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variables if the dimensioned particle size is investigated!
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Experimental determination of solids formation times
In the co-precipitation of Cu/Zn based catalyst precursors
and their significance for catalyst preparation
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Motivation
Methanol and Dimethyl Ether Synthesis Manufacturing of Catalyst Material:

® MeOH and DME from syngas (CO/CO,/H,): Co-precipitation Recrystallization Downstream Calcination Shaping
CO, + 3 H, Solid Acid Catalyst (Ageing) processing Reduction

'Hzo
Cu-basgk H;C-OH — H;C-0-CH;

Catalyst Methanol Dimethyl ether
CO + 2H, 61 million t/al"] 9 million t/al?]
_L_‘QSZ‘OO in mm ‘
@ Catalyst composition: @ Recent studies with M*+ + AY- 2> MA| Incorporation
® Industrial standard CO,-rich syngas: M: Cu, Zn, Zr, Al of Zn Removal of Na+, Oxidation to Shaping and

A: OH, CO;, NO;, O into Cu species: NO,~ solvent CuO/Zn0O/Zr0O, reduction to
Cu,(CO3)(OH), (Cu(2.9ZN ) (CO3)(OH), Cu/Zn0O/ZrO,
Zng(CO3),(OH)g, ...  (ZnexCun(CO4),(OH)s f Focus of this research work

for CO-rich syngas: y-Al,O3 or Zeolites
Cu/ZnO/Al,0; (CZA) + Cu/Zn0O/Zr0, (CZ2)

Experience Support, spacer Improved chemical
based choice of I 3nd formation of stability and CO,

manufacturing active sites with Cu hydrogenation
parameters

N

f2v

oD

Development of two
Long-time empirical know-how SHLEESIEULINEA  complementary knowledge based
and multitude of scientific based choice of models for precipitation and
screening studies manufacturing ageing describing the respective
parameters process function f,

Catalyst Quality
Production rates

MeOH selectivity

Physicochemical
Properties

Manufacturing Parameters
® Reactant concentration

Specific surface

pH during ageing
Ageing temperature Particle size distribution

Solids composition

Longevity

o

o

® Calcination time Stability
Q

Results
Motivation: Influence of co-precipitation method for CZZ catalysts!3! Experimental methods
Influence on physicochemical properties Influence on catalyst quality in DME synthesis Semi-batch Continuous
of the calcined precatalyst
_ 350~ Usynthesis = 230 °C . Feed 2: Metal nitrates (aq) ©>—
g 7 —CO— —o— = Y-mixer
SB40 (Semi-batch), 57 65 10 § 2504 comm. - — Feed 1: NaHCO; (aq) Feed 1: NaHCO; (aq) %@*
VEeedz = 2 ml/min T 200 - (for pH control) £>— 0 (°ol
Cont40 2 150 4 SB40 - (W) v
(Continuous), 61 125 27 g 1 —— —— TIR @
Viotal = 300 ml/min \uEJ 100 ] . TIR @' ] *
a 50 | ! | ! | ! | ! | ! | ! | ! | ! | ! | ! | | - <_<:1
bl 2 00 01 02 03 04 05 06 07 08 09 10 «—— o
(Commercial 64 98 13 ~ i = Heat transfer
£ 1 e-__ Cont40 <1 | Heat transfer i
CZA catalyst) 'S 600 _ —~— 9 = 92K0°C NaHCOs (aq) fluid
g 00 l¢ T = =<2 _ .- _ _ synthesis 3\aq \H fluid L
Synthesis parameters (SB40, Cont40): 3 : Cgr?r?'— Sl - DTTe- . | N e | :
Mcu(NO3), Feed2 = 0.2 mol/kg MNaHCO, Feed1 = 1.0 mol/kg UCJL 400__ ! Tt " Ageing tank reactor
fl’gc;u: M Z%)r:c 60:30:10 ;I;Precipit_atioznh= 20°C = 3007 : , SB40 Working hypotheses for co-precipitation:
Aging — Aging 2004 7= 7 7 7 - - - - - - - o - ---=-=----- *----- <> » m
Tprying = 110°C tprying = 16 h — T T T T T T T T 1. Phase composition and morphology of the precipitate are a
T carcination = 350 °C teateination = 4 h S VL L T G L function of the phase-specific kinetics of solid formation and

Veosin! (VCOz,in+VCO,in)

mixing. They do not match thermodynamic equilibrium.

| ' | ' | ' | ' | ' | ' | ' |
100 200 300 400 500 600 700 800

Continuous c?-_preCIpltatlon results mn improved L Why? 2. If recrystallization is to be completed within a technically
DME productivity compared to semi-batch co-precipitation reasonable period of time, the precipitate must have a large
Our approach is to distinguish between hydrochemistry, solids formation, and mixing instead of summarizing them under the term specific surface area and a homogeneous phase composition.
“chemical memory” as it has repeatedly been done to understand how precipitation parameters determine the precipitate properties.
Co-precipitation parameters: Influence of mixing Determination of solids formation times 12
MCu(NOs),,Feed1 = 0.18 mol - (kg H,0)™* on precipitate morphology Tsolids formation = Tmicromixing,crit(Vtotal,crit) With  Tmicromixing = In(2) . (E—) o]
m =0.09 mol - (kg H,0)™1 T .
Zn(NO3)z, Feedl ( 5 2 21 90__ Dynamic light scattering (3 < Ngyppjes < 6) g = APMIX Vtotal [4] with ApMix = Aptotal — Aploss » Tsolids formation(T = 50 C) = 2.25ms
"MNaHCO3 Feed2 — 1,02 mol - (kg H;0) 80 - With Cyelpersooas Feedz = 20 9 - L™ P Vmix AN '
— _ — 0 % o TPrecipitatior,1 = 30 °C o Experimentally from PDI - Pres;sure Io-ss calculation
Stabilization of precipitate e " Torecpiaion = 50 °C Influence of precipitate morphology on ageing kinetics
b di Particles — 1 1 —
Vigral = 10 ml - min~%; Tppee = 323 K = 50 -4; e e — XRD spectrum of the solid phase after t,,, With Tage = Tprecipitation
. s 1 e K o
CMelPers0045,Feed?2 <" 40 - ® ] i 5 o 5 ] Spectrum of tayr_get Veotal = 50 ml - min~? ] Sﬁectrum of ta?r_get Vo = 800 ml - min~?
. phase composition Trrecipiation = 50 °C | phase composition Tprecipitation = 50 °C
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gg gg g for Vtotal S Vtotal,crit » HYpOthESlS 2 seems promls'ng [210]1;\{Iethanol Market Services Asia (MMSA),

[2] www.aboutdme.org, letzter Aufruf:
Contact 08.03.2019.
[3] Polierer, S.; Guse, D. et al. Catalysts 2020,

Experimental determination of Co-precipitation model Validate thermodynamic ageing M.Sc. David Guse 10(8), 816.
solids formation times as a based on population balance model experimentally Web: www.tvt.kit.edu [4] Johnson BK, Prud’homme RK; AIChE J.
function of reactant concentration, equation under exclusion of  using in-situ WAXS, ion selective Email: david.quse@kit.edu f:f?;?j;é?f:imem. The Chemical
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Precipitation of terephthalic acid after alkaline hydrolysis of
polyethylene terephthalate (PET)
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Background & Motivation i Approach | Alkaline hydrolysis

Mechanical

Limitations of conventional mechanical recycling Reaycing = Continuous process with retention time < 15 min

[11:
processes by I': = PET-selective, polyolefines (PP, PE) remain inert

* Colouring und product contamination peunording = From pilot plant (10 kg/h) to industrial scale (1 t/h)
24

= Composite materials < pure materials

« Water and PVC catalyse hydrolysis / Challenge: Primary commodity quality of TA
(€]
o
= Downcycling - hydrolytic processes during m Y REVOLPET® N
re-extrusion Waste Incineration -0, o o "
s %@‘{ + 2nNaoH —— = n + "HO\C/C\OH
andfil o O—CH; o Hz
Alternative: Monomer recycling of terephthalic Figure 1: PET life cycle @ o oo~ .
- PET n Disodium terephthalate o “Na EG
S}

acid (TA) and ethylene glycol (EG) Figure 2: PET alkaline hydrolysis 2!

r-TA | Production from disodium terephthalate Industrial standard | Purified TA from p-Xylol
Reactive precipitation in water with acid 035 Amoco process (~90 % of TA production processes) [l
= Mild reaction conditions (up to 90 °C at 1 bar) 03 i 1. Oxidation in acetic acid (up to 225 °C & 30 bar)
. o — Correlation [4] c I d hvdrati f by duct d
= Almost 100 % TA recovery possible due to $0,25 .5 2. Catalyse ! ydration of byproducts an
insolubility in water 5 02 ~—Correlation [5] coloured impurities (>250 °C & 50 bar)
Noo % ' 3. Multistage flash evaporation crystallisation
N0 ° o~ %0’15 o Purified TA crystals with optimised flow and dissolving properties
2 01
(2]
n + 2n Oy 2Ho0 + 2Na + o0 lm 0.05 5/‘1/, o o Ho?® "N A0
o Lo ‘ ‘
0 20 40 60 80 100 +0, +0; +0,
& Naw © HO' o Temperature / °C —_— —_— ==
Figure 3: Reactive precipitation of TA Figure 4: TA solubility 45!
CH; C. C. C.
: O/ \OH O/ \OH O/ \OH
EXperImental I'esultS | Tempel'atu re und Figure 5: Purified TA (REM) Figure 6: Multistage TA oxidation
1,0 120
< o9 z 20 100 _
S sl 1 100 s zg §
E o7t o e ] T Fs
'i T K g c 60 ©
g o8y z 82 10 50 gE,,
£L05 9 T o0 E £5 0 90
geos H £5 05 o 2
g5 03 1OE % fg d
£ 02 I 00 0
£ on 0 100 200 300 400 500
i Y Particle diameter equivalent dp / pm
) 0,0 - 0
14 4 100 Figure 7: Purified TA particle size distribution (PSD)
s o-Sulphuric acid
2 - {90
% 1,0 +
z {80
o] . - — Summary & Challenges
e ' S Figure 9: precipitated TA (REM)
2 %06 § = Successful recovery of terephthalic acid from PET-composites
g 04 T 6o = Reactive precipitation results = |dentification of different influencial factors
E Iso in needle crystals * Transfer of lab-scale precipitation to pilot scale
3 b A f, | Process temperature 7 = Precipitation with focus on post-consumer PET
0 50 100 150 200 crystal size 7 1. No synthesis impurities
Particle diameter equivalent dp / pm ab|||ty to ﬁ|trate Va . .
Figure 8: (a) PSD for different temperatures and o ) 2. Impurities from production and consumer use
o = = pK precipitation acid |, ; ; ; . ; :
effect on filtration (@ sulphuric acid) s (Isophthalic acid, colouring, additives, organic residue)
7 - . -
(b) PSD for different precipitation acids yield » Repolymerisation of r-TA and adaptation of crystallisation
and effect on yield (@ 65 °C) for product conditioning
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Process Integration of Precipitation by Accelerating

Biologics Manufacturing towards Autonomous Operation

Motivation
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Innovations in biologics manufacturing are accelerating and driving towards continuous operation to

Monitoring of CQAs through Real Time Release Testing

cope with increasing titers and the multitude of new entities such as antibody fragments, virus-like | * Investigation of Raman, FTIR, c i Frint=, £ 10 210 L
particles (VLPs), exosomes and messenger ribonucleic acid (mMRNA) [1,2]. Due to the rising demand, DAD and Fluorescence as PAT g ; =1 o Frs
old platform processes must be optimized, redesigned, or converted to novel products. The underlying detectors for monitoring of rg ‘—‘ | “ :w i !
process for this study is a monoclonal antibody manufacturing (mAb) in Chinese hamster ovary cell, CQAs. K | ‘g o S
which is still the typical workhorse to present innovations. Recent works have shown that selective . . d COA hod S ey D O e ]
precipitation [3] Is a suitable alternative to protein A chromatography, which was identified to be the _nveSt'gate Q S are antibody, ocs o r
bottleneck in antibody manufacturing. light molecular weight (LMW) v g™ S 05
To accelerate the this process towards autonomous operation the integration of real time release and high molecular weight = . /‘J‘U _'A Hﬂm?qﬁ{& ) o o
testing is essential to implement a suitable process feedback-control. Therefore, the feasibility of online (HMW) impurity concentrations, ﬁ-E Ve T ff;‘z : 02,
measurement techmqu_e; !ncludlng Raman, ATR-FTIR, DAD and fluorescence is demonstrated within as well as the purity of the o I W & ¥ S ”fﬂ I
the PAT Technology initiative. To apply these online measured data to the process, a process model Wincrunter (e Woveruner (fom) " 1gG conc Reference gL)
- . . . . product
(digital twin) must be developed first to pave the way for process feedback-control. With the aid of the _ o o o8
model and the online monitoring of critical quality attributes (CQAS), the monitoring of processes = All detectors, in combination Q EN E}Y
process and optimization of operation can be conducted. In this way autonomous operation becomes with an in advanced trained < i £ oo | j %o
feasible. PLS model, predicted reliably I | PHIN VAR
Integ rati O n Ap p roaC h the Current anthOdy {U'Uzﬂu 250 ?::iw_::;mﬁxmw 500 o 200 Zéﬂw‘mji'thi} 280 300 ﬂ'nu.n. ' IE;;E:u‘.-lnn;:[l;i:tt'rl‘lr1tc'l:,'?:;jL). 0.8
concentration and the other . "
: : : Ce : : v £ | 2 2| ol
= Combination of aqueous-two-phase extraction (ATPE) and precipitation as CQAs during operation. T I a5 n| 3o
alternative to protein A chromatography in mAbs manufacturing = Comparison with offline g i | (\ﬂ —| S 6| 207,
. . . . . . Q 5 i:,l; |I | IrL g 50 ":.:‘_:n:
= Performance Precipitation unit: mAb recovery over = 90% and a high purity increase measured data (HPLC) have 2 58 \ AN
from 1512% to 8512% prOventhe COrreCtneSS Of the 300 400 ;Li:iv'lv.::zl;;isno 900 500 rﬁﬂu[m;mhmm}sm 900 03 04 n;ﬁ;.:;erginis:yr}q 10 1.1
= |nterconnection of subunits enable continuous operation prediction [4]
= Online monitoring of CQAs through PAT technology enable implementation of Advanced Process Control (APC)
process control towards autonomous operation
= Online measured data are
USP DSP Formulation 4 - . Input Precipitation Subunit 1 output
[4] feed back into the digital (ATPE)
. . . I I
twin, which is able to T 4 Subunit 2 Ab‘ ----- :
- - - | | monitor the current status |  puity o woum Cpuriy |
oo S S Bl oyl e s oo S _ l yield : L : yield :
Clelc CElelc SE@E eees | CECIc of operation | mmassflow | o - | massflow )
7998 129%° (T2 atal R | subunits L
N ¥ = Digital twin calculates new | o |
Y Y : | Saleulpminirdetuib B Selbei Tttty
1 | L |7 oo | — process parameters like | , conductivity | | massflow | . I
/ ><>< / / I | | turbidity |1 pump speed | Subunit4 — |
— | E— mass flow, pump speed, : | specaldata,_} | valve postons | . :
valve positions and | o e U T dissciaon et |
Cultivation ATPE Precipitation ICCC UF/DF Lvophilizati dlSSOlUthn bUﬁer ratIO : I| |I i pressure i i VIajllxl/reng;sI;’fieois : :
(Flasks, Bioreactor) (IgG in LP) (IgG) (IEXHIC) (Buffer exchange, yop ”Zat.l(.m | | e Sy —————--- :
Batch, Continuous Batch, Continuous Batch, Continuous Batch, Semi-Konti. Conc. adjustment) (Storage conditions) . . . | \ 4 | V ! :
= Simulation studies have proven, | Digital Twin 5]
Digital Twin - Precipitation that a constant processing of the
Incoming feed material from
- L . - e - - = - - A continuous output stream with a
The Digital Twin is implemented in Aspen | | 5] ATPE Is feasible constant roductpconcentration can be
Custom Modeler and is based on physico- N I /i\ l i e . P SO .
chemical mechanistic modeling. The Model PEG 4000 | pissotution l G v pr_owde_d after the precipitation unit
task is to predict the concentration decrease of 0wt B 1 oo | 5 ] Simulation studies on APC
mAb in presence of the precipitant during ./ E I ' . performance have been conducted for
precipitation as well as the recovery during — L) : : process fluctuations in concentration,
predict the pressure durlng_ dead-end flltrayon [ v )| SRR EE e o o the benefits of the APC
of the precipitates. The figure on the right j ~ _ %@@Polishmg ke | fork Vol o o o
represents one subunit. To enable continuous \ | I = Mass flow deviations influence mainly precipitation and can be eliminated within a few
Opgfaﬂon Szvefarll SU_bun'(th la"e Interconnected l.\/ N > Waste seconds through adjustment of the precipitant mass flow (PEG 4000)
and operated with a time delay. —_—m_—_emm-- _ o o _ _
Precipitation Model: = Concentration deviations can be addressed in dissolution through adjustment of the
Parameters Equations Rationale dissolution ratio. In this way a constant output product concentration is possible
Reactign kinetic of precipitate - — . (C s —C ) Precipitatio‘n isa!fas't and spontaneous process; concentration decrease through 1* . . . . o . .
formation S "/ order reaction kinetic - = High purity increase Is reach through the precipitation unit (15 £2% to 85 +2%), but
Solubility of mAb Ceqpec = 108(S) = —PB*wpgg + K the reaction is oriented to the equilibrium _ _ _
precipitation efficiency g _ .02, s, Precipitation efficiency s dependent on the used precipitant and describes how much further purity adjustments cannot be address because no such process parameter is
- h,PEG : ) ' ipitati . . . . . . _— . .
; PEG fsneeded for complete precipitation available. Precipitation and dissolution are equilibrium oriented processes.
Hydrodynamic radius of Protein rop = ( 3nM, p )3 Hydrodynamic radius is needed for calculation of 8 ;
2ol Conclusion
Blocking mechanism Equations Rationale
Cake Filtration p=(1+K.Jo 1) Do care The pressure profile during dead-end fi-ltration can be described by well knO\fvn k?locking 0 PreC|p|tat|On IS suitable for mADbs manufacturing with a y|e|d of = 90% and a product
Po. standard mechanisms. Nonetheless, recent published works have proven that a combination of . . . . . .
Standard Blocking - . blocking mechanisms describe pressure profiles more precisely. Here a combination of purity of 85£2%. In combination with ATPE it can be used as replacement for Protein A
(1 - (Ks E)) cake filtration and standard blocking is used to describe the occurring profile. Chromatog I’aphy
Dissolution Model: = Online measurement of CQAs Is possible and best results were reached with Raman
Parameters Equations Rationale - . . . .
Reaction of dissolution is described similar to precipitation due to the fact that WhICh rellably Concentratlon Of target and Slde Components as We” as the purlty-
Reaction kinetic of dissolution Tgiss = kdissl(cef}’diss —cmAb) g;ecipi?aicion is an effect of shift pfsolu.bility. In-abs'ence of the precipitar?t'dis.f,olution - Online measured da.ta enabled the |mp|ementat|on Of an AF)C COncept tO ContrOI and
precipitates occur. The mAb dissolution rate is different than the precipitation rate.
During dissolution the equilibrium concentration is shifted back to a high solubility of monr[or the proceSS
Solubility of mAb Cequics — log(§) = —B*wpgg + K mADb in the dissolution buffer, which is at the same time the running buffer for the

Dissolution rate of mAb
Reynolds number

Schmidt number

Sherwood correlation
Valid for Re < 1800

D
Kgiss = a'keff = Sh'a

following chromatography.

Dissolution kinetics are dependent on the flow regime in the hollow fiber module and
can be calculated.

Reynolds number (Re) must be calculated for identification of the current flow regime.
This relates inertial forces and viscous forces in the fluid.

Schmid number is determined for relation of diffusive impulse transport to diffusive
mass transport.

Sherwood number describes the ratio of the effective amount of substance transferred
to the amount of substance transported by diffusion.
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Ruckgewinnung von Scandium durch Antisolvent

Kristallisation

Motivation

4 ) N\ ( h

= - ("
Anwendung und wirtschaftliches Recycling Prozess aus metallurgischen Abwasserstromen Herausforderung/Ansatz
Interesse

1. Selektive Extraktion von Scandium (pH abhangig)*! | |
Riickextraktion mit Ammoniumfluorid, NH,F 3! - Kleine Partikel (1-3 um)

Antisolvent Kristallisation von Ammoniumscandiumhexafluorid, erschweren V_Veitgrverarbeitung
(NH,);ScFg 5:°] (z.B. durch Filtration) 3]

- Hohe lokale Ubersattigungen

werden in CFD-
/Kompartimentsimulation zur

N

- Scandium ist als kritisches, seltenes
Material eingestuftl!!

- Scandium findet Verwendung in: 4
— Luftfahrt (Speziallegierung)!4! |
— Festoxidbrennstoffzellen (SOFC)!

oo

Destillation zur Ruckgewinnung des Antisolvents und des
Ammoniumfluorids

— High intensity discharge (HID) lamps!?] | Reaktorauslegung modelliert
- Scandium wird zu _66% in Chi_na, 26% In N Reakiie o Anticolvent N - Gleichgewichte und Kinetiken
Russland und 7% in der Ukraine Awassossiom | P e | o . B civeion W] oestlatr werden zur Implementierung in
produziertl] f ‘ » S ‘ Simulation gemessen und gefittet
- Recycling von Scandium hilft regional , Y * - (Geeignete Strategien zum
unabh&ngiger zu werden rviewns (WP iy Vorlegen von Keimen werden
‘ ’ untersucht

Ammoniumfluorid Rickfihrung

Vision

N\ A

Experimentelle Daten Modellierung eines MSMPR Zieldaten zur Bewertung Ziel

CFD/Kompartiment Simulation mit
Populationsbilanz und Micromixing

Abschatzung optimaler
Betriebsparameter und
Reaktorgeometrie fuhrt zu
verbesserten Groldenverteilung und
Reinheit der Kristalle

KristallgroRen-
verteilung

Scandiumlosung Antisolvent

Keimbildungs- ; ;
kinetik —
Mischungs-
effizienz R
] (Ubersattigungs /
S~ l _ spitzen)

Methoden und Ergebnisse

4 : _ AYAV T R
Gleichgewichtsversuche: Kinetikversuche: 8000
- Ausgangsgemisch enthalt Scandium mit - In gesattigte Scandium- ohne Keime ' .
. . . . . R _ Pz — Konzentrationsverlauf
Nebenkomponenten Zirkonium und Aluminium in Ammoniumfluorid-Losung (B) 56000 A ] o .
. e . £ mit Keimen ohne Keime ist zunachst
Ammoniumfluoridlosung (1 mol/L) wird konstanter Volumenstrom ¢ - .
. . . . S flacher, danach steiler
- Verwendeter Antisolvent ist Ethanol von Ethanol (A) hinzu dosiert 8 4000 ] .
. e e . . . £ — Deutet auf starkere
- Konzentration wird in filtrierter Mutterlosung - Versuch wird mit und ohne N . L .
. S primare Keimbildung hin
vermessen: — T vorgelegten Keimen 5o | .
5200 : durchaefiihrt & 2000 als Verlauf mit
soooj.j\\ . J :@r - i vorgelegten Keimen
= i ] 0 : I : I . I . I . !
E’ 1000 m _ = 0,00 0,05 0,10 0,15 0,20 0,25
E 500 [ | Scandium ' A Volumenrate [V,¢/Vg, ]
E -_ ] 2,0 T T T T T I ' I
N 600 - ' ohne Keime ,
5 18l \/E/ — Vorlegen von Keimen
400 | — § : - T
| o < ] 7 hilft Ubersattigung zu
200 b, erkﬁnlum % 161 \ e .
[ Aminum SIS e o, g - - verringern |
00 02 04 06 08 10 12 14 S 14l S | — Mit vorgelegten Keimen
_ _ . Volumenrate [V,s/V, | _ — 2 | entsteht potentiell
— Zirkonium und_AIumlplum werden nur zu geringen L J : 127 | weniger priméare
Mengen auskristallisiert S ol we | Keimbildung
— Aufreinigung von Scandium ist moglich _
— Scan_c_hurp ist bei einer yolumenrate von 0,8 fast B - O o o 0w om
_Vollstandig auskristallisiert )L Volumenrate [Vs/Vs ] Y
Kontakt Literaturnachweise: Gefrdert durch:
' RWTH Aachen University (1] European Commission. the 2017 List of Critical Raw Materials for the EU, Belgium, 2017 12 1 Bundecministerion / ZI M
Fluid Process Engineering 2] Kaya, S. et al. Metals. 2017, 7(12), S. 557 * ind Encege. ( oy
Forckenbeckstr. 51 3] Kaya, S. et al. Metals. 2018, 8, S. 767 Mittelstand
52074 Aachen 4] Pyrzynska K. et al. Separation & Purification Reviews. 2018, 48, S. 65-77 |
Germany 5] Peters E. et al. Journal of Sustainable Metallurgy. 2019, 5, S. 48-56 fes Dentschen Bundestages
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Einfluss der Stromungsrohrgeometrie auf die enantioselektive
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Enantioselektive Wirbelschichtkristallisation Motivation und Ziel dieser Studie

Ein vielversprechender Prozess

Stromungsrohrgeometrie beeinflusst:

4 Kontinuierliche Racemattrennung « Klassierende Wirkung _</_- Produkt-KGV S Produktqualitat
+ Einstellbare schmale Produkt- KGV Funktionsprinzip . Verweilzeitverteilungen « Austrag kleinster Partikel | .
4+ Robust gegen_up?r Produktkontamination _ Konisch geformtes Strmungsrohr o FI?ssigphasenverweilzeit (Né‘okgiitt'ﬁg%“s'ko
<+ Hohe Produktivitat o1 (=>GroRenklassierender Effekt) . FIu55|gphasenver\_/vell_zelt/
I_&._ —_ Festphasenverwellzelt_/ Produktivitat
| Ziel dieser Studie:
Erf(ﬂg—rf_i?_f_\_e“_I:\j_a}E:E__rTlc:i_t_t_r_e“r\_[\_lirE_\_/_czn  Experimenteller Vergleich zweier unterschiedlicher Strémungsrohrgeometrien
+ | DL-Asparagin Monohydrat in H20 } i, dieser studie) Selektives Impfen mit 1. Referenz Geometrie (untersucht in [1,2])
* DL-Threonin in H20 M~ L gewunschten Enantiomer 2. Justierte Geometrie (neu gefertigt, basierend auf Simulationsstudien [3])
* RS-Guaifenesin (API) in Isopropanol oy LT __Kont. Durchstrémung mit « Prifung hinsichtlich verbesserter Produktivitat, Robustheit, Produktqualitét

racemischer Losung

Experimenteller Tell

Pilotanlage i Versuchsplanung
o Zwei konisch geformte Stromungsrohre dlb R Einflisse der Betriebsparameter, Vipeg, Tiris: Tsats Is, Ahg bereits
« Gekoppelt durch einen Vorlagebehalter (7.5 L) £ " 2Referenz untersucht [1,2].
« Lichtschranken zur periodischen Geometrie Justierte Ansatz:
Produktentnahme Geometrie = Tyris, Tsat, hs Deeinflussen maldgeblich Produktivitat, Robustheit,
o Zerkle?nerungsl_aypasse zur kont,  Produktentnahme mit | | far l:?eide Geometrien: Tj,;c = 30°C, Tg4s = 35°C , hg = 600 mm
Impfkristallbereitstellung db ; = Vreeq De€INflusst maldgeblich Kristallgrof3e = Produktivitat
A 2 ? TR = Ahg beeinflusst Breite der KGV = Produktqualitat
- i : 5 _
Betrlebsparametgr | N B | - A= | e o I Eamn
+ Volumenstrom Ve, g il : s ererenz HSHEr "y
° Kr.isFaIIisationstemp. Tieris : :\ | éw }, }J R, ‘ _r_ R, — I
e Sattigungstemp. T, ; W_ ; ; " 5 g
* Produktentnahmestrategie hg, Ahg e — ; % S o
: : $ —r i i i T8y T8
o Seeding-Strategie  cewaschenes ﬁ@‘ . ; ; j L. e . 3
Produktkristallisat R q’;*“ > : : ; R
MY -, > 5 | : : % :
Evaluierung . < = £ ¢ S | —Leer __ -
- A o 5 i i U(Hproq+ihs) = W(Hproatths) | |
- anhand periodisch < d | | |
entnommenen Produkts <N ; ; ; |
R " @, Bypass ; i i | Q —Leer _ _ —Leer Q ¢
H_PLC’ XRPD S ‘ J v Voo /R K7 y %:V : R, (Hproda) ~ “(Hprod) &
— Siebanalyse S, Q X <X 1 Lo
Z G 0 0 G 7, - .
« Kennzahlen der Festphase Ty N\ - CTT Z
und des Betriebspunktes Dispergierer J = li Tab. 1: Angepasste geom. Parameter Tab. 2: Angepasste Betriebsparameter
— | Ol K
.................................................................. o1y o ¢ . . .
‘ 5 85| Geometrie | R,[mm] R,[mm] AH,[mm] V,,.[L] Geometrie Vieed [L/R] Ahg [mm]
Pr= mPrOd Y= mPrOd : :c:o o by ‘.".
AtViotal mg—myp, § © ...‘.“ Referenz | 6291 13.80 562 0511 Referenz 10 12 14 66
................................................................... Vorlagebem_/ JUStierte 1027 1890 247 0665 JUStierte 216 260 303 75

Ergebnisse

Vergleich beider Stromungsrohrgeometrien Beurteilung der justierten Geometrie

Bei gleicher Leerrohrgeschwindigkeit produziert die 100 | 3301 Referenz Die Performance der Justierten Geometrie kann wie folgt bewertet werden.
Justierte Stromungsrohrgeometrie = - = Produktivitat | Nukleationsrisiko | Produktqualitat
 Kleinere Produktkristalle mit 3 ‘ 5 . _
: = Justierte |5 300} | - Bewertungsgrolie Pr Y Ty S
» Hoherer Produktivitat, 4-) correliert = / e ustierte lq "
« Geringerer Ausbeute und O 601 % ' Tendenz 1 ‘ ‘ N
. h | KGV Referenz _ |
(schmalerer) KG 40 | | 250 | | Einschéatzung verbessert verbessert (verbessert)
0.025 0.03 0.035 0.025 0.03 0.035 o |
Veraleich bei gleicher Produkikristallaré@e 0.4 | | 80 | | Schlussfolgerungen hinsichtlich der geom. Parameter
ir die Produktkristallarsie T- =300 iofert d R fur geg. R, und H; = Bereich der erzielbaren ProduktkristallgréRen, R; | = L3 1
tr die ProduktkristallgroRe L; = m, liefert die — _ L . , _ _
Justierte Strbmungsrgohrgeo?netrie i#] Vergleich 035 03 Referenz T 70 Reforenz R,: mit R, und H, ergibt sich der Offnungswinkel des Konus. Aus diesem resultiert der
>ur Referenz \g e \ Klassierende Effekt und die Relg}tion Tiiq/ Tsotia- Empfehlung: R, T= 15, /7Ts01ia 4,
c)a X daraus ergibt sich ein héheres Ubersattigungsprofil des Zielenantiomers und ein
Prig/Lih] ¥ [-] sy [um] z-eer [min] >-—_- 0.2 Justier}':e » 60 verringertes Nukleationsrisiko des Gegenenantiomers = Produktivitat T Ropustheit T,
. N Lstierte des weiteren kdnnte ein hohere Trennscharfe des klassierenden Effektes erzielt werden.
Referenz 60 0.34 59 3.07 0. | | 50 | | Limitierung: Austrag von Nuklel muss gewahrleistet sein, sonst Robustheit |
Justierte 70 0.20 55 1.53 0.025 0.03 0.035 0.025 0.03 0.035 H..Z: Absetzzone. (Hz)-blestimmt maldgeblich Viy¢q; und Ty und Weis_t des weiteren da§
ﬁ%fli:od'FAhS) [m/s] ﬁ%flf’:od"'AhS) [m/s] hochste Nukleationsrisiko auf. Empfehlung: Absetzzone (H;) | = ;4 | = Robustheit 1

1] E. Temmel, J. Gansch, H. Lorenz, A. Seidel-Morgenstern, Systematic Investigations on Continuous Fluidized Bed
Crystallization for Chiral Separation, Crystals, 10 (2020) 394-409. https://doi.org/10.3390/cryst10050394

2] J. Gansch, N. Huskova, K. Kerst, E. Temmel, H. Lorenz, M. Mangold, G. Janiga, A. Seidel-Morgenstern. Continuous
Enantioselective Crystallization of Chiral Compounds in Coupled Fluidized Beds. CHEM ENG J (submitted).

3] M. Mangold, D. Khlopov, E. Temmel, H. Lorenz, A. Seidel-Morgenstern, Modelling geometrical and fluid-dynamic
aspects of a continuous fluidized bed crystallizer for separation of enantiomers. Chem. Eng. Sci., 160 (2017) 281-
290. https://doi.org/10.1016/j.ces.2016.11.042

o Untersuchung des Optimierungspotentials der Seeding-Strategie

« Experimentelle Validierung einer modellbasierten Optimierung hinsichtlich

Betriebsparameter und geometrischer Parameter

* Trennung weiterer Stoffsysteme (Enantiomere/ Isomere)






technische universitat
dortmund

Department of Biochemical and Chemical Engineering

SELECTIVE IN SITU PRODUCT SEPARATION BY COOLING CRYSTALLIZATION
AS A NEW RECYCLING TOOL FOR HOMOGENEOUS CATALYSTS

o
...........
-------

Renewable feedstock

Reaction with homogeneous Cooling Solid/Liquid Bio-based polymers
> transition metal catalysts Crystallization Separation
O
N , Oleochemical - Product g
S substrate (Monomer)
3 @& TON > 20,000 N Cat) @ Purity > 98 %
’ at.
CZ> Lo S @ Catalyst Leaching < 0.001 %
— Turn over number TON = Ztotal S“T’l’s“”“te converted Recycling of reaction mixture with active catalyst
< catalyst
>
= VISION CHALLENGES
O
> Establish in situ [l cooling crystallization as a novel recycling o Interconnected considerations for reaction and crystallization
strategy for homogeneous transition metal catalysts o Limited availability of oleochemical components and physico-chemical data
o Proof of concept demonstrated by our project partner 121 o Sensitive catalyst: thermal & chemical deactivation
PROCEDURE
f, - = = === ==-=-============" I
Proof of feasibility v’ . Collect basic thermodynamic data i Crystallization process design
2 . . '
N o Is a crystalline product formed? - PXRD analysis . o Pure component properties : L L
o, ) : =)
T | o Solubility prediction [ 5 : | |
E Identify process requirements v/ | ARSE . , o Gain knowledge to define
! L. LYy_ _Z""0i _ | operating parameters
= o Variable composition in reaction mixture | In(x vi) RT (1 T(,Sl.L> | .
05 o Consistent capacity: 100 mL : . ! > Metastable zone width (MZVY)
o Inertization to prevent catalyst deactivation o Solubility measurements : > Crystal growth rates
/p) !  Pure product / solvent as reference ! .
] ! . ! o Control product purity
<L ' + Ternary mixtures | » Induced nucleation
— | + Real reaction systems |
% | MoDEL REACTION SYSTEM | d | > Minimize agglomeration
LL]
j—
=< e J\/\/\/\/\/‘*‘E [at]
= ) +CO |
RO = Powder Yormy Diffrac — iso-C,,-DME Cat [Pd]/ 1,2-DTBPMB / MSA Solvent: Methanol (MeOH)
= rowdaer A-ray vitraction
PROOF OF FEASIBILITY SOLUBILITIES 25 | | | | | |
| O pure MeOH
Reference: binary I-C,,-DME/MeOH - - - pure MeOH regression -
100 _ 201 A MeOH +10 % C,,-ME s -
|70 pureMeoH ' | R ®  MeOH + 10 % iso-C,,-DME /
80| - predicted with y from UNIFAC| .- SIETE °
? - O E. .’
n : 60 - _ _ " 2 o
I: 2 working range 0. 2 10- o -
— = 401 for reaction mixture > - ;§ A
(I.{J) o Crystallization of /-C,,-DME from reaction ;§ 20 e © - 5'5 e @
mixture by simple cooling in fridge - em @9 ---7
m y p g g 0 '@- — -Q ? T T T T T T T 0 T T T T
10 -5 0 5 10 15 20 25 30 10 5 0 5 10
o Hexagonal plate-shaped crystals . )
o Strong agglomeration tendency Cl N T [_C]
o High temperature dependence of I-C,,-DME solubility =~ o Solubility enhancement in presence of by-components
> Optimize crystallization to control PSD o Predictive solubility calculations not exact but can be (substrate & branched by-product)
and avoid inclusion of mother liquor used as initial guess o SLE with pure I-C,,-DME
(no formation of polymorphs or solvates)
PSD = Particle Size Distributon
>- | CONCLUSION OUTLOOK
14 o Definition of an early-stage procedure to investigate cooling crystallization o Focus on crystallization process design
g as a novel recycling strategy for homogeneous catalysts . Measurement of MZW data
s | ° First results for model reaction system » Investigations on the influence of the composition in the reaction mixture
- * Potential for high product yield from cooling crystallization  Implement method to induce nucleation
7)) » Solubility strongly depends on composition of reaction mixture

[1] D. Hulsewede, L.-E. Meyer, J. von Langermann, Chemistry (Weinheim an der Bergstrasse, Germany) 2019, 25 (19), 4871 — 4884.

[2] N. Herrmann, K. Kohnke, T. Seidensticker, ACS Sustainable Chem. Eng. 2020, 8 (29), 10633 — 10638.
[3] D. J. Cole-Hamilton, R. P. Tooze, Catalyst separation, recovery and recycling: Chemistry and process design, Catalysis by metal complexes, Vol. 30, Springer, Dordrecht 2006.
[4] H. Lorenz, in Crystallization: Basic concepts and industrial applications (Eds: W. Beckmann), Wiley-VCH. Weinheim 2013.
[5] E. Sheikholeslamzadeh, S. Rohani, in Recent Advances in Thermo and Fluid Dynamics (Eds: M. Gorji-Bandpy) 2015.
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o Early implementation of an inertization concept to prevent catalyst deactivation
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Aufreinigung strukturell ahnlicher Naturstoffe aus
Pflanzenextrakten unter Einsatz von Co-Kristallisation

Steffi Wiinschel, Andreas Seidel-Morgensternt2 und Heike Lorenz?!

1 Max-Planck-Institut fir Dynamik komplexer technischer Systeme Magdeburg
2 Otto-von-Guericke-Universitat Magdeburg

MOTIVATION UND ZIEL CHARAKTERISIERUNG

Wurzel der Curcuma longa Pflanze

o o Nachwels der Co-Kristall-Bildung mit 1,2,4-THB
G N AN O en
i ‘ ‘ 3 Thermische Analyse: DSC Pulverrontgendiffraktometrie
HO OH 350 : : :
_ o/ = BDMC ; ; i|—1,2,4-THB
Curcumin (CUR), 270 % o 12 4-THB 00 | —Cokristal
TR Q | —Co-Kristall ) = P | —BDMC
A s o< @ | —Physikalische Mischung 1:1 | ™. = 250 5
ﬁ HO ot ;’ 2 200
25—-6,0% Demethoxycurcumin (DMC), < 25 % = T 2 150
Curcuminoide (CURD) P S ; B 100
X NS % : x
| ® ® E — N\ .
HO OH -G 0 1 U
: : = | £ | | | = : === B B |
Temperatur [°C] 2 Theta [°]
Unterschiedliche Wirkung und = Schmelztemperaturen T der reinen = Gestrichelte Linien: charakteristische Peaks
Aufreinigung schwierig durch Akthltgt .—>A.ufre|n|gung notig Ausgangsstoffe: 1,2,4-THB — 149,8 C _(:I_Ie_IrBrelnen Ausgangsstoffe BDMC und 1,2,4-
strukturelle Ahnlichkeit der : " Antioxidative und entzindungs- BDMC —231,0°C . . -
CURD und vermutl «— Mutterlauge hemmende Wirkung: = T. der Co-Kristall-Verbindung: 179,4°C = Mit Stern markiert: charakteristische Peaks
I\/Iischkristallbildungi CUR > DMC > BDMC = Exotherme Rekristallisation nach der Co-Kristall-Verbindung bei 26 = 7,71°;
eutektischem Schmelzen der 1:1 Mischung 11,57°; 18,02°; 18,89°%; 24,20°, 24,42°,

» Acetylcholinesterase hemmende

i Wirkung: DMC > BDMC > CUR = Co-Kristall-Bildung 27,56” und 28,59"
CUR, DMC oder BDMC . . o : :
’ —— CO- = |nhibierung eines in Krebszellen T :
als Co-Kristall-Verbindung SRSl aberexprimiorton Enzyme Binares Phasendiagramm
Modifizierung des BDMC > DMC > CUR [2-4] 240 240 .
Loslichkeitsverhaltens e Gemessenene Schmelzpunkte = Aquimolare Zusam_men-
290 - —Konstruiertes Phasendiagramm | setzung der Co-Kristall-
! _ _ _ _ Verbindung
1. Schritt: Screening nach HéeDngo-KélgtﬁlI-SI((:tree_n.lng mit oUzoo -+ BDMC und Schmelze . 200 05 * |Inkongruentes Schmelz-
Co-Kristall-Verbindungen er O UIQ. . ﬁlr\? E_rls(:;erunQS — Schmelze 7O = verhalten — Schmelz-
einer Co-Kristall-Verbindung [3] = 180 o © T 180 = vorgang bei peritektischer
o 1 | o Temperatur T (179-
® 160 Co-Kristall und 160 @ P
g OSCL'SthZZn g 180°C) unter Zersetzung
© 140 + Co-Kristall und BDMC im 140 @ In feste Phase (BDMC
CO'KRISTALL SCREENING = festen Zustand ° e ° ° = und Schmelze ( )
120 + Co-Kristall und 1,2,4-THB | 120 o
im festen Zustand * |[nkongruentes Laslich-
100 , , , , , , , , 100 keitsverhalten zu erwarten
Wahl der Coformer QO 0O 01 02 03 04 05 06 07 08 09 1
NN N
Auswahl der Coformer nach dem Ansatz O ‘ Molenbruch X  4-1s
der Supramolekularen Synthone : - YURT :
g y HO OH Einfluss des Coformers auf die Loslichkeit von BDMC

Léslichkeit in EtOH [g-I] Loslichkeit in EtOH/H,0

Funktionelle Gruppen %OH i}g

L (50/50 viv) [g-1]
~'~< H 17% Reines BDMC 43,25 + 0,58 0,38 £ 0,05
__u.. ~ Hydroxy-Hydroxy- .
O—H O}ﬁHomosynthon }O H=N ii&%?;‘é’;ﬁ?(‘)?} BDMC in Co-Kristall-Verbindung 39,04 + 1,10 0,83 + 0,06
Supramolekulare H <
<<=

Synthone a
H{ J{ ﬂﬁéfgsyﬁﬂ?r{ :Ez(r)bc.)-r;yll-—ll—l_ydoroxy— T-Tr-Wechselwirkung AUSBLICK
O—H- NH2 Heterosynthon

— 22 Coformer aus 9 Substanzklassen:

= Hydroxybenzene = Aminosauren = Saccharide OH -
- Hydroxysauren . Amine . Lactone o Weltere Untersuchungen
* Dicarbonsauren = Imide = Xanthine = Co-Kristall-Screening mit DMC
. : : : : » LOsemittelscreenin
Durchfiihrung der Co-Kristallisationsexperimente L JoEmIEe ° - o
1 2.4-Trihydroxybenzen = Loslichkeitsverhalten der Curcuminoide in Anwesenheit eines Coformers —
Verdampfungs- Kein eindeutiger  124.THB ternare und quasiternare Phasendiagramme
: S > OH
kristallisation Treffer on
Moglichkeiten der Aufreinigung durch Co-Kristallisation
Co- ; .
. . | Schmelzkristallisation aus | 2 Treffer: 1,2,4-THB
Kristalli- ' - ' on Fall 1 Fall 2
. eutetischer Schmelze und PYR Pyrogallol _ o mdb _ _ ! _ _
sation OH PYR Ein Curcuminoid bildet Co-Kristall- Zwei Curcuminoide bilden Co-Kristall-
— . | Verbindung mit Coformer Verbindung mit Coformer
Liquid-assisted | 2 Treffer: 1,2,4-THB | © _—O
grinding und NHS v CURD | | CURD|
S E CURD 1l E CURD 1l
N-Hydrolﬁ)lljgccmlmld 8 CURD Il 8 CURD Il
= . D U c
2 O
IS ACcyrp IS
REFERENZEN 2l N =
3 3
: s
1] Horosanskaia, E.; Yuan, L.; Seidel-Morgenstern, A.; Lorenz, H. Purification of Curcumin from Ternary Extract- < ~ X ~
Similar Mixtures of Curcuminoids in a Single Crystallization Step. Crystals 2020, 10, 206. T=const T=const
2] Kalaycioglu, Z., Gazioglu, I., Bedia Erim, F. Comparison of Antioxidant, Anticholestinesterase, and Antidiabetic Konzentration Coformer Konzentration Coformer
Activities of Three Curcuminoids Isolated from Curcuma longa L. Natural Product Research 2017, 31(24), 2914-2917. _
3] Sandur, S.K., Pandey, M.K., Sung, B., Seok Ahn, K., Murakami, A., Sethi, G., Limtrakul, P., Badmaeyv, V., Aggarwal, = Gewinnung von CURD Ill durch = Abreicherung von CURD Il und CURD llI
B.B. Curcumin, Demethoxycurcurr_]in, Bisde_methoxycurcumin, Tetrahydrogurcumin and Turme_rones D@fferential!y Kristallisation und Abtrennung der durch Kristallisation und Abtrennung der
zRgg;JIazttSe(gntll-;rgflsafrlnggtory and Anti-proliferative Responses through a ROS-independent Mechanism, Carcinogenesis CURD IlI-Coformer-Verbindung Curcuminoid-Coformer-Verbindungen
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