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Concentration of Synfuel Process Condensates by Reverse Osmosis

S. B. McCRAY and RODERICK J. RAY

BEND RESEARCH, INC.
64550 RESEARCH ROAD
BEND, OREGON 97701

.

ABSTRACT

In this paper we will discuss the use of a novel,
fouling-resistant, inside-skinned hollow-fiber membrane
configuration as an energy-efficient and cost-effective
altemnative to conventional treatment of synfuel process
condensate waters. Reverse osmosis has been used in the
past only to "polish” condensate waters that were first
treated by conventional means. In the work described in
this paper, a reverse-osmosis system actually replaces
traditional biotreatment of condensate waters or
replaces the solvent-extraction process in the treatment
train, The membranes used in this reverse-osmosis
system are capable of rejecting at least 90% of the
phenols as well as high percentages of other organics
contained in actual process condensate waters.
Furthermore, these membranes have operated for several
months on synfuel condensate waters and showed no
significant decrease in performance. Energy and cost
estimates of a reverse-osmosis system based on such
membranes will be discussed in detail, including a
comparison of operating costs of this system with the
operating costs of conventional treatment systems.

INTRODUCTION

Liquid and gaseous fuels produced from coal or shale oil (i.e.,
synthetic fuels) are expected to be a major source of fuel in the
future as supplies of petroleum-based fuels diminish. However, a
significant problem associated with the production of synthetic fuels
is the large volume of waste water that is generated. This waste
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water, broadly classified as "process condensate,” is the result of a
stripping process by which vaporized coal or shale oil is contacted
with water or steam to remove contaminants. A plant that processes
250 million cubic feet of coal per day is estimated to produce
anywhere from 200,000 to 3,700,000 gallons of process condensate per
day (1). These process condensates normally contain high
concentrations of 1) organics, such as phenols, oils and greases,
carboxylic acids, and heterocyclic hydrocarbons; and 2) inorganics,
such as ammonia, sulfides, carbonates, cyanides, and traces of heavy
metals. Many of these compounds are suspected carcinogens or are
otherwise toxic, and they must be removed before the waste water can
be discharged into the environment.

A nurber of conventional unit processes are being considered for
the treatment of process condensates. For example, solvent extraction
and biotreatment are being studied for removal of the carboxylic acids
and phenols (1), which make up most of the soluble organics in the
condensates. Reverse osmosis (RO) is being investigated as a final
polishing step that would remove heavy-metal ions and salts from
condensates after the soluble and suspended organics have been
removed (2-4).

Bend Research, Inc., is investigating a novel application of RO to
the treatment of process condensates. Ratber than using RO as a final
polishing step in the treatment train, we are studying the use of this
menbrane process to concentrate raw condensate, replacing conventional
treatment processes and thereby reducing the volume of waste water
that must be treated in subsequent steps. With a minimum of
posttreatment, RO can produce reusable water——an important advantage
in arid regions.

Figure 1 shows a proposed "conventional" condensate-treatment
scheme. The raw condensate water is first fed to a gravity-separation
pond, where most of the oil, grease, tar, and some of the suspended
solids are removed. Next, a series of steam-stripping processes
removes most of the MH,, CO Table I gives a typical
composition of the conaensage at thzs point in the treatment train.
Note that the majority of the remaining components are phenclic
compounds (5). Next, as shown in Figure 1, most of the phenols and
other organic compounds are removed by either a biotreatment unit, a
solvent-extraction process, or both. Finally, in order to produce
reusable water, the stream is polished by processes such as carbon
adsorption, ion exchange, or conventional RO.

Biotreatment units, which are based on the action of
microorganisms that break down organic compounds into nontoxic forms,
are capable of removing organics from waste water efficiently. As
waste water is fed into a biotreatment unit, microorganisms consume
the organics while cell matter is removed as sludge for disposal or
possible resale as fuel. However, the microorganisms in biotreatment
units are extremely sensitive to feed concentration and are easily
poisoned. Thus, process condensates intended for biotreatment must be
diluted, for example, by mixing with other waste-water streams from
the plant. This is especially true when high concentrations of
phenols are present, since some of these compounds are resistant to
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Fig. 1. Typical "Conventional™ Treatment Scheme
Proposed for Synfuel Condensate Treatment

biclogical degradation (1). BAnother disadvantage of biotreatment
units is that the action of the microorganisms is slow. For example,
a condensate stream of the composition shown in Table I would need to
be held in a conventional biotreatment unit for at least 15 days for
efficient removal of contaminants (6). Therefore, the reactor vessels
or biotreatment ponds must be large enough to hold large volumes of
vaste water for a long period of time. And such large vessels or
treatment ponds would require a correspondingly large capital
investment.

Solvent extraction can effectively remove most organic compounds
in the condensate stream in addition to allowing for the recovery of
potentially valuable by-products, such as phenols (1). However, the
solvent used in a solvent-extraction unit must be recovered if the
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TABLE I
Concentrations of Major Constituents of Synfuel
Condensate After Steam Stripper

Nominal
Concentration
Contaminant {ppm)
Phenol 2000
Resorcinol 1000
Catechol 1000
O—Cresol 400
P—Cresol 250
Acetic Acid 400
Benzoic Acid 100
Pyridine 120
Aniline 20
Quinoline 10
Mgso 23
NH 4Cf 150

operation is to be economi¢al; thus, the choice of solvents is
limited. Furthermore, solvent extraction is not effective in removing
inorganic salts (1). The remaining contaminants, then, as well as any
residual solvents in the water, must be removed by a subsequent
treatment step. Of note here is that solvent extraction, being a
partitioning, unit operation, is more efficient at high contaminant
concentrations than at low concentrations.

The RO technology being considered here would replace the
biotreatment or solvent-extraction step shown in Figure 1, resulting
in the condensate-treatment train shown in Figure 2. RO would be used
to split the steam-stripped condensate into two streams: 1) a reject
stream concentrated in about 20% of the total feed volume that would
contain most of the organic contaminants and virtually all of the
inorganic contaminants, and 2) a relatively clean permeate stream in
the remaining 80% of the feed volume. Depending on the composition of
the condensate, the concentrated reject stream will either be
combusted as-is to generate usable heat (e.g., by wet—air oxidation
(7)) or further concentrated by solvent extraction, which operates
more efficiently on concentrated waste streams. The permeate stream
from this RO unit may require some polishing, such as by carbon
adsorption, to remove any remaining organics.

THE REVERSE-OSMOSIS PROCESS

RO is a pressure—driven membrane separation process, in which a
feed solution is pressurized to between 400 and 800 psi against a
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Fig. 2. Proposed Membrane-Based Treatment Scheme

semipermeable membrane. Water selectively permeates the membrane,
while ions and most organic compounds in the solution are rejected.

The major application of RO today is in the desalting of brackish
water and seawater. The most widely used membrane-module
configurations in this application are the spiral-wound flat sheet and
the shell-side-feed hollow fiber. A major problem with these types of
modules is that they are easily fouled. This problem has been well-
documented in water-desalting plants. Even with relatively clean well
waters and offshore seawater, from 25% to 50% of the investment cost
of RO desalting plants is for the pretreatment processing that is
required to minimize fouling (8-10). Raw synfuel condensates, which
contain very high levels of suspended oils, greases, and particulates,
simply could not be treated using conventional module configurations.

Fouling resistance can be attained in hollow-fiber modules by
using a tube-side-feed design. This design is shown in Figure 3.
Positive feed flow across the entire active surface of the membrane
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Fig. 3. Tube-Side-Feed Hollow-Fiber Module

eliminates the "dead spots" that cause fouling in spiral-wound modules
and hollow-fiber modules with shell-side feed. Tube-side-feed modules
do not seriously foul, even when used on feeds that have very high
concentrations of suspended matter, such as cheese whey, latex paints,
and oil-in—water emulsions (11), Another potential advantage of this
design is that the fibers act as their own pressure vessels, thereby
eliminating the need for an external vessel, resulting in lower
capital equiprent cost.

RESULTS

Experiments were conducted in our laboratory to investigate the
capability of RO technology to treat condensate waste witers. Tube-
side—geed hollow-fiber menbrane modules, some with 2 ft“ and some with
10 £t° of membrane area, were operated on feed solutions of actual
synfuel condensate provided by the Pittsburgh Energy and Technology
Center (PETC). A typical composition of synfuel condensate after
steam stripping is given in Table I. All experiments were conducted
at constant pressure (400 psi), temperature (24°%0), pH (11}, and
velocity down the fiber lumen (20 cm/sec).

Contaminant concentrations of phenols were determined using a
Varian Model 5000 high-~performance liquid chromatograph (HPLC)
equipped with an ultraviolet detector, which was set at 270 nm for
detection of phenols. Typical HPLC traces of a PETC synfuel
condensate feed solution and permeate from a hollow-fjber membrane
module are shown in Figure 4. . Contaminant rejectionsa were determined
from differences in HPLC area.

“percent Concentration of contaminant in permeate
Rejection = {1 - x 100
Concentration of contaminant in feed

b'1"he hollow-fiber membrane modules used in this study gave
inorganic salt rejections of more than 95% in all
experiments.
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Fig. 4. Typical HPIC Traces of (a) PEIC
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from a Hollow-Fiber Membrane Module
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Figure 5 slaows contamir.}ant rejection (based on HPLC readings)
versus recovery for a 2-ft“ membrane module. These data indicate
that rejections of more than 95% can be achieved at recoveries of from
0% to 80%. This indicates the high efficiency of RO when used to
treat synfuel condensates.

Figure 6 shows a definite trend for water fluxd to drop as percent
recovery is increased. However, the figure also reveals that the flux
decay is eliminated by flow reversal within the fiber lumen at
recoveries of up to 40%. This phenomenon was probably due to the
presence of suspended solids in the condensate that are larger than
the diameter of the fibers or to the concentration of tars and greases
over time, resulting in blockage of fiber openings and reduction of
the effective membrane area and correspording flux. By reversing the
direction of flow down the fiber lumen, the foulants were swept away.
Because the flux returned to the initial value after this sinple
treatment, it is safe to assume that there was no permanent deposition
of oils, greases, or other suspended material on the fiber lumen and
that flow reversal can correct the flux decay problem for processing
at up to 40% recovery.

At recovery levels higher than 40%, the flux declined steadily and
could not be completely restored by flow reversal. This decline was
at least partially due to the increase in osmotic pressure of the feed
solution at the higher recovery levels. To verify this, the osmotic
pressure of the feed solution was determined at various recovery
levels using the following equation:

J = AP -AT), (1)

where J is the water flux, A is the membrane constant, AP is the
applied feed-side pressure, and Ar is the osmotic pressure (12).

These data were generated by measuring the water flux, at a given
recovery level, across the membrane as a function of operating
pressure——yielding data as shown in Figure 7. The extrapolation of
the curve to the abscissa as shown in the figure yields an estimate of
osmotic pressure. The fact that the slopes of the two lines shown are
not equivalent is probably the result of concentration polarization.
Figure 8 shows the osmotic pressure of the feed solution plotted
against recovery-—each data point corresponding to’an extrapolation as
shown in Figure 7. BAs the osmotic pressure of the feed increases, the
effective driving force for transport of water through the membrane is
decreased. Thus, the permeate flux through the membrane decreases as
the recovery level is increased. However, as shown in Figure 6, the
data do indicate that an acceptable flux can be maintained even at
recovery levels higher than 80%.

Cpercent Total volume of permeate
Recovery = x 100
Initial feed volume

dE‘lux = The amount of water transported across the membrane

per unit area per unit time.
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Fig. 5. Contaminant Rejection Versus Recovery for a 2—ft2
Hollow~Fiber Membrane Module
Test Conditions: PETC synfuel condensate, 400 psi
24, pH 11, velocity down the fiber lumen = 20 cm/sec
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Fig. 6. Flux Versus Recovery for a 2—ft2 Hollow-Fiber Membrane Module

Test Conditions:

PETC synfuel condensate, 400 psi, 24° C,

pH 11, velocity down the fiber lumen = 20 cm/sec
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Fig. 7. WaterzFlux Versus Feed-Stream Pressure
for a 2-ft“ Hollow-Fiber Membrane Module
Test Conditions: PE%‘C synfuel condensate at 65%
and 80% recovery, 25°C, pH 11, velocity down the
fiber lumen = 20 cm/sec

Long-term tests were conducted to study the effects of phenols on
a 10-ft“ membrane module. In these experiments, a feed solution
containing 5000 ppm phenol was used. As Figures 9a and 9 show, the
flux and rejection of this module exhibited little change during
43 days of operation. Experiments to determine the life of these
modules are currently being conducted; however, based on experience
and these data, it is expected that hollow-fiber membrane modules will
have a one-year lifetime when operated on harsh synfuel condensate.

Using the above data, a plant was designed that could treat
100,000 gal/day (gpd) of a synfuel condensate that contained 5000 ppm
phenols., Table II gives the values used to design the plant, and a
schematic of this design is shown in Figure 10. Conventional design
of an RO plant typically relies upon a pyramid or tapered
configuration. However, the design shown here is in block form to
allow for the inclusion of the flow reversal needed in treating
synfuel waste streams2 To achieve approximately 79% recovery of the
feed water, 11,350 ft“ of menbrane area would be required. The
conbined permeate stream would contain approximately 470 ppm phenols
(90% overall rejection), which would be removed in a final carbon-
adsorption polishing step. The reject stream would contain
approximately 22,000 ppm phenols. Depending on the total composition
of the feed stream, this stream could either be bumed as-is, or
further concentrated using a solvent—extraction step prior to being
burmed.
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Fig. 8. Feed Osmotic Pressure Versus Recgvery
Test Conditions: PETC synfuel condensate, 25°C, pH 11,
velocity down the fiber lumen = 20 cm/sec

TABLE II
Input Valves used in the Design of a 100,000—gpd
RO Plant to Treat Synfuel Condensate

Item Value
Feed Stream:
Flow rate 100,000 gpd
Composition 5,000 ppm phenols
Temperature 25° ¢
Hollow-Fiber—Membrane Module:
Module area 50 ft2 2
Distilled water flux at 400 psi 9 gal/ft“-day
Phenol rejection 95%
Operating Conditions:
Feed inlet pressure 500 psi
Maximum velocity down fiber lumen 40 cm/sec

Minimum velocity down fiber lumen 20 cn/sec

100
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TABLE 1II
Estimated Costs for Treatment of
Synfuel Condensate

Estimated Costs (1)
Treatment Method ($/1000 gal treated)
Steam stripping 12 - 20
Solvent extraction 7-20
Biotreatment 7 ~50
Carbon adsorption 8 - 50

Total treatment train: $25/1000 gal to
$90/1000 gal

TAELE IV
Solvent~Extraction Economics
Basis: 100,000 gpd (1) of synfuel
condensate treated

Capital Cost $503,000
Total Operating Cost $8.2/1000 gal
Amortization Costs
Depreciation (S-yr, 50% tax) $1.4/1000 gal
Interest on Capital (10%) $1.4/1000 gal
Total $2.8/1000 gal
Total Treatment Costs $11.0/1000 gal
ECONOMIC ANALYSIS

The process economics for conventional treatment of synfuel
process condensates and for an RO treatment process were estimated and
conpared. Table III shows estimated costs (1) for a conventional
treatment train such as that shown in Figure 1. The cost of the total
treatment train is estimated at $25 to $90 per 1000 gallons of waste
water.

Table IV shows the estimated cost (1) of a solvent-extraction
plant capable of treating 100,000 gpd of condensate. The depreciation
was calculated on a 5~year straight line, assuming a 50% tax break.
The interest on the capital was assumed to be 10%, straight line. The
total cost of treatment by solvent extraction is estimated to be
$11/1000 gallons.
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Table V shows the estimated cost of the RO plant shown in
Figure 10. The total cost for an RO plant capable of treating
100,000 gpd of 5000 ppm phenol in water is $7.4/1000 gal--
substantially lower than the cost of treatment by solvent extraction.

However, as stated above, a subsequent solvent-extraction step may
be required downstream from the RO stage to further concentrate the
reject stream. If the RO plant is assumed to operate at 80% recovery,
this solvent—extraction unit need only treat 20,000 gpd of waste
water. Table VI compares the economics of a solvent-extraction unit
with those of a hybrid plant that combines RO and solvent extraction.
This table indicates that the hybrid plant would require $110,000 more
capital than would the solvent-extraction plant. However, the

TABLE V
Reverse-Osmosis Economics
Basis: 100,000 gpd of synfuel condensate treated

Capital Costs:

Membranes (installed)® $380,000
Main feed pump (installed) $ 14,000
Booster punps (installed) $ 8,000

Total $402,000

Operating Costs:

Membrane replac<=.~1nentb $4,3/1000 gal

(1-yr merrgrane life)
Electricity $0.8/1000 gal
Maintenance (10%) $1.1/1000 gal
Total $6.2/1000 gal

Amortization Gosts:d

Depreciation (5-yr, 50% tax break) $0.6/1000 gal
Interest on capital (10%) $0.6/1000 gal
Total $1.2/1000 gal

Total Treatment Costs $7.4/1000 gal

2Installed menbranes = 533.5/ft2
cF()B membranes = $14/ft
Electricity at $0.05/kWw-hr

dEsased on FOB-membrane-free capital cost
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TAELE VI
Cost Comparison of a Solvent-Extraction Plant and a
Hybrid RO/Solvent-Extraction Plant

Solvent Solvent

Extraction RO Extraction Total

100,000 100,000 20,000 Hybrid

apd apd apd Plant
Total Capital ($) 503,000 402,000 211,000 613,000
Total Operating 299,000 226,000 43,000 269,000
Costs ($/year)
Total Amortization 101,000 44,000 42,000 86,000
Costs ($/year)
Total Treatment 400,000 270,000 85,000 355,000
Costs ($/yr)
i

operating costs for the hybrid plant are estimated to be $145,000 per
year lower than those of the solvent-extraction plant, yielding a
payback period of 2.7 years. Ray, et al. (13) have shown that hybrid
processes can be optimized by varying the percentage of the waste
water treated by the membrane unit. The usual optimization criterion
is the total production cost; however, other criteria, such as capital
cost, maintenance costs, size, reliability, or operational constraints
(such as high osmotic pressures) may be used. The data required to
perform an optimization on the RQ/solvent—extraction hybrid process
presented here are currently not available. When these data are
obtained, it is believed they will show that a hybrid unit will offer
significant advantages over conventional processes for the treatment
of synfuel wastes.

CONCLUSIONS

Laboratory results indicate that treatment of synfuel condensates
by RO is feasible. Contaminant rejections higher than 95% can be
achieved using tube-side-feed hollow—fiber modules, which resist
fouling even when operating at high recovery levels. Both small- and
large-scale field tests of this technology are planned.

Preliminary cost estimates indicate that RO/solvent-extraction
hybrid processes offer a significant economic advantage over nonhybrid
processes. The total treatment cost for a hybrid unit capable of
treating 100,000 gpd of synfuel condensate waste is $60,000/yr less
than that of a solvent-extraction process of the same size. Once the



13:15 25 January 2011

Downl oaded At:

CONCENTRATION OF SYNFUEL PROCESS CONDENSATES 761

necessary data to perform a detailed optimization of the hybrid
process are obtained, it is believed that the optimum hybrid process
will show an even greater economic advantage over conventional
processes for the treatment of synfuel wastes.
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