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EFFICIENT SEPARATION IS KEY TO VIABLE PROCESSES
IMPROVING PROCESS & RESOURCE EFFICIENCY
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EFFICIENT SEPARATION TECHNOLOGY CUTTING COSTS

Chemical separations account for about half of US industrial
energy use and 10-15% of the nation’s total energy consumption.

US I N G M E IVI B R A N ES Developing alternatives that don't use heat could make 80% of
these separations 10 times more energy efficient.

Transportation
28%

Commercial

19%

) Within process industry >25% of the energy used for (thermal) separations

TOTAL
US ENERGY
CONSUMPTION

) Mainly distillation is used (low efficiency)

QUADS*

) Organic solvent nanofiltration (OSNF): 40% more efficient separation processes 98

) Energy saving potential of 2 - 8 PJ/year in NL

Industrial
32%

Residential -
219%

) Application in (petro)chemical, food, biorefinery and pharma industry . 45559

Energy consumed by
separation processes

OSNF: pressure driven membrane (pore
size 10~ um) separation technology to

Membrane-based Thermal
separation would use “P?@uoﬂs
W Distillation

9 0 % ; ; g\zg‘cgration

separate molecules or small particles

. e SHER # Non-thermal .
from an organic solvent. than distillation separations
*A quad is a unit of energy equal to 105 British Thermal Units
(1 BTU is about 0.0003 kilowatt-hours). onature

Scholl and Liverly, Nature (2016), 532,435-437 "JINJ@Q) innovation



» MEMBRANE TECHNOLOGY AT TNO
DEVELOPMENT OF (HYBRID) CERAMIC MEMBRANES

) Ceramic support
) High chemical and thermal stability

) Suspension coating between support tube and top-layer

) Top layer for selective separation:

) Polymer coating top layer, or Sol-gel coating
of membrane 4

) Sol-gel (ceramic) chemistry

) Different recipes to tune properties

Suspension coating
of support layers

Extrusion of ceramic support tubes

m innovation 5
for life



» MEMBRANE TECHNOLOGY AT TNO
TESTING AND IMPLEMENTATION OF MEMBRANES

) Testing and evaluating in selected processes:
) Pore size, affinity, layer thickness, etc.
) Fluxes and retentions with PEG model system (= MWCO)
) Evaluation in defined model mixtures

) Testing in real industrial mixtures at partners

10/ m3/hr
) Techno-economic evaluations S
[ Methanol 95|wt%
. |_FFACIS wt% 30| bar
) Model for calculating membrane area,
Legend Membrane data
O P EX a nd CAP EX -inpu . Q(methanol) 4,00E-01|kg/(bar-m*hr)
- calculation Q (ffac18) E-04/kg/(ba hr)  |Methanol| 99,95
eeeeee ion 99%|FFA C18
) Comparison to conventional process ZECN N
NF cost (all incl.) 112'§00 Ei/f\f;'nzh N vt
COStS and performance Recycling factor 0|[-]

Background information and model assumptions
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TYPES OF SEPARATION

) Pervaporation (vapour permeation)

HybSi® -
: s 10 [ Tl M
) Gas separation £, | Microfiltratio |
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Organic solvent nanofiltration (OSNF) 10N — o o (‘ul-.l_v_s_l_sf
Pervaporation

= permeation + evaporation
= selective evaporation of liquids via a membrane

. o - - innovation
= much more energy efficient than distillation m for life




THE COSMOS PROJECT

) SCALE-UP & REDUCING COSTS MEMBRANES

and multi-channel) ceramic supports for 2 applications (TRL 4 = 6):

) Scale-up hybrid silica (HybSi) and polymer based OSNF membranes using low cost, high quality (hollow fiber

) Polycyclic aromatics (PCA) removal from waxy hydrocarbon stream : retention of 200 Dalton (T<140°C)

) Edible oils from acetone: retention of 800 Dalton
) Target permeance (solvent) > 1 L/m?hbar

) Inexpensive membranes
) Hollow fibers and multi-channel (coating on inside)

) Reduce cost by reducing layers

Institute for
Sustainable
Process Technology

oNIVERMTY  COORSIEK @)

Organic solvent nanofiltration membranes on Iov§ cost
ceramic supports (COSMOS)



) SUPPORT & MEMBRANE DEVELOPMENT COORSIEK
INTERMEDIATE LAYERS COATING

) Supports with pore sizes of 0.2 and 0.6 um were selected & improved (membrane strength & flow behaviour)

cross section

) Intermediate layers with good quality applied

) Characterized by SEM, Helium test, bubble point y-ALO;

) To allow for scale-up coating on inside

\&W\W

TS

Mass production of ceramic tubes innovation
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) SUPPORT & MEMBRANE DEVELOPMENT
TOP-LAYERS HYBRID SILICA o

HgGvO—S:i—\_QACHa
) Hybrid silica (BTESE) top layer: O OO
. CH
) CTAB as templating agent to enlarge the pores ’ T':Ha
) Selective layer succesfully applied on inside 200 nm support + y-AlLO; BTESE

) Characterized by SEM, Helium test, bubble point

Tailored network

Tune pore size (selecticity and

o7 oy permeance), e.g. with CTAB
: 3 ‘ _Si Micelle
= 3 OH ) CH; Br
: D . /_O—Si T
' > - s o7l H3C(H2C)15—N*-CHs
AR ‘ | °—d o GHa
14 g > N AN
e SN a ‘
7 To—si----
' ' |l”| N

OkV 3.3mm x10.0k SE(U)
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) SUPPORT & MEMBRANE DEVELOPMENT

POLYMERIC TOP-LAYERS o o

) Selective layer succesfully applied on inside 200 nm support + y-Al,O; ‘""-le\NJ‘---..
) 1 wt% PI g
) 2 wt% Pl P|

) Characterized by SEM, Helium test, bubble point
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» HIGH TEMPERATURE MEMBRANE TESTING
MODEL MIXTURE AROMATICS-ALIPHATICS (o

g
: ) a\/\\J \O\J 0 \(\\g\(\
) Feed =100 ppm of 9,10 diphenyl anthracene (DPA, 330 g/mol) in toluene %(O«\\Nb\e\N\
\ )
. oN g
DPA in toluene for BTESE+CTAB che«\o@@\\\éﬂ
IO
2.5 ¢ 100 \ @ o0
= . ¢ o S“e’éce(\“a
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) The permeance strongly increases with elevated temperatures at 100 °C (retention > 95% for DPA).

) Reproducibility needs to be improved.

) The permeance change vs. temperature is reversible (tested for toluene & acetone)
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» Pl TOP-LAYERS
Pl FOR EDIBLE OIL AND PCA REMOVAL APPLICATION

) Good retention for PEG1000 & 400 in acetone at higher temperature

) High permeance of 1kg m=2 h~"bar~" in acetone at 110°C

) Good retention for DPA (85%) in Toluene at higher temperature, but low permeance of 0,06 kg m=? h="bar~"in
Toluene at 130 °C

Pl 1wt%+Ga+ Coor200nm inside Acetone PEG400
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TOWARDS HIGH QUALITY LOW COST OSNF MEMBRANES

) Membrane development

(Few) intermediate layers lead to good support

Prepared for scale-up (multichannel/hollow fiber)
) Testing of membranes

HybSi: low MWCQO, promising candidate for PCA removal

Pl: promising membrane for high temperature separations (MWCO ~400).
) Techno-economic evaluation

Positive business case for PCA removal from waxy hydrocarbon stream
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GENERAL OUTLOOK
TOWARDS HIGH TEMP & QUALITY LOW COST OSNF MEMBRANES

COSMOS Follow-up project Commercial
2018 2019 2020 2021 2022 2023 2024 2025

Membrane developments and improvements;
finding potential applications and testing
membranes for these

TNO + UT sol gel
membrane on
Coorstek support

Real mixture
testing

Pilot process
testing (Shell +
applications tbd)

Demo of
fabrication and

Module use

development
Polymeric & membrane
membrane on integration
ceramic Coorstek
support

Membrane and
module
production scale-

TRLO

TRL3 TRL4

TRLT 1RLe

Techno-economic evaluation of current and novel cases (and finding improvements); lowering costs
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