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A1l gases vented from the system are scrubbed through a bubbier system or a
heated packed bed to decompose the poisons in the gas stream. In the case of
fron and nickel carbonyls; this consists of passing the gas stream through a 6
to 10 inch bed of alumina heatéd to 300°C. This decomposes the metal
carbonyls liberating carbon monoxide and depositing iron or nickel metal on
the alumina. Carbonyl sulfide and hydrocgen sulfide are scrubbed through a
bubbler system filled with two molar sodium hydroxide and phenolpthalein
Indicator. This converts the material to sodium sulfide and water.

Similarly, hydrogen chloride is scrubbed through a two molar solution of

sodium hydroxide, producing sodium chloride and water on decomposition.

The recirculating adsorption apparatus is equipped with three heated zones: a
preheater, adsorption bed heater, and a bar heater. Each is controlled by an
ECS controller and alarm card. There is a hthllow pressure alarm in the
recirculating ltoop conf1§ured to shut down the pump, solenoid, and heated
zones should pressures drop below 25 psi or exceed'los psi. A'hood fatlure
alarm of the differential pressure sensing type rontinuously monitors air flow
through the hood. In the event of a fallure, an audible alarm scunds and the
power to the solenoid on the pump nitrogen supply line and ASCO solenoid on

the poison feed 1ine is interrupted.
A typical experiment in the recirculating apparatus was run as follows:
1. A sample of adsorbent was regenerated with nitrogen at 150 to 400°C

(dependent upon the adsorbent) to a dew point of less than -40°C while in

the adsorption bed.

0551J-1A 13




2. Using the tnlet feed system, the adsorntion loop was pressurized to

90 ptig with carbon dioxide and isolated.

3. The recirculating loop was thenkvented to atmospheric precsure. The loop
¥as closed, filled with i atmosphere of trace impurity, and finally
filled to 90 psig with carbon dioride. 1In the actual pretreatmént bed.
the impurities w be adsorbed from a synthests gas matrix (CO, HZ‘

~2' C02>. For experimental simplification, all runs were done with

Coz.only Since CO2 is the most strongly adsorbed of al) the

components in the matrix, the data obtaired from CO; should provide a

gocd estimate of capacfties 1o the actua) synthests gas matrix. The

pressure of 90 psig was chosen because it reflects ¢ne partial pressure

of CO2 at process operating conditions.

4. After recirculating for about 10 minutes to ensure good mixing, the
concentration in the recirculating loop was determined by withdrawing a
1 cc sample at the sampling port and injecting intc the gas
chromatograph. The 5C employed in thisg study was a Mewlett Packard
5890A. The volume of the sample withdrawn () c¢) was much less than the
total system volume (4 1iters). In the case of HCI, centinuous on-line
analysis was done ﬁsing a Nicolet 1000 meter cell FTIR instalied directly

in the recirculating loop. The system volume was 9 ljters, 5

Once the concentration in the.recirculatlng loop was known, the gas was

(85

directed to the adsorption bed with valves V-16 and Vv-17.

0551J3-1A 14




6. The impurity concentration in the gas stream was then moritored as 3

function of time ylelding data on the kinetics of adsorption.

7. After equilibrium was reached and the fina)l impurity concentration was

knowr, the adsorption bed was isolated using valves v-16 and V=-17.

8. Another adsorption point or desorption point was obtained by increasing
or decreasing the impurity concentration in the recirculating loop and
following step 3-7. The adsorbate concentration in the recirculating

Yoop was decreased by purging with coz.
Analytical Technigues

A p&ckéd column gas LhrOﬁ;tograph equipped u\th‘an electron capture detector
(ECD) was used to analyze both nickel and iron carbony). For determination of
CcoS and HZS. a packed column gas chromatograph equipped with a
photoionization detector (PID) was employed. specifics about the analytical
techniques including column packings, carrier gas flowrates, temperatures as
well as sample chromatograms for carbonyl and sulfur determination are given

in Appendix A.

0551J-1A 15




RESULTS AND DISCUSSION:
Adsorption of Fe(CO),
Equilibrium Capacity of Various Adsorbents at 100°F

A number of commercially available adsorbents were screened for their
Fe(CO)5 adsorption capacity at 100°F and 40 psig (5% CO, 95% NZ). These
adsorbents included three activated carbons, stlica gel, activated alumina,
H-Y zeolite, and spent methanol catalyst. Some of the pertinent physical

properties of these adsorbents are given in Table 2.

The Fe(CO)5 adsbrption Isotherms on the seven adsorbents screened inttially
are given in Figure 2. As clearly noted from the isotherms, the activated
carbons and the zeolite show significantly higher adsorption capacities than
silica gel, alumina, or spent methanol catalyst. Consequently, the activated
carbons and H-Y znolites were further screened for Fe(CO)5 removal. Several
variables including the effect of temperature, total carrier gas pressure, and

thermal regenerability of the adsorbents were investigated.

It is interesting to note that the Fe(CO)5 capacity and Henry's law

constants (initlal 1sotherm slopes) for the adsorbents increase as the surface
area of the adsorbent increases. As the microporosity of an adsorbent
Increases so does its surface area, thus the adsorption capacity for Fe(CO)5
Is also enhanced. This is true for adsorbents with very different surface

polarities like carbons and zeolltes. This suggests that adsorption of

05513-14 16
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Fe(CO)S on these adsorbents is dominated by the nature of the pore structure

and less effected by the chemical nature of the surface.

Eﬁﬁs.c.t.nf.&a.rﬁ.&r_ﬁn_mj_e_{mzsﬂsgmnsm

The compost:ion of carrier gas has a large effect on the adsorption of trace
compounds. As the strength of adsorption between adsorbent and carrier gas
Increases, the extent of adsorption of the trace impurity decreases.
Consequently, the effect of CO2 carrier gas on the adsorption of Fe(CO)5

on activated carbon and H;Y zeolite was investigated. Of all the compounds
present in synthesis gas, CO2 ts most strongly physically adsorbed and

therefore its effect was investigated.

figures 3 and 4 show the effect of CO2 on the adsorption of Fe(CO)S on BPL
carbon and H-Y 2eolite. The reason H-Y zeolife was chosen fof this
application is that its affinity for CO2 is much iess than that for other
~zeolites., It is clear from the isotherms that the presence of CO2 does
reduce the Fe(CO)5 capacity of botﬁ adsorbents. The capacities of BPL
carbon and H-Y zeolite are rcduced by about 30% and 50%, respectively, at an
equilibrium concentration of % ppm Fe(CO)S. The reduction in capacity is
greater for the zeolite because C02. which is a polar moiecule, is adscrbed

more strongly on the polar zeolite than the non-polar carbon.

Effect of Temperatyie on Fe(CO); Adsorption at 40 nsig

The effect of temperature on Fe(CO)5 adsorption on H-Y zeoclite and BPL

carbon was investigated. Since adsorption is an exothermic process, the

05513-1IA 18
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extent of adsorption increases as the temperature decreases. using the
Clausius-Clayperon equation. the tsosteric heat of adsorption of a given
species can be calculated from jsotherms at two different temperatures. The
work fng equation is:

ln(P‘IP2 = gst/R (l/T1 - IITZ)

’n
where P] and PR are the partial pressures of the adsorbate at a given

amount adsorbed (n) at absolute tempera*ures T] ang Tz; gst is the

tsosteric heat of adsorption and R s the gas constant. 1In addition, once the
heat of adsorption is known as a function of the amount adsorbed, adsorption
jsotherms at other temperatures can be calculated. 1t should be emphasized
thét use of tne Clausius-Clayperon equation is strictly thermodynamically
_correct for pure components only. Hance, the heat of adgorption calculated
from mixture data is an “apparent" heat of adsorption. Nonetheless, the

technique 1s useful in estimating the effect of temperature on adsorption.

Figures 5 and 6 show Fe(CO)5 adsorption isotherms at 100 and 75°F from
40 psig (73% COZIZGI N, /1% CO) carrier on H-Y and BPL, respectively. In
each figure the apparent heat of adsorption as a function of amount adsorbed

ig given.

Figure 5 shows that the apparent heat of Fe(CO)5 adsorption on Linde H-Y
under the given condittons 1is 12.5 kcal/mole at a surface coverage of

0.10 mmole/g and reduces to 9.6 kcal/mole at 0.30 mmole/g. First, the
magnitude of the apparent heat of adsorption is rather large. This indicates

that the adsorption of Fe(CO)S {s very sensitive to temperature. For

05513-1A 21
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example, at 100°F the adsorption capacity at an equilibrium concentration of
5 ppm is 0.22 mmole/g, while at 75°F that value increases almost 50% tr

0.32 mmole/g. Thus, the extent of Fe(CO)5 adsorption can be significantly’
modified by changing the adsorption temperature. Second, the decrease in
apparent heat of adsorption with increasing surface coverage indicates

adsorbent heterogenity with respect to Fe(CO)5 adsorption.

Figure 6 shows Fe(CO)S adsorption isotherms at 100 and 75°F on BPL carbon.
Adsorption of Fe(CO)¢ on BPL carbon shows greater temperature sensitivity

than that on H-Y zeolite as noted by its higher apparent heat of adsorption.
The magnitude of the heat of adsorption, ~20 kcal/mole, is very high
suggesting that Fe(CO)5 may be chemisorbed on the carbon surface. The heat

of adsorption of a compound 1s an indication of the strength of the adsorption
boﬁd Clearly, Fe(CO)5 |s adsorbed more strongly on BPL carbon than H-Y
zeolite as evidenced by its adsorption capacity, Henry's law constant and heat
of adsorption. The Henry's law constant of an isotherm is proportional to the
heat of adsorption. At an equilibrium concentration of 5 ppm, the Fe(CO)s
"adsorption capacity at 100°F is 0.62 mmole/g, while at 75°F that value is

0.96 mmole/g. Hence, due to the high heat of adsorption of Fe(c0)5 on both
H-Y and BPL, the adsorption capacity can be significantly enhanced by reducing

the adsorption temperature.

Thermal Regeneration Studies
The adsorption capacity of BPL rarbon at 75°F and 40 psig carrier
(73% C02/261 N2/11 CO) is 0.96 mmole/g at an equilibrium concentration of

S ppm. For a methanol plant with an iniet flow rate of 40 MMSCFD (100 TPD

05513-1A 24




methanol), the calculated weight of BPL carbon needed to remove 5 ppm

Fe(CO)5 based on the above capacity is about 500 1bs of carbon per day.

This carbon utilization rate is too expensive for a throw-away adsorbent.
Subsequently, regeneration expériments were carried out to determine 1) {f the
adsorptive capacity of the adsorbents are recovered after thermal
regeneration, 2) what temperature is required to regenerate thg adsorbent, and
3) {f al) the carbonyl impurity 1s desorbed as such or if metal species are

deposited on the adsorbent surface.

Figure 7 shows Fe(CO)s adsorption isotherms on BPL carbon at 75°F from

40 psig carrier (73% C021261 Nzllz CO) on successive runs fq!lowing
regeneration in Nz at 250°F. It can be noted that the Fe(CO)5 capacity of
BPL 1s reduced on each successive run following regeneration in N2 at
250°F. The Fe(CO)5 adsorption capacity at 5 ppm decreases from 0.96 to

N

0.77 mmole/g following two regeneration cycles.

To help elucidate the cause of this adsorbent deactivation, the gas effluent
during regeneration in N: was monitored for Fe(C0)5 concentration. By
knowing the gas effluent rate and the Fe(CO)5 effluent concentration as a
function of time, a desorption curve can be obtained. From this desorption
curve, the total quantity ot Fe(CO)S desorbed from the adsorbent can be
determined. Tne Fe(CD)S desaorption curve for BPL carbon is shown in

Figure 8. Since the Fe(CO)S loading of the adsorbent prior to regeneration
was known and the total quantity of Fe(CO)5 desorbed can be calculated from
the desorption curve, the amount of iron remaining on the carbon surface can

be calculated by subtraction.
N
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A number of points can be made concerning thermal adsorption of Fe(CO)5 from

5 ts desorbed as Fe(CO)S. The

desorption curves indicate that less than 0.1 (wt%l) of Fe(CO)5 is desorbed

active carbon. Very 1ittle adsorbed Fe(CO)

as such. This means a large fraction of some iron species remains on the
carbon surface. It is strongly suspected that the iron species is iron metal
even though 250°F is below the decomposition temperature (300°F) of

Fe(CO)S. Adsorbed Fe(CO)5 can decompose before the decomposition

temperature of the pure compound because they are two‘different thermodynamic
species. The "spent" adsorbent Is weighed after regeneration and the weight
increase 15 noted. In order to close the mass balance, the weight increase
must be done to elemental Yron. In addition, other studies on the adsorption
of Fe(CO)5 on adsorbents indicate that elemental iron is left on the
adsorbent surface following thermal regeneration in this temperature

range (3). Other interesting experimental observations which suggest
elemental iron is formed in the ferromagnetic nature of the spent adsorbent
which 1s readily attracted to a bar magnet. 1In addition, both CO and CO2
are evolved during the thermal decomposition step. It is well known that
elemental iron is a catalyst for the Bouduoard reaction at low .temperatures
100°C) (2 CO --— CO2 + C)(4). Thus, CO evolved during decomposition of
Fe(CO)5 must react in the presence of elemental iron and form CO2 and

deposit carbon. Thus, thermal regeneration studies on active carbon following
Fe(CO)5 adsorption demonstrate 1) Fe(CO)5 adsorption capacity is reduced
following thermal regeneration, and 2) thermal regeneration leads to
deposition of elemental iron on the surface of the carbon which is most Vikely

the reason for the loss of adsorption capacity.

~ 05513-1A 28




Figure 9 shows Fe(CO)5 adsorption isotherms on Linde H-Y zeolite at 75°F
from 90 psig carrier (731 C02/261 Nzlll CO) on successive runs following
regeneration in N2 at 250°F. It is noted that for three successive
adsorption/regeneration cycles, the zeolite demonstrates the same adsorptive
capacity. A desorption curve similar to that for BPL was measured as shown in
Figure 10. It can be noted that significantly more Fe(CO)5 is desorbed from
the zeolite than the carbon. However.‘the total quantity of Fe(CO)5
desorbed is equal to about 30% of that adsorbed. Once again the iron species
on the "spent" adsorbent seems to be elemental iron as indicated by mass
balance requ\rements. the ferromagnetic property of the spent adsorbent, and
previous investigations of Fe(CO)5 adsorption and decomposition on H-Y

zeolite (3).

This ralces the question as to why the equilibrium capacity remains the same
while fron species are deposited on the zeclite surface? A possible
explanation {s that the adsorbed Fe(CO)5 in the zeolite pores migrates into
the macroporous binder of the zeolite during thermal regeneration. The
macropores of the zeolite don't contain significant adsorption capacity.
However, diffusion in pelletized zeollites 1Is 1imited by macropore diffusion.
The primary reason for this is the much smaller 3ize of the microporous
zeolite crystals (1-10 ﬁicrons) versus the size of the macroporous binder
network (1-2 mm). Hence, if deposition occurs in the macropores, the rate of

Fe(CO) ddsorpt\on should decrease. Figure 11 shows the fractional approach

5
to equilibrium as a function of time on three successive
adsorption/regeneration cycles. As depicted in the figure, the approach to
equiiibrium is slowed with each successive adsorption/regeneration cycle. In

addition, previous researchers have shown that the iron crystallites present
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