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The progress of coke formation on samples of the zeolite H-[Al]-ZSM-5, Si/Al ratios of 27 and 39,
during their use in the conversion of methanol to hydrocarbons has been monitored by measure-
ment of (a) the coke content of the zeolite as a function of the quantity of methanol feed, (b) zeolitic
ion-exchange capacities at various coke loadings, and (¢) the adsorption of methylene blue on the
surface of the zeolite containing various amounts of coke. Similar measurements have been made
on the coking of the gallium(IXI) and iron(IIl) isomorphs of ZSM-5 which occurs during methanol
conversion and on the coking of H-[AI]-ZSM-5 during its use in mesitylene cracking. The results of
such measurements show that the acid site coverage per unit quantity of coke in the early stages of
coking follows the order of increasing Brgnsted acidity, namely Fe(IlT) < Ga(IIl) < Al(III); coke
formation involves some aggregation of coke material on the surface of the zeolite; the coking of H-
[AI]-ZSM-5 is greatly influenced by its AI(III) content; and coking occurs only to a minor extent as

a result of mesitylene cracking on H-[Al}-ZSM-5.

INTRODUCTION

An important feature of zeolite ZSM-5 is
the low rate of coking which takes place
during hydrocarbon conversions compared
to that observed using erionite (1), chaba-
zite (1), zeolite Y (2, 3), offretite (4), mor-
denite (4, 5), and erionite/offretite {6), thus
requiring less frequent regeneration (7).
Oxidative regeneration of the coked zeolite
ZSM-5 has been found to be slow when
compared with that observed for zeolite Y
and mordenite (8). Removal of coke de-
posits by contact with a stream of ozone (9,
10) or nitrous oxide (/1, 12) has been put
forward as successful treatment for the re-
generation of zeolite ZSM-5.

By the use of high-resolution 3C NMR
spectroscopy, a range of aliphatic and aro-
matic products formed in the conversion of
methanol over zeolite ZSM-5 were found to
be trapped within the channel structure
while the acid sites were tenanted by alkox-
ide species (13). Analysis of the coke after
dissolution of the zeolite material in hydrof-
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luoric acid showed it to consist of alkylated
mono- and binuclear aromatic molecules (2,
14) while the hydrogen-to-carbon ratio fell
from about 2.5 to 1.0 as the time of expo-
sure to methanol increased (I4, 15).

It has been claimed that coke forms on
the external surface of the zeolite, leading
to modified shape selectivity and finally to
catalyst deactivation by pore blocking (4).
In addition, the view has been expressed
that while coking occurs initially on the ex-
ternal surface after the conversion has pro-
ceeded for some time (100 h), coke is de-
posited within the channels as a result of
alkene polymerization (/). Alternatively,
evidence gathered from dinitrogen sorption
(16), ammonia and pyridine chemisorption
(17, 18), and X-ray photoelectron spectros-
copy (19) indicated that coke was formed
initially within the zeolite channels during
the catalytic conversion of methanol and fi-
nally on the external surface after hydro-
carbon production had ceased. This view
has since been modified to include some ex-
ternal coke formation at low coke loadings
(6%) as observed by transmission electron
microscopy (20). More detailed information

513

0021-9517/90 $3.00
Copyright © 1990 by Academic Press, Inc.
All rights of reproduction in any form reserved.



514

on the location of coke deposits arises from
adsorption studies of trimethylamine and
ethyldiisopropylamine; the latter is re-
stricted to adsorption by the external sur-
face due to its size (21). At low coke levels
portions of empty channel space are sealed
off while further coking produces pore fill-
ing. Almost all strong acid sites on the ex-
ternal surface are removed by coking de-
posits, which themselves give rise to new
weaker acid sites (21).

Coke, produced as a result of catalytic
hexane cracking over zeolite ZSM-3,
formed initially within the channels and fi-
nally was deposited on the external surface,
while in the case of mesitylene cracking,
coke formation occurred mainly near the
external surface as monitored by molecular
self-diffusion (22).

A previous study has demonstrated that
the number of Brgnsted acid sites on the
internal surface versus the number on the
external surface of the ZSM-5 zeolite can
be deduced from measurements of total
ion-exchange capacity and cationic dye
(methylene blue) adsorption capacity (23).
This report describes the use of this tech-
nique to gather further information on the
distribution of coke deposits arising from
the conversion of methanol and mesitylene
over ZSM-5 zeolites of variable trivalent
metal ion type and content.

EXPERIMENTAL

Descriptions of the techniques used to
synthesize and characterize the zeolites
samples are reported previously in studies
of the three ZSM-5 isomorphs, [Al]-ZSM-5
(24), [Ga)-ZSM-5 (25), and [Fe]-ZSM-5
(26).

Each sample was identified as ZSM-5
(MF]) structured material by the peak posi-
tions and relative intensities of its X-ray
powder diffraction pattern. Other amor-
phous or crystalline phases were not de-
tected in these samples. The absence of im-
purity phases was confirmed by scanning
electron microscopy. The scanning elec-
tron microscope examination of the two
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aluminum-containing zeolites, designated
[Al]-ZSM-5(1) and [Al]-ZSM-5(2), showed
that the constituent particles were irregular
polycrystalline aggregates, 0.2 to 1.3 um in
size, composed of poorly defined crystal-
lites less than 0.05 wm in size. Similar
poorly defined crystallites with few well-
formed crystal faces (=0.05 um in size)
formed the polycrystalline aggregates of the
[Gal-ZSM-5 and ([Fe]-ZSM-5 samples
where aggregate particle sizes were 0.3 to
1.0 and 1.0 to 4.0 um, respectively.
Following calcination (773 K, 16 h) to re-
move the template molecule, all samples
were treated in hydrochloric acid solution
(0.5 mol dm™3, 16 h refluxing) to give the
proton forms H-[Al]-ZSM-5, H-[Gal]-ZSM-
5, and H-[Fe]-ZSM-5. The silicon-to-triva-
lent metal ion ratio of each sample, calcu-
lated from the bulk chemical composition,
and ion-exchange capacity (IEC) of each
sample, is shown in Table 1. Also shown in
Table 1 in the ratio of IEC to bulk trivalent
metal ion content. This ratio is a measure of
the proportion of trivalent metal ions lo-
cated in the framework and forming proton
exchange sites. The H-[Al]-ZSM-5(1) and
H-[Gal-ZSM-5 samples show that all the
trivalent metal ions present (within experi-
mental error) are substituted into the frame-
work. For H-[Al]-ZSM-5(2) a small portion
(8%) and for H-[Fe]-ZSM-5 a larger portion
(37%) of the trivalent metal ions do not
form proton-exchange sites. The methylene
blue monolayer capacities and external sur-

TABLE 1

Zeolite Compositions

Sample Si/MUIe lon-exchange lon-exchange
capacity capacity/bulk
(mmol/100 g)* MUY content®
H-{Al}-ZSM-5(1) 39 37 0.98
H-[AI]-ZSM-5(2) 27 47 0.92
H-[Fe}-ZSM-5 39 24 0.63
H-[Ga}-ZSM-5 35 42 0.99

% Measured by bulk chemical analysis.
b Error in JEC measurements, +1 mmol/100 g.
¢ Error, =0.02.
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TABLE 2

Physical Properties of the Zeolites

Methylene blue
sorption capacity

Sample

Number of exchange
sites per unit area

External
surface area?

(mmol/100 g) (m?%g) of external surface
(X101 m~?)
H-[AI]-ZSM-5(1) 5.14 95 = 10 33+3
H-[All-ZSM-5(2) 5.93 103 = 10 35+3
H-[Fel]-ZSM-5 3.12 99 = 10 19 =2
H-[Ga]-ZSM-5 5.65 — —

¢ From Refs. (21, 24).

face arecas of the samples are recorded in
Table 2.

The conditions of the coking experiment
involved passage of methanol at a WHSV
of 1 h™! through a bed of zeolite at 643 K
and removal of samples of coked zeolite at
selected intervals. Before each sample was
removed, the zeolite bed was flushed by a
methanol-free nitrogen stream at 643 K for
10 min. As the catalyst was removed the
nitrogen flow rate was altered to maintain a
WHSYV of 1.0 h~!, Mesitylene cracking was
carried out at 803 K and at a WHSV of 0.1
h~!. Qualitative analysis of the reactor
product stream was carried out by off-line
gas chromatography (Varian 3700) with
flame ionjzation detectors using a 4-m X §-
in.-o.d. OV-101 packed column. Regenera-
tion of coked samples was carried out by
heating at 773 K in a flow of air (50 cm*/min)
for 16 h without addition of an oxidation
catalyst.

Samples of coked zeolite were equili-
brated over saturated calcium nitrate solu-
tion for 7 days before further measurements
were performed.

The coke content of each sample was de-
termined thermogravimetrically using a
Cahn microbalance. Samples (50 mg) were
heated in air to 623 K to remove adsorbed
air and water and then heated to 973 K to
determine the coke content.

Ion-exchange capacities were measured
by passing a 1.0 mol dm~3 CsCl solution

down a column containing the coked sam-
ples (50 mg) and titrating the filtrate with
standardized 0.01 mol dm™3 sodium hy-
droxide solution (24).

Methylene blue adsorption on the exter-
nal surface of the zeolite was carried out by
equilibration of the coked samples (50 mg)
for 24 h at room temperature (293 K) (24).
The amount of dye adsorbed was deter-
mined spectrophotometrically using a Cary
UV-VIS spectrometer. Three measure-
ments of methylene blue adsorption capac-
ity were made for each coked sample.

Weight loss, ion-exchange capacity, and
methylene blue adsorption measurements
were determined for uncoked samples after
treatment under identical conditions at 643
K for 16 h.

Coke content, methylene blue sorption
capacity, and ion-exchange capacity are all
calculated on the basis of the 973 K dried
catalyst. Coked and dyed samples were
observed under the optical microscope
(Riechert-Jung Polyvar-Met).

RESULTS

Figure 1 shows the quantity of methanol
per unit mass of catalyst required for the
coking of each zeolite. H-[AI-ZSM-5(1)
showed an initially constant increment of
coke buildup per unit quantity of feed up to
the coke level of 9 wt%. The catalyst re-
quired a proportionally greater amount of
methanol to reach a coke loading of 13 wt%
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Fic. 1. Coke content of the zeolite samples H-[AIl-ZSM-5(1) (M), H-[AII-ZSM-5(2) (O), H-[Ga]-
Z3M-5 (A), and H-[Fel-ZSM-5 (O) is plotted against quantity of methanol feed.

at which point the catalyst had ceased pro-
duction of hydrocarbons (at 96 g of metha-
nol/g of zeolite) but continued to convert
methanol to dimethyl ether. Further treat-
ment with methanol produced a final coke
loading of 20 wt%. The other aluminum-
containing zeolite H-[ Al}-ZSM-5(2) showed
a proportional increase in coke loading with
the quantity of methanol feed up to the
point of deactivation, 20 wt% (140 g/g).
Thereafter coking increased at a greater in-
crement per unit of feed to reach 35 wt%.
By contrast, the H-[Gal]-ZSM-5 sample
showed a lower increment of coke forma-
tion per unit of feed reaching the point of
catalyst deactivation at 20 wt% (260 g/g).
Initially, the H-[Fel]-ZSM-5 zeolite was
characterized by an increment in coke for-
mation per unit quantity of feed similar to
that observed for H-[AIl-ZSM-5 zeolites.
Beyond 6 wt% coke loading, the amount of

methanol required to achieve a coke level
of 10 wt% was approximately the same as
that required for the H-[Gal]-ZSM-5 to
reach a similar level. Complete deactiva-
tion at a 13 wt% loading required the largest
exposure to methanol of the four zeolites
(350 g/g).

The IEC of H-[Al}-ZSM-5(1) declined
proportionally with increasing coke content
(up to 3 wt%) as shown by Fig. 2. Between
3 and 7 wt% loading a change in coking
behavior occurred resulting in a more mod-
erate decline in IEC. Increases in coke
loading above 7 wt% caused a proportional
decline in IEC up to the point of deactiva-
tion (13 wt%). Further coking, up to 20
wt%, produced a relatively small reduction
of IEC (1.0 mmol/100 g), leaving a residual
capacity of approximately 6.0 mmol/100 g.

Coking of H-[Al]-ZSM-5(2) to a loading
of 8 wt% produced a similar rapid decline in
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FIG. 2. Effect of coke deposition on the ion-exchange capacity for H-[Al-ZSM-5(1) (W), H-[Al]-
ZSM-5(2) (C1), H-[Ga]-ZSM-5 (A), and H-[Fe]-ZSM-5 (O).

IEC to that observed in the initial stages
of H-[Al]-ZSM-5(1) coke deposition. A
smaller decline in the IEC resulited as the
coke loading increased to 21 wt%. Beyond
20 wt% coke loading, where the IEC was
4.0 mmol/100 g, only a small change to a
value of 3.5 mmol/100 g occurred as the
coke content reached 35 wt%.

In a fashion somewhat similar to that ob-

served for H-[Al]-ZSM-5(1), the IEC for H-
[Ga]-ZSM-5 initially declined proportion-
ally up to a loading of approximately 9
wt%, suffered a small change as coking in-
creased to 13 wt%, and finally steadily de-
clined in the way initially observed. A re-
sidual IEC of approximately 8.0 mmol/100
g remained at a maximum coke loading of
22 wt%. Three stages were also observed in
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the IEC behavior of H-[Fel]-ZSM-5,
namely, an initial moderate decline up to a
coking level of approximately 7 wt%, a
small change between 7 and 10 wt%, and a
resumption of the initial moderate decline
to reach a residual capacity of approxi-
mately 8.0 mmol/100 g at maximum coke
loading (13 wt%).

To evaluate the reproducibility of the
ion-exchange capacities of the coked sam-
ples, each IEC measurement was repeated.
The ion-exchange capacities determined on
the second occasion were within 2% of the
original values for samples with ion-ex-
change capacities greater than 10 mmol/100
g and within 6% for samples with ion-ex-
change capacities less than 10 mmol/100 g.
The marked changes of slope observed with
increasing coke content are outside the lim-
its of experimental error.

Methylene blue adsorption capacity for
H-[AI]-ZSM-5(1) dropped initially from 5.5
to 5.1 mol/100 g at 1 wt% coke loading (Fig.
3). A steady increase to 5.3 mmol/100 g oc-
curred as coking reached 9 wt% and was
followed by a second larger decline to 4.7
mmol/100 g between coke loadings of 11
and 20 wt%. Very different behavior was
observed for H-[All-ZSM-5(2), which
showed a large decline from 5.6 to 0.2
mmol/100 g as the coke loading reached 21
wt%. A small increase in dye adsorption
capacity from 0.3 to 0.5 mmol/100 g oc-
curred as coking reached 35 wt%.

Methylene blue adsorption capacity for
H-[Ga]-ZSM-5 initially declined from 5.9 to
5.3 mmol/100 g at 5 wt% coke level. After
remaining approximately constant as cok-
ing increased to 11 wt%, a small increase in
the uptake of dye to a final capacity of 5.6
mmol/100 g was observed at a coking level
of 22 wi%. A decline in dye adsorption ca-
pacity from 4.1 to 3.2 mmol/100 g was ob-
served as the coke loading on H-[Fe]-ZSM-
5 reached 11 wt%. At the maximum coke
loading, the dye adsorption capacity had in-
creased relatively sharply to 3.6 mmol/100

g.
The points in Fig. 3 are the averages of
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the three methylene blue adsorption capac-
ity values determined for each sample. The
experimental values of any particular sam-
ple were within 2% of the calculated aver-
age for that sample. The small changes in
methylene blue adsorption capacity, partic-
ularly for the H-[Gal-ZSM-5, H-[Al]-ZSM-
3(1), and H-[Fe]-ZSM-S samples, are be-
yond this limit in experimental error.

Optical microscope observation of the
heterogeneity or otherwise of the dyeing of
the coked samples was hampered by the
brown opaque coloration of the coked par-
ticles, which obscured the blue color of the
dye.

Regeneration of a heavily coked sample
[H-[Al}-ZSM-5(2), 35 wt% coke] gave rise
to partial restoration of the ion-exchange
capacity (86%) and the complete recovery
of the methylene blue adsorption capacity
(100%).

The relatively small quantity of coke (3
wt%) deposited during the cracking reac-
tion of mesitylene over H-[Al]-ZSM-5(1)
produced no change in either the ion-ex-
change capacity or the methylene blue ad-
sorption capacity.

DISCUSSION

The measurement of ion-exchange ca-
pacity during coke formation on ZSM-5 ze-
olites monitors the loss of accessible ion-
exchange sites, reflecting the decline in the
Brensted acidity of the samples. However,
TEC measurements do not differentiate be-
tween exchange sites on the external sur-
face and those within the channels. Given
that the majority [between 75 and 85% (23)]
of the ion-exchange sites are located within
the channel structure, changes in IEC
would arise predominantly from the effects
of coke formation at these sites, with a
smaller effect coming from external acid
sites. More detailed information on the ef-
fects that coking has on the external acid
sites is gained from changes in the methy-
lene blue adsorption capacity (see later dis-
cussion).

By use of the data displayed in Fig. 2, the
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F1G. 3. Effect of coke deposition on the methylene blue adsorption capacity for H-[A1]l-ZSM-5(1)
(W), H-[All-ZSM-5(2) ([1), H-[Ga]-ZSM-5 (A), and H-[Fe]-ZSM-5 (O).

number of acid sites covered per 100 carbon
atoms can be approximated using [IEC
(mmol/100 g) X M,./[coke content
(wt%) x 10], where M, is the molecular
weight of carbon. It is assumed that the
coke contains only carbon atoms; the pres-
ence of a small quantity of hydrogen would
not alter the result significantly.

By use of these calculations, compari-

sons can be made between the initial and
final stages of acid site blocking. In the first
stage of coking, the two aluminum-contain-
ing zeolites and the gallium-containing zeo-
lite show greater acid site coverage per 100
carbon atoms [H-[Al]-ZSM-5(1), 4.4, H-
[Al]-ZSM-5(2), 4.6 and H-[Ga]-ZSM-§, 2.1]
compared to the final stage [H-[Al]-ZSM-
5(1), 3.7; H-[Al]-ZSM-5(2) 2.0 and H-[Ga]-
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ZSM-5, 1.8]. For the H-[Fel-ZSM-5 sam-
ple, both stages of coking were
characterized by the same acid site cover-
age (2.0 acid sites per 100 carbon atoms).
Observations of similar loss of acidity at
low coke content for H-[A1]-ZSM-5 zeolites
have been made previously (27). Compar-
ing the two aluminum samples, the higher
the bulk aluminum content the greater the
difference between the initial and final
stages of acid site coverage.

The severity of decline of the first part of
the curves representing the loss of acid
sites as a function of coke content (Fig. 2)
increases in the order H-[Fe]-ZSM-5 < H-
[Gal-ZSM-5 < H-[AI]-ZSM-5. Placed on a
more quantitative basis, H-[Fe]-ZSM-5
shows the lowest coverage of acid sites per
100 carbon atoms, 2.0, followed in order of
increasing coverage by H-[Ga]-ZSM-5 (2.1)
and H-[Al]-ZSM-5 zeolites [sample 5 (1) 4.4
and (2) 4.6]. The relative Brensted acid
strength of the three isomorphs follows the
same order, as indicated by bridging hy-
droxyl stretching frequencies, ammonia de-
sorption peak maxima temperatures (27,
28), and methylene blue adsorption equilib-
rium constants (26). The stronger acid sites
are more sensitive to poisoning by coke de-
posits and hence are the first to lose activ-
ity. In the final stages of coking the rela-
tively weak sites remaining on the zeolite
were less susceptible to coking, showing
approximately the same lower increments
of coverage (1.8-2.0 acid sites per 100 car-
bon atoms). The exception was H-[Al]-
ZSM-5(1), where acid site coverage contin-
ued in a similar fashion (3.7 acid sites per
100 carbon atoms), pointing to acid sites of
predominantly greater strength.

Apart from areas of coke-free external
surface, the residual IEC remaining after
the catalyst is deactivated may also arise
from the presence of portions of coke-free
channel structure still accessible to water
molecules which facilitate ion exchange.

The dye molecule methylene blue is re-
stricted by its size [3.25 X 7.6 X 17 A (29)]
from entering the channels [5.4 X 5.6 and
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5.1 X 5.4 A (30)] of the ZSM-5 zeolite. The
adsorption of this molecule by an ion-ex-
change mechanism (each cationic dye mol-
ecule displaces one proton) monitors the
number of active Brgnsted acid sites on the
external surface (23). H-[Fe]-ZSM-5, H-
[Gal-ZSM-5, and H-[AI]-ZSM-5(1) all show
a characteristic fall followed by a small rise
in dye adsorption capacity. This relatively
small effect may be accounted for by initial
coke precursors blocking some external
acid sites, followed by an increase in acid-
ity as aggregation of the coke species oc-
curs leading to the uncovering of some acid
sites. Aggregation phenomena will also oc-
cur inside the pore structure; however, on
the unrestricted external surface large coke
precursors will migrate unhindered by the
confining surfaces of the channels.

The second fall observed in the dye ad-
sorption capacity of the H-[Al]-ZSM-5(1)
sample arises from further coking of the ex-
ternal surface just before and following de-
activation of the catalyst. Similar behavior
for the H-[Gal]-ZSM-5 and H-[Fe]-ZSM-5
samples was not observed as the maximum
coke loading was reached at the point of
catalyst deactivation.

The uniform decline in methylene blue
adsorption capacity exhibited by H-[Al]-
ZSM-5(2), which contained 3.34 Al per unit
cell, is evidence for the blocking by coke
deposits of acid sites, preventing ion ex-
change from occurring at sites on the ex-
ternal surface. The small rise in dye
adsorption after the deactivation of
H-[AI)-ZSM-5(2) probably arises from the
uncovering of some acid sites as aggrega-
tion occurs during further coke buildup. It
has been suggested that the coke deposited
once the zeolite was deactivated arises
from the thermal cracking of the methanol
feed (16).

Variation in the external acid site density
may explain the large differences in exter-
nal coke level observed for the two alumi-
num-containing zeolites. The number of
ion-exchange sites per unit of external sur-
face area for each H-[AIl-ZSM-5 zeolite
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was calculated using the following expres-
sion (X, X NA/(S. X 10°), where X, is the
methylene blue monolayer capacity of each
sample (mmol/100 g, Table 2), N, is Avoga-
dro’s constant (mol~!), and S, is the exter-
nal surface area (m?g, Table 2). The H-[Al]-
ZSM-5(1) and H-[Al]-ZSM-5(2) samples
have approximately the same number of ex-
change sites per unit area of external sur-
face (33 =3 x 107%and 35 =3 X 10~ 6m~2,
respectively, Table 2). The degree to which
coke formation occurs on the external sur-
face must be determined by the heterogene-
ity of acid site distribution, which in turn is
dependent on the overall aluminum content
of the zeolite. The small portion of extra-
framework aluminum(III) ions (8%) in
H-[Al]-ZSM-5(2) may also play a role in
the formation of coke on the external
surface.

Previous work using ethyldiisopropyl-
amine as a monitor for the external surface
acidity of a H-[Al]-ZSM-5 zeolite sample
with 2.53 aluminum ions per unit cell (Si/Al
ratio of 37) (21) showed the almost total
loss of strong external surface acidity at a
coke loading of 23 wt%. This result is con-
trary to the retention of 87% of the external
surface acidity observed for H-[Al]-ZSM-
5(1), a sample which contained approxi-
mately the same quantity of aluminum ions
per unit cell, i.e., 2.41. The variations in
coking characteristics of the external sur-
face of H-[AI]-ZSM-3 zeolite samples, due
largely to the degree of heterogeneity of
aluminum distribution, must arise from sub-
tle differences in the preparation of each
zeolite sample.

The removal of coke from the internal
surface by heat treatment in an air stream
was only partially successful as indicated
by the 86% restoration of IEC. The com-
plete restoration of methylene blue adsorp-
tion after catalyst reactivation points to the
total removal of coke material from the ex-
ternal surface of the zeolite. These results
supported previous work showing partial
reactivation after treatment in oxygen or
ozone (9, 10).
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A marked difference exists between the
effect on the H-[Al]-ZSM-5(1) sample of
coke produced from mesitylene cracking
and that from the methanol conversion. No
change in IEC and methylene blue adsorp-
tion was observed after mesitylene crack-
ing, while coking to a similar level (3 wt%)
by methanol produced marked changes in
IEC (42 to 31 mmol/100 g) and methylene
blue adsorption capacity (5.5 to 5.1 mmol/
100 g). This evidence suggests that coke de-
posits produced by mesitylene cracking dif-
fer in location and/or nature compared to
coke originating from the methanol conver-
sion. TH NMR diffusion measurements sug-
gest that the coke formed on the ZSM-5
zeolites by the mesitylene cracking reaction
was situated near the external surface (22).
Evidence presented in this study shows
that exchange sites at this location were not
physically blocked by the coke or the chem-
ical nature of the coke allows that alkali ion
and dye cation exchange to occur unhin-
dered.
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