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Abstract

Recent studies have shown that dissolved hydrogen causes rapid dehalogenation of chlorinated

hydrocarbons in the presence of a palladium catalyst. The speed and completeness of these

reactions offer advantages in designing remediation technologies for certain ground water

contamination problems.  However, a practical design challenge arises in the need to saturate the

aqueous phase with hydrogen in an expeditious manner. To address this issue, a two-stage

treatment reactor has been developed. The first stage consists of an electrolytic cell that generates

hydrogen by applying a voltage potential across the influent water stream. The second stage

consists of a catalyst column of palladium metal supported on alumina beads.

A bench-scale reactor has been used to test this design for treating ground water contaminated with

trichloroethene and other chlorinated hydrocarbons. In influent streams containing contaminant

concentrations up to 4 ppm, initial results confirm that destruction efficiencies greater than 95%

may be achieved with residence times short enough to allow practical implementation in specially

designed flow-through treatment wells. Results from the bench-scale tests are being used to design

a pilot ground water treatment system.

Introduction

Chlorinated hydrocarbon contamination of subsurface ground water is a well known

environmental problem. Schreier and Reinhard (1995) recently demonstrated that hydrogen can

effectively reduce chlorinated ethenes in the presence of a palladium (Pd) catalyst. The Catalytic

Reductive Dehalogenation (CRD) process, illustrated by Equation (1):

TCE + 4H2 --> ethane + 3H+ + 3Cl-                                             (1)

completely transforms the chlorinated ethenes, yielding ethene or ethane. The CRD process offers

several advantages for certain remediation applications, in particular where space and contact time

is limited. Furthermore, in this process the pollutants are destroyed, rather than transferred from

one media to another as is the case with many treatment technologies.

The CRD process involves two-stages. The first stage consists of an electrolytic cell to generate

hydrogen from electrolysis of the ground water. The ground water containing dissolved H2 (and

O2 as a by-product of electrolysis) and dissolved chlorinated hydrocarbons then flows from the

electrolytic cell through a second stage, a packed bed catalyst column of alumina (Al203) spheres

coated with palladium. The concentration of chlorinated hydrocarbons before and after the catalyst
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column are measured and removal efficiencies (RE) are calculated, as illustrated by Equation (2):

RE = Ceffluent

Cinfluent        (2)

A series of bench scale experiments are being conducted using ground water contaminated with

chlorinated hydrocarbons at Lawrence Livermore National Laboratory (LLNL), a Superfund site

undergoing active remediation. The site is located approximately 35 miles east of San Francisco.

Contaminants in the ground water include tetrachloroethene (PCE), trichloroethene (TCE), 1,2-

dichloroethene (1,2-DCE), carbon tetrachloride (CTET), chloroform, and 1,2-dichloroethane (1,2-

DCA). The hydrocarbons in the water are analyzed by gas chromatography in accordance with

EPA method 601 (U.S EPA, 1986). The objective of the experiments is to obtain data for the

design of a pilot in situ treatment unit, including measuring reaction rates and removal efficiencies.

The results indicate that the CRD process will efficiently  treat PCE, TCE, 1,1-DCE, and CTET.

Chloroform was also destroyed but at a significantly slower rate, whereas 1,2-DCA is largely

resistant altogether (McNab and Ruiz, 1997). In addition, electrical power required to drive the

electrolysis of ground water and pumping energy to overcome the pressure drop across the catalyst

column was evaluated.

Bench-Scale Reactor Design, Operation, and Results

Design

The two stage bench-scale reactor is shown on Figure 1. The electrolytic cell contains two co-axial

cylindrical graphite sheet electrodes structurally supported on PVC pipe. The electrodes are  56 cm

long, with a specific surface area of 900 cm2, and are housed within a 60 cm long by 7.6 cm

diameter clear PVC vessel. The annular space between the electrodes is 0.5 cm. Electrical

connections to an external power supply unit are made through 0.6 cm diameter, gold-plated

stainless steel connectors attached to the graphite sheets.  A DC current of approximately 4 amps at

8 volts is applied to the electrodes, resulting in current densities on the order of 4 milliamps/cm2.

The packed catalyst bed is housed in a 40 cm long by 7.6 cm diameter clear PVC tube. Stainless

steel valves allow samples to be collected at (1)the electrolytic cell influent, (2) the catalyst column

influent, and (3) the catalyst column effluent.

The electrosynthesis of H2 and O2 from water is based on the reactions at the cathode and anode

which are shown in Equations 3 and 4.

Cathode: 2H2O + 2e- ⇔ H2 + 2OH-
  Eo = −0.83 V vs SHE        (3)

Anode: O2 + 2H2O + 4e- ⇔ 4OH-
  Eo = +0.40 V vs SHE        (4)
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Combining Equation 3 and 4 gives the full cell reaction:

2H2 + O2 ⇔ 2H2O   ∆Ee
o = +0.40 − (−0.83) = +1.23 V        (5)

Equation 5 suggests that the generation of H2 should start at a minimum voltage of 1.2 V,  based

on the standard potentials for the reactions. In practice, larger voltage potentials are usually required

before H2 is generated due to ohmic resistance in the cell. In conventional reactors the electrolysis

of water is carried out in a divided cell, in which a separator is used to prevent mixing of the

oxygen  and hydrogen. For the CRD reactor we chose an undivided cell, which has the  advantage

of lower capital costs due to simple design and ease of construction. In addition, the undivided cell

allowed us to switch polarity and avoid passivation of the electrodes due to scaling from high

mineral content in the ground water. The greatest ohmic resistance is contributed by the electrolyte

(ground water), which has a specific conductivity of approximately 450 umhos/cm.

The need for electrode stability in long-term operation places severe restrictions on the selection of

electrode materials. The choice is further complicated by the need to periodically reverse polarity to

prevent CaCO3 precipitation on the cathode. Most metals are stable when used as a cathode,

although hydrogen diffusion causes embrittlement in some materials. These metals tend to

undergo corrosion when used as an anode at low potentials. Other metals, such as titanium, form

an oxide coating that insulates the surface. Members of the platinum metal group are often used as

coatings on a suitable substrate, however, in an undivided cell they act as a catalyst for the

recombination of hydrogen and oxygen. Although graphite has low structural strength and is

thermodynamically unstable, it reacts slowly enough to make it suitable as both a cathode or an

anode. Additionally, graphite has significantly lower material costs ($100/m2) compared to

members of the platinum group ($1000 to $2000/m2) on a substrate (Oloman, 1990).

The packed bed catalyst column consists of uniform alumina (Al
2
0

3
) spheres with a nominal

diameter of 0.32 cm and a bulk density of 0.72 g/cm3. The alumina spheres are coated with 1%

palladium metal with an active surface area of 200 m
2
/g. For flow rate and pressure drop

calculations a particle sphericity of 0.6 was assumed. The pressure drop across fixed beds of

uniform particle size is illustrated by the  Ergun equation:

∆p
L c

g = 150
1− εm( )2

εm
3

µUo

φsdp( )2 +1.75
1− εm

εm
3

ρgUo
2

φsdp

       (6)

The pressure drop in Equation 6 represents viscous and kinetic energy losses. At low Reynolds  

numbers (non turbulent flow), the viscous losses predominate and Equation 6 simplifies to:
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∆p
L c

g = 150
1− εm( )2

εm
3

µUo

φsdp( )2 Re<1000        (7)

where:

∆p = pressure drop across the bed

 gc = acceleration due to gravity

 L = the length of bed

∈ m  = bed voidage

φ-s = particle sphericity

µ  =  viscosity of liquid

dp = particle diameter,

 U° = superficial  velocity.

Operation

The bench-scale reactor was operated in a test stand within an existing ground water treatment

facility at LLNL. A slip stream at 300 ml/min was taken from an extraction well used to supply

contaminated ground water to the facility. Water was pumped through the annular section of the

electrolytic cell  (between the two electrodes) using a peristaltic pump. The reactors operated at a

pressure of 2.5 atmospheres to suppress the formation of gas bubbles generated by the electrolytic

cell, and a flow rate of 300 ml/min. Given an interior volume of the packed bed of 1.8 liters, and

assuming 40% bed porosity, the apparent residence time, defined as the ratio of the catalyst

column volume to inlet volumetric flow rate, is 144 seconds. The treated effluent stream from the

catalyst column was fed back into the main treatment facility line.

A programmable logic controller was used for data acquisition and to control process water flow,

electrode polarity switching, and electrode current and voltage settings. Recorded data included

temperature, pH, flow rate, and pressure.

Results

Contaminant concentrations declined by more than 95% after 144 seconds of residence time in the

catalyst bed. In addition, losses of 10-15% were observed across the electrolytic cell with a

residence time of 6 minutes, probably due to gas stripping of the volatile organic compounds by

O2 and H2 gas bubbles in the cell. Removal efficiencies using water from well W-351 are shown

on Figure 2 for TCE and Figure 3 for 1,1-DCE and CTET.
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Catalyst deactivation over an extended period of time was observed in the ground water (Figure 4)

although this appears to be reversible by soaking in de-ionized water. The electrolytic cell exhibited

very little wear under constant current of 4 amps. The voltage remained relatively unchanged,

indicating little or no fouling or passivation of the electrodes.

Pilot Scale Reactor Design

The engineering design of the two-stage pilot-scale reactor is based on well tested chemical reactor

models (Walas and Butterworth-Heineman, 1990), however, several challenges arise in designing

an in situ  scaled-up system, including dissolving sufficient quantities of H2 into the influent

stream with limited contact time and minimizing the pressure drop across the reactor with limited

space. Using the chemical and engineering results from the bench scale experiments, the pilot

system was designed and constructed for down hole emplacement to treat contaminants in the

ground water. Initial tests will focus on system activation and process optimization. The end result

will be evaluation of the efficiency of the system.

In Situ Reactor

A schematic of the in situ reactor is shown in Figure 5. The major components include: (1) an

electrolytic cell, (2) a fixed bed catalyst column, (3) a pumping system and associated plumbing,

(4) a pneumatic packer assembly, and (5) sensors and instruments for controls, interlocks, and

data acquisition. The reactor is designed to operate at 12 l/min. at a maximum pressure of 10

atmospheres. The reactor is placed in a specially constructed well, having a lower screen completed

in a contaminated zone, and an upper screen in an uncontaminated zone. Water is pumped from

the lower screen, treated, and reinjected through the upper screen.

Contaminated water flows through two electrolytic cells plumbed in series. Hydrogen is generated

electrolytically in solution and a continuous flow of hydrogen saturated water is maintained

through two fixed bed catalyst columns, with the second column used as a final polishing step.

The treated effluent water is pumped through the upper screen. The two screens are isolated by a

pneumatic packer. To address the deactivation of the catalyst, the reactors will operate on a cycle of

long reaction and short regeneration times. The system is designed to fail safe under abnormal

operating conditions (pump failure, electrolytic cell power supply failure, electrolytic cell

overvoltage, loss of flow to electrolytic cell, or high electrolyte temperature).

The Electrolytic Cells

Two electrolytic cells are plumbed in series downstream of the submersible pump. The cells are

connected to the power supply in parallel, although  each individual cell is of bipolar design. The
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electrodes (6 pairs) are constructed from 0.63 thick, high-density graphite sheets and are housed

within a 13 cm diameter by 43 cm long stainless steel vessel. The electrodes are configured in

parallel with a spacing of 0.25 cm.  An inner PVC sleeve electrically insulates and provides

structural support for each electrode. The total electrode area is 0.8 m2 with maximum current

densities of 2.42 mA/ cm2. To minimize voltage losses across the graphite electrode, the current is

distributed over a relatively small area (< 400 cm2 per electrode pair) by a single gold plated copper

conductor for each electrode.

Catalyst Columns

Two packed-bed catalyst columns are plumbed in series and are located upstream of the

electrolytic cells. The first column consists of 30 kg of 0.3 cm diameter spheres, the second bed

consists of 22 kg of 0.16 cm diameter spheres. The spheres are contained in two 15 cm diameter

stainless steel vessels, and supported on stainless steel screens. Active bed heights are 2.5 m for

first column and 2.4  for the second column. Residence time, based on flow rate and bed pore

volume, varies from 2 to 4 minutes.

Pumping System

The  pumping system consists of a centrifugal, ten stage, 10 cm diameter submersible pump. The

pump has a one horsepower, three phase, variable-speed motor. All wetted components of the

pump are completely inert and corrosion resistant. The pump's variable speed characteristics

permit flows of 1 gpm at 300 feet of head to 18 gpm at 40 feet of head.

Pneumatic Packer

A pneumatic packer is used to isolate the two screen intervals in the well. The pneumatic packer is

a sliding-head inflatable packer that expands radially and contracts axially as pneumatic pressure is

applied. The packer consists of a steel fixed head, natural rubber with steel cable reinforcement

gland element, stainless steel center tube, and a steel sliding head. The packer is designed for a bore

hole diameter of 12 cm to 30 cm.

Controls, Interlocks and Data Acquisition

A programmable logic controller is used to execute the control plan, which includes process water

flow control, electrode polarity switching, and electrode current and voltage settings. The system

uses a feedback control loop to control the residence time in the reactors. Pressure is maintained in

the system by a mechanical back pressure regulator.
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Observations

Several observations were made which hold implications for the design and operation of a pilot

scale system, including:

(1) Rapid reductive dehalogenation of dissolved chlorinated hydrocarbons has been demonstrated

with a bench scale reactor consisting of an electrolytic cell and a Pd/Al2O catalyst column. PCE,

TCE, 1,1-DCE, and CTET all appear to undergo complete transformation. CTET reacts somewhat

more slowly, with a reaction rate approximately half that of the chloroethenes. 1,2-DCA reacts

very slowly, if at all.

(2) Relatively low power consumption (< 5 kw in the pilot scale system) by the  electrolytic cell

for the production of hydrogen as a reducing agent, appears to make this an economically viable

option, based on energy consumption and hydrogen production per specific electrode area.

(3) Reaction rates are not significantly lowered by the presence of oxygen as a byproduct of the

electrolysis of the ground water. In addition, changes in ground water chemistry do not appear to

affect performance of the electrochemical cells. Generation of hydrogen gas in the aqueous phase

by electrolysis appears to be technically feasible.

(4) Despite the high reaction rates in the dehalogenation of the chlorinated hydrocarbons, little is

known about the catalyst deactivation mechanism. Investigations are proceeding to identify the

deactivation mechanism, however it appears to be reversible by periodically soaking the catalyst in

de-ionized water or by flushing with hydrogen-free ground water.

(5) Compact engineering design associated with this approach  permits in situ  implementation,

reducing the need for above-ground treatment infrastructure.
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