (ppm) in wastewater

before and aﬂer neutralization

‘Copper,.lead and zmc co- precxpxtated at pH 4-7 thus theu' separanon from each other appeared to be
‘ ‘nnpossxble o

'METAL = | BEFORE | AFTER NEUTRALIZATION TO pH 7 WITH (ppm):
S TREATMENT - —
e T opm NaOH Na,CO, C(OH), -
Ccu 6,540 4.81 L13 450
Ced 744 030 - 035 620
Pb. 930 1.24 3.4 121
Zn 1,140 163 13 .
Fe 10,970 © 452 2.32 213
13-
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50

25

% of precipitated metal

FIGURE 8. Results of the reagent precipitation of metals

Mém_brane Separation

The testing performed on the simulated fluid was carried out to develop a comparison of how the poly- -

electrolyte (polyethylene imine) affected the performance of the membrane system in its ability to separate and
concentrate the heavy metals examined in this project. The membrane was arranged so that the system operated in

a feed and bleed configuration and in a batch concentration mode. Both configurations were used to maximize the .

recovery rate while ensuring that high permeation and product quality were maintained. The test unit was loaded
with a nanoﬁltratlon (NF) element. The element used was a Desal § 2.5" x 40", :

‘ The test solution was prepared based on results obtained during the precipitation and neutralization portion
of this project. From these results a 100 L solution was prepared(pH adjusted to 5.0) which contained the metals

of concemn. The polyelectrolyte used was polyethylene imine (MW 60000) produced by the Aceto Corp. under the ;

name Epomine P-1000. The agent was added producing a concentration of 100 ppm in 100 L of solution at a pH
of 8.5.

The solution was processed at four concentration ratios (1,2,4,8) and in a batch mode. The concentration
ratio is defined as a measure of the permeate flow over the concentrate flow. Samples were taken for analysis by

AA Spectroscopy to determine metal concentrations, The permeate flow was maintained as high as possxble
without exceeding the maximum limitation (approx.1.6 Lpm) of the membrane.

14
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Data from the ﬁrst test indicated that the re_;ectxon values of the heavy metals ranged between 74 % to 95 %.

“The rejectxon percentage increased as the concentration increased with the maximums ranging. between a ratio of

4 to 8. Rejection values for ‘calcium and sodium are representatlve of the propemes of the test meinbrane used in . B
this project. The permeate from design would have a high sodium nitrate content due to. the nature of the wash ..
‘solution and the’ neutrahzatlon agent employed in the- pro;ect ‘The temperature was maintained between 23° C and -

25°C producmg operatmg pressures betWeen 180 and 260 psi for concentration ratios ranging between 1-and 8.

Data produced from the second test using. Epomine- 1000 gaVe excellent restilts for heavy metal re_;ecuons L

"The rejections ranged between 91.6% and 99.9% for the heavy metals at various recovery stages-during the batch.
" The agent also affected the rejection of sodium and calcium in a negative manner.’ The. -drop in rejecnon was due
to the agent interacting with the membrane surface and modifying its charge character. The agent has no affiliation’

for both these metals and thus they passed’ through the membrane with greater ease. The lack of pressureincrease
in this test verifies the passage of the salts producing a lower osmotic pressure when compared to the first test where -
most of the calcium and more of the sodium stayed on the concentrate side of the membrane: During this test the
pressure ranged from 168 psi-to 185 psi and the temperature ranged between 18, 9°C 1022, 2°C Recovery rates

o durmg this test reached 95% or a concentration factor of 20.

TABLE 8. Rejection data using polyelectrolyte | _

REJECTION VALUES OBTAINED FOR TEST METALS
A INITIAL - RECOVERY % = 50 75 90 95 "
METAL CONC. (ppm) _ o o e o
. Pb 4,97 ~..978 . 984 - 991 1992
Na = 11790 ; _ 0 . o0
Ca. 863 . = : o 80.5. 83"
. Zn 3.61 : '99.6 99:7°  99.9 99.9°
Cu 149 B - 916, 99 99.5° - 99.7
cd 1.2 97.9 986 993 99.5
Fe . - 112 - o . 914 - 01.4 94.2 95.4
15



TABLE 9. Rejection data using no pblyelectroljte

REJECTION VALUES OBTAINED FOR TEST METALS

NOTE:

 RECOVERY% 50

INITIAL
METAL CONC. (ppm)
F Pb 3.83
Na 12000 |
Ca 1660
“Zn 3.87
Cu 0.88
Cd 0.91
Fe . 0.5

67 75

'98.5 98.5 98.5
95 26 . 104
99.9 999 99.8
g0 92 91
74 - . 82 83
83 85 86

80", ~- 93 95

Pb results were obtained during

an independent test

86
98.5 .

8.2
99.8

89
84
85
94

Proposed Process

The following diagram shows the proposed.process fdr removal of heavy metals and PCB's from the

‘contaminated soil:

Metal Waste
9 >
> 0.4 mm )
NN 0 ) Scresn Clesn Sol -
e2510 4 mm
>l Ctassification Sudnete Nt Tabla Screen
L ’ «0.5 e l
- L L '
«0.25 mm i
B
st —— st Fro o |
L o b, . Y PCB 1
- y . . Treamment
I Watal Waste
NF Concantrals . .
Uquid Waste PCB Waste
L
NF .
Membrane
NF Permeatle

Cal

FIGURE 9. Proposed process flow sheet for remediation of soil contaminated with heavy metals and PCB’s.
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* CONCLUSIONS

1' A process train was developed for the removal of the heavy metals from the coutammated soil. It consists
of mechamcal physical and chemical treatment methods

2. The majonty of metals were removed by crushing, screening and the use of an air table,
3. Magneuc separation 1mproved the efﬁcnency of the process by reducmg the amount of matenal that had
to be processed.
4. - Acid leaching was required to remove the heavy metals from the soil fractions less than 0.50 mm in size. ‘

" When acid-leaching was integrated with the mechanical and physxcal processes, the separatxon efficiency .
was enha.nced

5. Reageut precipitation reduced the concentration of heavy metals by several orders of magnitude.

6. * Employing nanofiltration on the Was_tewater produced good results, High volume reduction in conjunction |
with good permeate quality containing acceptable levels of heavy metals, was obtained during the test.

1. The potential process train resultmg from this prOJect would mcorporate the following steps:

- attrition of raw soil;
- dry classification;
-'mechanical and physical separation of the metals;
- acid leaching;
- treatment of wastewater;
. -removal of PCB’s.
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INTRODUCTION

The Emergencies Engineering Division of Environment Canada

(EED) has a mandate to evaluate and demonstrate new and existing
technologies for the clean—up of chemical spills. Most of the
technologies studied are in the form of mobile systems, which can

be considered as alternatives to the conventional treatment
techniques frequently applied to contaminated groundwater and -

industrial waste streams.. ‘As regulations on environmental
protection emerqe and standards (The Canadian Environmental

Protection Act, .CEPA) are set to manage toxic substances,

government agencies are encouraglng treatment technologies which

meet both water and air emission discharge limits. CEPA became law = -

on June 30, 1988 and focuses directly on pollutlon problems on
land, in water, oceans and through all layers of the atmosphere.

This new legislation gives the federal government broad powers to |

define national standards for any substance that threatens to harm

the health and/or environment of Canada and its citizens. (Jacob, -

1990)

Advanced oxidation preéesses (AOP's) are a family of felated

reaction processes that result in the oxidation of organic

compounds. They are quickly becoming recognized as feasible,

environmentally acceptable treatment technologies for destroying

harmful organic compounds in water. ' These technologles have been
developed to the point where they have become, in many cases, more
technically -viable, reliable and economical than the more
traditional technologies such as carbon adsorption, air strlpplng
and blologlcal activated sludge, which have been shown to:.

1) Be selective in their treatment of organic compounds,'

2) Transfer contaminants from one medium to another
'and/or,

3) Require secondary‘disposal‘df_contaminants'(Gossett, 1990).

The oxidation of orgahlc pollutants in water is an attractive
method of treatment due to'its ability to convert the compound to .

innocuous materials, such as carbon dioxide and water when carried

to completion. If not carried to completion, however, partial

oxidation usually results - in  products with .~ enhanced

biodegradability (Carey, 1990), an -example being chlorinated

hydrocarbons. The most common full-scale, commercially applied,

enhanced oxidation processes, at this time, are those which involve.

the generation of the most highly oxidized species available, the
hydroxyl radical (OH), as an intermediate product (Gossett, 1990).

This very powerful oxidizing agent reacts with virtually all
organic compounds; and therefore, greatly. increases the rate of

oxidation when compared to traditional oxidation processes

involving oxidants such ‘as molecular ozone, hydrogen peroxide or

-2-
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hypochlorlte. The rate of attack by hydroxyl radigals

is typically one million (106) to one billion. (10”) times faster.jbu

than the correspondlng attack with molecular ozone. (Cater et al. .

1990) The reaction mechanisms and chain reactions leading to the. .
generation of the "OH radical %ﬁ?m ozone, H,0, and UV light has been -

described by several authors °~. = The .three most: common: pathways“:;

are descrlbed by the following: 51mp11f1ed chemical equatlons' l
1) PHOTOLYSIS OF Hzo2 WITH UV LIGHT

H,0,  + hv —> —> 20H' S -;," o

2) THE REACTION BETWEEN OZONE AND H,0,

20; + H0, —> —> 20H + 30,

'3) FENTON's EQUATION |

Fe? + H,0, —> —> OH" + Fe" + OH

‘The further reaction- of the OH radical w1th"th'e‘”6rgan1cj:"
compounds in questlon is 1arge1y dependant on .the rate constant for

 that reaction as 1lsted in Table I (Glaze and Kang, 1990)



. ) ! 32“25-0.
TABLE I. Rate constants for the hydroxyl radical

COMPOUND, M f Knon
' (1077 's™
BENZENE ' _7.8
HYDROPEROXIDE ION 7.5
VINYL CHLORIDE » 7.1 ”
CHLOROBENZENE = 4.5
I 1-BUTANOL 4.2 i
I TRICHLOROETHANE , 4.0
H NITROBENZENE 3.9
ﬂ PYRIDINE - 3.8
I TOLUENE . - 3.0
TETRACHLOROETHENE : ' 2.3
_CARBONATE TON | " 0.39
DICHLOROMETHANE 0.058
BICARBONATE ~ 0.0085
. CHLOROFORM ' ~0.005
CARBON TETRACHLORIDE | MR

Table I demonstrates that hydroxyl radicals are not very:

reactive towards chlorinated methane compounds. In fact, saturated
aliphatics in general are quite unreactive towards the hydroxyl

radical. This table also displays evidence that the carbonate and .

bicarbonate ions act as scavengers of the hydroxyl. (Scavenger is

a term used for reactions of substances with OH radicals that do

not yield species that propagate the chaln reactlon )
EED's HOBILE UNIT |

In 1988, EED decided to have a transpoftable demonstration

unit designed and built for chemical spill clean-up. The unit .-

(Figures 1 & 2), was originally designed to fit into the back of a
16ft cube van while having a maximum treatment flowthrough capacity

of 2000 L/h. The system is equipped with three vertical .~

cylindrical stainless steel reactors, each containing a 6kW high

=l -
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Figure 1. Process flow diagram
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Figure 2. EED'S mobile enhanced oxidation unit
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power lamp, a quartz sleeve and a transmittance controller to
prevent the sleeve from fouling. - Injector systems for hydrogen
peroxide (H,0,), ozone (03), pH adjustment and proprietary solutions
are connecteé to the unit just prior to the series of reactors.

The unit has an air actuated system for valve control. This system

can be either automatlcally or manually controlled by the operator

from a schematic control panel. The flexibility of this system .
allows the operator to easily modify system parameters as required -
for system optimization. The high intensity proprietary lamps with -

output in the 195 to 300 nm range, enable virtually all organics to

be destroyed. The creation of additional destruction pathways

besides the hydroxyl radical attack provides destruction mechanisms

for even refractory compounds such as carbon tetrachloride, .

trichloroethane, or chloroform. The broad band of light source
provided by these lamps is emitted across the spectral reglon.below
300 nm (Cater et al., 1990).

PERFORMANCE AND COS8T

There are numerous process variables which must be considered

for each contaminated waste stream requiring treatment. Each

parameter greatly affects the performance and cost effectiveness of

the entire process. The main areas of consideration are as
follows: :

1) The nature of the contaminant = affects the choice of oxidant
and catalysts; as well as, the type of UV light required.

2) The initial concentration - affects the amount of oxidant andr

catalyst required; as well as the processing time.

3) The flow rate -affects the number, size and design of the -

reactors; as well as, the lamp power to be used

4) The degree of removal required - affects the processxng tlme,-
the number and nature of the treatment stages, as well as, the.

reactor design.

CASE STUDIES

The following: sectlons of the report describe several pilot

scale treatability studies carried out by EED's mobile unit between -

1989-1990. Due to the confidential nature of the case studies,
several sxte locations and company names have been omitted.

~

Case Study 1

This study involved a six week trial to demonstrate the use of

enhanced oxidation for the treatment of groundwater and an

-G —-
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industrial:waste_stream contaminated with 1,4 dioxane at a

»pconcentration.ranging between 20 and 110ppn.

The objectlves of the study were as follows."

- 1) To. conflrm prev1ous laboratory treatablllty study ‘data forf‘”’

._reduclng dloxane concentrations in the groundwater

2) To evaluate both the UV/Ozone and UV/perox1de based treatmentifc"
' ’ Optlons for treatlng both raw and de-lonized water w1th eachssjf

optlon.‘

3) ;‘To show - that this technology‘was capable of destroylng dloxanefﬂf\f;%i:

rellably and consistently.’

4) f To reduce the dloxane concentration to less than 3ppm for@":

sewer discharge during a 24 hour pump test.

The- groundwater feed to the unit was pumped both dlrectly

(raw) and via a deionization unit which removed iron and dlssolvedyss:;_,_
inorganlc matter prior to destruction. In continuous mode.the unit - -
was operated between 19 and 114 L/min (5 .and 30USgpm). During the ..
test period, operatlng conditions were varied until the system was,i_

optimized. ' Various test: conflguratlons were examined. They

involved the use of UV, Enox 450, ozone, and Enox 510 in batch'and:fiﬂ

contlnuous mode of operation. (Enox 450 is a hydrogen peroxide .

based additive and 'Enox 510 is a water soluble rate enhanclng'jf-

add1t1ve whlch 1eaves no harmful residue.)

Results. Pump Test - Flgure 3 illustrates the results

achieved in the 24-hr pump test where the- unlt operated at 75
- L/min (20USgpm), reduced. the dioxane level to below ‘the target:f‘,(
.2ppm. - The three higher points were a result of the optlmlzatlont

: process used durlng the tests. o L

: Raw versus de-ionized water - The presence of iron and other(le
dlssolved inorganic matter in the raw feed resulted in lower

destruction of the Dioxane in one of the wells Flgure 4. Thesef;‘-
compounds absorb some of the UV . light, thus inhibiting the .-

photolysis of peroxide. to produce hydroxyl radicals as well as

"providing competltlon for dioxane. 1n the reactlon w1th hydroxylnfff

radlcals.:

Enox .510 - Flgure 5 prov1des a comparlson of two runs w1th and3

~without the rate enhancing additive - (Enox 510) . Since the .

treatment objective was . 0.3ppm, the small benefit was not

"suffic1ent to justify 1t's use. .

» Ozone - Unlike the non-ozone based treatment, efficiency‘of]f
dioxane destruction in deionized water did not 1mprove»over that

g




~
W™ v -

obtained with the raw water. This is displayed in Figure 6.

Other Findings.

1) ~ The system was able to reduce dioxane in either raw or de-

ionized water consistently from 100ppm to <2ppm.

2) UV/PEROXIDE based system was a viable alternative to the
ozone system with considerably lower capital costs and

somewhat higher operatlng cost.

Recommended Unit. A UV/H,0, configuration provided the best -

performance /cost ratio. The recommended system was designed to
treat the raw feed at 760 L/min (200USgpm) from 50 to 0.3ppm and
also higher concentrations at lower flow. This unit was preferred

over the ozone configuration. Although the ozone system of the -

same
design had a slightly lower operatlng cost, the capital cost was
higher and off~gases (ozone or possible. VOCs ) would have to be
treated prior to dlscharge. :

Case Study 2

Another six week trial was carried out in February 1990 to
investigate the feasibility of enhanced oxidation technology for
the treatment on industrial wells contaminated with medium to hlgh
ppb concentrations of chlorinated aliphatic hydrocarbons. :

The main objective of this trial was to determine the most,
cost effective approach to reducing the VOC concentrations to less

than Sppb at a flowrate of 23 L/min (6USgpm).
The VOCs of concern and their average feed concentratlons were as
follows:

Compound : , ‘Concentration

S ' (ppb)
methylene chloride. (MeCl, CH,C1,) _ 130-730
‘trichloroethylene (TCE, CHCl CCl) : o ~ 9700-19900
1,2 trans~d1chloroethylene (DCE, Cgﬁclz) _ . 6000-12500
v1nyl chloride (VC,- HIC—CHCl) _ ' 10~1010-
chloroethane (Etcl ngcl) ' 10 .

The testing was conducted in continuous mode of operatlon in
- all cases. A steady flow through' rate of 20 L/min (5USgpm) was

maintained during the trial period. As described in the first case
study, process parameters were varied during the testing, however,
high 1iron concentrations and the nature of the contaminants

affected several of the system parameters. By maintaining a -

constant pH of 3, the precipitation of iron was prevented and the
system was optimized. Ozone was not included as a test parameter

~ -
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Figure 4 Comparison of Treating Raw and De-lonized

- Water
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Figure 6~ OPTIMUM OZONE BASED TREATMENT
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of 3 was recommended for this groundwa .
holdlng tank, with a residence time of approx1mately 20 minutes,;-ma

‘the compounds to <lppm..

due to the volatile nature of the components.  Air stripping. of the -

VoCs in an ozone /air stream would have simply’ transferred the;ﬁ‘d“‘
' contamlnant from one medlum to another,»w1thout destroylng 1t '

' Results.'

A dlscharge 1eve1 of <5 ppb for total voCs was ‘
achieved with the mobile unit.at a continuous flow rate.- of 19

‘L/min. The individual effluent concentrations of each compound are~ ;fgd5'
as follows. S R
 COMPOUND - | _EFFLUENT‘
- (ppb) :

MeCl 3.1

TCE ) 0.4

DCE ; <0.1

vcC 0.5

EtCl : ) ' :<0.37.

'Recommended Unit.

A 40 L/mln UV/H#J system operated ‘at a- pH;o
ier ‘'stream. A baffled’

was also lncluded 1n the final de51gn.
Case study 3 _ ,
The thlrd demonstratlon took place durlng ‘the months of. May'

and June .of 1990. This 6-week- trial involved the treatment of a: .
variety of nitrate_esters (explosives) in threenwastewater streams.;A

The main objective of this trial was to determine the most

cost effective approach to reducing the. concentrations of each of . =
: The four. compounds ‘of interest and their
<1nfluent concentrations are. llsted in. Table Ir.

Table II. Influent concentratlons of explosive
C compounds in case study 3 -
COMPOUND "SITE 1 | - BITE 2  SITE 3.
‘ . INFLUENT - INFLUENT INFLUENT
CONC. (PPM) " CONC. (PPM)

CONC. (PPM) - -

NG 952-1009  N/A 1186-1212
TEGDN N/ 3566-4630 . N/A
TMETN N/A ©113-252 - N/A
PGDN N/A " N/A 277-2064

~13- ~




gite 1. Five runs were conducted on this water stream with
various UV/H,0, doses, as well as three runs with UV alone. The

pH was malntalned -at a neutral level and the flowrates were

averaged at 15 L/min (4 USgpm)

gite 2. Five waste streams were treated at this site. all

streams of with compounds TEGDN ‘and TMETN, contained high.
concentrations of carbonates ( scavengers of the hydroxyl radical), .
except one. Bench-scale studies demonstrated that the carbonate

could be precipitated with the use of lime. In this on-site study,
however, the lime was not effective. - Although UV photolysis

successfully treated this stream, a more cost effigcient design was
investigated. This alternative involved proprletary pretreatmentj,

system to remove the carbonate without the use of llme.,

Site 3. At this 51te, the two composite streams contalnlng
separate compounds, both contained the UV blocking carbonates and
"nitrates, while the two recycle streams did not. As a result, the

studies were separated.. The runs on the composite streams 1nvolved'

four different treatment process methods. A straight Uv- phOtOlYSlS
run - proved effective, ' but  uneconomical. The proprietary
pretreatment/ UV/peroxide system, similar to the one studied in
site 2, destroyed the compounds, but because the stream contained
a higher concentration of UV blocking nitrates, it also proved to
be very costly. Three runs were completed using the combination of

lime/ozone, which was the recommended system from the previous
treatability study.. As before, lime was used. to remove . the

carbonate as limestone precipitate. This sludge was left in the

water, which had a milky colour, until after treatment of PGDN to-

less than 1 ppm. Thereafter, the sludge could be separated as a

non-hazardous waste. These runs also involved the recycling of

unused ozone from the main reaction tank into a second tank where
it could be used further.

A total of six runs were completed on the two recycle streams.
A run using straight ozone was unsuccessful, while straight UV:
photolysis provided the required destruction at a more economical -

cost than with the composite streams. The runs involving the use
of both UV and hydrogen peroxide, proved to be successful, as well
as more economical than the straight photolysis. '

Results. The discharge objective of <1 ppm was achievable
with all streams tested. Figures 7-13 present the graph1cal
results of the three site studles at their optimum 0perat1ng
condltlons.

Recommended Unit. Table III summarizes the recommended
systems and states whether or not scavengers were present 1n the
various streams.

-14-
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Table III. .'Recommended systems for case study 3

.8ITE STREAM | RECOMMENDED | SCAVENGERS | pH
o B = SYSTEM - : ) — o

1-NG | ==me UV/B,O, N0 | 7
| 2-TEGND, | composite | proprietary| ¥YEs | 3

'TNETN . e pratreat / '

recycle | UV/H,0, NO 7
3-PGDN | composite | lime/ozone | . YES 7
recycle | Uv/mH,0, N0 | 7

 OTHER CASE 8

TUDIES

Tab1é IV briefly:summariées several other case studies which

have been carried out using EED's mobile unit.

More detailed ' -

information on . each of these sites.is avallable through EED or\f;a“~*
Solarchem Env1ronmenta1 Systems. L A : :

Table‘IV,. Other cases 1nvest1gated with- enhanced ox1datlon f'-'x‘
LOCATION | COMPOUNDS | INFL. | EFFL. | RECOMM'D
S CONC. | CONC. - SYSTEM
GLOUCESTER | TCE. | 1.s51 | 0.0 | pH,adjust;
ONTARIO | BENZENE | 0.228 | 0.0 | MF/UV/HQ,
'GROUND- .~ | CHLOROFORM | 0.081 | 0,037 |
WATER ‘CHLOROBENZ | 0.054 0.0
- 1,2 DCA_| 0.012 0.0
~ NEW BENZENE 36 0.63 MF/RO
BRUNSWICK TOLUENE 54 0.03 | UV/H,0, (ON
GROUND- . | = XYLENE 28 - ND 'CONC.)
__WATER " L - - |
| oqueBec, oN- 6 2 Uv/HQ,
- INDUSTRIAL \ z - o
' WASTE
STREAM
us DCE 0.5 ND | UV/H,0,/
SUPERFUND DCA s ND. | ‘ENOX 510
_ BITE BENZENE 3 0,009

_15_

* MF/RO Refers to the two membrane technologles, mlcrofiltratlon
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Figure 13 DESTRUCTION OF PGDN IN RECYCLE
WATER WITH RAYOX
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and reverse osmosis. These technlques are used to remove 1norganic o
_ foulants and to concentrate organics in dilute waste streams prior =
to enhanced oxidation. -

'CONCLUSIOSB"

The case studles descrlbed in this. report have prOV1ded the

' reader with an overview of the numerous appllcatlons available with -
~the enhanced (advanced) ox1dat10n‘technology -.Based on the_results o
described - herein, the total destruction capability of this =" .
. treatment technique provides an env1ronmentally acceptable method : . =
for treatlng waste streams ‘containing organlcs .at concentrations - .

below 1%. Since many waste streams require more than one
technology for effective treatment, EED will continue to.
incorporate this technology into their process train of"
technologies for treatment of chemical spills.: ‘
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ABSTRACT

Results of the laboratory scale plan for the applicability of steam stripping, in

~ conjunction with- other treatment methods, as a process to remove organic compounds,
. particularly dichloromethane (DCM), from contaminated groundwater at the Kert Chemicals

Industries site are presented. Pre-treatment was necessary to prevent calcium from
precipitating during steam stripping. For this purpose, such methods as acidification,
reagent precipitation, and polymer treatment with membrane separation were investigated.
Both acidification and chemical precipitation were deemed suitable for groundwater
pretreatment; although acidification is preferable as it decreases the pH of the groundwater
to a suitable level for discharge. Steam- stripping was effective in removing more than 99%

of the DCM present initially in the groundwater under certain operating conditions on a
single pass. In some instances, the treated water was collected and used for a second pass

through the steam stripper for further DCM reduction. The suitability of reverse osmosis
and enhanced oxidation as final polishing steps to reduce dichloromethane concentration

in the stripper effluent was also addressed. Reverse osmosis treatment was effective in

removing only up to 49.2% of the DCM initially present in the groundwater and therefore
is not recommended for post-treatment. Experiments were not pursued with the Jaboratory
scale enhanced oxidation unit as this unit was not able to operate at the optlmum
temperature for DCM removal.
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1. INTRODUCTION

The Emergencxes Engmeermg DlVlSIOIl (EED) of Envnronment Canada and a
chemical company in Toronto Ontario agreed to carry out a joint project to investigate: the

- appltcablhty of steam stripping, in conjunction with other treatment ‘methods, as a process - -
‘to remove -organic compounds, partlcularly dtchloromethane, from contaminated
Jgroundwater at an’ mdustrlal site- in- Toronto, ' :

: Several pre- and post-treatment methods, whxch may-: be used in comunctxon ‘with
steam stripping, to remove inorganics ‘and polish treated water were evaluated. Iaboratory '

scale steam stripping, microfiltration, enhanced oxidation and reverse  osmiosis were - -
evaluated using samples of groundwater from bore hole numbers 6 and 39. The: former well

had an extremely. high concentration of dichloromethane (3000. ppm) with a moderate
amount of calcium while the latter had a relatively lower concentration of dichloromethane -
(37 ppm) buta sngmﬁcantly htgher level of calcium (485 5 ppm). ‘Parameters ‘were varied -

on the lab scale apparatus to determine the feasibility and optimum conditions of the

- processes investigated. - In- accordance - with. the joint project agreement, the field scale

experimental - plan will be determmed based on the results of the lab- scale runs- and

. dlscussmn With "the company.

2, BACKGROUND

chhloromethane (methylene chlonde), DCM is a highly volattle, colourless hqtud -

" that is completely miscible with a vanety of lipophilic solvents and is appreciably soluble in L
water.. (0.02. g/mL .at 20 °C). It is used extensively as an industrial solvent for pamt_‘

stnppmg, as a degreasmg -agent and as an aerosol propellant,

Health effects induced by DCM have been studied in. humans exposed to -

concentratlons up to about 800 ppm in air. - Exposure to 868 ppm induced signs of
“neurotoxicity, including feelmgs of “light- headedness, difficulties with speech articulation

and hand-eye coordination impediments. - Chronic exposures to DCM do not produce anyt
demonstrable irreversible effects at concentrations . up to about 500 ppm. The evidence for

the carcinogenicity of DCM is madequate in humans, but evidence from animal studies is
sufficient to classify 1t as probably carcinogenic to man

2.1 - Treatment capabllltles of . various ~aqueous remediation - technologies “for L
vdxchloromethane s g - . o

.The United States Environmental Protection. Agencies Risk Reduction Engineering
Laboratory’s (RREL), treatability database was consulted' to determine the treatment

- capabilities. of ‘various aqueous remediation technologies for DCM. The maximum removal

capability for various teclmologtes at' different mﬂuent concentrations is summarized in
Table I ‘




TABLETI - Treatment capabilities of various aqueous remediation technologies for DCM

* (INFLUENT] TECHNOLOGY | SCALE DCM
- ‘| REMOVAL (%)
0 - 100 pg/L AS full >93,3
©0- 100 pg/L CAC + AirS full 92.3
0 - 100 pg/L TF full 77
0-100 ug/L AS + Fil full 26
0 - 100 pg/L PACT full >76
> 100 - 1000 pug/L AS full 99.54
> 100 - 1000 pg/L TF full 89
> 100 - 1000 pg/L AirS + GAC full >99.8
> 100 - 1000 pg/L RO full 66
> 100 - 1000 pg/L GAC full 99.00 |
"> 100 - 1000 pg/L AirS pilot 99.62
> 100 - 1000 pug/L sS full 99.00 |
>1-10 mg/L AS full %74 ||
> 1-10 mg/L sS full ©>99.52 .
> 10 - 100 mg/L AS ~full 98.4
> 10 - 100 mg/L WO, pilot 99.983
> 10 - 100 mg/L RO. full 44 | ‘
> 100 - 1000 mg/L WO, full 99.989 ’
> 100 - 1000 mg/L AS “bench - 99.72
> 1g/L S full >99.999

where

'AS = activated sludge '

CAC + AirS = chemically assisted clanﬁcanon followed by air stripping
TF = trickling filter .

AS + Fil = air stripping followed by filtration

PACT = powdered activated carbon addition to activated sludge




$

AirS + GAC = air stnppmg followed by activated carbon (granular)
RO = reverse OSMOSsis
- GAC = activated carbon- (granular)
AirS = air stripping
SS. = steam stripping -
WO, = wet air oxidation
and - v ’ o
DCM REMOVAL (%) = 100 * (1 - C,/C,)
where ’
' C = concentratlon of DCM in the effluent stream

Q = concentratxon of DCM in the influent stream

2.2 Dichloromethane removal rates from literature using steam stripping:

Results from Table I suggest that steam stripping can achieve DCM rém'oval rates

_greater than 99% from solutions containing more than 1 ppm DCM. In fact, Branscome et: |

al. (1987) investigated the removal of volatile organic compounds - (VOCs) from aqueous

waste streams by steam stripping and summarized the effectiveness of VOC removal fromlffi
the waste, the air emissions from the process, and the cost of the treatment process. Short =
‘term trials were conducted at two chemical plants (Plants H and I) to determine the

effectiveness of steam stripping for the treatment of aqueous waste. The operation at. Plant

“H, which produces primarily ethylenc dichloride and vinyl chloride - ‘monomer (plus 12 other -

compounds including DCM) treated approximately 852 L/min of aqueous waste while Plant

- T which produces one carbon-chlorinated compounds (mcludmg DCM and 4 other -

chlorinated compounds) treated. approximately 42 L/min of aqueous ' waste.- Both process
streams contained about 6 g/L of VOC. The steam stripper at plant H used a tray.column

~ and did not remove solids prior to steam stripping resulting. in fouling of the heat ekchang’er ‘

and column. Plant I used a packed column and removed the solids in a decanter prior to

steam stripping. In this case, the bottoms did not need to be treated prior to discharge to . N

the river. The sludge generated in pre—treatment ‘may be designated as hazardous waste.
The relevant. results are summanzed in Table II. : :



TABLEII - Volatile organics removal rates using a field scale steam stripper

COMPOUND | FEED (ppm) | BOTTOMS | ~ DCM
o ' (ppm) REMOVAL
' (%)
PLANT H ethylene 5630 0.097 1 99.999
dichloride ) : :
“ chloroform 271 9.6 - 99.6
| DCM 1.2 <0.01 >91.16
| - | rmlvocs | 000 9.8 9.3
P PLANTI DCM - 4490 ' 0.011 99.999
chloroform 1 - 1270 0.006 >99.999
carbon 55  <0.005 >99.991
d tetrachloride . ‘
I | total voCs 6000 <0.037 99.999

2.3 Pre-treatment

A pre-treatment method was necessary prior to steam stripping as the presence of

high concentrations of calcium and dirt particulate would have caused fouling in the steam .

stripper and reduce its effectiveness. Scale formation occurs as a result of precipitation -of
minerals from the cooling water or hot heat exchange surfaces. Scale is a dense, adherent
material acting as an insulator causing a dramatic decrease in heat transfer. In severe cases,

~water flow through heat exchangers can be reduced or cut off completely by heavy scale
formation.

Calcium carbonate is the primary scale encountered in groundwater - due to its.

relatively low solubility. The Langelier Saturation Index (L.S.I.)was developed as a simple
means to determine . the relative calcium carbonate scaling tendency. L.S.Lis the difference
between pH of the solution (pr,n) and its saturation pH (pH,,).

L S I = pHsoln pHsa!

where pH,,, is a function of calcium concentration, alkalinity and total dissolved solids

~ concentrations. - A positive L.S.I. indicates a tendency towards calcium carbonate scale
formation. The larger the L.S.L the greater the tendency to precipitate calcium carbonate.
This tendency can be reduced by either reducing pH,,, or increasing pH_,

Calcium

_ , . . .




concentration -must be reduced in order to increase’ pH,,,.

Three methods of pretreatment were- considered for the removal of calcium in 1 the
- groundwater at the industrial fac:111ty acrdtﬁcatlon, reagent addition, and

. . \ ’,

polymer bmdmg and membrane separatron

2. 3 1 ACld addltlon

The addltxon of an acrd such as-hydrochloric “or sulphuric- acid, causes the

~ transformation  of carbonate ions into gaseous carbon dioxide which are released f
'from the solution. "

'coa' (aq) + 2H+(aq) - Coz'(g)t + Hzoa)'

In the absence -of carbonate ions, no calcium carbonate can ‘be formed‘ :

: therefore no precrpttatron of calcrum can take p]ace

2 3. 2 Reagent precrprtatlon

" Calcium concentration may be effecuvely reduced by bmdmg calclum to
msoluble compounds - such as carbonate, phosphate and oxalate.” The simplest
method is lime treatment, where water soluble calcium carbonate reacts w1th calcium
hydroxrde formmg 1nsolub1e calcrum carbonate -

Ca(OH) Jag) + Ca(HC03)2(aq) - 2CaCO3(s)l + 2H20(1)

ThlS method s mexpenswe, ‘but would not be effectwe for the treatment of

~ groundwater from bore hole number 39.. Preliminary analysis of this water indicates = = .
“a high level of Ca(OH),; thus further addition of Ca(OH), would be pointless.. =

Treatment with sodium tnphosphate sodium oxalate or with sodium carbonate
hydrate is more: costly, however it is much more effective.

-2.3.3 'Polymer treatment and membrane separation-

In some instances, calcium precipitation by acidification or reagent' addition

~ does not work; consequently new. methods and/or improvements to these exrstmg_.__" L

techniques must be mvestxgated
' ) ’ .

‘The hybnd process of polymer binding combmed with membrane separatlon .

is a promising technology. A solution containing metals is mixed with-a water soluble

. polymer reagent to form aggregates. with the metals.. The solution is then ‘passed
~through. a membrane apparatus, where the semipermeable membrane re]ects the .

polymeric compounds, - and freely transfers the water and salts of the remammg

5
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unfixed metals into the permeate. The resulting concentrate is enriched by rejected
metal ions, whereas the permeate contains only water and salts. This hybrid method
combines the high selectivity of a chemical bond with the low energy consumption
of membrane separatxon

Each case must be evaluated independently as there is no universal method for scale
prevention. Important parameters to be considered when choosing a method include the

pH and hardness of the solution. A number of different methods must-be investigated and
the optimum chosen for the particular ‘groundwater.

2.4 Steam stripping

The contaminated water is introduced -either at the top or from the middle of the

column of the laboratory scale steam stripper. Steam generated from the boiler enters the -

base of the column. As the steam rises in the column, it contacts the downwardly flowing

water phase such that the volatile components are transferred from the liquid to the gas .

phase. The driving force for such an operation is the concentration differential between the

hqmd and vapour phases. The technical success of steam stripping hinges on the differences

in thermodynamic properties of the two components. The steam leaving the top of the

tower contains the volatile contaminants. This stream is condensed and a portion of the: ,
condensate can be returned to the column as reflux. The overhead accumulator operates
as a decanter for insoluble liquids. The system is. fully enclosed, apart from a vent located

on top of the decanter, which allows for any vaporized volatiles in the decanter to travel into
a fume hood. The section of the tower below the feed point is called the stripping section
and is used to increase the purity of the bottoms product. The section above the feed point
is called the rectification section and'is used to further concentrate the overhead product.
When the solution is fed to the top of the column, no rectifying takes place and solely

stripping occurs. This situation is normally most effective thh less soluble compounds. A

simplified process schematic 1s shown in Figure 1.
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2.5 Post-treatment

The suitability of reverse osmosis and enhanced oxidation as final pollshmg steps to
further reduce the concentration of DCM prior to discharge was also addressed. As EED = -
does not have the facilities to assess the effectiveness of activated carbon, two bottoms
samples from the steam stripping train will be returned to the chent for further treatment
using acuvated carbon. -’

2.5.1 Reverse 0SIMosis

Reverse osmosis is a separauon process that can remove very small molecules
and ions in solution. The application of. high pressures on a semipermeable -
membrane forces the flow of solutes producing a concentrate stream and a permeate.
stream. The performance of a membrane on a particular solution can be evaluated
based on the percent rejection' of the solute molecules from the feed stream.

DCM REJECTION (%) ‘= 100 * (1- Cp/Cf)

where Cp = concentration of solute in the permeate stream .
Cf = concentration of solute in the feed stream

2.5.2 Enhanced oxidation

According to studies by Sundstrom, W. and Klei, E.H. (1986), DCM -
destruction in the presence of ultraviolet light and hydrogen peroxide is not
-economically feasible. A strong synergistic effect is shown in Figure 2 when hydrogen
peroxide and ultraviolet light are used in combination, though after three hours, 15%
of the DCM remains in solution. The simplified reaction takes place as shown
below: ’

CH,CL(aq) + 2H,0,(aq) ~ CO,(g) + 2H,0() + 2CI(aq) + 2H*(aq)

-Figure 3 demonstrates the influence of temperature on DCM removal. DCM
may be reduced to 1% in less than two hours once the temperature is increased to
40°C. However, this sample was run at its boiling point, therefore reduction
of DCM may have been simply due to evaporation. In any case, the lab scale unit
available at EED is not able to operate at thxs temperature, and therefore . this
situation was not further mvestxgated .
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3. EXPERIMENTAL METHODS

‘Pre-treatment expenments were camed out on groundwater from bore hole number ;

39. Steam stripping and reverse osmosis experiments employed groundwater from bore hole
numbers 6 and 39. The samples of groundwater were stored at a temperature of 6C to
prevent volatllrzauon

3.1 Acid addmon

- One hundred and fifty millilitre aliquots of groundwater were used in this experrment -
Although hydrochloric acid is the most common acidifying agent, sulphuric acid (H,SO,) was "

employed because . of its lower cost and reduced health risk with respect to hazardous
vapours. According to analysis done by Barringer Laboratories, the concentration of

sulphate (5.5 mg/L). found in a sample of groundwater from bore hole number 39 was.

significantly lower than that of chloride (146.0 mg/L) which further justifies the use of
sulphuric acid. Different amounts of H,SO, were added to the groundwater samples. The
solutions obtained varied in pH units from 6 to 12.4 and were mixed vigorously for one
minute. Samples for analysis were taken at specific time intervals, and then placed in the
refrigerator at €C. Concentrated nitric acid was then added to the samples to stab111ze
them and prevent further precipitation.

3.2 Reagent preclpltatlon

One hundred and ﬁfty mnlhhtre aliquots of groundwater were also used in this -

experiment. Sodium carbonate monohydrate (Na,CO,¢H,0) was used as a precipitating

agent. Different amounts of sodium carbonate monohydrate were added to the samples of

groundwater and the solutions obtained were mixed vigorously for one minute. The effect

of temperature on reagent precipitation was investigated at operating . temperatures of 6C

and 22°C which are typical for groundwater. . Samples of the supernatant were taken at

specific time intervals. Concentrated nitric acid was added to the samples as mentioned -

above.

Fifty millilitre samples of groundwater (after reagent precipitation or acidification)
were heated in a water bath for 3 hours at a temperature of 82°C to 81mulate operatmg
conditions on the steam stripper. :

3.3 Polymer treatment and membrane separation

Polyacrylic acid with an average molecular weight of 50,000 was used as a polyrneric

- binding agent. An aliquot of groundwater was vigorously mixed with the polymer. The

polymer concentration in the solution obtained was 1 g/L. while the volume of the solution "

was 3.5 litres. The formation of insoluble substances and their precipitation took place in
this experiment. The pre01p1tate formed was removed from the clear solution by gravity
filtration (filter paper size #6). The filtrate was then put into a membrane bench-scale

10-
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1nstallatrot1 Microfiltration units: ENKA type- MD 020 TP2N and MEMBRALOX type _.

" ITI.706 W2.5-LI. were used, with-pore sizes. of 0.2and 0.8 micron, respectively. Feed flow

was 3 L/min and transmembrane pressure was 101 kPa (14.7 p51g)

'3 4 Steam stnppmg

o The contammated water was preheated to approxtmately 75°C prior to entry from )
either the top or middle of the column. Feed rate was varied between 70 and 194 mL/min.

~ Feed volume was usually between .1 and 2 litres and- run time was approximately 5 to 30

minutes. Steam generated. from the boiler entered the base of the column at a constant rate

" 0f 9.2-9.3 g/min. The feed/steam ratio was varied between 7.5 and- 21. There' was- |
- insufficient volume of tops to warrant refluxing. The tower was fitted with raschig rings to

enhance contact between the two phases. - A diffusion plate was placed .at the top of the -
column to avoid channelling of the liquid. In addition, the column and boiler were insulated:

with fibreglass to prevent- excessive heat losses. As it was quite possible that one pass =

through the steam stripper would not bnng the DCM concentration to an acceptable level, .
the bottoms of most runs: were passed through the steam stripper a second tlme

3. 5 Reverse osmosxs

o Ideally, the treated bottoms obtamed from the steam stripper would be passed

~ through the reverse osmosis (RO) unit in order to determine how effectively clean water - -
- could be produced. This water could then serve in the steam -stripper boiler durmg field -
scale trials.. However, the. volume of sample required for the lab scale reverse ~osmosis unit .
~was greater. than the volume of sample provided by the stéam stripper. Hence one- litre of o
- each bore hole sample was diluted to the approximate treated water concentrations  obtained -~ -

during the steam stripping runs, producing. approxrmately 100 litres -of contaminated- water.
The sample was then passed through' a 5 micron pre-filter onto a thin film composite salt -
water high rejection. Filmtec (SW30-HR 2540) membrane.. - The maximum operatmg T

pressure and temperature were 5516 kPa (800 psig) and 4(° C-while the maximum feed rate‘ I

and recirculation rate were 18. 9L/m1n and 15.1 L/min.
3. 6 Analytlcal methods

DCM -was detected by a purge and trap gas chromatographrc procedure Calc_iumi |
was measured by atomic: absorptlon -

11




4. RESULTS AND DISCUSSION

4.1 Acid addition

Results of this series of experiments are presented ‘in Table IIL

-The calcium

remained in solution over a broad range of pH, which was adjusted by the addition of
sulphuric acid. In fact, the addition of sulphuric acid increased the solubility of calcium to

some extent.
- phenomenon.

TABLEII - Treatment of groundwater with sulphuric acid at 6’C

‘The high ionic strength in these solutions may be responsible for the

TIME '+ pH OF SOLUTION
(min) | 12.4* | 119 | 114 | 107 9.8 9.0 | 7.4 6.5
CALCIUM CONCENTRATION IN SOLUTION (ppm)
5 459.35 | 435.66 | 466.27 | 434.66 | 407.98 | 372.42 | 457.38 | 45639
I 15 | 443.55 | 414.90 | 392.18 | 381.31 | 403.04 | 425.76 | 397.12 | 395.14
30 | 429.72 | 414.90 | 447.50 | 411.93 | 409.96 | 311.17 | 419.84 | 433.67
60 442.56 | 391.19 | 417.86 | 427.74 | 422.80 | 363.53 | 402.05 | 400.08
120 | 509.76 | 549.25 | 408.97 | 415.80 | 459.35 | 419.84 | 416.87 | 451.45
240 | 416.87 | 409.96 | 416.87 | 402.05 | 425.76 | 410.95 | 407.98 | 423.79
20 hrs. | 383.28 | 389.21 | 403.04 | 391.19 | 400.08 | 401.07 | 400.08 | 400.08

* No acid was added

Approximately 24 hours after acidification, solutions were placed in a water bath and

heated for three hours.

As shown in Table IV, at pH 10.7 and lower, no calcium

precipitation took place, whereas at higher pH, precipitation was significant. Sulphuric acid

appeared to be an effective method for stablhzmg calcium in groundwater providing pH 1s
kept below 10.7.
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TABLEIXV - Heatmg of the solutions after acid treatment

‘Temperature for heatmg = 82° C

65

-400.0 |

- Period of heating =3 hours
SAMPLES | pﬁf'()F SOLUTION
o 2.4 | 119 114 | 107 | 98 | 90 | 74
. caLcom CONCENTRATION IN SOLUTION (ppm) .
" Groundwater. | 485.5 | 485.5 | 4855 | 485.5 | 485.5 | 485.5 | 485.5 | 485.5
Solution after 3 | 380.2 3912 | 400.1 | 401.1

383.3 4030 | 400.1
acidification and. : : C

. . e
exposure .

acidification,
. exposure and
heating

— . - S — - :

Weight  of ‘1858 [ 525 | 88 | o | . 0 | O | 0
precxpxtated Ca ’ S : R P
from 1 m® of -

' groundwater (g) _

‘concentration.

x No acxd was added
*x Exposure was extended over 20 hours at a temperature of 6°C

. 4.2 ,Reagentlpreeipitation ‘

. Sodlum carbonate monohydrate was chosen as a precxpltatmg agent because hme_
would riot be effective at extremely high pH of groundwater (12.4). The results obtained -
- from the sedimentation experiments ‘at temperatures of 6’C and 22°C are presented “in
~ Figures 4 and 5 respectwely ‘Tabular results are presented m Appendxces A and B

In Flgure 4 results 1ndlcate an. mcrease in precxpxtatxon rate and a decrease in. the

| - residual- amount of calcium in the solution for increasing -sodium carbonate monohydrate ; N
Three grams per litre of sodium carbonate - monohydrate is‘enough to' = -+ . -

remove calcium almost. completely (residual calcium concentration is 0.28 ppm). The

~ precipitation rate does not appear to be significantly affected by temperature  over the
sodium carbonate monohydrate range: 1nvest1gated

13
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FIGURE 4 - Precipitation of calcium with sodium carbonate monohydrate at 6C
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FIGURE 5 - Precipitation of calcium with sodium carbonate monohydrate at 22°C
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To simulate steam stripping operating conditions, the supernatant solutions, after 25
hours of precipitation at 6°C, were heated in a water bath for three hours and those results
are presented in Table V. Results from Table V indicate that reagent precipitation as a
_pre-treatment is valid, providing the concentration of sodium carbonate monohydrate is
-greater than 3 grams per litre. :

— 1.
‘I- ;
3 §

TABLEY - Heating of the supernatant soldtion ‘

During sedimentation, temperature = 6'C
During heating, temperature = 82°C
Heating time = 3 hours

ﬂ

SAMPLES - CONCENTRATIONOF Na,CO; H,0

(g/L) l
0 | 02| 05 1.0 | 3.0 -

e/

‘CALCIUM CONCENTRATION IN
* SOLUTION (ppm)

Raw Groundwater 485.5-| 485.5 | 485.5 | 485.5 | 485.5
Solution after sedimentation 411.9 | 323.9 | 159.1 21.8 0
Solution after sedimentation. and | 133.2 | 62.7 0 . 0 0

heating '
Welght of precipitated Ca from 278.7 | 261.2 | 159.1 21.8 0
1m® of groundwater during - R
' heating (g)

4.3 Polymeér treatment and membrahe separation

A yellowish precipitate formed immediately after mixing groundwater and polyacrylic
acid. The precipitate was separated from the solution by gravity filtration, and further
treatment using microfiltration of the filtrate was then carried -out. The results of this
experiment are presented in Table VI. As shown in Table VI, approximately 80% of total .-
calcium content was removed by gravity filtration. Microfiltration proved ineffective in
producing a significant change of calcium concentration.
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TABLE VI - Removal of calcium using polymer treatment and microfiltration

"SAMPLE - . - | CALCIUM CONCENTRATION' ]l |
- AP lN SOLUTION (ppm)
) u Raw’ groundwa’ter 1 . . 850
| Supemnatant | 234
l-Permeate of treated supematant c o ! 217 -

The pH of the solutron offers a possrble explanatron of these results. At very .hxg'h-

pH of groundwater (12.4), the- solublhty of calcium salt of polyacrylic acid is so low that-it |

precipitates. All polyacrylic acid is bound to the precipitate, therefore the remammg'
calcium ions in solutlon pass freely through the membrane »

Increasmg the concentranon of polyacryhc acid reduces the residual concentratron -

of calcm_m jons in solution after sedimentation. However, an increase in polymer reagent .
results in increased ‘cost for pre-treatment. The negative results obtained in this experiment <.

~do not necessarily srgmfy that polymer treatment combined  with membrane separation

cannot be used for calcium removal. However, in this’ partlcular case, extremely hrgh pH e

and calcium concentratxons made this process less effective.

4.4 Steam strxppmg

Groundwater analyzed by Bamnger Laboratones revealed extremely hxgh levels of

"DCM (25,500 ppm) in bore hole number 6. Prelrmrnary -experiments. investigated the. . = -
capability of the -laboratory scale steam strrpper to remove high concentrations of DCM = - ‘

from water. Initially, tap water was sprked with DCM, up to approximately 2% by weight

as- this was the expected - concentration in bore hole number 6. From Table- VII, DCM L

removal from spiked tap water using steam stripping was over 80% in a single pass.” The

treated . water from RUN#2 was collected and used for a second pass through the steam .- |

stripper as RUN#3. This resulted in an overall DCM removal of 95.7% on two. passes
through the steam stripper. , ‘
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TABLE VII - DCM removal from spiked tap water using steam stripping

RUN | FEED* | FEED: CONCENTRATION OF DCM DCM
# | RATE | STEAM** ' (ppm) .| REMOVAL
mL/min | RATIO . (%)
FEED | TOPS | BOTTOMS |
1 140 | 151 15179 | 3475 2041 | 80.6
2 194 20.9 | 20985 | nawex 2594 |  87.6
194 ©20.9 2504 | 5474 | 909 65.0
. : ' ; (95.7)****

* feed was to middle of column

** steam rate was 9.3 g/min

*#% na = not analyzed

wxRE ( ) = overall DCM removal rate for double pass run

Table VIII presents the results of DCM removal from groundwater (bore hole
number 39) using steam stnppmg after pre-treatment. Feed was introduced to the top of

the column for all runs listed in Table VIII. Feed for RUN#1 was the clear solution

" obtained after sedimentation using sodium carbonate ' monohydrate on groundwater. The
treated water from RUN#1 was collected and used for a second pass through the steam
stripper as RUN#2. The overall DCM removal was 86.7% on two passes through the steam
stripper unit, Feed for RUN#3 was the filtrate obtained after passing groundwater through
the microfiltration unit. The treated water from RUN#3 was collected and used for a

second pass through the steam stripper as RUN#4. The overall. DCM removal rate was

48.5% on two passes through the steam stripping unit.

18
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TABLE VIII - DCM removal from pre-treated groundwater (BH#39) usmg steam

- strlppmg

RUN | FEED* | FEED: CONCENTRATIONOFDCM | = DCM |

~ # | RATE | STEAM** _(opm) REMOVAL ||
mL/min | RATIO — — (%)
S FEED | TOPS | BOTTOMS S

1 40 | 151 | 2619 | 20.95 6.39 75.6

I 2 | 140 151 | 639 | 1067 | 359 438
: R R 86.7)** ||

| 3] w0 1510 | 227 | 1907 1.76 2.5

“ 4 140 151 176 | 31.78 117 33.5 (48.5)

~ * feed: was to top of column
| % geam rate was 9.3 g/min

wkok () = overall DCM removal rate for double pass run

: 'The pH of groundwater from bore hole number -39 was adjusted from 12 to 8.3 units-
by the addition of sulphuric acid in order to stabilize' the calcium and meet water disposal -
requirements. This solution was then filtered (filter paper size #1) and fed to the top of

“the column, DCM removal rates for different feed rates from the top of the ¢olumn for-
single and double pass steam stripping are presented in Table IX. The initial DCM. -
concentration ‘in the feed was about 30 ppm. The removal rate at the various- feed rates
investigated, was over 90% on a single pass. The overall DCM removal rate increased. to

~over 99% when the treated water was passed a second tlme through the steam strlppmg

- . unit.
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TABLE IX - DCM removal from groundwater (BH#39) using steam stripping

RUN | FEED* | FEED: | CONCENTRATIONOF DCM DCM
# RATE | STEAM#* | (ppm) REMOVAL -
mL/min RATIO _ - (%)
~ | FEED | TOPS | BOTTOMS
| 1 70 15 373 | >249.6 0.67 98.2
| 2 70 7.5 067 | >9.1 | 016 76.1
o (99.6)*** |
3 110 11.8 31.0 >41 | 31 190.0 I
| 4 110 11.8 31 > 126.0 0.17 94.5 (99.5) |
5 140 - 15.0 31.0 >138.3 0.65 | 979 ]
6 140 15.0 0.65 >105.9 | . 0.10 84.6 (99.7). |

* pH of feed was to top of column

** steam rate was 9.3 g/min

#*% (1) = overall DCM removal rate for double pass run
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The natural pH of groundwater from bore hole number 6 was 7.0 units which satisfies
effluent discharge requirements, thus pre-treatment -only involved filtering (filtrate paper size
#1) prior to steam stripping. The solution was then fed to the middle of the column. DCM
. removal rates for various feed rates to the top of the column for single and double pass
steam stripping are presented in Table X. The initial DCM concentration in the feed was
above 3000 ppm. The removal rate at the various feed rates investigated was over 97% on
a single pass. The overall DCM removal rate increased to over 99% when the treated water
was passed a second time through the steam stripping unit. :




TABLEX - DCM removal from groundwater (BH#6) ﬁsing steam stripping

"RUN | FEED* | FEED: | CONCENTRATIONOFDCM | DCM |
# | RATE |STEAM**| ‘  (pm) 'REMOVAL |-
| mL/min | -RATIO [= . @ |
| » TPl reED | TOPS | BOTTOMS e
7.1 10 75 13000 | >s8097 | 2375 | 992

1 8 | 7 | 75 | 2375 | >5146 |. 114 520 .-

| | | I 99.6y%* ||
9 | 10| 118 3000 | >17816 | 31 .| - 999

10 | 110 | 118 | 31 | >6120 | 05 | 83.9(9.9 |
11 | 140 | 150 | 4222 | >79711 | 1062 | 975
12| w10 | 150 1062 | >11276 360 | 66.1099.1) |

* feed was to the middle of column
** steam rate was 9.3 g/min - :
koK ( ) = overall DCM removal rate for double pass run

In order to determine whether the morgamcs in the water actually affect the steam |
stripping column and- the steam. stripping efficiency, approxxmately 2 litres of unfiltered

sample from bore hole number 6 were run through- the unit usmg the ‘variables found to be L

most effective during the single pass runs." Results are shown in-Table XI and are somewhat

A surpnsmg as the unfiltered’ feed yxelded a higher DCM removal rate than the filtered

sample. A plaus1ble -explanation is the setthng of soil partlcles whxch entrap part of the
DCM removmg it from the’ ana.lyzed solutxon _
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TABLEXI - DCM removal from treated and untreated groundwater (BH#6) usmg

steam stnppmg

RUN# FEED* FEED: CONCENTRATIONOF DCM | DCM
RATE | STEAM** (ppm) REMO |

mL/min | RATIO" _ . =1 VAL

' "FEED TOPS BOTTOM (%)

| 13 70 7.5 5209.8 | 19221 520 | 99.0

# unfiltered '

14 70 7.5 | 33407 | na%*x 434.7 87.0

ﬁlte_red : - ‘ :

* feed was.to top of column
** steam rate was 9.3 g/min
*** na = not analyzed

In theory, in order to obtain a concentrated overhead prodﬁct with a soluble
contaminant such as DCM, it is necessary to use a feed point near the middle of the stripper
column to allow rectification to take place. However, laboratory scale steam stripping

results indicate an indifference to feed location. In addition, theory recommends a low

feed/steam ratio to enhance DCM removal from contaminated water. However, at the feed
flowrates investigated, there was no significant change in the effectiveness of steam stripping
at dlfferent feed/steam ratios. :

4.5 Reverse osmosis

It would be expected that DCM, with a molecular weight of 86, would be easily

rejected in the reverse osmosis unit. However, the results shown in Tables XII and XHI

state ‘otherwise. The low percent rejections obtained can be explained by the hindrance

DCM has to hydration, making its effective molecular radius much smaller than an jon such -
as sodium.. Sodium has a much lower molecular weight (23) yet binds readily to water. A~
sample of permeate taken after 12 minutes was unreliable and therefore not included in

Table XII.

The decrease in percent DCM tejection in Table XIII can be explained by the hxgher» |
operating temperature. This increase intemperature will cause the bound water on the -

membranes surface to become thinner, making the effective membrane pore size larger,
therefore more permeable to solute molecules. The unexpected decrease .in concentrate

concentration of DCM may also be explained by the operating temperatures of 35°C and

40P C where some losses of DCM are attributable to evaporation.
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© TABLE XII - Residual concentratmns of DCM after treatment through reverse osmosns‘ '
umt (mlxture of BH#G and BH#39)

TIME -
(min)

co|_

| FLOWRATES (Lmin) |-

‘ CONCENTRATION OF |-

- DCM: (Ppm)

CONCEN-

- TRATE

'PERMEATE

| CONCEN- |
_TRATE _

PERMEATE

24

04

0.7

132

I 30

0.4

0.7

L1

492,

“unit (BH#G)

TABLE XII[ Resndual concentratlons of DCM after treatment through reverse: osmosns_ ‘

TIME
(min)

N CONCEN-

| FLOWRATES .(L/min)j :

, CONCENTRATION OF

DCM (ppm) _

TRATE

'PERMEATE |

) CONCEN—

TRATE

peM |
REJECT- ||
'PERMEATE ION(%) ‘

2.4

0.4

0.7

286

12

35|

0.4

0.7

;'27.6 |

162

w4 |

30

40

175

0.4

07 |

23

277

388

REJECT-|
IO,N‘(%_) g




5. CONCLUSIONS AND RECOMMENDATIONS

It can be concluded from the experimental results that both acidification and

chemical precipitation may be used for groundwater pre-treatment. Acidification seems to -

be preferable because acidification itself is necessary to decrease pH of groundwater before
its discharge. To meet sanitary requirements, pH of discharged water must be in the range
of 6.5 - 8.5 units. In this pH range, calcium precipitation does not occur. Therefore,
acidification with sulphuric acid to pH 8.5 is recommended as an optimum pretreatment
method. Polymer treatment combined with membrane separation was not effective in
removing calcium from this particular groundwater ' :

According to the laboratory scale _results, dxchloromethane can be sufﬁcxently
removed from groundwater using steam stripping, operating under near optimum conditions
(feed to middle of the column and low feed/steam ratio) so that secondary treatment may
not be necessary and the treated water may be discharged. It should be noted that EED’s
field scale unit is expected to provide greater removal efficiencies than the laboratory scale
unit. The packing to column diameter ratio in the laboratory scale unit is larger than that

of the field scale unit, reducing the contact area between the steam and the contaminated

liquid.

Steam stripping is a feasible alternative to conventional technologies such as air-

stripping and carbon adsorption due to the cost required to meet current 'regulatory
emissions and disposal requ1rements - The primary advantage of steam stripping over air
stripping is that steam is condenmble allowing for removal of VOCs for recovery and
disposal in a concentrated form, thus ellmmatmg atmospheric emissions. Steam stripping
has a higher capital cost than air stripping. Steam stripping can be costly to operate due to

the expense of producing steam, but less expensive than combination of air stripping and

off gas treatment (carbon adsorption).

‘Reverse osmosis treatment was effective in removing only up to 49.2% of the

dichloromethane initially present in the groundwater and therefore is not recommended for - |
post-treatment. Experiments were not pursued with the EED laboratory scale enhanced

oxidation unit as this unit was not able to operate at the optimum temperature 40 C) for
dichloromethane removal

24




. % /g
. . . . : - .

o . : o,
) 5 9 X ) 7

REFERENCES

Branscome, M. and" A'llen,_*G., et al.; "Field AsseSSment._. of Steam Stripping .‘;Volatile" N

-~ Organics from Aqueous Waste Streams", Proceedings of the 13th Annual Research
- Symposium; Land Disposal, Remedial Action, - Incineration - .and Treatment of . - .

Hazardous Waste, Cmcmnatx ‘Ohio, July 1987.

_'Caplan, G ed The Gu1de o Water Treatment - .Published by ‘Warrenpotnt\ ~Inc.,

Toronto, 1987

 CH2MHILL Engmeenng L1m1ted ‘Mobile Steam Stnpp;e_r -_Operation . and Maintenance“i L

Manual Calgary, Alberta, 1988.

.CHZMHILL Engineering lelted Steam Stripping_as an Emergency Countermeasure, EER
Environment Canada Env1ronmental Emergenc1es Report-EE91, Ottawa,. Ontano,_ '

November 1987

Geckeler K.E. Bayer E. Spwakov V , Shkinev, V and Vorob eva, G.; "quuxd Phase o .

Polymer—Based Retentxon, a New Method for Separatlon and Preconcentratlon of.
Elements", Analytlca Chlmlca Acta Vol 189 No.2, pp. 258-292 -

o Holden, W.S. ,editor; Water Treatment and Exammatlon Pubhshed by J. & A Churchlll .

- 1970.

'McCoy, J.W.; The Chemlcal Treatment of Coolmg Water 2nd edition, Chemlcal

Pubhshmg Co., New. York N Y ,1983.

| Mcleod, N.S. and Farrell, D.; Well Water uali \ and Treatment in Nova Scot1

Pubhshed by the Department of the Envxronment Hahfax, Nova Scotia, 1986

g Montgomery, IM,; Water Treatment - p_nncxples and des:g Pubhshed by leey, New:’ :

York, N.Y,, 1985.

~ Punt, M. and'Whittaker, H.; "A Comparison of Steam Stripping and Air Stripping for.the o
Removal of Volatile Organic: Compounds from Water", Proceedings of the 8th - =~ |
Technical Seminar on Chemical Spill, Environment. -Canada, Emergencies = . .

~ Engineering Division, Ottawa Ontano, June 1991

Sundstrom W and Klel, E. H Destructlon of Hazardous Compounds by Ultra onlet .-
Catalyzed Oxidation w1th H,0,, Institute of Water Resources, University :
of Connectlcut Reproduced by U.S. Dept of Commerce NTIS; 1986.

25




APPENDIX A - Precipitation of calcium with sodium carbonate at 6C

TIME

1l (hrs)

CONCENTRATION OF Na,CO, H,O (g/L)

- 0.2

0.5

1.0

3.0

5.0

10.0

20.0

©30.0

CALCIUM

CONCENTRATION

IN SOLUTION (ppm)

485.48

485.48

485.48

485.48

485.48 -

485.48

- 485.48

- 485.48

485.48

0.33

31.84

0.5

23.24

24,67

0.58

354.94

69.87

- 18.21

53.37

0.67

430.57

30.41

0.75

381.88

23.24

61.98

9.6

17.5

1.08

267.91

18.93

1.17 -

1.25

404.67

370.48

1.83

11.04

16.78 i

2.08

243.05

52.65

. 21.08

2.17

369.45

5.3

2.25

416.07

22.52

2.75

- 9.6

6.02

11.04

3.08

44.76

11.76

3.17

226.47

8.17_

3.25

321.79

3.33

381.88

- 12.47

3.75

10.32
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TIME

CONCENTRATION OF Na,CO, H,0 (g/L)

02

| o5

Lo

3.0

5.0

| 10.0

20.0

1 @es |

300§

 4.08

| 41,89

387

458 |

- 4.17

1 a7as |

5.3

4.25

1 33422 | o
407.78|

'20.66

028 |

91

159.13

©21.8

21.08.

C 028

411.92

323.86

21.17
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APPENDIX B - Precipitation of calcium with sodium carbonate at 22°C

TIME CONCENTRATION OF Na,CO, H,0 (g/L)
(hrs) 3.35 74 | 142 | 284 142
CALCIUM CONCENTRATION IN SOLUTION (ppm)
0 817.3 8173 | 8173 | 8173 817.3
0.08 | 302.14 263.97 | - 2825 443.5
| 11.3 ' 10.22 ' 8.06. 9.86 6.97
2 113 |  5.89 372 3.36 3.72
8 0.01 0.001 0.001 0.001" 0.44
.
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INTRODUCTION

Numerous pump and treat technologies are available to assist in the remediation of groundwater
contaminated with organic chemicals. Some of the commercially available systems, such as air stripping and - -

activated carbon adsorption, merely transfer pollution from one medium to another or are too expensive to be
economically viable. The use-of steam stripping to remove volatile organic contaminants (VOC’s) from groundwater

is an alternative approach which is both environmentally safe, since the contaminant being recovered is mot =~ -

discharged to the environment, and cost effective in terms of unit operation and contaminant disposal',

The following paper describes the results of laboratory and pilot scale field studies to evaluate the suitability

of steam stripping as a remedial technology to remove dichloromethane (DCM) from groundwater. )

* SITE HISTORY AND DESCRIPTION

Marshall Macklin Monaghan Limited were retained by an industrial client to evaluate and implement the
most cost effective remedial strategy to decontaminate soil and groundwater at an industrial facility in Toronto,
Canada. Groundwater at the facility had been contaminated with DCM when an underground tank ruptured during
filling in the early 1970’s. Following the incident the tank was repaired in-situ and continued to be used for solvent

- storage until its removal in 1989. During decommissioning of the site it was discovered that the original tank
rupture had produced an Aqueous Phase Liquid contaminant plume (APL) and possibly a Dense Non Aqueous Phase

Liquid (DNAPL) which extended beneath the manufactunng facility and covered an area of approxlmately Om

by 60 m (Figure 1).

GEOLOGIC AND HYDROGEOLOGIC SETTING

Ground surface slopes gently towards the southeast corner of the property and has approxlmately three
meters relief.

The site is located near the contact of three Quaternary units: shﬂlow and deep water lacustrine sediments
and the Wildfield Till. The lacustrine sediments are part of the Lacustrine-Wildfield Till Complex. These deposits

consist of both fine-grained silts and clays as well as coarser grained sand and gravel deposits. Interstcatified with
the coarser sediments can be till-like sediment similar to the Wildfield Till. Underlying the lacustrine Wildfield Till .
Complex is the dark grey, fine grained Wildfield Till. The Halton Till and-older interglacial fluvial and alluvial -

sediments may underlie the Wildfield Till and at depth the Wentworth and Sunnybrook Till may also be present.

The drilling program conducted on the site revealed a compiex stratigraphy of interstratified silts and clays .
as well as coarser sands, gravel and till. The stratigraphy on the site consists of approximately 2 meters of .
reworked sandy silt of unknown origin, perhaps fill, or course grained deltaic sediment. Underlying the reworked

sediment is approximately 9 meters of the Lacustrine-Wildfield Till complex. This forms a fining upward sequence
~ from interstratified Wildfield Till and gravel at approximately 9.5 meters depth to a silty clay at 2 meters depth.

Underlying the Wildfield Till is approximately 4 metérs of stratified silts, sands and gravéls associated with older -
alluvial and fluvial deposition. At approximately 14 meters depth an older till unit is found, possibly the Halton

Till.

The hydraulic conductivity of the Lacustrine-Wildfield Till Complex, where most of the groundwater ‘

contamination was detécted was 3.7x10* cm/s as measured by rising head piezometer tests. The hydraulic

conductivity of the deeper, less contaminated aquifer beneath the Lacustrine-Wildfield Till unit was 9.0x10% cm/s.

The direction of groundwater flow in the Lacustrine-Wildfield Till Complex beneath the plant is towards the south
east. Groundwater flow direction in the lower aquifer was not determined.
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‘Figure 1.’ Site layout and approximate distribution of APL plume.

GROUNDWATER CHEMISTRY

Initial groundwater chemistry data mdlcated that contammatlon was, largely confined to the upper aquifer -
located in the Lacustrine-Wildfield Till Complex. The main contaminant found in this zone was DCM which was

concentrations of other chlorinated aliphatic and unchlorinated aromatic compounds (Table 1) were also detected.” -
The high concentration of DCM detected in groundwater suggested | that a plume of DNAPL might be present n
the Medlate area of the original spill and possxbly beneath the manufactmmg facxhty -

detected in concentranons approachmg the upper solubility limit of DCM in water (20,000 ppm @ 20°C). Smaller - L




Dichloromethane was the preponderant contaminant detected in the lower aquifer located bene#th the
Wildfield Till Unit. The maximum DCM concentration detected in this zone was 160 ppm, several orders of

magnitude less than detected in the upper aquifer®. - Based on the hydrogeological information available to date, it
is not possible to assess if the upper and lower aquifers are hydraulically connected. The difference in' DCM -

concentration, however, suggests that the two aquifers are not intimately connected.

Table 1. Maximum contaminant concentration in groundwater

Contaminant . . |Concentration (ppm)
Dichloromethane : 25,000
1,1-Dichloroethene _ ' 4,50
1,1-Dichloroethane o 36.80
Chloroform 0.35
1,1,1-Trichloroethane 4.80
Trichloroethene : . - 1.04
Dibromochloromethane ' - 0.01
Tetrachloroethane 3.50
Toluene : __26.00
o,m,p-Xylene - 1.02

Given the time that has elapsed since the occurrence of the DCM spill, itis surpnsmg that the areal extent
of groundwater contamination was not significantly larger. The probable reason for this is that the Wildfield Till
unit which appears to-have retarded the downward migration of DCM to the lower aquifer, rises by several meters

in a south easterly direction beneath the plant building. This elevation of the till unit therefore presents a physical

barrier which has contained the DCM spill to the relatively localized area indicated in Figure 1.

REMEDIAL STRATEGY DEVELOPMENT

~ The remedial options considered to. decontaminate the soil and- groundwater on the site included
biodegradation, excavation and removal, in-situ stabilization, in-situ containment and vacuum extraction coupled

with pump and treat technology. The lateral and vertical containment of the contaminant plume by the geology of

the site together with the fact that a significant portion of the contaminant plume lay beneath the manufacturing
facility were major factors in selecting the most suitable remedial option. Vacuum extraction coupled with pump
and treat technology was determined to be the most cost effective remedial strategy to decontaminate the soil and
groundwater on the site. In view of the high cost generally associated with groundwater remediation, a pilot scale
study was considered necessary in order to evaluate the feasibility of the pump and treat component of the overall
remedial strategy prior to movmg to a full scale treatment system.
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The Emergencies Engineering Divislon of Environment Canada was known to be actively pursuing the
potential of steam stripping as a groundwater remediation technology and had built both a bench scale-and a pilot

. scale unit. Marshall Macklin Monaghan Limited therefore approached the Emergencies Engineering Dmsxon for . )

ass:stance m evaluatmg the efficnency of steam ‘stripping in removmg DCM from groundwater ~

The Umted States Envnronmental Protectxon Agencxes Risk Reductlon Engmeenng Laboratory s treatabxlxty‘f :

database was accessed to evaluate the known efﬁcnencxes of various pump and treat technologxes in the removal of o

DCM from watcr :

 The data mdxcated that of the technolognes avnlable, steam stripping gives the greatest removal efficnencnes e

1» for DCM concentrations greater than 1 | ppm. . Steam stnppmg was considered to be more cost effective than more . . =

established VOC treatment technologles, such as air stripping and activated carbon adsorption. With air stripping, -

. significant costs would be incurred in meetmg current air emission. standards. - Similarly, the lower removal N
efficiency of activated carbon coupled with regeneratlon and/or dxsposal of DCM contammated carbon waste tended S
- to make it more expensxve : . P

' STEAM STRIPPING PROCESS.

Steam stnppmg is a sepmtlon process which. utlllzes dlfferences in the thermodynamxc pmpemes of

o hqmds It is a process by which one or more components of a liquid nnxture (usually water and an organic species) -
" is transferred to the vapour phase The driving force for the separation is the concentration differential of the Lo
organic component(s) between the liquid and vapour phases. Removal efﬁcxency is highly dependent on a number =~

- of factors including Henry’s Law-Constant, temperature, vapour pressure and steam-to-water ratio. An increase

in any of these parameters produces a corresponding increase in removal efﬁcxency, assuming all’ other . factors.
remain constant®, Other factors which influence removal efﬁcxencxes mclude the size and type of column packmg.' :
and the rauo of. column dlameter to packmg dmmeter . :

ANALYTiCAn ME'.THODS":

chhloromethane concentratlons in water were. measured by purge and trap gas: chromatography dunng the -

laboratory and optimization portion of the trials. A photo ionization' detector .gas chromatograph cspable of ¢

measurmg DCM levels down to 0.1 ppm was used for analysns durmg the field scale evaluatlon




LABORATORY SCALE EVALUATION

Laboratory scale evaluation showed that DCM could be removed from groundwater using steam stnppmg‘
Greater than 99% removal efficiencies were achieved when operating at near optimum conditions. In the laboratory -
experiments, the feed rate was varied between 70 and 194 mL/min with a run time which varied from 5 to 30

minutes. Steam was fed at a constant rate of 9.2 g/mm resultmg in a feed-to-steam ratio which varied between 7.5

and 21.

As part of the optimization procedure, contaminated groundwater was fed to both the middle and top of
the column. Theoretically, a feed point near the middle of the column together with a low feed-to-steam ratio would
enhance DCM removal. Laboratory scale results however, showed only a small increase in removal efficiency when
groundwater was fed to the middle of the column. The laboratory scale evaluation indicated that DCM removal

efficiencies of greater than 99.9% could be achieved in the pilot scale steam stripping unit using a two pass system. . -
" The DCM concentration in groundwater could therefore be reduced from an average value of 3,500 ppm to less than

lppm N

High levels of calcium were detected in the groundwater during the laboratory evaluotion. In tum, these '

levels were associated with high pH levels in the groundwater samples. In order to minimize scaling in the steam
stripping unit, various pre-treatment methodologies to reduce the calcium levels were investigated. Scale build up
would tend to reduce the throughput of the unit and could affect DCM removal efficiencies. It was shown that
calcium scaling would not occur if the pH of groundwater was between 6.5 and 8.5 units. If high pH groundwater
was encountered during the field trial, sulphuric acid would be added to bring the pH below 8.5.

FIELD SCALE RESULTS

The process flow diagram for the field scale trial is shown in Figure 2, The pH of the groundwater was
monitored during the optimization portion of the trial to determine whether pre-treatment would be required prior
to feeding to the steam stripper. The average pH of pumped groundwater was 7 umts therefore pre-treatment was
not necessary. .

Seven optimization runs were made. During these runs, the contaminated groundwater was ‘introduced,
either at the top or to the middle of the column. Steam was provided by a 1,150,000 kJ/hr oil fired bumer.’

Although the design flow rate for the feed was 2,000 L/h, the flow rate obtained during the optimization run varied
from 900 L/h to 450 L/h resulting in a corresponding variation in the feed-to-steam ratio of 2 to 4.5. The length
of the runs varied from 45 minutes to almost five hours. Run length was normally determined by the tank space
available to store treated groundwater. Based on the results of the laboratory evaluation, an agreement was reached
with the local pollution authority to permit the discharge of treated groundwater with a DCM concentration of less
than 1 ppm to sanitary sewer.

Preliminary results from the optimization runs (Table 2, Runs 1 to 7) showed that when groundwater was
fed to the top of the column, removal efficiencies of up to 99.7% were achieved in a single pass and up to 98.7%
removal was achieved in a second pass®. The overall removal efficiency, therefore, for two passes through the unit
was up to 99.99%, giving DCM levels of less than 1 ppm in the treated groundwater,

DCM removal rates increased slightly when the groundwater was fed to the middle as opposed to the top
of the column, After one pass, removal efficiencies varied from 99.7% to 99.99% giving DCM levels as low as
0.9 ppm in first pass treated water. A second-pass through the unit reduced DCM levels to 0.7 ppm.

Optimal operating conditions for the field trial were therefore realrzed by feeding to the middle of the
column at maximum steam flow.
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Table 2. Concentration and percent removals of dichloromethane

Concentration of DCM (ppm).

Percent DCM

4 G B TN T G Ny am .

Runno. |[Feed |Feed Time
description |{location | (min) Feed . Bottom removal
1 groundwater top - 45 9591 63 99.34
' 120 : 130 98.64
2 groundwater top 45 7993 25 99.69
3 2nd pass top 30 73 112 0.00
- 70 : 13 82.19
130 14 . 80.82
4 2nd pass top 85 73 0.98 98.66
' 130 - : 10 86.30
5 groundwater { midway -~ 60 12,605 - 34 99.73 -
: 175 2328 1.1 99.95
295 10,470 0.9 99.99
6 2nd pass | midway 80 - 12 34 71.67
A 220 0.7 94.17
7 groundwater | - midway . 80 - 9736 57 99.94
’ ' 155 2.1 99.98
230 11.9 99.88
285 586 0.9 99.85
12 groundwater | midway 195 1091 05 - 9995
435 658 3.9 99.41
19 groundwater | midway | - 30 - 2152 0.6 99.97
' 160 2341 6.5 99.72
29 groundwater | midway © 95 1262 3.8 99.70
470 807 trace 100.00
33 groundwater | midway - 80 1096 22 99.80°
305 1127 ND* 100.00
470 672 ND 100.00
34 groundwater | midway . 80 1436 0.8 99.94
o ' ' 265 1658 -ND 100.00
36 . 2nd pass midway . 60 13 0.3 97.69
180 ND 100.00
290 : ND 100.00
: . 470 7 ND 100.00
40 groundwater top 210 2987 ND 100,00 -
270 2829 ND 100.00
41 2nd pass ‘top 55 49 ND 100.00
' : ' 170 14 ND . 100.00
, 330 18’ ND - 100.00
43 groundwater top 140 1666 ND 100.00 .
: - 260 1409 ND 100.00
345 2924 ND 100.00
44 2nd pass " top 45 21 ND 100.00
180 1 ND 100.00
230 trace ' '

* ND = non detectable
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FIELD SCALE DISCUSSION

Contaminated groundwater was treated using the steam stripper over a three month period to evaluate the
potential of pump and treat technology to remove DCM from groundwater at the site. During. this~ tlme,'

. approximately 50,000 L of contaminated groundwater was processed. Approximately 6,500 L of a two- phase -

dichloromethane/water mixture was obtained of which an estimated 120 L was pure DCM. The remammg 43,500
L of treated groundwater, having a concentration of less than 1 ppm, was discharged to sanitary sewer. . Data for
selected runs showmg DCM concentratton in the feed and treated ‘water and percent DCM removed are presented :
Table 2 A ‘

For the first month of operation, the flow meter for the feed stream was faulty. An accurate measure of
~ the flow rate was not available until the second month, by which time the flow rate had decreased from the 900 L/hr.
~ flow rate achieved in the optimization runs to 200 Lllir, The feed-to-steam ratio therefore was reduced from more
than 2:1 to 1:1. Operation of the unit under these conditions was inefficient since large volumes of condensate were
produced giving lower DCM concentrations in the condensate.: The decrease in the flow rate may be attributed to

fouling of the column by suspended solids in the groundwater. The flow rate improved to approximately 900 L/h a

after rinsing the column with hydrochloric acid (pH 4) and redirecting the feed to the top of the column. Although
the optimization study indicated that feed to the middle of the column was preferable, percentage removals were .
. found to be margmally better when groundwater was fed to the top of the column. '

At the lower feed rates, removal efﬁcrencres of greater than 99.9%. were routinely aclneved and in some.

instances. (Runs 29, 33,34, 40 and 43). the concentration of DCM in treated groundwater after one pass through- . - A

the steam stripper was below the analytical detection limit. : However, because the performance of the unit was not
 sufficiently. consistent, a'second pass was generally required to- reduce the concentratlon of DCM in the treated -
groundwater to less thnn 1 ppm.

The ﬁeld trial demonstrated that steam stnppmg offers. consnderable potentral as a treatment technology to . .

remove VOC’s from groundwater. The long term use of the pilot scale unit has shown that regular rinsing of the. -
. column with acidic solution is necessary in order to mamtam an optlmum feed rate and removal efficiency. ‘

.EFFECTIVENESS OF PUMP AND TREAT SYSTEM ON DCM REMOVAL

- Prior to commencmg the field trial, a 10 cm diameter pumping well with a 1.5 m screen. was mstalled in
the upper aquifer in the area of the original DCM spill. A 5 cm diameter electric pump was installed in the well. -
just above the top of the screen. Groundwater was pumped to the steam stnpper feed tank at an average rate of -
330 L/h ' . _

. The impact of the oilot scale field trial on DCM concentrations in groundwater was evaluated by monitoring S
groundwater from selected boreholes both within the sphere of influence of the APL plume and on the periphery .
of the plume. Groundwater in the lower aquifer was also monitored to assess the effect of pumping on the vertical = -

movement of DCM between the two aquifers. The change in concentration of DCM in the momtormg wells over . |
time are shown in Table 3. t -

_ The effect of pumping on DCM concentrations in three of the most contaminated wells is rllustrated n.

Flgure 3.

As expected .quite dramatic reducttons in DCM concentrattons were achieved 1mtmlly as lnghly

- contaminated groundwater was removed and replaced by previously uncontaminated groundwater. Following this
first rush the concentration of DCM in groundwater stabilized at around 400-600 ppm in wells 1 and 24 and around .
" 4000 ppm in well 2C. The DCM concentration in well 2A which was installed in'the lower aquifer showed little -
change over the duration of the trial. It is probable therefore that downward migration'of contaminants would not -
be a potential problem in remediation of this site.



In order to assess the overall effectiveness of the pump and treat strategy, groundwater pumpmg was

curtailed for a period of one month towards the end of the trial and the change in DCM concentration in each of

the wells was monitored. As Figure 3 shows, DCM concentrations remained relatively static in wells 1 and 24 and

increased only slightly in well 2C before levelling off at around 3400 ppm.

Table 3. Concentration of dichloromethane in monitoring wells.

: . Well
Date i | 2a] 2| 6 8 | 9. 1 1w0] 12 ] 14 ] 151 211 2217 23 [ 24| 27| 35 | %
. ' " Concentration of DCM (ppm) :
91 06 03 1400 . 203
9107 03 9710 . g
910812 | 3500] 160 | 5975 0011 ] 0007] 13| 0013] 0009 16800 | 0.004| 001| 0.008] 150| 0.003] 0.004
911209 | 1392 2831 - - |ND* - ND | ND.| ND [1008] ND | ND .
911231 | 1571 2384 - — | ND - ND | ND| ND | 81| ND | ND
92,01 05 529 2529 ND — | TND | ND ND | ND|{ ND | 591 ND | ND
92 01 08 568 3102 ND ‘
920113 { 732 3277 ND - | ND | ND ND | ND| ND | 752] ND | ND
920115 731 3899 ND | -
920117 | 584 3005 ND —~ — —~ ND | ND| ND | 695] ND | ND
920120 538 4089 ND 40 758
920121 85| -
920122 | 600 3693 ND - | ND | ND ND | ND| ND | 740] ND | ND
920124 | 493 3499 ND ' 595
920127 472 3699 ND 18] ND | ND ND | ND| ND | 728] ND | ND
920131 | 427 3832 ND 8 . 678
920203 | 411 3389 ND - | ND | ND ND-| ND| ND | 61| ND | ND
920205 | 302] 161 3372 ND trace 494
*ND = non t.ieteciablc
10000
' —_—
9000+ Well 1
8000- .
—_——
e i Well 2C
E 7000
Q. | ==
o .
< 6000 Well 24
&)
A 5000
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_ ) pu
] Time (days) shutdown

Figure 3. DCM concentration in three monitoring wells
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SELECTIVE REMOVAL OF METAL IONS FROM GROUNDWATER
BY POLYMERIC BINDING AND MICROFILTRATION
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Enwronment Canada, Emergencxes Engineering D1v151on,
~ River Road Environmental Technology Centre,
. 3439 River Road, Ottawa K1A: OH3 (Canada) - - -

SUMMARY

A hybrid' menibraneseparatlon technique was investigated for the selective removal

of metals from groundwaters. This two-step process included the addition of a water soluble -
polymer to bind the metalsand was followed by microfiltration. This method was used for =
the extraction of hazardous components of groundwater and for reduction of hardness. The -
_influence of several process parameters the. eéfficiency of the membrane separation-was.
- studied. This paper descnbes results of the expenments carried out on a bench-scale- level e

'I.N'I‘R‘ODU\‘CTION

" The method of separating and concentrating metal ions, which included selective - R
~ binding of targeted ions by water soluble polymers and subsequent membrane separation -

of formed macromolecular compounds from unbound components, has been mvestlgated

since late 60’s [1]. During this period, different applications of this method, varying from the - |
~ removal of toxic components of industrial wastes [2] to the chemical analysis [3], were -

developed. It was revealed that almost any metal from the Periodic Table could be
separated from other components of a solution using this process 41 Moreover, it could be
used for non-metals, like 1od1ne [5] or phenol [6], as well.

- The main parameter charactenzmg the effectlveness of the membrane separatlong[

o process is the re_]ectlon of metals (or a certam metal) by the membrane: -

R=1-G/G | o

where C, and q are concentrations of the metal(s) in the permeate and in the feed (1mt1a1
. 'solutlon respectlvely




It was demonstrated [7] that in the case of polymer binding, rejection of a metal is - e

expressed as a product of a polymer rejection Rp and the binding degree of a metal to a
R = R *® | | )

As it follows from the expressron (2), the higher the blndmg degree and the polymer
re]ectxon, the higher the metal rejection.

polymer ®:

Smce it was assumed that the pore size of a membrane had to be small enough for

the complete removal of the formed metal-polymeric' compounds, reverse osmosis or . -

ultrafiltration as the separation techmques were used for all of these purposes

On the other hand, it is a well known fact that when polymer solutions are filtered
through membranes, sorption of polymers occurs on the surface and inside the pores [8] as
well as formation of dynamic membranes [9] take place . These phenomena affect the semi-
permeable properties of membranes and normally result in an increase in solute rejectron. _
With this method, solute molecules, who’s size is much smaller than the pore size of a =
membrane, may be partially or completely rejected by the membrane [10].

For cylindrical pores and laminar liquid flow, a water flux j b through a pore w1th the
diameter d0 can be calculated according to Poiseuille’s equatron

- (28 Ph/Q) R
where P is a transmembrane pressure, l is the pore length and " is viscosity of water. -

- In the case of an adsorbmg polymer the effective diameter of the pore shrmks and
becomes equal to dg which results in a decreased water flux j k¢ '

k = (128" P*d)/(%) e
Assuming equatlons (3) and (3a), the diameter of the pore . after sorption can be

expressed through its 1mt1al drameter and the water fluxes prior and after polymer ..
adsorption: :

&= & GAc )

or, using the values of total water fluxes through the membrane prior (Jp) and after (J;)
adsorption:

= G UG/HP* o (4)
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Thus the thickness of the sorbed polymer layer 6 can also be found through the .

reduction of a water ﬂux through the membrane:

Cseospoyr N

It has been shown [8] that Potseutlle s equatlon can be used for the calculatron of the"- '

‘ thtckness of. the sorbed polymer layer mstde the pores of ultrafiltratton membranes B

Polyelectrolytes, which are the most commonly used group of polymeric bmdmg'_. S

agents have a great sorptlon ability due to the presence of charged groups in their

macromolecules which interact with the membrane. One would expect that they may modify -

a microfiltration membrane as well so that the treated- membrane will also to reject them

Thts hypothesrs has recently been mvestlgated ‘The remainder of this paper descrtbes_

‘the experimental results carried out. Several metals were chosen for the experiments. The

first group of metals is represented by calcium, iron and manganese. The presence of these

~elements in groundwater is the serious problem in water treatment processes such as: - -
heating, boiling, reverse osmosis, etc., under varying operatronal conditions. The. low soluble S

compounds of these - metals  may deposrt throughout the treatment: units and cause -a -

- reduction in system efficiency. Other metals, such as lead, copper and mckel are human'_ '
o health hazardous and must be removed from drinking water -

EXPERIMENTAL -

o A Matenals :

Both real and spllced groundwater samples were used for the tests. Calctum, 1ron,’_ PRI

manganese, lead, copper and nickel were the target components The concentratrons were‘p -
varymg in the range of 1 - 50 mg/1 per metal. :

Synthetlc polyelectrolytes containing carboxyhc, imino-, and sulfomc groups were used

~ as the macromolecular binding agents. Data on the polymers are summarized in Table 1. - - : \};“" ‘K
Polymers were used as ‘obtained from' manufacturers without further punﬁcatlon ‘The .
_ polymers concentratlons were.in the range of 10-300 mg/l. o

B, Methodsa

Micrefiltration and ultrafiltration experiments were carried out on a bench-scale =~ -

cross-flow . membrane installation. The /installation . contamed a niembrane ‘module, a

recirculating pump, a flow-meter, pressure gauges, and both feed and permeate tanks. Flat-
sheet and tubular membranes, both polymeric and ceramic were used for the tests Table
2 details the main characteristics of the membranes.
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Experiments were performed at room teiﬁperature and at transmembrane pressures
ranging from 0.3 to 1.5 bar (4.4 - 22.4 psi). Transmembrane fluxes were corrected to 25°C.

Feed flow was 0.05 1/s (0.8 gal/min). Solutions of hydrochloric acid and sodium hydroxide A

were used for pH adjustment.

The concentrations of metals in the feed solution, retentate and permeate were

measured by atomic absorption (Perkin Elmer, Model 3100). The concentrations - of |

polymers were determined by UV spectroscopy (Perkin Elmer, Model Lambda 2). -

The observed retention coefficients R were determined from expression (1).The R
values were reproducible to within + 5%. : :

_ RESULTS |
A. Ultrafiliration of Polyelectrolytes Solutions

Figure 1 shows results of the filtration of polyacrylic acid-thrbugh the ZETAPOR

microfiltration membrane with an average pore size of 1.2 micron. The shape of the
retention curves seems to be quite pronounced: the higher the molecular weight of the

polymer, the higher its rejection by the membrane. It should be noted that the rejection is

significantly affected by pH. It can also be noted that polyacrylic acid with the molecular
weight 750,000 and higher is rejected almost completely at pH 75

In order to esvaluate the effect of polymer adsbrption in the retention of the pblymér

by the membrane, the thicknesses of the sorbed polymer layers were calculated. To obtain
these values, fluxes of the distilled water through the membrane were measured. An
increase in the molecular weight resulted in a decrease in the water flux (Fig.2). As shown
in Fig.2, the higher the pH, the lower the flux through the membrane. Data on effective
pore diameters and thicknesses of sorbed polymer layers, which were calculated using

equations (4a) and (5), are summarized in Table 3.

If one considers, for example, the polymer with the molecular weight 750,000. The
mean diameter of its macromolecules should be in the range 120-150 nm [11].-However,
Table 3 demonstrates that at pH 7.5 the polymer with this molecular weight causes the

formation of the sorbed layer with the thickness of 495 nm, which is more than the diameter i

of the macromolecules. This reveals the fact that the adsorption has a polymolecular
character, i.e. the sorbed layer consists of several monomolecular layers of polymeric

molecules. According to the experimental results, the thickness of sorbed layers is less at
lower pH. One explanation can be that the neutral, or protonated form of PAA ,which exist.

at lower pH, has less sorption ability than ionized form of this polyacid, which exist at higher
pH [12]. | | S |
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‘It is to be expected ‘that microfiltration ‘of adsorbing polyelectrolytes is affected by._ S
a large number of process parameters, such as temperature, feed concentration, membrane. ..
material,time of filtration, transmembrane pressure, etc. Systematic investigation of these =

parameters has not been attempted in this study. However; similar results (high rejection

~ on' microfiltration membranes) were obtained . for polyethylenimine - (PEI) - and ..~ -
* poly(styrensulfonic acid) (PSSA). For example, rejection of PEI at pH 8.1 was 0.998 on
ENKA (0.2 micron) and 0.986 on - MEMBRALOX (0.8 micron) membranes. It can be. =
‘assumed, that dué to the great adsorptlon ability.of polyelectrolytes which decrease the pore.

. size, their high rejection on microfiltration membranes can be obtained. Of course, the"‘* '

separatron must be performed under pre-selected circumstances.:

- B. Removal of Ca, Fe and Mn w1th Pglyacgyhg and PglySMenesulfonic Acids

Frgure 3 presents the results of the nncrofiltratlon of a solution containing calcium,. 3

iron, and manganese. Polyacrylic acid was used as the binding agent. Similar results were =~ -
obtained when the sodium salt of polydcrylic acid (Fig.4) or polystyrenesulfonic: amd (F1g 5) o

- were used. as the binding agents The following regularities should:be noted:

- decreasing pH results in decréasing retentions of both polymer and metals; ~ - |
o -at the same pH level,retention of metals increases in the order: Ca < Mn < Fe; -

These phenomena may be explamed in the followmg way:

Polyacryhc acid has- the properttes of a typlcal weak catlon exchange resin where, 7

' protons of carboxylic groups may be replaced by metal ions Me"*:

(CH CH- -">+~-><Me."'-*-<CH CH‘ )Me +an o ‘
SooH [ x A oo Jex L ®

An increase in proton concentration, ie. a decrease in pH, causes the chemical

equilibrium (6) to shift to the left. This decreases the binding degree @, and, according to - L

the expression (2), reduces rejection R. This explains the results presented in Fig. 3.

In case of sodium salt of polyacrylic acid, sodium fons were replaced:

: ‘n<—CH CH— ;’>+xMe _..___< QH27~.?H- )Mexfana A 4

| COONa ~ Coo nx o

: Decreasmg pH in this system promotes the generatlon ofan 1nact1ve protonated form :
of polyacrylic acid (CH,CHCOOH), and decreases R. This explams the results presented

‘in Fig.4.




In all cases, the bindmg degree of metals increases in the order: Na < Ca < Mn < )

Fe (rejection of sodium was equal ot zero in all exporiments which means that it was

replaced by all metals: iron, calcium, and manganese). It should be noted that the same -

regularity occurs for solid weak acidic cation exchange resins containing carboxylic groups

- [13].0ne can see that at a certain range of pH, rejection of iron differs significantly from
rejection of calcium or manganese. This method, therefore, may be used not only to remove -

all these metals, but to separate them as well

Similar phenomena take place when PSSA is used as a binding agent. Here, decrease

in pH generates the formation of an inactive protonated form of PSSA, which- Pprevents the
formation of metal-polymeric compounds. This explains the results presented in Fig.5.

Increasing the polymer concentration will cause an increase in the binding degree ®
and, according to the equation (2), increase of rejection (R). This is confirmed by the

experimental results presented in Fig.6. The rejection increases with an increasing polymer =

concentration and reaches approxunately 0.995 at a polymer concentration of 300 mg/1. At

these conditions, the majonty of the metal i ions are bound to the polymer so that further.

polymer addition does not increase R.

It must be noted that at lower polymer concentrations, the phenomena of metal
- hydroxide formation occurs. In fact, at a polyacrylic acid concentration of 100 mg/l, the
rejection of metals first increases, reaches the maximum at neutral pH, then drops (Fig. 7).
Increasing pH reinforces not only the binding of metals to polymer, but also causes the
formation of metal hydroxides which are unable to interact with the polyacid:

‘Mé* + OH  Me(OHf*™*
Me(OH)ﬂ“-D* + OH Me(OH)z(“‘z)* etc,

In this case, polymer and hydroxyl ions are competitors in the reaction with metal

ions. Therefore, increasing pH at a polymer deficit promotes hydroxide formation and o |

results i in a reduced metal rejection.

C. Removal of Heavy Metals with Polyethylenimine

Polyethylene was chosen for this series of experiments since it is known that it forms stable -
complexes with transitive metal ions [5,15]. The results of copper, lead and nickel removal

with PEI are presented in Fig.8. In this figure, one can see the same regularity as in the case
of Fe, Ca and Mn removal using polyacids: the higher the pH, the higher the metals
rejectlon The explanation of this phenomenon appears to be.as follows. In aqueous




solutlons PEI can exist in two forms: neutral in. whrch it is able to form complexes w1th,

metal 1ons, and protonated in which it can not interact with them. Decreasmg the pH . -
.. causes an increase in the degree of protomzatlon of the polymer and results in a decreased
" metals rejection. The results obtained in this series of experiments correspond quite well to .

the results of ultrafiltration removal of heavy metals with PEI [5].

D, Regeneration gﬁ £ the Polyrneric Binding Ag ent

The cost effectiveness of this recovery and 'separation technique can be significantly

1mproved by regenerating the polymeric binding agent. At a lower pH, the metal ions =

rejection is significantly lower than at a hlgher pH. Hence, by acrdlfymg the concentrate and

then filtering it, separation of the metal ions from the polymer is. possrble The polymer . .
rejected by the membrane may be re-used for binding of metal ions in a new portion of then fo

groundwater The results obtamed with the regenerated polymer are listed in Table 4

From Table 4, one can see that the rejectlon of calcium was stable through-out the
five cycles when the pH was held at 2.0. The rejection; however, deteriorated significantly -
when the pH was maintained at 4.0, This phenomena can be explained as follows: at pH
4, most of iron remains bound to the polymer while the calcium and manganese are
substituted by protons on the polymer. As shown in Figure 3, iron is highly rejected atpH -

4 (therefore, bound to the polymer) while -the other two metals pass - throught the-
membranes. As each regeneration cycle proceeds, more and more iron is built up within
the system, occupymg the otherwise available binding spaces on the polymer. Thisleadsto

a reduced rejection of the other two metals, calcium and manganese. ' At pH- 2; however, -
all metals are dissociated from the polymer during the regeneration and a.ll the polymer C
spaces are free to bind w1th the metals . '

It should be also kept in mind that the lower the pH of a solutlon, the thinner the
layer of adsorbed polymer inside the pores of the membrane. This may result in a decreased

rejection ofthe polymer by the membrane; therefore, the polymer losses will be inevitable, -
To avoid this, ultrafiltration instead of microfiltration. could. be recomrnended for L

regeneration. Even if the polymer sorption is neghglble, the pore size of an ultrafiltration.

membrane will be small enough for the complete rejection of the polymer, whereas metals el

will st111 pass through the membrane freely.




CONCLUSIONS

1.

The hybrid method mvolwng polymer binding and microfiltration may be used for
the removal of metal ions from groundwater. Membrane separation is possible due
to the formation of a polymer layer inside the pores and on the surface of a
microfiltration membrane

Metals rejection depends upon experimental conditions including pH and polymer

concentration. For all the polymers studied in the present work, an increased pH
results in an increased metals rejection.

Polymeric reagents may be regenerated from the concentrate stream by concentrate

acidification and its subsequent membrane separation. To avoid the losses of a
polymer in its regeneration, ultrafiltration instead of microfiltration is recommended.
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" Fig.1.

LIST OF CAPTIONS

Rejection of polyacrylic acid (R) on the ZETAPOR membrane vs. the molecular

. weight Polymer concentration - 100 mg/l; transmembrane pressure - 0.3 bar.

Fig.2,
Fig.3.

Fig4.

Fig.5.

Fig.6.

Fig7.

Fig.8.

Flux of distilled water (J [n?® *mz *hr']) through the ZETAPOR membrane previously
treated with polyacrylic acid vs. the molecular weight of PAA. Transmembrane
pressure: 0.3 bar. :

Rejections of metals (R) as a function of pH Polymer: PAA(90,000); membrane: -

- ENKA; metals concentration; 10 mg/l; PAA concentration: 300 mg/l;
transmembrane pressure: 0.3 bar. _

Rejectlons of metals (R) as a function of pH Polymer: Alcosperse AS-104,
membrane: MEMBRALOX; other expenmental conditions: see Fig.3.

Rejection of metals (R) as a function of pH. Polymer PSSA; other expenmental
conditions: see Fig.3.

Rejection of calcium (R) vs. Aquatreat AR-4 concentration. Membrane:
MEMBRALOX; Ca concentration: 30 mg/l; transmembrane pressure: 1 bar.

Rejection of calcium (R) at the polymer deficit vs. pH. Polymer: PAA (90,000);
membrane: ENKA; Ca concentration: 30 mg/l polymer concentration: 100 mg/l;
transmembrane pressure: 1 bar.

Metals rejection (R) as a function of pH. Polymer-: PEI; metals concentration: 10
mg/l; PEI concentration; 100 mg/l; transmembrane pressure: 1 bar.




| FIGURE 1. REJECTION OF POLYACRYLIC AC!D (R) ON THE ZETAPOR |
- MEMBRANE VS. THE MOLECULAR WElGHT '
' POLYMER CONCENTRATION - 100 MG/L PRESSURE 0 3 BAR
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FIGURE 2. FLUX OF DISTILLED WATER (J[M/HR]) THROUGH
THE ZETAPOR MEMBRANE PREVIOUSLY TREATED WITH POLYACRYLIC .
ACID VS. THE MOLECULAR WEIGHT OF PAA. PRESSURE - 0.3 BAR
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: FIGURE 3 REJECTIONS OF METALS AS A FUNCTION OF pH .
'POLYMER PAA(QO 000); MEMBRANE ENKA METALS CONCENTRATION: -
10 MG/L; PAA CONCENTRATION 300 MG/L PRESSURE 0.3 BAR
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FIGURE 4. REJECTIONS OF METALS (R) AS A FUNCTION OF pH.
POLYMER: ALCOSPERSE 104; MEMBRANE: MEMBRALOX;
- OTHER EXPERIMENTAL CONDITIONS: SEE FIGURE 3.
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FIGURE 5. REJECTION OF METALS (R) AS A FUNCTION OF pH
POLYMER PSSA; OTHER EXPERIMENTAL CONDITlONS SEE FIGURE 3
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FIGURE 6. REJECTION OF CALCIUM (R) VS. AQUATREAT AR-4
C_ONCENTRATIO'N. MEMBRANE: MEMBRALOX; CA CONCENTRATION:
30 MG/L; PRESSURE: 1 BAR
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- FIGURE 7. REJECTION OF CALCIUM (R) AT THE POLYMER DEFlCIT
VS. pH. POLYMER: PAA(90, 000) MEMBRANE: ENKA;
- CA CONCENTRATION: 30 MG/L; PRESSURE: 1 BAR -
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FIGURE 8. METALS REJECTION (R) AS A FUNCTION OF pH.
POLYMER: PEI; METALS CONCENTRATION: 10 MG/L;
PEI CONCENTRATION: 100 MG/L; PRESSURE: 1 BAR
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Table 1.
- Polymeric binding agents

Polymer . General formula - ) Average - Supplier
- - molecular weight L
Polyacrylic acid 2,000 - Aldrich
‘ (PAA) - ( CH -CH- ) 5 ,000 . ' Chemical Co.
| - LT 90,000 |
cooR /- 250,000
. 750,000
, 4,000,000 .
Polyethylenimine (-CHCH,;NH-), 50,000-60,000 “Aldrich
_(PED) - ' , ‘ ' o ' Chemical Co.
PoljStyren_esulfonic =CH ;CH- | 70,000 'PolySciences,
acid (PSSA) Inc. -
303 H /7 x ,
Aqua'treat,AR#,' polyacrylic acid 59,000 Alco Chemical Co.
Alcosperse AS-104° " sodium polyacrylate 60,000 ~ Alco Chemical Co. |

* technical data from [14]

——



TABLE 2. -

TEST MEMBRANES CHARACTERISTICS
- ' v 1
Membrane ~ Average . Membrane Shape - Manufacturer
pore size, - material '
microns ‘
ZETAPOR 1.2 nylon flag- Cuno, Inc.
sheet _
ENKA 0.2 poly- tubular Enka AG
propylene’ i
MEMBRALO 0.8 ceramic tubular |  Alcoa Separ.
X ’ ' : Technol.,Inc.
BIOKEN 10,000 . poly- flat- “Bioken
ethersulfone ~ sheet Separ.,Inc.

" the membrane was hydrophylized with aqueous solution of isopropyl alcohol

" molecular weight cut-off for the ultrafiltration membrane -




"TABLE 3.

Dependence of the effective pore diameter (d) and the thickness
of an adsorbed polymer layer (8) on the molecular welght
» : of polyacrylxc acld o

Membrane: Zetapor; Polymer concentratlon 100 mg/l

Transmembrane pressure: 0.3 bar. -

Molecular - _pH35 pH 7.5
wieght - d, nm - §,nm - d,nm &, nm
2,000 - ue - | 12 1062 69
5,000 120 | 40 088 106
90,000 1z | 4 768 216
250000 | - 45¢ | 3m ~ 210 495
750,000 ¢ | 314 | 43 168 516
4000000 | 261 | 469 160 520
4000000 | 684 - 2sg’ |
" at pH 184 '




TABLE 4.

DATA OF THE RECY CLED REGENERATED' PAA
Regener.atiorll at ’pH 2.0 - Regeneration at pH 4.0 |
Cycle No. - Rejection of Cycle No. .. ~ Rejection of

Ca ' Ca
0. 0.998 0 0.995
i 0.979 1 - 0.992
2 0.984 2 0.972
3 0.989 3 0.949
4 0.993 4 0.841

* regeneration was carried out using the BIOKEN ultrafiltration membrane in order to

decrease losses of the polymer at lower pH.
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]NTRODUCTION

A umversally accepted standard method for testmg oil spﬂl sorbents is not
currently employed by the majority ‘of sorbent manufacturers End-users are limited
to manufacturers’ and distributors” claims’ which may be perceived-as being biased.

. Environment Canada has spearheaded. a drive to develop an_official Canadian ;: |
- standard for the testing and certification of sorbents using the Canadian General -
- Standards Board . (CGSB) as the certification body. It is anticipated that Environment -

Canada will provide a system to. malntaln an unprejudlced method for testmg 011 spﬂlv
sorbents. - :

BACKGROUND

Envuonment Canada S Emergenmes Engmeenng D1v1s10n (EED) is. mandated t
to evaluate existing technologles and act as a proving ground for technologies deemed -
new and innovative in areas of Oil and Chemical Spill Cleanup. The sorbent testing
program had its beginnings in 1974 when Environment Canada released. its. first:
publication entitled "Selection Criteria and Laboratory. Evaluation of Oil Spill
Sorbents". - Updates to this publication were release’ every four or five years. The

‘time lag between publications and the limited number of sorbents- tested were

acceptable limitations to this program as interest in sorbents was relatively limited. .

~ Since that time; however, interest in sorbent performance evaluation has grown

steadily. Recent events including the Exxon Valdez spill in Prince William Sound
and the spills during the Gulf War spurred renewed interest in sorbents.




Manufacturers and Distributors were aggressively mérketing their products to
Government, Oil Spill Co-ops, and other Non-Government Organizations (NGOs).

These end-users had limited third party data from which they could base a purchasing

decision.  First Responders, sceptical of the performance and safety aspects

associated with some sorbents, requested that sorbents pass some sort of approval |

mechanism before being considered. It was this demand for an approval mechanism

that catalyzed the development of the sorbent evaluation and certification program.

PROGRAM DEVELOPMENT

As requests for sorbent performance information grew, it became obvious that
an ongoing evaluation system was warranted. - Requests for "approving" or
"certifying" sorbents could not be met simply because such a mechanism did not

exist. At this point EED began talks with the Canadian General Standards Board . - -
(CGSB). This Federal Government Agency is one of only five National .

Standardizing bodies in Canada. A committee was formed through the CGSB

consisting of equal representation from interested parties, producers, and end-users

throughout North America. This led to the development of a new test procedure
based upon work Environment Canada had performed in the past', but also
incorporating methods from the American Society for Testing and Materials

(ASTM)%. These protocols currem:ly enjoy top status as sorbent test protocols in

North America.

CGSB SORBENT CERTIFICATION AND LISTING PROGRAM

The CGSB Sorbent Certification and Listing Program currently consists of two

documents. One is a standard for sorbent materials, while the other specifically
defines testmg prooedures for sorbents used on crude oil and similar spills. The

program is structured in this fashion to allow the introduction of additional testing
protocols. One anticipated protocol will deal specifically with testmg sorbents for use
with aggressive chemicals.

* Standard C**/CGSB-183.1 encompasses "Sorbeﬁl Materials" and relates to

operational and performance criteria for the clean-up and control of oil and hazardous
substances spills, It is within the "Sorbent Materials” document that testing protocol

terms and calculations are explicitly defined. Sorbents are class1ﬁed by physmal type

based on ASTM F726-81 (1986) as follows

TypeI:  sheet, pad blanket mat ‘
“Type II:  loose - unconsolidated, partlculate material

Type IITa: pillows and socks - sorbent matenal contained by an outer .

fabric or netting.

Type IlIb: booms - sorbent material contained by outer fabric or netting -

which has a lengthwise dimension exceeding other dimensions
by a factor of at least five and whose sorption capacity would
be significantly altered if cut to meet Type I size requirements.

- : - -
‘-
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“Type lI_Ic sweeps’ '
»Type IV: - agglomerated unit - pom pom, yam, or nettmg whrch offer low
‘ 1mpedance to highly viscous fluids. -

An Intenm Standard is now in place, but is. lrmrted to. testrng Type I and Type II

sorbents., . It is anticipated. that testing. protocols -for remaining Types will be’ o

incorporated into the official Standard during the- fourth quarter of 1992

Sorbents 2 are also classified by category. whrch determmes the recommended‘. .

type of application as follows

L-_W category: ‘ sorbents which-are recommended for sorbmg sprlls on._.' o
» | ~ water or land. : -
- L category: sorbents which - are recommended for sorbmg spﬂls
exclusively on land.
- ‘W category:  sorbents which are recommended for sorbmg spllls
, - ‘ ~ exclusively on water. : .
- 1-S category: - - sorbents which are recommended for sorbing spills in ~ -

, an industrial setting (aggressive chemicals). e
~ ALTERNATE:  encompass all sorbents which technically fail tests, but :

- possess-at least one redeeming characteristic. whrch L

warrants further consideration,

. The Sorbent Materials Standard goes on {o 1dent1fy nine sorbent charactensucs wh1ch

should be considered.  Specific labelling and Matenal Safety Data Sheets are'a. -
requlrement as are sturdy storage propertres

thing Pvrocedurev

Standard C**/ CGSB- 183 2 covers laboratory conducted performance tests for -
all forms of sorbent materials, regardless of their mode of action, for the sorption of -
crude oil, its contained natural components,‘and mixtures. thereof.

' Performance Characterrstlcs

Specific charactenstlcs were. 1n1t1a11y 1dent1fied as berng hxghly desrrable '
They are as follows:

o Buoyancy Data obtarned would allow. conﬁrmatlon that a partrcular sorbent »
may be suited for use in a spill on water. . Sorbents that sink may pose a
threat to aquatic life by transporting hazardous lquldS to the sedunent causing
infiltration into the entire food chain. = -

e Low Water Prck-Up Non-selective sorbents may pick up water in- addmon
to oil if placed in an aquatic environment. This may not prove to be a major




hindrance if the sorbent remains ﬂoatmg, however, any water sorbed would
displace the spilled oil, thus hindering performance
* High Oil Pick-up: The rate of pick-up in addition to the sorbent’s capacity

would be tested. A sorbent’s abxhty to be "self acting” could limit the

: application to specific spill scenarios.
e Reuse: Some sorbents allow the sorbed liquid to be extracted via mechanical

or chemical means enabling reuse. This could limit the amount of solid waste

generated during a spill cleanup operation. Safety aspects of attempting reuse
should be carefully considered. -
¢ Low Rate of Release: Liquids sorbed by most sorbents are released back into

the environment to some degree. The extent of release will vary dramatically -

depending upon the sorbent used. The importance of this release depends
upon the specific spill scenario, and storage equipment available at the spill
site. _ :

Test Method

The following tests have been established to evaluate the perforrhanoe of

sorbents on oil and water. The procedures followed are condensed versions of the
test methods outhned by the Canadian General Standards Board.

Degradation_Pre-Test (Statlc); ~ This test measures the sorbent’s hydrophobic
characteristics in addition to determining buoyancy of a sorbent. A test cell

(crystallizing dish having a diameter of 190 mm) is filled with a layer of water -
approximately 80 mm deep. If Type IT sorbent is being tested, a mesh basket having

openings of approximately 1 mm is lowered into the crystalhzmg dish. The sorbent
sample (Type I: 13 cm x 13 cm, Type II: 10 grams) is placed into the cell. The test

cell is then covered and left for 15 minutes. After 15 minutes the sorbent is removed

from the water and observations are noted. The sorbent is weighed to determine
water pick-up. Samples that pass are then prepared for the Degradation Test (Static).

Degradation Pre-Test (Dynamic): This test is used to determine the buoyancy of

sorbents in simulated wave conditions. ' If the sorbent passes this test for buoyancy,-
it is then very unlikely that the sorbent will sink in most applications. Sample pleces

of the sorbent (Type I: 16 pieces of 3 cm x 3 cm, Type II: 3-5 grams) are placed in.
a 2 litre jar which is half filled with water. The container is then placed on its side

~ and mounted on a shaker table set at a frequency of 10 cycles per minute for a
duration of 15 minutes. The sorbent is then removed from the water and
observations are noted. The sorbent is weighed to determme water pick-up.

Degradation Test (Static); 'I'lus is a test for buoyancy, sorbent capacity, and oil

retention. A sorbent sample from the static pre-test is placed on a 5 mm layer of

crude oil ﬂoatmg on an 80 mm layer of water. The sample is left undisturbed for -

a period of at least 48 hours. The sorbent is then removed and hung from a balance
(Type-I: hung vertically using a clip, Type II: hung horizontally using a basket).
Observations pertaining to the physical condition of the sorbent are recorded. The
weight of the sorbent is measured as oil drips after 15 seconds, 30 seconds, 1 minute,
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2 minutes, 5 minutes, and 30 minutes. A retention profile is obtained from this data,

as is the sorbent’s- capaclty Mechanical compression is used to extract remammg

hqmd from the sorbent in order to determme water prck~up

'_ Degradagon Test (gynamrc), “This test follows the methodology of the Degradatron
Pre-Test (Dynamrc) with-the exception that 150 ml of crude oil is introduced into the

2 L jar.: Observations of the ‘sorbent’s behaviour during’ ‘agitation are recorded.
After 15 minutes the sorbent is removed and weighed to determine oil pxck—up

Mechanical compression is used to extract liquid from the sorbent to determine water

prck—up for . companson with the static test.

L-W g;ategorx Test: This is a test for sorbent capacity and reuse. A fresh sorbent
sample is placed on a 5 mm layer of crude oil floating on an 80 mm layer of water. -

The sample is left for a period of 15 minutes. The sorbent is then removed and left

- to drip for 30 seconds before being weighed (Type I: hung by clip, Type II: hung by -
- basket). = Observations pertalmng to the physical conditions. of ‘the sorbent are
~ recorded. Mechanical compression is used to extract remaining liquid from the
- sorbent for reuse testing and water content determination. The data is also compared -
- with Degradatlon Test (Statrc) results.

L Categogy Test: This is a test for sorbent capacrty, reuse and retention. Afresh. -
sorbent sample is placed on a 7.5 mm layer of crude oil. ‘The sample is left fora =~
period of 15 minutes. The sorbent is then removed and hung from a balance (Type - -
- It hung vertically using a clip, Type II: hung horizontally using a_baskef). -
~ Observations pertaining to- the physical condition of the sorbent are recorded. The
- weight of the sorbent is measured as oil drips. after 15 seconds, 30 seconds, 1 minute, -
2 minutes, 5 minutes, and 30 minutes. A retention proﬁle is obtained from this data,
as is the sorbent’s capacity. Mechamcal compression -is used to extract remalmng‘

liquid from the sorbent for reuse testing.

W Categog, Data obtamed from the L-W test and the Degradatlon Test (Dynamrc) :
will determine if a sorbent should be designated for the W Category. A sorbent .

requiring agitation would not be recommended for use on land thus may fall into the

W Category ' :

I-S Categorv Test' This. testing procednre is current_ly,tlnder review. ,.
Non Performant:e : Handling |

- This information is provrded by the manufacturer for the beneﬁt of the end-
user, but is not a requlrement for certrﬂcatron :

e Tensile Strength: ThlS characteristic becomes _extremely important when

dealing with sorbent booms. -This characteristic determines the ability of a
boom to retain its’ integrity under the strain of currents and wave action.

e  Storage: Ideally, a sorbent would occupy a minimum of storage space, while




exhibiting a high sorption capacity. Storage space within facilities is often
very limited.

e Disposal: Proper and safe disposal methods should' be addressed before
application of any sorbent to a spill. Regulations may limit options.

e  Static Resistance: In very dry conditions (desert or arctic) static resistance

becomes an important safety concern. Specific conditions would have to be

met before a static spark could ignite a flammable liquid. Steps should be
- taken to ensure safe working practices are enforced and working environments

should be carefully scrutinized for ALL possible sources of static charge.

. ow

FUTURE AREAS OF DEVELOPMENT

Test liquids used in the Intenm Standard represent a cross-section of
viscosities for oil were chosen based upon suitability and availability. - It is the
intention of the CGSB General Sorbent Committee to expand upon this list to
encompass hazardous 11qu1ds which are frequently spilled during transportation and
in industrial settings. It 1is also the intention of the committee to expand into the area
of sorbent boom testmg

CONCLUSIONS

This prograxn should benefit both manufacturers and users. Manufacturers
will be given the opportunity to have their products tested by impartial third party

laboratories and certified to that effect. Users will be able to select products from
manufacturers and compare data objectively. The reader should note that this
program is prototype in nature. EED hopes to expand this type of program to

encompass booms, skimmers, and related spill response equipment. A centralized -
database of performance and non-performance data pertaining to 011 and hazardous_ '

liquid spills is the long-term goal
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| APPENDIX A

C**/CGSB-183 2
CANADIAN GENERAL STANDARDS BOARD
' Draft Method for Testing Sorbents

SCOPE ' '

This method covers laboratory-conducted performance tests for all forms of -
sorbent materials, regardless of their mode of action, for the sorption of crude -
oil, its contained natural components and mixtures thereof. :

The testing and evaluation of a product against this standard: may'require the

use of materials and/or equipment that could be hazardous. This document

~does not purport to address all the safety aspects associated with its use.
- Anyone using this standard has the responsibility to consult the appropriate

health and safety practices in conjunction with any existing applicable

- regulatory requirements prior to its use.

 APPLICABLE PUBLICATIONS

The following publications are applicable to this method
Canadian General Standards Board .

~ 25-GP-1M Method 44. 1,

.2 Environment Canada

A Catalogue of Crude Oil and Oil Product Propertles 1990 EETD.
Reference to the above publications and to other standards is to the latest
issues unless otherwise specified by the authonty applying this standard. The

- sources for the publications are shown in the Notes Section 13.

- PRIN CIPLE

- The sorbent materials are tested using estabhshed tests for factors relatmg to'

performance and handhng

SIGNIFICANCE AND USE : ~

This method is to be used as a basis for comparison of sorbents in a consistent
‘manner and to present their characteristics and properues of value during their
lifecycle. The sorbents shall be classified in the followmg types - and
categories.

Types .

Type Lt sheet pad, blanket. _

Type I: loose - unconsolidated, particulate material.

Type IIT: enclosed .
Type II Series A: pillows and socks - sorbent material contained by an outer
fabric or netting.

Type III Series B: booms - sorbent material contained by outer fabric or



netting which has a lengthwise dimension exceeding other dimensions by a
factor of at least five and whose sorption capacity would be stgmﬁcantly
altered if cut fo meet Type I size reqmrements
Type TII Series C: sweeps

4.1.4 TypelV: agglomerated unit - pom pom yam, or. nettlng which offer low
impedance to highly viscous fluids. ‘

4.2 Categories '

4.2.1 The L-W category refers. to sorbents which are recommended for sorblng
spills on land or water. - ’

4.2,2 The L category refers to sorbents whxch are recommended for sorbing spllls
exclusively on land. '

4.2.3 The I-S category refers to sorbents Wthh are recommended for sorbmg spills
in an industrial setting. . -

4.2.4 . The W category refers to sorbents wh1ch are recommended for sorbing SplllS
on water only.

4.2.5 The ALTERNATE category will encompass sorbents which do not meet the
requirements of the above categories but possess at least one redeemmg_ _
characteristic which warrants further consideration.

- S. APPARATUS AND MATERIALS

5.1  Test Cells (open): The dimensions of the test cells shall be of a large enough
size to enable sorbent sample to float frecly within the test basket. The
- following is a recommended vessel for Type I and Type II sorbents: Pyrex .
190 mm (diameter) X 100 mm (depth) crystalhz:ng dish with a watch glass
or glass plate cover to accommodate a sample size not less than 130 mm (L)
by 130 (W) or 6 grams. Type Illa, Type IIIb, and Type IV may require
larger cells to accommodate the sorbent sample dxmensmns

5.2 . Test Cells (enclosed): Test cells for use with shaker table should be large
' enough to enable wave action to thoroughly mix water and test liquid with
sorbent. A 4L glass jar with a screw type lid is recommended.

5.3  Basket for Type I test: The basket shall be of a sufficient size and strength
to accommodate the sample size and weight when saturated. A stainless steel
" basket having 1.5 mm' openings is recommended. The basket must not be
so tall as to interfere with the lid. L

5.4  Basket type Illa, IIb, IV test: The basket shall be of sufficient size and
strength to accommodate the sample size and weight when saturated. A
stainless steel mesh having' 5 mm openings is recommended.

! The mesh should retain the sorbent, yet allow free oil to drain away from the sorbent.




5.5

5.6

5.7

5.8

5.9

5.10

511

6.1

Cold room or ice-cooled bath or eqmvalent to maintain a tempemture of
15°C. '

Top Loading Balance 0.01 g resolution. A range  of up toA 400 g is

recommended for sorbents of Type I, Type I, ‘A higher upper limit. may be |

necessary for Type a, Type Ib and Type v conﬁguratlons

, 20 cm diameter welghmg pans (l'lOl'l-Sthk coated pan or lmed pan:
- recommended for ease in cleamng)

‘Wringer-type Press: Hand operated with a double roller design not dissimilar

to wringer-type washing machines. Tension to rollers should approx1mate 200
Newtons (45 1b) (eg. 20 kg weight).

Plate Press: Hydraulic press or similar device able to apply 1000 Newtons
(224 1b)) of force (eg 100 kg wexght) on. top plate measuring 15 cm x 15 cm.

Graduated Conical Centnfuge Tubes (100 ml capac1ty)

Shaker table capable of producing a frequency of 150 cycles/min and an,
amplitude of 3 cm (Eberbach Shaker Table or equxvalent)

x TEST LIQUIDS

The types of ﬂu1ds to be tested-should be representahve of the wxde vanety e

- of fluids that sorbents could  be used to clean up The testmg will - be

6.1.1

6.1.2

6.1.3

6.1.4

restricted to the followmg lquldS

‘Diesel Fuel Oil  * Grade 2-D, Automotive diesel fuel oil

API GRAVITY: 39.4 (EETD 84) (15/15°C) - :
DENSITY: 0.827 g/xnl@ 15°C (EETD 85) DYN. VISCOSITY: 2.7 P @ 15°C
(EETD $5) .

Crude Oil Alberta Sweet Mlxed Blend
API GRAVITY: 37.0 (EETD 84) (15/15°C)
 DENSITY: 0.839 g/ml @ 15°C (EETC 84) DYN. VIScosrrY 9.2 cP @ 15°C.
" (EETD 85)

“Weathered Crude Alberta Sweet Mlxed Blend (7 day weathered-25% ,

volumetric loss) -
DENSITY: 0.883 g/ml @ 15°C (EETD 84) DYN. VISCOSITY: 48 cP@ 15°C (EETD
85)
Fuel Oil #6 ‘Bunker C Fuel Oil (Fuel Oil Number 6)
API GRAVITY 12.3 (BETD 88) (15/15°C)

DENSITY: 0.974 g/m! @ 15°C (EETD 84) DYN. v1scosrrY 48,000 cP @ 15°C
(EETD 88) _

Care must be taken when dealing w1th volaule liquids to ensure excesswe
evaporation does not occur. :




7.1

7.2

CONDITIONING

- Sorbents shall be inspected upon receipt by the testing agency and damaged -

specimens shall be removed and placed as needed.

Condition all sorbent test specimens at 20 + 3°C and 60 + 5 % relative

- humidity for not less than-24 h prior to testing. - Condition specimens in a
fully exposed state with no coverings or wrapping that would hinder the
ambient equilibration process. o

NON-PERFORMANCE HANDLING o

: ~ Storage
Disposal

' - - - — ' ‘ -
- . . . . 3 .
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9.1

9.1:.1

' PROCEDURE

© Static Water Test: This procedure is designed to test for water pick-up under
‘ stagnant conditions. ‘This test is performed at room temperature. .

Type I Sorbent " The test cell is filled with a layer of water (80 mm).
Approximately 130 mm x 130 mm square of a weighed sorbent:sample is
lowered into the test cell. ‘The sorbent should float freely on the water. -

‘Place a lid on the cell to. prevent evaporation and to protect the cell. After
15 minutes (£ 20 sec) check the condition of the sorbent. - If the sample sinks.

go directly to step 9.5, otherwise remove the sorbent vertically with a clip and
let drain hanging over the cell for 30 seconds (4 3 sec). Place a tared

weighing pan under the sorbent to catch any additional drips and immediately -

~ transfer the sorbent to the pan. Determme and record the sample weight.

9.1.2

\0 10 0
b b
(U - I

9.2.1

Retain the sorbent sample for use in the Static Long Term Sorption test. All

tests are triplicated with the median of the three runs being used for
calculations. If the value of any run (g/g) deviates by more than 15 % from
the mean of the three runs, then the samples shall be rejected and the test
repeated with three new specimens. : : :

Type I Sorbent ‘The test cell-is filled with a layer of water (80mm) A
sorbent sample of approximately 200 ml is weighed then placed in a basket '
which is lowered into the test cell. The sorbent should float freely on the
water. Place a lid on the cell to prevent evaporation and to protect the cell.
After 15 minutes (+ 20 sec) check the condition of the sorbent. If the sample
sinks go directly to step 9.5, otherwise remove the sorbent with the basket
and let drain over the cell for 30 seconds (£ 3 sec). Place the basket over -
a tared weighing pan to catch any additional drips and immediately transfer -
the sorbent to the pan. Record the weight. Retain the sorbent sample for use

in the Static Long Term Sorption test. All tests are triplicated with the .

median of the three runs being used for calculations. If the value of any run
(g/g) deviates by more than 15 % from the mean of the three runs, then the
samples shall be rejected and the test repeated w1th three new specimens.

vape Ilfa Sorbent: Not available at this time

Type IlIb Sorbent: Not available at this time
Type IV Sorbent Not avazlable at this tlme

Long Term Statlg Sorption test, This procedure is de51gned to test for oil
plck—up and determine hydrophoblc properties of a sorbent sample This test
is performed at 15°C. _

Type I Sorbent Lower the wetted sample from the Static Water Test with a
clipona5 mm layer of crude oil on excess water bath ( 80 mm or more) at
15°C. After a minimum of 24 hours check the condition of the sorbent. If .
the sample sinks go directly to step 9.5, otherwise remove the sorbent’
vertically with the clip and immediately hang from the balance. Place a tared



9.2.2

weighing pan under the hanging basket to catch any drips. Record the weight

of the saturated sorbent at 30 seconds, 45 seconds, 1 minute, 2 minutes, §

" minutes, 15 minutes and 30 minutes. At the 30 minute mark transfer the

sorbent to the pan. Transfer the sample and any residual liquid that remains
in the pan to the wringer press and squeeze the sorbent through the press five
times.. Collect liquid in a graduated conical centrifuge tube for water content

determination. If the meniscus is distinctly visible in the conical tube then

water content may be read dlrectly Reweigh the pressed sorbent and record
the value. If the meniscus is not distinctly visible, the emulsion may be
broken by adding a small quantity of toluene to the centrifuge tube
(approximately 10-20 ml). Observations should include but not be limited to:
buoyancy, disintegration, and appearance. The sorbent must remain

 structurally sound at saturation while being held along a side (avoid hanging

by corner) of the sample and must not sink. All tests are triplicated with the

_ median of the three runs being used for calculations, If the value of any run
(g/g) deviates by more than 15 % from the mean of the three runs, then the
-samples shall be rejected and the test repeated with three new specimens.

Type II Sorbent: Lower the basket containing the wetted saxﬁple'from the
Static Water Test on a § mm layer of crude oil on excess water bath ( 80 mm

" or more) at 15°C. After a minimum of 24 hours check the condition of the

sorbent. If the sample sinks go directly to step 9.5, otherwise remove the

sorbent with the basket and immediately hang the basket from the balance.
Place a tared weighing pan under the hanging basket to catch any drips.

Record the weight of the basket with the saturated sorbent at 30 seconds, 45

seconds, 1 minute, 2 minutes, 5 minutes, 15 minutes and 30 minutes, At the
30 minute mark transfer the sorbent to the pan. Determine and record the

sample weight. Weigh the empty basket for future calculations. Transfer the

sample and any residual liquid that remains in the pan to the plate press and

squeeze the sorbent with 1000 Newtons of force (224 1by). This action may
‘be cycled up.to five times to extract remaining oil. Collect liquid in a

graduated conical centrifuge tube for water content determination. If the
meniscus is distinctly visible in the conical tube then water content may be

read du-ectly Reweigh the pressed sorbent and record the value, If the
- meniscus is not distinctly visible, the emulsion may be broken by adding a

~small quantity of toluene to the centrifuge tube (approximately 10-20 ml).

Observatlons should include but not be limited to: buoyancy, disintegration,

and appearance. The sorbent must not sink. All tests are triplicated with the
medijan of the three runs being used for calculations. If the vatue of any run
(g/g) deviates by more than 15 % from the mean of the three runs, then the

- samples shall be rejected and the test repeated with three new specimens.

9.2.3 Type Ila Sorbent: Not available at this time
9.2.4 Type IlIb-Sorbent: Not available at this time
9.2.5 Type IV Sorbent: Not available at this time




- WE W

A\

9.3

9.3.1

Dynamic Test: This procedure is d331gned to test for water plck-up and to

- determine oleophilic properties of a sorbent sample under dynamlc condmons
~ This test is performed at room temperature A :

Sample pieces of the sorbent. (Type I: 4 pxeces of 6 cm x 6 cm, Type II: 200

.- ml) are placed in a 4 litre jar which is half filled with water and sealed. The

- container is then placed on it’s side and ‘mounted on a shaker table set at a
frequency of 150 cycles per minute and an amphtude of 3 cm for a duration’
‘of 15 minutes. If the sample sinks.go dn'ectly to step 9.5, otherwise remove o

the sorbent by strammg the contents of the jar through a mesh basket to catch
the sorbent. The jar is half filled with fresh water and 10 ml of crude oil is

~ added. The sorbent sample is returned to the jar which is then sealed. The

9.4

9.4.1

. the pan. Determine and record the sample weight. Transfer sample and any

container is placed on it’s side and mounted on a shaker table set at a
frequency of 150 cycles per minute and an amphtude of 3 c¢m for a duration
of 15 minutes. The jar is allowed to settle for a period of 2 minutes, at which

~ time observations are recorded. Observations include but are not limited- to:

quantity of sorbent submerged physical appearance of sorbent, and
persistence of oil sheen.

- L-W test; This procedure will ‘determine the amount of test liquid that a

sorbent will pick up in 15 minutes. Fresh samples are used for this test which
is performed at 15°C. .

Type I Sorbent: The sorbent. to be tested should be cut w1th a sharp edge to

minimum dimensions of 130 mm x 130 mm square. The sorbent is then

weighed and the value is recorded. The test cell is filled with an ;nltlal layer '
of water (80 mm or more)_and a quantity of test liquid to produce_ the

required thickness for the test. The required thickness for diesel fuel is 2.5
mm, while 5 mm is required for crude oil, bunker C, and weathered crude

" oil. The sorbent is lowered into the cell. The sorbent should float freely on ]

the test liquid. Place a lid on the cell to prevent evaporation and to protect

the cell. -After 15 minutes + 20 seconds (sorbent should be flipped at 8 - - |
minute mark) remove the sorbent with a clip and let drain hanging over the
- cell for 30 seconds (4 3 sec). Place a tared weighing pan under the sorbent

sample to catch any additional drips and immediately transfer the sorbent to

residual liquid that remains in the pan to the wringer press and squeeze the

~ sorbent through the press five times. Reweigh the pressed sorbent and record
- the sample weight. Collect liquid in a graduated conical centrifuge tube. for.
. water content determination.- If the meniscus is not distinctly visible, the

emulsion may be broken by adding a small quantity of toluene to the

centrifuge tube (approximately 10-20 ml). Each sorbent sample shall be .
tested through five complete sorption cycles or until it’s sorbency is reduced

to 50% of its initial value or until disintegration. Sorbents will be classified

as High Reuse (5 cycles), Medium Reuse (3 or 4 cycles), Low Reuse (1 or -

2 cycles), or No Reuse. All tests are triplicated with the median of the three
runs being used for calculations, If.the value of any run deviates by more




than 15 % from the mean of the three runs, then the samples shall be rejected

" and the test repeatecl with three new specimens.

9.4.2

9.4.3
9.4.4

9.4.5

9.5

9.5.1

Type II Sorbent: The sample size of the sorbent to be tested should be
approxlmately 200 ml. The sorbent is weighed and the value is recorded.

The test cell is filled with an initial layer of water (80 mm or more) and a -

quantity of test liquid to produce the required thickness for the test. The

required thickness for diesel fuel is 2.5 mm, while § mm is reqmred for crude.

oil, bunker C, and weathered crude oil. The sorbent is placed in a basket

which is then lowered into the cell. The sorbent should float freely on the
test liquid. Place a lid on the cell to prevent evaporation and to protect the
cell. After 15 minutes + 20 seconds remove the sorbent with the basket and

let drain over the cell for 30 seconds (+ 3 sec). Place a tared weighing pan
under the sorbent sample to catch any additional drips and immediately

transfer the sorbent to the pan. Determine and record the sample weight. -
Weigh the empty basket for future calculations. Transfer the sample and any -

residual liquid that remains in the pan to the plate press and squeeze the
sorbent with 1000 Newtons of force. This action may be cycled up to five
times to extract remaining oil. Collect liquid in a graduated conical centrifuge
tube for water content determination. Reweigh the pressed sorbent and record
the sample weight. If the meniscus is not distinctly visible, the emulsion may

"be broken by adding a small quantity of toluene to the centrifuge tube

(approximately 10-20 ml). All tests are triplicated with the median of the

. three runs being used for calculations. -If the value of any run deviates by -

more than 15 % from the mean of the three runs, then the samples shall be

" rejected and the test repeated with three new specmens

Type Illa Sorbents: Not avazlable at this time - -
Type 1IIb Sorbents: Nor available at this time
Type IV Sorbents: Not available at this time

L Test: This procedure will test the amount of pure test liquid that a sorbent -

can pick up in.15 minutes. Fresh samples are used for this test which is
performed at 15°C. ‘

Type I Sorbent: The sorbent to be tested should be cut with a sharp edge to

minimum dimensions of 130 mm x 130 mm square. The sorbent is then .
weighed and the value is recorded. The test cell is filled with an initial layer -

of test hquld The required thickness for all test liquids is 7.5 mm. The

-sorbent is lowered into the cell. The sorbent should float freely on the test

liquid. Place a lid on the cell to prevent evaporation and to protect the cell.

- After 15 minutes + 20 seconds (sorbent should be flipped at 8 minute mark)
remove the sorbent vertically with a clip and let drain hanging over the cell

for 30 seconds + 3 seconds. Place a tared weighing pan under the sorbent
sample to catch any additional drips and immediately transfer the sorbent to
the pan. Determine and record the sample weight. Transfer sample and any




9.5.2

9.5.3
9.5.4
9.5.5
9.6

10. .

10.1

10.2

residual oil that remains in the pan to the wringer press and squeeze the
sorbent through the press five times. Reweigh the pressed sorbent to
determine and record the sample weight. Each sorbent sample should be
tested through five cycles or until its sorbency.is reduced to 50% of its initial
value or until disintegration. Sorbents will be classified as High Reuse (5
cycles), Medium Reuse (3 or 4 cycles), low reuse (1 or 2 cycles), or No
Reuse. All tests are triplicated with the median of the three runs being used

‘for calculations. If the value of any run deviates by more than'15 % from the

mean of the three runs, then the samples shall be rejected and ‘the test

'repeated with three new specimens.

Type II Sorbent: The sample size of the sorbent to be tested should be
approximately 200 ml. The sorbent is weighed and the value is recorded.

The test cell is filled with an initial layer of test hqu1d The required
thickness for all test liquids is 7.5 mm. The sorbent is placed in a basket
which is then lowered into the cell. The sorbent should float freely on the
test liquid. Place a lid on the cell to prevent evaporation and to protect the-
cell. After 15 minutes + 20 seconds remove the sorbent with the basket and
let drain over the cell for 30 seconds (£ 3 sec). Place a tared weighing pan
under the sorbent sample to catch any additional drips and immediately

transfer the sorbent to the pan. Determine and record the sample weight,
Weigh the empty basket for future calculations. Transfer the sample and any'

residual liquid that remains in the pan to the plate press and squeeze the
sorbent with 1000 Newtons of force. This action may be cycled up to five
times to extract remaining oil. Reweigh the pressed sorbent to determine and
record the sample weight. Each sorbent sample should be tested through five .

~ cycles or until its sorbency is reduced to 50% of its initial value or until

disintegration. Sorbents will be classified as High Reuse (5 cycles), Medium
Reuse (3 or 4 cycles), low reuse (1 or 2 cycles), or No Reuse. All tests are.
triplicated with the median of the three runs being used for calculations. If
the value of any run deviates by more than 15 % from the mean of the three
runs, then the samples shall be rejected and the test repeated with three new
speclmens

Type Ila Sorbents: Not available at this time

Type HIb Sorbents: Not available at this time

Type IV Sorbents: Not available at this time
I-S Test: not avazlable at this time

CALCULATIONS - Usmg data from section 9 calculate the following:

Static Water Test: Use values obtained in 9.1 and state value of water uptake
as grams water per gram of sorbent.

_ Long Term Static Sogption Test; Use values obtained in 9.2 and state value

of test fluid sorbed as grams of test liquid per gram of sorbent and state value

A of water uptake as grams water per gram of sorbent. Calculate and display



10.3

10.4

water percentage of total uptake. Calculate and draw prdﬁle of retention
(curve) from values obtamed at 30 sec, 45 sec, 1 min, 2 min, 5 min, 15 min,
30 min. »

Dynamic Test; ~No calculations required - observations are recorded.

L-W Test: Use values obtained in 9.4 and state value of test fluid sorbed as

grams of test liquid per gram of sorbent. (Volume of test liquid per gram of

- sorbent should also be calculated and recorded)., Use values obtained in 9.3

10.5

10.6

10.6

10.7

11,
11.1

12.

13
13.1

and state value of water sorbed as grams of water per gram of sorbent.
Calculate and display water percentage of total uptake. Determine reuse
potential for each test hqu1d '

.o

Test: Use values obtained in 9.5 and state value of test fluid sorbed as

grams of test liquid per gram of sorbent. - (Volume of test liquid per gram of
sorbent should also be calculated and recorded) Determine reuse potential
for each test liquid.

I-S Test: Not available at this time

Reaction Time; A quantitzftive comparison will be made between long term
sorption in 9.2 and the crude oil uptake in section 9.4. Any sorbent that has

- not reached 92% saturation by the 15 minute mark will be designated as a

slow sorbent (Assuming sorbents reach saturation within 24 hours)

Storage Density: The storage densxty is calculated (kg sorbent/m3) based on

manufacturer’s packaging.

ADDITIONAL TESTS

An additional specialized test method may be employed by the authority
- having jurisdiction if these test methods are shown to severely hamper a

sorbents performance

REPORT
Data acquisition format - currently under revzew

NOTES

Related Pubhcatlons : ' o

ASTM - F726-81 Sorbent Performance of Adsorbents
.~ F716-82 Sorbent Performance of Absorbents

Environment Canada Selection Criteria and Laboratory Evaluation of

- Oil Spill Sorbents, an Update, Update II,
Update IIT, Update IV.

-
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13.3

The pubhcauons referred to in par. 2 1.1 may be obtained from the Canadian

~ General Standards Board, Sales Unit, Ottawa, Canada, K1A 1G6. Telephone
- (819) 956-0425 or 956—0426 '

The ASTM publications referred to in'par 13.1 may be obtamed from ASTM,

1916 Race Street, Philadelphia, PA 19103, U.S.A. or from the Standards

Council of Canada, Standards Sales Branch, 350 Sparks Street Smte 1200,

* Ottawa, Onitario KIP 6N7.

......
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THE SEPARATION OF STABLE WATER:IN-OIL EMULSIONS
| by |

DARIO VELICOGNA
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ABSTRACT e
A method for the separation of stable water-in-oil emulsions into clean.
dischargeable water and reusable oil is being investigated. The technique involves

- the use of a recyclable solvent and subsequent distillation and/or membrane

treatment. - This method would be used as a post treatment for recovered

- emulsions and should significantly reduce the volume of recovered oils. This
- . paper describes results of expenments carned outon a bench: scale level

INTRODUCTIO

Stable oil-in-water emulsions are a major problem in the recovery of

spﬂled oils. The actual amount of oil in the recovered emulsions. can be as low as -

ten percent. These emulsions have properties that are very different from their

_ ongmal oils; the viscosity increases dramahcally and they exhibits tluxotroplc

properties.! This causes difficulties in the storage and dlsposal of these

" emulsions. Due to their chocolaty brown colour and mayonnalsc like constancy
these special type of emulsions are called "chocolate mousse”, or “mousse”.

~ Current methods for treatmg chocolate mousse" are bummg or chemical
demulsification. ' Incineration is a commonly used: method for oil spill clean-up.

- This technology is governed by-the combustibility of oil-on-water, the spreading. -
velocity of the slick, the nature of the crude, the degree of weathering of the oil, -

and the oil’s water content. The latter is of most interest to us, since emulsions
can contain from 10% to 80% water. Emulsified oil cannot readily be ignited,
and can therefore impair the burning process. A series of tests showed that a

_heavy crude emulsion cannot be burned with as little as a 10% water volume,



while others burned at 70% water content.? Finally this method does not permit
one to collect and reuse the oil.

Chemxcal dispersants are employed to disperse the oil in the water column
by reducing the surface tension at the oil water interface. This reduction in
surface tension also inhibits the formation of emulsions. - Dispersants are most

effective when used to prevent the formation of emulsions. Once an emulsion has

been formed the amount of surfactant needed increases by the order of a couple of
magnitudes.. Environment Canada specifies situations best suited for the use of
surfactants.® A few disadvantages mentioned are that: dispersants eliminate the

possibility of recovering the oil; the dispersants themselves cannot be reused; the

time required for the aerial-application of the chemical is much greater than that
of the oil to weather and become resistant to the dispersant’s effect and; there is
a lack of knowledge on the fate of the volumes of dispersed oils.

Difficulties in the treatment of these "mousses” have lead Environment
Canada’s Emergency: Engineering Division to investigate methods for the
separation of "mousse” into reusable oil and clean dischargeable water.. This
project will investigate the separation of water-in-oil emulsions by solvent
extraction, using a recyclable solvent, and membrane treatment as a wasteless
process. Originally a membrane method was investigated. During the
preliminary tests it became evident that the use of membranes alone would not be
adequate to acquire the desired separation (due to the rheological properties of the
mousse.) It was then proposed to dilute the mousse with solvent to "thin" it out.
During the search for a solvent it was discovered that certain solvents alone would

-separate the mousse. This finding lead to the proposal of the following method.

_ A solvent would be used to sepamte the emulsmn into 1ts two phases, the
oil phase and the aqueous phase The solvent could be recovered by distillation,
which could then be reused in the process

The scope of these preliminary experiments will be limited to two
artificially fabricated chocolate mousses with variable water contents. Membranes
of various manufacture and pore size were tested for their efficiency in separating

the mousse into oil and free water. A range of solvents were also tested for their -

effectiveness as emulsion separators, The recovery methods tested included
distillation, gravity separation, membrane separation, both conventional and
‘pervaporation, and the development solvent stnppmg apparatus. The experiments
were carried out on a laboratory scale, usmg various test apparatus.

EXPERIMENTAL

Emulsions were prepared using an electric kitchen blender. This was done
by adding simulated sea water (3.5 % NaCl in deionized water) to the oil until the
desired emulsion was formed. The oils used were a mixture of weathered Alberta
Sweet Mix Blend (ASMB) and bunker C (50% W/W) and California Heavy crude
and ASMB (30/70 W/W), The former resulted in an emulsion of approximately
50% water while the latter was around 70%. Emulsions of up to 82% water can

-
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be created, but this would require a more robust blender than the one provided. |

. The membrane separation tests were performed on two types of apparatus.'j R
- The first type was a batch stirred cell. This unit required 50 mL of test material.
" Pressure was generated by compressed nitrogen gas, up to 100 Psi, depending on -

the requirements of the membrane being tested. This unit requxred a considerable - "

~amount of time to clean between runs, and was abandoned in- favour of a syringe :

type of test cell (FIG'1). This test cell could contain up & to 10. mL of emulsron
Vanous types of membranes ‘and pore sizes were tested
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The apparatus used for solvent contactrng is the same as that. for solvent
recovery. This is a simple distillation unit. It consisted of a S00mL round-

~ bottom flask, a liebig condenser, and a collectron flask. In order to mmrmrze
~evaporation of the solvent, a condenser ‘was also connected to the vent. ..
~ Contacting of the solvent was carried out in- the round bottom flask. In order to
- separate the two phases the bottoms of the distillation was transferred to a

sepratory funnel and allowed to settle.

The solvent stnppmg unrt was a modrfied drstrllatron apparatus where by

“ ,"solvent vapours enter from the bottom of a condenser heated to reduce

condensation of the solvent. This condenser acts as the contactmg column. The

- emulsion enters through the top of the contacting column via a synnge ‘The -

treated emulsion is collected at the bottom of the contacting column in its two ‘

“.phases. The solvent vapours exit the contacting column at the top. through an .

other condenser whereby the solvent is collected for reuse in the process.

The pervaporatron tnals were camed out using a pervaporatron unit at the

- National Research Council of Canada. The unit consists of a batch stirred
-membrane cell, condensation vessel, and a vacuum pump. Liquid nitrogen was

used to condense vapours.(FIG 2) The membrane tested was.a hydrophoblc
silicon rubber 1 mil. membrane from General Electric #1048
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Various a.nalyhcal techniques were employed for the determination of the
various parameters in this study. Acetone content was determined by gas
chromatography. Water content by Karl Fisher titration, and oil content by - ,
ultraviolet spectrophotometry The first two methods were more: rehable than the
spectroscopy smce they suffer less from matrix mtcrferences

RES AND DI S I
Direct Membrane Trggtmgnﬁ

Direct membrane separation is a proven method that works very well for
the separation of various kinds of emulsions.- An attempt was made to evaluate
the performance of membranes for the separation of this special type of emulsion

"chocolate mousse". The membranes tested are listed i in Table 1 along with the
results. :




hrough membrane cell, emulsion was % water content,

- : Membrane Pore sze & '..Otz)ﬁér\iationé S
Charge ' '

0.1 C" ‘nopcr‘xﬁeati@r_i

0.1y N | ‘no permeation

- 0.2uN no permeation

02¢'C | no permeation

no separation

.45 C | permeation
' g no separation .

"~ 0.84N | permeation
o " | no separation

08¢ C - |permeation
- _ ' no separation

Y 1ouc permeation
o no separation

- 1.2u N permeation
. ’ | no separation

45. N | permeaion I o

Note: C ... charged membrane surface.
N ... uncharged membrane surface

As can be seen by the results, no significant separation occurred in any of the
trials. This could be due to the nature of the emulsion.” Where. permeation occurs -
the emulsion passes through the membrane as a microemulsion and does not
‘undergo separation. When the pore size of the membrane is smaller than the size
of the microemulsion the flow through the membrane is inhibited by the high
viscosity of the fluid. To alleviate this, it was proposed to try to change the
nature of the emuls;on by the addition of solvents.



~ Solvent Treatment

Various solvents were tested for their effectiveness in reducing the

viscosity of the emulsions. These included acetone,methyl-ethyl ketone, methyl-
* isobutyl ketone, dichloromethane, hexane, cresol, methanol, and isopropanol.
While testing these solvents, it became apparent that the solvents alone could be
used to break the emulsions.

- Table 2 - Efficiencies of solvent extraction of chocolate mousse with mixing an

ling meth fa 1:1 ratio of solvent to emulsion _water emulsion w.
Solvent % of Total Oil
Recovered
E Acetone > 99%
Acetone/Methanol Separation, but not
1:1 complete
Acetone/Water 98.8%
2:1
- Chloroform no separation
Dichloromethane (DCM) 85%
Freon 113 no separation
a Hexane 50%
a Isopar"M"™ no separation
“ Methanol ~ new emulsion

The best results were for dichloromethane(DCM), and acetone. Acetone
was chosen in that it is nonchlonnated and performed s1gn1ﬁcantly better than
DCM. _

Optimization tests were carried out to determine the best solvent to
emulsion ratio. It was found that a one to one (1:1) ratio worked best.




Table 3 - Tests with different percentages of acetone, Mixing and settling meth
in % _water emulsion, - - ‘ 'v .

‘% ACETONETO - - | % OF TOTALOIL - 1

EMULSION. - | RECOVERED - e
0 | NA o
20 40 {
0 7 "
w0 | e u
50 - 994 |
70 - ' | 95 |

The products obtamed by mixing acetone and emulsxon had different
characteristics: depending on the amount of solvent used. At 10% acetone by . .
weight, there was a partial destruction of the emulsion, leavmg behind a thin oily
phase, as well as some residual emulsion. As the amount of solvent was
mcreased so was the total amount of emulslon destroyed and separatton acxeved

Thls ratto was then tested on emulsxons with dlfferent water contents ,
ranging from 39% to 83%. The amount of oil recovered:in all the cases did not
change s1gmﬁcantly to the amount of water present. A 50% acetone to emulsion
ratio may be excessive, and further optimization experiments are requn-ed to \
reduce the amount of solvent utilized for such a separatxon o

Solvent Recovery

In order to recover the acetone for reuse it was decided to use a dxsullatton '

-apparatus. Two configurations were. tested. - The first was to mix the solvent with

the emulsmn, separate the two phases, and distil each phase ‘The second method- .
is to mix the solvent with the emulsion, distil the mixture, and then separate the
phases. The latter method was decided upon since the heating energy facﬂltates
the solvent in separating the emulsion, and that only one distillation step is
required to recover the solvent. The tops consist of mostly acetone, along with
some light hydroca:’oons from the oil. Itis 1mportant not to use excessive heat so

as to retain the lighter hydrocarbons present in the crudes.. Upon separation of the

bottoms, the oil phase consisted of mostly oil. The aqueous contains mostly. water
with some acetone and trace amounts of oil. . The acetone content of the- water
phase ranged from 2 to 16 percent. ‘Since acetone alone does not form an

. azeotrope with water* the distillation should be able to remove almost all of the

acetone. In reality this is not the case. The lowest concentration achieved with

" our system was 2% acetone in the aqueous phase. This could be due to the

formation of a multiple azeotropic mixture with salt and/or trace hydrocarbons. A
secondary distillation, or membrane treatment (pervaporation) may resolve this
problem. It also seems beneficial to allow the aqueous phase to contain a small




percentage of acetone so that the emulsion does not reform in the distillation
apparatus. The emulsion reformed only once during the distillation process, and
that was the only time the solvent attained 2 percent in the aqueous phase.

The recycled solvent can be used many times. Its properties as a
demulsifier deteriorate only slightly after the first cycle and then remain stable.
~ In this study the same regenerated solvent was successfully used in all the
experimental runs.

Table 4 - _E:_Slll_tsﬁr_ﬂlﬁﬁpgratign of different gmu]smns by distillation with
acetone at a 1:1 ratio,

Water Aqueous Phase | - Oily Phase - DiStillate a
Content of - - '

. Em(‘;S)ion % Ac | % Water | % Ac | % Water | % Ac | % Water E

457|166 | - | 29| o003 |sss| - |

| 60 37 | 938 | a5 -] - 48 |

743 23 | 76 | 13| 013 [ 56| 1713 |

820 | - | - |as| o126 | - | - |

Solvent Vapour Stripping

Another method that was looked into was the use of a counter current
solvent stripping apparatus. This set up would allow the use of a continuous
mode of operation, whereby the solvent could be used recycled in a closed loop,
and the emulsion would flow through the system (FIG 3). When the emulsion -
contacted the solvent vapour, an immediate change occurred. The emulsion
became dark on the perimeter and water droplets emerged. The set up used was
very crude and did not have adequate insulation or contacting surface. Even
though , the results obtained warrant further study. The mass of the recovered oil

was equal to the oil portion of the emulsion treated. The same was found for the -

water portion. This method showed promise and will be studied further.
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Figure 3. Solvent Vapour Stripping

_ Post Trggtmen; of. the Pfodugﬂ Watgl_' ,

Membrane Liquid Separation -

Post treatment of the produced water mcluded direct membrane separation :
and pervaporation. ‘Membrane separahon was only capable of removmg on

- average 50% of the dispersed oil in the collected aqueous phase. Itis shown in -

Table 5 that all the membranes tested, from UF to NF, were equally effective in -

~ the retention of the larger oil droplets. Since 40-to 60 percent of the oil

remaining in the aqueous phase is present in a dissolved form it can not be -

retained by MF, UF, or even NF membranes. The rest of the oil is present in the_: o

form of suspended droplets (oil-in-water emulsion). This emulsion can readily be

| rejected by aIl of these membranes

Pervapgratlon

To lmprove the process water quahty, and to recover acetone from tlns
mixture, pervaporanon trials were carried out. A hydrophobic silicone rubber-
membrane was used in this series of experiments. The pressure on the permeate

side was varied between 5 and 11 mm Hg, The temperature ranged between 20

and 50 C. Results showed that the acetone preferably passed through the
membrane so that the acetone concentration in the permeate was 3 to 4 times
higher than in the starting aqueous phase. It was found that by increasing the

temperature, the permeate flux might be increased sufficiently without

compromising the quality of the separation.




Table 5 - gsj; Qagmgn; ISZ Rem QVQ Qil frgm 1h§ Aqumgs hase with lefgrgn;
m 1 n_w ne in th inl
Cell, ‘
o ’ S - | Perm Perm
Membrane Type ot ‘P . | Flow-rate | Conc, % R . .
0 | (psi) | @/m’*hr) | of oil of Oil’
: (ppm)
Amicon YM 30K 24 | 40 300 3692 | 50.2
Amicon YM 100K 24 | 40 900 37.44 | 49.5
Bioken 10K - 25 | 40 340 19.06 | 57.1
Bioken 30K 25 | 40 320 25.75 42.0
Bioken 100K 25 | 40 630 27.54 62.8
Cuno 0.8 NU 25-| 20 | 720 2126 | 522 |f
- Cuno 0.8u SN - 25 20 830 | 25.33 | 43.0 |
Cuno 1.2u NU 24 40 4300 29.93 | 673
Cuno 1.2u SN 24 40 5480 81.39 | 11.2
|  Filtron Modified 25 | 40 3190 | 4556 | 69.5
| Fironomega3ok | 25 | 40 | s10 | 347 | 767 |
Desal 5 NF 27 100 7 78.43 | 53.5
Hydrophilized .
NCLUSION!

The results of these preliminary tests show that stable water-in-oil

emulsions can be separated quite readily with a regenerated solvent system. The
only products of these systems are oil, which can be sent to a refinery, and
dischargeable water. The recycled solvent can be used many times with out any
significant decrease in separation efficiency. In order to enhance the throughput
of the system a solvent vapour stripping method was invented. This solvent
vapour stripping also improves the quality of the products and the recycled
solvent. Membrane methods can be used as a post treatment for the produced
water in order to better comply with discharge limits.
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' A COMPARISON OF STEAM STRIPPING AND-AIR STRIPPING FOR
THE REMOVAL OF VOLATILE ORGANIC COMPOUNDS FROM WATER

by |
S M. PUNT AND H \VHITTAKER : »
EMERGENCIES ENGINEERING DIVISION -

RIVER ROAD ENVIRONMENTAL TECHNOLOGY CE\ITRE .
 ENVIRONMENT CANADA "

: INTRODUCT ION

For many years air str1pp1ng ‘has- been used to remove volanle orgamc ’

: compounds (VOCs) from water. Recently controversy has surrounded the use of - o
' air stripping because of the potential air pollution problem Usually, the solution-
- to this problem is to treat the off-gas from the -air stripper with a ‘carbon.

adsorptxon, but this method also causes. concern, because - the expense of
incinerating or regeneratxng the carbon is relatively large. Landfilling of the

~‘carbon may not be ‘as expensive, but in many areas contzumnated carbon is

considered a hazardous waste and, therefore, secure 1andf111 space for thls type"- i
of mater1a1 is dxff1cult to find. :

‘In 1986, the Emercencms Encmeermc Dmswn (EED) (formally the

- Environmental Emergencxes Technoloay D1v1510n) began looking at alternative =
~ methods for VOC removal from water for use in emergency and contaminated
site situations. Steam stripping was one.of the technologies investigated. An -

initial study performed by CH2MHill Engineering Consultants of Calgary showed
that steam stripping is a cost effective method for removing of VOCs from water

- (1). It also showed that some semi-volatile compounds (serm VOCs) could be
-removed by steam stnppmg wh1ch could not be removed by a1r stnppmo .

Followmg this study, EED contracted CH2MH111 to construct.a mobile steam' ‘

’ s.tnppmc unit. The unit was.used for the first time during a demonstration at a o
. contaminated site in Gloucester, Ontario, during the summer of 1990. Two air.

stripping designs have also been tested at this site. A general comparison can be
performed ba.sed on the data’ obtamed durmg the Gloucester trials.




AIR STRIPPING - THEORY AND DESIGN

Generally, air stripping units allow air to come into contact with contaminated

water causing the VOCs to transfer from the water to the air. The contact
between the two phases is achieved by a variety of methods. Most traditional air

stripping columns are counter-current packed columns. . These systems have high - |

mass transfer of VOCs, which results in high removal efficiencies. Several other

air stripping des1gns exist, including cross-flow towers multi-stage aerators and

spray column air str1ppers (2).

At the Gloucester landfill two air stripping designs have been: evaluated, a

packed column air stripper and a multi-stage aerator. Both systems used carbon
adsorption for off-gas treatment.

In 1986, the packed column was tested by members of Environment
Wastewater Technology Centre (WTC) at this site (3). Figure 1 shows a
schematic of this system. The air stripping column was 180cm high and 15cm in
diameter. Both Intalox saddles and Rashing rings were evaluated as packing
types. Packing diameters of 1.3cm and 1.9cm were tested for each packing type.
In all cases the column diameter to packing diameter ratio was greater than eight.

The feed stream entered the column at the top through a distribution nozzle
while air entered through the bottom from an air blower.

" The off-gas was treated through two activated carbon columns placed in

series. The carbon used was Calgon’s BPL type. Before being passed through

the carbon columns the relative hurmdxty of the off-gas was reduced by passmg
- the gas through an electric heater.

FIGURE 1: WIC AIR STRIPPING PACKED COLUMN SCHE’VIATIC (3)
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In 1990, a multi- stage. aerator was evaluated at the Gloucester landfill srte.

- A schematic of the system used is shown in Figure 2. The system was provided -
by Lowry Engineering Inc. of Unity, Maine. Thrs unit consisted of a 2.1m(L) by - -
- 0.7m(W) by 0 Sm(H) high’ densrty polyethylene vessel with an airtight lid. The .
" vessel was separated into six stages, each containing one aerator (4). .
requested by the Ontario Ministry of Environment, a carbon adsorption unit was: T

added to the air vent systern, to treat the off-gases

~ For low flow. apphcatrons, the stage aerator has proven to-be ‘more cost‘iV

effective than packed column. deswns ‘because a srnaller unit is required to -
- achieve a similar removal effrcrency to a packed column. The packed tower is
*.dependant on the air to water ratio’ and the packing height.

compounds the required packing hexchts are very high and therefore two towers -
“are frequently required. The stage aerator is dependant only on the air to water -

For some -

ratio so that, for difficult to remove cornpounds there is not a requirement to
increasé the size of the unit.(4)

FIGURE 2: LOWRY MULTI-STAGE AERATOR SCHEMATIC (4)
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STEAM STRIPPING - THEORY AND DESIGN

Steam stripping. is based on the same concept as air stripping except that
steam is used as a stripping medium to remove organic compounds from

contaminated water. The sieam containing the organic compounds can be

condensed, resulting in a concentrated water stream instead-of contaminants
remaxmng in the gas phase, as with the air stnppmg process

In the steam stnppmo process the steam is fed into the bottom of the column

while the feed stream enters into either the middle or the top of the column.
The liquid feed stream comes into contact with the steam withirr the packing,
causing volatile and some semi-volatile compounds to be transferred from the
liquid to the vapour phase. This transfer is driven by the potential created by the
concentration gradlent between the liquid and vapour phases. The outlet vapour

stream (tops) is condensed and sent to a-decanter to separate any sufficiently -

concentrated organics from the aqueous stream. The treated liquid outlet
(bottoms) can either be re-injected into the groundwater well or, if the outlet

levels are above discharge limits, treated further. If the bottoms stream is very

low in organics and de-ionized, it can be used to feed the boiler and therefore
close the process cycle.

The system is set-up so that the aqueous phase from the decanter can be
recycled back into the top of the column. If there is no phase change in the
decanter then a specific percentage of the decanter inlet flow is refluxed. If the

stream to be treated contains very volatile or low solublhty contaminants then a
reflux stream may not be needed.

The EED steam stripping unit was built in 1987 by CHZMHiII Enginéering
Limited in Calgary, after a feasibility study showed that steam stripping is an

efficient process for removing volatile and semi-volatile organics from water, Its

design is'based on a typical industrial steam stripper, but the unit'is fully mobile
and can be disassembled to fit into an 18 foot cube van. The design
specifications of the unit were based on the requirement that the unitbe mobile
and adaptable to remote areas and the Canadian climate. The ease of transport,
set up and take down makes it ideal for ernergency 51mat10ns

A detailed process flow dlaoram, of the EED system, is shown in Figure 3.
This unit has a design feed rate of 2000L/h and a steam to feed ratio of up to

20%. The stripping section consists of a 0.31 diameter by 8.38m high column
packed with 25.4mm diameter pall rings.

From the system diagram it can be seen that the heat transfer potentials have
been used efficiently within the system. The feed and reflux streams are
preheated by the purified liquid leaving the bottom of the column. The
overhead, contaminant rich vapour, is initially condensed using an air cooled




condenser.. The stream is further cooled ‘using-the cold feed stream.

The systei‘ﬁ is fully enclosed, apart from a vent located on top of the decanter. o

" This vent allows any vaporized volatiles in the decanter to travel through a small o
~ carbon column before entermg the atmosphere.

FIGURE 3: EED STEAM STRIPPING SCHEMATIC (1)
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CO’VIPARISON BETWEEN AIR STRIPPING AND STEAM STRIPPI\IG |

Both steam stripping- and air stnppmc have dxstmct advantaoes and .'

- disadvantages as VOC treatment technologies. Steam stripping units oenerally

have a higher capital cost than air stripping. As well, steam strlppm0 can be
costly to operate, because of the expense of producmg the steam, but in many -

cases steam stripping will prove to be Iess e\cpenswe than the combination of air-
stripping and off-gas treatment.




Due to recent regulations it is required, in most areas, to have some form of
off-gas treatment for air stripping systems.. In the U.S., almost all states are
initiating air toxicity programs, and because most VOCs are considered toxics, air

strippers will be affected by these regulations. = As well, the U.S. Superfund '
Amendment Reauthorization Act of 1986 (SARA) guidelines also require that the-

remediation of U.S. EPA superfund sites takes place without using technologies
~ which transfer the contaminants from the water into the air. (5)

In most cases, the off-gas treatment used with air strippers is carbon
adsorption. The addition of a carbon unit to an air stripping process greatly
increases the treatment cost. - The carbon either has to be landfilled as a
hazardous waste, incinerated or regenerated. The regeneration usually involves
thermal treatment or steam stripping. There is also added cost because, the

relative humidity of the air must be reduced to less than 50% by a heating system

in order for the carbon to effectively adsorb the contaminants in the air (5).

Carbon adsorption units must also be monjtored closely because- several

compounds, such as 1,2-dichloroethane, readily desorb after being adsorbed on-

the carbon (6). As soon as breakthrough takes place the carbon column must be
removed. For this reason, a backup carbon column is always required and a
- continuous monitoring program must be incorporated into the system.

Table 1 compares the various treatment aspects of air stripping, air stripping
with off-gas treatment and steam stripping The range of contaminant types
which can be treated with steam stripping is much greater than with air stri

ping.
Generally, compounds with Henry’s law constants greater than 10° atm rr? /mol -

can be removed well with steam stripping, whereas for a compound to be
removed by air stripping it must have a Henry’s law constant greater than 10°
atm ot /mol (7). This indicates that there are several compounds which can be
removed by steam stripping which cannot be removed by air stripping, including
several alcohols, phenols aldehydes and amines. Preliminary data show that the

EED steam stripper is able to remove several of these compounds. Data from '

other steam str1pp1n0 studies provide chlorinated phenol steam stnpplnv removal
efﬁc1enc1es in the 75% - 99% range (1,8,9).

In an ideal mixture, steam stn‘pping would not be able to remove’ compounds-

which have a lower volatility than water, but in actual fact many mixtures of
dilute organic cornpounds in water form non-ideal mixtures which result in low

boiling azeotropes. These azeotropes increase the relative volatility, making the -

compounds removable by steam stripping. Again, this phenomenon shows that

steam stripping has the potential to remove far more compounds than air

stripping.

Steam stripping will concentrate contaminants in the decanter and’ if the
concentration is high enough (ie. above the solubility) the compounds will
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separate and can be decanted In this form, the small volume of recovered
contaminants can then be destroyed by other treatment methods at a low cost. -

- If'an individual component or a valuable combination of compounds are bemg '

removed, the compound(s) can be recovered for reuse.

_ TABLE 1: BASIC COMPARISON OF STEAM STRIPPING AND AIR

STRIPPING
“AIR . : -1 AIR - STEAM
STRIPPING STRIPPING - STRIPPING
(PACKED WITH
COLUMN) . | CARBON
R -7 | TREATMENT
« B - | OF OFF-GAS
RANGEOF | vOoCs . .VOCs 1 VOGs and -
TREATABLE - - e | semiVOCs
CONTAMINANTS || Hemry's law . Henrys law Henry’s law
o || constant - constants - constant .
>1x10°0 >1x10° > 1x10° A
(atmnt /mol) | (atmnt /mol) (atmn? /mol)
STATE OF WASTE || air | spent carbon " contaminants
STREAM . . . B o concentrated
‘ o o ' ' | in water

In _gene:el, steam stripping capital costs are gfeater than air stripping,
because the stainless steel column required and the boiler, used to generate .-
steam, are expenswe . Air stripping with carbon off-oas treatment systems are

relatively inexpensive, because rnany of the cornponents are norrnally constructed ‘
- from PVC.

~ Table 2 gwes several examples of. air stnppmg and steam- stnppmg
operating costs. These costs have been taken from various sources and in many

- cases the numbers have been converted to Canadian dollars and 1991 dollars.
. These - costs- could- also vary greatly depending upon contaminant type and

contaminart concentration. For these reasors the numbers can only be compared
-on a very general basis.




In comparing the increase in cost when carbon and carbon with

regeneration is added to an air stripping unit it can be seen that the operating

costs increase significantly. Using the costs presented in Table 2, the operating
costs increases from 4 to 23 times when a carbon system is added and from 9 to
72 times when a carbon and a regenerating system are added. The estimated cost
for regenerating carbon ranges from $0.48 to $1.11/n (10). This range covers
various regeneration methods, contaminant types and inlet concentratlons

Steam stnppmg unit operatmg costs are approximately 11 to 36 times
greater than simple air stripping operating costs. However, when ¢omparing

steam stripping with air stripping plus carbon and carbon regeneration the costs-
are comparable for small units and the steam stripper costs are lower for the .

- larger umts

There are also methods of lowering . the costs of steam strlppers even
further by utilizing the latent heat resulting from the compression of the overhead
vapour. - Dow chemical has developed a system which adds "Mechanical Vapour
Recompression" (MVR) to the system in order to transfer this heat to the

production of steam for the system. Using actual case studies, Dow has quoted :

operating costs of $0.10-0.12/nT for a 1090—136311‘13/d system usmg MVR
(1991/cdn $).(8) -

The higher steam stripping operating costs quoted inTable 2 are generally -
costs for treating some of the less volatile compounds, which require higher steam -

to feed ratio. Because this range covers compounds which are removable by

steam stripping and not air str1pp1ng, care should be taken when cornparmg these
higher costs with the air strlppmg COStS.

TABLE 2: EXAMPLES OF STEAM STRIPPER AND AIR STRIPPER

OPERATING COSTS

AIR AIR STRIPPING | AIR STRIPPING STEAM STRIPPING -

STRIPPING | WITH CARBON | WITH CARBON WITH REFLUX

ALONE OFF-GAS | OFF-GAS AND o

(PACKED | TREATMENT' | TREATMENT AND | RECTIFICATION -

COLUMN) ‘ CARBON - SECTION .
REGENERATION |

$0.02/m? $0.33/n7 - 1'$0.81-1.44 /n7- $0.22-0.26 /17

10507 /d (3) 1050:r? /d (3) 1050nr'/d (3,10) | 1090-1363n7'/d (8)

$0.12-0.17/n? | $0.47-3.93/nf | $0.95-5.04/mf $2.26-6.12 /ur

378nt /d (12) | 378m’/d (12) 378t /d (10,12) 48nT /d (1)

1. includes labour and maintenance costs
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CItis p0551b1e that, even with the addition of a method to destroy the
compounds in the steam stripper’s concentrated waste stream, the steam stripping
operating costs would be comparable to air stripping with carbon regeneration.
For example, a 48n /d steam stripping unit, such as the EED unit, run at a steam"

to feed ratio of 109 would produce4. 8t /d of concentrated waste. If the waste

stream were to be destroyed using enhanced oxidation, the operating cost would

- only increase by $0.10 to $0. 20/m3 (11). 'This cost is based on the feed flowrate

to the steam strlpper and the enhanced oxidation costs for destroying VOCs, in
the low ppm range, in water. Because the capital cost of-an enhanced oxidation
system can be very high, a full cost analysis must be performed in order to
compare this process- train with air strxppmg and off-gas treatment. As well,
technology development has recently begun in the area of destruction of off-gas

streams from air strlppers using enhanced oxidation. This could also be a very
cost effective system.

AIR STRIPPING GLOUCESTER RESULTS

During the 1986 Gloucester trial, the WTC packed column air stnpper
evaluanon involved testing the two packmg types, two packmg sizes, two water
flowrates (8L/min and 4L/ min) and air to water ratios rangxng frorn 15 to 110..

(3)

The air stripping results from this trial showed that the range’ of removal
efficiencies of the VOCs in the groundwater was 60% to 99.9%. The best -
removals were obtained using a 4L/min water flowrate, an air to water ratio of

-110:1 and 1. 3cm Rashing rings. The results using these condmons are presented

in Table 3.



" TABLE 3: PACKED TOWER AIR STRIPPER GLOUCESTER 1986 BEST
OBSERVED RESULTS (3) ,

feed rate = 4L/min  Air:Water=110

COMPOUND FEED (ug/L) | TREATED | %
WATER | REDUCTION
(ug/L) | - IN CONC.
1,1 DICHLOROETHENE | 13 02 985
TRICHLOROETHENE 17 0.2 93.8
1,1,1 41 01 | 998
TRICHLOROETHANE '
TOLUENE 5 03 94.0
BENZENE 11 01 99.1
1,1 DICHLOROETHANE 34 03 99.1
CHLOROFORM 30 1.0 96.7
12 DICHLOROETHANE | 76 4.0 94.7

During the multi-stage aerator evaluation, in 1990, the effect of altering the
air to feed ratio was investigated (13). The feed was pre-treated using either a
0.21zm cross-flow Imcroflltratlon system or 5.0um dead-end cartridge f11ters The

pH varied from 7.3 to 8.3. The feed was kept constant at 37. 9L/rr11n The air |

supply was varied by varying the horsepower and number of blowers. The
combinations ranged from using one 1HP blower to using three 2HP blowers.

Throughout each run the back pressure from the system remamed between 4. 5 -
7.7 KPa.

The runs utilizing three 2HP blowers resulted in discharge concentrations
below the remediation targets on all compounds of interest. Usmg fewer than
2HP blowers or using the 1HP blowers significantly reduced the concentrations
of the VOGCs but the required discharge limits were not reached for all
compounds. Table 4 shows the results obtained.using two 2HP blowers.




" TABLE 4: MULTI- STAGE AERATOR - GLOUCESTER 1990 BEST
OBSERVED RESULTS (13)

feed rate = 40L/min, 2 x 2hp blowers : |

COMPOUND. - | FEED (ug/L) | TREATED | % |
o - | WATER | REDUCTION
(1g/L) | INCONC.
-~ [ 11DICHLOROETHENE | 3950 | 147 | 963
| TRICHLOROETHENE = | 5110 . | 017 |  >99
L | so30 | 095 >99.9
TRICHLOROETHANE | | RS
TOLUENE e |03 | o8
BENZENE 3880 | 158 996
CHLOROBENZENE | 04 | ND | >09
CHLOROFORM - -~ | 2550 | os | 997
12 DICHLOROETHANE | 1020 |~ 35 | 96 =
'.TETRAHYDROFURAN 90 | 785 94.7

| ‘STEAM STRIPPIN'G“:GLOUCE‘STER RESULTS |

landfill (13). Because this was the first time the unit had been setupand runon .
contaminated water, the main purpose of this trial was to examine the longterm -
effectiveness of the unit and to work out any of the preliminary equipment -
problems. The unit was run,for,approxrrnately 23 hours with runs lasting from one -~ -
hour to five hours. A ‘total of ten runs were performed. The variables altered
included the position of the feed inlet, whether or not the tops were reﬂuxed and

» the times in which the sarnples were taken

As with the air str1pper the feed to the: stearn stnpper was pretreated using - -
pH adjustment in conjunction with either 5.0um filters or 0. 2pam microfiltration. .
In order to provide the boiler with clean softened feed water, the bottoms stream
from the steam stripper was passed through a mobile reverse osmosis unit.

i
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In 1990, the EED steam stripping unit was also set up at the Gloucester S




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 remedmtlon 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: STEAM S'I'RIPPER GLOUCESTER 1990 RESULTS (13)
; feed rate = 33.3L/min steam/feed = 7/100

FEED | WASTE | % REDUCTION IN
(ug/L) | STREAM | CONCENTRATION
| (ug/L)
TRICHLOROETHENE 2800 65060 >99.9
TOLUENE ' - 0.83 305.3 >99.9
BENZENE ) 178 12060 | - >99.9
CHLOROBENZENE 31.7 3205 - >99.9
CHLOROFORM 157.8 4501 '. >99.9
12 | 24.0 1104 | >99.9
DICHLOROETHANE ~ . 1
TETRAHYDROFURAN | 8369. | 18750 © >999
ETHER . 762 | 2342 >99.9
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" FEED

With a dilute feed stream, such as the Gloucester water, refluxing 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 mldway feed. .
Feeding midway- allows the waste stream to be further concentrated in the top
part of the column and the feed'to be stnpped 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 oxidation 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‘landfi_ll. ,

FIGURE 4: STEAM STRIPPER PROCESS TRAIN AT GLOUCESTER a

: ENHANCED | DISCHARGE °
QXIDATION [T
" DECANTER =~ - :

—_— -

| CONC.-STREAM
: - REFLUX :
MICROFILTRATION STEAM - . ,L_j

RIFPER

o 'Y ' I B -~ RO CONC

: "] TREATED
- Sream | WATER ~[__

L . . DISCHARGE
BOILER FEED | : .- o ,

RO PERMEATE

B LABORATORY ANALYSIS '_

 The samples for both air stnppmg evaluatmns and the steam stripping

| evaluatmn were analyzed by gas chromatography. The steam stripping results

were analyzed in EED’s lab using 2 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 mjecuon (model HP 19395A) and both an electron capture detector

and a flame jonization detector. The 1986 air stripping samples were analyzed

using purge and trap and flame ionization detectlon (3 13)




DISCUSSION.OF GLOUCESTER RESULTS

In comparing the results frorn the air stnppmcr and the steam strxppmo runs
presented above, it can be seen that in all cases the technologles 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 strxppm so it is not surprising that both air
stripping and steam stripping were able to remove these compounds.

In comparing the brvest observed results for each technology it can be seen that
the steam stripper was able in reduce the concentration of all compounds listed
to greatér 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 regereration system, increases the cost of air stripping substantially, making
steam 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 recommended 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-51te treatment
of waste streams.
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"REMOVAL OF PETROLEUM-DERIVED HYDROCARBONS
FROM CONTAMINATED SOILS BY SOLVENT EXTRACTION

‘Caroline Ladanowski, Project Engineer
Luca Petti, University of Ottawa Co-op student
~Environment Canada - Emergencu:s Engineering Division
3439 River Road, KIA OH3, Ottawa, Canada

ABSTRACT

The use of solvent extraction for the clean up of oﬂ-contammated
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 -

Ontano for oil and. grease (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% respectively..-

INTRODUCTION

The petroleum industry and government agencies. are working
together to develop technologles for cleaning up oil-contaminated soils.
There are many technologies currently available for treating oil--
contaminated soil, such as soil vapour: extraction, solvent extraction,
bioremediation, and incineration. However, many of these-technologies -
are either too expensive to be economically viable or do not clean the s011
quickly enough or suffic1ently for regulation purposes

‘The Emergen01es Engmeenng 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). : :




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 avallablhty at refinery sites, where

petroleum hydrocarbon spills are likely to occur. The only drawback to

using these solvents is their high flammablhty which requires an explosmn
proof facxhty

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]. 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 SOILS

‘Ana[ytzcal Methods

Imtxally, freon (1,1 2-Tnchlorotnfluoroethane) 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 1mportance of this discovery.is that

DCM costs approximately 1/10th the price of freon and therefore DCM
was used to extract the remainder of samples‘in the study ' ~

The percent oil contamination w:thm the sample was calculated as

- follows:

% oil contamination = = weight of oil _ x 100%
' ‘weight of sample

~ decontamination efﬁ01ency (%) = (mmal final) % oil x 100%
- ' - 1mt1al % oil. -

o 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

2.

Table 1 Average Moxsture Content and Fraction . of 011 Present in.

Uncontammated Soils.

Type of soil | Average Moisture | ~Oil Contammatmn
: . | Content (wt.%) |- of Blank Sample
_ o - (wt. %) -
Sand 76 . | 000
Peat 321 0.01
-3-

size dlstnbutton of sand and peat by sieve analysis are presented in Table -

.The decontammatmn efficxency was—ealculated as: fellows i




Table 2. Particle Size Distribution of Sand and Peat by Sieve Analysis.

Mesh Actual size - Sand Peat
size | (micrometers) wt. %) | (wt.%)
14 > 1180 | 280 | 1.8
32 500 271 | 21.9
60 | 250 | 211 44.0
150 106 214|279
400 - - 38 2.4 4.4

Soil Contaminaﬁdn and Soil 'Samp_le 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.

Soil Washing |
The contaminated sample was added to the mixing container and

weighed. The appropriate 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.

Centrifugation

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 completlon of the centrifuging

process the supernatants atop the centrifuge jars were decanted, filtered

through #1 Whatman filter paper and combined thh the other extracts
from the extraction steps. '

4
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Distillation

A sxmple reflux distillation was employed for separating. the 011

" 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. stabilized at 68-69°C. The
- temperature at the top of the reflux column decreased as the solvent. .-

fraction in’ the: column- diminished.  Distillation continued until -the
temperature at the top of the condenser was between 65.5 and 66. 0°C

- Samples of the light ends (tops) and the heavy ends (bottoms) were f :
taken and sent to the chemistry lab for gas chromatography (GC) analysis -

in order to determine the concentratxon 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” -

RESULTS

Determmatwn of the Optzmum Mlxmg Parameters for Solvent Extractwu :

In order to properly assess any engmeenng process itis essentral :

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 onlaboratory‘ results [Hoisak, 1991].

. The effect of the number of extraetlons on the- decontamrnatron

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 decontammatron efﬁc1ency varied wrth oil contammatron

The decontammatron efﬁcrency increases slrghtly and then levels

off” w1th 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 requxred to perform the addrtronal
extractlon s \




Table 3. The effect of the number of extractions on the decontammatlon

efficiency of 6% Bunker C- contammated sand samples.

Run No. of Ol (wt. %) Decontamination
No. | Extractions Initial | Final Efﬁciency (%) )
0-1 1 5.9 0.63 89.3 |
0-2 2 60 | os4 | o0 |
0-3 3 59 | 031 94,7

0-4 4 585 | -0.27 95.4

0-5 5 59 | 026 95.6

The next parameters to be’ optxmlzed 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 oni “thé” décontamination "
efficiency of 2% bunker C-contaminated sands are presented in Tables 4

and § 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 mmlmlzmg time and power

requirements.

Table 4. The Effect of Mixing Speed on the Decontamination Efﬁcxency ‘

of 2% Bunker C-contaminated sand. [mixing time: 2 min.]

Run | Mixing oil (wt,%) | Decontamination
No. . S , Efficiency (%

Shing | mitar | E Bk )
0-6 2 1.95 0.24 87.7
0-7 4 194 | .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 mixingttime on the decontamination efficiency of
2% Bunker C-contaminated sand. [mixing speed setting: 4]

Run Mixing |  Oil (wt.%) ) ’ ~.‘Decontamination
'No. . ‘Time .(min), " Initil | Final - Efficiency :(%)‘ 1
o0 | 2 | 194 | o1 - 902
0-11 s | 197 | 018 | %09 |
0-12 8 208 | 0.16 92.3
o3 | 10 | 195 | o1 | 18

— — |

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 constramts, 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

not necessanly represent optlmum condmons for all types. of soxls and
oils.". r

Bunker C-Contaminated Sand and Peat Soil -

| The results of the hexane extraction of bunker C—contammated sand -

ard - peat soil are presented in Tables 6 and 7° respectrvely -
Decontamination efficiency versus initial oil contammant 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 t0:75.2%

- while the final oil concentratlon varied from 1.70% to 5.21%.

~ The extracted soﬂs 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 effectively extracted by hexane. [Petti,
. 1992]




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. Hexane Extraction of Bunker C Contaminated Sand at the -
Optlmum ang Parameters.

- .

Run No. Oil (wt.%) Decontamination.
Initial Final | Cinciency (%)
§-1 2.22 0.18 919
S-2 4.76 030, | .. 93.7- -
s3 | 670 0.33 95.1 '
S-4 690 | 024 96.5
'8-5 7.17 0.39 . 94.6
S-6 1 9.62 1 0.33 © 96.6
s7 9.80 0.33 96.6
S-8 14.30 0.36 975
Sd-8* 1421 | 035 97.5
S-9 1474 | 03 978
S-10 16.10 0.32 - 98.0

* 8d = sand sample duplicate
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Table 7. Hexane Extractxon of Bunker C~contammated Peat Soil at the
- Optimum M1x1ng Parameters.

. o =

- e e

*Pd = peat soxl sample duphcate

Run No. . Oil (wt. %) Decdn,tamination
| mita | i | EfRcieny ()
P-1 2.50 o | 0
P2 520 | 2.0 44.2
P3 698 | 3.9 54.3
P-4 7.67 | 344 55.1
Pd-4* 752 | 3.33 55.7
P-5 9.30 3.50 62.4
P-6 10.26 3.44  66.5
P-7 13.61 391 7.3
P-8 18.82 5.01 73.4
po | 2013 | si2 | me |
p10 | 2100 | sa | w2 f
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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
nitial Final Efficiency (%)
§-11 1.17. 0.10 91.5
I s-12 2.43 011 95.5
| s13 | 28 | o 958 |
| s1a | 516 | 0.6 969 |
s-15 587 | 0.3 97.8
Sd-15* 6.12 0.16 97.4
5-16 741 | o017 | 917
§17 9.41. | 018 93.3
S-18. 11.31 0.14. | 98.8
s-19 | 1244 | 015 © 98.8
S- 20 16.31 0.18 98.9

*8d = sand sample duplicate

-11-



Table 9. Hexane Extraction of Light Crude Oll-contammated Peat Soil

at the Optimum Mixing Parameters.

-12-

Run No. Oil (wt. %) Decontamination
Initial Final Etficiency (%)
P-11 | 257 1.70 33.9
P-12 441 2.38° 46.0
Pd-12* 4.62 241 47.8
P-13 6.50 2.40 63.1
P-14 7.84 241 69.3
P-15 9.54 2.43 74.5
P-16 10.28 2.43 76.4
P-17 12.11 2,50 79.4
P-18 13.48 2.51 81.4
1 p1o 14.12 2.70 - 80.9
L-Pp-zo 17.23 2.78 83.9
Pd = peat soil duplicate

m e = s
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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 2.42% 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 extracted 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 peat 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. :

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

‘Run No. Oil (wt. %) - Decontamination Solvent
Initial Firi al | Efficiency (%) Recevery (%)
sl 7.83 0.19 97.6 79.8
$-22 6.42 0.17 974 81.3 "
$-23 4.9 0.13 97.4 79.4
824 4.50 0.11 97.6 81.7
825 242 | 0.06 975 82.0

- 14 -
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- Table 11. Hexane Extraction of Diesel-Contaminated Peat Soxl at the

Optimum Mlxmg Parameters.

Run No. | = Oil (wt.%) Decontamination | Solvent
: Initial | Final ~ Efficiency (%') Recovery (%)
I op21 | 100 | 240 | 756 | 664
P22 | 951 2,22 167 | 65.9
P-23 7.16 | 2.23 68.9 668
P24 | 530 2.00 63 | 612
P-25 2.87 1.52 470 67.3

COMPARISON TO SOIL REMEDIATION GUIDELINES AND
LABORATORY SCALE RESULTS

. 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
emphasmed that these are only guldelmes 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 concentratlon in sand is less than that in peat. -

- 15 -
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CONCLUSIONS AND RECOMMENDATIONS

Results usmg 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 decommlssmmng 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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REMOVAL OF ARSENIC FROM GROUNDWATER
"USING REAGENT BINDING / MEMBRANE SEPARATION

' Anne S. Legault Konstantm Volchek*,; Andre Y Tremblay , and Harry Whittaker™

Envrronment Canada, 3439 River Road, Ottawa KIA OH3, Ont., Canada
Umversrty of Ottawa, 161 Louis Pasteur, Ottawa KIN 6N5 Ont Canada -

A hybnd method rncorporatmg selectrve polymenc bmdmg and membrane separatron was used to :
remove arsenic from a synthetic solution representing groundwater. Two types of polymers,

polyethylenimine (PEI) and- poly-diallyl . dtmethyl ammonium chloride (DADMAC) and an e
 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 NaCl, NayCOs, NaZSO4, NaNOs. Retention
was found to depend on the concentration and type of anion present in solution,

Introduction | :

Arsemc contamination in groundwater is a senous problem due to its tox1c1ty 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 o
" As(+3), and pentavalent As(+5), the trivalent being the most toxic. Arsenic finds its way mto the

hydrosphere primarily from mining leachate, the combustion of fossil -fiels and the use of
herbicides, pesticides and defoliants in agnculture When combined,. these factors cause an annual -

increase of 110,000 tons {1] in the- arsenic level of the hydrosphere

The mcreased level of arsenic in water presents a danger for all specres 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 sorl [2]. The remedratlon cntena set for water are summanzed
in Table 1.

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

Freshwater | Irrigation | Livestock. ~ | Drinking
S , : Watering -~ .. |- Water
50 pg/L | 100 pg/L 500-5,000 pg/L. | 25 pg/L




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 quxckly dlluted and
less is absorbed by sediments. ,

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

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

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

As shown in Table 2, FeCly can achieve a higher percentage of arsenic removal, but
Fe(OH); is still considered to be the most efficient and economical precipitant. Although it is very

effective, precipitation by Fe(OH);, cannot reach the low concentratlon of arsenic 1mposed by -

Canadxan environmental standards.

Ion exchange is a technique whxch has been developed initially for use with a statlonary
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 existing methods and the development of new techmques
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 microcomponents 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.

. . ) \




The main objective of this work was to investigate the applicability of the polymeric binding /
membrane separatron method for the purposes of arsenic removal using agents having a greater

selectivity for arsenic. The effect of solution composmon (components concentrations, pH) on - .

the eﬁicrency of the separatron was studied.

_ Expertmental

: Synthetlc groundwater was produced by preparing solutions contatmng anions_found in

‘ groundwater A total of eight synthetic ground water solutions were prepared using the following -
-salts, NaCl, Na2C03, Na, SOy, NaNO3. A 1,000 mg/l 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-(diallyl dimethyl
“ammonium chloride) (DADMAC) were used as binding agents. The physico-chemical properties:. . -
of these polymers were described by Mangravite [9]. PEI and DADMAC were selected for -

arsemc binding since it was documented that water soluble polymers which have similar chemical
structure and propemes as solid polymenc resins, possess an aﬁimty 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 i in this work were completely rejected by the membrane.

The retention of arsenic on the high pressure side (feed side) of the membrane (Rp¢) 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; -

- (B).” If a polymer is. completely retained by a membrane (Rp = 1), the metal retention is srmply o
' equal to 1ts bmdmg degree, i.e. RAs =8. o

- Arsenic concentrations were determined by atomic absorptron spectrophotometry A hydnde "

' generator was used to enhance the sensmwty of the apparatus at low metal concentratxons

Results and Drscussron

In the first set of tests, the relative effectiveness of polymers as bmdmg agents was studled

. 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)l a

DADMAC ‘ PEI

Ippm .| 10ppm | Ilppm 10ppm
35 {020 . ]046 0.43 0.79
70 |1.00 1.00 0.55 0.74




At higher pH, DADMAC was a more effective binding agent than PEL 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 bmdmg agent. The
expenmental results justify this hypothesrs

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;AsOy,

H,As04-, HAsO42, and AsO4>- [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 H3;AsO, 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 PEL

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 [11]. It is known -
that strongly cationic resins containing ammonia groups have the following affinity towards

anions: SO4%* > NO3~ > CI" > HCO5[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.

.




Conclusions -

v The 'evaluatrons performed to date have demonstrated that the combined method of
polymenc 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 snngle step method: for water treatment or-as a post-treatment step .

after. reagent precrprtatron
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