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Hydrogen fuel cells are among the promising energy sources worldwide, which could accomplish cyclic
production of energy and avoid the emission of green-house or contaminative byproducts. However, sul-
fur compounds (SCs) even at trace level (nmol/mol) are usually involved in cell construction and further
H, production, which would cause degradation of the catalysts and shorten the lifetime of the fuel cells.
Moreover, the highly reactive SCs could cause varied species and concentrations of them in complex ma-
trices, so online rather than offline analysis of SCs in H, would be preferred. In this context, we developed
a new system combining online cryogenic preconcentration of nine SCs and subsequent determination
by GC-SCD (sulfur chemiluminescent detector), with the correlation coefficients of the calibration curves
higher than 0.999, calculated limits of detection no higher than 0.050 nmol/mol, analytical time around
30 min per sample, and satisfactory precision and accuracy (RSD < 5% and SD < 15%). The analytical
performance was much better than or at least comparable to the previously reported and the developed
system was successfully applied for real sample analysis.
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Nowadays, due to the global energy crisis and atmospheric con-
tamination, new types of energy sources are highly demanded [1-
4], and H, is now regarded as a new ideal alternative to fos-
sil energy sources, which can be produced in a cyclic manner
and will emit no green-house or contaminative byproducts [5-9].
By present, very effective efforts have been carried out to con-
struct H,-based fuel cells as new energy device with high effi-
ciency [10-12], providing renewable sources of H, based on cat-
alytic energy conversions. Recently, those using proton exchange
membrane (PEM) have undergone remarkable progresses [13,14]
and are highly expected to be endowed with great promise in the
future. However, diverse sulfur compounds (SCs) at trace level (i.e.,
ppb or nmol/mol) are usually involved in the construction of these
fuel cells and H, production, and cause irreversible degradation of
the catalysts [15-18]. Moreover, in response to the worldwide con-
struction of H, refueling centers, several correlated organizations
such as European Committee for Standardization and International
Organization for Standardization (ISO), are currently working on
according standards (e.g., ISO 14,687 [19]) to stipulate the least al-
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lowable levels of the SCs (i.e., 4 nmol/mol for the total SCs) and
other harmful impurities. Therefore, reliable methods with high
sensitivity and selectivity for accurate analysis of the SCs in H, are
thereby highly demanded.

Despite the correlated methods reported previously, such as
coulometric titration (CT) [20], X-ray fluorescence (XRF) spectrom-
etry [21], or inductively coupled plasma optical emission spectrom-
etry (ICP-OES) [22], the in-situ monitoring and accurate determina-
tion of SCs in complex matrices is still challenging due to their
highly reactive features which would cause substantial variation
in species and/or concentrations of SCs during the H, production
[23]. Nowadays, gas chromatography (GC) has become promising
for the determination of SCs in H, or even complex matrices (e.g.,
environmental or petrochemical samples) [24-27], and it has been
revealed that the sulfur chemiluminescence detector (SCD) is com-
parable or even superior to other detectors of GC for the analy-
sis of gaseous SCs [28-30]. Moreover, the SCD [31-34] and flame
photometric detector (FPD) [35-38] are the most popular detec-
tors for GC and also publicized as the only detectors in ISO 21087
[39] concerning the development of analytical methods for SCs to
meet the requirement by ISO 14687 [19]. Notably, due to some de-
fects of FPD such as matrix interference or unreliable signals for
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SCs [35,36], SCD is often the detector of choice for determining the
total SCs in H, [31,40-42], which has also been verified in many
laboratory, for example, the National Physical Laboratory (NPL) in
Great Britain [43].

Moreover, for the development and further evaluation of the
analytical methods for SCs in H,, reliable standard samples are
essential. However, for most laboratories the samples containing
trace SCs down to nmol/mol level are still hard to be prepared,
stored and transferred [44-51] in an accurate manner even via pas-
sivation [45,52], and the sampling procedures for further analysis
are very captious. Therefore, online rather than offline identifica-
tion and determination of trace SCs in H, with accurate sampling
are highly preferred. As aforementioned, GC-SCD is the first choice
proposed in ISO 21087 [39] for analysis of SCs, with two standard
approaches publicized. One employed a cryogenic pre-concentrator
for trapping SCs but the usage of liquid N, is not convenient for
online analysis, the other does not involve any pre-concentrators
but the sensitivity was not high enough, and for both approaches
the proportional correlation between the SCD response and num-
ber of S atoms still needs to be validated. Therefore, there is a
great demand to upgrade the GC-SCD technique to achieve the on-
line determination of SCs with further improved sensitivity.

In this context, herein we developed a new system which will
be commercialized shortly based on the combination of the pre-
concentration of SCs without liquid N, and the following determi-
nation by GC-SCD, for the online determination of mixtures of SCs
at nmol/mol levels in Hy, which should be applicable to the online
monitoring of various SCs at trace level involved in H, production.
This work would further explore the potential of GC-SCD in the
analysis of gaseous SCs, and the analytical performance of this de-
veloped system should be superior or at least comparable to most
previously reported ones [28-30] for the same analytical purpose.
Moreover, for accuracy validation of the proposed system, primary
reference gas mixtures (PRGM) containing nine different SCs in H,
were gravimetrically prepared and further diluted according to the
proposed procedures in ISO 6142 [53], which should be the ideal
candidates for testing its performance due to their high stability
[45,54]. Another attractive virtue lies in that samples with target
concentration of SCs at trace level could be accurately prepared
online by integrating an online dilution module into the proposed
system, which could be instantly analyzed by GC-SCD after the on-
line cryogenic trapping. This could provide ease of operation by ac-
complishing facile online preparation of gaseous samples besides
SCs, and further endow this system with a great potential for on-
site analysis.

H,S, COS (carbonyl sulfide), CH3SH, C,HsSH, CH3SCH3, CS,,
CH3SCyHs, C4H4S and CyH5SCyHs, were employed as the model
SCs in this work. The PRGMs of them in H, were prepared accord-
ing to the proposed procedures in ISO 6142 [53] and ISO 17025
[55] in order to meet the requirements of ISO 14687 [19]. The de-
tailed information about the preparation of PRGMs were provided
in Supporting information. For further dilution, the gas dilutors ca-
pable of blending flow of gases in different ratios are widely used
to prepare gas mixtures with variable and reliable fractions dy-
namically [56-60]. However, the gas dilution using simple mass-
flow controllers (MFCs) is now still lacking stability and accuracy
mostly due to infeasibility for passivation to avoid the internal ad-
sorption or reactions of gas molecules including SCs [61]. There-
fore, in this work, a dilution system of state-of-art by combin-
ing passivated critical flow orifices [60] to MFCs was designed
against any possible loss of SCs and downstream pressure change.
As shown in Fig. 1, the flow rate of PRGM was controlled by six
groups of critical flow orifice and switch valve, ranging from 0.2 to
1000 mg/s, with specific dilution accomplished by opening the ac-
cording orifice but shutting down the others, and a high-precision
pressure transducer was inserted before the orifices to accurately
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monitor the input pressure. The H, as the diluent was regulated
by a full-scale thermal MFC (MFC1, 0-1000 mg/s, obtained from
Brooks, U. S. A.). The pressure of PRGM and H, was reduced by a
Sulfinert® passivated regulator (minimum dead volume, Swagelok,
U. S. A)) to 4 and 2-5 bar, respectively, and the temperature (con-
stant as 60 °C) and pressure of the gas flow through the orifices
and MFC1 were calibrated by a high-precision primary flow stan-
dard (ML 500, BIOS, U. S. A.) for exceptionally low uncertainties
(< 0.3%). All gas lines were Sulfinert® treated 1/16 inch external
diameter stainless steel tubing in order to reduce the adsorption
of target gas. In detail, if the downstream pressure after the orifice
was less than 50% of the upstream pressure before the orifice, the
gas flow was immune to the former but proportional to the lat-
ter [62,63]. The whole system was internally passivated again any
possible adsorption of SCs, and automatically operated by a PC us-
ing our laboratory-developed software, with the exit of the gas-line
vented to the atmosphere to enable continuous flow. Moreover, be-
sides SCs in H,, the PRGMs or diluted ones of other gas molecules
(e.g., HCHO) in other matrix (e.g., N, or air) with concentrations
down to the nmol/mol level could also be obtained by using this
system, although not involved in the present work herein.

A cryogenic trapping system with a 1-stage concentrator pro-
duced by Sichuan Shengruiheng Instruments Co., Ltd., Chengdu,
China, was used in this work, and a thermal MFC (0-100 mg]/s,
Brooks, U. S. A.; MFC2 in Fig. 1) volumetric meter was used
for measuring the sampling volume. A commercially available ab-
sorbent (301 Trap column, developed by Sichuan Shengshi Tech.
Co., Ltd., Chengdu, China) particularly for the preconcentration of
SCs was assembled into this trapping system as the adsorption
material. Other three commercially available materials widely re-
garded as common absorbents for volatile compounds, including
Carboxen 1000 (carbon molecular sieve), Carbopack B (graphitized
carbon black) and Tenax TA (a common organic polymer), were
also tested for comparison in terms of the trapping performance
for the SCs. Every absorbent was packed in a homemade silanized
cryogenic trap (quartz tube, O.D. 5 mm, length 10 cm) and sealed
with silanized glass wool, which was assembled into the 1-stage
concentrator. The trapping system was initially heated to 120 °C
for 2 min and purged with purified N, (> 99.99999%, Sichuan Win-
ntec Specialty gases Co., Ltd., Chengdu, China) at the flow rate of
60 mL/min, and then kept at —30 °C with the target SCs samples
(100 mL) passing through and trapped. Subsequently, the SCs were
released out by rapidly heating, and further introduced into the
capillary column in the split mode through a transfer line (silica
tube, 1 m in length) kept at the temperature higher than 80 °C. As
shown in Fig. 1, these manipulations in sequence were carried out
by switching a six-way valve connecting with the aforementioned
dilution system.

For online determination, a Nexis SCD-2030 (Shimadzu, Kyoto,
Japan) was used for the analysis of SCs samples which were in-
troduced through the transfer line, with He (> 99.99999%, Sichuan
Winntec Specialty gases Co., Ltd., Chengdu, China) as the carrier
gas (2 mL/min) and stabilization for 15 min. Total or speciation sul-
fur analysis were performed using a non-retaining column (fused
silica deactivated, 10 m x 0.32 mm i.d.) or a capillary column (DB-
Sulfur, 60 m x 0.32 mm i.d. x 4.2 pm), respectively. The MFC2
(Fig. 1) with super-high accuracy was used for measuring the sam-
pling volume. The adsorption efficiency of the absorbent and the
determination accuracy of GC-SCD were highly dependent on the
flow rate and sampling volume, which should be optimized while
the other parameters were kept constant, with the temperature for
internal flow, transmission line, module connector, focusing, des-
orption, and roast as 80 °C, 120 °C, 40 °C, —30 °C, 120 °C and
120 °C, respectively, the roast flow rate and time as 60 mL/min
and 2 min, respectively, the flow rate through the GC column as
2 mL/min, the temperature at the injection port as 150 °C, the oven
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Fig. 1. Diagram of the developed online determination system for SCs composed of three primary parts for PRGM dilution, pre-concentration of SCs via cryogenic trapping,
and GC-SCD determination, respectively, with the modules numbered from 1 to 14 standing for, 1: pressure transducer, 2: switch valve, 3: critical orifice, 4: H, purifier, 5:
MEFC1, 6: three-way pipe, 7: MFC2, 8: pump, 9: six-way valve, 10: cryogenic trap, 11: GC, 12: non-retaining column for total analysis, 13: capillary column for speciation

analysis and 14: SCD.

temperature as 40 °C and maintained for 5 min, then ramped up
with a rate of 10 °C/min until 140 °C and kept for another 2 min,
with a split ratio of 4:1 the interfacing temperature between GC
and SCD as 200 °C, the combustor temperature as 850 °C, with the
flow rate of H, as 80 mL/min, N, as 40 mL/min, O, as 10 mL/min,
and O3 as 25 mL/min. After the flow rate and sampling volume
were optimized, the samples with the SC concentration ranged
from 0.1 nmol/mol to 40 nmol/mol were analyzed.

The heretofore provided information has shown the preliminary
construction and integration of the proposed new system in this
work. Before further application to the analysis of the PRGMs or
the diluted ones with SCs in H,, the purity of the H, should be
evaluated first to make sure no sulfur-based interference derived
from the PRGMs preparation or dilution, although the H, was pu-
rified in advance (see details in Supporting information). The col-
lected H, after the purification, and the PRGMs containing the nine
SCs (diluted to 1 nmol/mol for each SC) were all analyzed by GC-
SCD for comparison. It turned out that no signals were detected
by the SCD from any of the purified H,, illustrating that no de-
tectable background SCs and interferents were contained in the
H, after purification. Furthermore, in order to validate the absorp-
tion or desorption performance by the sorbents without the in-
terference from any possible penetration or residue of the target
molecules, the sample containing the nine SCs with a concentra-
tion of 40 nmol/mol was driven through the sorbents, with the
eluent analyzed by GC-SCD. At the same time, the sample con-
taining the nine SCs with a concentration of 1 nmol/mol was also
analyzed by GC-SCD for comparison. It turned out that no signals
were detected by the SCD, illustrating that the 40 nmol/mol of the
SCs were completely retained by the pre-concentrator without any
penetration. Moreover, after the desorption of the retained SCs, the
eluent out of the sorbents was analyzed by GC-SCD, without any
signals for SCs detected, illustrating that there was no residue left
in the pre-concentrator.

We first compared the trapping efficiency of 301 Trap column
for the SCs with that of Carboxen 1000, Carbopack B or Tenax TA.
In general, Tenax TA is the mostly employed absorbent for VOCs
and the absorption efficiency turned out to be increased with the
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molecular weight of the target SCs, but the low surface area of
Tenax TA (35 m?/g) usually impedes satisfactory retention. For Car-
bopack B and Carboxen 1000, the former is a common graphene-
based absorbent but has been validated to be not applicable for a
wider range of SCs, while the latter shows overly strong interaction
to some SCs, which might cause less efficient desorption of them
for further analysis. As a result of these merits and demerits, and
as shown in Fig. 2, the 301Trap column showed satisfactory trap-
ping performance for all the SCs, while the other three absorbents
showed relatively poor trapping performance for some of the tar-
get SCs with much worse reproducibility.

The temperature for both adsorption and desorption of the SCs
to and from the 301 Trap column were also optimized, with each
of the remaining or released SCs determined by GC-SCD, respec-
tively. The temperature ranges were chosen based on the previ-
ously correlated works [64,65] about cryogenic trapping and sub-
sequent release of gaseous analytes for the determination by GC
with the routine procedures. As shown in Fig. S1 (Supporting in-
formation), as the temperature decreased to —30 °C or increased to
120 °C, the detected intensity of the signal for all the SCs reached
the maximum, so —30 °C and 120 °C were chosen as the optimal
temperature for the adsorption and desorption of the SCs out of
the cryogenic trapping system, respectively.

For the cryogenic trapping of the SCs at —30 °C, the sampling
flow rate was further optimized. 1 nmol/mol of each SC was used
with a volume of 100 mL for 7 replicated sampling, with the flow
rate ranging from 5 mL/min to 60 mL/min investigated, and the re-
leased SCs at the optimal desorption temperature of 120 °C were
further analyzed by GC-SCD. As shown in Fig. S2 (Supporting in-
formation), with the sampling flow rate increased, the SCD signal
increased first, and then decreased to a plateau after the flow rate
was higher than 15 mL/min. This was mostly ascribed to that the
physio-chemical interaction between the SCs and the sorbents was
modulated by the molecular diffusion. The higher flow rate, the
shorter sampling time and the slower molecular diffusion, so the
better retention of the SC by the sorbent. On the other hand, if the
flow rate was over-high (> 15 mL/min), the retention would be
impaired probably due to the high sweeping effect. Therefore, the
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Fig. 2. Comparison of the trapping efficiency of different sorbent materials in terms of the peak area of GC-SCD signals of 4 nmol/mol of the nine SCs in H, with a sample

volume 100 mL. The error bar was obtained from 7 replicated measurements.
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Fig. 3. GC-SCD chromatogram of the diluted PRGMs containing the SCs (as the elution sequence: H,S, COS, CH3SH, C,HsSH, CH3SCH3, CS,, CH3SCyHs, C4H,4S and C;HsSCyHs)
with a concentration of 0.1, 0.2, 0.5, 1, 4, 8, 10, 15, 20, 30 and 40 nmol/mol (from outside to inside) (left) and the magnified for 0.1, 0.2, 0.5 and 1 nmol/mol (right).

equilibrium between the molecular diffusion and the SCs-sorbent
physio-chemical interaction would be achieved at a moderate and
critical point of flow rate at 15 mL/min which should be the opti-
mal to attain the best SCD signals.

With the sampling flow rate set as 15 mL/min for 7 replicated
sampling of each SC with a concentration of 1 nmol/mol, the sam-
pling volume ranged from 0 to 400 mL was further investigated.
As shown in Table S1 and Fig. S3 (Supporting information), H,S
and COS of the obtained SCD signals increased linearly with the
sampling volume from 0 to 100 mL, while for the other 7 SCs, this
linearity covered the range from O to 400 mL. For H,S and COS,
the increasing speed of the detected SCD signal intensity became
much lower until to almost undetectable if the sampling volume
increased beyond 100 mL, this was mostly ascribed to the smaller
molecular size of these two SCs, which could lead to faster molec-
ular diffusion. Moreover, the absorption of the sorbents for these
two SCs was much weaker than the other seven, so it was much
easier to reach the absorption equilibrium for them. In order to
obtain the best detection performance for all the nine SCs, 100 mL
was selected as the optimal sampling volume.

Under the optimized experimental conditions, with the sam-
pling flow rate of 15 mL/min and the sampling volume of 100 mL,
the mixture of nine SCs were analyzed based on 7 replicated anal-
ysis by GC-SCD, with the concentration ranged from 0.1 nmol/mol
to 40 nmol/mol. As shown in Fig. 3 and Fig. S4 (Supporting infor-
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mation) and Tables S2 and S3 (Supporting information), good lin-
earity with correlation coefficients higher than 0.999 was obtained,
and the analysis was satisfactory in terms of the precision, with
the relative standard deviation (RSD) lower than 5%.

Although the common methods such as Hubaux-Vos [66] can
be employed for obtaining a calibration curve to yield a limit of de-
tection (LOD), it would require the usage of gas standards at very
low amount of fractions. Therefore, it would be more appropriate
in this study to use a common calculation approach to ensure the
absolute instrumental sensitivity, based on the ratio of the height
of the signal peak of the target analyte of known amount of frac-
tion and the height of the signal of instrumental noise. The LOD
was thereby calculated based on calculated based on Eq. 1:

X
IDL = 2NO x (1)

with IDL (instrumental detection limit, IDL) as the LOD, H as the
averaged GC peak heights, Ny as the baseline noise intensity, and
x as the concentration of the SCs. As shown in Table S3 (Sup-
porting information), the LOD for the nine SCs ranged from 0.010
nmol/mol to 0.050 nmol/mol, indicating the high sensitivity and
precision of the proposed method for the analysis of SCs.

To further evaluate the accuracy of the proposed method by the
developed system, for exemplar, the obtained calibration plots in
Fig. S4 were employed to determine the concentration of each SC
in the standard PRGMs prepared with the aforementioned standard
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Table 1
The analysis of SCs in real H, samples.
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Sources of real samples Samples Detected SCs Determined concentration
Station (nmol/mol)
Chengdu Guoqinghuatong Tech. Co., Ltd., China Fuel from a tank wagon H,S 1.81 +£ 0.19
cos 0.20 £+ 0.01
CS, 0.37 + 0.04
Fuel from a cargo van H,S 335 +0.18
cos 0.20 £+ 0.01
CS, 0.80 £ 0.06
Reformed fuel of H, by CHy H,S 0.74 + 0.04
cos 0.50 £+ 0.01
CS, 0.16 &+ 0.01
CH3SCyHs 0.09 + 0.02
C,H5SCyHs 0.26 + 0.05
Zhejiang Jiahua Energy & Chemical Engineering Co., Ltd., China Chlor-alkali chemical product: H, H,S 0.09 + 0.01

procedure, which was further compared with the target concentra-
tion of 1, 4, 8 and 15 nmol/mol. As shown in Table S4 (Supporting
information), the relative deviation (RD) for all these SCs was less
than 15%, which demonstrated satisfactory accuracy.

The so far demonstrated results revealed the great potential
of the developed system in determining SCs mixture in H, with
super high sensitivity, precision and accuracy. It should also be
mentioned that the analytical time for one sample is less than
30 min, which is fast and highly efficient. Furthermore, the devel-
oped method was applied to the analysis of local H, fuel samples.
As shown in Table 1, some of the nine aforementioned SCs were
determined, with the analytical results down to 0.09 nmol/mol,
and this demonstrated the practical utility of this method, espe-
cially for the determination of trace SCs in real H, samples.

In summary, we developed a new system by combining on-
line cryogenic trapping of trace SCs and subsequent GC-SCD de-
termination, which greatly increased the sensitivity for the deter-
mination of SCs in H,. The corresponding online analytical proce-
dure greatly improved the accuracy, efficiency and precision for the
analysis, much better in performance than the previously reported
works. This accomplishment was also benefited from the incorpo-
rated dilution system for accurately preparing PRGM online with
delicate compositions, which would make the analysis more reli-
able by avoiding any possible loss of the target SCs due to their
highly reactive features. The LOD obtained from this method was
much lower than the minimum concentration level of total SCs by
ISO 14687, and the application in the real sample analysis was also
successful, showing its great promise for practical applications in
the future.
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