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HYDROGEN PRODUCTION AND PURIFICATION FROM COAL AND OTHER
HEAVY FEEDSTOCKS

Year 6 — Activity 1.4 — Development of a National Center for Hydrogen Technology

ABSTRACT

Air Products and Chemicals, Inc., is developing the sour pressure swing adsorption (PSA)
technology which can be used to reject acid gas components (hydrogen sulfide [H,S] and carbon
dioxide [CO,]) from sour syngas streams such as coal gasification syngas. In the current work,
tests were conducted to investigate the impact of continuous exposure of real sour syngas and
dilute levels of hydrochloric acid (HCI) and ammonia (NH3) on the preferred adsorbent of that
process. The results show a modest (~10%—15%) decrease in CO, adsorption capacity after sour
syngas exposure, as well as deposition of metals from carbonyl decomposition. Continuous
exposure to HCI and NHj yield a higher degree of CO; capacity degradation (up to 25%). These
tests represent worst-case approaches since the exposure is continuous and the HCI and NH;
levels are relatively high compare to an industrial sour syngas stream. Long-term PSA tests are
needed to unequivocally evaluate the impact of cyclic exposure to these types of streams.
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HYDROGEN PRODUCTION AND PURIFICATION FROM COAL AND OTHER
HEAVY FEEDSTOCKS

Year 6 — Activity 1.4 — Development of a National Center for Hydrogen Technology

EXECUTIVE SUMMARY

Activity 1.4 is a collaborative effort with Air Products and Chemicals, Inc. (APCI), to
develop a technology for purifying hydrogen in a syngas stream produced from coal and other
heavy feedstocks through gasification.

APCI is developing the sour pressure swing adsorption (PSA) technology which can be
used to reject acid gas components (hydrogen sulfide [H,S] and carbon dioxide [CO,]) from sour
syngas streams such as coal gasification syngas. Separation is achieved by selectively adsorbing
these species onto a solid adsorbent and, subsequently, desorbing them during the regeneration
steps of the process. It is, therefore, critical that the adsorbent be physically and chemically
stable in the sour syngas. In this work, tests were conducted to investigate the impact of
continuous exposure of real sour syngas and dilute levels of hydrochloric acid (HCI) and
ammonia (NHj3) on the preferred adsorbent.

Two separate sets of tests were conducted under this scope of work. In the first, two
adsorbent samples (A and B) were continuously exposed to sour syngas. This feed gas was
generated by gasifying petroleum coke (petcoke) in the entrained-flow gasifier at the Energy &
Environmental Research Center (EERC). In the second set of tests, adsorbent samples were
continuously exposed to feed gas containing dilute levels of HCI or NHs. Spent adsorbent was
returned to APCI for characterization and analysis. The CO, adsorption capacities for the fresh
and spent samples were determined by thermogravimetric adsorption (TGA) analysis and
elemental compositions were determined by x-ray fluorescence (XRF) analysis.

The results of the first test show that continuous exposure of the adsorbent to petcoke-
derived sour syngas yields a CO; capacity reduction of 10%—15%. This is in contrast to results
obtained from PSA operation with the same feed gas where there was no decrease in H,S
capacity after 1000 cycles. This suggests that continuous syngas exposure is a more aggressive
test of the stability of the material. It also indicates that extended PSA cycle tests, beyond
1000 cycles, should be conducted.

Continuous exposure of the adsorbents to dilute levels of HCl and NHj3 lead to significant
CO, capacity losses (up to 25%). Again, the actual impact under PSA cycling is likely less.
Nevertheless, these results suggest that provisions for upstream removal of HCl and NH; should
be considered in future work.

il
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BACKGROUND

Air Products and Chemicals, Inc. (APCI), is developing the sour pressure swing adsorption
(PSA) technology which can be used to reject acid gas components (hydrogen sulfide [H,S] and
carbon dioxide [CO;]) from sour syngas streams. Separation is achieved by selectively adsorbing
these species onto a solid adsorbent and, subsequently, desorbing them during the regeneration
steps of the process. It is, therefore, critical that the adsorbent be physically and chemically
stable in the sour syngas. This feed stream can be generated by gasification of many different
types of solid fuels, e.g., coal, petroleum coke (petcoke); all of them led to a complex mixture of
gaseous impurities in the syngas. The tests conducted in this work were designed to investigate
the impact of real sour syngas and dilute levels of hydrochloric acid (HCI) and ammonia (NH3)
on the preferred adsorbent.

EXPERIMENTAL APPROACH

Previously, a bench-scale system for generating simulated fuel gas was designed and built
at the Energy & Environmental Research Center (EERC) for evaluation of the performance of
high-temperature CO, adsorbents in a simulated fuel gas, evaluation of the performance of
conventional PSA adsorbents under process upset conditions, and analysis of exposed samples.
A photo of the system is presented in Figure 1.

A schematic of the system is illustrated in Figure 2. It accommodates 10 packed beds each
containing up to 2040 g of adsorbent. A simulated syngas flow was generated from gas
cylinders, and a portion of the flow was continuously passed through each bed. For some of the
beds, the feed gas could be passed through a water bubbler, yielding a saturated feed to the
adsorbent. The system was also modified to allow heating of some of the reactors. The gas flow
rate though each bed was controlled with the mass flow controllers.

The exposure system was designed to run continuously for a period of up to 6 months, with
short periods of downtime to remove exposed samples for analysis and to change gas cylinders.
The general procedure was to load previously regenerated adsorbent samples into the various
columns and begin the exposure testing. After a predetermined period of time, the exposure
flows were stopped, the adsorbent was purged for 24 hours with N,, and a sample of adsorbent
was withdrawn from the inlet feed end of the bed.

Two separate sets of tests were conducted under this scope of work. In the first, two
adsorbent samples (A and B) were exposed to sour syngas previously generated at the EERC by
gasifying petroleum coke in the entrained-flow gasifier. After passing through a sour water—gas
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Figure 2. Schematic of ambient-temperature exposure unit.



shift catalyst bed and cooling/condensation, the gas was compressed and stored in multiple gas
cylinders. These cylinders supplied exposure gas for the test. Two adsorbent materials were
evaluated in three adsorbent-filled vessels. Each consisted of roughly 10 g of adsorbent in a
2-in.-0.d. X 4-in.-long reactor. The reactors were maintained at 30°C (86°F), with a gas flow rate
through each of 500 cm®/min. The gas supply pressure was constant at 400 psig. The first vessel
(22188) was packed with Adsorbent A and exposed to 500 cm’/min of syngas for 813 hours. The
other two vessels, 16320 and 8568, were both packed with Adsorbent B. Vessel 8568 was put
into service at the start of the testing but was inadvertently overheated after 339 hours of
exposure. Fresh adsorbent was loaded into Vessel 163320 and exposed for the remainder of the
syngas exposure testing, 474 hours.

In the second set of tests, adsorbent samples were continuously exposed to dilute levels of
HCI and NH3. The test conditions are presented in Table 1. Each vessel contained between 2 and
3 g of adsorbent material. The exposure time for the reactors exposed to gas containing HCI was
shorter because of a regulator failure.

Spent adsorbent samples were returned to APCI for characterization and analysis. To
gauge adsorbent stability, CO, capacities for the fresh and spent samples were determined by
thermogravimetric analysis (TGA). The TGA analyzer consists of a very sensitive balance
capable of measuring the mass change of an adsorbent sample under various gas atmospheres
and temperatures. The standard TGA procedure used to determine CO; capacity involved heating
the sample to 200°C under N, purge, cooling the sample to 40°C, and exposing it to 100% dry
CO; at 1 atmosphere. The final steady weight change yielded an estimate of the CO, adsorption
capacity. Elemental compositions were determined by x-ray fluorescence (XRF) analysis.

Table 1. Conditions for the Second Set of Exposure Tests

Reactor Reactor Reactor Reactor
1 2 3 4

Sorbent B B A A
50 ppm HCI, 500 ppm CO balance N, Yes No Yes No
50 ppm NH3;, 50 ppm CO, balance N, No Yes No Yes
Temperature, °C (°F) Ambient 60 (140) 60 (140) Ambient
Pressure, psig 400 400 400 400
Hours of Exposure 623.5 751.5 623.5 751.5

RESULTS AND DISCUSSION
Characterization of Adsorbent Samples Exposed to Syngas
Analysis of the syngas used in this work is listed in the Appendix A. It provides an

indication of the more significant components of the mixture; trace inorganic impurities such as
HCI, NH3;, AsH;3, HCN, and others were not characterized.



Vessels 22188, 16320, and 8568 were exposed to sour syngas at the EERC and were
returned to APCI for analysis. The three vessels were unloaded in a dry box to protect against
adsorption of atmospheric water or CO,. Vessel numbers and APCI sample numbers are
provided in Table 2. One vessel (16320) was labeled with a “T” at one end. The other two
vessels were marked with an “X” to identify sample location. The vessels were unloaded in two
increments, with a smaller portion taken from the T or X end and the remainder from the
unlabeled end.

It was noted that the spent adsorbents turned a black/gray color during exposure.

CO; capacities were determined by TGA and used as a measure of adsorbent degradation
by comparing the capacities of the exposed samples to those of fresh material. Samples were
heated in the TGA to 200°C under a N, purge followed by cooling to 40°C and exposed to dry
CO, for 30 min. Results are summarized in Table 2.

The results show that there appears to be very little difference between samples extracted
from different positions in the sample vessel, e.g., compare 16320 and 16320T, 8568 and 8568X,
and 22188 and 22188X. This indicates that the adsorbent degradation is uniform rather than
concentrated at the feed end.

Sample A yields a weight loss of 11%—14% during initial heating in the TGA. This is
associated with desorption of CO, and water that remained on the adsorbent after the exposure.
The CO; capacity of the exposed sample is 9%—12% lower than that of the fresh material.

The first vessel packed with Adsorbent B (8568) yields much lower weight loss on heating.
Evidently, most of the species that could be removed by desorption were removed from the
column during the inadvertent heating step in the exposure unit. This also appears to have
severely impacted the integrity of the adsorbent, as the CO, capacity of the exposed sample is
reduced by 43%—49%. Clearly the unintentional overheating step has compromised the validity
of the test.

Table 2. CO, Capacities by TGA for Samples Exposed to Sour Syngas

Wt Loss mmol CO,/g Dry Adsorbent % Change

EERC No. APCI No. Adsorbent 200°C N, Adsorb Desorb vs Fresh
16320 T 20111221-1 B 13.5425 0.716 0.580 -11.52
16320 20120104-1 B 12.2349 0.674 0.618 -16.65
8568 X 20111221-2 B 0.9281 0.463 0.408 —42.82
8568 20120104-2 B 0.5330 0.414 0.388 —48.85
22188 X 20111221-3 A 13.3705 0.625 0.553 —8.97
22188 20120104-3 A 11.5658 0.601 0.511 -12.07
Fresh 20111221-4 B 0.763 0.809 0.736

Fresh (5/17/10) A 0.684 0.654

Activated 200°C N,, 30 min; absorb: 30 min 100% CO,, 40°C; desorb: 30 min N,, 40°C; nd = none detected.



The second sample of Adsorbent B packed into Vessel 16320 shows a similar 11%—-17%
CO; capacity decline as Adsorbent A, albeit for a shorter on-stream time.

Ignoring the results of the overheated adsorbent sample, the data indicate that exposure to
syngas reduces the CO, capacity of Adsorbents A and B by 10%—15%. Although significant, this
magnitude of decline could be accounted for in the PSA design. It is also important to note that
this is a rather severe test, where exposure to high-pressure syngas is continuous and for a very
long time. A real PSA unit would switch between this feed condition and regeneration
conditions, and this would be expected to limit the level of degradation.

The best evaluation of adsorbent lifetime is made by operating a PSA unit with the sour
syngas feed and monitoring its performance. This has been done previously, and it was found
that the H,S adsorption capacity of the same adsorbents did not decline after 1000 cycles were
completed. The current results indicate that there is the potential for some decline, and more
extended PSA testing is warranted (beyond 1000 cycles).

Elemental compositions as determined by XRF for the six spent samples and the fresh
adsorbents are listed in Table 3 and plotted in Figure 3. The data clearly show that Fe and S were
deposited on both adsorbents. It also appears that, contrary to the CO, capacity data, the
adsorbent composition within a vessel was not homogeneous, with Fe and S being higher at one
end of the vessel than at the other (Figure 3). This finding also suggests that deposition of the Fe
and S is not responsible for the decline in CO, capacity. The XRF data are consistent with
Samples 16320T, 8568 X, and 22188 being associated with the inlet end of the vessels. Ni was
also detected at very low levels on five of the six spent samples, while none was found on the
fresh adsorbents.

Deposited iron and nickel are most likely due to decomposition of iron carbonyl and nickel
carbonyl on the adsorbent. These species are expected in the bottled syngas because of the high
metals content of the petcoke gasifier feedstock. The presence of deposited metals on the
adsorbent will need to be considered during adsorbent change-out and disposal of an industrial
unit, as they can lead to self-heating in air and pose an exposure threat to personnel. Further
extended PSA tests are necessary to determine the level of carbonyl decomposition in the real
PSA system.

Characterization of Adsorbent Exposed to HCI and NHj3

In this test, vessels containing Adsorbent A and B were exposed to mixed-feed gases
containing either HCI or NH3 at the EERC (50 ppm HCI, 500 ppm CO, balance N, or 50 ppm
NHj3;, 50 ppm CO, balance N») in accordance with the conditions listed in Table 1. The exposed
samples were returned to APCI for characterization.

Prior to unloading, the vessels were weighed, and changes in adsorbent weights are listed
in Table 4. These should be considered approximate values since the vessel weights (minus
contents) may have changed because of handling. The weight change on exposure was modest.



Table 3. Elemental Composition (wt%, mmol/g) as Determined by XRF Analysis for
Elements >0.02 wt% and Ni

EERC No. 16320 T 16320 8568 X 8568 FreshB 22188 X 22188 Fresh A

APCI 2011 2012 2011 2012 2012 2011 2012 Earlier
No. 1221-1  0104-1  1221-2  0104-2 0104-4 1221-3  0104-3  Analysis
wt%,
Fe 0.429 0.202 1.36 0.236 0.0194 0.750 1.21 0.008
S 0.259 0.147 0.318 0.124 0.0329 0.567 0.672 0.0307
Na 0.138 0.137 0.137 0.133 0.136 0.0535 0.0697
Ti 0.0253  0.0264 0.0278  0.0263  0.0255 0.0073  0.0077  0.0141
Ni 0.0069  ND' 0.0065  0.0028 ND 0.0420  0.0055 ND
mmol/g
Fe 0.0768  0.0362  0.2435  0.0423  0.0035 0.1343  0.2167 0.0014
S 0.0808  0.0458  0.0992  0.0387 0.0103 0.1768  0.2096  0.0096
Na 0.0600  0.0596 0.0596 0.0579  0.0592 0.0233  0.0000 0.0303
Ti 0.0053  0.0055 0.0058  0.0055 0.0053 0.0015  0.0016  0.0029

" None detected.
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Figure 3. Iron and sulfur loadings on the exposed adsorbent samples.



Table 4. Adsorbent Weight Change after Syngas Exposure

Vessel Adsorbent Weight Adsorbent Weight

Number Adsorbent/Gas Sample No.  Before Exposure after Exposure % Change
1 B, HCI 20120110-1 2.67 2.74 2.62

2 B, NH; 20120110-2 2.78 2.81 1.08

3 A, HCI 20120110-3 2.57 2.62 1.95

4 A, NH; 20120110-4 2.49 2.63 5.62

The vessels were unloaded in a N,-purged dry box. A portion of the each adsorbent from
the “T” end of the vessel (inlet) was removed and kept separate from the remainder marked “B”
(outlet). As previously, CO, capacities were determined by TGA and used as a measure of
adsorbent degradation. Samples were heated in the TGA to 200°C under a N, purge, followed by
cooling to 40°C, and exposed to dry CO, for 30 min.

Results are summarized in Table 5. They show that continuous exposure of the adsorbents
to 50 ppm HCI and NHj3 yields a significant (up to 25%) decrease in the CO, capacity of the
material. There is generally not a very large difference in capacity between the inlet and bulk of
the adsorbent, indicating that the exposure occurs throughout the sample. The results for
Reactors 1 and 3 suggest that higher temperatures (60°C versus 20°C) promote adsorbent
degradation by HCI, while the extent of NH; degradation was similar at these two temperatures.

Mass spectrometry was used to check for evolution of HCl and NH3 upon heating to
200°C. The absence of a mass peak at 36 indicated that HCl was not desorbed during heating.
NHj3, however, was desorbed from the Vessel 2 and 4 samples as shown by a relatively large
peak at 17. Water also has a mass peak at 17, but it is much smaller than its peak at 18, and it can
be concluded that most (perhaps all) of the mass 17 peak intensity is due to NH;. Plots of mass
17 and 18 peak signals are shown in Figure 4. Estimates of the amount of NHj3 desorbed are
listed in Table 1 and assume that all of the TGA weight loss results from NHj.

The message from these tests is that continuous exposure to NH3; and HCI at higher
temperatures should be avoided. It is not clear if similar levels of degradation would be seen in a
PSA unit operating with limited feed/regeneration steps and with much lower HCI/NHj3 levels.
Additional long-term PSA testing is needed to investigate that point. If degradation is observed,
then process designs that incorporate upstream removal of NH; and HCI should be investigated.



Table 5. CO, Capacities by TGA for Samples Exposed to HCI or NH3; Containing Syngas
(activated 200°C Ny, 30 min; absorb: 30 min 100% CO,, 40°C; desorb: 30 min Ny, 40°C)

Wt Loss n;ncll(s)(l)/r%)]e)niy Adsorb %
Adsorbent/  200°C Change mmol NH3/g
Bed No. Test Reference Gas N, Adsorb Desorb vs. Fresh Desorbed?
1 20120110-1 T B, HCI 0.9037 0.713 0.676 -11.9 ND°
20120110-1 B B, HCI 0.5446 0.762 0.722 -5.9 ND
2 20120110-2 T B, NH; 2.4885 0.623 0.592 —23.0 1.501
20120110-2 B B, NH; 1.5656 0.645 0.612 —20.3 0.936
3 20120110-3 T A, HCI 0.2444 0.705 0.653 -19.6 ND
20120110-3 B A, HC1 0.1933 0.646 0.610 —26.3 ND
4 20120110-4 T A, NH; 4.0406 0.686 0.651 -21.8 2.477
20120110-4 B A, NH; 2.6836 0.642 0.619 —26.8 1.622

* Maximum quantity assuming all the weight loss at 200°C results from NH;.
® None detected.

CONCLUSIONS

The results of this work show that continuous exposure of the sour PSA adsorbent to
petcoke-derived sour syngas yields a CO; capacity reduction of 10%—15%. This is in contrast to
results obtained from PSA operation with the same feed gas where there was no decrease in H,S
capacity after 1000 cycles. This suggests that continuous syngas exposure is a more aggressive
test of the stability of the material. It also indicates that extended PSA cycle tests, beyond
1000 cycles, should be conducted.

Sample analysis also indicates the presence of deposited metals (Fe and Ni) on the spent
adsorbents. Again, their presence in a real PSA is uncertain, but the potential exists and needs to
be considered during adsorbent change-out and disposal of an industrial unit.

Continuous exposure of the adsorbents to dilute levels of HCl and NHj3 lead to significant
CO; capacity losses (up to 25%). Degradation via HC] was promoted with higher temperatures.
The actual impact of these species under PSA cycling is likely less due to the nature of the cyclic
process and the lower level of impurities in typical feed gas. Nevertheless, these results suggest
that fallback provisions for upstream removal of HCl and NH3 should be considered in future
work.
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APPENDIX A

SYNGAS ANALYSIS



A TLANTIGC
ANALYTICAL
LABORATORY

Gas Analysis Report

Air Products and Chemicals

7201 Hamilton Boulevard

Allentown, PA 18195

610-481-3998;

Attn.: Mr. Jeffrey Hufton; E-mail: Huftonjr@airproducts.com

Sample ID: Sour Syngas; 21435-60-1
Comments: 1 of 2 Samples received in 500 cc customer cylinder.

Non-Condensable Gases

Nitrogen: = ceseemeemrm e
OXygen: e
Carbon DioXide: = ===-mmmmmmmmmco e e
Carbon Monoxide:  =--=--=mmemm e
Hydrogen: — —eeeeeeeme
AMgon: eeeeeeesme R S e = e
Methane: ~  —reremeeeeee e
Water Vapor:  comsmmmm e e

Hydrocarbons

Ethylene: coomemrmmm e
Ethane: = seemeemee
Propylene:  seeeeeemee
Propane: = semmeeeeemme
Isobutane:  ceemmeeeeee
n-Butane: = s
Butene: e
Isopentane: = @ smmmmemmmmmme e
n-Pentane: - sememeeme e
Pentenes: = s
Hexanes+: cemeeeeem el

AAL Number:
Received On:
Report Date:
PO Number:

Sample Date:
Sample Time:

Result

Y% v/v

28.5

nd

29.0

0.61

41.7

0.10

0.17

Yo v/iv

nd
0.001
nd
nd
nd
nd
nd
nd
nd
nd
nd

13566-1

24 Feb 10
18 Mar 10
credit card

D.L.

0.01
0.01
0.05
0.05
0.05
0.05
0.01
0.001

D.L.

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Comments: Peak ID based upon t. match against target analyte standards. D.L. = report detection limit. nd = indicates the
concentration is less than the report detection limit. -- = test not performed. L.T. = less than the amount specified. % =
percent. ppm = parts per million. ppb = parts per billion. v/v = volume analyte/volume sample. w/w = weight

analyte/weight sample.

ATLANTIC ANALYTICAL LABORATORY, LLC.

R.O. BOX 220 = SALEM INDUSTRIAL PARK - BUILDING #4 « WHITEHOUSE, NJ 08888

PHONE 908-534-5600 » FAX: 908-534-2017
WWW.ATLANTICANALYTICAL.COM

A-1
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Sample ID.: Air Products and Chemicals AAL Number: 13566-1

21435-60-1
GC/MS
C6+ Extended Range Results

Libr. Hit List1 &/or Result
Target Analyte(s) % v/v
Aliphatic Hydrocarbons (Cg range): = —--=-=mmmmmmommmmm oo nd 0.001
Aliphatic Hydrocarbons (C; range): ~ ====--smmmmmmmmmmmo o nd 0.001 ;
Aliphatic Hydrocarbons (Cs range): = ====mmmmmmmmmmmme nd 0.001 i
Aliphatic Hydrocarbons (C9 range): =~ ====-mmmmmmmmmmmmmmme e nd 0.001 -
Aliphatic Hydrocarbons (C10 range):  --------—--m-mmmmommmmmmmomenee nd 0.001
Aliphatic Hydrocarbons (Cy; — Cy4 range): -------=--mmmmmmmmmmm oo nd 0.001

Result
Aromatic Hydrocarbons: Peak ID/Scan No. ppm v/v
Benzene a/655 0.2
Toluene --/912 nd 0.1
Ethylbenzene --/1159 nd 0.1
m+p Xylenes --/1172 nd 0.1
o-Xylene --/1250 nd 0.1
Naphthalene --/1946 nd 0.1

Carbonyls:

Nickel tertacarbonyl -f-- nd 5 ppm
Iron pentacarbonyl o nd 1 ppm

Peak ID. Category: a = computer library match >900, + retention time (t,) match with a calibration std. b1 = computer library match >900, not
confirmed by a calibration std. b2 = Computer library match between 800 - 900, not confirmed by a (t,) match with a calibration std. ¢ =
Computer library match <800, potential structure + functional

group information only.

Comments: Peak ID based upon t, match against target analyte standards. D.L. = report detection limit. nd = indicates the concentration is
less than the report detection limit. -- = test not performed. L.T. = less than the amount specified. % = percent. ppm = parts per million. ppb =
parts per billion. viv = volume analyte/volume sample. wiw = weight analyte/weight sample.
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ID: Air Products and Chemicals AAL Number: 13566-1

21435-60-1
Volatile Sulfur Compounds (VSC, ppm v/v) Result D.L.
Hydrogen Sulfide (HpS): =-===mmmmmmmmmmmem e 10,550 0.1
Carbonyl Sulfide (COS): -----=-=r=mmmmmmmm oo 15 0.1
Sulfur Dioxide (SO2):  -—--m--mmmmmmmmmmmmmcme e nd 0.1
Methyl Mercaptan: =~ =-=--ommmmoooo e 1.5 0.1
Ethyl Mercaptan: =~ —=mememmmmmee nd 0.1
Dimethyl Sulfide: = ==-mmmemmmeeme e nd 0.1
Carbon Disulfide: =~ —===--mmmmmm s nd 0.1
Isopropyl Mercaptan =~ ---------mmmmmmmmmm o nd 0.1,
t-Butyl Mercaptan: =~ ---smmmmssmmesooooeeeo oo nd 0.1
n-Propyl Mercaptan: =~ --==--mmmmmmmm oo nd 0.1
Methyl Ethyl Sulfide: = =======eeemm e nd 0.1
sec-Butyl Mercaptan: = ----------mmmmeme s nd 0.1
Thiophehe: = cesscsmcccrcmmrsrrssmsmemesssms e nd 0.1
Isobutyl Mercaptan: = ====mmesmemmeeeecee e nd 0.1
Diethyl Sulfide: ~ —-mmmmmmmmmmm nd 0.1
n-Butyl Mercaptan: = ~---eemmmmmemeeeeeee e nd 0.1
Dimethyl Disulfide: =  -—--m-mmmemme oo nd 0.1
3-Methylthiophene: ---re=rrececremcsseceeceeeeeeeeeeaaes nd 0.1
Tetrahydrothiophene: = -=--sssemmmmmomoooo oo nd 0.1
2-Ethylthiophene: —=—mmeeemmmmmie nd 0.1
2,5-Dimethylthiophene: --=-===m-mmmmmmmmmmm e nd 0.1
Diethyl Disulfide: =~ —--=--mmmmmmmmmmcmmo oo nd 0.1
Unknown Compounds:  --===-====mm=mmmmoommmoo oo oo nd 0.1

Comments: Total Sulfur = 10,566 ppm v/v (1.06 % v/v).

D.L. = report detection limit. nd = indicates the concentration is less than the report detection limit. -- = test not performed.
L.T. = less than the amount specified. % = percent. ppm = parts per million. ppb = parts per billion. v/v = volume
analyte/volume sample. w/w = weight analyte/weight sample. Unit Conversions: 1 ppm v/v = 1ul/L = 1,000 ppb =
0.0001% v/v.

Reviewed By,

A=<=

Richard F. Frisch /

Addendum: - Chromatograms on-file
Notebook data on-file
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