














refers to processes which oxidize soluble forms of metal species to
insoluble forms either prior to or directly in the filter.

Some of the oxidants commonly used are:

® oxygen (air),

® chlorine (CL),

® potassium permanganate (KMnO,),
® ozone (O,), or

® chlorine dioxide (CIO,).

In most cases in oxidation filters, the oxidation is carried out at ad-
sorption sites on the media with net result of considerable savings in
the amount of retention time (i.e., tank volume) required.

Some materials can be used as oxidizing media by treating them with
solutions of Mn(ll) and permanganate. The treated material devel-
ops a coating of manganese dioxide which has a large adsorption ca-
pacity for both Fe(Il) and Mn(Il). Some common base materials are:

® natural zeolite (glauconite/manganese greensand)
® some forms of silica gel zeolite

® some forms of cation polystyrene resin

® pumicite

® and other materials, such as anthracite

Filter systems using any of these media types are commonly referred
to as oxidizing catalyst filters.

Although the oxidation of As(IIl} by oxygen is slow, As(II) is readily
oxidized by manganese oxide surfaces (Herring and Chiu, 1998). Simi-
lar oxidation of As(IIl) by amorphous ferric oxyhydroxides has been
proposed, but does not occur in a time frame of a few hours (Herring
and Chiu, 1998). As(III) is also not oxidized by crystalline iron oxides
(Scott and Morgan, 1995) The effectiveness of arsenate removal during
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the oxidation of Fe(II) to Fe (III) should be similar to that observed for
removal by ferric hydroxide coagulation via addition of Fe(Cl),, since
in both cases the Fe(OH), sorbent is produced. For example, the for-
mation of 2 mg/L Fe solid precipitate should decrease soluble As
concentration from 10 ppb to 0.75 ppb, based on predictions from
adsorption modeling (Edwards, 1994). If co-precipitation is opera-
tive as well, even greater As removal should be obtained. The ferric
hydroxide precipitate was also predicted to be much more effective
than Mn oxide precipitate in the removal of arsenate.

Thus an iron oxide coated filter is appropriate for removal of As(V),
and a manganese dioxide coated filter media is appropriate for oxi-
dation of As(III) to As(V) and removal of the As(V). McMullin et al.
(1998) report on a pressure filter using an iron oxide based media
which is capable of treating water spiked with 200 pg/L to 2 ug/L for
4500 bed volumes. This media works well over a pH range of 6 to 8,
but it is actually optimized at a pH of 5.5. Since this media is insensi-
tive to either sulfate concentration up to 250 mg/L or chloride con-
centration, it appears that the media is forming surface complexes
with the As and not undergoing ion exchange. A laboratory created
iron coated sand has been shown in bench scale tests to be effective in
removing As(V) from low pH waters (Benjamin et al.,, 1996). Unfor-
tunately, there have been difficulties regenerating the media. Aman-
ganese dioxide coated media is capable of arsenic and iron adsorp-
tion with subsequent oxidation on the surface of manganese dioxide
media. There is anecdotal evidence that this process may also be suc-
cessful for the co-removal of As. Amanganese greensand filter run in
continuous regeneration mode removed 86% of the As in the water
(Fonte, M, 1982). Edwards (1994) reports on a study in which 89 % of
the As present was removed using a greensand filter. The water treated
had 59 pg/L As (V), 2.9 mg/L Fe (II), and 0.47 mg/L Mn (II). No pH
data was reported and no attempt was made to manipulate Fe-As
ratios. Given the success of Fe-Mn oxidation in a conventional plant
it is reasonable that the manganese dioxide filters could be optimized
for removal of arsenic if Fe(Il) is being removed.
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In some cases the filter media is simply “aged.” Aging refers to the
practice of exposing the filter media to the raw water for a period of
time, which allows a thin coating of oxide to accumulate on the me-
dia. The thin coating of oxide provides active adsorption sites. Aged
media is most often used to remove Fe(Il) and Mn(ll). In these cases,
ferric oxide and manganese dioxide are the respective precipitates,
and it is noted that these materials have high sorption capacities for
the reduced species Fe(Il) and Mn(II), respectively.

Point of Use

Reverse osmosis is commonly used to remove arsenic from water in
point of entry/point of use (POE/POU) applications. This technol-
ogy requires some sophistication of the operator and the membranes
have a limited life.

The Village of San Ysidro, NM, provides a good case study of the
problems facing rural community water systems. The Village, located
70 miles northwest of Albuquerque along the southern flank of the
Jemez Mountains, has a community water system that relies upon
shallow groundwater resources which are plagued with problems of
very poor quality water due to high concentrations of As (average
concentration about 170 pg/L) and F (average concentration about 2.5
mg/L). The Village is very poor and cannot afford a conventional
water treatment system. The water system was upgraded in 1987 at
which time individual on-site water treatment devices were installed
in each of the residences and commercial establishments. These
under-the-sink point-of-use (POU) treatment systems provide filtra-
tion, activated carbon adsorption, and reverse osmosis treatment of
up to 10 gallons/day of water which is used for direct human con-
sumption. A monthly charge of $7 was added to each residential wa-
ter bill to cover the costs of maintaining these systems by Village staff.

Astudy was conducted to evaluate the performance of the POU treat-
ment systems in San Ysidro (Thomson and O’Grady, 1998). It was
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found that POU systems can provide a very high degree of treat-
ment, including producing water with an As concentration of less
than 10 g/L, provided they are properly maintained. However, it
was also found that the overall performance of these systems has
degraded due principally to inadequate maintenance. The POU sys-
tem operation and maintenance programs were found to be strongly
dependent upon the organization, technical abilities, and diligence
of the water utility staff. The following recommendations were pre-
sented: 1) establish an adequate funding mechanism specifically dedi-
cated to operation and maintenance of POU treatment units in the
community; 2) develop a reliable system for tracking operation and
maintenance activities for all POU treatment units in the commu-
nity; 3) provide operator training and equipment for measuring the
performance of POU systems; and 4) provide appropriate operator
training and equipment for maintaining POU treatment systems. This
study concluded that POU systems are an effective alternative to
conventional centralized water treatment systems, but that a high
degree of regular attention to each customer’s POU system is required
by water utility personnel.

CONCLUSION

Clearly, the new drinking water standards for arsenic being set by
the USEPA pose a potential financial problem for many communi-
ties. There are a number of technologies which may be appropriate
for use in rural New Mexico, but most appear to require a very
sophisticated operator. An operator with a reasonable level of so-
phistication, will be an expensive employee, if one can be found to
hire. There are no easy answers to this problem. The technologies
exist to solve the problem of treating our waters to acceptable levels,
but do the funds exist to pay for the treatment?
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GROUNDWATER TREATMENT BY
CASCADE AIR-STRIPPING PROCESS

N. Nirmalakhandan, R. Brennan, and C. Trevizo'®
ABSTRACT

Several drinking water supplies in the industrialized coun-
tries around the world are known to be contaminated with
synthetic organic chemicals. The best available technologies
for wellhead treatment of such waters are: counter current
air-stripping and activated carbon adsorption. The former
is well suited for volatile organic contaminants and a simple
and cost-effective technology. Activated carbon adsorption
while applicable to both volatile and semi-volatile chemi-
cals, is at least 30% more expensive. Water utilities,
remediation engineers, and researchers are therefore inter-
ested in improving the cost effectiveness of the air-stripping
process and extending its applicability to a wider range of
contaminants. In order to achieve these goals, theoretical
considerations indicate that the air flow rate through the
system has to be maximized. However, increasing the air
flow rate beyond certain limits leads to prohibitive energy
requirements and to process failure due to flooding. In this
paper, a novel modification of the air-stripping process is
described that has the potential to remove low and semi
volatile organic contaminants cost effectively. Results of
pilot, prototype, and field scale tests are presented to dem-
onstrate the advantages of the proposed process. The cost
effectiveness of the process even with off-gas treatment
added is also demonstrated.

'®Civil Engineering Dept., New Mexico State University, Box 30001, MSC 3CE, Las Cruces, NM
88003.
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INTRODUCTION

The most common approach to contain and/or remediate contami-
nated aquifers is to extract the groundwater and treat it at the surface
(EPA/540/2-89/054, 1989). This approach, otherwise known as the
“pump and treat method,” has been applied in remediating hazard-
ous waste sites as well as in wellhead treatment for potable water
supply. For example, through 1995, 93% of the 605 sites on the Na-
tional Priority List (NPL) have used the pump and treat approach
alone; an additional 6% of the sites used pump and treat along with
other in-situ technologies (EPA/542-R-96-005A, 1997). The goal of
many of these cleanups is to restore the aquifer to beneficial use. In
some cases, the objective is to keep the contamination from spread-
ing.

Contamination of aquifers by organic chemicals is more widespread
and common than by other chemicals. Volatile organic chemicals
(VOCs), the most frequently occurring contaminant type, are present
at more than two-thirds of all Superfund, RCRA, and DOD sites; half
of all DOE sites; and are the primary contaminants at leaking under-
ground storage tank (LUST) sites. Semi-volatile organic chemicals
(SVOCs) are found at 30 to 60% of all these sites. The above data are
representative of the sites remaining to be remediated as of 1995: 547
Superfund sites; 3000 RCRA sites; 165,000 LUST sites ;8,336 DOD sites;
10,500 DOE sites; 29,000 State sites; and 700 Civilian Federal Agency
sites, totalling over 217,000 in all. Of these sites, 70% have ground-
water or soil and groundwater contamination.

The best available technologies (BATs) for treating large quantities of
aquifers contaminated by organic chemicals are granular activated
carbon (GAC) adsorption and air-stripping. Of the two, GAC is gen-
erally more expensive and is more effective for highly adsorbable
chemicals. Air-stripping is a low cost technology, but s applicable only
to volatile chemicals, of Henrys Constant (H) greater than 100 atm.
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Since the resources available for remediating contaminated aquifers
is severely limited, one logical approach to meet remediation goals
would be to enhance, optimize, and upgrade the best available tech-
nologies.

A novel modification of the conventional air-stripping process has
been introduced as “cascade air-stripping” to remove low and semi-
volatile organic contaminants from drinking water sources more ef-
ficiently (Nirmalakhandan et al., 1990). This process configuration
consists of a packed tower down which the contaminated water flows
under gravity as in the conventional air-stripping process. The air
stream, instead of being admitted at the bottom of the tower, is dis-
tributed along the depth of the packing via evenly spaced air inlet
ports. As the contaminants are stripped from the water into the gas
phase, the fresh air entering the packing through the air inlet ports
dilutes the contaminated air stream, thus maintaining a larger driv-
ing force for mass transfer throughout the depth of the packing. Since
all the air volume does not have to flow through the entire depth of
the packing media, the pressure gradient is maintained low, thus en-
abling larger air flow rates to be used without flooding the system.
The increased driving force and the lower pressure drop translate
into higher removal efficiencies or lower packing depths and lower
energy requirements.

The technical feasibility of the cascade air-stripping process in remov-
ing volatile and semi-volatile organic contaminants from drinking
water supplies has been demonstrated in previous studies at pilot
and prototype scale laboratory studies (Nirmalakhandan et al., 1990,
1991). In these studies, the conventional air-stripping process was com-
pared against the cascade process on various contaminants under a
range of operating conditions. Advantages of the cascade system over
the conventional air-stripping system documented in these studies
are summarized in this paper. Results of a field scale demonstration
project are also included along with cost comparisons with BATs.
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Pressure Drop

The major operating cost of air-stripping systems is in overcoming
the gas phase pressure drop across the packing. Because of the step
wise addition of air through the packing, the cascade system can be
operated under lower gas phase pressure drops than the conventional
system. To demonstrate this advantage, a packed column was com-
pared under the conventional and cascade modes, at pilot and proto-
type scales. The pilot scale column was of diameter 0.3 m with 25 mm
size Tripack polypropylene packing to a depth of 4.6 m while the
corresponding parameters of the prototype column were 0.45 m, 50
mm, and 5.4 m, respectively. The air flow rates and the pressure drops
in these tests were compared in the two modes under equal energy
input to the gas phase. The results of these comparative runs are pre-
sented in Table L It can be seen from this comparison that the cascade
system can accommodate 35-50% more air flow at 25-35% lower pres-
sure drops than the conventional system.

Remouval Capability

The increased air flow and the larger driving force result in higher
removal efficiencies in the cascade process. To demonstrate this, re-
moval efficiencies of the two systems were compared with layered
packing in a 0.45 m dia. column. Three alternate configurations were
evaluated:

Configuration 1: 25 mm dia. Tripack packing in the bottom
3.1 m and 50 mm dia. Tripack packing in the top 2.3 m
Configuration 2: 25 mm dia. Tripack packing in the bottom 1.5 m
and 50 mm dia. Tripack packing in the top 3.9 m
Configuration 3: 50 mm dia. Tripack packing in the full 5.4 m

The removal of a very low volatile contaminant, 1,2-dibromo-3-
chloropropane (H = 7 atm) by the two systems was compared under
equal energy input. The results summarized in Table II confirm the
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superior performance of the cascade system: higher air flow rates,
lower pressure drops, and higher removal efficiencies.

TABLE ll. Comparison of Removal of 1,2-Dibromo-3-chloropropane

Mode Air flow  Press. drop Energy  Air-Wat ratio Removal
(m*/min) (cm H:0)  (cm-mmin)  {vol/vol) (%)
Conventional 19.8 28.7 568 17 93.2
Cascade 26.6 21.1 561 23 97.6
Configuration 2
Conventional 224 25.1 563 19 90.5
Cascade 30.8 18.3 563 26 974
Configyration 3
Conventional  25.2 22.6 570 21 89.2
Cascade 36.4 15.7 573 31 96.2

Packing Depth Requirement

The capital cost of air-stripping systems is directly proportional to
the packing volume. To compare the proposed process against the
conventional process, optimized designs under various scenarios were
generated using computer models that were validated in our previ-
ous studies (Nirmalakhandan et al., 1987). The packing volumes
required by the two systems were compared for a range of removal
efficiencies at different water flow rates and were estimated for five
chemicals ranging from low to high volatility. These simulations
showed a consistent trend of reduced packing volumes for the cas-
cade air-stripping process. Results of typical runs at 95% removal
efficiency and at two different water flow rates (13 and 26 m?/min)
are presented in Fig. 1 for five chemicals: chloroform (H = 140 atm);
1,1,1-trichloroethane (H = 230 atm); benzene (H = 250 atm); trichloro-
ethylene (H = 475 atm); and tetrachloroethylene (H = 600 atm).

To confirm the above findings, removal efficiencies of a low volatile
contaminant, bromoform (H = 35 atm), were measured for the two
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systems at equal energy input, but at 40% lower packing depth in the
cascade system. Three of these comparisons were done at pilot scale,
one at prototype scale. From the results of this study summarized in
Table 111, the cascade system can be seen to outperform the conven-
tional system, with lower capital costs for a given operating cost or
with lower capital and operating costs for a desired removal efficiency.

9 - Q=13;CON | B Q=26CON
B Qe=13:CAS [ Q#265CAS

Prisg Yolume [cum)

FIGURE 1. Comparison of Packing Volume required for 95% Removal of
Five Chemicais:
CHCI3 - Chloroform; C2HCI3 - 1,1, 1-Trichloroethane; C6H6 - Benzene;
C2HCI3 - Trichloroethylene; C2Cl4 - Tetrachloroethylene
Q - water flow rate treated In m3/min;
CON - conventional air-sitipping; CAS - cascade air-stripping

TABLE 11, Comparison of Depths

Mode Depth  Airflow Press.drop  Enmergy  Air-Wat. ratio Removal
{m) (m¥min)  (cm H.Q) (cm-m’/min) _ (vol/vol) (%)
[Cilot Scale System:
Conventional 4.6 0.8 0.6 0.45 39 79.1
Cascade 2.7 15 0.3 0.45 78 84.7
Conventional 4.6 1.5 1.7 2.50 78 87.7
Cascade 2.7 2.9 0.8 232 154 914
Conventional 4.6 1.7 2.0 3.48 92 91,1
Cascade 27 3.5 1.0 3.48 184 928
Conventional 5.4 10.0 17.0 170.00 93 80.3
Cascade 3.8 17.0 10.5 178.50 150 86.5
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Field Results

To document the performance of the cascade process under field
conditions, a prototype scale study was conducted at a major gov-
ernment facility. The target contaminant at this facility was trichlo-
roethylene (TCE, H = 475 atm). A cascade air-stripping system was
designed to treat groundwater at a rate of 48 m3/hr with TCE con-
centration of 430 ppb. The design effluent concentration was 5 ppb,
the US EPA’s drinking water standard for TCE. Other contaminants
at the site included tetrachloroethylene at 24 ppb; Freon-11 at 340
ppb; and Freon 112 at 1600 ppb.

The system exceeded the target removal efficiency of 98.8% for TCE
and more than 99% for all the other contaminants. The system was
evaluated at water flow rates ranging from 20 to 65 m3/hr. Removals
of TCE remained over 96% throughout these tests. The TCE-removal
performance of the system at 64 m*/hr monitored over 4 days is illus-
trated in Figure 2. All the other contaminants were removed to below
1 ppb level.
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FIGURE 2. Field Results at 64 m3/hr- Cascade Air-stripping System
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Cost Comparisons

When off-gas treatment is mandated, the cost-effectiveness of the cas-
cade system may be impaired because the larger air flow rates result
in proportionately higher off-gas treatment costs. The cost-effective-
ness of the cascade air-stripping process with off-gas treatment added
is evaluated in this study by comparing the following processes: lig-
uid phase activated carbon adsorption process; conventional air-strip-
ping process with off-gas treatment; and the cascade air-stripping pro-
cess with off-gas treatment. This comparison is done for five common
groundwater contaminants ranging in volatility from very low to me-
dium, under various water flow rates ranging from 2 to 130 m®/min.

The following five chemicals were selected for comparison: xylene
(H = 345 atm); chlorobenzene (H = 265 atm); 1,2-dichloropropane (H
= 162 atm); ethylene dibromide (H = 37 atm); and 1,2-dibromo-3-
chloropropane (H = 7 atm). The cost of treatment by liquid phase
activated carbon adsorption for these five chemicals at the different
water flow rates reported by Adams et al. (1989) is used in this study.
The costs of conventional air-stripping and cascade air-stripping for
the same five chemicals have been reported by us previously
(Nirmalakhandan et al., 1992). The off-gas treatment costs for the five
chemicals under conventional air-stripping and cascade air-stripping
were estimated in this study following the procedures recommended
by the U.S. Environmental Protection Agency (US EPA, EPA /625/6-
91/014, 1991).

The results of the comparison of overall treatment costs (¢/liter) by the
three processes at various water flow rates are shown in figures 3 to 7
for the five chemicals. These evaluations confirm that the cascade sys-
tem can be cost-effective even with off-gas treatment costs added on.
Previous cost comparisons without including any off-gas treatment
had indicated significant cost advantage for the cascade system
(Nirmalakhandan et al., 1992). However, with off-gas treatment added,
the advantage is somewhat offset due to the higher air flow rates in
the cascade system.
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FIGURE 3. Treatment Cost at Various Water Fliow Rates for Xylene
GAC- Lliquid phase granular activated carbon treatment
CON- Conventlonal air-stripping with off-gas freatment;

CAS- Cascade air-stripping with off-gas treatment
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FIGURE 4. Treatment Cost at Various Water Flow Rates for Chloroben-
zene

GAC- Liquid phase granular activated carbon treatment

CON- Conventional air-stripping with off-gas treatment;

CAS- Cascade air-stripping with off-gas treatment
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Chemical- 1,2-Dichloropropane
Removal Efficiency- 95%
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FIGURE 5. Treatment Cost at Various Water Flow Rates for 1,2-
Dichloropropane

GAC- liquid phase granular activated carbon freatment

CON- Conventional air-stripping with off-gas treatment

CAS- Cascade dir-stripping with off-gas treatment
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FIGURE 6. Treatment Cost at Various Water Flow Rates for Ethylene
dibromide

GAC- Liquid phase granular activated carbon treatment

CON- Conventional air-stripping with off-gas freatment

CAS- Cascade air-stripping with off-gas treatment
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Chemical- 1,2-Dibromo-3-chloropropane
Removal Bfficiency- 90%
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FIGURE 7. Treatment Cost at Various Water Flow Rates for 1,2-Dibromo-
3-chloropropane

GAC- Liquid phase granular activated carbon treatment

CON- Conventional air-stripping with off-gas freatment

CAS- Cascade air-stripping with off-gas treatment.

CONCLUSIONS

Results of performance evaluations and the economic considerations
suggest that the cascade air-stripping process may be an economi-
cally attractive alternative to treat drinking water sources contami-
nated with semi- and low-volatile organic contaminants. The pilot,
prototype, and field scale test results indicate that the cascade pro-
cess can accommodate 35 to 50% more air flow at nearly 40% less
pressure drop, and achieve higher removal efficiencies than the con-
ventional air- stripping process. The cascade system has been dem-
onstrated to meet Regulatory Standards for drinking water in an
energy-efficient, cost-effective, and environment-friendly manner.
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