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2. Breakthrough Curve Theory

Static Volumetric Measurements
Sorption takes place in enclosed chamber
Pressure is recorded over time
Pure Gases only
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Breakthrough Experiment

Sorption takes place in open system
Pressure is constant

Outlet composition is recorded over time
Gas Mixtures only
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2. Breakthrough Curve Theory 3P

INSTRUMENTS

Breakthrough Curves

adsorbent  heat of adsorption

® Not all Gas Flow Experiments are
Breakthrough Experiments!

® Requirement: Fixed Adsorber Bed
—> gas must not pass the sample without interaction!

gas inlet T dispersion

® What is the result of a breakthrough experiment?

\/Time until 5 %, 50 % ,... of breakthrough is the cycle or production time
v Integration of the full curve gives saturation capacity of a gas on the adsorbent (equilibrium)
v Integration until cycle time gives technically usable sorption capacity

v Shape of the curve contains information about kinetics/mass transfer




2. Breakthrough Curve Theory

Breakthrough Curves

adsorbent  heat of adsorption

gas outlet T detection C

adsorption
Macroscopic IViesescopic VIICIOSCOPIEC
e Size of Adsorber e Nature of the e Textural Properties
e Shape of Adsorber Fixed Bed e Surface Characteristics
* Bed Porosity e Accessibility

e Shape of Particles
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2. Breakthrough Curve Theory

Procedure g5l . .
Determining 100 % and Breakthrough Signal in Bypass

Introducing Carrier Gas to the Sample Cell (Adsorber)

Pressurizing the Adsorber
Waiting for stable Pressure and Temperatures
Introducing additionally CO, to create the Gas Mixture

; Monitoring Adsorber Temperatures along the Sample Bed
L and Gas Composition at the Adsorber Outlet

7. Finishing Experiment when Temperatures and TCD Signal are stable
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2. Breakthrough Curve Theory

Watch a Measurement

y Data Explorer - [DataFileExplorer 6]

3P
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2. Breakthrough Curve Theory 3P

INSTRUMENTS

® 40°C, 2 L mint
— TCIE]b"-.-f.nIum-BF raction / %
—_ EIl ° S bar (pressurization with N,)
— T3IC -'
T4I°C

® Inlet compositions: 5 % CO, in N,

Temperature Maxima Decrease in Flow Direction
— Increasing Dispersion ;:;?ﬁ

4 ,
Area under Temperature Curves increasesin Flow"
Direction

- Transfer of heat through gas flow
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2. Breakthrough Curve Theory 3P

. . INSTRUMENTS
Calculating Loadings
Nadsorbed = j Nin (t)dt — j Moyt (t)dt
. Yin(t) . yout(t)
Nadsorbed = j Vin(t) Vv dt — j Vout (t) v dt
m m

Integrating over the full Curve Integrating over the Curve to e.g. 1 % Breakthrough
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2. The dynaSorb BT Vapor Option

dynaSorb BT

10

Fully automated Breakthrough Analyzer
Integrated Gas Mixing — Including Vapors
Up to 40 L/min Gas Flow, up to 10 bar

Up to 4 mass flow controllers (MFCs)

Up to 2 Evaporators, each capable to supply vapor mixtures

® Monitoring of gas composition by TCD at the
Outlet or Bypass

® You can attach any additional Analytical Device
(e.g. Mass Spec) at the sample port

® Option: Triggering Pfeiffer Mass Spectrometer
(Thermostar, Omnistar)

® dynaSim Simulation Software

3P
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2. The mixSorb L Vapor Option

3P

Evaporators

Saturator, “Bubbler”

Gas/Vapor- I ﬂ
Mix out

Liquid

* Easy, cheap, but:

* Performance highly dependent on
temperature and pressure

* No liquid mixtures

* Unstable long-time performance

e Vapor concentration undetermined

* Can be easily used for low flow rates

11
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Controlled Evaporation

Gas/Vapor-
Mix out

Liquid in Heat Exchanger i

More complex, but:

Performance independent on temperature and pressure
liguid mixtures possible

Vapor concentration defined by

liquid flow rate and gas flow rate

Preferred for high flow rates and long measurement times



2. The mixSorb L Vapor Option 3°

INSTRUMENTS

Estimation of saturation pressure of liquids important for: Molar Mass / -
g mol?

* Calculation or Relative Humidity Water 18.00 5.2093 1733.926  -39.485
* Calculation of Dew Point

P Cyclohexane 84.16 3.96988 1203.526 -50.287
* Preventin ndensation
eventing co 2-Propanol 60.10 4.8610 1357.427 -75.815
1,4-Dioxane 88.11 4.58135 1570.093 -31.297
. . 6 : : : : : :
Antoine equation o) = A — B ' ' ' ' ' ' '
C+T 14 L 2-Propanol
— f 111
. . bi S 12f B
Relative Humidity RH = 2 gfrf
Psat % ,
& 10k : 5
9 .I..
>
Dalton’s law Pi = Ptotal " Vi 2 o8
S o6}
< c
L 8=
. — T 04}
Volume Fraction y =M = % [ Cyclohexane A 4-Dioxane |
Viotal »w 02F J
Water
0'0 N 1 N 1 N 1 N
Molar Volume (0°c,1atm) Vin = 22414@ 240 260 280 300 320 340 360 380

Temperature T/ K




2. The mixSorb L Vapor Option 3°

INSTRUMENTS
1] e

Liquids

* Clean, evaporable liquids or liquid mixtures (miscible)
*  Only non-corrosive liquids

* Nosalts, No ionic liquids, No residue forming fluids

* No decomposable liquids

Gases

* Gas should not chemically react with liquid
* Under Vapor Performance: minimum 400 mL min-! gas flow
through evaporator

*  Maximum 10,000 mL min gas flow through evaporator port_ ual

Liquid dosing system i
* High precision Coriolis-type Mass Flow Controller )
* Flow range: 0.4...20 g h! ' 1

*  Pressurized with an HPLC pump

Heat exchanger
* Temperature range: 20...180 °C

Manifold Heating
* Temperature range: 20...55 °C

i FR



2. The mixSorb L Vapor Option 3I°

INSTRUMENTS

= ol
b
Name Priority  Volume Concentration /  MFC Output / % Setpoint Camier
fraction /% mmol/L
" | L L et et
co2 2 =000 = e B —o——— [ ] LAy MFC2
N2 O = X A = e o i MFC3
- [ =) tom = oo Hoe— P [ LA MFC4
|

H20 1 wfrooo0 = o H e k& H* O Liquid1
Total Fow (5000 B mi/min Temperature for Calculation 20.0 H T
Flow and loading valid for: 0 *C and 1bar Pressure for Caleulation 100 = bar
?s&-’t"‘*""ﬁm“ Rel. Humidtyin Total Flow  Total Loading
19.00 % (Tdp=857 C) 4281%(Tp=703C)  |8.031g/m3

o |




3. mixSorb L Adsorber Sizes

3P

The mixSorb L is available with 2 different Adsorber sizes

Standard Adsorber

* |nner Diameter:
30 mm

* Bed height:
180 mm

 Sample Volume:
130 cm?

* 4 temperature probes

perm

M
Gnent marke! )

INSTRUMENTS

Small Adsorber
Inner Diameter:
10 mm

Bed height:
60 mm

Sample Volume:
5cm3

1 temperature probe




3. mixSorb L Adsorber Sizes

Selecting the right Adsorber:

* Use the Standard Adsorber whenever possible
— Larger amount of sample = larger measurement effect
- Four temperature probes instead of one
- More realistic fixed bed = Upscaling possible

 The small Adsorber is designed to enable measurement with low gas
concentrations on high-performance materials.

- Measurements can take up to several days or weeks with the Standard
Adsorber

- Reduction of the sample mass shortens measurement times
drastically.

- The small Adsorber is not designed for powder samples and samples
with low performance.

e Particle sizes for both Adsorbers should be
>0.1 mm

16
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4. Examples — | Water Breakthrough Curves 3I°

INSTRUMENTS

Breakthrough Curves of H,0 / N,: Applications

Air separation is important for O, and N, production [production of inert gases, medical applications,
steel industry,...]

Important to remove Water and CO, in Air before:

AL ® Cryogenic Air Separation:
x —> Water would plug the piping by freezing.

K : ® Air separation with Pressure Swing Adsorption (PSA) on
Zeolites

—> Water has strong affinity to surface
(stronger than N, and O,)

—> Water is not as effectively desorbed upon
pressure reduction = Build-up Effects

- Decreasing efficiency over time

> Thermal regeneration is expensive
‘l
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4. Examples — | Water Breakthrough Curves 3I°

INSTRUMENTS

Breakthrough Curves of H,0 / N,: Applications ()

Utilizing the Heat of Adsorption

® Energy Storage

- Adsorption of water vapor = releasing heat of adsorption.
Control heat output with dosing of water

Cooling/Condensation

- Regeneration with e.g. thermal solar energy (roof top)

—> Can be used for cooling as well X
® Adsorption Chiller o o
C————
- Using adsorption of a vapor as driving force for evaporation of a liquid reservoir adsorber
- Enthalpy of vaporization is used to cool ~
- Cycling Adsorption/Evaporation vs. X
Desorption/Condensation with two separate units. .
ondensate
—>Investigating Cycles of Adsorption of H,O in N, Hezing Gygoration
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4. Examples — | Water Breakthrough Curves

3P

Breakthrough Curve of H,0 / N, on Zeolite 13X

3.0

2.5

2.0

volume fraction y(H,O) / %

0.5

0.0

19

15 H

1.0 |+

0 50

100 150 200 250 300

time-on-stream t / min
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40

30

20

bed temperature T/ °C

INSTRUMENTS

® Experimental conditions of a simple
breakthrough experiment after
Activation at 400 °C for4 h

® 25°C, Flow rate 4 L min-t
® Pressure: 1 bar
® Standard Adsorber with 80 g of sample

® Inlet composition: 5gh1H,0 i 'I\i
(volume fraction y(H,0) = 2.59 A ]
Relative humidity approx. 80 % @ 25 "C)

- High temperatures during adsorpt|on 7
eLoadmg 18.9 mmol g
eRegeneration at 130 °C for 3.5 W




4. Examples — | Water Breakthrough Curves

3P

Breakthrough Curve of H,0 / N, on Zeolite 13X

20

volume fraction y(H,O) / %
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15 H
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INSTRUMENTS

® Sample regenerated at 130 °C for 3.5 h
® Same experimental conditions

® Inlet composition: 5gh1H,0in N,
(volume fraction y(H,0) = 2.59 %,
Relative humidity approx. 80 % @ 25 °C)

- Loading: 15.4 mmol g1 -> Iow_ﬁ_ﬂ‘r"
9Unsymmetrica| temperature p"r'oﬂles L;f""

—> Residual loading before experiment not
equally distributed '

eOverIay




4. Examples — | Water Breakthrough Curves

Breakthrough Curve of H,0 / N, on Zeolite 13X

21

volume fraction y(H,O) / %

3.0

2.5

2.0

1.5

1.0

0.5

0.0

® Loadings:

3P
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18.9 mmol g (activated at 400 °C) vs.

regenerated 130 °C

4 shapes

—> Zeolite requires harsh
regeneration

eHigh temperatures

regenerated
400 °C T steep isotherms

L A | L L | 1 | 1 I 1 I

50

100 150 200 250 300 350 400 eHigh affinity to water

time-on-stream t / min

15.4 mmol g (regenerated at 130 °C)
® Breakthrough Curve shifted to the left

® Breakthrough curves still have similar

eSteep Breakthrough Curves |nd|cate




4. Examples — | Water Breakthrough Curves 3I°

INSTRUMENTS

Breakthrough Curve of H,0 / N, on Silica Gel
® Experimental conditions of a simple
breakthrough experiment after
S I B B B B I Activation at 350 °Cfor 4 h

® 25°C, Flow rate 4 L min-t

® Pressure: 1 bar
® Standard Adsorber with 80 g of sample

® Inlet composition: 5gh1H,0 i ;:I\iz g
(volume fraction y(H,0) = 2.59%, p
Relative humidity approx. 80 % @ 25 °C)

eSmaIIertemperatures peaks

volume fraction y(H,O) / %
bed temperature T/ °C

> Much longer measurement
eLoading: 25.9 mmol gt
eRegeneration at 130 °C for 3.5%h._..

OO | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 20
0 100 200 300 400 500 600 700 800 900 1000 1100

time-on-stream t / min

22 > ki1



4. Examples — | Water Breakthrough Curves 3I°

INSTRUMENTS

Breakthrough Curve of H,0 / N, on Silica Gel

V07— 777 71 71— 7 71 17— 8 ® Sample regenerated at 130 °Cfor 3.5 h
y(H20) ] ® Same experimental conditions
2.5 170
9 o ® Inlet composition: 5gh1H,0in N,
= L g0 & (volume fraction y(H,0) = 2.59 %,
CI)N 'q—) Relative humidity approx. 80 % @ 25 °C)
X = ﬂr‘.ﬂ" "
c 15 {50 = JF
g E . r'.' l,-:;r
& & - Loading: 25.1 mmol g i
o P 140 2 - almost identical
& o)
3 os i S Doverlay
> : -
0.0 L— PN NN TN R SR S N SN NS ST SR NS NS RS I Yo ' e
0 100 200 300 400 500 600 700 800 900 1000 1100 . S
time-on-stream t / min e

23 g i:’.‘



4. Examples — | Water Breakthrough Curves 3I°

Breakthrough Curve of H,0 / N, on Silica Gel
® Loadings:
25.9 mmol g1 (activated at 350 °C) vs.

30 ' ' ' ' ' ' ' ' ' ' 25.1 mmol g1 (regenerated at 130 °C)
25 L regenerated 130 °C . ® Breakthrough Curve changed slope
x ® Changing surface chemistry until stable
S 20F regenerated - in cycles
E:' 400 °C ;
Z 15 4
(- O — o1
% eRegeneration much easier, eﬂﬂzient &
I H
"Z 10 = -2 No high temperature required
= : :
= eRegeneratlon possible by Pressure
> 0°F i Reduction
0.0 , , , , , — But: Breakthrough occurs
0 200 400 600 800 1000 earlier!

time-on-stream t / min

24 =



4. Examples — | Water Breakthrough Curves 3I°

Breakthrough Curve of H,O / N, on Zeolite 13X and Silica Gel —

3-0 T I T I T I T I T I T I T I T 30 T I T I T I T I T I T I T I ) I ) I
Silica —gy-e—0-°°

2.5 |- - 25 |- /./o{/. -
o .,. ’.,.
S g 3 o
—~ 20 - 2 a0t : 0 o _
o) S Zeolite 13X e — o e oa—

o E - ./. [ ] [ .

L e e . *
= 15} . Z 15| ¢° . -
c —_ & °
S o _
S 10} . _ - L 10 ..o' -
= Zeolite activated = . gt
o : .
= Zeolite regenerated = R i
- 05 — .y . — © 5 .. ] ] =
= — Silica activated o o*° ' ]
> —— Silica regenerated T = o*

0.0 4 0 i

) | ) | ) | ) | ) | ) | N | N 1 | 1 | 1 | 1 | 1 | 1 | \ | \ | ) |
0 1 2 3 4 5 6 7 8 00 01 02 03 04 05 06 07
. . 3
time per volume t, / min cm p/p,

® Materials behave differently in Adsorption/Desorption Cycles
® Good Agreement with Isotherm data (right hand side)

— Can we use these curves to get information about stored energy and heating power?

25 ¥



4. Examples — | Water Breakthrough Curves 3I°
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Immersion Calorimetry

® Determining the Heat of Adsorption in Liquid Phase »Enthalpy of Adsorption = Wetting + Condensation«

20 | | | | | | hy=hy+ hc
35 L | Enthalpy of wetting
J Zeolite: 5501 g (g of Adsorbent)
30 |- Zeolite 13X - Silica Gel: 140 J g'}(g of Adsorbent)
= 25t S _
£ o ] Zeolite: 1600)J g (g of water) »
~ ([ i
z Or . 7 Silica Gel: 300 J g* (g of water) ﬁf |
= . I (re-calculated according to water isotherms) g
= 15| o i
5 : _
2 .l : B | o | sicece
- : Silica : hy /J g (H,0) 1600 300 F
di ] he/J gt (H,0) 2500 2500 .
' ' h,/Jg? (H,0) 4100

time t/ min

26 -



4. Examples — | Water Breakthrough Curves

Heat Power Comparison

® Comparing the Heating Power during Adsorption

8.0

7.0

6.0

5.0

4.0

3.0

2.0

Heat Power P / Watt

1.0

0.0

27

Zeolite

Silica Gel

0 200 400 600 800

1000

time-on-stream t / min

1200

3P
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5
360

=-loQ

P = (1 — rel. Breakthrough) X X

o
=p %

® Zeolite: More Heating Power, but
over short duration = abrupt

drop #S"

® Silica Gel: Less Heating Power,
continuously decreasing = longer
duration

ha




4. Examples — | Water Breakthrough Curves 3I°

INSTRUMENTS

For Comparison: Breakthrough Curve of H,0 / N, on Activated Carbon

® 25°C, 4L min*t

3.0 — T T T T T T 771 %
] ® 1bar
® Inlet composition:
> « 5gh1H,0inN,
6N = (volume fraction y(H,0) = 2.59 %,
iy o RH approx. 80%) .
= = i
5 £
& 3 ® Shape of curves can be explained by
O 2 adsorption and condensation
£ 5 :
5 3 in the pores.
o
> ® Fast breakthrough due to —
~ hydrophobic surface w
0.0 PR NN R NNV [N SR N SR NS RS RS ERN N Y| T
0 50 100 150 200 250 300 350 400 450 ° Similarto Silica Gel but - i
time-on-stream t/ min Condensation is more pronounced” s

28 k- 3 'zil\



4. Examples — Il Removing CO, from Air 3°

INSTRUMENTS

Breakthrough Curves of CO, / N,: Applications

Air separation is important for O, and N, production [production of inert gases, medical applications,
steel industry,...]

Important to remove Water and CO, in Air before:
AL ® Cryogenic Air Separation:
x - CO, would plug the piping by freezing.

K : ® Air separation with Pressure Swing Adsorption (PSA) on
Zeolites

- CO, has strong affinity to surface
(stronger than N, and O,)

- CO, is not as effectively desorbed upon pressure
reduction = Build-up Effects

- Decreasing efficiency over time

.‘.

I s -
"X phit .
v - X i
i3 - i | —
= ! ~d A . ARE
W
' ; P o ]
- 1 C e . _ 4 - o
" L 9 | (5 :
» | T . »
: Es 3 { -
H e g = 3 i
3 v oo \.. - =4 !
'Ji}')';; 1" ] ’lq i. F ’.“"- At AR 9 :
P == Biv g L8NS
3 g s = W 3

Verborgene Adsorption — TSA-Anlagen in industriellen Gasaufbereitungsprozessen Bndik Schirer, Linde AG, Engineering Divii uIIach '




4. Examples — Il Removing CO, from Air 37
Breakthrough Curve of 450 ppm CO, in N, on Zeolite 13X —

® Pressure: 6 bar

® Gas Flow: 20 L mint = High Flow Application
= 0.47 m s superficial flow velocity (at STP)
Typical superficial flow velocities in the industry are around 0.4 m s

® Zeolite,55¢

® Temperature: 25 °C g
® Inlet composition: 450 ppm CO,, balance: N, (9 mL min*? CO,, 19991 mL min'tN,) ;W

® For Measurements with such low concentrations, a Mass Spec is recommended

® Pfeiffer ThermoStar Mass Spec attached and synchronized

® Mass Spec Data were then imported in dynaWin and used for calculations =




4. Examples — Il Removing CO, from Air
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Breakthrough Curve of 450 ppm CO, in N, on Zeolite 13X

31

volume fraction y(CO,) / %

0.05

0.04

0.03

0.02

0.01

0.00

40

80 120 160

time-on-stream t / min

200

240

INSTRUMENTS

Integration gives loading:
0.419 mmol gt

With the low concentrations and the very
high flow rates, the breakthrough curve is

not as steep as usual with Zeolites. AT
il

- Measurements with very low
concentrations are possible with the

dynaSorb BT {?ﬂﬁ"




4. Examples — lll Breakthrough Curves in the Presence of Water 37

INSTRUMENTS

Breakthrough Curves in presence of Humidity: Applications

Most processes and application are running in the presence of water (humidity)

® The presence of water can have an major impact on the separation

performance of adsorbents (e.g. on Zeolites)
N"%%k ® Purification of waste air, indoor air cleaning, gas masks

g Y4 Characterization under application-related conditions!

Example: Adsorption of Propane in the presence of Water on
Activated Carbon (about 55 g)

25 °C, Flow rate 4 L min‘!

Pressure: 1 bar, Standard Adsorber

,-m Uéing Mass Spectrometer as Analytical Device

iy

r




4. Examples — Il Breakthrough Curves in the Presence of Water

3P

Co-Adsorption of Propane and Water

Three Segments = Sequence of Breakthrough Experiments

10.0 — T T T T T " T T T T T

9.0

8.0

6.0 - ‘

5.0 | L

2oL | y(Propane)

4.0 -

3.0

volume fractiony / %
TN

y(Water)

2.0

1.0 L

0.0 '

100 150 200

time-on-stream t / min

33

70

165
1 60
|55
150
145
140
|35
120
125

' 20

250 300 350 400 450 500 550

bed temperature T/ °C

INSTRUMENTS

Segment 1

volume fraction y(H,0) = 0.95 %,
Relative humidity approx. 30 % @ 25 °C

Segment 2

volume fraction y(C;Hg) = 5.00.%, ..
volume fraction y(H,0) = O.9§;£%,
Relative humidity approx. 30'% @ 2:5=-"C

Segment 3

volume fraction y(C5Hg) = 5.00 %,
volume fraction y(H,0) = 2.70 % @




4. Examples — Il Breakthrough Curves in the Presence of Water

3P

Co-Adsorption of Propane and Water
Segment 1 - Breakthrough of RH 30% @ 25 °C

34

volume fractiony / %

2.5

2.0

15 |

1.0 -

0.5

0.0

time-on-stream t / min

100

45

40

35

30

- 25

20

bed temperature T/ °C

loading q / mmol g*

INSTRUMENTS

Breakthrough Curve and
Temperature Curves show regular
shape

No distinct Condensation observable
Loading: q(H,0) = 0.64 mmol g

Very Good Agreement with Water
Isotherm measure on ASiQ

16.0 ————1—

140 L ° q i g
/ 5 1

L [ ]
12.0 | /
[

10.0 | /
- °

6.0

)/

2.0 i /:/

[ee]
o




4. Examples — Il Breakthrough Curves in the Presence of Water

3P

Co-Adsorption of Propane and Water

35

Segment 2 = Breakthrough of Propane in N, with RH 30% @ 25 °C

volume fraction y / %

10.0 . , ' T ' T ' T T T 70
9.0 -— Tl _- 65
8.0 -— 272 _- 60
7.0 -— T T3 _- 55
6.0 -— [\ 4 T4 _- 50
ol y(Propane) | 4s
4.0 — - 410
3.0 -— _- 35
2or y(Water) 1%
1.0 =~ = — — 25
0.0 | : ]T . / 1 1 1 . 1 | 20

120 130 180 180 260 220 280

time-on-stream t / min

bed temperature T/ °C

loading q / mmol g*

INSTRUMENTS

Water gets displaced
Distinct Temperature Curves
Loading: q(C3Hg) = 2.84 mmol g

Very Good Agreement with Loading at
dry conditions (not shown):
2.88 mmol g'land iSorb measurements

6.0

5.0

P
o

3.0




4. Examples — Il Breakthrough Curves in the Presence of Water 3°

INSTRUMENTS

Co-Adsorption of Propane and Water
Segment 3 = Increasing RH to 85 % in the presence of Propane

6.0 T | T T T T T T T I . , : 32
. °
;{\ y(Propane) 1 Displacement of Propane (»red peak«)

5.0 ® Not equilibrated after 5 h

o O —>Very slow process

i 4.0 - . _

- = ® Condensation of water in the pores

c D T
= = i

B [ i |
= Q . - ry, Ly
o &  Result similar as the Water on Activated
£ 2  Carbon Breakthrough Curve.

S D

> o

00 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 20

240 280 320 360 400 440 480 520
time-on-stream t / min

36 _')_:



4. Examples — IV Organic Vapors on Activated Carbons

Breakthrough Curves with Organic Vapors

Removing Solvent Vapors and VOC (Volatile Organic Compounds)
from air

® Pharmaceutical Industry
® Pigment, Toner, Color, Paint Manufacturers
- ® Solvent Recovery

® VOCs in atmosphere lead to the formation of ground-near Ozone

Removing Hydrocarbon Vapors to prevent condensation from
® Synthesis Gas (CO + x H,)

® Natural Gas

3P

INSTRUMENTS




4. Examples — IV Organic Vapors on Activated Carbons 3°

Breakthrough Curve of Toluene/N,

38

volume fraction y(Toluene) / %

2.4

y(Toluene)

30 40 50

time-on-stream t / min

80

60

55

50

45

40

35

30

25

20

bed temperature T/ °C

INSTRUMENTS

® Activated Carbon D55/1.5
® 25°C, 4 Lmint

® Inlet composition: 20 g h*1 Toluene in N,
(volume fraction y(Toluene) = 2.0 %,

p/p,= 0.53 (@ 25 °C)

2 1a rge temperature peaks
QSteep Breakthrough Curve
eLoading: 2.1 mmol g

—2 More similar to H,0/Zeolite thap,,
H,O/Activated Carbon -




4. Examples — IV Organic Vapors on Activated Carbons 3°

INSTRUMENTS

Breakthrough Curves of Toluene/N, and H,O/N ] B e A S
: 2o | H,0/Zeol
,0/Zeolite
25 | T1 470
S @)
Toluene/Activated Carbon & 20 o0 <
2-4 L] l T l T l T l T l T l T l T 60 E:\‘ E
g 15 d50 %
y(Toluene) 55 5 g
O\C’ ﬁ 1.0 ff - 40 g
—~ 4 50 = k5
@ oO § 05 J30 °
Q 45 £ 7
6 q_) 0.0 L 1 L L n i) " L 1 L 1 " 1 L 1 20
l_ 5 0 50 100 150 200 250 300 350 400
= — 40 T time-on-stream t / min i
g g 30 T T T T T T T T T T T T T T T T T 44
3 135 € - H,O/Activated Carbon 1. u
£ 3 25 | y(H20)_— 1
130 © < '
g 30 5 ; T x
=2 =¥ 36 -
Q o 25 > 17 ¢
> ] / | g 34 g
00 1 | 1 | 1 1 | 1 | 1 | 1 | 1 20 § - 32 qé'
0 10 20 30 40 50 60 70 80 = Ja 2
g e
- - q’
time-on-stream t/ min § 1282
- 26
]
0.0 " | L | L | L | L | L | L | L | L | 24

0 50 100 150 200 250 300 350 400 450

time-on-stream t / min

39 E




4. Examples — V Investigating the Surface Hydrophobicity 30

INSTRUMENTS

Different Surface Chemistry

Different Adsorbents have different Surface Properties

O
° 412 7 Carboxyl
Hydroxyl Groups on Silica Gel N
® Charged/Polar Surface Properties on Zeolites Lactone
.{gﬂf: :"’a‘ ® Organic Hydroxyl, Aldehyde, Ketone, Acidic, Aliphatic and Aromatic Groups
& ; on Activated Carbons oH
L Ay
s %0
i - Investigating the Adsorption of organic Vapors with different Polarity Oridised N X— OH  phenol
i3 o Carbonyl
{ fﬂ
e laamaryh :& Anhydride
Pyridine \G
HO OH e
HO X E OH
N Sl e g .
Surface ;0,45"‘-{}" \ I TO-5i- Quinone

/,/ 3 f) \ P c}\ : _,.-"D! (?\\
D-—-.:n;:;i\ D-"’SI\ ;
0 4,? £ q o Pyrone




4. Examples — V Investigating the Surface Hydrophobicity 30

INSTRUMENTS

Adsorptives with different Polarity
Using Different Adsorptives with different Polarity

® Elutropic Series ‘

_ . 1 n-Hexane 0.00
® Elutropic Index is Empirical Value from Chromatography

Cyclohexane 0.03
sweame  ° Toseethe Solid-Gas interaction = Measure at low p/p, Tol 0.9

1A Otherwise: Pore Filling —Adsorbate interaction Oluene '
g i3 Benzene 0.25

'!;‘, &' * Select different Solvents and measure at equal p/p, '

. - Different concentrations! Diethylether 0.29
Chloroform 0.31
Acetone 0.43
e[ (ol 1,4-Dioxane 0.43
NY, Tetrahydrofuran 0.48

Vads N

2-Propanol 0.60

N I i F c Ethanol 0.68
A i Methanol 0.73

0 PPo — 1 \ater 1.00

\.V -.‘.|
J ! X
gl

'y ;;,"
L 5 335:7

D
Katie Cychosz, »Interpretation of Data, Surface&Pores, Quantach rome, 2011



4. Examples — V Investigating the Surface Hydrophobicity 30

INSTRUMENTS

Breakthrough Curves with Cyclohexane/N,
® 25°C, Flow rate 1 L min-t

66— ® Pressure: 1 bar
o :
Activated Carbon Small Adsorber with approx. 3 g of sample
® 1ghCyclohexaneinN,
volume fraction y(Cyclohexane) = 0.44 %,
p/py=0.033 @ 25 °C

’ R gt
Zeolite O i ?\!w
i Jt;;

Silica

0.4

0.3

volume fraction y(Cyclohexane) / %

0.2 .
Activated Carbon 1.34
0.1 - o
ili A
Silica 0.54 - :
0.0 . | | | | D Zeolite 13X 2.02
0 250 500 750 1000 1250 1500 1750 2000 %\

specific time-on-stream t_/ s g~

) F



4. Examples — V Investigating the Surface Hydrophobicity

3P

Breakthrough Curves with 2-Propanol/N,

0-24 ) I ) I Ll I Ll I

0.21 |

Activated Carbon

0.18 |

0.15 L Silica

0.12

Zeolite

volume fraction y(2-Propanol) / %

0.09 HsC CHs 7
0.06 —
0.03 —
0.0() 1 ] 1 ] 1 ] 1 ] ]

0 1000 2000 3000 4000 5000

specific time-on-stream t_/ s g

43

6000

INSTRUMENTS

® 25°C, Flow rate 2 L min-t
® Pressure: 1 bar
® Small Adsorber with approx. 3 g of sample

® 0.645 g h'' 2-Propanolin N,
volume fraction y(2-Propanol) = 0.2 %,
p/py=0.033 @ 25 °C

Factor
Asorbent Loading / mmol g1 (Cyclohexane)

Activated Carbon 2.10 1.56
Silica 2.88 5.33
Zeolite 13X 3.41 1.69

af
-

® Does the smaller size of 2-Propapt!
role?




4. Examples — V Investigating the Surface Hydrophobicity 30

Breakthrough Curves with 1,4-Dioxane/N,

0.24

0.21

0.18

0.15

0.12

0.09

0.06

0.03

volume fraction y(1,4-Dioxane) / %

0.00

44

INSTRUMENTS

® 25°C, Flow rate 2 L min-t

® Pressure: 1 bar

® Small Adsorber with approx. 3 g of sample

® 0.782gh'1,4-Dioxanein N,
volume fraction y(1,4-Dioxane) = 0.16 %,
i p/py=0.033 @ 25 °C
a1 F Lanfat o

- Factor
Silica i Asorbent Loading / mmol g1 (Cyclohexane)

Activated Carbon -

Zeolite

O 7 Activated Carbon 2.17 1.62
( j | Silica 2.58 4.78
O
Zeolite 13X 2.05 1.01 ‘f
- _ #
| 1 | 1 | 1 | 1
1000 2000 3000 4000 5000

specific time-on-stream t_/ s g’




4. Examples — V Investigating the Surface Hydrophobicity 37

Comparison: Loading vs. Elutropic Index

45

loading q

INSTRUMENTS

® Silica appears to be least hydrophobic

4.0 ~ T T Dol T T ® Maybe concentration still to high for
- - Activated Carbon and Zeolite
o[ () ()L C
! @ ] —> Pore Filling?
30 | i
i . | ® Conformation Changes of Cyclohexane and
25 " . 1,4-Dioxane possible
. Zeolite 4:, . i ,
Activated Carbon -
15 -
|
«
1.0 | - 4 ;
Silica - Further comprehensive investigations
05 * T necessary v
0.0 . | ! | ! | ! | ! | ! | !
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Elutropic Index

R. Barata-Morgado et al., Theor Chem Acc 2013, 132, 1157. ,)3' :



4. Examples — VI Applying Liquid Mixtures

Breakthrough Curves with Organic Vapor Mixtures
Removal of Solvent Mixtures
® Pharmaceutical Industry
® Pigment, Toner, Color, Paint Manufacturers

® Solvent Recovery

- Do the different Adsorptives influence each other?

® Zeolite 13X and Activated Carbon D55/1.5
® 25°C, Flow rate 2 L min-t

® Pressure: 1 bar

® Small Adsorber with approx. 3 g of sample

® 800 ppm Cyclohexane + 300 ppm 1,4-Dioxane
(0.5 g h™* Mix: 125.5 g Cyclohexane + 49 g 1,4-Dioxane)

® Mass Spectrometer

3P

INSTRUMENTS




4. Examples — VI Applying Liquid Mixtures

3P

Cyclohexane/1,4-Dioxane on Activated Carbon D55/1.5

1000 L] I ) I ) I ) I ) I
900 |- -
I Cyclohexane

800 | =
c 700 —
Ei =
= 600 |- -
> -
c 500 |- _
O i
)
3 400 -
= - 1,4-Dioxane
) 300 | -
- i
=
5 200 |
> |

100 +

0 [ 1 | | | | | 1
0 1000 2000 3000 4000 5000 6000

specific time-on-stream t_/ s g

47

INSTRUMENTS

Very long experiments

- Small Adsorber very useful for low
concentrations

No spontaneous Breakthrough

Short technically usable sorption capacity
BUT: Very high flow velocity at a very small

fixed bed! g‘ﬁgmﬁ,ﬁ-
—> very short residence time, i

il

Small Adsorber only for equilibrated data!

Loadings

Loading /mimol g*
Cyclohexane 0.011 ?
1,4-Dioxane




4. Examples — VI Applying Liquid Mixtures 3°

INSTRUMENTS

Cyclohexane/1,4-Dioxane on Zeolite 13X
® Very long experiments

1000 N — = Small Adsorber very useful for low
i T concentrations
T Cyclohexane ]
[ 1 °
800 |- — No spontaneous Breakthrough
c 700 i _- ® Short technically usable sorption capacity
a 600 L i BUT: Very high flow velocity at a very small
N i ] fixed bed! Ll
S 500 - i P
3 [ : —> very short residence time i
S 400 | i ) k
© 300l 1,4-Dioxane ® Small Adsorber only for equilibrated data!
S I i
= 200} ® Loadings
> ! ] #
AT
100 - Loading / mmol g |
0 . | | | | | : % -
0 1000 2000 3000 4000 5000 6000 CIE CEEIE 0.014 ?
specific time-on-streamt_ /s g" 1,4-Dioxane

48 f



5. Conclusions 3I°

INSTRUMENTS

Characterization under application-related conditions!

® mixSorb L is very versatile instrument for application-related studies
® Vapor Option
‘/Vapor Sorption, determine Isotherms, Mixture Isotherms

(Tl
*’tﬁ ‘/Breakthrough curves of other Adsorptives
LY & in the Presence of Water

\/Adsorption Studies of Organic Vapors: VOC adsorption
W

® Broad Concentration Range (from ppm to high %)

T e \/Different Massflow Controllers
%’- ; . ‘/Different Adsorber Sizes = Reasonable measurement time
benzul? %k. —> investigation of competitive adsorption possible

St = .'
. \ ..;\\\
49 {‘ g-!l

® Mass Spectrometer allows experiments with __
. more complex gas/vapor mixtures ,\/

» 1 % 4
il‘, 5 -

5
e {
e =
Jathg g
ity
0



Thank You! 3I°

Thank you for
your attention!




2. Gas Flow Methods 3I°

mixSorb L
Standard Breakthrough Curves Multicomponent Adsorption Isotherms

51

INSTRUMENTS

concentration
concentration
concentration

time time time
Breakthrough time e Competitive Adsorption e Saturation Capacity
Mass Transfer e Displacement e |[sotherms (single or mixture)
Technically usable Sorption Capacity
Modelling




3. mixSorb L Adsorber Sizes

52

mixSorb L Adsorber Packing:

3P

INSTRUMENTS




4. Simulation 3P

INSTRUMENTS

Mass Transfer coefficient k¢

Adsorbate  Simplification

Convection,
Diffusion

Convection,
Diffusion

Adsorptive

Film Diffusion |

' ,
Free . == i Adsorbent ;
Diffusion Convection; Diffusion : e

Surface |
U '
KNUDSEN i stern E LDF2
Diffusion H
|
Adsorption Adsorption

concentration ¢

distance r

D. Bathen, M. Breitbach, Adsorptionstechnik, 1.Aufl., Springer Verlag, Heidelberg, 2001. 0 A -%
53 W. Kast, Adsorption aus der Gasphase: Ingenieurwissenschaftliche Grundlagen und technische Verfahren, 1.Aufl., VCH Wiley Verlag, Weinheim, 1988.,53'!1 ihﬂ



