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WHY ZEOLITES?

Detector Technologies

Zeolites are used at CERN to adsorb CF4

CF4 and CH4 are similar > same adsorbent as first trial step
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EP-DT

Detector Technologies
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Evaluate which zeolite is the best at adsorbing CH4

4 possible Zeolites with different pores size:

-Z3 (0.3 nm)

- 75 (0.5 nm) -Z10 (1.0 nm)

- 74 (0.4 nm)

High Temperature
Vacuum Pump
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Detector Technologies

GAS CHROMATOGRAM ANALYSIS

Gas Chromatograph:
Signal with peaks at different retention time for different gas components

Integral of the peak is proportional to concentration of methane

RUN = Series of 5 minutes analysis

Output: =

Calibration is required »
s
arcH PBG—FES— 6| T
4509 ppm in the bottle o ) f Bl A (=)
180.00 210.00 2adq__S

B: MS5A 30m Time (Sec)



Detector Technologies

|dea of the test:
Adsorption

Air + CH4 (4509 ppm) = Zeolites - Gas Chromatograph (GC)
analysis of output mixture

2 main phases:

 Zeolites adsorb all methane, there is no peak —> Total adsorption, no methane
escaping the cartridge

e Zeolites start to fill, methane survives - The peak grows until plateau
S saturation
- 2N\
e




MAY MEASUREMENT SETUP

Setup during mission 29/04/24 — 13/05/24:

FV—=05
Air/CHs M
HV-02 FIv=02 CF—05

Rotameter: range=0—10L/h accuracy=0.5L/h

Average flow during analysis 2.5 L/h




SATURATION CURVES

Detector Technologies

High temperature regenerated cartridges:

PPU Integrals Molecular Sieve Integrals
5000,00 5000
e®ee 4509 ppm ®eee 4509 ppm
4500,00 D —— —sv 4500 —
.o..ooo. eee® "° o " o IETEELE A o® e®o"®" ®ec®" °re .........o..
e [ L4 e ® L] [ ]
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S 3500,00 . @ S 3500 . . .
= [ ° = b °

- . e73 - [ ]
= 3000,00 . ® . .
5 .® - S 3000 - .
ia L] = L]
= . . o - ° o3
£ 2500,00 - .75 £ 2500 . . S
8 ° ] - 74
5 ° 5
8 200000 e e z10 8 2000 e . *75
= - L @ L ]
- . g . ® 710
£ 1500,00 . £ 1500 .
= . = L ]
- L]
1000,00 . 1000 . °
. . . . *
500,00 . - 500 . .
. L4 .
0,00 le . 0 |® ° .
0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00 50,00 55,00
: : : ’ ’ ’ ! : ! : ' ’ 0,00 5.00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00 50,00 55,00

Vol fMeth L
olume of Methane [mL] Volume of Methane [mlL]

Adsorbed methan before peak appearance in the chromatogram:
Z3 = 0.75mL Z4 = 3.13mlL Z5 = 10.70 mL Z10 = 14.73 mL

Overall error of 20% due to rotameter measures



SATURATION CURVES

Detector Technologies

High temperature regenerated cartridges:

PPU Integrals Molecular Sieve Integrals
5000,00 5000
e®ee 4509 ppm ®eee 4509 ppm
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30,00

Volume of Methane [mlL]

Adsorbed methan before peak appearance in the chromatogr
Z3 = 0.75mL Z4 = 3.13mlL Z5 = 10.70 mL Z10 =

Overall error of 20% due to rotameter measures



FIRST RESULTS 05/24

Detector Technologies

Performance of Z5, Z10 are much better than Z3, 74
/3, 74 excluded from further measurements with CH4

Z3 has been used later as adsorbent of H20

NEXT STEP:

Cycles with Vacuum pump regeneration trying different regeneration time for Z5/Z10
to evaluate regeneration efficiency

Setup for regeneration:

VOCUUM pump W

& T




UNIVERSITA DI PAVIA

FIRST RESULTS 05/24

Detector Technologies

Mean CH4 Adsorbed Efficiency *
Regeneration Time of Number of
regeneration RUNS 25 210 25 210
High Before first peak 10.0 + 2.0 mL 1454+ 29 mL 100 % 100 %
Temperature 1
At saturation 17.6 + 2.6 mL 246 +49mL 100 % 100 %
LONG Before first peak 11.1 + 2.2 mL 9.1 + 1.8 mL 111% 62.7%
(> 2 hours) 3
% % At saturation 18.7 +3.7 mL 176+ 35mL 105% 91.1%
Vacuum
SHORT Before first peak 8.3+ 1,7 mL 6.3+ 1.3 mL 83.1% 43.6%
(~ 40 min) 4
At saturation 17.0 + 3,4 mL 1594+ 3.2mL 955% 66.2%

Efficiency is calculated with respect to the High Temperature regeneration results

** Overestimated flux due to inclined rotameter 10



FIRST RESULTS 05/24

Detector Technologies

Mean CH4 Adsorbed Efficiency *
Regeneration Time of Number of
regeneration RUNS 25 210 25 210
High Before first peak 10.0 + 2.0 mL 1454+ 29 mL 100 % 100 %
Temperature 1
At saturation 17.6 + 2.6 mL 246 +49mL 100 % 100 %
LONG Before first peak 11.1 + 2.2 mL 9.1 + 1.8 mL 111% 62.7%
(> 2 hours) 3
% % At saturation 18.7 +3.7 mL 176+ 35mL 105% 91.1%
Vacuum
SHORT Before first peak 8.3+ 1,7 mL 6.3+ 1.3 mL 83.1% 43.6%
(~ 40 min) 4
At saturation 17.0 + 3,4 mL 159+ 32mL 955% 66.2%

Efficiency is calculated with respect to the High Temperature regeneration results

** Overestimated flux due to inclined rotameter 1



29/04/24 - 13/05/24 RESULTS

Detector Technologies

Mean CH4 Adsorbed Efficiency *
Regeneration Time of

SHORT Before first peak 8.3+ 1,7 mL 6.3+ 1.3 mL 83.1% 43.6 %
Vacuum (~ 40 min) At saturation 170+ 34mL 159+ 3.2mL 95.5 % 66.2 %
-Z5: the ratio is a little lower, but consistent Z5V°'“m9°fTﬁj;:gg:{jﬂ“g;;g“;ﬁig;5“°f‘“a°””m
95.5 % regeneration on total adsorbtion g;;
-710: irregular behaviour, the regeneration ratlo % J } }
s Z5 Chosen for fu rther measurements Run number of short time regeneration
OSS:

All values have 20 % error due to rotameter resolution 12



03/11/24 - 24/11/24 MISSION

Detector Technologies

PURPOSE:

1. Confirm vacuum regeneration efficiency for Z5

— Saturation cycles with 40 minutes vacuum pump regeneration

2. Test using Zeolites as humidity adsorbent

- humidity adsorbed by Z3 before gas enters the cartridge with Z5

13



GC CLIBRATION FOR 4509 ppm

METHANE

NEW CALIBRATION:
Bottle of Air (N, + 0,) and Methane at 4509 ppm directly connected to Gas Chromatograph (GC)

AirfCH4M— GC

Bronkhorst pressure = 100 mbar

PPUAREA  PPU to ppm CONVERSION MSAREA  MS to ppm CONVERSION
FACTOR FACTOR
5149 0,874 AVERAGE 1958 2,304
27 0,004 DEV. STD 13 0,017

10 0,002 AVG DEV. STD 5 0,006

14



FIRST MEASUREMENT SETUP

Detector Technologies

Setup with new sensors to control humidity, pressure and flow

H20
Fy—-04 Fv—-14
i :
aircHe PB—K S | | 24
HV=02 Fiv-02 FE-04 HV=04 GF-04 GF14
H20
FV=05
HY=05 GF ‘ICE

15



EP-DT
Detector Technologies

FIRST MEASUREMENT

10 cycles with the cartridge of Z5

Data during measurement:

Pressure

3.200L/h L 1.000 bar

il
3.100L/h "L,L
&lL 0.800 bar

3.000 L/h ﬂﬂw
M

2.900L/h f M}_ IH - || T | J

. A rm'wh”qukT*flLMwIWU,WW}M coomm /

0.200 bar
11:20 11:30 11:40 11:50 12:00 12:10 12:20 12:30 11:20 11:30 11:40 11:50 12:00 12:10 12:20

= pressure

Pressure

0.600 bar

Dew Point : ppm H20

3000 ppm

2000 ppm

Dew Point
Humidity (Vol)

1000 ppm

0 ppm
11:20 11:30 11:40 11:50 12:00 12:10 12:20 11:20 11:30 11:40 12:00 12:10 12:20

== Vaisala1l == Vaisala2 == ppm_1 == ppm_2




FIRST MEASUREMENT

Detector Technologies

RUN = CH4 flows through cartridge filled with Z5 until saturation

MS Integral saturation curve of RUN 10

Saturation = Integral of GC stops rising 2010 . S
1810 ...... e ® ™
1610 .'.
Vacuum Regeneration Time = 40 min g 1410 .
= 1210 L]
L %1010 ®
RUN 3-10 with flow ~ 2.7 =~ 3 = ;o .
h 410 .."'
. 210 o
RUN 1 and 2 flow higher than 3 L/h and 10
pressure over sensor range ) ” e o fostart i 7 25“

CH4
adsorbed

Before first
peak 13.56 11.29 12.88 12.25 11.77 13.61 12.97 12.19 12.32

At
saturation 35.20 25.53 24.17 24.22 23.60 24.21 23.21 23.13 22.98



PRELIMINARY RESULTS

Detector Technologies

RUN 7 has no sensors data due to raspberry problems

Results after 10 runs:

Volume of CH4 adsorbed

40

@ Before first peak Mean V0|ume Of CH4
35 . .
@ Atsaturation adsorbed:
30
E | - at saturation:
-~ 1 23.6 + 0.6 mL
s e Tt . * 1 - before first peak:

12.6 + 0.6 mL

[4)]

=

0 2 4 (5] 8 10 12
Run number

18



MEASUREMENT %)) UNIVERSITA DI PAVIA

EP-DT
Detector Technologies

10 cycles with the cartridge of Z5

Vaisala 2 reads more humidity than Vaisala 1 = there is a leak

3000 ppm |\

2000 ppm

Humidity (Vol)

1000 ppm

0 ppm

11:20 11:30 11:40 11:50 12:00
== ppm_1 == ppm_2

After 10 runs we changed plastic pipes:

19



SECOND MEASUREMENT SETUP

EP-DT
Detector Technologies

Setup for second week:

BUB-01 P I | : i::
-
Q i FE—04 Hv—-04 GF=04

Air/CHas

HV-02 Fiv—-02

H20
FV—05

YoCtuum_pump

PU-05

20



GOAL:

Measurements of adsorption with CH4 diluted with
mixture of Air + H20

Ratio of diluted CH4 set using rotameters at 50 %
with respect to the CH4 bottle at 4509 ppm

it
4
£
0 —
:
4
3~
%
! :

J

Air + H20

Air+CH4 *



SECOND MEASUREMENT

Detector Technologies

) 14
12 ® FY »
=
E 10
= ®
£ 8
£
T 6 ® .
£
2 4
y=]
< ® Before first peak
2
#® At saturation
0
0 1 2 3 4
Run number

Unexpected beaviour - SOLUTION IMPLEMENTED: High temperature regeneration

and bypass line after vacuum regeneration
22



EP-DT
Detector Technologies

New Setup:  awch

Hv-02 FIv-02

GF-04

Bypass line to get atmospheric pressure inside the cartridge:

HY-26 Fy-05

Z5

PU-05

PU-05

23



Detector Technologies

o ot
[ ] L]
L ]
]
[ ]

o
L

® At saturation

Adsorbed Methane [mL]

Total of 5 runs, same behaviour

@ Before first peak

0 1 2 3 4 G 6

Run number

Mean Volume of CH4 adsorbed:
- At saturation: 12.32 + 1.3 mL

- Before first peak: 9.5 + 0.88 mL

24



DIFFERENT RESULTS

Detector Technologies

_ Z5 - only CH4 73 +275 - H20 + CH4
_ At saturation Before first peak At saturation Before first peak

Mean Volume of CH4
adsorbed 23.6 mL 12.6 mL 12.3 mL 9.51 mL

Total adsorbed CH4 when H20 is added almost half of the adsorbed CH4 with only CH4

Unexpected behaviour

25



CALCULATIONS

Detector Technologies

The volume of CH4 adsorbed before first peak is calculated as:

¢ [h] At[ ] saturation[ppm]
3.6 100

VOlCH4 1st peak [mL]

Where:

()] [ﬂ is the flux in the line measured by the Mass Flow sensor

At|[s] is the time between the beginning of the flow in the cartridge and the first
analysis of the GC where the concentration is not zero (first peak)

Caturation|PPM] is the concentration of methane in the mixture seen at
saturation at the end of the run

26



CALCULATIONS

Detector Technologies

The volume of CH4 adsorbed before first peak is calculated as:

VOlC Hy4 saturation [mL]

Csaturation [ppm] o Ci—th analysis [ppm]

i
— VOlCH4 1st peak[mL] + T At[S] ) 106

Where:
}; [ﬂ is the mean flux measured by the Mass Flow sensor during i-th analysis

At|[s] is 5 minutes duration of the analysis of the GC

Caturation| PPM] is the concentration of methane in the mixture seen at
saturation at the end of the run 27

Ci—th analysis|PPM] is the concentration measured by the GC during the i-th analysis



EXAMPLE OF THE INTEGRAL

Detector Technologies

The volume of CH4 adsorbed before first peak is calculated as:

CH4 only - RUN 4 saturation curve
5000,00

43500,00

4000,00 «**
3500,00

3000,00 -

L] @ Saturationcurve
2500,00

m saturation
2000,00 -

Concentration [ppm)]
]

1500,00 .
1000,00 -
500,00 °

0,00
0 a0 100 150 200 250

— Time of flow [min]
I/OlCH4 saturation [mL] -

L
¢' I C . ml|—2C._ . m|
_ VOlCH4 15t peak [mL] + Z :; [h] . At[S] . saturatwn[pp ] 1061 th analysis [pp ]
i :

6



EXAMPLE OF THE INTEGRAL

Detector Technologies

The volume of CH4 adsorbed before first peak is calculated as:

CH4 only - RUN 4 saturation curve
5000,00

43500,00

4000,00

3500,00

3000,00

@ Saturationcurve

2500,00
m saturation

2000,00

Concentration [ppm)]

1500,00 .
1000,00 -
500,00 °

0,00
0 a0 100

— Time g flow [min]
I/OlCH4 saturation [mL] -

L
¢' I C . ml|—2C._ . m|
_ VOlCH4 15t peak [mL] + Z :; [h] . At[S] . saturatwn[pp ] 1061 th analysis [pp ]
i :

250

6
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REGENERATION PROCEDURE

Measurement only CH4:

5 o 8 B
mrrcw-téj—%@ @ = e D-ET—'<>
HV=02 FIV=02 FE-04  HV-04 b4

.= open valve

M= close valve H20

FV-05
—(—E
HV=05 CF =05

During RUN all valves are open and the HV-25 3way is directed to the GC

30



REGENERATION PROCEDURE

Measurement only CH4:

5 B B
V=04 V=14
oo oS @ o> e
HV=02 FIv-02 FE-04 HV—04 es Y ou e Vra

.= open valve

.= close valve H20 y

03
HV=05 CF':E

When saturation is reached, we closed all the valves going backwards starting from
FV-15

31



REGENERATION PROCEDURE

Measurement only CH4:

5 B B
V=04 V=14
o 15— @ o> e
HV=02 FIv-02 FE-04 HV—04 es Y ou e Vi

.= open valve

M= close valve H20

When saturation is reached, we closed all the valves going backwards starting from:
FV-15 —

32



REGENERATION PROCEDURE

Measurement only CH4:

. H20 .
aircH PBG—KFE) @ S—d 24 l
HV-02 Fiv=02 FE—0O4 HY—04 s
.= open valve
.= close valve H20 —
! ; p; }E%: ..L-r: _‘ g | HV—=235 t
= KX

When saturation is reached, we closed all the valves going backwards starting from
FV-15 - FV-05 -

33



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:

. . H20 l l B
mrrcw%g_%@ @ %<> N l
Hv-02 FIV-02 FE—04 HV- 04 -4
.= open valve
.= close valve e
,(2 i F@ﬂ o t
B K

When saturation is reached, we closed all the valves going backwards starting from
FV-15 - FV-05 - HV-04 -

34



REGENERATION PROCEDURE

Measurement only CH4:

. H20
AirfCHs %ﬂ—%@ @
HY=02

FIV-02 FE-04 Hv-04 GF=04 GFo14

.= open valve

M= close valve H20

FV=05
—(—E
HY=05 GF=05

When saturation is reached, we closed all the valves going backwards starting from
FV-15 - FV-05 - HV-04 - FIV-02 -

35



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:
H20

. =
aincH DEF—KFE) =
FIV-02 FE—04

HV-02

.= open valve

M= close valve H20

FV=05
—(—E
HY=05 GF=05

When saturation is reached, we closed all the valves going backwards starting from
FV-15 - FV-05 - HV-04 - FIV-02 - HV-02

36



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:
l H20

X B P -
aicH SE—KFS) S—d—k (> - )
HY=0D2 Fiv=02 FE-D4 HY—-04 ~ .H-

)4
)
i
i
i
i
i
i
GF-04
F =5
Ay b

.= open valve

.= close valve H20 y

=

GF

When saturation is reached, we closed all the valves going backwards starting from
FV-15 - FV-05 - HV-04 - FIV-02 - HV-02

37

Then we switch the 3way HV-25 going to the vacuum pump for regeneration
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REGENERATION PROCEDURE

Measurement only CH4:
l H20 l

l Fy—=04
o D —KFD) @ o—d—k~>
HV-02 Fiv=02 FE-04 HV—04 or o4

.= open valve
H20

M= close valve
E@
g i HV=05
=

-
o
- A=
L]

(]

=

|
=
on

Now we open FV-15 and activate the pump ON.

40 minutes regeneration

38



REGENERATION PROCEDURE

Measurement only CH4:
H20

. e
AwcH DE—PKFE) ©

HY=02 Fiv=02 FE-D4 GF=14

.= open valve

.= close valve H20 N

After regeneration we close FV-15

39



REGENERATION PROCEDURE

Measurement only CH4:
l H20

o 1P @ ok > ot |
Hy=02 Fiv=02 FE—D4 HV—04 G

)4
)
i
i
i
i
i
i
GF-04
F =5
Ay b

.= open valve

.= close valve H20 N

Hv = )

GF

After regeneration we close FV-15
Then turn OFF the vacuum pump and redirect HV-25 to GC and we can prepare a new RUN

40

Next steps: open all valves starting from the bottle HV-02



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:

. l H20 |
Fv-14
P SR @ = -yl
HV- 02 Fiv-02 )4 GF=14
.= open valve
M= close valve H20

=

BEFORE NEW RUN: open all valves forward from the bottle
HV-02 —>

41

Inside Z5 Cartridge there is vacuum P = 2 mbar (corresponds to sensor sensitivity)



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:

H20

mrcw-%ﬂ—%@

FIV- 02 £-04 GF:H

iy

.= open valve

M= close valve H20

=

BEFORE NEW RUN: open all valves forward from the bottle
HV-02 - FV-02 —>

42

Inside Z5 Cartridge there is vacuum P = 2 mbar (corresponds to sensor sensitivity)



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:

. H20 . l4
aiicH. DE—KFE) @ E—&a %<> 24 l
HY-02 Fiv-02 FE—04 HV- 04 04 GF o1
= = open valve
M= close valve HZ0 V=05
= N

BEFORE NEW RUN: open all valves forward from the bottle
HV-02 - FV-02 - HV-04 -

43

Inside Z5 Cartridge there is vacuum P = 2 mbar (corresponds to sensor sensitivity)



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:. o = l

V=04 V=14
e pB—PKFS) S—d—k > weas )
HVY=02 Fiv=02 FE-Q4 HY—-04 CF—04 " .H-

.= open valve

= close valve 120 FV- 05
= 0=

BEFORE NEW RUN: open all valves forward from the bottle
HV-02 - FV-02 - HV-04 - FV-05 -

44

Pressure inside the cartridge increases rapidly



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:. o = l

V=04 V=14
e pB—PKFS) S—d—k > weas )
HVY=02 Fiv=02 FE-Q4 HY—-04 CF—04 " .H-

.= open valve

M= close valve H20

Fv=05
Hv=05 CFoOs

BEFORE NEW RUN: open all valves forward from the bottle
HV-02 - FV-02 - HV-04 - FV-05 > FV-15

45

Pressure inside the cartridge increases rapidly



REGENERATION PROCEDURE

Detector Technologies

Measurement only CH4:

. . H20 . !
v=04 Fv-14
ot LS (%> o |
Hv=02 Fiv-02 FE-04 Hv-=04 GF-04 GF-14

.= open valve

M= close valve H20

Fv=05
Hv=05 CFoOs

BEFORE NEW RUN: open all valves forward from the bottle
HV-02 - FV-02 - HV-04 - FV-05 - FV-15 —> GCanalysis start

46

NEW RUN until saturation



REGENERATION PROCEDURE

Detector Technologies

Example of saturation curve with this method:

CH4 only - RUN 4 saturation curve
5000,00

4500,00
4000,00 «**

3500,00

300000 . Chromatogram value was zero in
250,00 . * Satusation cure the first analysis

2000,00 .

Concentration [ppm]
L]

1500,00 .
1000,00 °
500,00 .

0,00
0 50 100 150 200 250

Time of flow [min]



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Air/CHas
Hv-02 Fiv-02
HV-23;
F
ar 08— FS g
HV—-01 Fiv—01 hormidifier
. . BUB—O01

&= open valve

M= close valve

During RUN all valves are open and:

- HV-23 3way-valve is directed to the main line with the cartridges
- HV-26 3way-valve has the main line as input

- HV-25 3way-valve is directed to the GC

48



REGENERATION PROCEDURE

Detector Technologies

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV—02 FIV-02 veos Ve
HV-23 = {:éﬂ %—‘ 73
FE—04 HV—04
Air «[ﬁj—f[%@{%—{' GF=04
HV—01 FIV—01 —
. . BUB-01

&= open valve

.= close valve 75

When saturation is reached we close backwards all valves

49



REGENERATION PROCEDURE

Detector Technologies

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV—02 FIV-02 veos Ve
HV-23 = {:éﬂ %—‘ 73
FE—04 HV—04
Air «[ﬁj—f[%@{%—{' GF=04
HV—01 FIV—01 —
. . BUB-01

&= open valve

.= close valve 75

When saturation is reached we close backwards all valves
HV-06 — 0



REGENERATION PROCEDURE

Detector Technologies

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV—02 FIV-02 veos Ve
HV-23 = {:éﬂ %—‘ 73
FE—04 HV—04
Air «[ﬁj—f[%@{%—{' GF=04
HV—01 FIV—01 —
. . BUB-01

&= open valve

.= close valve 75

When saturation is reached we close backwards all valves
HV-06 - FV-15 - >



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV=02 FIV—02 Vo
HV-23 = P %—‘ 73
FE—04 HV—04
Air «[ﬁj—f[%@{%—{' GF=04
HV—01 FIV—01 —
. . BUB-01

&= open valve

M= close valve

When saturation is reached we close backwards all valves
HV-06 - FV-15 - FV-05 - >



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV=02 FIV—02 Vo
HV-23 = P %—‘ 73
FE—04 HV—04
Air «[ﬁj—f[%@{%—{' GF=04
HV—01 FIV—01 —
. . BUB-01

&= open valve

M= close valve

When saturation is reached we close backwards all valves
HV-06 - FV-15 - FV-05 - FV-14 - 53



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 .
HV =02 FIV—02 FV-04
HV-23 '@J %3 < 0 Z3
FE—04 HV—04
w v RO
V—01 FIV—01 -
. . BUB—01

&= open valve

M= close valve 75

When saturation is reached we close backwards all valves
HV-06 - FV-15 - FV-05 - FV-14 - FV-04 - 54



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
FV=04
HvV-02 ‘
FIV-02
@ - 23
FE—-04 HV-04
ar 18— FER d
HY—01 Fiv—01 hotridiher

&= open valve

M= close valve 75

When saturation is reached we close backwards all valves
HV-06 - FV-15 - FV-05 - FV-14 - FV-04 - FIV-02 = >



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 .
HV=02 FIV—02 Fv=0
HV-23 @ %3 < 0 Z3
I FE—04 HV—04 ., A
Air
V-01 FIV-01 homicifer
. l BUB—-01

&= open valve

M= close valve 75

When saturation is reached we close backwards all valves
HV-06 - FV-15 - FV-05 - FV-14 - FV-04 - FIV-02 - FIV-01 - >



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV-01 FIV-02 i
HV-23 @ {:éj < 0 Z3
Al I i | | | ﬂg [ ;gi I FE-04 HV-04 CFZ0
V—01 Fiv—01 hotridiher

&= open valve

M= close valve 75

When saturation is reached we close backwards all valves
HV-06 - FV-15 - FV-05 - FV-14 - FV-04 - FIV-02 - FIV-01 > HV-02 -
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REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV=02 FIV—02 Fv=0
HV-23 @ %ﬂ < 0 Z3
I FE—04 HV—04 e
Ai 4%3—,];;@%-1
HV-01 FIvV—01 huridifier

&= open valve

M= close valve 75

When saturation is reached we close backwards all valves
HV-06 - FV-15 - FV-05 - FV-14 - FV-04 - FIV-02 - FIV-01 > HV-02 - HV-01
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REGENERATION PROCEDURE

Detector Technologies

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 . )
HV—02 FIV—02 FV=04 FV=14
HV-23 = {:éﬂ Z3
FE—04 HV—04
ar PE—FOR o
HV—01 FIV—01 —
l l BUB-01

&= open valve

.= close valve 75

Now we prepare for regeneration switching the HV-25 to the vacuum pump
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REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 .
HV—02 FIV-02
HV-23 = %ﬂ 73
FE-04 HV—-04
ar 18— FER
HV—01 Fiv—01 hotridiher
l l BUB—01

&= open valve

M= close valve 75

Now we prepare for regeneration switching the HV-25 to the vacuum pump

60

Then we can open the HV-06



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Aif/CHs -[%:]——;D_Qﬂ@ H20
HY-02 Fiv—=02
HvV-23 < 73
FE—04
ar 18— FER
Hv—-01 Fiv—01 hotridiher
l l BUB—01

&= open valve

M= close valve 75

Now we prepare for regeneration switching the HV-25 to the vacuum pump

61

Then we can open the HV-06 and FV-15



REGENERATION PROCEDURE

Detector Technologies

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV—02 FIV-02 veos Ve
HV-23 = {:éﬂ %—‘ 73
FE—04 HV—04
Air «[ﬁj—f[%@{%—{' GF=04
HV—01 FIV—01 —
l l BUB—01

&= open valve

.= close valve 75

We are ready for vacuum regeneration and we turn ON the pump

62

40 minutes regeneration



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Aif/CHs -[%:]——;D_Qﬂ@ H20
HY-02 Fiv—=02
HvV-23 < 73
FE—04
ar 18— FER
Hv—-01 Fiv—01 hotridiher
l l BUB—01

&= open valve

M= close valve 75

After regeneration we close the HV-06 and turn OFF the vacuum pump

63

Pressure inside the Z5 cartridge P = 2 mbar



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20
Hv—-02 Fiv=02
P=N
HV-23 —/ Z3
FE-04
ar TE—LFES DR
HV—01 Fiv—01 hotridiher
l l BUB-01

&= open valve

M= close valve 75

We set the bypass line to flow Air inside the cartridge to get atmospheric pressure.
Switch HV-26 and HV-23 .

Pressure inside the Z5 cartridge P = 2 mbar



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:
X X

HvV-02 Fiv=02

HV-23

&= open valve

M= close valve

Now we open the valves between the Z5 cartridge and the air bottle
We start from the bottle HV-01 —> .

Pressure inside the Z5 cartridge P = 2 mbar



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20
HV=02 FIV—02
HV-23 —/
FE—04
Air
HY—01 FIV—01 —
. l BUB-01

&= open valve

M= close valve

Now we open the valves between the Z5 cartridge and the air bottle
We start from the bottle HV-01 = FV-05 - N

Pressure inside the Z5 cartridge P = 2 mbar



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Ain‘CHr@ﬂ-—%@ H20 )

HY—=02 Fiv=02 '

\_J
Hv-23 ‘C_,r“ 73 0 o Ii# HV—-24 l
FE—04
Air GF-04 GF-14
Hv-01 FIV-01 humidifer
. . BUB—01

&= open valve

M= close valve

Now we open the valves between the Z5 cartridge and the air bottle
We start from the bottle HV-01 - FV-05 - FIV-01 .

Pressure inside the cartridge rises in ~ 15 minutes to atmospheric pressure



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 .
HV—02 FIV—02
HV-23 @ %ﬂ 73
FE—04 HV—04
ar D3—PRFS DR
HV-01 FIV-01 .
l . BUB—01

&= open valve

M= close valve 75

When target pressure is reached, we close all valves:
FV-05 = FV-15 - FIV-01 - HV-01
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REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20
Hv-02 Fiv—=02 .
HV-23: o= pdg Z3
FE-04 HV-04
A féﬂ—i%@{méf
V—01 Fiv—01 hotridiher

&= open valve

M= close valve 75

When target pressure is reached, we close all valves:
FV-05 = FV-15 - FIV-01 - HV-01 N
We switch the HV-23 and HV-26



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Aif/CHs -[%:]——;D_Qﬂ@ H20
HY-02 Fiv—=02
HvV-23 < 73
FE—04
ar 18— FER
Hv—-01 Fiv—01 hotridiher
l l BUB—01

&= open valve

M= close valve 75

. om

Before starting new run we ensured the correct composition of the mixture H20+CH4

We switch HV-24 to atmosphere and then we open the valves to release the mixture after the Z3
cartridge



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—FE) H20
HV-02 Fv=02
HV-23 @ 73
FE—04
ar TE—LFS IR
HV-01 Fv=01 huridifier
. l BUB—01

&= open valve

M= close valve 75

. om

We open the bottles and the cartridge to obtain a mixture about 50/50 of H20 and CH4

The composition is set by rotameters FIV-01 and FIV-02 5
HV-02 - HV-01 —>



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH: DE—TFE) H20
HV=02 FIV-02
HV-23 @ 7.3
I FE—04
Air
HV-o FIV-01 hurridier
. . BUB—O1

&= open valve

M= close valve 75

. om

We open the bottles and the cartridge to obtain a mixture about 50/50 of H20 and CH4

The composition is set by rotameters FIV-01 and FIV-02 .
HV-02 - HV-01 - FIV-01 - FIV-02 -



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 .
HV—02 FIV-02
HV-23 = %ﬂ 73
FE-04 HV—-04
ar DEF—PRFS DR
HV—01 Fiv—01 hotridiher
. . BUB-01

&= open valve

M= close valve 75

. om

We open the bottles and the cartridge to obtain a mixture about 50/50 of H20 and CH4

The composition is set by rotameters FIV-01 and FIV-02 N
HV-02 - HV-01 - FIV-01 - FIV-02 - FV-04 -



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Aif/CHs -[%:]——;D_Qﬂ@ H20
HY-02 Fiv—=02
HvV-23 < 73
FE—-04
ar 18— FER
Hv—-01 Fiv—01 hotridiher
. . BUB-01

&= open valve

M= close valve 75

. om

We open the bottles and the cartridge to obtain a mixture about 50/50 of H20 and CH4

The composition is set by rotameters FIV-01 and FIV-02 Y
HV-02 - HV-01 - FIV-01 - FIV-02 - FV-04 - FV-14



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Aif/CHs -[%:]——;D_Qﬂ@ H20
HY-02 Fiv—=02
HvV-23 < 73
FE—-04
ar 18— FER
Hv—-01 Fiv—01 hotridiher
. . BUB-01

&= open valve

M= close valve 75

. om

We open the bottles and the cartridge to obtain a mixture about 50/50 of H20 and CH4

The composition is set by rotameters FIV-01 and FIV-02 N
HV-02 - HV-01 - FIV-01 - FIV-02 - FV-04 - FV-14



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

= =
airicH DEF—TFE) H20 .
HV—-02 FIV—02 Fv=04
HV-23 @ @ {:éﬂ %—‘ 73
A é L :S §§ I! FE—04 HV—04 ¥
HV—01 FIV—01 —

&= open valve

M= close valve 75

Once the mixture is obtained we switch HV-24 and HV-25

76

Then we can open the valves of the Z5 cartridge and begin to flow CH4 into it



REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

airicH DEF—TFE) H20 =
HV=02 FIV—02 Vo
HV-23 = P %—‘ 73
FE—04 HV—04
Air «[ﬁj—f[%@{%—{' GF=04
HV—01 FIV—01 —
. . BUB-01

&= open valve

M= close valve 75

We now open the valves:
FV-05 -

77



REGENERATION PROCEDURE

Detector Technologies

Measurement H20+CH4 and Z3+25:
=

airicH DEF—TFE) H20 .
HY—02 FIV—02 Fv—-04 Fv—14 To atm

\_/
HV-23 @ = —) {‘,éﬂ %@—‘ 7.3 0 > PERH 24 '
FE-04 HV—04
Air ‘[ﬁﬁ%@{%‘(‘ GF-04 GF-14
HV—01 FIV—01 —

Z5

&= open valve

M= close valve

We now open the valves:
FV-05 = FV-15 -
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REGENERATION PROCEDURE

Measurement H20+CH4 and Z3+25:

Ain‘CHa{éﬂ-—%@ H20 .
HV—-02 FIV-02
HV-23 @j %3 %‘{ Z3
FE—-04 HV—-04
Air %:] qu‘_’@ [:%| CF=04
HV-01 Fiv—-01 huridifier
. . BUB-01

&= open valve

M= close valve

We now open the valves:
FV-05 —> FV-15 —> HV-06 —> GCanalysis N

New RUN started



REGENERATION PROCEDURE

Detector Technologies

Example of saturation curve with this method:

CH4 + H20 - RUN3 saturation curve

et T First 3 analyses:

_m | CH4 left in the line between

G o . the cartridge and GC

— 500

220400 L
. Adsorbed methane is calculated
K ignoring the first analyses

Time of flow [min]
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RESULTS EXPLANATION ?

~7 Detector Technologies

_ Z5 - only CH4 73 + 75 - H20 + CH4
_ At saturation Before first peak At saturation Before first peak

Mean Volume of CH4
adsorbed 23.6 mL 12.6 mL 12.3 mL 9.51 mL

We are not able to explain this difference

No time shift or delay in GC analyses

Possible explainations:
- Effects that were not considered (?)
- Adsorbtion property change with concentration (?) o

- Calculations suppose adsorbtion is linear during time
- Flow is measured only before the Z3 cartridge



QUESTIONS AND DOUBTS

Detector Technologies

MORE DOUBTS:

- How does the GC works exactly ?
- Results of one GC analysis is before or during the 5 minutes interval ?

- What error on the pressure sensor ?
(Datasheet: 0.03 % FSO/°C > 8 mbar at 20 °C)

82



