
modulation. For the modulation conditions 
used for Fig. 6, an effective line width of AB 
= 16 G was calculated. Combining this 
with the known field gradient gives Aq = 
2.7 Fm, in good agreement with the exper- 
imental result. This ,spatial resolution is 
roughly an order of magnitude better than 
that obtained by conventional NMR imag- 
ing of nonmetallic solid samples (1 9). 

The results presented in this report dem- 
onstrate that NMR force detection can 
achieve remarkable sensitivity and spatial 
resolution. Further advances are expected 
as progress is made toward more-sensitive 
cantilevers, higher field gradients, and low- 
er temperatures. This work is also signifi- 
cant for the field of scanning probe micros- 
copy. Previous scanning probes-including 
tunneling, atomic force, and near-field op- 
tical microscopies-have so far measured 
only the electronic properties of the sam- 
ple. Now, we have shown that nuclear 
magnetism is also accessible. 
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Methane to Ethylene with 85 Percent Yield in a 
Gas Recycle Electrocatalytic Reactor-Separator 

Y. Jiang, I. V. Yentekakis, C. G. Vayenas 
Methane was oxidatively coupled to ethylene with an ethylene yield up to 85 percent and 
a total C, hydrocarbon yield up to 88 percent in a gas recycle high-temperature (800°C) 
electrocatalytic or catalytic reactor where the recycled gas passes continuously through a 
molecular sieve trap in the recycle loop. Oxygen is supplied either electrocatalytically by 
means of the solid electrolyte support of the silver-based catalyst or in the gas phase. The 
C, products are obtained by subsequent heating of the molecular sieve trap. The selectivity 
to ethylene is up to 88 percent for methane conversion up to 97 percent. 

T h e  oxidative dimerization, or "cou- 
pling," of methane to the C, hydrocarbons 
ethane and ethylene with C2 hydrocarbon 
yield Yc in excess of 50% and ethylene yield 
YC2H4 kigher than 40% has been a 
long-sought goal in heterogeneous catalysis 
(1-8). Achieving these threshold values is 
considered a necessary requirement for the 
development of an economically viable in- 
dustrial process for the one-step production 
of ethylene from natural gas. 

Since the seminal work of Keller and 
Bhasin (2), numerous catalysts have been 
found (3-9) that give selectivity to C, hy- 
drocarbons (denoted by SC2) higher than 
90% for low (<2%) methane conversion 
(hereafter denoted by CCH4). However, it 
was universally found (2-9) that the total C, 
hydrocarbon selectivity Sc2 and ethylene 
selectivity S,.,, decrease drastically with 
increasing c$&rsion CCH4, SO that Yc2 
(which equals CCH4SC2) and YC2H4 (equal to 
CCH>C2H,)are always less than 30% and 
15%, respectively. 

In a recent pioneering paper, Aris and 
co-workers (10) showed that YC2 and YCIH 
can be increased up to at least 50% and 
17%, respectively, by using a Sm20, cata- 
lyst in a simulated countercurrent moving- 
bed chromatographic reactor (SCMBCR) 
to carry out the oxidative coupling of meth- 
ane (OCM) reaction. In this reactor, the 
methane-oxygen feed is cycled periodically 
between four reactor units, maintained at a 
high (50:l) methane-to-oxygen ratio, and 
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four separating columns; the procedure is 
repeated indefinitely. 

The reason for the low ScH and Sc2 
values at high methane convirslon CCH4 
and thus the reason for the low measured 
YC2 and YCZH values of earlier studies (2-9) 
is that the desired products ethylene and 
ethane are far more reactive with oxygen 
than with methane and therefore are easily 
oxidized to CO or CO, when their concen- 
trations become comparable to that of 
methane (that is. for high methane conver- 
sion). cdnsequkntly, -the observed im- 
provement in C, yield (-50%) in the case 
of the SCMBCR (10) is attributable to the 
partial separation and removal of C, hydro- 
carbons from unreacted methane and oxy- 
gen. The same is predicted to apply for the 
countercurrent moving-bed chromatographic 
reactor (1 0). 

We have almost entirely eliminated the 
problem of the high reactivity of the C, 
hydrocarbons during the OCM reaction by 
using a gas recycle reactor with a selective 
Ag-based OCM catalyst or electrocatalyst 
combined with an a~uro~ria te  molecular 

L .  L 

sieve trap in the recycle loop (Linde molec- 
ular sieve 5A maintained at 30°C). which , , 

traps and thus protects an easily controllable 
percentage (up to 100%) of ethylene and of 
ethane produced during each gas cycle. An 
important feature of this molecular sieve 
material is that it traps ethylene much more 
effectively than ethane and thus leads to 
very high ethylene yields. In this way, we 
have obtained C, hydrocarbon yield values 
YC2 up to 88% and, more importantly, eth- 
ylene yield values YCZH4 up to 85%. 
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The catalytic or electrocatalytic, de- 
pending on the mode of oxygen addition, 
reactor consisted of an 8 mole percent 
Y203-stabilized, ZrO, (YSZ) tube (length, 
15 cm; diameter, 2 cm) closed flat at one 
end and with an appropriately machined, 
water-cooled stainless steel reactor cap at- 
tached to the other end. thus allowine for - 
continuous gas feed and removal (1 1, 12) 
(Fig. 1). Two types of catalyst films, which 
coated the inside walls of the YSZ tube, 
were tested and gave qualitatively similar 
results. One type was porous Ag (mass, 150 
mg; - superficial surface area, 10 cmZ) pre- 
pared by application of thin coatings of a 
Ag. solution in butyl acetate, followed by 
drying and calcination as described else- 
where (12). The other type, of the same 
total inass and surface area, was a porous 
cermet consisting of 20% (by weight) 
SmZO3, doped with 1% CaO, and 80% Ag, 
which we prepared by thoroughly mixing 
the Smz03 (1% CaO) powder with the 
above Ag solution and then drying and 
calcining the mixture. The true surface area 
of both catalysts was estimated (12) to be 

on the order of 500 cm2. Two similar Ag 
films deposited on the outside air-exposed 
walls of the YSZ tube acted as counter and 
reference electrodes (Fig. 1). 

Constant currents I were auulied with a 
L. 

galvanostat between the catalyst and the 
counter electrode. In this way, oxygen is 
supplied to the Ag-based catalyst at a rate 
112F moles of atomic oxygen per second, 
where F is Faraday's constant, and the 

r \ 
CH, inlet Outlet CH4,02 Outlet 

02- inlet 

Electrocatalytic Catalytic 
reactor reactor 

operation operation 

L J 

catalyst acts as an electrocatalyst (9, 11- 
13). Alternatively, oxygen was supplied to 
the gas phase through a needle valve. Ap- 
propriate setting of two needle valves (Fig. 
1) allowed the reactor to be operated either 
as a batch recycle reactor (when repeated, 
batch operation can simulate continuous 
periodic unsteady-state performance) or 
as a continuous-flow steady-state recycle 
reactor. 

The molecular sieve trau comurised one 
or two packed bed units in parallel, each 
containing 2 to 6 g of Linde 5A molecular 
sieve pellets (1.6 mm in diameter) main- 
tained at 30°C. During repeated batch op- 
eration, the molecular sieve trap comprised 

Fig. 1. Schematic of the gas recycle electrocatalytic or catalytic reactor-separator: WE, working 
electrode; CE, counter electrode; RE, reference electrode; CW, connecting wires; YSZ, yttria- 
stabilized zirconia solid electrolyte; CP, catalytic pellets; PCV, product collection vessel; 4PV, 
four-port valve; F,, exit flow rate; F,, product collection flow rate; F,, recycle flow rate; NV, needle 
valve; and GC, gas chromatograph. 

\ / 
B~PasSlooP 

NV 7d 

a single packed bed unit. At the end of each 
batch oueration. the reactor was isolated 

CH4 x , 

with us: of a bypass loop (Fig. I), and the 
trap was heated to 400°C, thus releasing all 
the trapped ethylene, ethane, and C 0 2  into 
the recirculating gas phase. By measuring 
the gas composition by on-line gas chroma- 
tography in the recycle loop (total volume, 
50 cm3). we could directlv measure meth- 

(Electro-) 

. , 
ane conversion CcH4, C2 product selectiv- 

d 
! 

Reactants: 
CH, : 20.1 k Pa 
0, : 1/2F= 2.6 x 10~rnol of 

atomic 0 per second 
Products: 
CH, : 0.64 kPa 
COP : 1.76 kPa 
C2H4: 8.51 kPa 
C2H,: 0.27 kPa 

F 
0 

., 

Reactants Products 
Fig. 2. (A) Effect of methane conversion and 
applied current on the selectivity (filled sym- 
bols) and yield (open symbols) of C, hydrocar- 
bons. For continuous-flow steady-state reactor 
operation (hexagons), methane conversion was 
varied by fixing the applied current I and the 
exit flow rate F,: feed CH, partial pressure, 18 
kPa in He; experiment performed at I = 30, 5, 5, 
7, and 9 mA and F, = 3, 0.3, 0.2, 0.3, and 0 3 
cm3/min at standard temperature and pressure 
(STP), respectively, for the five points shown in 
order of increasing CH, conversion. For batch 
operation, methane conversion was controlled 
by varying the reactor operating time. The 
experiment was performed at various rates of 
atomic oxygen supply 1/2F I = 5 mA (dia- 
monds), 7 mA (circles), 15 mA (squares), and 
30 mA (triangles). Initial CH, partial pressure = 

20 kPa (20% CH, in He over Ag catalyst); T = 
835°C; adsorbent mass, 4 g; recirculation rate, 
220 cm3/min at STP. (B) Gas chromatogram of 
initial and final gaseous composition for the 
maximum C, yield point of (A); Porapak N 
column at T = 80°C. 
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ity, and C, product yield. During contin- 
uous-flow steady-state reactor operation, 
the molecular sieve trap comprised two 
packed bed units in a swing-bed arrange- 
ment (Fig. 1); that is, one unit was main- 
tained at 30°C to continuously trap the 
reactor products while the other was heat- 
ed for 15 min to 400°C to release the 
broducts in a slow stream of He (typically 
at the same volumetric flow rate F, as the 
reactor exit flow rate F, to maintain a 
com~arable level of dilution as in the 
reactor loop) flowing into a C, product 
collection vessel (Fig. 1). We used swing 
periods of 15 to 30 min, which led to a 
near steady-state level of C, hydrocarbons 
and CO, in the collection vessel exit, thus 
allowing for closure of the entire unit 
steady-state carbon mass balance. On-line 
analysis of the collection vessel was used 
to measure product selectivity, and meth- 
ane conversion was measured in the recy- 
cle loop exit (Fig. 1). 

In both modes of operation, the total 
carbon mass balance closure was better than 
5%. Oxygen conversion was complete. Eth- 
ylene, ethane, CO,, and H,O were found 
to be the onlv detectable ~roducts. The 
molecular sieve traps were found to trap 
practically all ethylene, CO,, and H,O 
produced; a significant percentage of ethane; 

~ n n .  ,100 

CH, conversion (%) 

CH, conversion (%) 

Fig. 3. (A) Effect of methane conversion and 
applied current on the selectivity and yield of 
ethylene. Symbols and conditions as in Fig. 2A. 
(B) Effect of methane conversion for I = 5 mA 
on ethylene, ethane, and total C, hydrocarbon 
selectivity and yield. Conditions as In Fig. 2A. 

and practically no methane or oxygen. 
For any fixed methane conversion, de- 

creasing current in batch operation causes 
a pronounced increase in C, selectivity 
and C, yield (Fig. 2A). For I = 5 mA and 
97% conversion, the C, selectivity is 
91%, corresponding to a C, yield of 88%, 
which is the maximum C, yield obtained 
so far for the OCM reaction. We verified 
that batch operation can be repeated con- 
tinuously by reloading the reactor without 
any loss in product selectivity or yield. 
Consequently, the batch mode results are 
also representative for repeated batch op- 
eration. Continuous-flow steady-state re- 
cvcle reactor o~eration leads to selectivitv 
qualitatively similar to that of batch oper- 
ation (Fig. 2A). For I = 5 mA and 65% 
conversion, the C, selectivity is 76%, 
corresponding to a C, yield of 49%, which 
is significantly higher than previously re- 
ported values for continuous-flow steady- 
state reactor operation (2-9). For similar 
operating conditions, batch operation 
gives higher selectivity and yield values 
than continuous-flow steady-state opera- 
tion (Fig. 2A). This is because, in the 
latter case. the methane concentration in 
the recycle loop is lower than the average 
methane concentration during each 
batch. 

Figure 2B shows the gas chromatogram 
corresponding to the point of maximum C2 
yield of Fig. 2A. Not only is the C, hydro- 
carbon yield very high, but 97% of the C, 
hydrocarbon products is ethylene, which is 
bv far more valuable than ethane. 

In the same experiments the ethylene 
selectivity can increase with increasing 
methane conversion (Fig. 3A) because of 
the predominantly consecutive nature of 
the OCM reaction network 

The molecular sieve adsorbent traps ethyl- 

Adsorbent mass (g) 

Fig. 4. Effect of adsorbent mass in the molec- 
ular sieve trap on ethylene, ethane, and C, 
hydrocarbon yield at fixed methane conversion 
CCHq = 15%. 
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ene quantitatively, thus practically freezing 
step 4. Ethane trapping is only partial; thus, 
the desired step 3 is not decelerated signif- 
icantly. Steps 1, 3, and 4 are predominantly 
catalytic or electrocatalytic, depending on 
the mode of operation, whereas step 2 is 
predominantly homogeneous, as estab- 
lished elegantly by Lunsford and co-workers 
(4, 8). To the best of our knowledge, the 
maximum ethylene yield of 85% (Fig. 3) is 
the highest re~orted for the OCM reaction. 
The &served dependence of SC2, SCZH4, 
S ~ 2 ~ 6 *  'c2* Y ~ 2 ~ 4 )  and YCZH6 on methane 
conversion (Fig. 3B) can be rationalized 
easily on the basis of the above consecutive 
reaction network. 

The ethylene yield depends strongly on 
the amount of adsorbent for a given mass of " 
catalyst and rate of oxygen supply I/2F, and 
for fixed methane conversion. there is an 
optimal amount of adsorbent for maximiz- 
ing YCZH4 (Fig. 4). Excessive amounts of 
adsorbent cause quantitative trapping of 
ethane and thus a decrease in ethylene yield 
according to the above reaction network. 

CH, conversion (%) 
100 il' 

CH, conversion (%) 

Fig. 5. Effect of methane conversion on (A) C, 
selectivity and (B) C, yield for some of the best 
state-of-the-art OCM catalysts (A) [from figure 
5 of (5)] ,  the simulated chromatographic reac- 
tor of Aris and co-workers (A) ( l o ) ,  and the 
present work, without (circles) and with 
(squares) gas recycling and C, trapping (open 
symbols, batch operation; filled symbols, con- 
tinuous-flow steady-state operation). 



A separate set of experiments in which 
oxygen was introduced to the gas phase at a 
rate comparable to 1/2F, instead of electro- 
chemically, gave practically the same re- 
sults as those depicted in Figs. 2 to 4. 
Substituting Ag with the Sm,03-CaO-Ag 
cermet or substituting YSZ with a-A1203 as 
the cermet support gave only marginal dif- 
ferences with respect to the results present- 
ed in Figs. 2 to 4. Consequently, the 
amount of Sm203 added to Ag and the 
nature of the support do not play any 
imvortant role in the observed behavior. 
Decreasing the gas recirculation flow rate 
from 220 to 50 cm3/min at STP does not 
affect the reactor performance. By further 
lowering the recirculation flow rate, there is 
a gradual loss in C, and ethylene selectivity 
and yield. 

The improvement in C2 selectivity and 
yield of the present work is not attributable 
to the properties of the Ag catalyst, which 
is in fact inferior to most state-of-the-art 
catalysts and gives yields per pass less than 
3% (Fig. 5), but is a result of the reactor 
design. Also, periodic unsteady-state reac- 
tor operation gives higher performance 
than steady-state reactor operation (Fig. 5), 
although industrial practice favors, in gen- 
eral, the latter mode of operation. Optimi- 
zation could lead to further improvements 
in vields. 

Our gas recycle reactor is simpler than 
and substantiallv different from the simu- 
lated countercurrent moving bed of Aris 
and co-workers (10) and has led to hieh . . - 
values of C, yield and a pronounced en- 
hancement in ethylene yield. The under- 
lying idea is, however, very similar: pro- 
tection of the highly reactive desired prod- 
ucts by means of selective adsorption. The 
same type of reactor could also be used for 
other votential uses of methane. such as 
partial oxidation to methanol or formalde- 
hyde (or both), by means of an appropri- 
ate choice of the catalytic and adsorbent 
material. 
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Control of Structure and Growth of Polymorphic 
Crystalline Thin Films of Amphiphilic Molecules 

on Liquid Surfaces 

Susan P. Weinbach, Kristian Kjaer, Wim G. Bouwman, 
Gerhard Griibel, Jean-Franqois Legrand, Jens Als-Nielsen, 

Meir Lahav, Leslie Leiserowitz 
The spontaneous formation and coexistence of crystalline polymorphic trilayer domains in 
amphiphilic films at air-liquid interfaces is demonstrated by grazing incidence synchrotron 
x-ray diffraction. These polymorphic crystallites may serve as models for the early stages 
of crystal nucleation and growth, helping to elucidate the manner in which additives 
influence the progress of crystal nucleation, growth, and polymorphism and suggesting 
ways of selectively generating and controlling multilayers on liquid surfaces. Auxiliary 
molecules have been designed to selectively inhibit development of the polymorphs, 
leading primarily to a single phase monolayer. 

T h e  ability to engineer three-dimension- 
al (3D) crvstals and cwstalline thin films . ,  , 
by control of polymorphism is important 
in applications ranging from the bioavail- 
' ability of drugs to the design of materials 
for electronics. Such control requires an 
understanding of the mechanism by which 
molecules in a supersaturated solution as- 
semble to form ordered aggregates or nu- 
clei. Our knowledge of the structure and 
dynamics of such nuclei has, in general, 
been inferred from the structure of the 
observed crvstals. which-corresvond to the 
thermodynamically most stable form or 
forms of the extended lattice (1). Addi- 
tives may be designed to bind specifically 
to the surfaces of particular polymorphs 
and so inhibit their achievine the critical " 
size for nucleation, allowing a desired 
phase to grow without competition. This 
method has been used for the separation of 
enantiomers by crystallization (1, 2) and 
for the growth of single crystals of meta- 
stable polymorphs, including polar crystals 
for nonlinear optics (3). Here we report 
the spontaneous formation of coexisting 
"polymorphic" trilayers and monolayers at 
the air-liquid interface and make use of 
auxiliary molecules to influence their thick- 

S. P. Weinbach, M. Lahav, L. Leiserowitz, Department 
of Materials and Interfaces, Weizmann Institute of 
Science. 76100 Rehovot. Israel. 

ness and crystalline structure. These am- 
phiphilic films, which can be directly mon- 
itored by grazing incidence x-ray diffraction 
(GID) (4-6) and specular x-ray reflectivity 
(6, 7), may serve as models for understand- 
ing the early stages of crystal nucleation and 
growth on the molecular level. 

When spread on liquid water at surface 
pressure rr = 0, arachidamide (C19H39- 
CONH,) forms a monolayer with the mol- 
ecules tilted by about 18' from the normal 
to the liquid surface, with two molecules in 
a rectangular unit cell of dimensions a = 
4.69 A and b = 8.69 A (8). When spread 
on formamide or formamide-water sub- 
phases, however, two trilayer phases are 
formed, with the relative ratio between 
them varying with time. The formation of 
multilayers and the coexistence of more 
than one crystalline form provide a system 
for study of the selective growth of crystal- 
lites at the liauid interface. We have there- 
fore designed auxiliary molecules that may 
influence the mode of crystallinity. 

The GID measurements were conducted 
on liquid surface diffractometers at the un- 
dulator beamlines BW1 at HASYLAB, 
Deutsches Elektronen-Synchrotron (DESY) 
(Hamburg, Germany) and Troika, European 
Synchrotron Radiation Facility (ESRF) 
(Grenoble, France). The amphiphiles (9) 
were spread at room temperature, with mean 
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