TREATMENT OF PHENOLIC -
WASTES

Stanley L. Kiemetson, Ph.D., P.E.
Associate Professor
Environmental Engineering Program
Engineering Research Center
Foothills Campus
Colorado State University
Fort Collins, Colorado 80523

Abpstract

The treatment of phenolic compounds from
>oal gasification plants using ultrsfiltration and
ayperfiltration is presented. Dynarmically form-
ed hydrous zirconium (IV) oxide mermbranes or
severa! types of supports were the focus of the
nvestigation. The pH variations of 6.5 to 11,
aressure variations of 250 to 1000 psig (1724
to 6895 kFPs) and concentration variations of 1
to 400 mg/l were examined. Phenol reductions
greater than 95 percent were obtained with
several membranes, and flux rates were greater
than 100 gpd/sq ft (4.08 cu m/day/sq m).

INTRODUCTION

The energy problems which have developed
recently in the United States have made it
desirable to examine new methods of utilizing
the lignite coal that is present in abundant
quantities in western North and South Dakota,
Montana and Wyoming. One of the sclutions to
this problem is seen in the conversion of coal to
a clean fuel by the use of a coal gasification
process. By gasifying the coal, a synthetic
natural gas can be produced which is basically
free of the sulfur present in the coal and is
cleaner to use. A primary concern is that the
treatment and/or conversion process that
generates the clean fuel does not itself become
a major pollution source. While the potential
pollutants can be expressed in any or &ll of the
three possible states of air emissions, solid
wastes, and liquid effluents, all of them
ultimately contribute to the wastewater ef-
fluents of the plant and its site. If coa! gasifica-
tion plants are to be constructed, the pollutants
which are generated during their operation
must be dealt with if their environmental ef-
fects are to be minimized.
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Various types of processes have been
developed to produce synthetic natural gas.
Since the Lurgi gasification process is currently
being planned for several sites in western North
Dakota, the wastewater effluent concentra-
tions produced by the Lurgi process was used
as a basis of this study. However, the results
should be applicable to many of the other
processes also.

The purpose of this study was to determine
the feasibility of utilizing hyperfiltration
{reverse osmosis) or ultrafiltration to reduce the
phenolic concentrations in the wastewater ef-
fluents for a coal gasification plant. Dynamical-
ly formed hydrous zirconium {IV) oxide mem-
branes were the focus of the investigation. The
applicability of Selas ceramic, Millipore and
Acropor wrapped stainless steel, and carbon
membrane supports were studied in relation-
ship to the effects of pH variation, pressure
variation, and phengolic compound concentra-
tions.

COAL GASIFICATION PROCESS

The Lurgi coal gasification plants planned for
construction in the United States are being
designed to produce 250 million standard
cubic feet (7.0 M cu m/day) of medium to high
Btu synthetic natural gas that will yield about
970 Btu/std cu ft {36.14 MJ/cu m). The
average consumption of coal in*these planis is
about 1000 to 1500 tons per hour (252 to
378 kg/s), and the annual water usage is about
17,5600 acre-ft (21.68 Mcum}.'

The coal is gasified with oxygen and
superheated steam in the Lurgi pressure
gasification process. The gasifier vesssl con-
sists of zones in which various gasification
reactions take place. The combustion of the
coal produces methane in a three-stage reac-
tion: preheating and carbonization, gasification
or devalitilization, and partial combustion. The
temperature ranges from about 1180 to
1400° F (621 tc 760° C) and the pressure
ranges from about 350 to 400 psig {2413 to
2758 kPa).?

Most of the potentially hazardous materials
are produced in ‘the gasifiers, but there are no
direct liquid or gaseous emissions of these
materials from the units. Coal ash is the only
direct waste discharge from the gasifiers. The



ash is generally water quenched to cool and to
prevent the production of airborne dust. The
gquenching water is considered a minor
wastewater stream. A simplified flow diagram
for wastewater treatment in the coal gasifica-
tion process is shown in Figure 1.

The crude gas leaving the gasifier has a
temperature of 700° to 1100° F (371° to
593° C), depending upon the type of coal us-
ed, and is under a pressure of about 400 psig
(2758 kPa). It contains the carbonization pro-
ducts such as tar, oil, naphtha, phenols, am-
monia, and traces of coal ash and dust. The
crude gas is quenched by direct contact with a
circulating gas liquor in a scrubber-decanter
tower. The gas liguor effluent is sent to the gas
liquor separator for the removal of tars and oils.

Following the removal of some of the tars
and oils from the gas liquor in the Tar-Gas Li-
quor Separation unit, the water effluents are
further treated in the Phenosolvan unit for the
removal of phenolic compounds by passing
through a multistage countercurrent extractor
using isopropyl ether as the organic solvent.
The waste effluent of the phenol recovery unit
is subjected to ammonia recovery by fractiona-
tion and condensation to produce anhydrous
ammonia.

Following this initial processing, the
wastewater is to be subjected to further
purification systems, such as ultrafiltration and
hyperfiltration. Ideally, a wastewater cleaning
system should be designed so that the water

can be reclaimed for use as either boiler feed
water or cooling tower makeup water. The
removed and concentrated contaminants
would also require a final safe disposal.

In the coal gasification operation the major
sources of wastewater are the scrubber-
decanter which follows immediately after the
gasifier, and the condenser following the shift
converter. The quantity of wastewater which
will be produced is approximately as follows:
3.3 mgd (12.49 k cu m/day) will be generated
in the scrubber-decanter, 1.1 mgd (4.16 k cu
m/day) by the condenser following the shift
converter, and 0.8 mgd (3.08 k cu m/day) by
the steam stripping of the scrubber-decanter
water to remove ammonia. Thus, approximate-
ly 5.3 mgd (19.68 k cu m/day) is produced
which will require treatment. There are also
some other relatively minor sources.?

WASTEWATER CHARACTERISTICS

During the gasification process, the by-
products from the gasifiers are condensed
along with the water. Oil and tar are separated
from the aqueous phase of the gas liquor, and
the latter eventually mixes with the phenol con-
taining wastewaters from other parts of the
plant. This effluent was considered ‘‘raw
wastewater.”” Usually the raw wastewater
goes through a filtration process, extraction. of
phenols, and the removal of ammonia. After
this initial amount of treatment the effluent
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Figure 1. Flow diagram for wastewater treatment system.



'p ocessed wastewater.”” When the processed
westewater had been subjected to biological
tre :tment, it was designated as '‘bio-treated
wezstewater.”’

'he concentration of phenolic compounds in
the wastewater effluents of the Lurgi process
plzat of the South African Coal, Oil, and Gas
Co-p. Ltd., Sasolburg, South Africa {Sasol) has
benn reported by De W. Erasmus.* A typical
anilysis for their processed wastewater is
1- 0 mg/l for monohydric phenols (Kop-
peschaar method), and 170 to 240 mg/! for the
tots) phenols. Experience at Sasol has shown
thet the ratia of multihydric to monohydric
phanols is reasonably constant and on the
orcer of 20 to 40:1.

Sources from the Lurgi gasification plant of
Stuin Kollingas A. C. at Dorsten, German
Fe ieral Republic, reported 12-56 mg/l of
mc nohydric phenols and 228-380 mg/l of total
ph :nols. Cooke and Graham? also reported that
in the processed wastewater from a Lurgi
plent, the monohydric phenols (mostly phenol)
comnprise & minor part of the total phenols,
while catechol and resorcinol {(dihydric) ac-
co int for the most of the fraction.

Barker and Hollingsworth® reported that
ca echol, resorcinol, hydroguinone, and their
methylated derivatives in ammonical liquor are
gu te similar in composition to Lurgi processed
eflluent. They also indicated that trihydric
sp :cies of phenol were also present in the same
eftiuent.

Chambers et al.” made a study of the
bicchemical degradation of various phenol
de-ivatives by bacteria adapted for the decom-
position of phenol. They found that dihydric
phenols may be oxidized quite easily along with
munohydric phenols, while trihydric phenols
were plainly resistant to decomposition by
thiise bacteria.

Samples of the raw and processed
waustewaters for the gasification of North
Dzkota lignite coal were obtained from Sasol by
Ncrth Dakota State University. The analysis of
th: samples were conducted by Flegker® and
th 2 biological oxidation of the processed water
was performed by Bromel.® The rate of
degradation of phenols was determined for a
mixture of four Arthrobacter species and one
Pseudomonas specie. From an initial total
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phend! concentration of 322 mg/l the bacteria
reduced the concentration to 69 mg/l in a
twenty-four hour period, and to0 50 mg/l in five
days; approximately 80 percent reduction. The
monchydric phenols were reduced an
equivalent amount from 88 mg/l to 8.3 ma/l.
Brome! also reported that the residual
recalcitrant compounds, possibly the
rmultihydric phenols, may represent a potential
problem in the effluents that will require
chemical or physical treatment beyond
biological treatment.

Although most of the phenols will be reduced
in concentration to relatively low levels by the
biological treatment methods, there will still be
a large enough concentration remaining in the
processed wastewater to potentially cause ex-
tensive contamination of the groundwater
system. The standard recommended for phenol
concentrations in potable water is 0.001
mg/l.1° Phenols are highly toxic and increasing-
ly so when chlorine is added to the water as
most water treatment facilities do.'" Concen-
trations of pheno! on tha order of 10 to 100
prg/l can cause undesirable tastes and odors.
Trace amounts approaching 1 pg/l can impart
an objectionable taste to & water following
marginal chiorination.’?

HYPERFILTRATION AND ULTRAFILTRATION

Osmosis and Reverse Osmosis

Osmosis is defined as the spontaneous
transport of a solvent from a dilute solutionto a
concentrated sclution across an ideal
semipermeable membrane. The membrane acts
as & barrier to the flow of molecular or ionic
species and permits a high permeability for the
solvent, water, and a low permeability for the
other species. |f the pressure is increased
above the osmotic pressure on the concen-
trated solution side, the solvent flow is revers-
ed. Pure solvent will then pass from the solu-
tion into the solvent. This phenomenon is refer-
red to as reverse osmosis.

Hyperfiltration and Ultrafiltration

Filiration separation can be classified into
four families: (1) screening - removal of large
particles; {2) filtration - removal of smaller par-
ticles; (3) ultrafiltration - removal of colloidal



particles; and {4) hyperfiltration - removal of
low-molecular-weight dissolved materials. The
boundaries between the various classes are not
precisely defined.

Much of the ultrafiltration mechanism can be
interpreted in terms of selective sieving of par-
ticles through a matrix of pores of suitable
dimensions. The removal of low molecular
weight molecules cannot be reduced to
geometric terms because there is no significant
difference in the size of water molecules and
the size of many inorganic ions. Therefore,
ultrafiltration is unsuitable in this size range.
The hyperfiltration membrane thus affects the
thermodynamic and transport properties of
solutes and solvents by forces, i.e., Van der
Waals or Coulombic. These do not depend
primarily on the difference in size of the ions
and molecules to be separated. Hyperfiltration
is commonly referred to as reverse osmosis,
since there are substantial differences in
osmotic pressure between feeds and filtrates
which must be exceeded when appreciablie dif-
ferences of weight concentration of low-
molecular-weight solutes exists.

Ultrafiltration and hyperfiltration differ
primarily because ultrafiltration is not impeded
by osmotic pressure and is effective at low
pressure differentials of 5 to 100 psig (34.5 to
689 kPa). The osmotic pressure plays a larger
role as the molecular size decreases. The term
"hyperfiltration’’ is also applicable to the
separation of solutes with different permeation
rates when the solution is forced through a
membrane under pressure. The term is descrip-
tive even if the solute to be removed is a trace
concentration and does not contribute
significantly to the osmotic pressure.3

Membranes

Hyperfiltration membranes can be classified
into two basic categories: neutral and ion-
exchange. Both approaches to membrane
development were recognized at about the
same time. But because of the favorable prop-
erties of a specific neutral type (the Loeb-
Sourirajan cellulose acetate membrane'3): the
cellulose acetate membranes have received
most of the attention. Both flux and rejection of
cellulose acetate membranes were high com-
pared to those observed with available ion-
exchange membranes which were designed for
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low water permeability. Since flux is inversely
proportional to thickness, a much thinner ion-
exchange layer was needed to realize the
potential flux advantages that a more loosely
structured membrane filtering by ion exclusion
could provide.

Several membrane configurations have been
proposed and tested. Many configurations in-
volve preformed or precast membranes which
require equipment disassembly for installation
and removal. The type of membrane of concern
in this paper is dynamically formed and does
not require disassembly for formation or
removal. Dynamically formed membranes are
formed at the interface of a solution and a
porous body from materials added to the solu-
tion as it circulates under pressure past the
porous body.’® Only limited success of
dynamically formed membranes from neutral
additives has been reported.'s

The dynamic formation technique has made
possible the development of thin dynamically
formed ion-exchange membranes. Thus, the
high permeability of 1400 gpd/sq ft (57.12 cu
m/day/sq m) with a rejection of about 50 per-
cent that was expected of thin ion-exchange
membranes can be attained, particularly if they
are formed with fast circulation of feed past the
porous supports or with high turbulence.!3.16.17

Several types of polyelectrolyte additives
were found to form this type of ion-exchange
membrane, e.g., synthetic organic polyelec-
trolytes,'8'® hydrous oxides,2°2' and natural
polyelectrolytes such as humic acid.’® Mem-
brane formation is not limited to soluble
polyelectrolytes or colloidal dispersions. It was
found that particulates such as clays could
form membranes as well, 1922

In many cases salt removal is unnecessary,
or even undesirable; consequently, a mem-
brane which passes salt whiie concentrating
other matter is preferred. Several dynamically
formed ultrafiltration membranes using
hydrous oxide and polyvinyl priolidone have
been tested successfully.23

Many materials can be used as porous sup-
ports: filter sheets such as Millipore and
Acrepor, porous metal, carbon tubes'®;
ceramic tubes?*; and woven fabric.2® For most
types of ion-exchange membrane additives, the
favorable pore size range lies between 0.1 and
1.0 microns.™3




Soms atiractive features of many dynamical-
ly formed membranes include the ability to
operate at elevaied temperatures, allowing
treatment of waste sireams at process
temperatures and recycle of the hot water. A
negative aspect is & deterioration of perfor-
mance from polyvalent counter ions in fesd.’3
Membrzne regensration can be ralatively sim-
ple and inexpansive, since ths deposit of active
membrane can be removed by flushing and
reformed by pumping through a dilufe suspen-
sion of active material. Also, the higher fluxes
that can frequently be obtained allow the use of
tubular geometries without undue sacrifice in
production rate per unit volume.26

EXPERIMENTAL

Frocedure

The test equicment was so constructed that
@ pressurized solution, containing selected ad-
ditives during membrane formation and con-
sisting of the effluent to be studied during
membrane evaluation, could be circulated past
porous supports under controlled conditions of
temperature, pressure, pH, and circulation
velocity.

The feed solutions, a synthetic representa-
tion of tha cosl gasification wastewater, were
prepared with reagent-grade phenol, resor-
cino!, o-cresol, and catechol. Tests included
fzed concentration variations of 1 to 100 mg/l
for solutions prepared with all four phenolic
compounds. Tests conducted solely with
pheno! ranged in feed concentration from 1 to
400 mg/l. Reagent grade pentachloropheno!
wss also used as a fead solution at 10 mg/l.

The range of pH used in testing varied from
test to test betwesn B and 12, and similarly the
pressure ranged from 200 to 1000 psig (1379
to 6895 kPa). The temperature variation ex-
amined was 25° to §5° C for the ultrafiltration
tests, and the hyperfiltration tests were con-
ducted at a constant 30° C. Ulirafiltration tests
were maintainad at a constant pressure of 200
psig (1379 kPa). A constant flow rate past the
membranes of 15 ft/sec (4.57 m/s) was main-
tained for all tests. Concentrated nitric acid and
one normal sodium hydroxide were used to ad-
just the pH of the fesd solution.

In each experimenta!l run, the observed rejec-

451

tion was determined on the basis of salt con-
ductivity and solute concentrations, and the
results were expressed as a percent rejection.
The flux or permeation rate through the mem-
branss was determined and expressed as
gpd/sq ft of membrane surface. While most of
the test runs wsare conducied at specific
operating conditions and wsrs for a limited
duration, several apparent opiimumn operating
conditions were chosen for some extended-run
experimenis designed to measure the
deterioration of the membrane with operating
time.

Eguipment

All of the experimental work conducted on
this project was done at the Oak Ridge National
Laboratory in Oak Ridge, Tennesses. The
hyperfiltration loop at that facility is shown
photographically and schematically in Figure 2.
Feed solution was drawn from feed tank G by
the Milroyal type C triplex pump C (6 gpm
(0.32 |/s) at 1500 psig (10.34 MPa) capacity)
and forced under pressure into the circulation
pump B, a2 100-A Westinghouse centrifugal
pump which was rated at 100 gpm (6.31 I/s) at
100 psig (689 kPa) head. This pump circulated
the feed solution through the loop and past the
membrane supports, which were placed in test
sections A and A’ (only one iest section is
shown in the photograph). The test sections
were designed to direct the feed solution
through the annular region between a tubular
porous support, upon which the membrane
was formed, and the wall of a stainless steel
cylindrical pressure jacket (Figure 3). Flow
velocities past the membrane surfaces, typical-
iy 10 to 35 ft/sec (3.05 to 10.67 m/s), were
monitored by meters at D, the temperature of
the feed was controlled by the tube-in-tube
heat exchanger E, and the pressure was
regulated by a pneumatically controlled valve in
the letdown line which returned the feed to the
tank at atmospheric pressure. The product
which permeated the membranes was
monitored as to flux and composition, and was
returned to the feed container to maintain cons-
tant feed composition.

All of the materials used in the loop were
corrosion-resistant to minimize interference of
corresion products with the formation of the
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Figure 2. Hyperfiltration Loop.
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membranes. The loop was designed to
eliminete stagnent side volumes in which
material might collect and contaminate subse-
quent experiments. The ulirafiltration loop con-
sisted of a configuration similar to the hyper-
filtration loop.

FPorous Supports

Several different porous support materials
were used. Acropoer AN shests, a copolymar of
polyvinyl chloride and polyacrylonitrile on a
nylon subsirate made by Gelman Instrument
Company, Ann Arbor, Michigan; and mem-
brane filter shests made from mixed esters of
cellulose by Millipore Filter Company, Bedford,
Massachugetts, were wrapped around 5/8 inch
{15.9 mm) porous stainless stee! tubes (pore
size -~ B ym). Porous carbon tubes, Union Car-
bide Corporation’'s 563-6C (6.0 mm 1.D.,
10.25 mm C.D., undetermined pore size) and a
porous ceramic tube, the Selas Ceramic filter
element made by Selas Flotronics Corporation,
Spring House, Pennsylvania, were also used.

Membrane Formation

The membranes were formed in carefully
cleaned equipment to eliminate the possible in-
terfersnce of contaminants. Betwesn each test
run, the loop was cleaned by using a one molar
sodium hydroxide wash, followed by a one
molar nitric acid wash, and then distilled water.

The porous supports were inserted into the
test sections. A solution of 0.04 molar sodium
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nitrate and 0.0001 molar zirconium oxide
nitrate (ZrO{NQOg),, adjusted to a pH of 4, was
circulated through the loop. As the hydrous ox-
ide was deposited on the supports, the
pressure increased. Once full pressure {800
psig (6205 kPa) to 1000 psig (6894 kPa)) was
achieved, the salt rejection was monitored until
it reached a value greater than 30 percent,
which usually took an hour or more. Then a
solution containing 50 mg/l of polyacrylic acid
(PAA, Acryso! A-3 by Rohm and Haas) was ad-
ded to the loop, and the pH was adjusted to 2.
This solution was circulated past the mem-
brane for about 30 minutes. After this time, the
pH was raised to about 3, maintained there for
another 30 minutes, and again raised a unit or
s0. This stepwise increase in pH was repeatad
until the solution was near neutral. At that
time, the formation of the membrane was con-
sidered complete.

Two variations of the formation procedure in-
cluded omitting the polyacrylic acid layer and
substituting a silicate layer for the polyacrylic
acid by adding 50 mg/l of sodium metasilicate
(Na,Si0,).

Analytical Procedurss

Routine monitoring of salt (observed) rejec-
tion was by conductivity with a conductance
bridge and a cell with a precalibrated cell con-
stant. Supplemental chloride analysis with a
Buchler-Corlove chloridometer was performed
in which the chloride ion concentration was




determined by coulometric-amperometric titra-
tion with silver ion. This was done to check the
mechanical integrity of the membrane for the
absence of defects.

Phenol and phenolic compound combination

concentrations were monitored by two
methods. For test runs in which the feed con-
centration was greater than 10 mg/l phenol,
the phenol concentration was determined by
carbon analysis with a Beckman Model 915
Total Organic Carbon Analyzer. In this ap-
paratus, the solution sample was injected into a
high temperature (950° C) catalytic combus-
tion chamber where the total carbon in the
sample is oxidized in pure oxygen carbon diox-
ide which is analyzed by a Beckman Model IR-
215A nondispersive infrared analyzer. In-
organic carbon was determined in a similar
manner by injecting a sample into a 150° C
combustion chamber and analyzing the carbon
dioxide produced. The total organic carbon
{TOC) was obtained from the difference be-
tween the total carbon and the inorganic car-
bon. Most of the feed solutions and many pro-
duct solutions contained insignificant amounts
of inorganic carbon. The analysis of total car-
bon was therefore essentially total organic car-
bon.

For a test run or a series of test runs in which
the feed concentration of phenol was less than
10 mg/l, the Direct Photometric Method was
used.'? The principle of the method involved
the reaction of phenol with 4-amino antripyrine
at a pH of 10.0+0.2 in the presence of
potassium ferricyanide. The absorption of the
prepared samples was measured on a Bausch
and Lomb Spectronic 20 spectrophotometer at
a wavelength of 510 nm. A standard calibra-
tion curve for phenol was prepared.

The color of the product and feed streams
was determined with a Bausch and Lomb Spec-
tronic 20 spectrophotometer at a wavelength
of 465 nm and compared against platinum-
cobalt standards.’?

Pentachiorophenol concentrations were
determined with a Cary Recording Spec-
trophotometer, Model 11 MS. The visible ab-
sorption spectra were scanned upward from
3000 angstroms to determine the exact
wavelength for maximum absorption. This was
found to be 3200 angstroms. All spectral
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measurements were made in a 10-cm silica
glass cell. A calibration curve was prepared.

EXPERIMENTAL RESULTS

Hyperfiltration

The first hyperfiltration experiment utilized
the zirconium oxide-polyacrylic acid (Zr(IV)-
PAA) membrane with a feed solution composed
of 100 mg/l each of phenol, catechol, resor-
cinol, and o-cresol. Six membrane support
materials were tested. Three of these support
materials, 6C carbon tube, 0.27-u Selas
ceramic tube, and 0.47-u Acropor sheet on
stainless steel tube, were used for the data
presented in Figure 4. The tests were con-
ducted at 25° C.

The results in the first three columns of
Figure 4 indicate that the type of membrane
support material has little effect on the perfor-
mance of the dynamic membrane. The data are
presented to show the effects of both pressure
and pH on the operation of the membrane. The
production of product water or flux rate is
significantly increased by the increase of
pressure, but the variation of pH has little effect
on the flux rate.

The solute rejection rate increases from
about 45 percent at a pH of 6.5 to about 80
percent at a pH of 10. It was expected that a
pH of about 9.5 to 10 would produce the most
significant reduction in the phenolic com-
pounds because the phenolic compounds are
sufficiently ionized at this pH to react favorably
with the ion exchange properties of the mem-
brane.

The salt rejection produced the opposite
results by the rejection rate from about 92 per-
cent to 85 percent as the pH is raised from pH
6.5 to 10. The maximum rejection of salt is
best achieved near neutral pH. This
characteristic is quite beneficial where the
desire is to reduce the phenolic concentration
without trying to remove all of the salt in the
wastewaters.

The fourth column of Figure 4 presents data
on the effect of different concentrations of the
solute on the performance of the membrane.
The Acropor membrane support produces a
better flux rate than the other support
materials, however, the variations in the con-
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centration have little effect on the flux rate. The
maximum flux rate is about 140 gpd/sq ft (5.7
cu m/day/sq m). The solute rejection and salt
rejections remained constant at about 90 per-
cent.

The final column of Figure 4 provides infor-
mation about the long term effects of treatment
on the operation of the membranes. The fluy:
rate increased initially and then stabilized at
about 150 gpd/sq ft (6.1 cu m/day/sq m). The
solute rejection rates remained constant over
the operating interval at about 90 percent. Salt
rejection dropped slightly from 90 to 85 per-
cent.

The next series of tests examined the
suitability of zirconium oxide-polyacrylic acid
{Zr{IV)-PAA), zirconium oxide-sodium silicate
(Zr(IV)-Si), and zirconium (Zr(lV)) alone as
membranes for the hyperfiltration of 10 mg/l of
pentachlorophenol feed solution. The results
are presented in Figure 5.

The first column of Figure 5 indicates that pH
does have a significant effect on the flux rate of
pentachlorophenol. While the zirconium mem-
brane produced the highest flux rates, the
solute rejection and salt rejection was far below
the other membranes. The rejection of pen-
tachlorophenol approaches 100 percent.

The second column of Figure 5 shows that
the fiux rate is virtually unchanged as pH in-
creases, however, the solute rejection rate
does increase with pH. The third column of
Figure 5 indicates that flux rate rises with
pressure. While the zirconium-silicate mem-
brane produces the highest flux rate, the
zirconium-polyacrylic acid provides the highest
solute rejection at about 80 percent. The final
column of Figure 5 again indicates that the
membranes are stable for extended periods of
time.

Ultrafiltration

Similar experimental parameters were ex-
amined under ultrafiltration. With a feed solu-
tion of 100 mg/l each of phenol, resorcinol,
o-cresol, and catechol, tests were performed
on three types of membranes on Selas ceramic
supports: zirconium oxide (Zr(lV})}, zirconium
oxide-sodium silicate (Zr(IV)-Si), and silicate
(Si). Figure 6 depicts a pH scan with the ex-
pected rejection increase at the higher pH.

ARR

There is very little difference between the
solute rejection rate for each type of membrane
as the pH is increased. The data would indicate
that it is the ionic state of the solute rather than
the membrane that is the controlling factor in
the rejection rate. The 75 percent solute rejec-
tion is below the 80 percent indicated on Figure
5 at a pressure of 950 psif (6.5 MPa).

As shown in column two of Figure 6,
temperature of the feed water has a significant
effect on the flux rate for some membranes.
The flux for the zirconium oxide membrane in-
creased from 60 gpd/sq ft (2.45 cu m/day/s-
gm) at 25° C to 160 gpd/sq ft (6.53 cu
m/day/sq m) at 55° C. However, the salt and
solute rejections appeared to be unaffected by
the temperature changes.

Operating the filtration process for extended
periods of time indicated a slight reduction of
flux rate with time initially, followed by a long
period. of stable flow. The solute and salt rejec-
tions were unaffected by the operating time.

The sensitivity of the operation to variations
in concentration was evaluated. Over a range
of 1 mg/l to 400 mg/l of phenol, not significant
variations in the data were noted.

A final test of the membranes, as shown in
column five of Figure 6, was a pH scan from
6.5 to 12. Destruction or deterioration of the
membranes was expected at the high pH
values. The flux rate declined slightly as the pH
was increased. The solute rejection increased
significantly as the pH was increased above 8,
but started to fall beyond pH 11. The salt rejec-
tion rate was the greatest at about a pH of 9,
and fell down in both directions. In general the
zirconium membrane outperformed the silicate
membrane for the solute being tested.

CONCLUSIONS

The points of most general importance which
have emerged from the foregoing studies are,
briefly, as follows:

1. The carbon support tube produced
slightly better rejection rates, but lower
flux rates.

2. Increasing the pH of the feed increased
the solute rejection rate, decreased the
salt rejection rate, and had little effect
on the fiux rate.
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3. Increasing the pressure of the feed
significantly increased the flux rate but
had little effect on the solute and salt
rejection rates.

4. Variations in concentration produced
littla change in rejection rates but did
cause a slight decrease in fiux rates as
concentration increased.

5. Long-time operziion of the processes
indicated that the rejection rates and
flux rates stabilize after a short period
of time. : '

6. Increasing the temperaiure of the feed
resulted in an increase in the flux rate
bui very litile change in the rejection
rates.

7. The best rejection of the phenolic com-
pounds was obtained with a pH of 10,
pressure of 950 psig (6.6 MPa), and
zirconium oxide-polyacrylic acid on car-
bon supports.
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