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ABSTRACT

The electrochemical oxidation of phenol for waste treatment appli-

cations was investigated on lead dioxide packed-bed anodes. The electro-

lyficcelj_was operated in both batch and continuous modes with feed
streams up to 1100 mg/l phenol dissolved in aqueous solutions of Na,SO,
and H,S50, or NaCOH.

Electrodeposited lead dioxide was found to be a better anode for
phenol oxidation, than the lead dioxide obtained by anodizing lead shot.
Results showed that all the phenol in solution could be readily oxidized
but complete total organic carbon (T.0.C.) removal was more difficult.
Rates of phenol oxidation were similar in divided and undivided cells.
The oxidation of phenol was favoured by an acidic pH, but an alkaline pH
improved the further oxidation of intermediate products. in divided
cells, an anionic membrane, which allowed migration of hydfoxyl ions,
proved to be superior than a cationic membrane for T.0.C. removal. The
percent of phenol oxidized increased with increasing current density,
and decreased as initial phenol concentration, electrolyte flow rate,
and anode particle size were increased.

Comparisons of the experimental results with a mass transfer model
are presented for the batch experiments, and a simplified model is pro-
posed to interpret the results from continuous experiments in terms of

relative mass transfer and electrochemical reaction resistances.
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CHAPTER 1

INTRODUCTION

1.1 Phenols as pollutants

"Phenols" in waste water treatment terminology includes not only
phenol (CgHsOH), but all those derivatives of the aromatic ring that con-
tain one or more hydroxyl groups.

Phenols are constituents of many industrial waste water streams.
The major sources of phenolic wastes are oil refineries and coke plants.
Phenols are finding increasing use in coatings, stripping agents, sol-
vents, paint vehicles, plastics, explosives, rubber substitutes,
fertilizers, wood preservatives, and drugs. Given the usefulness of
phenolic compounds, they will undoubtedly continue to be a major product
of the chemical industry. Unfortunately, some of the chemical charac-
teristics that make phenols so useful, are also responsible for their
high pollution potential.

Chlorine used in drinking water combines with phenols to form
chlorophenols which are persistent pollutants, since they are not easily
degradable in the environment. Concentrations as low as 5 g/l of
phenols will impart objectionable tastes and odours to drinking waters
when phenols are combined with chlorine (1). For this reason the U.S.
Public Health Service has set‘the allowable concentration of phenols in
drinking waters at 1 ng/l (2). Phenols are toxic to fish at levels

above 2 mg/l, but can cause taste in fish flesh at concentrations far

1



below the toxic level (3).

The chemical oxygen demand, C.0.D..of phenols is relatively high
(theoretically 2.4 mgO,/mg phenol) and in sufficient concentration can
deplete the oxygen of a receiving body of water causing the death of
vegetable and animal species.

Permissible levels of phenols have been established by the U.S.
Environmental Protection Agency (E.P.A.) for different industrial wastes.
These guidelines generally limited phenolic concentrations to 0.1 mg/1

in 1977 and project a standard of 0.02 mg/l1 for 1983 (3).

1.2 Methods of treatment of phenolic wastes

The concentration of phenol in industrial effluents varies widely as
do the effluent flow rates (4,5). Generally recovery is only applicable
for wastes of at least 2000 mg/l of phenol and flows in excess of about
50 G.P.M. (2).

Phenols may be recovered by liquid-liquid extraction processes
using organic solvents such as benzene, butyl acetate, or butyl alcohol.
These methods show efficiencies of recovery up to 99.7%, but the concen-
trations remaining in the aqueous phase after recovery are still signif-
icant from the pollution control point of view. Therefore the waste
stream requires further treatment before being discharged.

The choice between recovery or destruction of the phenolic content
of a given stream is made on the basis of economics. Solvent extrac-
tion, for example, has been found to be an extremely expensive alter-
native in many cases (1).

There are several conventional methods for treating phenolic

wastes that cannot be economically recovered. These include adsorption,



incineration, biological treatment, and chemical oxidation. Carbon
adsorption is applicable for relatively low (100-200 mg/l) phenolic
concentrations. Thus it may be necessary to pretreat or dilute the
waste stream before it is applied to the carbon beds (3).

The main disadvantage of the activated carbon process is that the
carbon has a finite capacity for removing phenols (0.09-0.4 g phenol/g
activated carbon) and eventually the bed becomes fully loaded. To
make the cost of the operation reasonable the carbon must be re-
activated and re-used. Chemical and thermal regenerations are possible.
The first produces a more concentrated phenol stream and the second
destroys the adsorbed phenol completely. Very high temperatures are
required for this purpose (900°C) and carbon losses of 5-107% can result
from the operation. Operating costs of the activated carbon process
have been compared with those of other proven treatment methods in a
recent study (1) and it was found that activated carbon was the most
expensive.

Incineration techniques are only applicable to concentrated wastes.
In the case of dilute phenol solutions, the cost of energy to evaporate
large amounts of water would be prohibitive. Typical operating tempera—
tures for combustion of phenol to carbon dioxide and water are as high
as 800°cC.

Biological treatments for the degradation of phenolic wastes are
applicable for céncentrations up to several thousands mg/1. Many bio-
logical plants report treated effluents in the range of 0.1 mg/l for
influent loads of about 1000 mg/1 (6).

Different biological treatment flow schemes, such as alternating

activated sludge, trickling filter, or lagoon can be used, but the
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activated sludge system is the most common. A very critical aspect in
the success of biological treatment is the control of shock loads to the
system, because the microorganisms are only adaptable to a certain range
of phenol concentration and stable conditions of pH and temperature.
Therefore, in many cases it has been necessary to provide an equaliza-
tion basin before the biological treatment. Operating costs of bio-
logical treatment are relatively low, but generally large land areas are
required which may result in substantial capitalvcosts.

Chemical oxidation of phenols includes treatment by hydrogen perox-—
ide, potassium permanganate, ozone, and chlorine dioxide. Depending on
the dose of oxidizing agent the phenol can be completely oxidized to
carbon dioxide and water or only partly converted to certain intermed-
iate, less harmful organic compounds. In the latter case, additional
treatment may be required to reduce the total organic carbon (T.0.C.) or
the chemical oxygen demand (C.0.D.) of the waste to acceptable levels.

Oxidation by hydrogen peroxide can provide 997 phenol removal and
about 40% C.0.D. removal when using a ratio of 2 g H,0,/g phenol (3),
but when substituted phenols are present the amount of peroxide neces-
sary can increase to about 4 g Hy0,/g substituted-phenol. The presence .
of a metal catalyst is required in the oxidation reaction which
increases significantly the operating costs, and for this reason potas-
sium permanganate is a more desirable oxidizing agent.

Potassium permanganate requires a higher oxidant to phenol weight
ratio for the oxidation reaction—-theoretically 15.7 g XMnO,/g phenol.
The main disadvantage is that the reaction produces a precipitate of
manganese dioxide that has to be removed, complicating the operation

and increasing its cost (1).



Ozonization can be very effective in the destruction of phenois.

For example, starting at 2500 mg/1, 99% removal can be achieved in 60
min, when using a ratio of 1.7 g ozone/g phenol. Ozone can oxidize the
phenol completely to CO» and water but the usual practice is to partially
oxidize the phenol to orgsnic compounds more easily biodegradable and
then use a biological treatment. This is done since at low phenol con-
centrations the necessaiy ozone to phenol ratio is too high to be econ-
omical. Initial costs are relatively high because the ozone generating
system has to be installed.

The products of the oxidation of phenol by chlorine dioxide are very.
dependent on pH. | At near_neutral pHs, in the range 7-8, phenol is oxi-
dized to benzoquinone with a theoretical requiremenf of 1.5 g Cl0,/g
'phenol and above pH‘10 the products are maleic and oxalic acid requiring
a weight rétio of 3.3. Chlorophenols are not produced by_ﬁhis process
: bécausg the benzene ring is completely destroyed. An economic study
méde on the oxidation of phenolic Ccoking wastes by Cle indicated that
the ﬁroqess wa;'egcéssively:expensive unless the oxidizing agent was
already being pfoduced on site (3).

New methods for.treating phepolic wastes are being sought, because
of the importance of the pollution problem and the highly restrictiﬁe
future pollution control standard. -

Increésing intefest_is bging shown in ﬁéthods suéh és.Céﬁma Irradia?u
tion (7), ﬁet'air, and,éatal&tic oxidation (8), ultravioiét'dxidation (9),
and electrochemical oxidation, which is the subject of the present study.
In thé foilowing chapter the fundaméntal»bases.of the eléctrochemical
process are pfesented along with a literature review on previous attempts

at electrochemical cxidation cf phenol.



CHAPTER 2

BASES OF THE ELECTROCHEMICAL PROCESS

2.1 General concepts

For any electrochemical reaction j of the form
B+ ze ZA

the reversible equilibrium potential is written as
v, = V; - == (=) [1]

where the activity coefficient of each species (i.e., fA = aA/CA) is
equal to unity (10).
The electrode potential is defined as the difference between the

potential of the metal of the electrode and the potential of the solution

adjacent to the electrode (Fig. 1). Thus,
*
Anode potenF1al = Va = ¢ma - ¢sa (2]
Cathod ial =V | [3]
athode potential = ¢ T ¢mc - ¢sc

The rate of an electrochemical reaction is a function of the over-
potential, or difference between the electrode potential and the equili-
brium potential for reaction j. The anodic and cathodic overpotentials
for reaction j, are respectively,

Naj =V, - Vj [4]

"o =V, - Vj [5]



The current density (i) is defined as the amount of current passing
per unit area of the electrode, and may be related to the overpotential,
either linearly aﬁ low overpotentials (n a i) or through the Tafel equa-
tion at high overpotentials,

nj = aj + bj log i [6]

In a given electrolyte, the Tafel constants a and b have specific values
for each electrochemical reaction j occurring on a given electrode at
determined conditions of pH and temperature. These have been reported
for common electrode reactions on different electrodes (10,11). A side
reaction will occur if the potential of the electrode is equal to fhe
total potential requiréd to drive the side reaction (equilibrium poten-
tial plus oVerpoteﬁtiél). vMajof side feactioné'aséociated"with electro-
. 1lytic processes in_aqueous solutions é:e'the reéctiohs_bf water electxo—
lysis, that is, the anodic formation of oxygen:and the ca;hodic formation

of hydrqgen. '
| Dépending oﬁ the pH of‘the electrolyte and poéential‘of the electrode,

-different water -electrolysis reactions.may.occur, - .:- -+ .o .-

(Standard reduction

Oxygen evolution reactions: . . potentials) .
200 < % 0, + HoO + 2¢ - ¥ = 0.4010 [Rr1]
HoO < %0, +2H +287 ¥ =

1.2290 [R2]

Hydrogen evolution reactiomns:

Ho0 + ¢ T % Hp + OH ' ©V° ==0.8277 [R3]
B +e” T L, : - ¥° = .0.0000 . [R4]

Side reactions will compéte with the desired electrochemical reac-
tion for current so that the applied current density will be the sum of

the partial current densities supporting each reaction. Considering



the electrochemical reactionv(A - B + ze_), the current efficiency for
the oxidation of A is defined as the ratio between the theoretical amount
of electricity needed to oxidize one equivalent of A, and the actual
amount of electricity passed per equivalent of A oxidized.

Thus, an expression for the percent of current efficiency is:

% C.E. = FIZ—L_“‘ x 100 [7]
where, m = number of moles of A oxidized.

If the oxidation of A is the desired electrochemical reaction,
sometimes it is necessary to suppress the reverse reduction reaction
(depending on the relative reaction rates). In order to avoid contact
between the oxidized species and the cathode, or to prevent mixing of
anolyte and catholyte with possible reaction an ion exchange membrane
or a diaphragm can be used to separate the anode and cathode chambers
in a divided cell,

A diaphragm allows the transport of ions and molecules. An ion
exchange membrane can be either anion selective or cation selective, in
which case only anions or cations respectively will be transported
through the membrane. Due to the selective properties of ion exchange
membranes, they can also be used to control the pH of the anélyte and
catholyte, since the transport of [OH ] or [H+] ions will be detefmined
by the type of membrane used.

For the general case of plane electrodes and two separate chambers,

the different potential drops through the cell are illustrated in Fig. 1.



N
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3
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<
(9]

Fig. 1. Voltage'cémPOnents in‘a
‘divided electrolytic cell.-

1f Ke R Ke , and Ke are the electrical conductivities of the anolyte,
diaphragm,»and.éatholyte, and are uniform, the Ohm's law can be written
as follows:

K IA(t’sal Ked.IAd)d| Ke

. las |
i = = = ~ - :
v — . < =
Sa - d _ S
Therefore, the tbtalvohmi& drop is given by:
S v ' ' Sa ,Sd ,SC
MVohmic. = Bbgq + 00y T 00, = G g+ ).
' €a ®a e

‘When the énolyte and catholyte have appreciably different compositions,

"an extra potential drop may exist, called '"liquid junction potential!
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(10) but usually it is relatively small.
The total electrolysing voltage for a current density i would be,
AV =v 4 lv *| + i(sa + ° + sc) (8]
a c K

e e e
a d c

The total electrolysing voltage is of importance since the operating cost
of the electrolytic process will depend on its power requirements which
is directly related to the total voltage drop through the cell at a given
current density.

Practically, the total electrolysing voltage is easier to measure
than the particular electrode potentials because to measure Va* or VC
a reference electrode has to be connected at the surface of the anode or
cathode to detect the difference in potential between the metal and the
solution. The rate at which an electrochemical reaction occurs depends
strongly on the electrode potential as will be shown below.

Consider a single reversible reaction that occurs on an electrode

(anode or cathode),

o>
oM R

B + ze 1: oxidation reaction
2: reduction reaction

The net rate of electrochemical reaction over the electrode is the
modulus of the difference between the rates of oxidation and reduction
of the reversible reaction

my my

i _
= = |kry cBS - Kr cAS | [91

where CA and CB are the concentrations of A and B at the surface of
s s

the electrode, m; and mp are the orders of the oxidation and reduction

reactions respectively, and Kr; and Krp, are the electrochemical reaction
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rate constants, which can be expressed in terms of the electrode poten-

tial by using an Arrhenius type of rate constant-activation energy

relationship,
* .
Rr, = Kr® expfleLJle} [10]
1 , RT
Kr, = Kr° exp (1za) =zF lV*l [11]
2 2 RT

Here Krz and Kr; are rate constants referred to a particular electrode
potential at standard conditions, and o is a constant known as the charge
transfer coefficient. These equations imply that a fraction of tﬁe
electrode.potential alV*l drives the forward reaction and the‘remainder
(1-a) ‘V*[ drives the reverse reaction.
The’faét that the electrochemical rate constant depends exponen-
. tially‘on thevelectrodé potehtial and not just on the temperature as in
the case of a pure chemical reacticn, illustrates-tﬁat thé reacfion rate
can be véried by orde;s of-magnitude by'simply‘a@justing the_potentiél.,v
At a given reactioﬁ raté, the éonéénfrafion of reactant atvthe
-surface of-the electrode will be related to the rate o£ massAtran$fer,,,,
from the bulk of the solution to the electrode surfaée,

Mass traqsfer flux‘= Km(CAb —_CAS) : [12]
ﬁhere Kﬁ is the mass transfer.coefficieht, pharacteristic qfighe pgrtigf”
ular electrode configuratioh ana fluid dynamics. ‘-Empirical and thedff
etical expressidns for transfer coefficients,_suitable'for design -

- purposes are available in standard texts (12).. -
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2.2 Literature review on the electrochemical oxidation of phenol

A substantial lite:ature exists related to the glectrochemical
oxidatidn of phenol. However, owing to the complexity of the oxidation
reactions and the variety of operating conditidns used in each stﬁdy,
‘reported findings are sometimes contradictory. Many different reaction
mechanisms have been proposed, some of which appear highly speculative.

Inborder to cohsider possible rate determining factors, a review of

the literature is presented here and some of the contradictions are dis-

cussed.

2.2.1 Reaction products

Tﬁe anodic oxidation of phenol was extenéiﬁely studied by Fichter
and co-workers (13-15) duringbthe early part of this century. They
reported that when phenol is oxidized at a lead dioxide electrode in

sulphuric acid media the products shown in Fig. 2 are involved.

©__A, ©__+

hydroquinone

0

CH-COCH

————— "

. CH-CODH
]
0‘.

maleic acid

. phencl p~benzcquinone

g

<~
P
PA—

OH
(]
( \J, 0H I/\ . X
0 AN
catechol N N
l <
" OH
ether of 2,4' dihydroxy 4,4 dihydroxy
pyrocatechol diphenyl diphenyl
Fig. 2 Reection products.
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It was also found that if benzéne (13) is electrochemically oxidized at

a platinum electrode in sulphuric acid solution some of the same products
were encountered, e.g., hydroquinone, p—benzoquinone,_catéchol, maleic,
and oxalic acids. It was suggested (11,13) that probably phenol was
first produced as an intermediate in the oxidation of benzene, even
though phenol had nof been isolated from the reaction mixture. Thus,
information concerﬂing benzene electrooxidation can be useful.for the .

-present study.

2.2.2 Proposéd reaction mechanisms

a) Hydroxylation

The formation of hydroquinone and catechol was attributed to the
introdﬁction of hydroxyl groups into the aromatic ring, by the action
of anodically generated oxygen. By the same mechanism phenol would be
produced if benzene was the starting substrate (13). However, this
assumption is contradicted in a more recentvpaper (16) whére the oxida-
‘tion of benzene to p-benzoquinone is reported at 100% current efficiency
at potentials below thoée at which oxygen evolution occurs. But a clear
explanation of the mechanism is not given in ﬁhe paper.

_b) Nuclear linkage

Ficnter explained the formation of diphenyl derivatives byvsupposing

that a linkage of two aromatic nuclei was brought about by a bond of

. == ' '
0+ p 5 * HO OH + Ha0
\ .

[R5]

oxygen,

A similar mechanism would produce all the diphenyl compounds indicated

in Fig., 2. Those compounds were found when lead peroxide anodes were
v
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employed ét a relatively lpw current dehsity (25A/m?). Fichter also
reported that the nuclear linkééeris e&en mere pfonoﬁnced with pﬁenol
homologues like o-Cresol dué.fo the presence of an electron donating
group. Ihe diphenols were found susceptible to further oxidation'upon
continuing the electroclysis or‘upbn inéreasing the current density; In

more recent publications (17-22) the presence of diphenyl derivatives

C

has not been reportéd amdng the products of oxidation of pﬁré,phenol
solutions. Geperally'the reported products are hydroquinpﬁe, benzo-
quinone, maleic acid, énd éa:bon dioxide. It is possiﬁlgithaf qndgr the
;gporbed conditions the diphenyl derivatives either are nct fotmed,nér

are further oxidized to the above mentioned .end-products. - However, in

v .

the case of substituted phenols, the presence of coupled products is
always reported in recent studies (23,24) which is in agreement with

Fichter's findings.

¢). Primzrv electropn -transfer mechanism:

&)
[l

In the oxidation of phéﬁbl; two different first—step mechanisms
electron transfer‘have been proposed (23,25), due to the ability of
phenols to exist in the ionized or unionized form depending on the pH of

the solution, ‘CH
e i

Al
"ﬁ;ftw + + H+
. ! > ‘
L§§//{ :
unionized form phenoxide ion [RE]

At low pH in aquéqﬁs soiutions'phenols‘wili tend to be iz the unionized
form, and at high pH values will tend to‘be as.a phenoéﬁde ioﬁ.-

The following mechanisms ha&e been proposed, for the first step
.of the oxidation:

In acidic solutions the initial step invsoives twoe electrons where th

[t
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electrophilic attack of the aromatic nucleus produces the "'phenoxonium

ion Co
’ OH ' Cof
Z - ;3\\]
il e ‘ ) i -
NS - "t X M
phenoxonium ion (mesomeric) (K7}

In alkaline soiutions the primary anodic reaction of phenoxide ions is a
one~electron transfer with the formatiecn of a phenoxy free radical that

is very reactive.

phenoxi radical [R8)
In appendix 5, the peréentaée pheﬁol ionized as a function of pY is
. calculated from the dissnciation constant for phenol.at 20°C
(K = 1.28 x 1070,

d) The divided or undivided cell and the reaction mechanism

A.great deal of iufbrmation regarding thg electrochemical oxidation
of phenol exi;ts because of commercial interest in the production dﬁ
hydroquinone or’ p—benéoduinoné (19--225. Covitz studied the electro-
chemigal oxidation of phenol for hydroquincne production at lead dioxide
anodeé in an undiviaed cell in acid mediaﬁ He showed that tﬁe reaction
can Be controlled to produce hydroéuinone at over 207 yield.

The simplificed mechanism for the electrolytic process proposed is

(26, p. 157)¢



OH 0

16
+ _ Anodic
+ Hy0 — 4+ 4H + 4e reaction
) [R9]
‘ N
0
0
OH
+ - . Cathodic
+ 2H + 2e - reactions
[R10]
0 OH
+ -
2H + 2e — H»p
~OH OH
Overall
+ HZO — + H, reaction
[R11)]

OH

It is of interest to note that iq the anodic reaction,watrer is utilized
to introduce an oxygen atom into the starting phenol molecule; In the
undivided cell p-benzoquinone is reduced at the cathode to produce hydrc-
qginone. From this reaction>scheme it is obvious that if the process
is carried out in a divided cell, by ueing a membrane or a diaphrazm,
p-benzoquinone would not contact the cathode and therefore would not be‘
reduced back to hydroquinone. Covitz reported (19) that when using_a‘
semipermeable membrane, the only measurable product in the anolyte was
p-benzoquinone.

Another possible reaction in ar undivided cell is the oxidatién‘cf
hydroquinone back to p—benzoquinohe which would compete with the phencl
for oxidation at the anode, thus lowering the current efficiency for

phenol oxidaticn.
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e) Electrolytic action of lead dioxide

Some authors (16,23,26) support the hypothesis of electrocatalytic
oxidation of phenol on lead dioxide. In other words, phenol is oxidized
chemically by lead dioxide and the reduced lead species so formed are
rapidly oxidized back to PbO; by a charge transfer or electrolytic step.

1) PbO2 + ORGANIC +VPRODUCT + Pb+2 [R12]

+2 ELECTROLYTIC
OXIDATION

2) Pb PbO, [R13]

This mechanism is suggested as an alternative explanation to electron
transfer from the organic molecule.

Experiments have been carried out to determine the oxidative ability
of Pb0y in the absence of current. Clarke and co-workers (16) made
studies with granular PbOs in stirred benzene emulsions. The analysis
of the products showed that benzoquinone and maleic acid were rapidly
formed. However, numerical results were not provided.

As discussed previously, the same paper contradicts the hypothesis
of hydroxylation as a mechanism of introduction of oxygen into the
organic molecule. Thus if Pb0O, is supposed to be the oxygen carrier it
would be necessary to replace the oxygen lost in reaction [R12] by
reaction [Rl3]. The ultimate source of oxygen, is of course, the Water,
whatever is the prevailing mechanism.

f) Further oxidation of intermediates

The available information concerning the last stages of the electro-
lytic oxidation of phenol to open chain organic compounds or eventually
to carbon dioxide is very limited, probably because only a few investiga-
tions have been concerned with the total destruction of the organic

substrate for waste treatment applications (i.e., 17,18,25).
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A mechanism for the last-stage reactions has not ever been proposed.
However, in the early investigations (14) it was shown that intermedi-
ates were susceptible to further disintegration. Catechol, for example,
was well known as an easily oxidizable substrate, and p-benzoquinone,
which offered a high resistance to chemical oxidation, was shown to be
readily broken down by electrochemical means (27).

Fichter established that the decomposition process occurs faster at
high current densities, when the aromatic nucleus is saturated with elec-
trolytic oxygen. He reported less characteristic final'products such
as oxalic acid, formic acid, and carbon monoxide, which is in agreement
with some of the products reported by Gladisheva (17).

A particularly interesting controlled potential study is presented
for the electrolytic oxidation of benzene (16) where it is shown that as
the potential is increased above that of oxygen evolution, fragmentation
of the aromatic ring occurs and the current efficiency for maleic acid
and carbon dioxide production increases.

Anodically generated oxygen is known as one of the most powerful
oxidizing agents, and seems to be responsible for the further oxidation
of the intermediates, even though the exact reaction mechanism has not
been determined.

2.2.3 Electrode materials tested

Lead dioxide has been the most commonly used electrode in the
electrochemical oxidation of phenol and in several cases is recommended
as the electrode material of choice. However, it is of interest to
review and compare the performances of different electrode materials.

In the paper by Gladisheva and Lavrenchuk (17) several anode mater-

ials were tested: mnickel, smooth platinum, graphite, and lead dioxide
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electrodeposited on a nickel base. The experiments showed that under
the same operating conditions, the highest oxidation rate occurred on the
lead dioxide electrode. The results are shown in Table l.where the rate
of oxidation is given at two phenol concentrations and two current den-

sities. The chemical stability of the different electrodes tested was

TABLE 1

RATES OF PHENOL OXIDATION ON DIFFERENT
ELECTRODE MATERTIALS (17)

Electrode ~Initial phenol Rate of Oxidation (mg/min)
material conc. (mg/l) i = 50A/m? i = 1000 A/m?
Electro deposited 200 1.0 3.7
lead dioxide 1000 9.2 21.6
/
Graphite 200 0.7 2.4
1000 6.3 17.0
Smooth platinum 200 0.4 2.4
Nickel 200 0.2 2.9
also discussed. The- graphite anode was found relatively stable at cur-

rent densities between 50-250 A/m? but at higher current densities the
graphite started to break down, forming small particles that were diffi-
cult to remove by filtrationm. Nickel electrodes were unsuitable since
at pH = 10 nickel dissolution occurred parallel to phenol oxidation,
consuming a significant amount of current, and destroying the electrode.
The smooth platinum electrode was, of course, electrochemically
stable but the rates of oxidation of phenol were much lower than
expected, considering that platinum has a high oxygen overpotential.

This fact was explained by the formation of a tar film on the surface
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of the anode which did not dissolve in alkaline or acid solution. How-
ever, the presence of such a film was not mentioned in the case of the
lead dioxide electrode.

In the study of electrochemical oxidation of phenol to quinone by
Fioshin et al (22) the same result was obtained when comparing the plat-
inum and lead dioxide electrodes. The chemical yield to quinone was
33% on the lead dioxide anode, whereas it was only 5% on platinum,
although it is known that the overpotential of these eleétrodes in acidic
solutions are practically the same. The reason suggested was the differ-
ent adsorptive powers. of the two electrodes towards the same organic
substrate. However, the lower quinone yield on platinum could also have
been caused by further disintegration of the quinone. This possibility
was not suggested and other products analyses were not performed.

2.2.4 Effect of current density

Studies have been carried out over a wide range of current densities.
For example, in reference (17) the current effect on phenol oxidation was
studied in the range of 50-2000 A/m2. It was concluded that among the
variables studied, the current density was the strongest determining
factor in the rate of electrochemical oxidation of phenol. The results
are given in Tables 1 and 2. In Table 1 it can be observed that on the
PbO, electrode, at the initial concentration of 1000 mg/l of phenol, the
rate of phenol oxidation approximately doubled when the current density
was increased 20 times.

Table 2 shows that in the sodium sulphate electrolyte, when startipg
at 466 mg/l of chemical oxygen demand (C.0.D.) at a current density of
50 A/m2, the final C.0.D. was 420 mg/l after 5 h, whereas at 2000 A/m2

the C.0.D. dropped to 30 mg/l in only 1 h.
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TABLE 2

EFFECT OF CURRENT DENSITY AND TYPE OF ELECTROLYTE
ON C.0.D. REMOVAL (17)

. Time of

Current density Electrolyte Electrolysis Final C.0.D.
A/m? type (h) (mg/1 of 05)

50 I 5 307

II 5 420

500 I ' 3 90

II 5 120

1000 I 1 30

11 2 75

2000 I 0.5 0

II 1.0 30

Notes. Initial phenol concentration = 200 mg/1
Initial C.0.D. concentration = 466 mg/l of O,
Electrolyte I - 1 g/l NaCl, 1.5 g/l Na,SOy4
Electrolyte II - 3 g/l Na,SOy

2.2.5 Effect of nature of the electrolyte

In several studies on the electroxidation of phenol for waste
treatment, chloride salts were used as electrolytes (17,18,25,28-30).
In such media the oxidation of phenol follows totally different reaction
paths.
When using NaCl or CaCl, as electrolytes, the following reactions
have been proposed (17)
1. Evolution of chloride at the anode,

2 Cl - 2 > Clp [R14]
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2, a) Formation of hypochlorite followed by chemical reaction
with phenol,

Cl, + Hy0 » HCL + HC1O [R15]
8 HC10 - + CgHsOH - CH - CO-OH
" + 2 C0p, + 8 HC1 + H,0

CH - CO-OH
[R16]

b) Chlorination of -phenol by molecular Cl, producing
2,4 dichlorophenol and 2,4,6 trichlorophenol

As can be seen, this process does not represent pure electrochemical
oxidation of phenol, but instead it is equivalent to the electrolytic
production of chlorine and hypochlorite followed by a chemical oxidation
of phenol.

It also gives rise to undesirable chlorination products. Although
these are claimed to be capable of further oxidation, to give products of
the quinone type, the removal is never 100%. This was shown in refer-
ence (25) where experiments were carried out starting with p-chlorophenol,
2,4 dichlorophenol and 2,4,6 trichlorophenol and the percent removal of
chemical oxygen demand (C.0.D.) were 827, 797, and 587% respectively.

Knowing that chlorinated phenols are more objectionable than phenol
itself, the addition of chloride salts to the electrolyte does not appear
to be a good solution to the pollution problem even if the rate of phenol
oxidation is higher than when using an inert support electrolyte such as
sodium sulphate. The performance of a mixture of NaCl and NaS0y and
‘pure Na,S0, electrolytes have been compared (17) in terms of final C.0.D.
after treatment. The results are also shown in Table 2 where it is
observed that at the four current densities used, the final C.0.D. was
always lower when the electrolyte contained NaCl than when the elecéro—

lyte was pure Na,yS0,. However, an analysis of chlorinated phenols which
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may . have been produced was not provided, thus it is difficult to decide
which electrolyte is more suitable.
Other electrolytes, such as NapB,07, NH3 and H,S80, were tested using

a packed bed graphite electrode (18). The results are shown in Table 3.

TABLE 3

EFFECT OF TYPE OF ELECTROLYTE ON
PHENOL OXIDATION (18)

Electrolysis Final phenol

Electrolyte pH time (h) conc. (mg/l1)
0.1 M sodium borate 9.7 3.5 420
0.1 M ammonia 10.0 5.5 400
0.1 M sulphuric acid 1.1 3.7 400
5% sodium chloride 5.7 20.0 ‘ 10

Initial phenol conc. = 1000 mg/1
Volume of electrolyte = 700 ml
Current = 0.6 A (on graphite anode)

With the first three electrolytes phenol was removed from 1000 mg/l to
about 400-420 mg/1 in eléctrolysis times from 3 to 5 h. The final
phenol concentration reached 10 mg/l only when using a sodium chloride
electrolyte and at the excessively large time of 20 h. THe different
electrolysis times allowed makes the comparison between electrolyte
performances difficult. In this case the current applied was relatively

low and an estimation of the electrode area was not provided.
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2.2.6 Effect of pH

The effect of pH on the oxidation potential of phenol has been

reported (23). The results of this polarographié study are répresented
in Fig. 3.
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Fig. 3. Hélf—wave potential vs,pH; for the oxidation o
4 x 1074 M phenol (23). :

The half_wave potential is defined_as_thé_pptential on a polaro-
graphic'cufve whgh the curreﬁt is eqﬁal.;o'bné hglf the maés ; tranéfér
limiting current (31). )

It can be observed that the.half wave poéentiai decreases when
bgoingrfrom acid t§ baSic’soiutiOns and evéntuail§ stébiliZésfat a éonstanﬁ
value for a pH equal to the 2 (1ogérithmic of the dissociation constant
of phenol), _At“pH_=_pKd éli the bhenol will be ‘in thé=ioﬁiz¢d,form,fcr 
in other words, protonation will be negiigible; ' fhis means that a high
pH makes the phéﬁol ¥Ore'easily oxidizable as far as poteﬁtial require-
ments ‘are cdnéerned.

The effect of pH on the faté'of»phenol oxidation is not well docu-

mented. In reference (17), it was concluded that the velocity of

oxidation was practically indepéndent of pH of ‘the solution in the range - -
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of pH 6 to 9, in absence of chloride ions. However, when the pH was
changed to11.9 a rapid increase in the optical density of the solution
was reported, which Qas explained by an increase in the concentration of
hydroquinone. However, phenol or C.0.D. analyses were not reported in
this case.

In the study by Tarjanyi et al (18) the effect of pH can not be
isolated from the data (Table 3). No definitive results could be found
in the reviewed literature about the effect of pH on the further oxidation
of intermediate products. Fichter (13) suggested that in alkaline solu-
tions the primary products of the oxidation would probably be the same
as in acid media, but that p-benzoquinone would be unstable at high pH

and more easily oxidizable by the atomic oxygen.

2.3 The lead dioxide electrode

Two types of lead dioxide commonly exist. These differ according
to the crystal structure. 0-Pb0y is orthorombic and B-PbO, is tetragonal.
Each variety can be prepared substantially free from the other under
carefully controlled conditions (32).

Lead dioxide never conforms exactly to the stoichiometric Pb0p
formula, an oxygen deficiency is always detected (33), with a-PbO,; tend-
ing to show a lower oxygen content.

Contrary to most metal oxides, lead dioxide is a good electronic
conductor, and is better in fact than lead itself (26). It is believed
that the high electrical conductivity may be connected with the oxygen
deficiency in the lead dioxide st?ucture (32).

Potential-pH diagrams (or Pourbaix diagrams) show the regions of

)

thermodynamic stability of lead and lead compounds (34). From thermo-

dynamic predictions lead can be used as an anode at high electrode
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potentials for pH values between O and 12 without appreciable corrosion.
Under such conditions the metal will be covered with a layer of PbOj.
Delahay et al (35) have constructed the potential-pH diagram for
lead in the presence of sulfate ions (1 g-ion/1). Many electrode
reactions are thermodynamically'possible at different potentials and pHs.
From these, the most studied reactions are those that form the basis of

the universally used lead acid storage battery,

PbO, + 2e + 4HT + sou'2 2 PbSO, + 2 HpO0 V°® = 1.685 [R17]

AN

Pb + soL,"2 Z PbSO, + 2e V° = -0.356 [R18]

The reactions occur in the indicated direction during discharge and in the
opposite direction during charging (23).‘ It is well known that the mech-
anism of discharge of Pb0, in the presence of excesé sulfate involves

- blocking of the PbO, surface with a deposit of PbSO, (32). These reac-
tions may also be of importance in the oxidation of phenol in sulphuric
acid media.

The suitability of lead dioxide as an anode material has been known
for many years. It is clear that lead dioxide is able to withstand
prolonged high anodic potentials more effectively than graphite (which
undergoes degredation). Also, lead dioxide possesses a relatively high
oxygen overvoltage (10,36) of the same order of magnitude as platinum
and is much cheaper.

Preparation. Lead dioxide can be prepared as a coating on lead by
anodization, or deposited onto other metals by electrodeposition;

a) Anodization. The most conventional anodization method is to
put the lead in contact with an aqueous HpSO, electrolyte and provide a
flow of current until oxygen evolution is plainly Qisible, and the grey

lead has acquired the characteristic black deposit of lead dioxide (26,33).
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It is well known that oxygen is evolved from a lead anode only when a
layer of lead dioxide has been laid down (32). After anodization, the
electrode should not be left in contact with sulfate ions to avoid losses
by reductive processes (Reaction R17) and should be used as soon as
possible (26).

Some authors (37,38) have postulated that a shortcoming of the
preparation of Pbbz by anodization of Pb is that a solid phase reaction
occurs between the Pb0O, and the underlying Pb to produce the less con-
ductive PbO,

PbO, + Pb Z 2 PbO [R19]
However, another study (39)'reports that the only products of the anodi-
zation of lead in H3S50, observed by x-ray diffraction, were a-PbOy,
B-Pb0, and PbSO,, but no PbO was detected, even after several weeks of
storage of the electrode in the dry state. In the same study a mechanism
is proposed for the anodization of lead. .First, PbSO, is formed from Pb
at the Pb/PbSO, potential, and later when the potential rises to the
oxygen overﬁotential value, the PbSO, film transfbrms to B-Pb0; and the
underlying grid metal is converted directly to a-PbO,.

It has been reported (36) that anodized lead can not tolefate the
presence of chloride ions whicﬁ cause it to disintegrate.

b) Electrodepositioﬁ. There are several methods for the electro-

deposition of PbO, on inert metals from electrolytes containing lead.
Some of the methods are summarized in reference (32).

PbO, has been deposited on nickel, tantalum, platinum, carbon, or
graphite. Most other metals are unsuitable because of their inherently
easy oxidation (26). Several types of electrolytes have been used for

the deposition of Pb0O,, and of these, lead nitrate has been found to give
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the best deposits (40).

The largest producers of commercial electrodeposited lead dioxide
anodes in the world are Pacific Engineering and Production Co. of Nevada
and Sanwa Chemical Co. Ltd., of Tokyo, Japan.

Since the breakthrough by Pacific with a lead dioxide coated graphite
anode, the greatest interest for PbO, formation has been shown in the
electrodeposition process (36). The electrodeposition on graphite uses
a lead nitrate electrolyte in acid media as described by Gibson (41).

The tetragonal B-Pb0Oy is the form found in the commercial anodes
produced from acid lead nitrate baths. The o-form is less common and can
be deposited from alkaline solutions (26,36).

Unlike the anodized lead, the electrodeposited PbO; can operate
effectively in chloride concentrations close to saturation. In fact
the lead dioxide anodes produced by Pacific and Sanwa Co. are in use for

perchlorate manufacture. '



CHAPTER 3
OBJECTIVES

The aim of this work was to study the electrochemical oxidation of
phenol for waste treatment applications. A packed bed anode was
selected because it provides larger electrode surface areas per unit
cell volume compared to a simple flat plate electrode. This is partic-
ularly dimportant where dilute solutions are to be treated.

The research reported here includes the design and construction of
equipment to carry out the process and an experimental study of the
effect of important operating variables. These variables include type of
lead dioxide anode (anodized lead versus electrodeposited lead dioxide),
cell configuration (divided or undivided cell), type of‘ion—selective
membrane (anionic or cationic), current applied, pH of the electrolyte,
conductivity of the electrolyte, phenol concentration, flow-rate, and
particle size. Lead dioxide was selected as the anode material to carry
out this study for the reasons given in Chapter 2.

The performance of anodized lead and electrodeposited lead dioxide
is compared in terms of phenol oxidation but also some tests were made
to compare them in terms of corrosion resistance.

The use of a divided or undivided cell is of importance; since it
may completely change the reaction mechanism for the further oxidation
of intermediates. There is little information in the literature on

such effects.

29
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The electrolytes to be used for the oxidation of phenol consist of
mixtures of NasSOy and H;SO, or NasSOy and NaOH, to be able to vary
independently pH and conductivity of the electrolytes.

From the point of view of waste treatment, it is of interest to
determine what fraction of the phenol is converted to carbon dioxide,
or how much organic carbon remains in solution after the electrochemical
treatment. Therefore, the effect of the important variables is reported
not only in terms of phenol oxidation but also on the total organic
carbon (T.0.C.) oxidation. In the reviewed literature no T.0.C. analyses
have been reported. In some cases chemical oxygen demand (C.0.D.) have
been reported. But this is not an adequate technique of analysis in the
case of aromatic compounds (42).

Relatively low phenol concentrations are used in this study (up to
1100 mg/l) in order to'investigate the process until practically total
phenol oxidation is achieved for the range of operating conditions of
the experiments.

A batch-recirculation system was selected as the operating mode to
study the effect of some of the variables. Once the system was better
understood and controlled, some experiments were performed in the contin-
uous mode.

Finally, the experimental fractional conversions of phenol are com-
pared with the mass transfer model for a batch recirculation operation,
ana a simplified model including electrochemical reaction control is
presented in order to analyze the data from the continuous experiments

and -.compare the mass transfer and electrochemical reaction resistances.



CHAPTER 4

EXPERIMENTAL APPARATUS AND METHODS

4.1 Apparatus

4.1.1 Cell design

The electrolytic cell consists of a stack of elements arranged in
series and compressed by a clamp mechanism. | This flexible design is
used because it permits the assembly of different arrangements (divided
or undivided cell) and simplifies work with electrode materials.

a) Divided cell

A side view of the divided cell arrangement is shown in Fig. 4.
Basically, the cell consists of two flat plates, the anode and cathode
current feeders, which are in contact with the anodic and cathodic
packings. Both packings are contained in 3 mm.thick slotted neoprene
gaskets and are separated from each other by an ion-selective membrane
which prevents the mixing of the anolyte and catholyte. The cathodic
packing is used to prevent the membrane from sagging due to the weight
of the anodic packing.

The anolyte and catholyte inlets are located at the bottom of the
cell and the outlets at the top, to facilitate the exit of the gases
that will be produced during the electrolysis. Two different kinds of
lead dioxide anode plates are used in this study: anodized lead sheet
and electrodeposited lead dioxide on graphite plate.

In the case of the anodized lead electrode the current feeder plate
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a 1.6 mm thick neoprene insulator

b = 1.6 mm thick cathodic feeder plate
(s.s. 316 plate)

c 3 mm thick slotted neoprene gasket
containing cathodic packing

d ion selective membrane against
protective plastic screen (variable
thickness)

e 3 mm thick slotted neoprene gasket
containing anodic packing

f = anodic current feeder:

3 mm thick lead plate, or
lead dioxide coated graphite plate
3 cm thick

Fig. 4. Side view of the general divided-cell arrangement. (no scale)
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was cut from a 0.3 cm thick lead sheet. The detailed front and side
views of the anode chamber when using such electrode are shown in Fig. 5.
A neoprene gasket>determines the cross sectional afea of the feeder plate
that will be transporting the current. The side view shows that an
extra stainless steel plate is used mainly to facilitate the welding of
the inlet and outlet connectors to the cell and also to give more strength
to the lead sheet. The front and side views of the cathode chamber are
the same as the anode chamber, except that the thickness of the s.s. 316
cathode feeder was 0.16 cm.

The electrodeposited lead dioxide on graphite plate was obtained
from Pacific Engineering Co. The total thickness of the plate is 3 cm
and the thickness of the lead didxide.coating on each side of the graphite -
. is 0.2 cm. Some modifications had ﬁo be made to the origihal'cbmmercial
electrode to adapt it to the cell désign being»qsed. . The final front
and side views of ‘the electrodedeposited PbO; anode are shown in Fig. 6?
To avoid possible-cracking of the Pb0O, coating,nthe.electrode-was left
"with its original width of 15 cm.

A modifi¢a£ién kad to bé made in order to introduce the electrolyte
flow through thé graphite coated plate. . A defail of the connection
‘adapted 1is showﬁ in Fig.:7. THe‘éiegtroiyte‘nevgr.éqmes.iﬁ contact with
ﬁhé graﬁhite baée'plaﬁé‘becaﬁsé'fhennyibn cénnectibﬁAQAS'insﬁlatédbBy.:;
meaﬁs éf a neoprene washer. t This type of connééﬁion ﬁrévéﬁts cbrro#ion L
of the graphite base and eventual deterioratioﬁ of the lead dioxide iéYér.'

Some fundamental specificationsof the different elements of the cell
are given'in Table 4. The dimensions of the anode and cathode chambers

were never changed, but different sizes of anodic packings were used.

The. cathodic packing consisted of several stainless steel-304 screens - -
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TABLE 4

FUNDAMENTAL SPECIFICATIONS OF THE ELECTROLYTIC CELL

Dimensions of the anode and cathode chambers:

Length = 38 cm
Width = 5 cm
Thickness = 3 mm
Anodic packings: Particle size (mm)
lead shot (to anodize) 2
electrodeposited lead dioxide 1.7-2.00
0.7-1.1

Cathodic packing:

stainless steel-304 screens (20 X 20 mesh)
cross sectional area of the screens (38 x 5)cm?

Membranes:
cationic: IONAC MC 3142
IONAC MC 3470
NAFION 127
anionic: IONAC MA 3475

Protective screens:

saran
polypropylene
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(20 mesh) cut to the size of the cathode chamber (5 x 38 cmz) and joined
so that the total thickness of the packing was 0.3 cm. The different
ion selective membranes tested in this stﬁdy are listed in Table 4,
along with the protective plastic screens. The properties and charac-
teristics of these materials as supplied by the manufacturers are given
in Appendix 1.

A detail of the mechanism used to compress the various parts of the
cell is given in Fig. 8. It consists of four mild steel square tubes
which are welded to six C-clamps (Jorgensen, Style 81). The cell is
introduced through the upper part of the press mechanism, and once the
C-clamp screws are tightened, the four square tubes compress the neoprene
gaskets, providing an effective seal for the cell. This versatile
press design permits variations in the thickness and width of the cell
materials within a certain range, and also can be rapidly opened and
closed.

b) Undivided cell

A side view of the undivided cell arrangement is similar to that
represented in Fig. 4, except that the ion selective membrane and the
cathodic packing are eliminated and the inlet and ouflet of the cathode
side are closed by using a cathode feeder plate without holes. In this
case, only a plastic screen (saran or polypropylene) is placed between the
anodic bed and the cathodic feeder plate.

4.1.2 Flow diagram of the apparatus

Figure 9 is the schematic flow diagram. Equipment specifications

are given in Appendix 1.

Two main flow circuits exist. At the right hand side of the electro-
y :

lytic cell is the anolyte flow circuit. Pump PU-1 delivers the anolyte
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Legend for Fig. 9.

(P.S.) Power supply (D.C.)

w) Voltmeter

(E.C.) Electrolytic cell

(T-1) Anolyte tank (contains phenol solution)
(T-2) Anodization tank

(T-3) Catholyte taﬁk

(T-4) Washing tank

(PU-1) Anolyte pump

(PU-2) Catholyte pump

(R-1) Anolyte rotameter

(R-2) Catholyte rotameter
(p-1) Anolyte pressure and temperature gauges
(p-2) Catholyte pressure and temperature gauges

(F-1) Anolyte filter

(F-2) Catholyte filter

(GL-1) Gas—liqdid separator for the anolyte
(GL-2) Gas-liquid separator for the catholyte
(v-1) Anolyte tank shut-off valve

(v-2) Anodization tank shut-off valve

(v-3) Catholyte tank shut-off valve

(V-4) Washing tank shut-off valve

(V-5) Anolyte flow control valve

(V-6) Catholyte flow control valve

(v-7) Cathode chamber pressure-control valve
(v-8) Liquid sample valve

(V-9) Liquid level control valve in GL-1

(v-10) Liquid level control valve in GL-2
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from tanks T-1 or T-2 to the anode chamber. The liquid flow rate is
controlled by adjusting valve V-5 and is measured with rotameter R-1.
Pressure and temperature of the anolyte at tﬁe entrance of the anolyte
chamber are measured in P-1.

Filter F-1 1is located at the outlet of the anode chamber, to
collect small particles that might be withdrawn from the cell, thus
protecting the pump from damage. This glass-wool filter serves also
to agglomerate small gas bubbles produced in the electrolysis into bigger
ones to facilitate the gas liquid separation in GL-1.

The gas-liquid mixture enters at the bottom of the gaé—liquid
separator GL-1 in which a bed of glass beads provides extra agglomeration
surface for the gas bubbles. Valve V-9 controls the liquid level at the
outlet of GL-1, to ensure that gas bubbles are not carried out with the
liquid flow. This would result in a progressive accumulation of gas in
the anolyte line which may affect the results of the experiments. The
gas is then released at the top of GL-1 andbthe liquid flows towards the
feed tanks (T-1 or T-2) to be recycled to the cell. The dotted line
represents the recycle line when the anodization tank T-2 is in use.

Valve V-8 serves to collect liquid samples after passage through the cell.

The flow diagram corresponding to the catholyte circuit is basically
analogous to the anolyte circuit above described. Valve V-7 serves to
control the pressure in the catholyte chamber, providing pressure equal-
ization at both sides of the membrane, thus avoiding too high pressure
differences between the anolyte and catholyte chambers that may result
in membrane breaking.

When the cell was assembled with only one chamber, only the anolyte

circuit was used. The catholyte circuit was eliminated by closing the
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catholyte inlet and outlet to the cell.
The cell was powered by a 1 KVA D.C. power supply (Appendix 1).
The cell current was read from the power-supply meter, and the voltage

drop across the electrodes was measured independently.

4.2 Experimental methods

4.2.1 Batch experiments

The experimental procedure is described for the more complicated two
chambers-cell operation, since the one-chamber cell operation can be
considered as a particular case of the first.

a) Anodization process

Before each experiment, the lead electrode was anodized by electro-
lysis in 20% H,SOy (43), to ensure that the anode was equally active
before every run.

Valves V-1 and V-4 were shut off -and tanks f—2 and T-3 were filled
with a 20% H,S0, solution. The D.C. power supply was turned on. Valves
V-2 and V-3 were then opened and both pumps, PU-1 and PU-2, were activated
at the same time. About 2 £ of solution coming out from the gas-—liquid
separators was withdrawn at each side to purge the system before the
anolyte and catholyte flows were recycled to tanks T-2 and T-3 respectively.
Five g of H»SO, solution remained in each tank for the anodization process.
Immediately the current was adjusted to 10 A (c.d. = 526.3 A/m?) and the
liquid pressures in both chambers were equalized by adjusting valve V-7.

When lead was to be anodized for the first time, a 12 h anodization
time was allowed, but for successive experiments the standard anodization
time was 1 h. (Choice of the anodization time was justified experimen-

tally, as shown in Chapter 5.) After anodization, both pumps were
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simultaneously turned off and valves V-2 and V-3 were closed. Then,
tanks T-1 and T-4 were filled with distilled water and connected to.pumps
PU~-1 and PU-2 respectively. The cell was washed until the current
dropped practically to zero and the potential difference through the cell
increased indicating that essentially no electrolyte was contained in the
cell.

b) Phenol electrochemical oxidation process

After the cell was thoroughly washed, 8 £ of anolyte solution were
prepared in tank T-1. The concentration of phenol, the pH and the con-
ductivity of the anolyte were set to the desired levels by adding the
necessary volumes of stock solutions of phenoi, NaOH or H,SO,, and
Na,50,, which had been previously prepared. The tank was well agitated
before the initial sample was taken, and pH and conductivity were measured
and readjusted if necessary.

An equal volume of catholyte solution was then prepared in tank T-3
and conductivity and pH were measured. Anolyte and catholyte data are
recorded for each experiment in Appendix 2.

Tanks T-1 and T-3 were connected to the corresponding pumps and flow
rates of anolyte and catholyte were set by adjusting valves V-5 and V-6
respectively. Pressure equalization was provided adjusting valve V-7.
Immediately the current was set at the desired value.

As the operating conditions were being set 3 £ of the solutions
coming out from the gas liquid separators were discarded in order to purge
the system and also to provide some time for flows and current stabiliza-
tion. At the moment the liquids were recycled to tanks T-1 and T-3, 5 &
of electrolyte remained in each tank. The electrolysis time was

measured from the moment when the anolyte was recycled to tank T-1.
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Thirty ml samples were taken in intervals of ‘15 min for phenol analysis
by opening valve V-8. When the usual electrolysis time of 2 h was com-
pleted, the céll was washed with distilled water while the current'was
still flowing to avoid reduction of the Pb0O, anode.

The samples were first analyzed for phenol and T.0.C. and later pH
and conductivity were measured, to avoid possible coutamination of the
samples when introducing the pH and conductivity probes.

4.2.2 Continuous experiments

Some experiments were carried out in the continucus mode (without
récycle), fo test the effect of varying flow on phenol oxidation in a
single pass through the undivided cell.

The,electrode pretreatment or anodization was carried out by the = =
standard method of electroiysis Qith 20%Z H5S80y at 10 A for 1 h.- .In
this'case the phenol solutioen to be tfeatéd was prepared in-fhe same
manner described previously but the-total.volume:of the4elecﬁrolyte in
tank T—i was 20 L. | |

After the initial electrolyte sample was taken, and conductivity
and pH were measuréd and'adjuSted to the desired value;, the D.C. power
supply was turned on,‘énd_the électrolyte_ﬁas fed to the cell. A
liquid flOﬁ.rate was thenvfixed‘By.adjusting.valve V;S, and ﬁhe'desired
cu?rént was'éet. Foﬁrulvof eleetrolyte weré»withdfawn'atAﬁhe-dutlét of ..
CL-1 before thevfirst sample was taken, to ensure stabilization of the
procéés. A different flbw rate was then set up and the same procedute
repeated, until thé 1iquid flow rate range provided by rotameter Rél was
cdvered.

In Appendix 2 the experiments are diﬁided by groups according to

cell assembly and operating mode.
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4.3 Analytic techniques

The samples taken at the outlet of the cell were analyzed for con-~
centrations of phenol, total organic carbon, and in some cases, lead.

4.3.1 Phenol analysis

Phenol concentrations in the samples were determined by gas chroma-
tography using a flame ionization detector. The analytic equipment
specifications and operating conditions used are given in Appendix 1.

Standard phenol solutions ranging from 0-116 mg/l were prepared by
pipetting from the same phenol solution used to prepare the electrolyte
for the experiments. Copper sulfate was added to the standards to an
approximate concentration of 1 g/l to preserve them from possible bio-
logical degradation (42).

‘Phenol peaks were thin enough so that the estimation of the area
below the peak was not necessary, and peak heights could be used.

Before the analysis of the samples from each run, the phenol standards
were always injected and the calibration curve of peak heights vs phenol
concentration was constructed.

Standards and samples were injected until the variation in peak
height was not more than 2-3%. This means that when the recorder full
scale corresponded to about 100 mg/l the maximum allowed variat%Pn repre-
sented * 2 mg/l, and the recorder detectability was 1 mg/l/division.

No peaks other than the solvent and phenol peaks were observed, in
other words no interference of the phenol oxidation products was detected
in the G.C. analysis. Phenol detention time was approximately 30
seconds.

All the samples were analyzed on the day of the experiment, even

though it was shown that the concentration of phenol in the sample did
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not .vary after one week of storage.

For those experiments performed at phenol concentrations higher
than 100 mg/l the samples were diluted by the necessary factor in order
to work with the same standards and detectability.

4.3.2 Total organic carbon analysis

All total organic carbon analyses were carried out on a Beckman
analyzer in the Civil Engineering Department. Basically, the total
organic carbon analyzer consists of two furnaces: the total carbon
furnace and.the inorganic carbon furnace.

The total carbon furnace operates at a temperature of 1000°C to
convert all the carbon contained in the sample to carbon dioxide. The
inorganic carbon furnace operates at 150°C to convert only the inorganic
carbon contained in the sample to carbon dioxide. The amount of carbon
dioxide thus produced’is detected in an infrared analyzer (44).

The total organic carbon (T.0.C.) in the sample is calculated by
subtracting the inorganic carbon from the total carbon, therefore two
different calibrations are required, one for each channel. The stan-
dards used for the total carbon analysis were the same phenol standards
used to calibrate the chromatograph. Carbon content ranged between
0-90 mg/1. Before the analysis of the samples from each run, the total
carbon standards were injected and the calibration curve peak height vs
mg/1l carbon constructed. Variations in peak height in succéssive injec-
tions of a certain sample never exceeded 2%.

The inorganic carbon standards were prepared from a stock solution
of NayCO3 and NaHCO3 containing 1000 mg/l of carbon, so that the inorgan-
ic carbon in the standards also ranged between 0-90 mg/l. After the

calibration curve of mg/l inorganic carbon vs peak height was constructed,
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the samples were injected in the inorganic channel. Again maximum vari-
ations in peak height for a same sample were of the order of 27%.

Knowing that phenol contains 0.7657 g ¢/g phenol, it is possible to
compare the phenol concentration obtained by gas chromatography with the
concentration calculated from the T.0.C. analysis, for the initial samﬁle.
Deviations between both analysis were usually in the range of 2-37% which
gives confidence in the analytical results.

All the specifications and operating conditions of the T.0.C. anal-
ysis are given in Appendix 1. The phenol standards for T.C. analysis
showed no alteration after one month of storage when compared with fresh
standards, and the samples from one experiment did not show variation in
the T.0.C. analysis after one week.

4,3.3 Lead analysis

To test electrode corrosion, the samples from some of the experiments
were analyzed for lead using atomic absorption spectrophotometry.

Lead standards were prepared by diluting a stock solution containing
1000 mg/1 of lead. The range of concentrations of the standards was
chosen according to the lead content of the samples.

The specifications of the atomic absorption apparatus used and its

operating conditions are given in Appendix 1.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Electrode materials .

Some preliminary experiments were performed to test possible
electrode materials before starting to investigate other variables
affecting the process. Results are given in the table for each run in
Appendix 2.

The anodized lead electrode was tested in experiments group No. 1.
Runs 1-1 and 1-2 were carried out to test the effect of anodization time
on T.0.C. removal. The results showed that 1 h and 12 h anodization
times produced approximately the same 7 T.0.C. removed vs time. This
indicates that 1 h anodization time is probably sufficient to coat the
lead shot with a layer of PbO;. After each of these runs the electrode
showed a fairly uniform bfown coating. It is probable that the coating
is thicker for the longer anodization time.

After the anodization period and while the cell was being washed
with distilled water, the liquid at the outlet took on a brown colour as
if some fine particles from the electrode surface were entering the water.
Therefore it was considered necessary to test for lead coﬁcentration in
solution. A series of tests were carried out to investigate what
governed the presence of lead in the énolyte.

Experiments 1-4 to 1-8 were performed under different electrolyte

concentrations and pHs. The results are summarized on p. 122. In all

49
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these runs the concentration of lead in the anolyte tended to decrease
with time, indicating that the corrosion rate is probably higher when the
electrode first coﬁes in contact with the sblution; Also, the lead iomns
are able to pass to the catholyte chamber through the cation-membrane
therefore reducing the lead content of the anolyte. (The pH changes in
those runs occurred spontaneously as will be explained in the next sec-
tion.) |
In Run 1-4 the electrolyte (5 g/l NaOH) was recirculated through the
cell without an applied current and it produced the highest maximum con-
'centration.of lead in solution (140 mg/l). Later this run was repeated,
except that a potential difference was applied before the electrolyte was
fed to the cell. ‘The maximum amount of lead in solution was.2;7 mg/1.
.ﬂfhis observation is in agteement with the potential—pH diagram for lead
which indicates that Pb0O; is thermodynamically stable at positiVe’ornf
anodic electrode pctentials with respect to the'hormal;hydrogen"electrodé.
Runs i—S énd 1-6 showed that. at the same initial pH of 9.8 fhe maximum lead
. concentration was 4.2 mg/l when working at 30 g/l Na,SO,, and it was-1.7 .
-mg/1 when working with a 5 g/1 Na,SO, electrolyte.
| At‘thé same cOﬁéentration of Na,S0, (30 g/l) the aﬁountvof igad in
soiution was Higher-at higﬁér.initial fo(Ruﬁé 1—6; 1-7 and-lfS.;espec~_
tively). vAh-éttempt was made -to study tﬁe4response.6f-the anodized iead
electrbde under a 5 g/l NaCl electrolyte (Run.lfB); | It was not'posSible-ﬁ o
to finisﬁ the”experiméﬂt because the zlectrode coating bégan'to.dissolve |
rapidly, and as a result the'anolyte pressure increased and the voltage
drop decreased. When the cell wa; opened the electrode had lost its
- brown coéting,'showing the underlying gréy lead, and the membrane was

covered with a deposit of some lead compound.
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The performances of anodized lead and electrodeposited PbO, can be
compared from Runs 1-9 and 2-2 respectively. Both experiments were per-
formed under the same experimental conditions, the same cationic membrane
(IONAC MC-3470) and approximately equal voidage fraction (0.6). The
results are represented in Fig. 10. The curve for 7 phenol oxidized vs
ﬁime when using the electrodeposited PbO, electrode is above that curve
corresponding to the anodized lead. The 7% T.0.C. removed vs time curves
are practically coincidental for both electrodes, but the maximum con—
centration of lead in solution was about ten times higher in the case of
the anodized lead.

Scanning electronmicrographs of the electrodeposited PbO, particles
are shown in Fig. 11. Lead analyses are reported in many other experi-
ments, (experiments Groups 2 and 3) where electrodeposited PbO, was used.
In each case the maximum lead concentration was lower than 0.4 mg/l, and
tended to zero towards the end of the run. The only exception was found
in Run 2-3 where no current was applied and the lead concentration built
up, reaching 2 mg/l after 90 minutes.

Scanning electron micrographs of the anodized lead particles (Fig.
12) show that flaking of the PbO, film occurred. Once the electrode
flakes are carried out from the cell they would dissolve more easily in
the absence of the applied anodic potential.

The anodized lead electrode could become more resistant to corro-
sion after successive anodizations or after long periods of use. Also
it is possible that its resistance to corrosion could be improved by
anodizing the lead very slowly using more dilute HpSO, solutions, lower
current densifies and longer anodization times. .This might prevent the

formation of cracks (where corrosion probably starts) that result from a
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pgrhaps too strong anodizing .action.

An attempt was made to test a packed bed nickel electrode at pH = 12
and 10 A, but in fwo hours the voltage drop through the cell increased
considerably and after opening the cell, it was observed that a precip-
itate was plugging the bed and covering the membrane.

Tungsten carbide (WC) particles were also tested at pH = 12 and
10 A. The anolyte tcok a grey colour indicating dissolution of the elec-
trode and the total carbon test revealed increasing amount of carbon in
solution.

From these preliminary tests it was concluded that the electro-
deposited Pb0O, was the most convenient chcice to carry. out the remaindgr
pf the-éxpériments-becausevof its better corrosion resistance and its

- higher 7 phenol oxidation when compared to the anodized lead.

5.2 Effect of‘pﬁ ﬁsing the divided cell

Becéusé'bf fhe.lack of information in the literéturé about phenol
electrooxidation in alkaliﬁe electrolytes, the effect of>a basic pH
range was investigated first usiné.thé dividea.celi. “.Befofe Aiééﬁééing
the effect of-pH on thé electrooxidatioﬁvof phenol; it is nécessary'to
consider some important obséfvations abcﬁt the pH behaviour in the
‘divided cell. - | |

vUSing the cation nembrane MC-3470 which iébéuitablé for a1kaliﬁe
‘electrolytgs, the anolyte phenol coﬁcentration wés'set ét‘loo mg/l aﬁd
the pH was adjusted to 9.4. it was observed that after 15‘min the pH.
of the sampie at the outletAof.the éell had‘dropped”to.abéut 3, when
werking at lOHA (Run 2-2, Fig. 13). vLater, the same experimental con-

ditions as in Run 2-2 were repeated but without phenol being present and
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the same pH drop was observed. Thus, the pH drop appears to be due to
side reactions of oxygen evolution, and not to production of an acid
from phenol oxidation.

What probably happens is that the hydroxyl ions are discharged
first at the electrode, and then the mechanism of oxygen evolution
‘changes (Reactions Rl or R2) producing hydrogen ions. If the rate at
which the hydrogen ions are produced is higher than the rate of trans-
port through the membrane, the net effect is a progressive increase in
the concentration of hydrogen ions, which would result in the observed
pH drop. This would also explain why the electrolyte conductivity
increases towards the end of the run and as a result the voltage drop
through the cell decreases (Run 2-2). '

If the side reactions of oxygen evolution are responsible for the
observed pH behaviour, it follows that the pH response must be related
to the current because the rate at which the side reactions occur will
ultimately be determined by the current applied. The pH response was
then compared at different currents (0, 3, 6, and 10 A) with all the
other experimental conditions held constant. The pH vs time curves
are also represented in Fig. 13.  When working at 6 A (Run 2-5) the pH
dropped from 9.4 to 3.7 in 15 min, showing the same tendency described
previously for Run 2-2. A lower current of 3 A (Run 2-4) produced an
unexpected result. In 15 min the pH of the sample at the outlet of the
cell had increased from 9.4 to 11.7. The same behaviour was observed
when the solution was recirculated without 'any current applied (Run 2-3).

Two possible explanations are proposed for this effect. Since the
membrane used in these experiments was the cationic MC-3470, theoretic-

ally it only allows the transport of positive ions but as the ionic
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selectivity is not 100%, it is possible that a certain amount of hydroxyl
ions passed to the anolyte from the alkaline catholyte, therefore raising
the pH. Another possibility is that the pH increase is associated with
a lead dioxide reaction. This would explain why a potential difference
was detected without an applied current (Run Table 2-3) and the lead con-
centration was building up during the run. In other words, the electrode
may have behaved as in the lead battery where the PbO, reduces in the
presence of sulphate ions generating a flow of current (Reaction R17).

! In order to ensure that the different pH changes observed were
associated with the applied current, during Run 2-4 the current was
suddenly changed from 3 to 10 A, after 90 min and again the pH dropped
from 11.8 to 3.8 during the next 15 min, following the same behaviour
observed in Runé 2-2 and 2-5 (Fig. 13). The effect of pH-current
changes on the rate of phenol oxidation is shown in Fig. 14.

When comparing the % T.0.C. removed in Runs 2-2, 2-4, and 2-5, it is
observed that the three curves tended to a 17% T.0.C. removed in 90 min,
but when the current was changed in Run 2-4 from 3 to 10 A, a higher
percent of the carbon was oxidized in the interval from 90 to 120 min
(Fig. 13). The most probable reason for this difference was the higher
pH observed at 90 min in Run 2-4. This was the first indication of an
enhancement of T.0.C. removal at high pH.

To investigate if there was any difference in the pH respoﬁse when a
different cation membrane was used, experiment 2-8 was carried out.

Using the NAFION-127 membrane, starting at pH = 12 and 10 A the pH
dropped even faster than in Run 2-2 (Fig. 15). After 15 min the pH had

dropped from 12 to 2.

In Run 2-10 the pH was kept in the basic range for a longer period
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of time, by starting at a pH of 12.8. As shown in Fig. 16 the pH
started to drop after 45 min, and went from 12.2 to a value of 2.2 in
the next 15 minutes.

In the same figure, it can also be observed that the oxidation of
phenol is severely limited by a highva. At 15 min and pH = 12.7 (Run
2-10) only a 10%Z of the phenol had been oxidized, whereas at pH = 2,65%
of the phenol had already been oxidized after the same time (Run 2-9).
On the other hand, the curve for Z T.0.C. removed vs time corresponding
to the high pH run is above the % T.0.C. curve corresponding to the low
pH run.

It should be noted that the pH is measured at the outlet of the
cell, and when the pH drop is recorded there must be a pH profile within
the cell (higher pH at the entrance), and a variable pH in the recircu-
lation tank. This makes the interpretatioﬁ of the results more diffi-
cult, but still there is a definite enhancement in T.0.C. removal at
high pH.

These experiments indicated that an optimum pH sequence would be a
low pH at the beginning of the run, favouring phenol oxidation, and a
high pH at the end, favouring T.0.C. removal. This idea suggested that
an anion selective membrane could provide precisely such an optimum pH
sequence. If the transport of hydroxyl ions from the NaOH catholyte,
and through the membrane were sufficient to produce a pH increase from
about 2 to 12, during the course of a run, at a given current, an optimum
type of run could be possible. |

With this objective, several preliminary tests were performed with
the anionic membrane IONAC MA-3475. In Fig. 17, Run 2-11, it is observed

that the desired increase in pH indeed occurs, and at 30 minutes 907 of
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the phenol had been oxidized, before the pH started to increase. When
the pH increase was produced, the T.0.C. started to be oxidized at a
higher rate than in Run 2-10.

It should be noted that in the high pH range the oxidized érgénic
carbon remains in solution in the form of inorganic carbén (e.g., Run
2-11) probably carbonates, due to the higher solubility of carbon
dioxide in alkaline solutions.

Particularly interesting colour changes were observed during these
experiments. The electrolyte at the outlet of the cell showed a brown-
reddish c§lour when the pH was alkaline (higher than 9.4), and in those
runs where the pH.dropped spontaneously, the colour changed to light
yellow.  For example, in ﬁuh 2—10.fhe.ele¢trolyte took a deep brown-

. reddish qélour until 60 min' and when the pid drop:was produced,vthe outlet
showed the light yellow colour while tank ﬁas still brown. These :colour
y'reactigns,lwhén-phe pH was cﬁanged; weregalso pbsefved in.é pufe bénzo—.J-v

quinone solution, prepared for comparison.-

5.3 Effect of current using the divided cell

. In experiments 2-3, 2?4, and 2-5, current and pH were dependent
ﬁariables aﬁd theréforé fhe uniqué effect of thé current. can not be
éﬁalyzed éeparately.- Hdwever,Ain'Fig. 13 it'can bebéeen that the rﬁns 
at 6 aﬁd 10 A showéd.approﬁimately éimilér pH dréﬁs,énd.theréf§re the
current effect can be coﬁpafed. The % T.0.C. removea vé,time'curveé;
'fo;'those pwobruns are practically coincidental. - -

- From fig. 14 it is.ofserVEdbthaf at iO A and 15 min; i2% mdre of.the
phenol had begn oxidized than at 6 A.. At 10 A, total phenol conversion

was-échieved in 90 win, but at 6 A, 120 min were necessary to oxidize .the
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phenol completely.

Two runs were carried out with the cationic membrane MC-3470 to
study the effect of the current without significant pH changes (Runs 2-6,
2-7). The results are plotted in Fig. 18, where it is observed that the
% phenol oxidized vs time curves are very close and total phenol conver-
sion is achieved at 75 min for both currents. However, the T.O0.C.
analyses revealed that at 20 A, 47% of the carbon had been oxidized to
carbon dioxide in 120 min, whereas at 10 A only a 12% had been oxidized

during the same time.

5.4 Comparisons of membrane performances

The performances of cationic membranes IONAC MC-3470 and NAFION 127
can be compared from Runs 2-6 and 2-9, both at 20 A and pH = 2. The
results are plotted in Fig. 19. The 7% phenol oxidized vs time curves
showed that when using the IONAC MC-3470, about 777% of the phenol had
been oxidized in 15 min versus 65% when using NAFION-127. But at 75 min
total phenol conversion had been achieved with both membranes. The %
T.0.C. removed vs time curves are very close but not exactly coincidental.
At 120 min, 107 more carbon was oxidized in the run with IONAC MC-3470.

The anionic membrane MA-3475 gave the best performance as far as
T.0.C. removal is concerned, because it provides the favourable pH
increase as described previously (Fig. 17). In 15 min, phenol oxidation
was 70%, and total phenol oxidation was also achieved in 75 min. How-
ever, the membrane was found to be cﬁanged in colour from yellow to brown,
when the cell was opened after Run 2-11. The actual reason for this-is
unknown, but it is possible that the polymer structure of the membrane

experienced oxidation, or that it interacted in some way with the phenol
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oxidation products. These changes may affect the lifetime of the mem-
brane.

The cationic membrane MC-3142 was only tested during the preliminary
experiments with anodized lead. On several occasions the membrane was
perforated by protruding particles, which resulted in short circuits.

For this reason, é plastic screen was introduced between the membrane
and the particles. Another disadvantage of the IONAC MC-3142 membrane
is that its nylon support will deteriorate with use in NaOH solutions.

In terms of mechanical resistance, the IONAC membranes MC3470 and
MA3475 were stronger than the NAFION-127 and IONAC MC3142. Problems of
breaking never occurred with the first two owing to their different sup-
port materials and thicknesses (Appendix 1).

The polypropylene screen, used in Run 2-1, produces much higher
potential drops than the saran cloth used in Run 2-2, probably due to
its closely packed screen structure. These experiments show that the
use of the different plastic screens does not affect the results as far

as phenol and T.0.C. removal is concerned.

5.5 Effect of pH using the undivided cell

From the pH vs time curve in Fig. 20, it can be seen that when
working with only one chamber the pH does not drop as fast as in the
divided cell. In Run 3-2 the pH only dropped from 12 to 11.5 in two
hours whereas in corresponding Run 2-8 (Fig. 15 ) the pH dropped from
12 to 2 in 15 min. The reason for this different pH behaviour is that
in the case of the undivided cell, the reaction of hydrogen evolution
taking place at the cathode changes the hydroxyl i&n balance in the

electrolyte.
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~ When starting at pH = 9.5 the éH dropped to 3.8 which also repre-
sents a smaller drop than in the case of the divided cell, and when
starting at pH = 2.5, the pH was held practically constant.

As was found in experiments with the divided cell, the % phenol
oxidized vs time curves at 10 A for the undivided cell (Fig. 20), show
that phenol is oxidized much faster at a low pH than at a high pH.

In 15 min, 70% of the phenol was oxidized when the pH was 2.5, compared

with only a 33% when the pH was 12. On the other hand, more T.0.C. was
oxidized at the high pH. At 120 min, 19% of the carbon was oxidized ét
pH = 2.5, whereas at pH = 12, a 32% of the carbon had been oxidized but

remained in solution as inorganic carbon (e.g., Run 3—25.

The pH effect was also studied when working at 20 and 30 A (Figs.
21 and 22) and the results showed the same tendency. Phenol oxidation
is favoured by a low pH whereas the further oxidation of intermediates
is improved at a high pH. When comparing Figs. 20, 21 and 22 it is
also observed that as the current increases, the pH has a greater effect

on T.0.C. oxidation than on phenol oxidation.

5.6 Effect of current using the undivided cell

Figure 23 describes the effect of 10, 20, and 30 A currents at con-
stant low pH (2.5), and Fig. 24 at a high pH (12). It should be noted
that during the runs at 10 A, the temperature of the electrolyte remains
constant at room temperature. At 20 A slight heating occurs, and a
4°C temperature increase can be detected in the recirculation tank after
120 min operation. When working at 30 A, approximately a 12°C tempera-
ture increase is registered (e.g., Runs 3-6 and 3-7). These temperature

increases are small and the side effects due to temperature variations
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‘can probably be néglected.

In Fig; 23 and Fig. 24 ﬁbe effect 6f increasing current is to sub-
stantially raise the initial rate of phenol oxidation, thus decreasing
the time fo complete oxidation and to increase the 7 of T.0.C. removed.
These effects are not proportional to the current since there is a bigger
increase in T.0.C. removal and in the rate of phenol oxidation in going
from 10 A to 20 A than in going from 20 A to 30 A (i.e., Fig. 24).

It can also be observed that in Fig. 23 the % phenol oxidized vs
time curves are closer together than in Fig. 24, which indicates that at
high pH the current has a greater effect on phenol oxidatioﬁ than at low
pH.

The maximum % T.0.C. oxidation is encountered in Run 3-7, for the
highest current and alkaline pH, where 522 of‘the carbon was ogidized

in 120 minutes.

5.7 Compafisons of divided and undivided cells

It is possiblé to evaluate the performances 6f divided and undivided
cells under gimilaf conditiéné. Table 5'§ﬁows‘the ééerating éondition
and results of three bompafisons.

Cationic membranéé IOﬁAC MC—34§O and NAFION 127 gave similér:per—
formances  td tﬁe.ﬁndividéd cells in terms df,Phenol,oxidatiQn. ‘Con-
sidering thét,Z%:erfor ariées inLthendeterminatiéns.ofiphénol éndnT;Q;C.vm
it»can be saiduthat the results seem to‘favour the undivided cell slightly
in terms of T.0.C. removal.

Run 2-11, with‘aniohic membrane MA-3475, can be eithé; compared with
Run 3-4 or with Rum 3-5. Because in Run 2-11 fhé pH increased from 2.4

to 12, higher % T.0.C. oxidation was achieved than in Run 3-4, but



TABLE 5

COMPARISONS OF DIVIDED AND UNDIVIDED CELLS

Run No. % Phenol ox. % T.0.C. ox. Conditions
(cell configuration) at 15 min at 120 min I(A) pH

Run 2-7 70 11 10 2.5
(IONAC MC-3470)

Run 3-3 70 19 10 2.5
(undivided)

Run 2-9 ' 77 47 20 2.5
(NAFION 127)

Run 3-4 75 53 20 2.5
(undivided)

Run 2-11 72 67 20 2.4
(IONAC MA 3475) : to 12
Run 3-5 53 73 20 12

(undivided)
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similar % phenol oxidation. When comparing Run 2-11 with Run 3-5 (at a

constant pH of 12) it is observed that higher T.0.C. oxidation was

achieved in Run 3-5, even if the %
due to the higher pH.

On the basis of these results
simpler to operate, it was decided

ments with the undivided cell.

5.8 Effect of conductivity of the

phenol oxidized at 15 min was lower

and because the undivided cell is

to perform the rest of the experi-

electrolyte

Figure 25 shows the effect of

at 20 A. At a pH of 12, in Runs 3-5 and 3-11, the electrolyte conduc-

tivity was changed from 8 x lO_3 to 32 x 10—3 (Q.cm)—l, by adding 5 g/l

and 30 g/1 of Na,SO,, respectively.

electrolyte conductivity when working

The results showed that the increase
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in conductivity did not affect the phenol oxidation, nor the T.O0.C.
removal. Both experiments gave almost perfectly coincidental curves of
% phenol oxidized vs time and of % T.0.C. vs time. The same result was
obtained when the conductivity was changed, at pH = 2.5 in Runs 3-4 and
3-10.

However, when working at 10 A, and pH = 12, tﬁe same increase in
conductivity produéed an extra 207 carbon oxidized after 120 min, but the
% phenol oxidized vs time curve remained practically unchanged (Fig. 26).
Similarly, at 10 A, and pH = 2.5 (Fig. 27) about 8% more carbon was
oxidized after 120 min when conductivity was changed from 8.4 x 10-3 to
30 x lO_3 (Q.cm)—l, but again, the % phenol oxidized vs time curve showed
no variation.

An explanation can be proposed for these observations. An increase
in conductivity of the electrolyte produces a lower solution potential,
and therefore a higher electrode potential. At 10 A, such an increase
in electrode potential results in an appreciable change in the rate of
further oxidation of intermediates to CO,. But at 20 A, the metal
potential is much higher so that the decrease in solution potential did

not change the net electrode potential appreciably, and therefore no

change is detected in the % of T.0.C. removed.

5.9 Effect of initial phenol concentration

Figure 28 represents the % phenol oxidized vs time for three differ-
ent initial concentrations of phenol (Runs 3-3, 3-12, and 3-13). As
the initial phenol concentration was increased from 93 mg/l.to 525 mg/1
to 1100 mg/1l, the % phenol oxidized after 15 min decreased from 70% to

38% and to 27%. However, in Fig. 29 it is possible to see that a given
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time the net amount of phenol oxidized is higher as the concentration
increases. Thus, 350 mg/l of phenol were oxidized in 15 min in Run 3-13
compared to 200 mg/l in Run 3-12 and only 75 mg/l in Run 3-3. In this
figure it is easier to observe the parallelism between the three curves.
For example, if the curve for Run 3-12 was displaced along the time
axis until it matched the curve corresponding to Run 3-13, both curves
would be practically coincidental. In other words, after' 30 min of Run
3-13, the same results would be observed as in Run 3-12 from time zero.
As these runs were performed at 10 A and pH = 2.5, the T.O0.C.
removal is relatively low. When the initial concentration was 93 mg/1,
257% of the carbon was removed in 2 h versus 11% when the initial concen-
tration was 525 mg/l. = But for the initial concentration of 1100 mg/1l
of phenol, the net change in T.0.C. was practically undetectable due to

the higher concentration of carbon present in solution.

5.10 Effect of electrolyte flow rate

Run 3-15 was performed at a flow rate of 0.55 2/min. A comparison
of the results with those from Run 3-4 where the flow was 1.12 %/min,
under otherwise equal operating conditions, shows that at both flow
rates practically the same % phenol vs time and % T.0.C. oxidized vs
time were obtained. Thus, phenol was 75% oxidized after 15 min in Run
3-4 and about 737 in Run 3-15. The % T.0.C. o;idized after 120 min
were 537 and 547% respectively. (Refer to Run tables in Appendix 2.)

The effect of the flow rate is masked by the presence of the rel-
atively large recirculation tank. In a single pass experiment, a
higher conversion would be expected at a lower flow rate. With re-

circulation, a lower flow rate means it takes more time for a given
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effect to be detected in the recirculation tank analysis. The effect of
both inlet concentration and flow rate, is more easily ekamined in
single pass experiments where the cell operates in steady state. Thus
some single pass experiments were carried out. |

Figure 30 represents the % phenol oxidized in a single pass through
the cell vs flow rate, at different initial concentratiohs, when operat-
ing at.lO A and pHA= 2.5. Runs 4-1, 4-2, and 4~3 were carried out at
essentially the same phenol concentration of 100 * 5 mg/l to check
reproducibility. They produced practically coincidental 7 phenol oxi-
dized vs flow rate curves. About 90% of the phenol was oxidized at a
flow rate of 0.11 ¢/min, .and as .the flow rate was increased the % of -
~phenol oxidized dropped, :reaching a 20% at a flow rate . of 1.1 l/mint_

Run 4-4 was performed under the same conditions (pH = 2.5, I =10 A)
but‘starting’at the higher phenol concentration of 580 mg/l.  The phenol
analysis'showed that about : 70% was o#idized when“the liéuid.flow-rateJ
-was 0.11 2/min and that the % phenol oxidized decreased with increasihg,
flow rate, to about 87 when the flow rate reaehed 1.1 2/min.

, Slﬁilar effects were observed when operating at”e eurrent,ofuzq‘A,
for initial concentratlone.of 110 and 510 mg/l.

' The table for Run 4— l shows that when the flow rate‘was 0.11 l/mln -
“at 10 A the temperature of the electrolyte was ralsed from 24 C at the
tnlet to '32°C at the outlet of the cell. | Bot when the flow was-> o
increesed to 0525 2/min the outlet’temperature inereased only 4 C aboVe‘
‘the inlet temperature. The operation ceh be'consideredlp:actically |
isothermal for all flows equal or higher than 0.25 z/min.

At 20 A (i. e., Run 4—5) the temperature at the outlet increased

more than at lO A, as could be expeﬂted ‘but" the operation-can be-
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considered practically isothermal for flows above or equal to 0.55 %/min.
In retrospect, it would have been better to report all the results
under constant room temperature to eliminate any possible side effect
due to temperature variztions. However, this would require the design
of a totally different cell with a built-in heat ekchanger to remove the

heat released by the current.

5.11 Effect of particle size

Figure 31 shows the 7 of phenol okidized va flow using three differ-
ent anode surface areas. The lower curve corresponds to éxperiment 4-8,
where no particlgs were present and the anode was just the lead dioxide
on graphite plate. The intermediate curve corresponas to the average %
phenol oxidized from Rﬁns 4~1, 4-2, and 4-3 where a particle size between
1.7 and 2.0‘mm wés uéed and the upper éurﬁe was obtaiﬁed whén wbrking with
particle sizes between 0.7 and 1.1 mm.

Taking as a reference the fléw of‘0.4 %/min, where the operation is
précticélly isothefmal,‘it is observed‘that wﬁen ﬁorking without particieé
the specific area was 3.3 cm_l and only.v 202-0f.tﬁe phénol was.axidized;
ﬁhefeas fbr-a specifié areé 6f 20.6-Cﬁfl using thé iarger partiéléé,
about a 597 oxidation was achieved. Witb thé Smallér particles {sizes =
0.7-1.1 mm) about a 6?% of:tﬁe phenol was oxidized and the speéific area
was 41.5 cm_l. (Calculations of the specific electrode areas are found
in Appendix 4.)

These>effects‘will be discussed in the next section.based on mathe-

matical models for the process.
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5.12 Comparisons of experimental results with mathematical models

5.12.1 Batch experiments

If the rate of phenol disappearance is controlled by mass transfer
of phenol from the bulk electrolyte to the surface of the electrode, then
for a batch recirculation system, the following equation relates the
phenol fractional conversion with dimensionlesé time and mass transfer
groups (Appendix 3).

X=1- exp[(expfjﬁl:ifq - l)JL'— Eﬂ_i;E
u t u
Here, tm is the time the electrolyte spends in the mixing tank, a the
specific surface area of the electrode, L the electrode height, and u the
superficial electrolyte velocity.

The model calculations are represented as a band or region of con-
version vs time, taking into account that a 10% error can be expected
from the empirical equation for the mass transfer coefficient. As well,
the correlation chosen may underestimate the mass transfer coefficient
for this particular case, as discussed in Appendix 3, page 160. Calcu-
lations of X vs t are presented in Appendix .4, Table A-2.

Figure 28 shows the deviations of the experimental results from the
mass transfer model when operating at 10 A. As expected, the curve cor-
responding to the lowest initial phenol concentration (93 mg/l) is
closest to the mass transfer-controlled region with a 15 min conversion
approximately 15% lower than predicted by the mass transfer model.

Where the initial concentration of phenol was 1100 mg/l (Run 3-13)
the experimental % phenol oxidized after 15 min is about 557% below that
predicted by the mass traﬁsfer model. This implies that the electro-

chemical reaction kinetics controls the rate of phenol oxidation under
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such conditions. However, as the phenol concentration drops during the
cocurse of the experiments, the curves aﬁproach that of the mass transfer
model. In other words, the process is controlled>by reaction kinetics
at the beginning and as phenol depletes, mass transfer becomes the con-
trolling mechanism.

Figures 21 and 22 show that as the current is increased at an
initial phenol concentration of the order of 100 mg/1 (Runs 3-4, 3-6) the
experimental % phenol oxidized vs time curve moves closef to the mass
transfer region as might be expected. At 20 A, the experimental curve
is still below the mass transfer region until about 75 min when the con-
version was complete. But at 30 A the mass transfer band encloses the
experimental curve from Runv3—6, at 30 min time.

For both - 20 and .30 A currents, the_curﬁe at low pH is closer to
the mass transfer model than the curve corresponding to the higﬁ pH run.

It should be'noted that tﬁe'experimental_cﬁrves"oﬁtainéd-wifh either
the~di§ided or the undivided cell are never above the mass transfer
region. The closest experimental curve to the mass transfer model is

that of Run 3~6 at 30 A and pHE = 2.5.

5;12.2 Continuous experiments

For a_single pass thréugh thé packed bgd‘reéc#or where‘phenpi dis— ,
appears, SyAa rate pfocess firsf order'in phenol conéentration,‘the
assﬁmpfion:of,plug fléw yields (Appendix 3)

| — (1l -X =Kal/u

where X is:the.ffaction of phenol oxidized and K is the overall rate
éonstant,'which can be related to the mass transfer and éleqtrochemical
rate constants by using the cdncept of additive mass transfer and electro-

chemical resistances as,
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Using the data frém those experiments performed in-the continuous mode,

it is possible to evaluate an experimental rate constant. When - 2n(l - X)
is plotted vs %-a straight line is obtained (Fig. 32) and the experimental
rate constant K can be determined frpm the slope. Thus, using available
correlations for Km, Kr can be determined.

The nature of the electrochemical rate constant Kr was alluded to in
Chapter 2. Unlike a chemical reaction rate constant,.it is dependent on
electrode potential. As discussed in Appendix 3, when operating at a
fixed current rather than at a fixed potential, changes invpheno1 concen-

,tra;ion,bflow rate, .surface area, etc. willLrgsglt,invchanges>in.potentia1
:and hence in Kr' Therefore;»the-analysié of results in terms of Kr to be.
presented here, is of limited usefulnesé except - to indicate what resistance.
{rass trénsfer,of elgctrochémical kinetics) is more iﬁportant under deter- -
mined éonditions; However, considerations of the effects'of the process
variables on Kr does show qualitativelagreement with what is expected from -
the simple model, as-will be shéwn_witﬁ thé fdllowiﬁgvexample$. 

Taking the average fractional conversion from experiments 4-1,. 4-2,
4-3, perfﬁrmed-at-lo A and initiai conceqtrationsfof phenol of 100 * 5 mg/1,

with particle sizes between 1.7 and 2.00 mm, the -experimental.rate con-

égént is obtéined from-the corféspondiﬁg straight line represenfed'iﬁ”Fig.‘
32. ‘ The resulting value of K is 3;1 X 10-? ém/s.. Using thencorrelation
by Pickett and Stanmore (45) for mass transfer coefficient in.electro- -
éhemiéal packed bed reactors Km aﬁd Kf are calCulated at various flows

(Table A-3).
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For example,

at 0.25 &/min : Km 3.9 x 10_3 cm/s, Kr 15.7 x 10—3 cm/s, and

4.8 x 10-3 cm/s.

at 1.10 2/min : K 8.8 x 10_3 cm/s, L

This implies that at the low flow rate, mass transfer controls the phenol

. . . 1
oxidation because the mass transfer resistance CE—) represents about an
m

80% of the overall resistance. On the other hand, at the high flow rate,
1

K
r

the resistance to reaction (Z—) represents a 65% of the overall resis-
1
tance (E).

The same calculation procedure was applied to the data from Run 4-4
when the initial concentration was 580 mg/l, working under otherwise equal
conditions as in the previous example. The resulting experimental rate
constant was 1.4 X 10_3 cm/s. In this case the electrochemical reaction

resistance was higher than the mass transfer resistance at all flows

(Table A-4)

ie., at 0.25 &/min : K_= 3.8 x 1073 cm/s, K_ = 2.21 x 1073 cn/s

at 1.10 &/min : K_= 8.8 x 1073 em/s, K= 1.67 x 1073 cm/s.

The results from both examples are in qualitative agreement with the pre-
dictions of the model, since at a constant initial concentration, Kr
should decrease when the flow rate increases, and at a constant flow rate,
Kr should also decrease when the initial concentration increases as
described in Appendix 3.

The experimental rate constant was also evaluated for the-smaller
particle size (0.7-1.1 mm). Using the results from Run 4-8, the experi-
mental rate constant is K= 1.8 x 10_3 cm/sec (Table A;S), and the mass

transfer and reaction coefficients at the extreme flows are,

at 0.25 ¢/min : Km

5.3 x 107> em/s, K_ = 2.68 x 1072 cm/s

i

1.10 2/min : K_ = 12.1 X 1073 cm/s, K = 2.09 x 1073 cm/s.
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These data indicate that the reaction offered a higher resistance
than mass transfer. In this case, the initial concentration of phenol
was 100 mg/1 and all the experimental conditions except for particle
size, were equal to those in the first example. The mass transfer
coefficients Km are higher at a given flow rate than in the first
example, due to the dependance of the empirical mass transfer coefficient
on particle size, but lower réaction coefficients Kr are obtained with
the smaller particles.

This result is also in qualitative agreement with the theoretical
model, since for a higher specific surface area of the bed (smaller
particles), the electrode potential will be lower for the same input
current applied to the cell, and thus lower values of Kr are expected.

Even though a lower value of the overall rate constant K is obtained
with the smailer particles, the net effect is that higher conversions are

achieved at a 'given flow rate than with the larger particles (Fig. 31),

due to the increase of the specific surface area of the bed, from 20.6 to

41.5 cm-l. This is expected from the plug flow equation:
X=1- exp(— ka L}
u

It should be emphasized that the values reported here for the reac-
tion rate constants are particular for the set of conditions used in
each experiment, and therefore should not be used in a scale-up, since
for a larger cell even with the same particle sizes than used in this
study, the average electrode potential (or the average Kr value) will be
different for the same net current input, according to the model.

Using the data from Run 4-7 whgre the anode was the electrodeposited
PbO, on graphite feeder plate (without particles), the experimental rate

constant obtained from the slope of the straight line on Fig. 32 is
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K=5X% 10-3 cm/sec. For the rangeé of flows used in the experiments
the Re numbers referred to the hydraulic diameter, de = 2SW/(S + W) are

lower than 700. For Rede < 2000, an applicable correlation for the mass

transfer coefficient in a parallel plate reactor is (page 133, Ref. 10)

K de
m

D

de dey1/3

L S)

= 1.47 (Rede Sc

For liquid flow rates between 0.25 and 0.11 2/min, this correlation
results in mass transfer coefficient values between 4 X 10_4 and
7 % 10—4 cm/sec which are about ten times lower than the calculated
experimental constant. Since the overall rate constant can never be
higher than the mass transfer coefficient, it means that the values of
the mass transfer coefficient obtained by the correlation are an under-
estimation of the real situation. It could be suggested that in prac-
tice there is an enhancement in the mass transfer coefficient due to gas
evolution, which is not taken into account by the correlation.

Most of the correlations for mass transfer coefficients in gas
evolving parallel plate electrodes have been developed for the case of
stationary solution where mixing of the electrolyte is only provided by
the gas bubbles. It is known that mass transfer coefficients under
gas evolution are between four or five times greater than the mass
transfer coefficients from éqnventional free-convection correlations in
flat plates (10).

But for the case of forced convection and gas evolving electrodes,
an empirical correlation could not be found in the literature. However,
the results seem to indicate that mass transfer controls the rate of
phenol oxidation on the flat plate, since even if the mass transfer coef-

ficients were increased by a factor of five, the resulting Km values
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would still be lower than the experimental rate constant.

5.13 Current efficiencies, energy requirements and energy costs for

phenol oxidation

5.13.1 Batch experiments

Typical current efficiencies, energy requirements, and costs are
estimated for batch experiments nos. 3-3, 3-12, 3-13, after recirculation
times of 15 and 90 min. A sample calculation is given in Appendix 4,
page 178. .For the estimation of the % C.E. it was assumed that four
electrons are transferred from the phenol molecule as proposed by Covitz
(Reaction R9). Energy per g mol phenol oxidized is calculated taking
$0.02/Kw-h as a basis.

Table 6 shows that for lower initial concentrations of phenol or
higher recirculation times, the 7 C.E. are relatively lower and the

energy costs are higher.

TABLE 6

TYPICAL CURRENT EFFICIENCIES, ENERGY REQUIREMENTS AND ENERGY COSTS
IN BATCH EXPERIMENTS WITH UNDIVIDED CELL (Q=1.12 2/min)

CA CA Energy Electrical

Run 0 AV t 2 X C.E. Kw-h costs
No. (mg/1l) (volts) (min) (mg/1l) (%) (%) g mol (§/g mol)
3-3 93 8.6 15 28 70 11 6.7 0.14

90 0 100 3  22.6 0.45
3-12 525 8.3 15 320 39 36 2.5 0.05

90 5 99 19 4.8 0.10
3-13 1100 8.5 15 792 28 54 1.7 0.03

90 22 98 35 2.4 0.05
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Run 3-3 at CAO = 93 mg/l, yields the maximum energy cost of

$0.45/g mol oxidized for the 90 min operation, where practically no
phenol was present after treatment.

5.13.2 Continuous experiments

Using the data from Runs 4-3 and 4-4, it is possible to estimate %
C.E. and energy coéts for various flows in a single pass through the cell.
A sample calculation is given in Appendix 4, page 180, and the results

are presented in Table 7.

TABLE 7

TYPICAL CURRENT EFFICIENCIES, ENERGY REQUIREMENTS AND ENERGY COSTS
IN CONTINUOUS EXPERIMENTS WITH UNDIVIDED CELL

CA : c Energy  Electrical
1

Run AV Ap X C.E. Kw-h costs

Q
No. (mg/1) (L/min) (V) (mg/l) (%) (%) (gmol) ($/g mol)

4~3 95 0.25 8.7 39 59 9.6 9.7 0.195
0.55 8.3 63 34 12.2 7.4 0.148
1.1 7.4 76 20 14.3 5.6 0.110
4=4 580 0.25 8.6 365 37 36.7 2.5 0.050
0.55 7.9 470 19 41.5 2.0 0.041
1.10 7.0 526 9 39.3 1.9 0.037

The electrical cost of treatment decreases as the initial
phenol concentration and electrolyte flows are increased. Comparing
the results from Run 3-12 after 15 min (Table 6) with those from Run
4~4 at 0.25 £/min, it can be seen that in terms of current efficiences
and energy requirements, both situations are practically equivalent.

5.13.3 Cost comparisons

It is of interest to compare the estimated electrical costs with

the operating costs for other treatments given by Katzer (8). Table 8
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TABLE 8

OPERATING COSTS OF VARIOUS TREATMENT METHODS,
ESTIMATED FOR 1974 FOR A CATALYTIC CRACKER
EFFLUENT CONTAINING 700 mg/1 PHENOL (8)

Treatment costs

Process ($/1000 gal) ($/g mol)(S)
Oxidation pond(l) 0.14-0.51 0.005-0.018
Activated sludge D 0.24 0.009
Activated sludge(z)

with dilution 2.4 0.090
Carbon adsorption(B) 0.86 0.031
Catalytic oxidation(a) 0.57 0.020
Electrochemical

oxidation 2.00(1) 0.08(II)

(l)$0.38/103 gal in 1967; operating costs of biological oxidation
ponds at Billing Montana 0il Refinery; extrapolation to 1974 gives
$0.51/103 gal. Capital investments not included.

(Z)Extrapolated from 1968 to 1974 using a factor of 1.34; if dilution

of effluent is required cost of treatment will increase; 10:1

dilution factor results in $2.4/103 gal.

(3)106 gal/day design for treating unfiltered activated sludge plant

effluent to produce water with 8 mg/1 C.0.D.

(4)
(5)

Calculated for a 997 phenol removal by catalytic oxidation.

Calculated from the original paper (Ref. 8) assuming that total
phenol conversion was achieved in all the examples.
(I)Calculated in this study for treating a 5% volume with 99% removal
(Appendix 4).

(II)Calculated in this study by interpolating from Table 6 for 700 mg/l
phenol initial conc., using a factor of $0.02/Kw-h for electrical
energy cost.
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shows the 1974 costs for treating a catalytic cracker effluent containing
700 mg/1 phenol. For the electrochemical process, electrical energy
costs are interpolated from Table 6 using the data from Run 3-12 (525
mg/1l phenol) and Run 3-13 (1100 mg/l phenol) at 90 min, when phenol con-
versions are 98-997%. To treat an effluent with 700 mg/1 phenol,
approximately $0.08/g mol phenol would be necessary. In Appendix 4 is
estimated the electrical cost per volume of waste in about $2.00/1O3 gal,
to compare with the data by Katzer. Electrical energy cost is about ten
times higher than the activated sludge cost in normal conditions, but of
the order of the activated sluage cost if dilution is required. The
cost of other processes appear to be lower than the estimated electrical
cost; for example, carbon adsorption operating costs would be less than
a half ($0.03/g mol).

It should be noted that the electrical cost ($0.08/g mol) has been
estimated for the arbitrary cell characteristics and operating conditions
used in the experiments. To draw firm conclusions about feasibility of
the process would require an optimization of operating costs and a
capital cost estimate of this and the other processes. Some recommen-—

dations for the former are given in Chapter 7.



CHAPTER 6

CONCLUSIONS

An investigation was made of the electrochemical oxidation of phenol

on lead dioxide packed bed anodes. In all the experiments performed,

phenol oxidation occurred more easily than the further oxidation of inter-

mediate organics to carbon dioxide or carbonates.

The conclusions of this study are summarized below.
Electrodeposited lead dioxide was found to be a better anode than
the anodized lead shot in terms of phenol oxidation and corrosion
resistance.

The oxidation of phenol was more rapid under acidic conditions but
the removal of oxidized products (measured by the total organic
carbon) was favoured by alkaline conditions. In divided cells,
opgrated with recirculation of solution, the electrolyte pH depended
on the type of ion selective membrane used. An anionic membrane
which provided a pH increase from acidic to alkaline proved to be
superior to a cationic membrane in terms of T.0.C. removal.

The rates of phenol oxidation in divided and undivided cells were
similar. In terms of T.0.C. removal no improvement was obtained
with the divided cell even under optimum pH controlled conditions
provided by the anionic membrane.

The extents of phenol and T.0.C. oxidation increased with applied
current density at high or low pH. But at high pH, current density

99
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changes affected the rate of phenol oxidation more strongly than at
low pH. »
3

An increase in electrolyte conductivity from 8 x-10 3

to 32 x 10
(Q.cm)_.l had no effect on the rates of phenol or T.0.C. oxidation at
high or low pH at c.d. = 1052.6‘A/m2, but at 526.3 A/m? c.d., the
same increase in conductivity produced higher T.0.C. oxidation

rates, even though the phenol bgidation rates remained constant.

The effect of increasing the initial phenol concentration in a single
pass was to reduce the Z.phenol oxidized at a given time or in a

single pass. However, the current efficiency for phenol oxidation

-increased.

Incréasing electfolyte flow rate reduced the single péss phenolv
gqnvgrsion'at a given inlet phepol concentrapion in’con;inuous experi-
ments.

Incrgasing the specifig éurface~area of ‘the anode in the range of 3;3'“
to 41.5 cmzlém3 produceﬁ higher siﬁgle—pass phenol conversions at a
given flow rate and inlet phenol concentration of the electrolyte.
Comparisons of the experimental results from batch experiments with

the mass transfer model indicated that the .oxidation.of phenol is . ..

controlled by the electrcchemical reaction at the beginning and as

phenol depletes, the experimental % phenol oxidized‘VS’time approach-
that of the mass transfer model. . Continuous experiments sﬁowed that
the elect;ochemical reaction resistance bgcomes more important at
higher electrolyte flow rates, higher inlet phenol concentrations

and smaller particle sizes. |

Electric energy costs estimated were generally higher than operating
costs_of other processes. However,>p0wér cosﬁs can likely be.

reduced with further work.



CHAPTER 7

RECOMMENDATIONS

Investigation of other factors regarding the electrochemical oxida-

tion of phenol could possibly raise the prospective feasibility of the

process. Improvements to the model would lend confidence to the feas-

ibility calculations.

On the basis of this study, the following recommendations are made,

to yield a more complete knowledge of the process.

1.

Analysis of the phenol oxidation products:

Routine analysis of the phenol oxidation products, (benzoquinone,
hydroquinone and possibly maleic acid) should be attempted, to draw
definite conclusions about effluent quality under different operating
conditions. The T.0.C. analysis would permit one to determine what
fraction of the carbon is in the form of each compound.

Measurements of electrode potential:

Reference electrodes should be located at certain points on the bed,
to determine electrode potential variations. It would be of inter-
est to determine the effect of electrode potential on the kind of
oxidation products under different operating conditions. Also
electrode potential measurements are of interest for the process
modelling.

Control of the electrolyte temperature:

A heat exchanger built in the electrolytic cell would permit

101
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_temperature control within the cell in single pass experiments.

However, the construction of a cell equipped with such a heat
exchanger might be difficult.

Analysis of the gases produced duriﬁg electrolysis:

A gas analysis technique could be assessed for complete monitoring of
the process. It would permit a total carbon balance. Also a
measurement of the rate of gas production would be of interest to
include the effect of gas evolution in the process modeling.

After these experimental improvements were assessed, the effect of

some of the other important factors on the electrochemical oxidation of

phenol might be studied, e.g., the effect of different anode materials on

the kind of oxidation products, and the effect of temperature and elec-

trode potential on the rates of oxidation of phenol and intermediates.

The following recommendations would allow improvements to the

mathematical modeling of the process in addition to furthering general

understanding.

5.

The effect of gas evolution on the mass transfer coefficient should
be studied. Another electrochemical reaction that is purely mass
transfer controlled could be used for this purpose g45).

Cell length, width, and thickness of the bed should be varied.
Measurements of electrode potential at different points on the bed
would permit one to determine under which conditions the assumption
of a uniform or average electrode potential is reasonable.
Experiments could be set up to determine the relationship between
electrode potential and electrochemical rate constant under different
operating conditioms.

The effect of gas evolution and electrolyte conductivity on the
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‘electrode potential could be studied to include these effects in the

mathematical models.
Computer methods could be used to correlate all the variables affecting
the process, and determine costs of energy under different operating

conditions to optimize operating costs.



NOMENCLATURE

specific surface area of the bed

constants of the Tafel equation for the
reaction j

current density referred to the surface area
of the feeder plate

current efficiency

initial phenol concentration in batch experiments

inlet phenol concentration
outlet phenol concentration
phenol concentration in the bulk of solution

phenol concentration at the surface of the
electrode

concentration associated with a water
electrolysis reaction

average particle diameter

diffusivity of phenol in water

Faraday's constant

local current density for phenol oxidation
local current density carried by the solution
local current density carried by the metal
average current density for phenol oxidation
average current density for water electrolysis
total average current density

applied current
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Typical units

cm? / cm?

A/m?

mg/1
mg/1
mg/1

mg/1

mg/1l

mg/1

mm

cm?/s

coul/g equiv.
A/m?

A/m?

A/m?

A/m?

A/m?

A/m?

A



Re

Sc

t*

tm

electrical conductivity of the anolyte
electrical conductivity of the catholyte
electrical conductivity of the metal
electrical conductivity of the solution

electrochemical reaction rate constant
mass transfer coefficient

ovefall or experimental rate constant
length of the cell

pressure

electrolyte flow rate

universal gas constant

Reynolds number

Schmidt number

thickness of the bed (in the direction of current)
temperature

time of electrolysis

dimensionless time

residence time in the mixing tank
superficial velocity

anode potential

cathode potential

reversible equilibrium potential for the
reaction j

standard reduction potential for the reaction j
total voltage drop through the cell

volume of the mixing tank

(Q cm)

(% cm)

(9] cm)_1

(Q cm)

cm/s
cm/s
cm/s
cm
kPa

% /min

kJ/k mol®K

min

cm/s
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width of the bed cm
phenol fractional conversion
variable length of the bed cm

number of electrons associated with phenol
oxidation

Greek letters

ma

sa

mc

sC

transfer coefficient

voidage of the bed

overpotential for the reaction j A
shape factor for the particles

Km a L/u dimensionless mass transfer group

kinematic viscosity of water (cm?/s)
metal potential of the anode \Y
solution potential of the anolyte . \Y
metal potential of the cathode \Y
solution potential of the cathoiyte v
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APPENDIX 1

Specification of Auxiliary Equipment and Materidls

Power supply

Sorenson DCR 40-25B
Voltmeter range: 0-40V
Am meter range: (-25A

Voltmeter

Central Scientific Co., D.C. Voltmeter
Scales: 0-1.5 volts '
0-15 volts

Rotameters
a) Anolyte:

Brooks, full view indicating rotameter
Type: 7-1110
Tube No.: R-7M-25-1
Float: 316 stainless steel
Max. flow: 1400 cc/min (s.g. = 1)
Scale: 0-100% linear

b) Catholyte:

Brooks, full view indicating rotameter
Type: 8-1110
Tube No.: R-8M-25-2
Float type: 8-RS-8
Max. flow: 1 U.S. G.P.M. (s.g. = 1)
Scale: 0-250 mm linear

Gas liquid separators

2.5 cm I.D. and 60 cm long glass tube.
diameter glass beads.

Filters

Liquid outlet located at 40
cm from the bottom. Packed to approximately 20 cm depth with Z mm
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3.0 cm I.D. and 15 cm long glass tube filled with glass wool (Merck).

Pressure gauges

Marsh-type 3-100-SS with 316 stainless steel tube

Scale: 0-30 psi (1/4 psi/div).
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Pumps

Barrish Pumps Co., N.Y.
Model type: 12A-60-316
Flow data: 21 6.P.H. at 40 psid, 29 6.P.H. at 0 psid. (psid indi-
cates outlet pressure minus inlet pressure.) Pumps are preset at
45 psid but are adjustable to 65 psid max.

pH meter

Corning, Model 101 (accuracy #* 0.001 pH)
Electrode: Fisher, plastic body-protected bulb type
Model No. 13-639-97

Conductivity meter

Seibold, Model LTA. Provided with adjustable maximum ranges (from
1 mmho em™1 to 100 mmho em™ 1 maximum)
Conductivity cell constant = 0.88 cm™

Tubing

Imperial Eastman ''Poly Flo" 66-P-3/8"
Valves

Whitey, forged body regulating
316 stainless steel. 3/8" connections

Fittings

Swagelok compression tube fittings
316 stainless steel 3/8"

Membranes

a) IONAC membranes
The IONAC membranes are supplied by Ionac Chemical Sybron Corporation,
Birmingham, N.J. .
Table A-1 includes some of the specification sent by the manufacturer.

b) NAFION 127 membrane
Supplied by duPont de Nemours & Co., Delaware.
NAFION 127 consists of an homogeneous film of 1200 equivalent weight
polymer, 7 mils thick (perfluorosulfonic acid polymer). Supports
are made from teflon.
Details of membrane properties such as strength, ionic transport,
water permeability etc., are available in a publication supplied by the
manufacturer (46).
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SUMMARY OF TYPICAL PROPERTIES OF IONAC MEMBRANES

Anion Exchange

Cation Exchange Membranes ‘Membranes

Property MC-3142 MC-3470 MA-3475

Electrical Resistance
(ohm-cm?, A.C. measure-
ment)
0.1N NaCl 14 12 17
1.0N NaCl 5 6 8

% Perselectivity
(0.5N NaC1l/1.0N NaCl) 94.1 96.2 99.0
(0.2N NaCl/0.1N NaCl) 99.0

Water Permeability .

(ml/hr/£ft.2/5 psi) negligible  (less than 30) (less .than 30)

Mullen Burst Strength
(minimum psi.) 175 200 200

Membrane Thickness
(mils) 7 15 15

Approx. Density

Net as shipped oz./yd? 6 12 12
g/m? 202 405 405

Capacity
meq/g 1.08 1.22 0.70

Dimensional Stability good good good
(ability to rewet after
drying)

Chemical Stability up to 60°C up to 125°C up to 125°C
H,y S0y up to 5% up to 35% Superior to
HC1 up to 4% conc. HCl MC-3470 in low
NaOQOH NR* 50% NaOH and high pH
Salt OK at all OK at all media

conc. conc.

Size

Available nominal 40 x 120 40 x 120 40 x 120

sheet sizes (inches

30 x 96

*Not recommended
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Plastic screens

Supplied by Chicopee Manufacturing Co., Georgia
Saran type
Max. operating temperature = 125°F
Chemical resistance: good resistance to acids and most alkalis
Style: 6100900
Weight/sq.yd. = 7 oz.
Polypropylene type
Max. operating temperature: 180°F
Chemical resistance: excellent resistance to most acids and alkalis
with exception of chlorosulfonic acids and oxidizing agents
Style: 60070XX
Weight/sq.yd. = 8.7 oz.
Cathode chamber packing material
Stainless steel 304 - 20 x 20 mesh

Analytic equipment and operating conditions specifications

a) Gas chromatography specifications
Gas chromatograph
Manufacturer: Varian Aerograph
Model: 1440 series, single column model
Detector: Hr flame ionization detector
Chromatographic column
Supplier: Western Chromatography Supplies, New Westminster, B.C.
Material: glass
Dimensions: 2mm I.D., 6.4 mm 0.D., 6 ft long
Packing: 10% SP-2100 ON 100/120 Supelcoport (details of the packing
are given in Bulletin 742D by Supelco, Inc.)
Operating conditions
Injector port temperature 150°C
Column temperature 120°C
Detector temperature 175°C
Carrier gas Np
Carrier gas flow 30 ml/min
Air flow 300 ml/min
Ho flow 30 ml/min
Attenuation setting 4 x 10
Recorder
Model: Corning 840 series
Response 1 mv full scale
Chart speed: 1 cm/min
Syringe
Supplier: Unimetrics
Sample size: 1 ug

-10
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b) T.0.C. analysis specifications
Model: Beckman 915 total organic carron
Analyzer: Beckman 865 infrared analyzer
Operating conditions
Temperature of the total cdrbon channel 1000°C
Temperature of the inorganic carbon channel 150°C
Oxygen flow in each channel 250 ml/min
Syringe
Hamilton with automatic plunger
Sample size 50 uf
Recorder
Model: Hewlett Packard 7127A
Response: 1 mv full scale
Chart speed: 1 cm/min

c) Atomic absorption specifications
Manufacturer: Jarrel Ash, Division of Fisher Sci. Co.
Model: 810 Atomic absorption spectrophotometer
Lead lamp: Westinghouse hollow lead cathode
Wave length: 2170 A
Flame: rich (air-acetylene)

Recorder

Hewlett Packard 7127A

Speed: wvariable

Range: 1 or 2 mv full scale

Reagents

Phenol-~liquified reagent
Matheson Coleman & Bell Manuf. Chem.
Code: PX 511-CB-1040
Assay: min 887% phenol, max 127 H30

NaOH--pellets, reagent
American Scientific Chemical
Code: SS 350
Assay: WNaOH min 98%

H,SOy--reagent A.C.S.
Allied Chemical
Code: 001180-009580
Assay: 95.5-96.57

NaySOy—--anhydrous reagent grade
American Scientific and Chemical SS 530

Buffers: Fisher Scientific (2 % 0.02)
American Scientific and Chemical (10 * 0.01)

Lead standard solution for atomic absorption:
Fisher Scientific, 1000 ppm

Water for solutions: single distilled water
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APPENDIX 2

" Experimental Data

Characteristics of each group of experiments

Group No. 1

a)

b)

Mode of operation:
Batch experiments using the divided cell and the anodized lead
electrode
Cell description:
Cathode: Stainless steel 316 plate and mesh
Anode: Fresh lead feeder plate and particles
Particles: lead spheres
Size: dp = 2 mm
Weight: 250 g
ll.3§?og/cc = 22 cm3 (ref 49)
Void fraction: € = (57 - 22)/57 = 0.61
Membranes tested:
IONAC MC-3142 or IONAC MC-3470 protected by saran screen

Volume:

Group No. 2

a)

b)

Mode of operation: .
Batch experiments using the divided cell and the electrodeposited
PbOs electrode
Cell description:
Cathode: Stainless steel 316 feeder plate and mesh
Anode: PbOs electrodeposited on graphite feeder plate
Particles: electrodeposited PbO; crushed and sized
Size: 1.7 <dp < 2.0 mm
Weight: 215 g
Volume: 23 cm3
Void fraction (e) = 0.6
Membranes tested:
Cationic membranes: IONAC MC-3470
NAFION 127
Anionic membrane: IONAC MA 3475
In all runs, a saran screen was located between particles and
membrane to prevent membrane breaking and short circuit. The
only exception was Run 2-1 where a polypropylene screen was used.

Group No. 3

a) Mode of operation:

Batch experiments using the undivided cell (only one chamber) and
the electrodeposited Pb0O2 electrode
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b) Cell description:
Cathode: stainless steel 316 plate (no packing mesh used to avoid
by-passing of the liquid)
Anode: feeder and particles are the same as described in group
No. 2.
Separator: two pieces of saran screen between cathodic plate and
Pb0O2 particles

Group No. 4

a) Mode of operation:
Continuous experiments (single pass) using the undivided cell and
electrodeposited PbO> anode
b) Cell description:
The same as in group No. 3 with exceptions of Runs 4-7 and 4-8.
In Run 4-7: the anode was the feeder plate only (without particles)
In Run 4-8: the particles had the following characteristics:
Size: 0.7 <dp < 1.1 mm
Weight: 230 g
Volume: 24.5 cm
Void fraction (eg) :(57 - 24.5)/57=90.57

2. Volume, flow pressure and temperature of the electrolytes

For groups No. 1 and No. 2 (unless otherwise stated)
Electrolyte Volume (&) Flows (2/min) P+ (kPa)

Anolyte 5 1.12 2.40
Catholyte 5 1.54 2.40

+Pressures may vary * 20 kPa due to gas evolution.

Note: The symbol (*) which appears in each Run table (Groups 1 and 2)
indicates that the catholyte pH and electrical conductivity
reported were measured on sample diluted by a factor of ten.

For group No. 3 the electrolyte volume flow and pressure are the same
given for the anolyte in groups No. 1 and 2 with exception of Run 3-15
where data are recorded.

In experiments group No. 4 the electrolyte flow was varied and there-
fore the pressure, too. Data are then reported in each particular
Run table.

Temperatures

All the experiments were set up at room temperature (22 to 24°C).
During the batch experiments (groups 1,2,3) at currents below or equal
to 10 A the electrolyte temperatures remained constant. But for all
those experiments performed at 20 A (i.e., Runs 3-4, 3-5) a temperature
increase of 4°C was always detected in the recirculation tank (after
the 120 min run). Also, when working at 30 A the electrolyte temper-
ature rose about 12°C (i.e., Runs 3-6 and 3-7).
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For the continuous experiments (group No. 4) the temperature variations
at a given current are a function of the flow and will be reported in
each experiment table.

3. Anodization

Before each experiment the anode was treated with 20% H,SO, at 10 A for
1 hour. (Refer to experimental method section.) Any exception to the
standard procedure is given in the particular run table.
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RUN 1-1
Membrane: IONAC MC-3142
Anodization: Starting from the fresh lead

particles for 1 h (at the
specified conditions)

Electrolytes Approx. Conc. pH
Anolyte 1% H2SO0y 1.5
Catholyte 10% HSO0y 1.0%
I1=20A4 c.d. = 1052.6 A/m?
t AV T.0.C.
(min) V) (mg/1) % T.0.C.
0 7.3 72 0
15 6.8 68
30 6.5 62 14
60 5.7 59 17
90 5.7 57 21

120 5.6 52 28

Comments: Particles showed an homogeneous brown colour after the
1 h anodization.

*Indicates that the pH was measured on a sample diluted by a
factor of 10.
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RUN 1-2
Membrane: MC-3142
Anodization: Starting from fresh lead

particles for 12 h (at the
specified conditions)

Electrolytes  Approx. Conc. pH
Anolyte 1% H,SOy 1.5
Catholyte 10% HoSOy 1.1%
I=20A c.d. = 1052.6 A/m?

t AV T.O.C. (Pb)

(min) (V)  (mg/l) % T.0.C. (mg/l)

0 7.3 80 0 0
15 6.9 75
30 6.4 72 11
60 5.8 66 18
90 5.6 61 24
120 5.5 5 30

Comments: Particles showed homogeneous brown coating (with the same
appearance than after Run 2-1)
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RUN 1-3
Membrane: TIONAC MC-3142
Anodization: The bed was originally anodized

for 12 h and then was reanodized
for 1 h before the run

Electrolyte Conc. pH
Anolyte 5 g/1 NaCl 5.4
Catholyte 10% H2S0y 1.0%

I=10A c.d. = 526.3 A/m?

t AV T.0.C.
(min) ) mg/1 (%)
0 10 73 0
15 5 55 24
30 3 52 28

Comments: It was observed that the glass wool filter collected
small fragments that had flaked off the electrode, and
the solution took a dark grey colour, indicating that
the electrode was rapidly dissolving. When the cell
was opened the electrode had lost the brown oxide ~
coating showing the underlaying grey lead. The
membrane was fouled with deposits.



RUNS 1-4 to 1-8

(Corrosion studies on anodized lead)

Membrane: TONAC MC3142

Anodization time: 12 h starting from fresh lead, and 1 h prior to each run

I=10A c.d. = 526.3 A/m?

Catholyte: 25 g/1 NaOH (pH* = 12.7 K, * = 14 x 1072 (q cm) ™)

C

Run No. 1-4 1-5 1-6

5 g/1 NaySOy

30 g/1 Na,SOy

30 g/1 Na,SOy

30 g/1 Na,SOy

Anolyte 5 g/1 NaOH NaOH to adj. pH NaOH to adj. pH NaOH to adj. pH NaOH to adj. pH
t (Pb)!  (Pb)? (Pb) (Pb) (Pb) (Pb)
(min) pH (mg/1)  (mg/1) pH (mg/1) pH (mg/1) pH (mg/1) pH (mg/1)
0 12.7 140 0.0 9.8 0.0 9.8 0.0 12.0 0.0 7.0 0.0
15 12.6 36 2.7 2.9 1.7 3.2 4.2 3.4 5.0 2.5 3.4
30 12.5 24 1.7 2.7 1.6 2.9 3.5 2.9 5.0 2.2 3.0
45 12.4 13 1.7 2.6 1.4 2.8 2.7 2.6 4.3 2.0 2.3
60 11.8 3 0.7 2.5 1.3 2.7 2.0 2.5 3.3 1.9 2.2
75 2.4 1.1 2.6 1.7 2.4 3.0 1.8 2.0

90 2.3 0.8 2.5 1.4 2.3 2.3

1The electrolytes were recirculated without a potential applied.
2p potential was applied before the electrolytes entered the cell.
*Measured on a sample diluted by a factor of 10.

i



RUN 1-9

Membrane: IONAC MC-3470

I=10A c.d. = 526.3 A/m?
L 103 .
Electrolytes  Concentration « cm)-l' pH
Anolyte 5 g/1 NaySOy 6.4 9.41
NaOH to adjust pH
Catholyte 25 g/1 NaOH 16% 12.6%
3
. v K, *10 Phenol T.0.C. (Pb)
a
Iy - —l L./ LY/,
(min) V) (2 cm) PH, (mg/1) () (mg/1) (%) (ng/1)

0 6.0 6.4 9.41 104 80
15 6.0 7.9 3.00 55 47 74 8 2.2
30 5.7 9.0 2.80 42 60 72 11 1.7
45 5.4 10.5 2.70 33 68 71 13 1.5
60 5.2 11.5 2.63 27 74 70 14 0.9
75 5.0 12.0 2.58 19 82 68 15 0.3
90 5.0 12.7 2.54 11 89 67 g 16 0.3

€C1



RUN 2-1

Membrane: IONAC MC-3470 against polypropylene scréen

I=10A c.d. = 526.3 A/m?
K x 103
° -1
Electrolyte Concentration (2 cm) pH
Anolyte 5 g/1 NasSOy 6.4 9.44
NaOH to adjust pH
Catholyte 25 g/l NaOH 14% 12.7%
K x103 Phenol T.0.C. (Pb)
e
t AV a 3 u
(min) ) (2 cm) Pa (mg/1) %) (mg/1) *) (mg/1)
0 12.9 6.4 9.44 102.0 - 78 0 0.0
15 15.0 8.1 3.04 51.0 50 0.2
30 16.0 9.4 2.80 29.0 71 72 8 0.1
45 16.0 11.0 2.67 9.0 91
60 15.0 12.0 2.58 1.0 99 67 14 0.1
75 14.0 12.5 2.52 0.0 100
90 14.0 13.0 65 16 0.1
105 13.5 13.5 2.48
120 13.5 14.0 2.42 62 21 0.0

Comments: The polypropylene screen produces a higher potential drop compared with the
saran screen.

A}



RUN 2-2

Membrane: TIONAC MC-3470 against saran screen

1=10A c.d. = 526.3 A/m?
K x 103
S |
Electrolyte Concentration (Q cm) pH
Anolyte 5 g/1 NajySOy, 6.5 9.42
NaOH to adjust pH
Catholyte 25 g/1 NaOH 14% 12.6%
K, x103 Phenol T.0.C. (Pb)
t Av a -
(min) ™ (@ cm) Pa (mg/1) ?) mg/1) - (%) (mg/1)
0 8.0 6.5 9.42 100 - 77 0.0
15 8.0 7.8 3.12 45 55 72 6 0.2
30 8.0 8.8 2.9 25 75 70 9 0.1
45 7.9 9.5 2.82 11 89 68 13 0.1
60 7.5 10.5 ©2.75 5 95 66 14 0.0
75 7.3 11.0 2.68 2 98 65 16 0.0
90 7.1 11.5 2.60 0 100 64 17 0.0
105 7.0 12.0 2.58 63 18
120 7.0 12.0 2.56 61 21

1 TAN



RUN 2-3

Membrane: TIONAC MC-3470
I =0 (no current applied)

- K x 103
¢ -1
Electrolyte Concentration (2 cm) pH
Anolyte 5 g/1 Na,SOy 6.5  9.47
NaOH to adjust pH
Catholyte 25 g/1 NaOH 14% 12.7%
K_ x103 Phenol T.0.C. (Pb)
e
t AV a 1 q
(min) (N (2 cm) Pra (mg/1) (mg/1) (mg/1)
0 0.8 6.5 9.47 95 73 0.0
15 0.75 5.7 10.74 95 73 0.5
30 0.7 6.1 11.22 95 73 0.7
45 0.01 6.3 11.47 95 73 1.0
60 6.6 11.64 95 73 1.2
75 6.6 11.8 95 73 1.5
90 6.6 11.9 2.0

Comments: No appreciable change in phenol or T.0.C. concentration was detected,
but while the first 3% were withdrawn (to purge the system), the
solution showed the brownish colour characteristic of the oxidation
of phenol.
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RUN 2-4

Membrance: IONAC MC-3470

I=3A c.d. = 157.9 A/m?
K_x 103
o -1
Electrolyte Concentration (Q cm) pH
Anolyte 5 g/1 NajySOy 6.2 9.44
NaOH to adjust pH
Catholyte 25 g/1 NaOH 15% 12.6%
K x103 Phenol T.0.C. (Pb)
e
t AV a -1 H
(min) V) (2 cm) Pa (mg/1) (%) (mg/1) (%) (mg/1)
0 4.7 6.2 9.44 100 - 77 0.1
15 4.7 11.70 83 17 76 1 0.4
30 4.7 7.0 11.77 68 32 73 5 0.4
45 4.5 11.82 58 42 70 9 0.4
60 4,5 7.2 11.83 53 47 66 14 0.4
75 4.5 11.84 49 51 64 17 0.4
90 4,5 7.2 11.88 43 57 63 18 0.4
105 7.9 3.38 18 82 58 25 . 0.4
120 7.9 8.0 3.00 6 94 44 43 0.3
135 7.7 - 2.80 2 98 40 48 0.2
150 7.5 9.0 2.73 0 100 37 52 0.2
Note: Current was changed to 10 A at 90 min to observe pH response. During the high pH

interval the solution had a brown-reddish colour and after the pH drop the colour
changed to light yellow.
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RUN 2-5

Membrane: TIONAC MC-3470

I=6A c.d. = 315.8 A/m?
K x 103
° -1
Electrolyte Concentration (2 cm) pH
Anolyte 5 g/1 NapSOy 6.2 9.42
NaOH to adjust pH
Catholyte 25 g/1 NaOH 15% 12.6%
K x103 Phenol
t AV ®a -1 "
(min) (V) (2 cm) P a (mg/1) (%) (mg/1) (%)
0 5.8 6.2 9.42 85
15 3.74 49 42 65 4
30 5.7 6.5 3.50 28 67 62 7
45 3.21 19 78 59 10
60 5.6 7.1 3.05 12 86 56 14
75 2.88 7 92 54 17
90 5.5 8.3 2.80 5 94 53 18
105 2.78 2 98 53 18
120 5.5 8.5 2.76 0 100 52 20

87T



RUN 2-6

Membrane: IONAC MC-3470

I=20A c.d. = 1052.6 A/m?
K x 103
° -1
Electrolyte Concentration (Q cm) pH
Anolyte 5 g/1 NasSOy 8.5 2.45
0.44 g/1 HpSO0y
Catholyte 25 g/1 NaOH 14% 12.7%
3
Ke *10 Phenol T.0.C.
t AV a 4 q
(min) W) (2 cm) Pra (mg/1) (%) (mg/1) (%)
0 12.7 8.5 2.45 105 81
15 12.4 24 77 81 0
30 9.7 12.5 1.80 5 95 80 1
45 8.9 2 98 78 4
60 8.7 15.5 1.67 1 99 72 11
75 3.4 0] 100 66 18
90 8.2 17.0 1.58 59 27
105 7.9 52 36
120 7.8 42 48

17.5 1.50
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RUN 2-7

Membrane: . IONAC MC-3470

I=10A c.d. = 526.3 A/m?
K x 103
© -1
Electrolyte Concentration (2 cm) pH
Anolyte 5 g/1 NaoSOy 8.3 2.46
0.44 g/1 HpSOy
Catholyte 25 g/1 NaOH 14% 12.7%
Ke x103 Phenol
t AV a -1 H
(min) W) (2 cm) Pra (mg/1) (%) (mg/1) (%)
0 7.5 8.3 2.46 100 0 75 0
15 30 70
30 6.7 10.5 1.96 8 92 74 1
45 4 96
60 6.3 12.5 1.81 2 98 74 1
75 0 100
90 6.0 14.0 1.72 72 4
105
120 5.9 15.0 1.66 67 11
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Membrane: NAFION 127

RUN 2-8

I=10A c.d. = 526.3 A/m°
K x 103
e —
Electrolyte Concentration (Q cm) PpH
Anolyte 5 g/1 NapSOy 8.0 12.03
0.44 g/1 NaOH
Catholyte 25 g/1 NaOH 14% 12.6%
K x103 Phenol
t AV a -1 -
(min) (V) (2 cm Pa (mg/1) (%) (mg/1) )
0 5.3 8.0 12.03 95 76
15 2.1 53 44 75 1
30 5.5 9.0 1.8 20 79 74 3
45 7 93
60 5.2 11.0 1.54 3 97 73 4
75 1 99
90 5.1 13.0 1.38 0 100 70 8
120 5.0 14.5 1.29 67 12
150 4.9 15.0 1.26 66 13
Note: Colour change observed from brown reddish to yellow when the pH dropped.
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RUN 2-9

Membrane: NAFION 127
I=20A c.d. = 1052.6 A/m?
K x 103
e —
Electrolyte Concentration (2 cm) pH
Anolyte 5 g/1 NasSOy 8.2 2.48
0.44 g/1 HySOy
Catholyte 25 g/1 NaOH 15% 12.7%
K x103 Phenol T.0.C
t AV ea -1 H
(min) ) (9 cm) Py (mg/1) (%) (mg/1) (%)
0 8.5 8.2 2.48 102 85
15 7.5 37 64 84 1
30 6.8 12.5 1.7 4 91 82 3
45 6.4 1 98 77 9
60 5.9 15.0 1.67 0 100 72 15
75 5.5 0 100 67 21
90 5.5 16.5 1.64 63 26
105 5.5 58 32
120 5.5 17.5 1.62 53 38
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RUN 2-10

Membrane: NAFION 127
I=20A c.d. =1052.6 A/m?
K x 103
e -
Electrolyte Concentration (Q cm) pH
Anolyte 5 g/1 NapSOy 30 12.84
5 g/1 NaOH
Catholyte 25 g/1 NaOH 15% 12.7
Ke x103 Total Inorg.
t AV a 4 SH Phenol Carbon Carbon T.0.C.
(min) V) (@ cmw Pa (mg/1) (%) (mg/1)  (mg/1)  (mg/1) (%)
0 3.9 30.0 12.84 102 0 82 0 82
15 3.9 23.5 12.66 92 10 82 2 80 2
30 4.9 17.0 12.54 69 32 82 4 78 5
45 5.0 11.0 12.24 36 65 82 8 74 10
60 7.0 2.15 15 85 72 5 67 18
75 5.0 9.5 1.56 3 97 62 2 60 26
90 5.0 11.0 1.40 0 100 55 3 52 37
105 5.0
120 5.0 13.5 1.28 43 0 43 48
135 5.0
150 5.0 14.0 1.26 39 0 39 52
Comments: The colour of the electrolyte changed from brown reddish to yellow when the pH drop

was produced.
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RUN 2-11

Membrane: IONAC MA-3475 (anionic)
I=20A c.d. = 1052.6 A/m?

K_x 103
SRS |
Electrolyte Concentration (Q .cm) pH

Anolyte 5 g/1 NaSOy 8 2.4
0.44 g/1 HpSOy
Catholyte 25 g/1 NaOH 15% 12.7%*
K x10° Carbon _(mg/1)
t AV “a . Phenol arbon \Te
(min) W) (Q cm) PRy (mg/1) (%) Total Inorg. T.0.C. (%)
0 7.7 8.0 2.40 94 0 78 0 78 0
15 2.80 26 72 2 76 3
30 7.6 8.1 3.15 9 90 78 3 75 4
45 8.33 4 96 7 71 9
60 7.4 8.2 11.20 2 98 78 18 60 23
75 11.75 0 100 33 45 42
90 ' 7.1 8.3 12.08 78 45 33 58
120 7.0 9.5 12,38 78 52 26 67
150 6.6 10.0 12.53 78 60 18 77

Comment: The anionic membrane showed a change in colour

(from yellow to brown) after the run.
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RUN 3-1

Electrolyte I1(A) c.d. (A/m—z)
5 g/1 NaySOy 10 526.3
NaOH to adjust pH
. AV K, * 1?3 Phenol
(min) W) (2 cm) pH (mg/1) (%) (mg/1) (%)
0 9.7 6.2 9.46 110 84
15 10.5 6.5 3.78 60 45 80 5
30 9.7 6.7 3.62 40 64 78 7
45 9.1 6.8 3.52 19 83 77 8
60 8.9 6.9 3.46 9 92 75 11
75 8.7 6.9 3.42 3 97 71 15
90 8.5 7.0 3.39 1 99 67 20
120 8.5 7.0 3.36 0 100 60 29

el



Electrolyte

IA) c.d. (A/m 2)

5 g/1 NapSOy
0.44 g/1 NaOH

RUN 3-2

¢ AV Ke x 103 Phenol Carbon (mg/1)
(min) W) (2 cm) pH (mg/1) (%) Total Inorg. T.O.C. % T.0.C.
0 6.5 8.0 11.98 106 81 0 81
15 6.4 7.5 11.88 71 33 81 5 76 7
30 6.3 7.2 11.81 52 51 81 7 74 9
45 6.3 7.0 11.72 34 68 81 8 73 10
60 6.3 6.9 11.67 18 83 81 10 70 13
75 6.4 6.8 11.58 12 89 81 13 68 16
90 6.5 6.8 11.57 9 92 81 18 63 22
120 6.6 6.7 11.54 5 95 81 26 55 32
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RUN 3-3

Electrolyte I(A) c.d. (A/m—z)

5 g/1 NaySOy 10 526.3
0.44 g/1 HySOy

. AV K, x 103 Phenol
(min) () (2 cm) pH (mg/1) (%) (mg/1) (%)
0 7.8 8.4 2.50 93 75
15 7.3 8.6 28 70 75 0
30 7.2 8.8 2.45 12 86 74 1
45 6.9 8.9 4 95 71 5
60 6.7 8.9 2.43 2 98 69 7
75 6.5 8.9 1 99 68 9
90 6.4 8.9 2.41 0 100 65 13
120 6.4 8.9 2.39 61 19
150 6.4 8.9 2.38 56 25
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RUN 3-4

Electrolyte I1(A) c.d. (A/m_z)

5 g/1 Na2SOy 20 1052.6
0.44 g/1 HaSOy

t AV K x 103 T Phenol .
(min) ) (2 cm)-1 pH (°c) (mg/1) 3] (mg/1) (%)

0 9.6 8.5 2.47 23 95 - 73 -
15 9.7 9.1 2.28 23 75 71 3
30 9.2 9.2 2.28 25 10 89 68 7
45 8.4 9.2 2.27 3 97 64 12
60 8.2 9.2 2.25 26 2 98 59 19
75 8.2 9.3 2.24 1 99 54 26
90 8.2 9.4 2.22 27 0 100 47 36
120 9.3 9.5 2.20 28 34 53
150 10.7 9.6 2.19 28 23 68

(Pb) = undetectable.
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RUN 3-5

Electrolyte I(A) c.d. (A/m_z)

5 g/1 NaxS0y 20 1052.3
0.44 g/1 NaOH

. AV Ke X 19i T ' Phenol Carbon (mg/1) (Pb)
(min) W) (2 cm) pH °c) (mg/1) . 3] Total 1Inorg. T.O.C. % (mg/1)

0 9.2 8.2 12.04 24 102 86 0 86 0 0.0
15 9.1 7.9 11.91 - 48 53 84 6 78 9 0.2
30 8.9 7.7 11.76 25 26 75 84 13 71 17 0.2
45 8.9 7.5 11.56 12 88 84 22 62 28 0.0
60 9.0 7.2 11.26 26 3 97 84 30 54 37 0.0
75 9.4 7.1 10.76 0 100 84 37 46 46 0.0
90 10.4 7.1 10.26 27 84 46 38 56 0.0
120 11.4 7.1 9.56 28 83 60 23 73 0.0
150 12.0 7.0 8.84 28 81 62 19 78 0.0
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RUN 3-6

_Electrolyte I1(A) c.d. (A/m—z)
5 g/1 NasSO0y, 1578.9
0.44 g/1 HySOy
3
" AV Ke X 191 T Phenol T.0.C.
(min) W) (© em) pH (°c) (mg/1) (%) (mg/1) (%)
0 14.0 8.6 2.48 24 96 - 76
15 11.9 8.9 2.40 26 20 79 71 7
30 11.6 9.1 2.36 28 4 96 68 11
45 11.4 9.3 2.32 29 1 99 61 20
60 13.0 9.5 2.30 31 0 100 47 38
75 14.0 9.6 2.28 33 0 100 37 51
90 15.0 9.7 2.26 34 28 63
120 15.5 9.8 2,25 36 24 69
(Pb): wundetectable
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I(A) c.d. (A/m %)

RON 3-7

Electrolyte
5 g/1 Na2SOy 30 1578.9
0.44 g/1 NaOH
3 .
¢ AV K, x 1?1 T Phenol Carbon (mg/l)
(min) ) (Q cm) pH (°c) (mg/1) %) Total -Inorg. T.0.C. (%)
0 11.9 8.1 12.08 23 110 0 86 0 86 0
15 10.7 " 11.97 25 36 67 74 10 74 14
30 10.4 7.6 11.80 26 12 89 61 22 61 29
45 10.5 11.47 28 1 99 48 35 48 44
60 12.9 7.2 10.80 29 0 100 32 51 32 63
75 13.4 10.43 31 25 58 23 73
90 13.5 7.3 10.18 32 16 64 16 81
120 13.6 7.0 9.5 35 7 73 7 92

[Pb]: undetectable

vt



RUN 3-8

Electrolyte I1(A) c.d. (A/m_z)

5 g/1 NasSOy 10 526.3
0.44 g/1 HpSOy

. AV K, * 19i Phenol T.0.C.
(min) ) (Q cm) pH (mg/1) (%) (mg/1) (%)
0 4.5 30.5 2.5 108 0 83 0
15 33 70 80 4
30 4.2 31.0 2.44 13 88 79 5
45 5 95 77 7
60 4.1 31.5 2.42 1 99 72 13
75 0 100 68 18
90 4.1 31.5 2.40 67 19
120 4.1 31.5 2.38 61 27
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RUN 3-9

Electrolvte I(A) c.d. (A/m_z)

5 g/1 NapSOy 10 526.3
0.44 g/1 NaOH

" AV Ke x 103 ' Phenol Carbon (mg/1)
(min) ) €] cm)—l pH (mg/1) (%) Total Inorg. T.0.C. (%)
0 4.6 32 12.06 105 80 0 80 0
15 4.6 32 11.88 72 31 80 2 78 3
30 4.6 32 11.81 48 54 80 5 75 6
45 4.6 32 11.64 . 38 64 80 8 72 10
60 4.6 32 11.41 18 83 80 14 66 18
75 4.6 32 10.96 7 93 80 20 60 25
90 4.6 32 10. 36 1 99 80 27 53 34
120 4.6 32 9.24 0 100 80 40 40 50
150 4.6 32 7.7 : . 72 45 27 66
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RUN 3-10

Electrolyte I(A) c.d. (A/m_z)
30 g/1 Na»SOy 20 1052.6
0.44 g/1
3
t AV Ke X 1(_)1 T Phenol T.0.C.
(min) () (2 cm) pH (°0) (mg/1) (%) (mg/1) (%)
0 6.6 32 2.46 25 98 0 80 0
15 20 80 77 4
30 6.1 32 2.42 25 7 93 75 6
45 3 97 70 13
60 6.0 32 2.40 26 1 99 65 19
75 0 100 58 28
90 6.2 32 2.38 28 54 33
120 6.4 - 32 40 50
150 6.7 32 2.36 28 28 65
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RUN 3-11

Electrolyte I(A) c.d. (A/m_z)
30 g/1 NaySQy 1052.6
0.44 g/1 NaOH
¢ AV x 103 Phenol Carbon (mg/1)
(min) W) @ em)t oH (mg/1) (%) Total Tnorg. T.0.C. (2)
0 4.4 32.0 12.03 113 0 87 0 87
15 54 52 87 7 80 8
30 4.4 31.5 11.93 29 74 87 13 74 15
45 14 88 87 22 65 25
60 4.5 31.0 11.70 3 98 87 32 55 37
75 0 100 87 40 47 45
90 4.6 30.5 11.16 87 51 36 59
120 4.7 30.0 10.42 87 65 22 75
150 87 70 80

17
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RUN 3-12

Electrolyte I(A) c.d. (A/m_z)
5 g/1 NapSOy 10 526.3
0.44 g/1 HySOy
. AV K, x 19i Phenol T.O0.C.
(min) W (2 cm) pH (mg/1) (%) (mg/1) (%)
0 8.7 8.0 2.43 525 0 395
15 . 320 39
30 8.6 8.7 2.25 175 67 380 4
45 75 86
60 8.5 9.3 2.18 25 95 375 5
75 15 97
90 8.2 9.3 2.16 5 99 370 8
120 7.8 9.3 2.14 0 100 350 11
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RUN 3-13

Electrolyte 1(A) c.d. (A/m %)

5 g/1 NasSOy 10 526.3
_0.44 g/1 HoSOy

¢ AV Ke X l?i Phenol
(min) ) (2 cm) pH (mg/1) (%)

0 9.3 8.7 2.42 1100 0
15 792 28
30 8.3 8.9 2.32 506 54
45 . 341 69
60 8.0 8.9 2.28 187 83
75 88 92
90 7.9 9.1 2.27 22 98
120 7.8 9.2

2.26 5 100

Comment: The net change in T.0.C. was practically undetectable
due to the high amount of carbon present in solutiom.
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RUN 3-14

Electrolyte I1(A) c.d. (A/m_z)
5 g/1 NaSOy 10 526.3
2.2 g/1 HpS0,
3
¢ AV Ke X l?l Phenol
(min) (V) (2 cm) pH (mg/1) (%) (mg/1) (%)
0 5.4 13.5 1.8 90 77
15 5.2 13.7 30 67 74 4
30 5.1 14.0 1.78 9 90 73 5
45 5.0 14.2 3 97 72 6
60 4.9 14.3 1.75 1 99 - 69 10
75 4.9 14.5 0 100 68 12
90 4.9 14.5 1.75 66 14
120 4.9 14.5 1.75 64 17
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RUN 3-15

Electrolyte 1(a) c.d. (A/m_z) Q (&/min) P(Kpa)

5 g/1 NaySOy 20 1052.6 0.55 145
0.44 g/1 HpSOy '

. AV K, x 1gi Phenol T.0.C.
(min) ) (2 cm) pH (mg/1) (%) (mg/1) (%)

0 12.1 8.3 2.5 105 0 79 0
15 28 73 74 6
30 10.5 8.5 2.43 9 91 71 10
45 2 98 69 13
60 10.9 8.7 2.40 1 99 62 22
75 0 100 55 30
90 11.1 8.8 2.38 48 39
120 12.0 8.9 2.37 36 54
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RUN 4-1

K, X 103 L Phenol

Electrolyte I(A) c.d. (A/m—z) (Q cm)—l' pH (°C) Cin(mgll)
5 g/1 NasSOy 10 526.3 7.9 2.5 24 100

0.44 g/l HoSOy
AV P out Phenol

(%/min) ) (kPa) ) Cout (mg/1) (%)
0.11 8.7 108 32 9 91
0.25 8.6 120 28 42 58
0.40 8.3 129 26 55 45
0.55 7.9 143 25 67 33
0.85 7.4 184 24 75 25
1.10 7.1 232 24 79 21
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RUN 4-2

Ke x 103 Tin Phenol
Electrolyte I1(A) c.d. (A/m—z) (Q (:m)m1 pH (°C) Cin (mg/1)
5 g/l Najy SOy 10 526.3 8.1 2.5 24 105
0.44 g/1 HySOy
Q AV P Tout Phenol )
(2/min) ) (kPa) °c) Cout(mg/l) (%)
0.25 8.6 119 27 43 60
0.40 8.5 129 26 60 44
0.55 8.3 143 25 71 34
0.85 7.8 184 25 80 26
1.10 7.3 232 24 85 21
1.30 7.0 280 24 90 17
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RUN 4-3

K, 103 T, Phenol
Electrolyte I(A) c.d. (A/m—Z) (2 Cm)'l) pH  (°C) Cin(mg/l)
5 g/1 NaySOy 10 526.3 8.0 2.5 23 95
0.44 g/1 HpSOy
Q AV P T ut Phenol
(%/min) ) (kPa) °c) Cout (mg/1) (%)
0.250 8.7 108 27 39 59
0.400 8.6 120 25 53 44
0.550 8.3 129 24 63 34
0.850 7.9 143 24 72 24
1.100 7.4 184 23 76 20
1.300 7.1 232 23 81 17
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RUN 4-4

K x 103 T, Phenol
o N | ony C. (mg/1)
Electrolyte I(A) c.d. (A/m ") (R cm) pH °c) in
5 g/1 NasSOy 10 526.3 8 2.45 23 580
0.44 g/1 HpSOy
Flow AV P out Phenol
(%/min) W) (kPa) °C) Cout (mg/1) (%)
0.11 8.7 108 31 175 70
0.25 8.6 120 27 365 37
0.40 8.3 129 26 435 25
0.55 7.9 143 25 470 19
0.85 7.4 184 23 510 12
1.10 7.0 234 23 526 9
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RUN 4-5

K, * 103 T, Phenol
Electrolyte I(A) c.d. (A/m-z) (Q cm)_1 pH (°c) Cin(mg/l)
5 g/1 Na,SOy 20 1052.6 7.9 2.43 24 110
0.44 g/1 HySOy
Q AV P Tout Phenol
(2/min) ) (kPa) °c) Cout(mg/l) (%)
.11 13.4 110 48 7 94
.25 13.4 122 38 40 63
.40 13.3 129 32 62 44
.55 12.6 145 27 73 34
.85 11.5 185 26 80 27
1.10 10.8 234 25 90 19
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RUN 4-6

Ke x 103 Tin Phenol
Electrolyte IA) c.d. (A/m D) (@ em)t pr  (°c) Cin(me/D)
5 g/1 NapSOy 20 1052.6 7.9  2.45 24 515
0.44 g/1 NaOH
Q AV P out Phenol
(2/min) (V) (kPa) °c) Cout(mg/l) (%)
0.11 12.2 110 48 56 89
0.25 11.8 121 38 260 49
0.40 11.3 129 30 335 35
0.55 10.8 145 27 390 24
0.85 10.1 185 25 430 16
1.10 9.7 234 24 450 12
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RUN 4-7

K, * 103 T, Phenol
Electrolyte I(A) c.d. (A/m—Z) (Q cm)—l pH (°C) Cin(mg/l)
5 g/1 NaySOy 10 523.6 8.1  2.43 25 110
0.44 g/1 HyS0y
Q AV P Tout Phenol
(2/min) V) (kPa) 0 Cout(mg/l) (%)
0.11 5.9 110 30 68 38
0.25 5.9 115 - 28 87 21
0.40 5.9 115 27 98 11
0.55 5.9 115 26 100 9
0.85 5.9 115 25 103 6
1.10 5.9 115 25 106 4

Note: The anode used was the feeder plate only (refer to general
specifications). Therefore, the pressure was practically
constant at 115 Kpa.
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RUN 4-8

K, * 103 T. Phenol
Electrolyte I(A) c.d. (A/m—z) 2 cm)_l pH (°c) Cin(mg/l)
5 /1 NaySOy 10 526.3 8.0  2.43 24 100
0.44 g/1 HpSOy
Q AV P Tout Phenol
(2/min) V) (kpa) °c) Cout(mg/l) %)
0.11 6.3 112 31 5 95
0.25 6.0 128 28 33 67
0.40 5.9 143 27 47 53
0.55 5.8 162 26 55 45
0.85 5.7 204 25 66 34
1.10 5.6 271 25 71 29

Note: This run corresponds to the smaller particle size (0.7 < dp < 1.1 mm).
For bed data refer to general specifications.
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APPENDIX 3

Mathematical Models

The electrochemical oxidation of phenol is a heterogeneous process
that takes place on the surface of the anode. A simplified picture of
the process is that the disappearance of phenol is the result of two
steps which occur in series:

a) the transfer of phenol molecules or phenoxonium ions from the bulk
of the solution to the surface cf the electrode

b) an‘electrochemical reactiqn by which the phenol is converted into
some oXidation products as discussed in Chapter 2.

Two limiting cases are considered in which eithér of the two steps
are sosﬂéw that-they control the;bvefall rate of-the~processf wSuch :
modéls assume tﬁat adsorption phenomena.and tréﬁsferrof oxiaétion»products
from the electrode surface are -not rate-limiting. A third case is also
preseanted where both the resistance to mass transfer and to electro-

chemical reactions are comparable in magnitude.

1. Mass transfer controlled model

The model presented here deals wifh a packed bea eléétrochemica1 
reactor operating continuously in plug flow. N | |
Assumptions
v—'The reéistance to'thé elecﬁrochemiéal reactién is neéligible.compared

with the resistance to mass transfer. In other words, the concen-

tration of phenol at the surface of the electrode is negligible
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compared with the concentration of phenol in the bulk of the solution.

- Variations in phenol concentration in the directions perpendicular to
the-flow are neglected compared to the variations of concentration in
the direction of flow.

- All the bed is active for phenol oxidation.

Mass balance for a differential height.

T Q,CA
2
= - ( . i ( - AO-‘
Q dc, R a(s W dy) (€, Cy ) [A4.1]
b b s
= vy The superficlal velocity referved to the
4“dy
cross sectional area of the bed is given
by:
L W
g u=Q/Ws
= T Neglecting CA , (Eq. A.1) can be expressed
Q,C, ®
1 as:

Fig.A-1 Plug-flow ’
packed bed reactor

integrating,
C,(¥) (y
dCAb K a dy
—D m
¢ u
;CAI Ay 0
c,(¥) K avy
2n é e (A.2]
Ay

which can also be expressed in terms of ths fractional convercsion X, for

y = L,CA(y) = CA2

and X=—Fg—=1 — [A.3]
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then,
K alL.

n(l - X) = - —“‘;u— [A.4]

The specific surface area of the bed is given by the sum of the specific
surface area of the feeder plate plus the specific surface area of the
particles, as

1,60 -¢€)
a=3g t dp [A.5]

where & is a shape factor for the particles, and € is the fraction of
voids (49).
The average mass transfer coefficient can be estimated using the

correlation by Pickett and Stanmore (45) as follows,

K dp 0.56/(,Y1/3
m__ u dp v
D 0.83 [ " ] [DJ [A.6]

for 23 < Re < 520
This equation was developed using a single layer of spheres and correlated
the experimental data within * 10%.

It should be noted that the effect of gas evolution is not
included in equatibn A.6. Studies of mass transfer on gas-evolving
packed bed electrodes have been made recently (47), but for the case of
a stationary solution where the motion of the electrolyte in the cell is
only provided by gas bubbles. It was found that the rate of mass trans-
fer was increased by gas evolution.

For the present case of forced convection, a correlation for
mass transfer in gas evolving particulate electrodes could not be found
in the literature. However, it is reasonable to expect that enhancement
of the mass transfer coefficient due to gas bubbling is less significant
than in free convection, since the electrolyte is mainly moved by mechan-

ical circulation.



2. Electrochemical reaction controlled model

Assumptions
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- The resistance to electrochemical reaction is so high that the concen-

tration of phenol at the surface of the particles is equal to the con-

centration at the bulk of the solution.

- The oxidation reaction is assumed to be first order in phenol concen-

tration.

- The

electrode potential is assumed to be uniform all over the cell.

This assumption represents a significant simplificetion because in

reality an electrode potential distribution exists within and along

the electrode (10).

In a differential length of the anode, the potential distribution

would be as indicated in Fig. A-2,
CURRENT : PACKED
FEEDER BED ANODE

Fig. A-2,

| |
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Potential distribution in a
particulate electrode.
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i ==K ~
S e ax
s
d¢
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4. = ~ —
m e dx
m
i=1i +1i.
s m

The potential distribution

in the x direction origin-

ates because the total charge
at a central x is carried by

both the metal -and the solution.
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The total charge at x = 0 is entirely'carried by the metal of
the feeder plate but at x = Sa the current is entirely carried by the
solution. This implies that the metal pdtential presents its maximum
gradient at x = 0 and the solution potential at x = Sa’ so that the shape
of the curves ¢m vs x and ¢S vs x are as indicated in the figure.

In the ideal case of a metal of infinite conductivity, the poten-
tial drop through the metal is zero and is represented by the horizontal
dotted line. Generally, the conductivity of the metal is much greater
than that of the electrolyte, therefore the solution potential drop would
be greater than the metal potential drop. Thus, the electrode poten-—
tial V% = ¢m —‘¢S tends to increase towards x = Sa' This means that the
side reactions are more likely to occur at the edge of the packed bed
opposite to the feeder electrode.

A two dimensional model for potential, current, and concentration
distributions has been developed (48) for a concentric cylindrical elec-
trode, but the mathematical solution involved is extremely complicated.

The model to be presented here assumes that some average elec-
trode potential exists within the cell. This permits a simple correla-
tion of all the variables affecting the process.

For the case where the electrochemical reaction is the rate
limiting step, the mass balance in a differential length of cell is:

Qdc, ==-K aSWdycC [A.7]

Ab A As
The electrochemical reaction coefficient Kr is related to the electrode

potential by definition

o aAzAV: F
Y, TN, P TRT
A A

[A.8]



Under the assumption of uniform electrode potential and
eq. A.7 can be integrated (with u = Q/W S).
C,(») y
dc K_ ady K ay
__éE . r, ) n CA(y) ) r,
C u C -7 u
Ay
CA1 . Ab 0
CAz
for y =1L CA(y) = CA2 and X =1 -
A
K a Ll
A
then, n(l - X) = - "

a) Single reaction

C

[A.9]

[A.10]
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= C

If the only reaction occurring at the electrode is the electro-

s’

chemical oxidation of phenol, a local reaction rate (referred to the true

electrode area) would be given by:

1, ()
z F

= K_ CA(y)
Solving for CA(y) from eq. A.9 and substituting in equation A.1ll

iA(y) r

z F Kr CAl eXP |7 u

[

the average true current density through the cell [EA =

} is,

(L
iA(y)
J 0

—dy
A 1

oy
1

dy

[A.11]

[A.12]

[A.13]
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Substituting eq. A.12 into eq. A.13 and integrating, an average

reaction rate can be obtained as:

{
- C. u K a L\]
Ay I‘A
)

{A.14]

ZF a1 |} e |- a

Equation A.14 implies that if the initial concentration of phenol is
increased holding all the other parameters constant, the value of Kr
will be lower to sustain the same current flowing. To illustrate this,
eq. A.8 is combined with eq. A.1l4, to find the relation between the
average reaction rate, and the electrode potential, as represented in

Fig. A-3.

N

|
|
W

(VA* ' V *

Fig A-3 Schematic representation of eq. A.1l4
If the initial concentration of phenol is increased from CA- to
1
(CA )' at a constant current input, the value of the electrode potential
1
(v*)' will be lower, and therefore the value of K. will drop too.
. x
Analogous reasoning shows that Kr will alsc decrease if u is

increased, or if a is increased at a constant applied current. Equation

A.14 also implies that when the electrode potential tends to infinity, the



165

Ay
al

rate of reaction EA/z F will tend to a maximum given by

b) More than one electrochemical reaction occurs at the electrode

If, for example, a side reaction of water electrolysis occurs in
parallel to the phenol oxidation, the average current density will be
given by the sum of the average current densities driving each reaction.
If water electrolysis is represented with the subscripf w, the current

balance would be expressed by,

i-= EA + Ew where 1i = I/a

Using eq. A.l4 for both partial average currents,

z, F CAl u Kr al z FC u Kr al
i=———— |1 - exp|- A + X ¥ - exp |- Ll
al u alL u
[A.15]
o, z, V¥ F
where Kr = K° exp A g Ta ] [A.8]
A Ta k
f .
aw w V* F
— o
and Kr Kr expL R T
w "

Therefore, the average current density, referred to the true a?ea of the
bed, can be related to the electrode potential as represented in Fig. A-4,
where it is assumed that both reactions take place at all potentials
greater than zero. Figure A-4 shows that there is only one electrode

potential at which EA + Ew = i for each set of parameters a, L, u, CAl

If the initial concentration of phenol is increased holding all
other parameters constant, a lower value of V¥ will sustain the same

total average current density i.
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!

Fig.A-4 Schematic representation of eq. A.15

Analegously, if v or a 1is: increased V* should also decrease, which
means that the values of the reaction rate constants Kr' and Kr weuld be

o A W
lower.

3. Mass transfer and electrochemical reaction controlled model

The most genefal case‘folconsider ié whén ﬁéfh_résistaﬁéesifo mass
transfer and to electrochemical reaction are comparable.

Under steady-state (When the concentratioﬁ ptpfiles have beenb
_ developed), the rate of electrochemical reaction and the rate bf_mass.
transfer'per unit érea of the electrode%_will bg equal in a differential

of.cell_length'(dy),

-QdC, =K asWdy(C, -C [A.1]

) .
' Ab Ab ' 'As
-QdCc, =K asSWdyC,

b :

Therefore, under steadv-state,

[A.7)

K (¢, =C )=KC

m Ab A
s s
which permits to express the concentration at. the surface as a function

of the concentratien in the bulk of solution,



167

K cAb
CA T ® FxO
S m r

[A.16]

Substituting eq. A.16 into eq. A.l with Q = u/W S, and integrating,

CA(Y) y
dcC
_Ai=_ Ko Kr a dy
C (K +K) u
o m r
G M
Qn . [A.17)
C (K +K) u .
Al u r
CA2
for y = L,C,(y) = CA2 and with X = 1 -
LS|
mKr alL
gl =X = - FF¥x) u [A.18]
m T
where Km Kr
K=+ [A.19]
m r

is the overall rate constant, which could also be found applying the con-

cept of resistances in series as:

1 1
X + % [A.20]
m r

R

Analogous to eq. A.l5, in the general case when a side reaction of water
electrolysis occurs in parallel to phenol oxidation, the total average

current density would be given by,

z F C u ' K a Lw
T
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Note that Kr is used for the water electrolysis reaction, since it
W

it is an activation controlled process and would not be affected by mass
transfer. In this case, an increase in the phenol inlet concentration
CAl or in the specific surface area of the bed, wouid result in lower
values of Kr (or V¥) for a same average current density,»as discussed
previously. However, an increase in the superficial veloci;y u would

result in increased mass transfer coefficients (eq. A.6) but at the same

time, lower reaction rate constants Kr s Kr should be expected.
' A w

4, Mass transfer model for a batch recirculation system

If the cell is operated in a batch recirculation system, as shown

in Fig. A-5 both inlet and outlet concentrations will be a function of time.

- +
/ Cy ()

2
d{ Fig. A-5 Schematic repre-
sentation of a batch sys-

P ) \Y tem
m
Cy, ()

It is possible to find an expression to correlate the inlet and outlet
concentrations with time, utilizing the approach of Pickett (32, p. 325).
From equations A.3 and A.4,

CA2 = UA] expl- — [A.ZZ].

An instantaneous material balance over the recirculation tank would be

written as,

[A.23]
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with £ = Vm/Q [A.24]
Combining equation A.22 with A.23 would give,

d
K L
a CAl

m —3
CAleXP{ a ] Croy =t I

integrating,
t CAl
( [ K a L} } dCy,
dt
exp |- -1 — =
u t C
m C Ay
0 Ag
yields,
CA1 [ K _al
m t
n T = |exp|- ” -1 T
Ag \ m
( K al
c, =2¢C exp||exp|- T, S 1 £ [A.25]
A Ay u . t
. m
Substituting CA from eq. A.25 into eq. A.22,
1
Km al t K.m al
= -— - —_ - —— .2
CA2 CAO exp| | exp 3 1 . " [A.26]
m
~defining, t* = ;?— = dimensionless time
m
K al
o = L 3 = dimensionless mass transfer group
CAO - CA2
X = C = fractional conversion
Ap

Equation A.26 can be written as,

X =1- expl(exp(-6) - 1) t* - 8] [A.27]
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Note that if the reaction controls the process, an analogous
mathematical solution for a constant applied current operation is not
possible, because the value of Kr will change as the concentraticn CAl

changes with time, as discussed from eq. A.l4.
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APPENDIX 4

Calculations

1. Batch experiments. Calculation of theoretical phenol fractional

conversion if mass transfer controls.

This estimate will be suitable to compare all those experiments in
groups No. 2 and No. 3, performed under the following experimental condi-
tions,

Flow rate 1.12 2/min
Particle size 1.7 < dp < 2.00 mm
Particle weight 250 g

250 g
"9,375% g/cm?

Particle VOidme'= = 23 cm3»- ,;‘,,#densityvof PbOs from .

. ref. (49)
~ Void fraction (57-23)/57.= 0.60
Specific surface”areé of the bed (eq. A}S)‘

o1, 6x (1 ~¢)
a S+——————gxdp
‘taking £ = 0.75 for A and, from ref. (49), and dp = 0.185 cm.

-1 6 x (1 - 0.57)
0.3 cm ~0.75 x 0.185

= 20.6 co
Determination of the mass transfer coefficient from eq. A.6, .

_ D 0.56 1/3
Km = 0.83 dp,(Re) (Se) ™"

Using an equation for diffusivity of liquids given by Wilke (50).

~ (Original nomenclature.)



_ -8 %
D=v7.4><1o (9 mp)* T

0.6
u VA 7

SURC: 3 |
o 14X 1077 (2.6 x 18)%x297 _ g 5 o 1076 cm2/e

1 x (105)0'6

Superficial velocity of the liquid,

= 1.12 2/min x (103cm3/2) x (1 min/60 s) = 12.4 cm/s
5 x 0.3 cm?
Re = uvdp _12.4 cm/s x 0.185 cm _ 229.4
0.01 cm2/s
2
Sc _.%_= 0.01 cm {2 - 1086
9.2 x 10 ° cm?/s
o eax108 -3
Km'E 0;83'f *;—GTT§§=*'(229.4)v(1086) = 8;7 x 10 T em/s £°10%

Extreme values of Km’ taking into acc9unt_the 107 error in correlation
"A.6,

| K = IO.Q78Hcm/s. | K’ = 0.0096 en/s
Thé'dimensionleSS-mass transfer grbup-is giveh“by

‘K al K 20.6 cm_1 38 em
m __m
u 12.4 cm/s

g =

Therefore, the extreme values of ‘6 will be.

0" = 0.49 6t = 0.60

The phenol fractional conversion for mass transfer control is
given by,
X=1- exp[(exp(-6) - 1) t* - 6] [A.27]
- 59 |

and t = ——=——— = 4,464 min.

i t
{ x = — —_—
with ¢t t m 1.12 2/min
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Using the extreme values of 6, equation A.27 is used to calculate
the range of theoretical fractional conversion for mass transfer control

at a given time, as shown in Table A-2.

TABLE A-2

THEORETICAL PHENOL FRACTIONAL CONVERSION VS TIME
FOR A MASS TRANSFER-~CONTROLLED BATCH SYSTEM

t (min) t* X X+
0 .00 0.39 [0.45

15 3.36 0.83 0.88
30 6.72  0.95 0.97
45 10.08 0.99 0.99
60 13.44 1.00 1.00

A theoretical mass transfer controlled region is obtained in this manner
which is represented in Fig. 28 for comparison with the experimental
results.

2. Continuous experiments. Determination of experimental, mass transfer,

and reaction rates constants.
Procedure

a) According to the plug flow equation,

en(l - x) = - X2k

[A.18]

If - 2n/(1 - X) vs~% is plotted from the experimental data, a straight
line should be obtained, with a slope equal to K a L. The experimental
rate constant can be determined from the slope. The specific surface

area of the electrode is calculated from eq. A.5.
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b) Using the empirical equation for the mass transfer coefficient, Km is

estimated:

Km = 0.83 d% (Re)o'56(Sc)l/3 © 22 < Re < 520

¢) The reaction rate constant is then calculated from the equation of

resistances in series:

1_1,1
11,4 [A.20]
Tr m

where Km K

o]
~

- K
m



TABLE A-3

CALCULATION OF EXPERIMENTAL, MASS TRANSFER AND REACTION RATE CONSTANTS
FROM EXPERIMENTS 4-1, 4-2, 4-3% (USING AVERAGE
PHENOL FRACTIONAL CONVERSION)

-1 K K
Q u u 1 m T
(&/min) (em/s) (cm/s) X = 2n(l - X) Re (cm/s) (cm/s)
0.25 2.78 0.360 0.59 0.89 51.4 3.85 x 1073 15.65 x 107>
0.40 4,44 0.225 0.44 0.58 82.1 5.01 x 10>  8.06 x 10 °
0.55 6.11 0.163 0.34 0.42 113.0 5.98 x 102 6.39 x 102
0.85 9.44 0.106 0.25 0.29 174.6 7.64 x 1072 5.19 x 107>
1.10 12.22 0.082 0.21 0.24 226.0 8.82 x 107> 4.76 x 1072
1.30  1l4.44 0.069 0.17 0.19 267.0 9.69 x 1073 4.54 x 1072
#For these experiments:
CAO = 100 + 5 mg/1 1.7 < dp < 2.00 mm a= 20.6 cm—l (from page 171)
From Fig. 32: Slope = 2.42 cm/sec =K = 2.42 cn/s = 3.09 x 10_3 cm/s

20.6 cm—l x 38 cm

udp _ ux 0.185 cm

Re = S = T0.01 cn?/s = 18.5 u
-6
_ D 0.56 1/3 _ 9.2 x 10 0.56 1/3 _ -4 0.56
Km = 0’83'55,(Re) (Sc) = 0.83 x —0.185 x Re (1086) = 4.24 x 10 Re

SLT



TABLE A-4

CALCULATION OF EXPERIMENTAL, MASS TRANSFER AND REACTION RATE

CONSTANTS FOR EXPERIMENT (4-4)%

Q u -1
(2/min) (em/s) (cm/s) X -1 - X) Re

K

(cm/s)

u—l
0.25 2.78 0.36
0.40 4,44 0.225
0.55 6.11 0.163
0.85 9.44 0.106
1.10 12.22 0.082

o e N

.21 %
.95 x
.84 x
.72 %
.67 x

*In experiment (4-4):

CAO = 580 mg/1l

From Fig. 32:

with,

Re = 18.5 u

and K

Slope

1.7 < dp < 2.00 mm

4.24 x 10 Re®"

a = 20.6 cm'_1 (from page

= 1.1 em/s = 1,405 x

(as in Table A-3)

171)

10

cm/s

9.1



CALCULATION OF EXPERIMENTAL, MASS TRANSFER AND REACTION RATE

TABLE A-5

CONSTANT FOR EXPERIMENT (4-8)%*

_]_ :

Q u " -1 Km Kr
(2/min) (em/s) (cm/s) X - 2n(1l - X) Re (cm/s) (cm/s)

0.25 2.78 0.36 0.67 1.11 25 5.3 x 102 2.68 x 10>

0.40 4,44 0.225 0.53 0.76 40 6.9 x 10> 2.40 x 10>

0.55 6.11 0.163 0.45 0.60 55 8.2 x 1072 2.27 x 1072

0.85 9.44 0.106 0.34 0.42 85 10.5 x 102 2.14 x 1073

1.10 12.22 0.082 0.29 0.34 110 12.1 x 103 2.09 x 1073
*In experiment (4-8) C, = 100 mg/l 0.7 <dp < 1.1 € = 0.57

Ag

Specific surface area of the bed (eq. A.5):

1

(1 - 0.57) x 6

a =

From Fig.

+

32:

0.3 cm  (0.75)(0.09) cm

Slope = 2.81 cm/s =

Re = u dp/v = u 0.09/0.01 =9 u

K = 0.83 x
m

9.2 x 1070

, .
cm¢/s (Re0'56)(1086)1/3

0.09 cm

= 41.5 cm

K =

1

2.81 cm/s

(41.5cm—l)(38cm)

- 8.72 x 107 (Re)0°5

= 1,78 x 10-3 cm/s

6

LLT
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3. Estimates of typical % current efficiency

a) Batch experiments

F z (moles oxidized) .

%z C.E. = T ¢t

100 [Eq. 7]

Assuming a 4-electron transfer from the phenol molecule as proposed by
Covitz (Reaction R.1l1), the % C.E. can be calculated.

Sample calculation: Run 3-13, recirculation timé = 15 min. For
the calculation, it is supposed that after 15 min, recirculation is stopped
and the volume remaining in the tank is treated continuously. The steady
. state final concentration at the outlet is assumed to be equal to the
recorded at 15 min time.

total electrolysis time = 15 min + 5 £/1.12 &/min = 19.5 min
moles

phenol = (1100-792)mg/1l x 5% x 1 g mol/94 g x 1 g/103 mg
oxidized

l6.l+><10m3 g mol

% C.E. = 96500 coul/eq x 4 eq/mol x 16.4><10—3 g mol 100
coenT 10 A x 19.5 min x 60 sec/min

H

0.54

This is a sample calculation for Table 6, where 7 C.E. is given after 15
and 90 min recirculation times.

b) Continuous experiments

% C.CE. = ———— x 100

Therefore, current efficiencies for phenol oxidation in a single pass, are
a function of flow, conversion, initial phenol concentration, and current
applied.

Sample calculation: Run 4-4, at Q = 0.25 &/min,

_ 96500 coul/eq x 4 eq/mol x 0.25 g/min x 0.37 x 580 mg/1
10 A x 103 mg/g x 94 g/g mol x 60 sec/l min

x 100

= 36.7.

9

(@]

]
I



4., Estimate of typical electrical energy requirements and costs

a) Batch experiments

Energy requirements - I AV t°
Moles of phenol oxidized Vm (CAO - C

Az)

Sample calculation: Run 3-13, recirculation time = 15 min. As
it was assumed in the previous section, after the batch operation the
tank volume is treated continuously.

Total electrolysis time = 15 min + 5 £2/1.12 %/min = 19.5 min

Average AV = 8.5 V

Energy _ 10 A x 8.5 V x 1 kw/103 w x 19.5 min x 1 h/60min
mol 5% x (1100-792) mg/l x 1 g/10°mg x 1 g mol/9%% g

kw-h

1.69 2 mol

Power costs are taken as 2¢/kw-h for illustration,
Cost = 1.69 kw-h/g mol x 0.02 $/kw-h = 0.03 $/g mol

Energy requirements and costs are presented in Table 6 for the batch
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experiments Nos. 3-3, 3-12, 3-12 at 10 A, after 15 and 90 min recircula-

tion time.

In Table 8 the energy requirements per volume of waste is estimated

as follows: in Runs 3-12 and 3-13, 997 and 987 phenol removal is achieved

at 90 min recirculation time.

Total electrolysis time = 90 mm + 52/1.12 2/min = 94.5 min

10 A x 8.5 V x 94.5 min x 10° kw/w
58 x 60 min/1 h

Energy = 0.027 kw-h/2

1l

Energy 0.027 kw-h/%2 x 3.785 2/1 gal = 0.1022 kw-h/gal
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The electrical cost for treating 103 gé?‘of waste would be:
102.2 kw-h/1000 gal X 0.02 $/kw-h = 2 $/1000 gal

This would be the approximate'cost for treating a 700 mg/l effluent with a
997% phenol removal, under the opérating conditions of experiments 3-12 or
3-13.

b) Continuous experiments

energy required _ I AV

mol phenol oxidized Q (c -C, )
Ay ‘Ap

R

Sample calculation: Run 4-4 at Q = 0.25 %/min,

10 A x 8.5V x 103 kw/w x 103 mg/g-x 94 g/g mol _
Energy = 0.25 %/min X (580-365)mg/1 x 60 min/I h = 2.51 kv~h/g mol

Cost of electrical energy per mol of phenol oxidized:

0.02 $/kw-h x 2.51 kw-h/g mol = 0.05 $/g mol
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APPENDIX 5

Relevant Physical Data

TABLE A-6

pH OF SOLUTIONS OF NaOH AND H,S0, AT 20°C (51)

N Aq. NaOH solutions Aq. H,S0, solutions

g/l pH g/l pH
.1 40.0 14 49.0
0.1 4.0 13 4.9
0.01 0.4 12 0.49 2.1
TABLE A-7

CONDUCTIVITIES OF AQUEOUS SOLUTIONS OF NaOH, H,SOy
AND Na,SO, AT 20°C (51)

-

NaOH H, SOy Na, S0y

K x 103 K x 103 K x 108
conc. e conc. e conc. e

(/1) @ em b (/1) @emt (/1) @ em T

5 24.8 5.0 24.3 5.0 5.9
10.1 48.6 10.0 47.8 10.1 11.2
15.2° 71.3 15.1 70.3 15.2 15.7
20.4 93.1 20.2 92.0 20.3 19.8

25.5 23.9
30.8 27.9
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% phenol ionized vs pH at 20°C

10

dissociation constant Kd = 1,28 x 10 (51)
+ -
Ky = [H'] [CeHs0 ] / [CgHsOH]
Jonized -
fraction - LCeHsO 1 / [CeHsOH)
Tonized _ Kd - Kd - 1.28 x 10_10
. T — -
fraction (] 10 pH 10 pH
% ionized = fraction/(fraction + 1) x 100
TABLE A-8
% PHENOL IONIZED VS pH
pH 2 4 6 8 10 12
ionized to
unionized -8 -6 -4 -2
fraction 1.28 x 10 1.28 x 10 1.28 x 10 1.28 x 10 1.28 128
g, . . _6 —4 —2 —1
% ionized 1.28 x 10 1.28 % 10 1.28 x 10 1.16 x 10 56 99




