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Xenon : 0.000008 %
Hydrogen : 0.00005 % """_——\
Krypton - 0.0001% —_— = |
Helium : 0.0005 % — -
Methane : 0.0002 % /,// !
Neon:0.001% =~

arbon Dioxide : 0.03 %

Argon : 1%

Oxygen : 21 %

Nitrogen : 78 %
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Cop Aptyp Hapnb3s K/IAPK

Any sufficiently
advanced techn
ology Is
indistinguishabl
e from magic*

* «Jlrobaa AOCTaTOYHO pPa3BUTaA TEXHOJIOTUSA
HeoTIMYUMA OT BOALLEOCTBAY»
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KN3HN!

ONEKTPOHMKA — «MO3r 1 HEPBHAS CMCTEMA» BbICOKOTEXHOMOMMYHbIX M3AENNA BCEX OTPaCHen
MUPOBOW UHAYCTPUN!
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http://cen.acs.org/articles/94/web/2016/10/Molecular-machines-garner-2016-Nobel-Prize-in-Chemistry.html

Nobel Prize 2016

JNlaypeatbl Ho6enesckor npemun no xumum 2016 roga: XaH-Nbep CoBax

(Jean-Pierre Sauvage), ®pewvizep CtoanapTt (J. Fraser Stoddart), u

bepHapa ®eputra (Bernard L. Feringa). Iso6paxeHue ¢ canTa
cen.acs.org




Resolution ‘* ‘?;

before 2013

Resolution
at present

Nlustration: ©Martin Hogbom/The Royal Swedish Acsdemy of Sciences



Nobel Prize 2017

Puc. 1. laypeatbl Ho6eneeckon npemumn no xumum 2017 ropa. CreBa

Hanpaso: Xak [io6owwe, Moaxum PpaHk u Pudapa XeHaepcoH. PoTto

C caiTa sciencenews.org




HE HOBENEBCKUW NAYPEAT

- He npuaymbiBan 8 soaKy!
: A yyenbin, a ve bapmen!
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POCCWMMHA AJIEKCAHOP HEBCKWUU

WCTOPU4ECKWUI BbIEOP 2008

BCEro rofocoe MecTo
Anexcangp Hesckui 524 575 1
M.A. Cronsinny 523 766 2
U.B. Cranun 519 071 3
A.C. NywxkwnH 516 608 4
Merpl 448 857 5
B.W. Nleunn 424 283 6
@©.M. [locToeBCKMi 348 634 7
A.B. Cysopos 329 028 8
[.M. Mengeneea 306 520 9>
WBaH o 270570 10
Exatepnna II 152 306 11
Anexcangp 11 134 622 12
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The first congress of Russian
naturalists

NEFPBERX

MEHAEJNBEBCKIA CBHH3AD
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1907,
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RUSSIAN CHEMICAL SOCIETY
n.a. D.l. Mendeleev
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February 1868 - sketch of the main provisions of the Charter

1907 - the first Mendeleev Congress on General and
Applied Chemistry
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MATERIAL SCIENCE

CHEMICAL ENGINEERING

NEW MEMBRANE
MATERIALS

(Polymeric and ceramic)

HYBRID MEMBRANES
(MMM, SLIMS, POLYRTILS)

INTENSIFICATION OF
J MEMBRANE PROCESSES
(Cascades, new module)

{ HYBRID PROCESSES

(Membrane contactors,
Membrane Absortion)



APPLICATIONS OF MEMBRANE GAS
SEPARATION

HYSEP,

Hydrogen Separation Modules

GASES HIGH
PURIFICATION

° S
© %,, Olefin/Paraffin
(78 % separation



OUR SEPARATION AND PURIFICATION
TECHNOLOGIES
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Separation and Purfication Technology
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Reflux
condencer Cut-off fraction
e

pional radial
embrane module

Retentate flow

f

Active upstream

o
Permeate flow
volume

"% Compressor

Retentate

ﬁ_—<_ Feed

|

NH; feeding

resarvoir

—

Permeate <«—

l

Optional sweep

o

po!

E Film
2 evaporator ("
E |

o
Bottoms |
fraction |

'} Distribution discs

i Membrane on

rous SS support




/°\ SCHEME OF MEMBRANE GAS SEPARATION MODULE
Qy AND RECTIFICATION COLUMN

SINGLE-STAGE PROCESS
DIRECT CURRENT FLOW PROCESS

F<a
T~ 300K
Feed P, Retentate
A P,
MEMBRANE
5as

al

o ¢
(D

Perm

.

MULTI-STAGE PROCESS
COUNTER CURRENT FLOW PROCESS

F=a, T=T,,<<300K

N — the number of separation stages.

£\

#

cOo—-r
0O vV>

v

\/

Vapor phase
conden-
sation

Liquid phase
evapora-tion



THE RADIAL COUNTERCURRENT
MEMBRANE MODULE:

A Retentate

Active upstream
volume ‘ A |—<— Feed

—

A
y

A
\J

Permeate €«— Dist'ribultion discs

""-.: Membrane on
Optional sweep ! porous SS support

CHARACTERISTICS OF THE MEMBRANE
MODULE

THE DEPENDENCE OF THE SEPARATION FACTOR F
OF THE DEGREE OF SEPARATION MONOGERMANE
(GeH,) FROM WATER (H,0)

InF

15~

10

1 - calculation according to the model of ideal displacement;
2 - calculation according to the model of complete mixing;
3 - experimental data

I/ Desalination. 2006. 200 (1-3) 232-233. DOI: 10.1016/j.desal.2006.03.307
I Desalination. 2002. 146 (1-3) 249-254. DOI: 10.1016/S0011-9164(02)00482-4



CASCADE OF MEMBRANE MODULE WITH FEEDING

RESERVOIR (FD)

2 3 THE DEPENDENCE OF PURIFICATION RATIO
Liin L1outr Crout FROM QUANTITY OF SAMPLED SUBSTANCES
1 INC ‘)Q_> ___________ | o MIXTURE: R-12 (CF,CL,) - IMPURITY OF R-218
Cuin (C,Fq)=2.94
7}
4 ﬁ Lnf !

1 - feeding reservoir (FD); 2 - pressure reducer; 3 - 41
membrane module; 4 - vacuum-compressor
F1a

C N 4

fo0_| Yo

C N 2

N, — quantity mole of the mixture in a FD at initial time, o 10 20 30 40

N - quantity mole of the mixture in a FD after purification LA
Quantity of picked gas, %

Vorotyntsev V.M. et al . Petroleum Chemistry 2011 51 (8) 595-600. 1- membrane module with a feeding reservoir;
Vorotyntsev V.M. et al . Inorg. Mat. 2009 45 ( 11) 1263-1266. 2 - smgle membrane module



PURIFICATION

FAST-PERMEANT IMPURITY
DEPLETION LOOP

A

R T R Rl - A
SIH4 1 fnembrane & ( \
)

/ C.e‘H‘\ mass
’ /___~ ‘h‘ flow
feed tank —(P) _\ |y controllerf 5 purity
—(T) . == T storage
p pressure et

T regulator

membrane P3
N B N

PRACTICAL APPLICATION FOR ISOTOPE SILANE

— e
. 2
- -

The silane product is concentrated in the feed tank via
recirculation of the retentate, and the impurity is concentrated on
the smaller loop which discharges to the impurity storage. The
imply can be recycled as feed (dashed — dotted line).

Valmor F. de Almeida, Kevin J. Hart, Journal of Membrane Science, V. 527, 2017,
P.164-179

EXPERIMENTAL SLOW-PERMEANT IMPURITY DEPLETION
LOOP CURRENTLY IN TESTING

doi.org/10.1016/j.memsci.2016.12.049
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ONE-COMPRESSOR ONE-/TWO- STAGE MEMBRANE
APPARATUS
FOR AMMONIA-BASED MIXTURES SEPARATION

LI.O
2 Cjy
MEMBRANE
MODULE
i LLZCL:
Lso
18 MEMBRANE
MODEL 1X10°Pa 'Y'c, Fmopute
L,>
' |MIXTURES ,, Vacuum
Caz pump
7.7% N2 in NH3 10
5.5% CO in NH; ® i_)e?_
19 3

SEPARATION FACTOR:

i (e D"
B _ (ﬂ) - ideal mixing

.0 l’l.l .
regime
PURIFICATION DEGREE:
N,
C, f

ONE-COMPRESSOR MULTISTAGE

MEMBRANE APPARATUS
PURIFICATION DEGREE
51 100000 - 1
2 41 } . 10000 -
| N1 1000 - 2
3% 14 1 “ 100 - ’
NH : 10 -
0 : : : .1 —
1 2 3 4 5 0 2 4 6
Lyo/(Lystlyy) n
4 100000 -
3-: _ 10000 - 1
| @.5 ] 1 xlooo - 2
3 1; ] 100 - 3
NH :; 10 -
05 -
0 : : . 1 ——
0 2 4 6 ONumtger pf stagess
Lyo/(Lygtlsy)
SAMPLING RATIO:

A—one stage of the cascade
+ - two stages of the cascade

1-70%; 2-15%; 3 -5%.

L.V. Vorotyntsev et al. Petroleum Chemistry (2017) 57 (2) 172-181



/"\ MEMBRANE SEPARATION + DISTILLATION
UNDER ELEVATED PRESSURE

Decrease
in liquid-vapor

: MASS-TRANSFER| OPTIMALP & T
87 1 2 atm distribution coefficient

INTENSIFICATION for maximum

o C T .
] = 24
Reflux 1 8 o 2 5 % CoH; B NH, Npmnenennos aasneime, P, = PIP, (<) eff I C I e n Cy
condencer Cut-off fraction L - AN 24 4 2 NH
..... - C,Hg 8 SiH, _E won F= o’/ Barr 3
b HERE: B dasa | 21 -
i "tOptional radial H ' water
" membrane module R CoHg B GeH, 10 18 { 290k
W 5 L2 ee CH, 8 SH, b 1
! 2 00 =
shh > 3 1 5 & 3 B Kucnopon
: ‘|l Reteﬂtate ﬂOW OFpaTHAS TEMIEPATY A, =
[ 1000/T (K1) /  naposa: 2 d
] l: £ haa:
' ” - _— 2 AP
.r [pmvecy @ (2398K)  @(293K) A Bxl0- o H-ByTaH
Lo > C,H, 6.3:1.8 27408 -267 108 ‘oe 0 085 09
Y ,’. Permeate flow N,H)  (28:02)x10¢ 920480 827 444 "“"““ "” = ”“ 6 2
(1]
gzzz..o.:ozoz ~.- Compressor CH, 100£10 ! 667 27 Biicorta, 3Rb...sa | . ‘ 3 ElLl,ETMJ‘IeH
i ' TeOPeTHYECKOH TapeJIKe: 3 . —
CH, 490460 898 3.64 255 315 345 375
na [ U U
CH,OH a 884 40 ¢ BITT= 7 (Wﬂﬁ)_ 7, K
H:O (-l =) ‘7 \ 2 yCKH S'l: :( ANTOPUT ACHETA ¢} OP EHWA KONOHHBI
NH3 feedlng o ~ &1l chu.ucmpr@ twmws
reservoir 8 sl = H E I CH.f siH, * r T
fna "‘”)(](‘OJ:I 161 LK | xh0) | o, Z \ P ; : ¢ ) Tomeaneans & F= ?i = o "‘EBT';| F-‘:f(P. 7:.1-).,
i “;(H; , B3| 0095 | 4000 = 20 : o =A+BT AT owermectmgur o
. o = - x(1-3) ) ina [ U, Uy
_ W50 | 000 | B30 ™ aren (1-x)y || = m(m”m)
i 332 | 0115 | 2H0e M
g 10
- IBL | 0M0 | 120825
) ] 395 | 004 | 15331 . | i i
T T e ek R e
396 | 0029 | 149229 0 v " 1V, = ™ g, (D 0021, (o, AGP™s UK, =t a1 B amaa
T (NH,) =4054 K - J 7 OQ bSQI’VGdS 0.9 bl it .fn.,, : gichich’ ”,,_;L_'
0 el Kn own 057|007 | L2 T, ‘ ! e - *““""“”“'”':”_"’“"""' 5 e
2 NOAMURY and explained

= NOW: HOWM'

" e\.faporator T preVIOUSIy for the first time

(\/f
oWV'o  Bottoms
0:0

fraction

O 0 O O

M.M. Trubyanov et al., Separation and Purification (2014) 135 117-126



/"\ MEMBRANE SEPARATION + DISTILLATION

UNDER ELEVATED PRESSURE

Two-dimentional GC-PDHID|TCD analytical system

for [sub-ppm + 100%] determination of H,, O,, N,, CH,, CO, CO,

) To Scrubber g He

Sample OUT

NH; sample

Sample IN
stream DD

Vent

fUHP NH; or
Purified He

Gast
standard

Chromatograms of impurities in ammonia

2688 ~ 50 10

1000ppM | i, 0.1 ppm cn,
2682 [
4.0 | 8
_ 2676 | A
- - [
£ = g
= 2670 | = 30 s
= =l =
& g | g &
22664 Oy = O =
B N, £ 20 | g 4
§ 2658 CIT, i 2
co J a &
ZEEE P cO, 1.0 |
2646 |
2 640 . . ‘ - . 2 —
0 06 12 18 24 3

Retention Time (min) lime (min) ime (min)

Component of the GC- Characteristics
system
Detector PDHID D-2-1, 100°C

First column to separate
the ammonia matrix, C1

Analytical column, C3
(for H,, O,, N,, CH,, CO)

Analytical column, C4
(for CO,)

Trace ammonia trap, C2

Sample loop, SL
Carrier gas, He

15% PEG-600 on
PTFE, 70°C
60/80 mesh
3mx3mmi.d.
13X molecular sieve,
70°C

60/80 mesh
1mx2mmi.d.
Porapak Q, 70°C
60/80 mesh
4mx2mmi.d.
NaHSOQ,, 70°C
40/60 mesh
0.3mx3mmi.d.

1.5ml, 70°C
He 99.99999+%,
30 ml/min

M.M. Trubyanov et al. Journal of chromatography A (2016) 1447 129-134



ANALYTICAL CONTROL OF THE PURIFICATION
PROCESS. FTIR

X// RECORDLY LOW LIMITS OF DETECTION

k-—/" K ln \
1‘ |
B Shimadzu inity-1
35-‘\
|
| |
80000 | | \
L8 I II ||
1(, 70000 - \ || |
5 I |
f
> 60000 - | | ‘
IR spectrum of NH3 \| |
- ® 50000 - Yil | A
B | || |
£ 1 40000 - ‘ I
5 | —— |
E o8 30000 - lH-' =
| M
” ‘ . : T Window
20000 - ¥ j A
0.4 . | —
10000 - E=sts =
0,2 N,(6.0) R? = 0,9981 J c‘-d: /
He(7.0) ’ 0 . A v 4 : ; 3
N . b : 4 . 3900 3400 2900 2400 1900 1400 900 400

Wave number, 1/cm

Concentration, ppm



NARSIONE ANALYTICAL CONTROL OF THE PURIFICATION
I PROCESS. GAS CHROMATOGRAPHY

Planetary ball mill
PM100 Retsch
(USA)

"I‘ | n VAN
\‘| IR spectrum of KBr+CaC, ‘\,\; N e V\ / \ﬂ'{“ f‘“"\\ﬂ g "o

OH stresching

4300 400 300 3000 20 000 1750 1300 120 1000 70 %00
Warenunaber (Licm)

Mr. Trivedi. Effect of Biofield Energy Treatment on

UMIT DErECTm Physical and Structural Properties of Calcium Carbide

y
\ and Praseodymium Oxide
J /‘ J /“
KT Valco
e ot Hl e
v

xeme AoUMECY > 20000m

Gas schema

CaC, + 2H,0 — Ca(OH), + C,H,

CONCENTRATIONS  cuc,+ caom, —cai, 2020

CaC,+ H,0 — HO-Ca-C=CH

Csz . H20 HO-Ca-C=CH + H,0 — C,H, + Ca(OH),

HO'Ca‘CECH — CaO+C2H2

w r‘.)rll.) (ValCOWIGI AU SA)



N\ EXAMPLES OF UNSTEADY-STATE PERIODICAL
Qy SEPARATION TECHNIQUES

PRESSURE SWING

DISTILLATION ABSORPTION MEMBRANE SEPARATION

~cyclic operation

time duration



BATCH DISTILLATION WITH PERIODICAL
WITHDRAWALS

Kinetics of concentrating and ultrapurifying dichlorosilane
by batch distillation with periodical withdrawals

Batch distillation of SiH,Cl, 1 ™ Optimization
| = C)f efficiejyj

Current and disturbed
Separation Factors

HLfll’ v\lI:\
flc]:

Condencer .
J _ X121 —x)
- (1 —-‘"41.1)—‘-’A-

;
Fio = Fu:)

M Rectif)lling

section ! : Relaxation time for the
| 1 SiH,Cl, tank T " — disturbed separation
ﬁM il . ; N L factor
J : ) i L X Fo-1
Sfrlp.plng i 3! : o . : |:V(a‘(F(:* 1) +( InF, = 1}H:|l Fy—1
section . i L - o Lo—1) "Fo-F

V.M. Vorotyntsev et al., Theoretical Foundations of Chemical Engineering, 2007



UNSTEADY-STATE MEMBRANE GAS
SEPARATION BY CONCENTRATION PULSE

PULSED INPUT OF THE FEED MIXTURE

Separated mixture

He:CO,=1:1  Separation on non-
selective membrane

Membrane

PVTMS

* Increase in selectivity
for diffusion-
controlled separation

PULSED
Equal permeability INPUT

Py = Pcoy X

 Decreasein

Different diffusivity productivity

Dy, =47 Do, '

|.N. Beckman, A.B. Shelekhin, J. of Membrane Sci, 1991



WITHDRAWALS

Working principle of Pulsed retentate operation

(" ) Step 1 CLOSED MODE
CI.OSED Exemplary feed-side concentration profile
Feed Retentate : of fast-permeant impurity
FEED RETENTATE G o0
— ) 1 D Rendl ; retertate
P - : Feed \ |
valve — a2
PERMEATE Permeate : Cret
Step 2 WITHDRAWAL
0 z Zy .
: Exemplary feed-side concentration profile
Feed Retentate of fast-permeant impurity
2 D E;] Clocd Retentate
z z Feed I sample :
Lfeed: Cfeed L rets C ret Lreh Crel z sanlz::matic ; el .
: e Cat |
— Permeate : i
+ STEADY-STATE OPERATION (for reference)
L7 L, [ Exemplary feed-side concentration profile D
perm perm Feed Retentate of fast-permeant impurity
¢ Crees
\_ ) _D" - : -
: Feed S Retentate
. . . . Permeate I Crat
Removal of highly penetrating impurity \ ‘ J

Theoretical modeling Separation factor (pulsed mode)

Cin o Lin

y L ’au.r Clowr F' = — (M et -1
Lm, Cm C’out (L!out)
Feed a =«
s J1+ (a- 1)22
z Zk
/ ‘ Cin /c - inlet and outlet concentrations ratio; Ly, Loy Loem =
inlet, outlet permeate fluxes; @ - ideal selectivity; @* - effective
Permeate Retentate selectivity, P,and P, - permeate and feed pressure

, withdrawal
L perm

Lperm M.M. Trubyanov et al., Journal of Membrane Science (2017) 530 53-64



SEPARATION EFFICIENCY RESULTS

Efficiency vs productivity compared to steady-state

Dependence of the Separation Factor Pulsed mode compared
F  on the amount of withdrawn sample E to steady-state mode
10000 - 6 a*=10
'y 9000 - F A
5 a*=5
8000 - :g
- *__
o | 7000 a'=3 - B
i - iJ
5 6000 = a*—3
‘G | 5000 ‘; 3r
£ | 4000 % ,
3000 - T
2000 - *1. _ line of equal
1000 - efficiency
0 . L . | L 4 t I 1 1 1 1 J
0.1 02 03 04 05 06 07 08 09 1.0 0 01 02 03 04 05 06 07 08 09 1.0
Decrease of the amount of withdrawn sample Decrease of the amount of withdrawn sample

M.M. Trubyanov et al., Journal of Membrane Science (2017) 530 53-64



. EXPERIMENTAL SETUP FOR UNSTEADY-STATE
MEMBRANE GAS SEPARATION

SYSTEM DESCRIPTION

Membrane Operational parameters

Poly(arylate-siloxane) Silar® +  Stage cut
*  Pressure ratio

Retentate q q
1 T * At — duration of withdrawal
............. volume |— r— Feed Gas mixture * A7y, — duration of stripping
I '_ N, :N,0=1:0.01 s Aty —total cycle QUranon
. tigo(N,O / Ny) = 12.040.7 *  Sample amount ratio
—‘—L{'ﬁ(;’ﬁii(((l\()”‘ Permeate 4__Il H EDisirithion discs ——— . FUUBSSSSES
A Membrane on LI
Optional sweep : porous SS support :
Nitrogen-based model mixtures and GC conditions 3 M o Gas Chromatograph |
5 I .-~ . A ]
e laeer | a1 o [N I N ' =l
BV 2005 - - pneumatic. IR 2 |
“ 550415 2.75£0.15 2.7+0.5 eli-my He | T |
m 180050 9.0£0.5 7.5¢1.5 : bra
P 2400470 12.00.7 10+2 = >
12 | Gas flow
TCD, 100mA, 100°C 7 controller
Chromatographic column Porapak Q, 60/80 mesh, 80°C i
2 m x 3 mm i.d. stainless steel tube 11 X’ 4
3ml, 80°C 3 [\ s
Carrier gas He 99.9999%, 30 ml/min | T e
High-efficient radial membrane module in counter- 4 0 0
current mode: . , , _ sl ﬂ
low variation of the gas linear velocity o il

helps to provide the laminar gas flow
eliminates any trapped gas or dead zones M.M. Trubyanov et al., Journal of Membrane Science (2017) 530 53-64



PRELIMINARY EXPERIMENTAL RESULTS

COMPARISON OF A PULSED MODE AND A STEADY-

“Significant increase in

separation efficiency at
decreasing productivity

Separation efficiency is

higher  for  smaller
samples at same
productivity

7 7 Pulsed Steady-state
mode mode
R
5 4 ATy, =0.5s
- \ Sample amount
= Xi) ratio 0.05
S A VS
I
= i N
S
'_E é\é‘éﬁ .
o ~
= E h
£ 44 g E'\A‘ \{>
[=F] =
75! 2 At,pen =1.0s B
g Sample amount Productivity
= ratio 0.1 o
3 T T T T T T T T T T 1
0 0.1 02 03 04 05 06 07 08 09 1 1.1

Relative productivity

M.M. Trubyanov et al., Journal of Membrane Science (2017) 530 53-64



DETAILED EXPERIMENTAL VERIFICATION

SEPARATION OF BINARY MIXTURES
MEMBRANE MODULE IN TWO REGIMES

IN RADIAL COUNTERCURRENT

APPROACHING CLOSED

MODE OPERATION

The higher the selectivity the higher the efficiency improvement

Separation efficiency, F

Separation efficiency, F’

Separation efficiency, 7

08 F

04 F

0.0

=

 Steady-state mode
< Pulsed retentate mode

N,/CH,
Og = 2.7

0.1 0.2 0.3 0.4 0.5 0.6

ProductiVity, L,e/Lseeq

® Steadv-state mode

¢ Pulsed retentate mode

N,/CO,

e s

01 02 03 04 05 06 07

Productivity, L /Lyeq

® Steadv-state mode

¢ Pulsed retentate mode

0.1 0.2 03 0.4 0.5 0.6

Productivity, L /L

feed

Separation efficiency. /

Separation efficiency. /-

10000

1000

100

10 E

ROO0

GO0

4000

2000 A

P N2/N;0

et o,

i oNitrogen - Nitrous Oxide
L .# ONitrogen - Carbon Dioxide
! ANitrogen - Methane

.,-;""4"_7} 5 NZ?CHZI,

0 5 10 15 20

Closing time, 7. (S)

N,/N,O

ANitrogen - Methane

Dependence
on the retentate
sample volume

0.4 0.6 08

Sample amount ratio. I7/T7

Remarks

Separation efficiency increases with the increase of

stripping time

Time period to
reach a steady-
state condition
of a closed
mode; opening
time is 0.5 s for
each data point.

Separation
performance
depending  on
retentate sample
amount ratio (Vs
volume of
retentate
sample, and V,
active upstream
volume).

With the increase of stripping time the system
approaches closed mode operation

Smallest retentate sample volume provides the

highest separation efficiency

OPTIMIZATION PERSPECTIVES

800
700
600
3001

400

Separation efticiency, /

Sample amount ratio. 7,77,

Cyele i

me ratio. T\\Pm T lose

Separation performance of a pulsed retentate
operation for different cycle times at constant
productivity (opening to closing time ratio is 1/3).

SAME productivity °

ATopen/ATtom =1/3

NON-MONOTONIC DEPENDENCE

mutual influence of the amount of withdrawn
sample and the stripping time

increasing amounts

of withdrawn samples

CLOSED

FEED

)

PERMEATE

RETENTATE

)

M.M. Trubyanov et al., Journal of Membrane Science (2017) 530 53-64



UNSTEADY-STATE MEMBRANE GAS SEPARATION WITH PERMEATE
RECYCLE FOR LOW PERMEABLE COMPONENT CONCENTRATION

COMPARISON OF A PULSED MODE AND A STEADY-STATE

MODE
10 1 A Pulsed
9 1 7 mode
8 A'/
Active upstream T il 7 7 § ,” Steady-State
............. volume |_ I ﬁ_ <«— Feed £ 61 @ Rl y mode
(&) O PR ,
, = 0 1& X -
3 4 ]W - AN
o A - ’I
i F— o - S ”’
Permeate 4__Il l DisgribL;lion discs 3 - A’
A Membrane on 2 ] Y -
Optional sweep ! porous SS support 1 A r I .
Principal scheme of unsteady-state membrane gas separation with permeate recycle 0,4 0,6 0,8 1
for Low permeable component concentration setup Productivity
(1-p)
Pneumatic valve Membrane L S”_AR

pusedmode | | |mmm———————— ]
Open I Pressure ratio — 1.1 bar
Close ﬂ I_I I_I I_l . Gas mixture — N,O/N, = 99/1%

/Separation efficiency is higher for whole range of withdrawal rate
4 Significant increase in separation efficiency at decreasing
productivity

Gas
chromatograph p_LoutILin

(1-p) =1 Minimum productivity

(1-p) = 0 Maximum productivity




Cout/Cin

PRELIMINARY EXPERIMENTAL RESULTS

AAA
g . > A A' | Pulsed operathn in  permeate
e A % recycle mode with low permeable
=8 K= Pulsed A A component concentration is more
L mOdf/A A\ efficient in whole investigated range
5 7 A ,"" "’A :
,_.—::,—"ﬁ \/ Optimization is  required to
_— —’:_,' k. - : g
Y Steady-state determine most.effectlve conditions
mode of pulsed operation
0,63 0,73 0,83 0,93
(1-p)

Productivity



b CASCADE OF MEMBRANE MODULE + GAS
’ HYDRATE CRYSTALLIZATION

SCHEME OF THE HYBRID GAS HYDRATE-
MEMBRANE SEPARATION METHOD

A hybrid hydrate-membrane process for CO, recovery from
flue gas in the presence of THF as additive. Hydrate formation
is carried out at 273.75 K'and 2.5 MPa in the three stages.

GAS MIXTURE

M, +M;+H,0

CO, lean 10%, CO, |

LY
7

A . . .
17%, €O, | E N This is  hybrid
g0 N | OSP . process including
e, I . 0
St : co, ! i ' gas hydrate
A ] E— . .
< crystallization and
1 mol% THF 8% co _ . b
CO, rich gy rE _ _ gas  membrane
37%,C0, | - ! separation
£ (2) R : ! ' methods in the
Gas. 1 rool% THF T 70%,CO, : . single module.
Hydration —> GSP :
Process (3) | 94%,Co,
h
HmoiTHE For oisposs P. Linga, A. Adeyemo, and P. Englezos // Environ. Sci. Technol., 42(2008),

315-320



ENERGY SAVING CATALYTIC PROCESSES

CATALYSTPREPARATION PROCEDURE

Si/GeCl+H,

()

NiCl, - 6H,0 NiCl,*  Si/Ge+NiCl," Si/Ge

" RIS
oy s
Gz T
S =

DISSOLUTION IN WATER
+

CENTRIFUGATION
=+

FILTRATION AND DRYING

CATALYST PREPARATION PROCEDURE --m-
Compound Flammability Toxicity

SiCl 1 2 4
NiCl, - 6H,0 — NiCl, + 6H,0T (T = 873 K, fast heating, 10 min) e
GeCl, 1 2 4
NiCl, - 2H,0 —> NiCl, + 6H,0 (T = 473K, p =5 - 10° bar, 4 h) SiHCl, 4 ) 4
| | SiH, 4 3 2
NiCl, + H, Ni+2HCIT (T =473 K, HCIH, = 1.5, 3 h)
GeH, 4 3 4



ENERGY SAVING
2M5VP-h/t =~ CATALYTIC PROCESSES

REACTION MECHANISM

E 4 L % i
i f 9 N A T
& ' 5 %\ ; y g
%‘ Lt A g é?i %
% 3 i 3 Ml 2
i om0 b :

i - 2M5VP-t

§ | CHARACTERISTICS OF THE SYNTHESIZED CATALYST
TR T— :
2y Ao oy g . Diluents Average | Particle
- ' Specific Exchange
; 2M SVP-t/ h b / pore average
g o >~ | Symbol area/ capacity /
%0y L (%ovlv, diameter / | diameter /
: ; ~ Lo m?-g-* (meg/ml)
Tol/Hep) nm Mm
: AGTESY 1000 8012 31.862 302

AIRTENE 90/10 9.043  32.024 338
50/50 2815  80.418 362

SEM micrographs of the 2M5VP resins
with the different porogen

2M5VP-h/t
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