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ABSTRACT

Due to the abnormally high water production rates 
associated with coalbed methane (CBM) production, several 
water disposal alternatives are currently being evaluated 
both for their economic and technical feasibility. Most of 
these methods have been used and explored on a full scale 
basis in active producing areas, but either technical, 
economic or environmental limitations have presented 
insurmountable problems. The research and conclusions of 
this thesis evaluate the technical feasibility of utilizing 
reverse osmosis (RO) to dispose of the majority of the water 
produced with CBM. Extensive study and testing indicates 
that a reverse osmosis process is feasible from a technical 
standpoint and provides a highly attractive alternative to 
coal gas producers. Research has included a combination of 
water quality characterization, reverse osmosis computer 
modeling and bench testing, and the operation of a complete 
process, full-scale pilot for a six-month period.

The treatment technologies of the RO process can be 
divided into two basic categories which include, 1) 
pretreatment, and 2) total dissolved solids (TDS) reduction 
by reverse osmosis. The first stage of the pretreatment 
consists primarily of an enhanced filtration process to
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remove suspended solid contaminants that may harm and/or 
affect the performance of the subsequent treatment 
processes. Following the initial filtration, the feed 
waters are chemically treated to condition the water to 
maximize the performance and efficiency of the reverse 
osmosis equipment. The next and final treatment stage 
utilizes membrane separation technology (reverse osmosis) to 
reduce the total dissolved solids to a decreased level 
allowing surface use or discharge. During this stage of the 
process, approximately 75% of the produced water is treated 
to meet EPA permit requirements for surface discharge and 
the remaining 25% becomes a concentrated brine containing 
90+% of the original dissolved solids.

The successful development and ultimate demonstration 
of a CBM water treatment and disposal process utilizing 
reverse osmosis has introduced a viable new disposal 
alternative. It is shown to be Both technically and 
environmentally sound. Additional applications of the 
process under various production conditions will ultimately 
determine the overall flexibility and usefulness of the 
process.
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Chapter 1

INTRODUCTION & BACKGROUND 
INFORMATION

The available tax credits on natural gas produced from 
coal seams have made this expanding energy source 
increasingly important to gas producing companies (1). 
Projected development in the San Juan Basin of northwestern 
New Mexico and southwestern Colorado is estimated to exceed 
more than 2,700 new wells by the end of 1990. These wells 
are included in a projected estimate of more than 9,000 
coalbed methane (CBM) wells to be drilled in the United 
States (2), and with the extension of the tax credit for an 
additional two years, CBM production could exceed three 
billion cubic feet of gas per day (Bcfgd) by early 1993.

One unique characteristic of coalbed methane production 
in most of the actively drilled basins is the high rate of 
initial water production. As produced, this water is 
unsuitable for surface discharge due to its high dissolved 
mineral and residual hydrocarbon content. Investigation and 
research over the past two years, on both bench and full 
pilot scale, has demonstrated that it is both technically 
and environmentally feasible to treat and dispose of CBM 
wastewater using reverse osmosis (RO). This process
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produces a clean permeate stream representing 70-80% of the 
original feed stream volume, and a highly concentrated brine 
consisting of 20-30% of the original feed stream volume.
This will allow for the discharge of the majority of the 
water (the permeate stream) to the surface, which is highly 
attractive since it avoids the potential environmental 
hazards of reinjecting the water and provides a large amount 
of potable water for surface use. The quantity of produced 
water treated by the RO process on the Southern Ute Indian 
Reservation of southwestern Colorado has been projected to 
reach 67,000 acre-feet per well over a ten year period (3). 
Some of the potential uses in this arid southwest region 
include the development or enhancement of farming, ranching, 
and/or wildlife wetland habitat.

Other advantages of the treatment process include 
reclamation of the minerals, elimination of the risk 
associated with drilling and operating a successful 
injector, and flexibility of disposal capacity and location. 
Public relations between the operator and the private sector 
are also enhanced due to the natural resource recycling and 
positive environmental achievement.

The concentrated effluent can be disposed of by several 
methods available to the gas producers. The two primary 
methods of concentrate disposal include deep well injection
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and evaporation, which have typically been used for disposal 
of the untreated produced waters. Evaporation can be 
accomplished using thermal or vapor recompression 
evaporators, or solar energy with the use of an evaporation 
pond. One-hundred percent évaporation of the brine will 
result in the production of a dry salt product which may 
have a marketable value. Depending upon the concentrations 
of the various dissolved ions in the produced water, 
different salt by-products can be recovered for use in local 
industrial activities. Sodium carbonate and sodium chloride 
represent the majority of the salts potentially recoverable 
from the concentrated effluent.

The primary objective of this thesis was to evaluate 
the technical feasibility of utilizing reverse osmosis and 
other complementary water treatment technologies, as an 
integrated process, for the treatment and disposal of waters 
produced from coalbed methane wells. Results of the 
research performed are presented and discussed and the 
advantages and disadvantages of treatment versus alternative 
methods of CBM water disposal will be addressed.

Although this research did not generate adequate 
information for a detailed economic analysis, the reverse 
osmosis process does appear to reduce disposal costs.
However, several parameters should be considered in order to



T—4112 4

completely evaluate the economic feasibility of CBM water 
treatment at any particular production site. Some of the 
key variables to consider are the produced water quality 
characteristics, initial volumes and production decline of 
the water, well groupings and the associated gathering 
systems, access and topography, and depth and continuity of 
the locally approved injection zones. However, because of 
the flexibility of the process, production unknowns such as 
these can be addressed by making basic modifications to the 
process and developing specifically engineered treatment 
systems.
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Water Disposal Alternatives

Water disposal alternatives are highly dependent upon 
the producing area in question. The analyses and 
comparisons discussed herein are based on the environmental 
conditions of the San Juan Basin of northwestern New Mexico 
and southwestern Colorado (see Figure 1.1). Although these 
conditions are somewhat unique to this area, the disposal 
methods and associated problems are very similar in other 
CBM producing basins of the United States.

Historically, coalbed methane producers have attempted 
to rely solely on well-established conventional water 
disposal methods to resolve the problem. However, the 
abnormally high water production associated with CBM and the 
recent increase of environmental awareness, has required 
operators to look beyond the older disposal methods to new 
and more technologically advanced disposal alternatives 
and/or combinations of the old and the new. Each 
alternative method possesses advantages and disadvantages 
and should be evaluated on a site specific basis.

The primary conventional water disposal method utilized 
by the majority of the oil and gas producers in the U.S. is 
deep well injection. Deep well injection typically 
represents the simplest, most cost-effective disposal method
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and remains the most widely used in the energy industry 
today. However, several factors can greatly affect or even 
prohibit the use of deep well injection.

The increased demand for shallow fresh water aquifers 
in the southwest has focused regulators/ attention on 
protecting water resources and water quality. In early 
1989, the Environmental Protection Agency, Region 8, 
proposed and adopted the following policy for all new wells.

The disposal of produced water on the Southern Ute 
Reservation will be restricted to formations below the 
Fruitland Formation, that is, injection into the 
Mesaverde and/or deeper formations. (Environmental 
Protection Agency (EPA), Region VIII and Colorado Oil 
and Gas Conservation Commission. 1989. Public Notice 
Announcement of Public Hearing, Underground Injection 
Control Program, Durango, CO, p. 3)

The Mesaverde Formation lies at an approximate depth of 
4,700 feet and is overlain by approximately 1,500 feet of 
Lewis Shale which is considered to be a geologic seal (see 
Figure 1.2). The EPA was pressured to take this action 
based on reports of domestic well water contamination from 
the regional coalbed methane production in the northern San 
Juan Basin. This has forced producers to drill deeper, more 
costly injectors, in order to continue deep well disposal of 
the produced waters. Not only does this inflate the capital 
expenditures, but the risk associated with targeting highly 
porous and permeable disposal zones is also increased. The
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primary injection zones range in depth from 7,000 to 10,000 
feet and consist of discontinuous sandstones (i.e., the 
Dakota, Bluff, and Burro Canyon formations; see Figure 1.2). 
The permeability and porosity can change rapidly with 
stratigraphie pinchouts or clay plugging within the 
formation. All these factors combine to make deep well 
injection a highly scrutinized, risky, and expensive 
disposal method. However, the operators are very familiar 
with injection drilling and operations, and associate this 
method with limited future environmental liabilities.

Another common disposal alternative is the use of 
evaporation ponds. Generally, evaporation ponds can be 
utilized to dispose of produced waters, but the high water 
volumes and large land areas required with CBM production 
and/or environmental limitations can prohibit their use.
Some of the disadvantages include the requirement for large 
flat-surface land areas, expensive construction costs, 
permitting requirements and delays, inconsistent evaporation 
rates, and the ultimate removal and disposal of the dry 
solids. Land area requirements for an evaporation pond in 
the Four Corners area are estimated to equal approximately 
one acre/100 barrels of water per day (BWPD) based on an 
evaporation rate of 3.0 gal/min/acre (4). However, 
operators will experience peak rates in the summer and
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reduced rates in the winter months which must be taken into 
account. An evaporation pond must also be permitted with 
all the regulatory agencies having jurisdiction in the area. 
Factors such as the impacts to the local wildlife, 
groundwater resources, and the regional aesthetics must be 
considered. The protection of these various areas results 
in increased construction costs (i.e., expensive liners, 
leak detection systems, fencing, and netting). Ultimately, 
the operator is still faced with the disposal of the solid 
salts, and must devise a method to remove the salts without 
damaging the liner, or face costly replacement of the liner. 
The consideration and resolution of these variables, in 
addition to the high constuction costs, typically prohibits 
the use of evaporation ponds for CBM produced water 
disposal.

The final alternative which will be discussed is 
utilized by most of the operators in conjunction with one of 
the other methods. Water truck hauling is used by most 
operators to transport a portion or all of the produced 
water to a company owned, or commercially operated injector 
or evaporation disposal facility. Truck hauling is usually 
limited to producing sites with lower water volumes or 
remote locations. The cost to haul produced water can 
triple disposal costs. Therefore, in areas where it is
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feasible, operators construct a pipeline gathering system to 
collect the produced water. Also, hauling produced water to 
another site does not eliminate the operator's liabilities 
as they relate to that final disposal site.

Water Treatment and Disposal 
by Reverse Osmosis

Introduction

Due to the environmental concerns and economic 
parameters associated with commonly used water disposal 
alternatives, the treatment by RO and surface discharge of 
the majority of the water is highly attractive. Even though 
permitting a treatment site can still be complicated, 
transporting the water can be reduced or eliminated and 
associated adverse environmental impacts are greatly 
reduced. Public relations are also enhanced with the 
reclamation of the produced water in a relatively dry area 
of the southwest.

The following treatment methods were identified as 
required components of an integrated reverse osmosis 
treatment process for the effective and efficient recovery 
and disposal of produced CBM water. The research of this 
thesis focused on the evaluation and implementation of this
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integrated system at a full-scale facility located on an 
operating CBM production site.

o flotation/aeration 
o solids filtration 
o chemical addition/treatment 
o reverse osmosis

These technologies can be divided into two basic 
categories and will grouped together as follows for further 
discussion and analysis; A) Pretreatment; utilizing 
flotation/aeration, solids filtration, and chemical addition 
and treatment, and B) total dissolved solids (TDS) 
reduction; utilizing reverse osmosis.

The reverse osmosis technology will be discussed first 
to introduce the terminology used to describe membrane 
performance, and to provide an understanding of the basic 
membrane separation mechanisms. A brief history of the 
development and applications of RO will then be presented 
outlining the rapid growth and success of reverse osmosis 
water treatment. Finally, each of the pretreatment 
technologies will be addressed in their respective order as 
utilized in the treatment process.
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Definition and Terminology 
of Reverse Osmosis

The key treatment technology of the process is the use 
of reverse osmosis for the reduction and removal of the 
majority of the dissolved solids. There are several common 
terms used to describe the physics of reverse osmosis. A 
brief definition of these terms is necessary in order to 
understand membrane separation technology and its historical 
development.

A major advantage of reverse osmosis lies in the fact 
that it requires no heat and limited operating energy. 
Referring to Figure 1.3, the normal direction of water flow 
across a membrane is down its concentration gradient. 
Therefore, when an ideal semipermeable membrane (one that is 
permeable to solvent but not solute) is placed between two 
compartments, one containing pure solvent and the other 
containing a solution (solvent plus solute), the solvent 
passes through the membrane to the solution side. This 
phenomenon is called ”osmosis”. Transport through the 
membrane occurs due to the chemical potential driving force 
which is caused by the presence of the solute. If a 
pressure (A p) is applied to the solution side just equal to 
the pressure difference between the solute and the solvent 
( Arc ), water flow ceases, and an osmotic equilibrium occurs. 
The exact pressure that must be applied to the solution side
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Most waters treated by reverse osmosis have relatively 
high osmotic pressures (e.g., for seawater as high as 500 
psi). However, the CBM waters typically have osmotic 
pressures ranging from 50 to 350 psi. As water is removed 
from the feed solutions during the RO process, the osmotic 
pressure of the concentrate increases. This can be a very 
important design consideration in preventing membrane 
scaling and fouling in the final RO membranes in series as 
flow rates decrease and concentrations increase. In 
operation, RO membranes are arranged so that the high 
pressure feed stream contacts the salt-rejecting face of the 
membrane. The feed stream continually passes over the 
membrane surface so that the fluid velocity carries away 
much of the retained solute from the upstream surface (see 
Figure 1.4). As the solute is removed, a concentrated layer 
will accumulate next to the membrane face. As previously 
mentioned, the feed flow sweeps away all but a boundary 
layer thickness of this concentrated buildup. The result is 
a phenomenon referred to as "concentration polarization"
(6 ). Much of the design of membrane equipment is focused on 
minimizing the polarized layer. Minimum fluid velocities 
need to be maintained to prevent buildup and precipitation 
at the membrane surface.
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CONCENTRATE

BOUNDARY
LAYER

R O Z
MEMBRANE

PERMEATE

Figure 1.4 Fluid Streams in the Reverse Osmosis Process
Source : Dickson, James M. 1988. Fundamental Aspects of 
Reverse Osmosis. Chap. 1 in Reverse Osmosis Technology. Ed. 
Bipin S. Parekh. New York: Marcel Dekker.

Another important design consideration that will be 
discussed is the membrane permeate "flux" or the volume 
of permeate produced per unit surface area of membrane per 
unit time (ie. gal/ft2 /day) (6 ). The limits of the flux 
rate for a particular membrane are typically provided by the 
membrane manufacturer. Manufacturers rate the packaged 
membranes by measuring the module's flux under standard test 
conditions. This productivity is the recommended maximum 
obtainable. The water flux is defined by equation 1.1 (7):

Fw = A ( A P - A tc ) (1.1)

Where: A = water permeability constant (gal/cm2 sec Atm)
A p = pressure differential applied across the 

membrane (Atm)
Arc = osmotic pressure differential across the 

membrane (Atm)
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It is important to follow the membrane manufacturersz 
recommendations and maintain minimum element (membrane) 
flux. These recommendations are based on element size and
the standard quality of feed water.

Other key measurements that need to be monitored are 
the membrane "rejection" and the membrane "recovery".
Membrane recovery is defined as the ratio of permeate flow
to feed flow for that particular membrane. Recovery can be 
adjusted by varying the flow rate and operating pressures, 
however, caution should be taken not to exceed the 
performance limits of the membranes and the chemical 
concentrations that would contribute to scaling.
Maintaining proper operating conditions is the key 
preventative step to minimize membrane fouling. Membrane 
rejection is defined as the amount of solute that does not 
pass through the membrane (C2) relative to the feed 
concentration (C^). Mathematically this is defined by the 
equation 1 . 2  and is expressed as a percentage (7):

Membrane Rejection (%) = (C1 -C2 /C1) x 100 (1.2)

Membrane rejection should also be consistently 
monitored to prevent rapid deterioration and early 
replacement of the membranes. Rejection causes the boundary 
layer condition described earlier as concentration 
polarization and is therefore, dependent on the
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concentration in the polarized layer. Rejection based upon 
the concentration of the polarized layer is called "true 
rejection". The rejection based upon the feed concentration 
is referred to as "apparent rejection". Apparent rejection 
is the practical measure of a membrane system since it 
measures the amount of solute removed from the feed (6 ). 
Therefore, the term "rejection" in this thesis will refer to 
the apparent rejection. Typical rejection rates for Thin 
Film Composite (TFC) membranes are outlined in Tables 1.1 
and 1 . 2  for various dissolved ions and water streams, 
respectively.

The feed water quality directly impacts the primary 
factors that determine the effectiveness of the treatment 
process and those monitored operating levels as discussed 
above. The initial dissolved solids concentration and 
composition determines the necessary operating pressures of 
the RO unit and controls the design of an effective 
pretreatment system. Water flux will decrease as feed water 
salinity increases. Salt rejection will also eventually 
decline as water flux becomes insufficient for proper 
operation (7).

Other water characteristics affecting the RO process 
include the water temperature and pH. Flux increases almost 
linearly with temperature ; however, salt rejection declines
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Table 1.1 Nominal Rejection Characteristics of Thin Film 
Composite Reverse Osmosis Membranes

ION % REJECTION

Calcium 93 — 98Sodium 92 — 98Magnesium 93 — 98Potassium 92 — 96Manganese 96 - 98Iron > 96 — 98Aluminum 96 — 98Copper 96 — 98Nickel 96 — 98Cadmium 93 — 97Silver 93 — 96Zinc 96 — 98Mercury 94 - 97Hardness Ca & Mg 93 — 97Radioactivity 93 — 97Chloride 92 — 95Ammonium 80 90Bromide 90 — 95Phosphate 95 — 9.8Cyanide 85 — 95Sulfate 96 98Thiosulfate 96 98Silicate 92 95Silica 80 90Nitrate 90 9.5Boron • 50 70Borate 30 50Fluoride 92 95Polyphosphate 96 98Orthophosphate ' 96 _ 98Chromate 85 _ 95Bacteria 99 +Lead 95 98

Note : The above percent of rejection is for reference only. 
Actual rejection will depend heavily on the exact chemistry, 
temperature, pressure, and TDS content of the feed water.
Source : Dhawan, Gil K. 1990. In Design and Operation
Maintenance of Reverse Osmosis Systems. Presented at 
seminar, Design, Operations, and Maintenance of Reverse 
Osmosis Systems, February 1990. Applied Membranes Inc., San 
Marcos, CA, sec. 3.
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Table 1.2 Typical Performance of TFC Membranes at 25 °C.

Membrane
Composition

Feed 
Cone.

(mg/1 Na)

Applied Water Product 
Pressure Flux TDS 
(PSI) (mg/1) 

(gal/ft2 /day)

TDS
Rejection

(%)

SEAWATER
Poly 

(Ether/Urea)
35000 800 13.4 193 99.45

BRACKISH WATER/HIGH REJECTION
Polyamide 1 0 0 0 0 400 24.7 72 99.28

BRACKISH WATER/LOW REJECTION
Polyamide 5000 200 19.7 50 99.00

Source : Dhawan, Gil K. 1990. In Design and Operation
Maintenance of Reverse Osmosis Systems. Presented at 
seminar. Design, Operations, and Maintenance of Reverse 
Osmosis Systems, February 1990. Applied Membranes Inc., 
San Marcos, CA, sec. 3.
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with increasing temperature. Ideal operating temperatures 
vary with different membrane modules, but 75 - 85°F is 
typically the most desirable temperature range. Salt 
rejection and flux are relatively constant over a broad pH 
range, however, the pH of the feed water can greatly affect 
scaling tendencies and extreme pH levels will damage most 
membranes. Water temperatures and pH values can often be 
easily modified to the desirable range of values for most 
reverse osmosis applications.

Historical Development of 
Reverse Osmosis

Reverse osmosis has been developed in direct 
competition with distillation processes for the desalination 
of seawater and/or wastewater. The osmosis phenomenon has 
been observed for more than two centuries (5). However, 
modern membrane filtration had its beginnings in this 
century, through the work of Zsigmondy of Germany.
Asymmetric membranes were made as early as the 1930's and 
probably earlier in Europe and England. This early work led 
to a small but viable ultrafiltration and microfiltration 
industry. It was only in the early 1950's that serious 
research got underway for developing a commercial process 
when C.E. Reid and his students at the University of Florida
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began to study reverse osmosis. Most of the early research 
was spearheaded by UOP, Dow Chemical, and Du Pont, but in 
1953, the U.S. Interior Department's Office of Saline Water 
undertook sponsorship of the first concerted investigation 
of RO technology for desalination using synthetic, 
semipermeable membranes (5).

Early membranes had good rejection characteristics but 
low water flux. In 1960, at the University of California at 
Los Angeles, Loeb and Sourirajan made the first high- 
performance reverse osmosis membrane from cellulose acetate. 
A significant improvement in membrane separation technology 
came with the introduction of the first polyamide, thin- 
film-composite membrane in the early 1970zs (8 ). These 
improved membranes could withstand the much higher salt 
rejection and pressures associated with seawater 
desalination. Since that time, there has been a continual 
evolution and proliferation of new membrane polymers and 
module designs for a diversity of commercial applications.

The current success of the reverse osmosis process is 
primarily due to relatively recent developments in RO 
membrane technology and construction. As a result of 
studying many polymers, membrane researchers have raised 
flux levels while maintaining or improving rejection. A 
thinner membrane active layer gives a higher flux. Since
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solutes are rejected by the membrane surface, the rejection 
is not affected. The first cellulose acetate membranes were 
found to derive their excellent properties from what was 
termed an "asymmetric structure". An asymmetric membrane 
has a relatively dense surface layer supported by a porous 
layer underneath. This structure greatly reduces the 
resistance of flow through the membrane compared to a 
homogeneous dense membrane of the same overall thickness, 
due to the inverse relationship of flux to the thickness of 
the solute-rejecting skin layer (8 ). This asymmetric 
structure is produced when a polymer solution is cast on a 
flat surface? the evaporation of the solvent produces a 
shell or surface skin. Gelation in cold water solidifies 
the structure. The porous substructure is formed by the 
replacement of the solvent by solution water. The final 
structure of the asymmetric membrane consists of the three 
following layers: a dense surface skin, a transition layer, 
and an open porous support layer (see Figure 1.5). The 
resistance to mass transfer through the membrane takes place 
primarily at the dense surface skin. Therefore, the 
performance of the membrane depends on the chemical nature, 
thickness, and structure of the surface skin.

This basic membrane structure lead to the development 
of the composite membrane. In this type of membrane, a thin
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COMPOSITE MEMBRANE

oD

SALT REJECTING 
COMPOSITE LAYER

POROUS MEMBRANE SUBSTRATE 
(USUALLY A N  ASYMMETRIC 
POLYSULFONE MEMBRANE)

A S Y M M E T R IC  M E M B R A N E

o
1 D

SALT REJECTING 
"SKIN" LAYER

POROUS SUBSTRUCTURE

Figure 1.5 Artistic Rendering of Two Major Types of 
Membrane Architecture

Note: The composite structure has a thin salt-rejecting 
layer separately deposited or formed on the surface of a 
non-salt-rejecting porous membrane substrate. Asymmetric 
membranes are formed in one operation, and the salt 
rejecting skin is an integral part of the overall graded 
porosity.
Source: Allegrezza, Jr., Anthony E. 1988. Commercial Reverse 
Osmosis Membranes and Modules. Chap.2 in Reverse Osmosis 
Technology. Ed. Bipin S. Parekh. New York: Marcel Dekker.
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layer of the chosen polymer is formed, by either coating or 
polymerizing in place on the surface of a preformed porous 
substrate. The porous substrate is usually a polysulfone 
ultrafilter. The thin surface layer acts as the rejecting 
membrane, and the porous substrate as the support layer.

The major advantages of the composite structure is that 
the coating can be made of materials that normally would not 
be feasible to use. Problems typically associated with 
using highly desirable cross-linked polymers include complex 
formation processes, high cost, and difficult application 
when used alone. In a composite membrane, very little 
polymer is used as the rejecting layer, so expensive 
materials can be employed. Additionally, the thickness of
the layer can be controlled to give less hydraulic
resistance and therefore, higher flux. These advances in 
membrane structure have allowed modern membrane 
manufacturers to develop highly efficient and dependable 
membranes with typical ion rejection rates of 95% or greater 
for most dissolved ions (see Table 1.1).

The two principal types which have evolved to capture 
virtually the entire market are the thin film composite
(TFC) spiral wound membrane and the polyamide hollow-fiber
membrane. The hollow-fiber membranes are continuous annular 
monofilaments with the feed stream passing along the
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external fiber surface under pressure. The purified water 
passes through the fiber wall (membrane) and is carried 
through the hollow core to the permeate collection header. 
Hollow fiber membranes are usually dense and their flux is 
approximately 1 / 1 0  that of a flat sheet (6 ), spiral wound 
membrane. However, they have about ten times more surface 
area to offset for the reduction of flux.

The TFC spiral wound membrane was selected for CBM 
water treatment because of its exhibited structural 
stability at higher pressures, superior solute rejection, 
resistance to bacterial attack, and overall flexibility 
within a wide range of operating conditions. The thin film 
composite material is formed in large flat sheets and then 
wound into concentric rings to maximize the surface area of 
the membrane (see Figure 1.6). As will be demonstrated 
throughout this thesis, the standard brackish water TFC 
spiral wound membrane will effectively reject the dissolved 
solids contained in CBM waters, and the key to consistent 
water treatment is more dependent upon sufficient 
pretreatment steps to protect the manufacturer's previously 
established membrane performance.
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Pretreatment. Technologies

Introduct ion

Feed water pretreatment is often the most important 
factor in contributing to a successful RO process for the 
treatment of wastewater. Wastewater must be pretreated to 
remove oxidizable materials such as iron and manganese? to 
filter out particulates? to adjust pH to eliminate scaling 
and protect the membrane materials ? and to remove oil, 
grease, and other film forming contaminants. If 
pretreatment is inadequate, membranes will become fouled, 
because in addition to removing dissolved solids, the 
elements will also reject suspended solids, colloids, and 
metal compounds (8,9) . The result will be a reduction in 
water flux. In order to maintain the permeate recovery, the 
RO unit will have to operate at higher pressures, which is 
potentially damaging and more costly (6 ). Pretreatment can 
also control and decrease the tendency of scaling from the 
precipitation of salts on the membrane surface.
Precipitation can be minimized by reducing the concentration 
of the contributing constituents before the feed water 
reaches the membranes. As will be shown later, if acid is 
added the pH is lowered, and the concentration of the 
scaling minerals will also be lowered.
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waters were chosen to remediate specific fouling problems 
encountered in the pilot tests.

The first treatment technology to be discussed is 
flotation. Flotation is a process that involves either 
simple dispersed air injection or dissolved air flotation.
In both processes, air bubbles are expelled from an orifice 
and rise through the water to the liquid surface. Solids 
within the wastestream adhere to the air bubbles and are 
carried to the surface (6,12,13) . The resulting scum, or 
foam, can then be skimmed from the fluid surface, and the 
treated water withdrawn from the deeper regions of the tank. 
The size of the bubbles vary from coarse to extremely fine, 
depending on the specific aeration device. The smaller the 
air bubbles, the more efficient they are in carrying 
particles due to the added surface area. In dispersed 
flotation, bubbles are usually 1 0 0  to 1 0 0 0  microns in size 
(13).

An induced air flotation (IAF) unit was chosen to treat 
the CBM water because of its ease of operation and lower 
capital cost. The IAF process is a dispersed method where 
the air is induced into the separation vessel at near 
ambient pressure. All contaminants are floated and no 
provision for cell bottoms removal is required. Induced air 
flotation is a low retention time process requiring a
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relatively large quantity of air. The IAF unit is capable 
of removing suspended solids, some metals, and emulsified 
oil by adsorbing the contaminants to the bubbles which are 
generated at the bottom of the unit as air is forced through 
air stones (12). As previously mentioned, the bubbles rise 
to the surface carrying the solids with them. The 
concentrations of the dissolved metals, such as iron, are 
reduced by oxidation occurring on the bubbling water 
surface, converting to Fe(OH) 3 (11,12).

In order to prevent membrane fouling and protect the 
pumps and valves in a RO system, it is necessary to reduce 
turbidity by removing suspended solids in the feed water 
through mechanical filtration. An essential part of any 
produced water filtration process is deep bed filtration. 
Deep bed filtration is accomplished by passing the feed 
stream through a filter bed composed of granular materials, 
with or without the addition of chemicals. In filters of 
this type, there are two mechanisms whereby particles are 
removed from the stream; entrapment and adhesion (6,13). 
Particles collected by entrapment are too large to pass 
through the openings in the filter media and become trapped. 
The size of the pore channels determines the size of 
particles which can be removed by this mechanical means. 
Those particles filtered out by adhesion attach themselves
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to the filter media granules due to impaction or 
electrostatic charges.

The three types of media typically used in deep bed 
filtration are sand, garnet (green sand), and anthracite.
The void areas are much more uniform with sand than for 
anthracite or garnet. Therefore, finer filtration can be 
accomplished with a sand bed. However, filtration cycles 
are shortened due to lower solids loading per unit area, and 
selective plugging of the upper portion of the media bed. 
Graded media beds composed of coarse and fine particles are 
more desirable. This cannot be achieved by using only one 
media because the coarse material will have a greater 
specific gravity and will mix into a fine to coarse 
gradation during backwash fluidization. A dual media filter 
consisting of a combination of a layer of anthracite, over a 
layer of sand, will prevent mixing of the media as the 
specific gravity of anthracite is approximately half that of 
sand. This causes the backwash to keep the crushed coal 
media in suspension above the sand (13,14).

Conventional beds utilize a coarse media layer on top 
to remove the larger solids and a finer polishing layer 
beneath. By using this type of dual media configuration, 
economical filtration cycles can be maintained with 
relatively high total suspended solids (TSS) waters.
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For this reason, a downflow dual media filter was 
selected to filter the CBM produced waters and proved to be 
very effective. The filter media consisted of an anthracite 
media bed over a sand media bed. Several deep-bed filters 
are shown in Figure 1.7, including a schematic of a dual 
media filter (i.e., B.) as was used in the CBM process. 
During operation, influent water to be filtered enters at 
the top of the shell, percolates through the filter bed, and 
is drawn off through the collector system at the bottom.
The design flow rates are usually between 2 and 4 gpm per 
square foot of bed surface, and the backwash rates range 
from 15 to 20 gpm per square foot (13). When the 
differential pressure between the inlet and outlet of the 
filter is approximately 5 psi, the filter is backwashed and 
rinsed to carry away the solids that have accumulated in the 
media. The solids are allowed to settle in a sump and the 
supernatant is recycled through the system.

Typically, dual media filters are filled with 18 inches
of sand covered with 1 2  inches of anthracite, for a total
depth of 30 inches. The effective size for the fine sand 
is in the range of 0.35 to 0.5 mm, and 0.7 to 0.8 mm for the
anthracite (6,13). The coarse crushed coal removes the
major portion of sediment, allowing deeper penetration, 
while the sand layer polishes the water to provide a good
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Figure 1.7 Schematic Diagrams of Filter Configurations 
for Granular-Media Filtration

Source : Dhawan, Gil K. 1990. In Design and Operation
Maintenance of Reverse Osmosis Systems. Presented at 
seminar. Design, Operations, and Maintenance of Reverse 
Osmosis Systems, February 1990. Applied Membranes Inc., 
Marcos, CA, p. 3-18.
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quality effluent to enter the RO. The coal also has a 
greater storage capacity for solids removal than the sand 
media. The increased solids handling capacity of the coal 
layer is achieved with a relatively shallow media because 
the sand layer is provided to protect the filtrate quality 
(13) .

As a back-up system to protect the RO membranes, a 
high-pressure cartridge filter should immediately precede 
the high pressure RO pump. Filter cartridges, or tubes, are 
made from a variety of materials, such as cotton, 
polypropylene, acetate, porous stone and porous carbon. A 
precision winding pattern covers the entire depth of the 
filter tube with hundreds of funnel-shaped tunnels, which 
become gradually finer toward the center. A stainless steel 
filter housing filled with polypropylene filter cartridges 
was chosen for the CBM pretreatment to prevent the 
introduction of iron into the RO system. Polypropylene is 
recommended for all acid and alkaline systems (6 ). The 
effective size of the cartridge filtration was 0.5 micron 
nominal.

The use of ion exchange was researched at the pilot 
site to control scaling in the reverse osmosis unit. This 
treatment technology depends upon the ability of certain 
materials to remove and exchange ions from solutions. There
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are two types of exchangers ; cation - capable of exchanging 
positively- charged cations; and anion - capable of 
exchanging negatively-charged anions. Experiments with a 
sodium cation exchanger were conducted at the CBM pilot 
site. The primary function of a sodium cation exchanger is 
to remove hardness by preferentially exchanging sodium ions 
in the resin for the calcium and magnesium ions in the water 
(6,13,14). When the water softening capacity is exhausted, 
the softener unit is taken out of service and regenerated. 
Regeneration involves the following three steps; 1) 
backwashing to clean and regrade the resin, 2 ) brining to 
displace the calcium and magnesium, and restore the sodium 
on the ion exchanger, and 3) rinsing to wash away the 
calcium and magnesium chlorides and any excess sodium 
chloride in the system. In wastewaters with relatively high 
hardness concentrations, the excessive number of required 
regenerations may prohibit the use of ion exchange for water 
softening.

A chemical treatment process can be employed to alter 
or condition wastewaters through chemical reaction.
Chemical treatment is often used to convert compounds to 
more soluble forms. Feed solutions, such as the CBM waters 
which possess high CaCOg alkalinity, can have the pH 
adjusted with acid to yield more soluble bicarbonate and/or
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carbon dioxide. This pH adjustment is commonly used in RO 
systems to reduce the tendency of scaling and to prevent 
membrane hydrolysis. By lowering the pH of the feed water, 
the equilibrium concentration of the scaling salts is 
decreased, which also decreases the tendency of the salts to 
precipitate.

Potentially, the most significant factor leading 
directly to decreased operating efficiency of an RO system 
is biological fouling of the semipermeable membrane surface. 
It is common that micro-organisms have a tendency to grow on 
most surfaces that are immersed in surface waters free of 
biocides (15). The amount of growth is dependent upon 
factors related to the water supply, such as type and degree 
of microbial contamination, nutrients present, temperature, 
and intensity of water flow.

There are three major symptoms typically associated 
with microbial fouling of RO membrane surfaces (10):

1. A gradual decline in membrane flux?
2. A gradual increase in operating pressure ;
3. A gradual decrease in rejection.

The effects of biological fouling can cause 
irreversible damage and possibly result in mechanical 
deformation, or "telescoping*1, of the individual RO modules.
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Telescoping occurs when the spiral wound membrane elongates 
due to excessive pressures against the feed end of the 
membrane, thus telescoping the membrane spirals from the 
core outward.

Harry F. Ridgway, Jr. has conducted extensive research 
characterizing bacterial fouling in RO system and states :

The cumulative effects of membrane fouling are 
increased cleaning and maintenance costs of the RO 
system, a noticeable deterioration of product water 
quality, and a significantly reduced membrane life. 
Combined, these factors result in substantially 
increased operating and maintenance costs for an RO 
system. (Ridgway, Jr., Harry F. 1985.)

The primary method used to control the growth of 
bacteria in reverse osmosis systems is the use chemical 
pretreatment. Many of the treatments necessary to reduce 
microbial fouling can cause membrane damage. For example 
the use of chlorine will chemically degrade polyaromatic 
polyamide (TFC) membranes and the membrane performance (7). 
Sodium bisulfite is commonly used to dechlorinate feed water 
and serves as an effective biocide at relatively low 
concentrations (7). It was the biocide chosen to control 
bacterial fouling at the RO pilot treatment site, as will be 
discussed in the results.
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CHAPTER 2 

METHODS

Introduction

The tests utilized in the research of this thesis were 
performed using the standard protocols as set forth by the 
various agencies and associations involved in water quality 
control. Those organizations recognized for setting the 
testing standards include the U.S. Environmental Protection 
Agency, The American Public Health Association, The American 
Water Works Association, The Water Pollution Control 
Federation, and The American Petroleum Institute. In this 
chapter, a brief description of the sampling protocols and 
analytical procedures utilized in this research project are 
discussed.
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Water Analyses

The water analyses which were compiled for the research 
of this thesis, by RMI Environmental Services and the 
author, were performed according to the guidelines of the 
"Standard Methods for the Examination of Water and 
Wastewater" (16). The sampling and preservation of sampling 
for the various water analyses is presented in Table 2.1.

Sample bottle preparation was designed following 
general laboratory use requirements. Polyethylene bottles 
were carefully cleaned prior to each use. First, the 
bottles were cleaned with concentrated HC1. After the 
initial acid cleaning, the bottles were rinsed thoroughly 
with distilled water. Special care was taken to minimize 
the time lapses between collection of a sample and its 
analysis in order maintain more reliable analytical results. 
Duplicates and blanks were provided as required by the 
laboratory for specific tests.

The analytical methods utilized in the laboratory for 
the various water quality analyses that were performed on 
the produced CBM waters is outlined in Table 2.2.
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Table 2.1 Sampling and Preservation of Sample

Measurement Vol Reg . Container(1) Preservative Holding
Physical
Properties
Conductance

(ml)

1 0 0 P, G Cool, 4°C

Time 

2 4 hrs(2)
Hardness 1 0 0 P, G Cool, 4°C 6 mos.
pH 25 P,G

HNO3 to pH<2 
Det. on site 6 hrs.

Temperature 1 0 0 0 P,G Det. on site None
Residue
Non-filterable 1 0 0 P/G Cool, 40C 7 days
Filterable 1 0 0 P, G Cool, 4° C 7 days
Metals
Total 1 0 0 P,G HNO3 to pH<2 6 mos.
Inoraanics. Non 
Alkalinity

-Metallics
1 0 0 P/G Cool, 4°C 24 hrs.

Chloride 50 P/G None required 7 days
Silica 50 P only Cool, 4°C 7 days
Sulfate 50 P/G Cool, 4°C 7 days
CN 500 P/G Cool, 4°C 24 hrs.
Nitrate 1 0 0 P/G

NaOH to pH 12 
Cool, 4° C 24 hrs.

Nitrite 50 P/G Cool, 4° C 48 hrs.
Oraanics
Oil & Grease 1 0 0 0 G only Cool, 4 0 C 24 hrs.

COD 50 P/G
H2 SO4 or HC1 
to pH<2 
H2 SO4 to pH<2 7 days

(1) Plastic (P) or Glass (G). For metals polyethylene with 
polypropylene cap (no liner) is preferred.

(2) If the sample is stabilized by cooling, it should be 
warmed to 25°C for reading, or temperature correction 
made and results reported at 25°C.

Source : United States Environmental Protection Agency (EPA). 
1980. Samplers and Sampling Procedures for Hazardous Waste 
Streams. Solid and Hazardous Waste Research Grant No.
R804692010—01/80. EPA-600/2-80-018, Cincinnati, Ohio.
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Table 2.2 Analytical Methods for Various CBM Water Analyses

Measurement
Physical Properties 
Conductance 
Hardness 
PH
Residue
Non-filterable 
Filterable

Agency / Methods Number

APHA Standard Methods 251OB 
APHA Standard Methods 2340B 
APHA Standard Methods 4500B

APHA Standard Methods 209C 
APHS Standard Methods 209B

Metals
Total EPA 600/4-79-020

EPA SW—846
Ba EPA SW—846, pa. 7080

Inoraanics, Non-Metallies 
Alkalinity APHS
Anions EPA
Total CN EPA

Standard Methods 403
300.0 (Ion Chromatography) 
335.2

Oraanics
Oil & Grease EPA
COD APHS
Volatile Organics EPA
Semivolatile EPA
Radioactivity
Radiurn 226 APHA
Radium 228 EPA
Total Uranium ASTM

413.1
Standard Methods 508C 
SW—846, pa. 8240-4 
SE—8461 pa. 8270

Standard Methods 705 
(modified for Radium 226) 
Article of Analytical Chem. 
V. 26, Oct. 74, pp. 1742-49. 
2907

APHA - American Public Health Assoc., Standard Methods (16)
EPA - Environmental Protection Agency
ASTM - American Society for Testing and Materials

Source : RMI Pilot Research Data. Water Analyses : March-
August 1990, RMI Environmental Services, Inc., Golden, CO.
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The analyses provided by the various production 
companies operating in the San Juan Basin, presented on 
Plate 1, were performed according to the "Recommended 
Practice for Analysis of Oil-Field Waters" as published by 
The American Petroleum Institute (17). This industry 
approved publication outlines routine water analysis 
procedures and spectroscopic methods for analyzing oil-field 
waters for inorganic constituents.

Standard atomic adsorption methods were used for the 
determination of metals in solution. Atomic adsorption 
spectroscopy is a simple, rapid, and widely applicable 
method for the measurement of a large number of metals in 
saline waters. The amounts of metals to be determined may 
range from trace levels to quite high concentrations. The 
metal concentrations reported as "dissolved" were filtered 
through an 0.45 urn membrane to separate the suspended metals 
prior to atomic absorption analysis (18).

The sampling for purgeable organics required some 
special consideration as outlined in EPA SW-846, Test 
Methods for Evaluating Solid Waste (19). The sample 
container consisted of a 45-ml, screw-cap glass vial fitted 
with a Teflon (duPont) faced, silicone septum as supplied by 
the laboratory. The vials, septa, and caps were washed in 
hot detergent water and thoroughly rinsed with tapwater and
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organic-free water, then dried at 105°C for one hour. The 
vials were then cooled to room temperature in a contaminant- 
free area. The vials were then sealed until filled with a 
sample.

Special care was taken not to overfill or prerinse the 
sample bottle with sample before filling. Bottles were 
filled with sample to about 90 percent capacity, and the 
level was marked to determine if leakage occurred. Multiple 
samples were taken and all vials were marked with waterproof 
labels. Samples for organic analysis were transported 
directly to the laboratory on the same day as collected to 
avoid aging beyond acceptable holding times.

Treatment System Operations 
Test Methods/Protocol

The pretreatment and RO operational specifications for 
the CBM water treatment process were tested and developed in 
the field at a full-scale pilot plant. The pilot plant was 
placed in southwestern Colorado at a CBM producing facility 
which was operated by RMI Environmental Services from March 
through July of 1990. The treatment facility was designed 
to process approximately 3,000 barrels of produced water a 
day with a TDS concentration of approximately 3,500 ppm.
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The test methods utilized during the treatment site
research were developed in an attempt to maintain steady-
state uninterrupted operations. Fixed operating guidelines 
were implemented in order to amplify the effects and gross 
relationships of the various pretreatment and RO controls 
and their impacts over time on the system operations. The 
controlling factors of the system operations research 
included the following variables, both individually and 
combined.

- feed pump pressure
- RO operating pressure
- pressure drop across each set of membranes (4)
- pressure drop across the multi-media filter
- pressure drop across the cartridge filters
- feed water TDS
- feed water flow rate
- feed water temperature
- recovery and rejection rates
- pH (HC1 injection rate)
- biocide injection

The system operation research was designed to maintain 
the values of selected parameters within a limited range, to
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focus the results over an extended time frame on a single 
variable. The test protocol required the continuous 
monitoring and recording of all of the above variables at 
predetermined time intervals. The results were periodically 
reviewed and evaluated in order to monitor relative changes 
and make adjustments to the controlling factors and/or the 
measurement time interval. This method of isolating a 
single control variable and monitoring the system response 
enabled the evaluation of all of the various pretreatment 
and reverse osmosis components.

The tests performed on-site at the RO pilot facility 
were completed utilizing portable instruments. A Myron 
hand-held conductivity meter and an Accumet pH meter were 
used to measure TDS and pH. These instruments were 
calibrated daily with NIST-traceable standard solutions. 
Pressure gauges were strategically placed on the flow lines 
both before and after pumps, filters, and pressure vessels 
so that pressure differentials could easily be monitored. 
Flow meters on the feed stream and on the concentrate stream 
were used to monitor flow rates and net recoveries of the 
system. An in-line thermometer on the feed side of the RO 
unit was used to monitor the feed stream temperature.
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Whole Effluent Toxicity Test

The whole effluent toxicity test (WET) was a monitoring 
requirement for the NPDES permit issued by the Colorado 
State Health Department (20). The WET test was performed by 
T.H.E. Consultants of Wheatridge, Colorado. The test
procedure followed was by Peltier and Weber (21), and meets
state and EPA guidelines for whole effluent toxicity 
testing. The methods and test summary will be discussed in
detail as outlined by the lab report (11). The results of
the test are presented in Table 3.7 of the RO research 
section. Chapter 3.

A grab sample of the effluent was collected by RMI 
personnel in one gallon plastic containers on March 20,
1990. Samples were transported to the lab where they were 
received on March 21. A chain of custody form documenting 
collection and lab arrival times was initiated and 
maintained throughout the testing procedures.

The sample was maintained at 4° C until testing. The 
sample was analyzed for hardness, alkalinity, conductivity, 
ammonia, pH, and dissolved oxygen. Five dilutions of the 
effluent sample and a control were used for testing the 
Ceriodaphnia and fathead minnows. Test concentrations 
included 100%, 50%, 25%, 12.5%, and 6.25% dilutions.
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Reconstituted water was used as the source of dilution water 
and a control. Less than 24-hour old Ceriodaphnia and 3-day 
old minnows were used in the tests. The organisms came from 
the lab's in-house cultures. The overall health of the 
organisms were tested using sodium dodecyl sulfate (SDS) as 
the reference toxicant.

Ceriodaphnia were exposed to the various effluent 
concentrations for 48 hours. Fathead minnow tests were run 
for 96 hours. The exposure medium was replaced after each 
24-hour period and the number of surviving organisms counted 
and recorded. Routine measurement of pH, temperature, and 
dissolved oxygen were made for each 24-hour period prior to 
and after water was changed.
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Table 3.1 Typical Coalbed Methane Produced Water Analysis

Constituent mg/L meq/L
Sodium Na+ 3530 153.546
Potassium K+ 16.5 0.422
Calcium Ca++ 30.9 1.542
Magnesium Mg++ 1 1 . 2 0.921
Iron Total Fe++ & Fe+++ 4.7 0.252
Positive Sub-Total 3593.3 156.684
Chloride Cl- 680 19.180
Carbonate COg^ 180 6 . 0 0 0
Bicarbonate HCO3 - 9120 149.466
Hydroxide OH- 0 0 . 0 0 0
Sulfate S04= < 1 0 0 . 0 0 0

Negative Sub-Total 9980.0 174.674
Total Dissolved Solids 9180 mg/L
pH 8.38 units
Conductivity 1 1 0 0 0 umho/cm
Hardness as CaC03 149 mg/L
Alkalinity as CaC03 7780 mg/L
Silica as Si02 33.4 mg/L
Field Temperature 3.6 deg C

Source : RMI Pilot Research Data. Water Analyses : March-
August 1990, RMI Environmental Services# Inc., Golden, CO.

iron, barium, strontium, silica, nitrates, ammonia, and 
hydrogen sulfide. With the exception of iron and barium, no 
significant concentrations of the ions in question were 
found in approximately 70 samples taken from various sites 
within the region. Included in Table 3.2 are the analytical 
results for some specific ions and compounds, as measured in 
an analysis of raw water from the pilot site.
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Table 3.2 Inorganic Analysis of CBM Water from Pilot Site

Constituent mg/ 1

Total Ba 1.7
Total Ca 13.5
Total Cr <0.005
Total Cr+ 3 <0.005
Total Cu <0.025
Total Mg 4.1
Total Ni <0.04
Total Ag <0 . 0 1
Total Na 700

Dissolved Mn(1) 
Dissolved Fe(1) 
Dissolved Cr 
Total U

+6
0.02 
0.08 

<0.005 
< 0.002

COD (mg02 /L)(2> <5.00
Total CN (mg/CN/L)(3) <0.02
Total Alkalinity (mgCaCOg/L) 1560 
TSS (mg/L)(5)
Anions(6)

Chloride
Sulfate
Nitrate
Nitrite

Radioactive Elements 
Radium 226(7) 
Radium 228(7) 
Uranium (total)

<5.00
mg/L 
6.87 
<0.50 
<0.50 
<0.50

pCi/L 
0 . 34-/—0 . 4 
0 . 04-/—1. 8  

<1.0
(1)Sample filtered before analysi:
(2)standard Methods 508C
(3)EPA 335.2
(4)Standard Methods 403

(5)Standard Methods
(6)EPA 413.1
(7)EPA 300.0

209C

Note: Uranium results reported assuming the activity of
natural U = 6.77 x 10- 7 Ci/g. Variability of the 
radioactive disintegration process (counting error) at the 
95% confidence level, 1.96 x sigma.
Source : RMI Pilot Research Data. Water Analyses: March - 
August 1990, RMI Environmental Services, Inc., Golden, CO.

Less than 10% of the samples possessed significant levels of 
iron and barium. However, due to levels of sulfate, 
typically below 5 ppm, barium did contribute to a scaling 
problem. It was necessary to treat the water to remove the 
iron, which will be discussed in detail in the pretreatment 
section.
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The alkalinity and pH of the CBM waters were also 
reviewed and noted. The control of the pH in a reverse 
osmosis unit is very critical to prevent scaling of 
carbonates as the carbonate concentrations increase. The pH 
of the feed waters can be modified and controlled using 
acid, but hydrochloric acid should be used instead of 
sulfuric acid when higher concentrations of barium are 
present to prevent the precipitation of barium sulfate. The 
pH control will also be discussed later, when discussing the 
scaling tendencies in the RO system.

Another water quality characteristic of the CBM water, 
which is atypical of produced oil field waters, was the low 
concentrations of hydrocarbons. Although most of the water 
samples were not analyzed for hydrocarbons, no visible oil 
or grease was noted. Also, a detailed analysis of the 
produced water from the pilot site indicated no detectable 
levels of volatile or semi-volatile hydrocarbons (see Tables 
3.3 and 3.4). However, residual hydrocarbons did cause some 
fouling in the pilot, and the pretreatment was modified, as 
discussed in a later section.
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Table 3.3 Volatile Organic Analysis of Produced 
CBM Water from the Pilot Site

Compound Name Cone. (ug/L) PQL*
Chloromethane U 1 0
Bromomethane U 1 0
Vinyl Chloride U 1 0
Chloroethane U 1 0
Methylene Chloride U 5
Acetone U 1 0 0
Carbon Disulfide U 5
1,1-Dichloroethene U 5
1,1-Dichloroethane U 5
Trans 1,2-Dichloroethene U 5
Chloroform U 5
1,2-Dichloroethane U 5
2-Butanone U 1 0 0
1,1,1-Trichloroethane U 5
Carbon Tetrachloride U 5
Bromodichloromethane U 5
Vinyl Acetate U 5
1,2-Dichloropropane U 5
Trans 1,3 Dichloropropene U 5
Trichloroethene U 5
1,1,2-Trichloroethane U 5
Benzene U 5
Dibromochloromethane U 5
Cis,1,3-Dichloropropene U 5
2-Chloroethylvinyl Ether u 1 0
Bromoform u 5
4-Methyl-2-Pentanone u 50
2-Hexanone u 50
1,1,2,2-Tetrachloroethane u 5
Tetrachloroethene u 5
Toluene u 5
Chlorobenzene u 5
Ethyle Benzene u 5
Styrene u 5
Total Xylenes u 5

Note: U = Compound analyzed for, but not detected above the 
EPA Method Detection Limit (MDL), 40 CFR, Part 136.
PQL* = Practical Quantitation Limits listed in EPA SW846.
Source : RMI Pilot Research Data. Water Analyses: March -
August 1990, RMI Environmental Services, Inc., Golden, CO.
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Table 3.4 Semi-Volatile Organic Analysis of Produced 
CBM Water from the Pilot Site

Acids
Compound Name Cone. (ug/L) PQL* (ug/L)
Phenol U 1 0
2-Chlorophenol U 1 0
Benzylalcohol U 1 0
2-Methylphenol u 1 0
4-Methylphenol u 1 0
2-Nitrophenol u 1 0
2,4-Demethylphenol u 1 0
Benzoic Acid u 50
2,4-Dichlorophenol u 1 0
4-Chloro-3-Methylphenol u 1 0
2,4,6 -Trichlorophenol u 1 0
2,4-Dinitrophenol u 50
4-Nitrophenol u 50
4,6-Dinitro-2-Methy1pheno1 u 50
Pentachlorophenol u 50
2,4,5-Trichlorophenol u 1 0

Note: U = Compound analyzed for, but not detected.
PQL* = Practical Quantitation Limits listed in EPA SW846.
Source: RMI Pilot Research Data. Water Analyses: March -
August 1990, RMI Environmental Services, Inc., Golden, CO.

The water production rates waters were also compiled 
to help evaluate the feasibility of using reverse osmosis 
for wastewater disposal. It was also noted that various 
regions of the basin have characteristic production rates 
which range from several thousand to less than fifty barrels 
per day. The varying production rates are more closely 
related to local geologic parameters, such as fracturing.
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and selected completion techniques rather than the depth of 
the formation.

A regional overview of the various produced water 
qualities and quantities is presented in Plate 3.1 (pocket). 
The TDS concentrations and production rates of sample groups 
in various areas were averaged and plotted on the basin map. 
The gradation in TDS from the shallow wells to the deeper 
wells in the center of the basin is more obvious ; however, 
anomalies are present which can typically be explained by 
local fracturing patterns or groundwater recharge (22,23).

After an initial review of the water quality/quantity 
characterization data, it was determined that the use of 
reverse osmosis to treat the CBM waters was a feasible 
undertaking. The water quality reflected no prohibitive 
dissolved ions that could not be eliminated with adequate 
pretreatment, if necessary, and the high production rates 
more than justified the use of RO for the reduction of deep 
injection well disposal volumes by allowing surface 
discharge at each producing site.
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Pretreatment Research and Development

Initially, research and bench testing focused on 
evaluating the feasibility of reverse osmosis to reduce TDS 
levels in the CBM water to levels low enough to allow 
surface discharge. Preliminary investigations indicated 
that with adequate tank settling and 5 micron cartridge 
filtration as pretreatment steps, the RO membrane technology 
would be technically able to accomplish sufficient rejection 
and recovery of the CBM waters. It was also anticipated 
that some chemical pretreatment could be necessary to 
control bacterial growth in the RO system. However, within 
the first two weeks of the pilot operation, the RO membranes 
began to foul. The use and replacement of 5 micron 
cartridge filters drastically increased, doubling within the 
second week. The cartridge filters were being monitored and 
replaced when the pressure drop across the filter reached 
approximately 10 psi. Operating pressures within the RO 
unit increased from around 300 psi to over 400 psi. A 
marked decrease in the recovery, rejection, and flux of the 
system was noted (11). The quality of the permeate 
deteriorated from an average TDS of 250 ppm to an average 
TDS of 500 ppm and the recovery declined from 75% to less 
than 60% (see Figure 3.1).
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The filter cartridge exhibited red-orange staining 
indicating extensive iron fouling. The membranes were also 
removed from the RO unit and inspected. Reddish-orange 
scaling and a powdercake buildup on the membrane surface was 
observed. An oily slime buildup with a recognizable 
hydrocarbon odor was also noted on the surfaces of the 
membranes. Some telescoping deformation had occurred within 
the highly fouled RO modules. The fouling evidenced in the 
system indicated hydrocarbon contamination from oil and 
grease, and iron scaling from iron precipitation. A very 
low iron concentration was reported in the initial water 
samples, (e.g., <5 ppm), however, due to the large amount of 
iron piping and components in the system, iron was being 
added to the system and the concentrations increased. Iron 
in the soluble ferrous (Fe++) form was being oxidized in the 
RO unit to the ferric form, and fouling was occurring from 
the precipitation of Fe(OH)3 . Also, significant levels of 
oil and grease had not been noted in the water samples, but 
the continuous flow of the large volumes of water and the 
multiple sources of water caused an accumulation of 
hydrocarbons on the membrane surfaces.

Due to the excessive fouling, the elements and 
components of the system were experiencing unnecessary wear 
and deterioration. The consistent operation of the RO
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system was prohibited by numerous shutdowns due to high 
pressure and filter cartridge replacements. Research was 
initiated to identify effective pretreatment technologies to 
eliminate the iron and residual hydrocarbons.

Air flotation has been proven to be one of the best 
processes for separating emulsified oil in water (12). This 
is generally for oil in the 5-100 ppm (13) concentration 
range, as was present in the produced CBM water at the pilot 
site. Through laboratory bench tests it was determined that 
the addition of an induced air flotation (IAF) unit would 
also oxidize the iron, and, that it could be subsequently 
removed prior to reaching the RO unit. An induced air 
flotation unit was designed and put into operation at the 
site. The IAF unit was 8 feet in diameter and 6 feet deep, 
with approximately 5 feet of head. Air was injected through
air stones in the base of the unit, and the tank was divided
with a partition to maximize the retention time and oxidize 
and remove the contaminants. A skimmer was designed to wipe
the foam and floating solids from the surface and remove
them for disposal in a sump tank. The IAF produced 
approximately seven pounds of solids per day consisting of 
organic matter (paraffin and oil), iron hydroxide, and 
formation solids (i.e. coal fines, clays, etc.).
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In order to maximize the efficiency and provide added 
protection for the RO, a downflow dual media filter was 
added after the IAF unit. The media filter was able to 
remove the majority of the remaining suspended solids, 
hydrocarbons, and any ferric iron that might still be in the 
feed stream. The dual media filter consisted of a dual bed 
of sand and anthracite as described earlier.

The addition of the IAF and multi-media filter to the 
RO treatment facility solved the initial problems of iron 
scaling and hydrocarbon fouling. However, after operating 
the system for several more weeks, a similar increase in the 
operating pressures and an overall drop in the performance 
of the RO unit again indicated a scaling or fouling problem, 
as shown in Figures 3.2 and 3.3. The RO unit was 
disassembled and the membranes were inspected to evaluate 
the cause of the RO performance deterioration. The 
membranes exhibited a buildup of 1/16-1/8 inch of white 
powdery deposits. A simple acid test identified the 
material as carbonate precipitate. It was determined that 
scaling caused by the precipitation of calcium carbonate 
and/or bicarbonate, and magnesium carbonate was responsible 
for the deterioration of the RO unit's performance. This 
was reconfirmed by the slow buildup and subseguent decline 
of the flux and recovery of the RO unit (see Figure 3.3).
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Over a two-week period, the recovery deteriorated from 
greater than 80% to less than 50%. TDS rejection remained 
relatively consistent at approximately 90%. It was also 
noted that the majority of the scaling had taken place in 
the last few membranes in series, which is consistent with 
salt precipitation from the increase in concentration and 
the reduced flow across the membrane surfaces in the final 
stages of the RO unit.

In order to control and prevent salt scaling within the 
RO, the decision was made to adjust the pH of the feed water 
by utilizing a cation exchange system. Due to the number of 
regenerations required, it was determined that the hardness 
concentrations of the produced CBM water were too high for 
ion exchange softening. The extreme concentrations resulted 
in rapid exhaustion of the resin and abnormally high 
operating cost. The backwash step of the regeneration 
process produced excessive volumes of wastewater that added 
to the disposal costs. The additional disposal and high 
maintenance costs prohibited the use of ion exchange system 
for more than a couple weeks.

After operating the system for approximately 12 days, 
the concept of chemical addition was introduced as a 
possible solution to the carbonate scaling problem. An acid 
injection system was implemented at the pilot plant. The
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injection rate required to control scaling was estimated 
through experimentation with small batch samples of the 
feedstream. Hydrochloric acid (HC1) was utilized to adjust 
the pH levels of the CBM produced water. The lowering of
the pH facilitated the control of scaling in the RO unit and
replaced the inefficient ion exchange system. The 
hydrochloric acid was injected prior to the RO, this lowered 
the pH of the feed stream from about 8.2 into the range of
6 . 8  to 7.2 (11). The chemical treatment of the waters
proved to be both technically and economically feasible for 
the control and prevention of alkaline salt scaling.

The final pretreatment variable that had to be 
resolved, in order to guarantee the efficient operation of 
the reverse osmosis process, was that of biological fouling. 
Over the six months in which the pilot facility was 
operated, bacterial growth was observed both physically as a 
black slime on the membrane surfaces, and in the overall 
performance of the RO unit. Prior to the use of a biocide, 
it was noted during various periods that fouling was causing 
an increase in salt passage, which raised the permeate TDS 
and decreased the permeate recovery. A gradual increase in 
the operating pressure was also experienced, as shown in 
Figure 3.4. The symptoms were consistent with those 
outlined earlier to be caused by microbial fouling.
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development and activation, the RO system operated 
consistently at the maximum projected flow rates with 
recoveries ranging from 70-75% and rejection rates from 86 
90% (see Table 3.5).
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Table 3.5 Complete RO System Performance - Final Six Weeks

Volume
Treated
(gallons)

Average 
Flow Rate 

(gpm)
Average

Recovery
(%)

Average
Rejection

(%)
June 13-20 281,800 63 70 86
June 20-23* 118,300 59 70 88
July 1-8 358,800 71 73 90
July 8-14 383,700 69 72 86
July 14-21 576,600 71 75 86
July 21-27 349,500 70 74 87

Total 2,068,700 Ave. 67 Ave. 7 2 Ave. 8 7
Average RO Operating Pressure 390 
Average Permeate Effluent TDS 350 
Feed Stream TDS Range 2750 - 3700

psi
ppm
ppm

Note: *RO system shutdown from June 24th through July 1st to 
replace acid wash pump and system. Pilot operations ended 
on July 27th.
Source : RMI Pilot Research Data. Water Analyses: March -
August 1990, RMI Environmental Services, Inc., Golden, CO.
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Reverse Osmosis Research

Water Quality Evaluation

In order to evaluate the feasibility of utilizing 
reverse osmosis as the basis for a CBM water treatment 
process, extensive research and tests were performed. 
Initially, the water quality data was compiled to determine 
if the produced waters would fall within the limits of 
membrane treatment technology. This initial investigation 
was focused primarily on identifying any contaminant 
problems which could prevent the use of RO, rather than the 
exact TDS levels of the selected water samples. Research 
revealed the CBM waters to be relatively benign, as 
discussed earlier, containing low concentrations of calcium, 
manganese, magnesium, barium, iron, strontium, sulfates, 
nitrates, ammonia, silica, and hydrogen sulfide.

Computer Modeling

The next step taken was preliminary computer modeling 
based on average analyses of the produced waters from 
various regions of the basin. Virtually all membrane 
manufacturers have developed software to model the 
efficiency of their products under various conditions.
The use of the computer in RO system analysis has
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revolutionized the evaluation of different membranes and 
system arrays when considering reverse osmosis for the 
treatment of water and wastewater. The flexibility of the 
model allows the user to maximize the RO system efficiency 
and accurately predict treatment results without performing 
expensive bench tests or timely mathematical calculations. 
Most membrane manufacturers will not warrant their RO 
elements unless the guidelines generated by computer 
analysis are closely followed.

The computer model used to perform the RO System 
Analysis is a product of Filmtec Membranes, a subsidiary of 
the Dow Chemical Company. It is identified as the "Reverse 
Osmosis System Computer Analysis for the FT-30 Series 
Membranes" (11). The February 1989 edition was used to 
generate the results presented in this section and the 
output included in Appendix A.

The key variables that must be input into the model 
include the selection of the membrane module (element), 
pressure vessel array, projected optimum recovery, projected 
flow rate, water temperature, and the actual TDS or analysis 
of the water to be treated. After the information is 
entered, the model generates a step-by-step analysis of the 
permeate and reject (concentrate) water quantity and quality 
from each element, the average flux and recovery of each
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element, the osmotic pressure and RO operating pressures 
within the system, and the final product water quality and 
quantity.

In the preliminary models, the assumption was made that 
the CBM waters would meet the suspended solid and specific 
ion concentration limits that are set forth by the 
manufacturer. The modeling verified that it would be 
technically feasible to treat the produced CBM waters with 
RO, and that the recoveries and rejection rates would be 
adequate to save the operators money by discharging the 
majority of the water to the surface. Two modeled RO System 
Analyses, based on the waters produced in the general area 
of the pilot site, were generated to make a preliminary 
evaluation of CBM water treatment (see Appendix A).

The RO unit array was varied between the two models to 
depict the effect of recovery and permeate quality. Model 
Output #1 is a two-stage array with 16 membrane modules, and 
Model Output #2 is a three-stage array with 20 membrane 
modules. The feed water TDS was entered at 3,000 ppm; the 
permeate recovery calculated by the models equaled 75.8% and 
76.0%, respectively? and the TDS of the permeate was 
projected to average 165 and 191 ppm, respectively. These 
values are well within the limits set forth by the EPA in 
the NPDES permit issued to regulate CBM produced water
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discharge. These limits are a 500 ppm TDS average over 30 
days and a 1000 ppm maximum single discharge concentration 
(20) .

Bench Testing

After computer modeling verified the viability of RO, 
simple bench tests were performed to simulate the treatment 
and recovery of a typical sample of produced water. The 
results utilizing various samples of CBM water yielded 
recoveries similar to those projected by the computer 
modeling. The results of a bench test which was performed 
on the CBM water produced from the pilot site is presented 
in Table 3.6. The feed stream was 10 gpm with a 2,700 ppm 
total dissolved solid concentration, as calculated from 
conductivity. The recovery of the test was 93.4% with a 
rejection of 74%. The sample was recirculated through the 
RO six times causing the feed concentrations to increase 
with each cycle. This resulted in a higher recovery and a 
much lower rejection than would be expected with typical 
flow through conditions. However, the test does support the 
technical feasibility of using RO in this treatment 
application.
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Table 3.6 RO Bench Test Results for CBM 
Water Treatment Pilot

Sample: Fruitland Coal Gas Water Date: 7/1/89
Volume 10 gallons
TDS 3,100 ppm
pH 7.5

Comments : 380 ml sulfuric acid added for testing

INLET PRODUCT REJECT RECIRC
Flow gpm 8.0 1.8 0.12 6.0
ml/min 450

Conductivity
ppm 2,700 800 28,000
pH 5.9 5.5 7.0

Source: RMI Pilot Research Data. Water Analyses: March-
August 1990, RMI Environmental Services, Inc., Golden, CO.

Full-scale Pilot Testing - 
SW Colorado Research Site

Based on the results of the combined initial research 
efforts, the next step to ultimately evaluate the technical 
feasibility of a CBM reverse osmosis treatment process was 
the full-scale pilot facility. The research was continued 
and basically proved the system's feasibility at the pilot 
treatment facility in southwestern Colorado. In this stage 
of the research approximately 75% of the produced water was 
purified to meet EPA permit discharge requirements, and the
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remaining 25% became a concentrated brine containing 90+% of 
the original dissolved solids. The rejection rates ranged 
from 85-93% and the recoveries ranged from 68-85%. Over 
approximately basically three months of consistent 
operations, considering downtime for pretreatment 
modifications, 4,020,600 gallons (96,000 bbls.) of water 
were treated. Of the four million gallons treated, 40% was 
processed over the last twenty days of actual pilot 
operations (11). The thirty day average measurement of the 
permeate (discharge) TDS was 443 ppm with no measurable oil 
and grease, and/or no detectable hydrocarbons. As was 
demonstrated by whole effluent toxicity (WET) testing (see 
Table 3.7), the full strength effluent proved to have a 
higher survival rate than the control sample (20). The WET 
test measures the overall toxicity of the water, as compared 
with a benign control, by allowing sensitive organisms to 
live in the samples for a monitored time period.

A synopsis of the results and operating parameters of 
the full-scale pilot research is summarized in Table 3.8 and 
3.9. The RO unit operated and performed much as predicted 
after an effective and efficient pretreatment system was 
implemented to precondition the water for the highly 
sensitive membrane separation process.
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Table 3.7 Abstract of Whole Effluent Toxicity (WET) Test 
Results for CBM Water Treatment Pilot

Test Concentration: Control, 100%, 50%, 25%, 12.5%, 6.25% 
Number of organisms in each concentration: 20 
Replicates at each concentration : 4

Test vessel size:
Exposure volume :
LC507 s:
Temp, range during test (°C) 
Dissolved oxygen range(ml/1) 
pH range during test:

Ceriodaphnia
30 ml 
15 ml 
>100% 

20.2-23.0 
6 . 4—7.6 
8.3-8.5

Fathead Minnows
260 ml 
200 ml 
>100% 

20.0-25.0 
5 .5-7.3 
8 .0-8.4

Control 100%
Alkalinity (mg/1 as CaC03): 83 277
Hardness (mg/1 as CaC03): 103 10
Total residual chlorine (mg/1): ND ND
Total ammonia in effluent (mg/1: ND ND

RESULTS

No significant toxicity was measured for either test 
species. Survival in the tests ranged from 85-95% for 
Ceriodaphnia and 85-100% for the fathead minnows. In the 
former test, survival was 90% in the controls and 85% in the 
whole strength effluent. Ninety percent of the control fish 
survived compared to 95% in the 100% effluent.

Source : RMI Pilot Research Data. Water Analyses: March-
August 1990, RMI Environmental Services, Inc., Golden, CO.
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Table 3.8 Reverse Osmosis Unit Operation Results 
for the CBM Water Treatment Pilot

Operating Parameter Result
Rejection rates 
Recovery rates

87-93%
68-85%

Average Flow Rate
Permeate TDS 
Feed water TDS

69 gpm 
443 ppm 
3,400 ppm 
7.9 
7.1 

92 deg F
pH (untreated) 
pH (treated) 
temperature

Operating Pressure 320 psi
Total Treated Water Volume 4,020,600 gallons

Problem Summary

Problem: Iron and hydrocarbon fouling.
Solution: Induced air flotation unit and dual media filter. 
Problem: Carbonate scaling.
Solution: Water softening proved ineffective; scaling solved 

with the use of acid to adjust influent pH.
Problem: Iron fouling due to acid wash cycles.
Solution: Use of stainless steel and plastic wash system.
Problem: Reverse osmosis pump failure.
Solution: Replacement of rotating assembly.
Problem: General membrane fouling.
Solution: Adequate wash system, alternate membrane 

lubricant, sufficient biocide treatment.

Source : RMI Pilot Research Data. Water Analyses : March-
August 1990, RMI Environmental Services, Inc., Golden, CO.
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Table 3.9 CBM Reverse Osmosis Pilot
Inorganic Treatment Results

P a r a m e t e r  R e s u l t  B e f o r e  R e s u l t  A f t e r
P H  8 . 1 4  7 . 2T o t a l  D i s s o l v e d  S o l i d s  8 3 5 0  m g / 1  4 3 5  m g / 1
A l u m i n u m  < 0 . 5  m g / 1  < 0 . 5  m g / 1
A r s e n i c  < 0 . 0 1  m g / 1  < 0 . 0 1  m g / 1B a r i u m  2 2 . 2  m g / 1  0 . 3  m g / 1B e r y l l i u m  < 0 . 0 1  m g / 1  *
C a d m i u m  < 0 . 0 0 5  m g / 1  < 0 . 0 0 5  m g / 1C a l c i u m  1 4 . 5  m g / 1  *
C h r o m i u m  < 0 . 0 1  m g / 1  < 0 . 0 1  m g / 1I r o n  9 . 9  m g / 1  0 . 3 3  m g / 1L e a d  < 0 . 0 2  m g / 1  < 0 . 0 2  m g / 1M a g n e s i u m  1 2 . 3  m g / 1  *
M a n g a n e s e  < 0 . 2  m g / 1  < 0 . 2  m g / 1M e r c u r y  < 0 . 0 0 1  m g / 1  < 0 . 0 0 1  m g / 1S e l e n i u m  < 0 . 0 0 1  m g / 1  < 0 . 0 0 1  m g / 1
S o d i u m  2 9 3 0  m g / 1  1 0 9  m g / 1S t r o n t i u m  *  < 0 . 1  m g / 1
2 * n c  *  0 . 0 5  m g / 1B i c a r b o n a t e  @  C a C O s  6 6 6 0  m g / 1  *H y d r o x i d e  @  C a C O g  0  m g / I  *
C a r b o n a t e  @  C a C O g  8 0 0  m g / 1  *
B o r o n  4 . 3  m g / 1  < 0 . 1  m g / 1C h l o r i d e  5 1 0  m g / 1  *
S u l f a t e  < 1 0  m g / 1  < 1 0  m g / 1T o t a l  O r g a n i c  C a r b o n  1 3 . 6  m g / 1  *
T o t a l  A l k a l i n i t y  *  2 7 2  m g / 1G r o s s  A l p h a  2 4  + / -  4 8  p C i / 1
G r o s s  B e t a  3 6  + / -  2 6  p C i / 1
*  N o t  a n a l y z e d

*

Note: A sample of water from the Fruitland coal formation 
was analyzed before and after treatment by reverse osmosis 
with Thin Film Composite polyamide membranes.
Source: RMI Pilot Research Data. Water Analyses : March-
August 1990, RMI Environmental Services, Inc., Golden, CO.





T-4112 79

Because of the TFC membrane's combination of pH 
stability and temperature resistance, cleaning can be done 
very effectively. Both acidic and alkaline cleaners can be 
used at temperatures up to 50 °C (7). Acid cleaning to 
remove iron or carbonate fouling is best done with an acidic 
solution at a pH of 2.0-3.5. The maximum recommended time 
is four hours and salt passage and pressure drop should be 
monitored continuously. Cleaning should be discontinued if 
salt passage increases significantly after the first hour. 
For alkaline cleaning, sodium lauryl sulfate (detergent 
cleaner) generally gives the best results. Recommended 
procedures vary, but the standard sequence is to: 1) flush 
for 15-30 minutes, 2) soak for 15 minutes, and cycle until 
the effluent is no longer discolored, then 3) flush with 
feed water at less than 200 psi until no foaming occurs. 
Membrane flushing with increased velocity may help loosen 
solids and precipitates (i.e. coal fines, dirt, etc.). This 
is accomplished by opening the pressure valve on the reject. 
Some recommended guidelines, by Dhawan (7), that should be 
followed when cleaning membranes are:

1) Careful control of pH of cleaning solution
2) Sufficient flush to remove loose solids
3) Proper flushing between acid and alkaline cleanings
4) Stronger solutions/chemicals and higher temperatures 

do NOT necessarily mean better cleaning
5) Cleaning sequence :

Acid/Alkaline/Sanitizer/Preservative



T-4112

The development of an effective cleaning schedule is 
very important to the maintenance of the RO unit and to 
limiting downtime. Factors that should be considered 
include the rate of fouling/scaling, design of an in-line 
cleaning system, use of the most effective cleaners/acids, 
flow rates during various cycles, and the economics of the 
schedule considering both time and materials.
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Chapter 4 

CONCLUSIONS

The technical feasibility of treating and disposing of 
produced CBM waters using reverse osmosis has been 
demonstrated by the research and findings of this thesis.
The problems encountered in developing such a system are not 
uncommon to those typically faced when utilizing reverse 
osmosis in a new wastewater treatment application. The 
success and feasibility is usually contingent upon an 
effective and efficient pretreatment package, which in 
itself, may not be technically or economically feasible.

The information presented herein reconfirms the 
importance of pretreatment. The combined research has 
proven the feasibility of implementing an effective 
pretreatment package followed by reverse osmosis for the 
treatment and disposal of produced CBM water. Produced 
water disposal by this process also has many advantages as 
listed below.

- eliminating the risks associated with drilling and 
operating an injection well

- providing flexibility to relocate the treatment 
equipment and utilize at a different location, 
especially, considering the high water production 
decline rates
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- creating clean water for use by local consumer and 
to replenish runoff

- recycling the dissolved solids which could offset 
treatment costs (utilizing an evaporator)

However, due to the complexity of the process, several 
factors must be evaluated when considering reverse osmosis 
as a disposal alternative. The research presented herein 
has been limited in scope and some basic modifications may 
be necessary to insure technical success of the system at 
other CBM producing sites, especially in other geologic 
basins. All pertinent information must be evaluated both 
technically and economically, on a site-by-site basis, 
before a commitment is made to use a specific process.

Other highly potential applications include the 
disposal of water produced from conventional oil and gas 
wells in areas where excessive water production prohibits 
hydrocarbon recovery. The majority of the problem solving 
research involved in the development of the CBM RO treatment 
process is directly related to the contaminants typically 
found in conventional waters. Also, several industrial 
wastewaters exhibit water qualities consistent with the 
produced waters of the oil field. Additional applications 
of the process under these various wastewater production 
conditions will ultimately determine the overall flexibility 
and usefulness of the process.
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Any improvements and/or modifications that could 
enhance the performance of the system would probably rely on 
the development of new technology, or the advancement of an 
already utilized technology. Membrane manufacturers are 
continually making technical improvements in RO elements and 
membrane materials, and often focus on expanding into new 
wastewater treatment areas. However, advancements in 
pretreatment technologies, such as solids removal and 
filtration, or chemical treatment, are more likely to impact 
the use of reverse osmosis in the near future.
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RO System Analysis - Computer Model Output #1

F E E D ; 1 0 0 . 0  G P M , 3 0 0 0  M G /L , 2 5  DEC C 
R EC O V E R Y : 7 5 . 8  P E R C E N T

ARRAY i 1  2
N O .O F  P V : 2 2
E LE M E N T: B W 8 5 4 0  BW8 5 4 0
N 0 .E L / P V :  4 4
E L .T O T A L :  8 8

F O U L IN G  F A C T O R :

PRESSU R E (P S IG )
O S M O T IC  P R E S S U R E (P S IG )  
N D P (M E A N )=  1 8 0 . 3  P S I

FEE D  R E JE C T  A VER AG E  
2 7 2  2 4 2  2 5 1

3 0  1 1 9  7 1

AVERAGE P ER M E A TE  F L U X = 1 8 . 0  GFD PER M EA TE  FLOW*=

ARRAY E L .N O . R EC O V E R Y P ER M EA TE FEED

GPD M G /L GPM M G /L P R ES S

1 1 0 . 1 3 0 9 3 7 6 69 5 0 .  0 3 0 0 0 2 6 7
2 0 . 1 4 1 8 8 0 3 84 43  . 5 3 4 3 9 2 6 2
3 0 . 1 5 2 8 1 8 6 1 0 4 3 7 , 4 3 9 8 7 2 5 7
4 0 . 1 6 5 7 5 2 5 1 3 1 3 1 . 7 4 6 8 4 2 5 4

2 1 0 . 1 7 3 6 5 7 8 1 7 3 2 6 . 5 5 5 8 3 2 4 7
2 0 . 1 8 1 5 7 1 6 2 3 2 2 1 . 9 6 7 1 2 2 4 5
3 0 . 1 8 3 4 7 1 4 3 3 0 1 7 . 9 8 1 4 6 2 4 3
4 0 . 1 7 5 3 7 0 0 4 8 4 14 . 7 9 8 9 2 2 4 3

A RR AY: T O T A L 1 2
R E JE C T GPM : 53 24
R E JE C T M G /L ; 5 5 8 3 1 1 8 9 2
PERM GPD : 1 0 9 1 9 3 6 7 7 7 7 4 1 4 1 5
PERM M G /L : 1 6 5 9 5 2 8 1

7 6  GPM

Note : Feed water is well or softened water (BW) S D K 3 .
Source : RMI Pilot Research Data. Water Analyses ; March-
August 1990, RMI Environmental Services, Inc., Golden, CO.
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RO System Analysis - Computer Model Output #2

F E E D : 1 0 0 . 0  G P M , 3 0 0 0  M G /L ,  2 5  DEG C
RECOVERY : 7 6 . 0  P E R C E N T

ARRAY : 1  2 3
N O .O F  P V : 2 2 1
E L E M E N T : B W 8 5 4 0  B W 8 5 4 0  BW 854 0
N 0 .E L / P V :  4 4 4
E L .T O T A L :  8 8 4

F O U L IN G  F A C T O R : 1

P R E S S U R E (P S IG )
O S M O TIC  P R E S S U R E (P S IG )  
N D P (M E A N )— 1 4 3 . 5  P S I
AVERAGE PER M E A TE  F L U X -

FEE D  R E JE C T  AVERAGE  
2 3 9  1 9 2  2 1 3

3 0  1 1 9  69

14.4 GFD PERMEATE FLOW* 7 6  GPM

ARRAY E L . N O . R EC O VER Y PER M EA TE FEED

GPD M G /L GPM M G /L P R E S S ( P S I )

1 1 0 . 1 1 2 8 0 8 1 7 5 5 0 .  0 3 0 0 0 2 3 4
2 0 . 1 1 9 7 5 9 1 8 8 44 . 4 3 3 7 0 2 2 9
3 0 . 1 2 6 7 0 9 2 1 0 6 3 9 . 1 3 8 1 2 2 2 4
4 0 . 1 3 3 6 5 6 5 1 2 9 34 . 2 4 3 4 6 2 2 0

2 1 0 .  1 3 7 5 8 4 3 1 6 1 29  . 6 4 9 9 5 2 1 3
2 0 . 1 4 3 5 2 5 4 2 0 3 2 5 . 6 5 7 6 2 2 1 0
3 0 .  1 4 6 4 6 1 7 2 6 1 2 1 . 9 6 6 8 6 2 0 9
4 0 . 1 4 6 3 9 4 4 3 4 4 1 8 . 7 7 7 8 7 2 0 7

3 1 0 . 0 7 5 3 4 2 9 4 1 1 3 2 ,  0 9 0 6 3 2 0 1
2 0 . 0 7 1 3 0 2 7 4 8 9 2 9 . 6 9 7 5 9 1 9 8

.3 0 .  0 6 7 2 6 5 0 5 8 5 2 7 . 5 1 0 4 6 9 1 9 6
4 0 . 0 6 2 2 3 0 2 7 0 3 2 5 . 6 1 1 1 7 8 1 9 4

ARRAY T O T A L 1 2 3
R E JE C T  GPM : 5 9 32 24
R E JE C T  M G /L ; 4 9 9 5 9 0 6 3 1 1 8 7 5
PERM GPD : 1 0 9 3 8 2 5 8 6 5 6 3 9 3 1 7 1 1 4 0 9
PERM M G /L : 1 9 1 9 8 2 3 2 5 3 1

Note : Feed water is well or softened water (BW) S D K 3 .
Source : RMI Pilot Research Data. Water Analyses: March-
August 1990, RMI Environmental Services, Inc., Golden, CO.
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Plate 3.1 Index map showing the San Juan Basin with the locations of various coalbed methane production 
sites, depicted by the average produced water TDS concentrations and production rates of wells in that 
area. The area (Kkf) outlining the basin is the Fruitland Formation.

Source: Fassett, James E. 1988. "Geometry and Depositional Environment of the Fruitland Formation
Coalbeds, San Juan Basin, New Mexico and Colorado; Anatomy of a giant coalbed methane deposition." 
Geology and Coalbed Methane Resources of the Northern San Juan Basin of Colorado and New Mexico. Ed. 
James E. Fassett. Denver, CO: Rocky Mountain Association of Geologists, p. 23-38.

Source: RMI Pilot Research Data. Water Analyses: March-August 1990, RMI Environmental Services, Inc.,
Golden, CO.


