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Abstract
The aim in this project is to integrate microwave and micro process technology to conduct
organic reactions, in this case the Cu-catalyzed Ullmann C-O coupling reaction.
To attain this, selective microwave absorption of the solvent and the Cu catalyst need to be
controlled accurately to increase the catalyst activity and avoid arcing. Batch reaction conditions
and catalyst synthesis were optimized firstly, prior to flow processing using a single mode
microwave cavity. Furthermore, the shape and the material of the catalytic reactor and the energy
efficiency were optimized to avoid temperature overshooting and by-product formation. Finally,
reliable catalyst activity study was performed under isothermal and stable flow operations using a
fixed-bed reactor coated with Cu onto a mesoporous titania film.
Temperature measurements in the cylinder axis and at the entrance of the reactor were carried out
using an optic fibre probe at different axial positions inside and at the outer part of the catalyst
bed. A second probe at the reactor outlet was used as a reference temperature to control the
microwave power input at steady-state conditions. Temperature fluctuations along the axial
position of the reactor were found to be negligible at a set temperature of 140 oC.
The optimized MW power settings were used in the subsequent experiments to calculate the
absorbed and loss power in the flow-trough reactor. Initially only solvent was used as a
microwave fine-tuning background in the cavity to optimize the power utility in an empty tubular
reactor. Subsequently, reactants were added to stabilize the MW field for reaction conditions at
steady-state conditions. Finally Cu/TiO2 coated glass beads (200 ȝm) were packed in the millireactor. As compared to the empty tube, the temperature and microwave power control of a
catalytic reactor appeared to be much more complicated due to the rapid and arc-wise MWabsorption of the metallic Cu catalyst.
The catalyst and support were synthesized. However, different catalyst impregnation and support
deposition techniques were applied to obtain stable catalyst loadings around 2 wt%. Catalytic
activity was increased by addition of Zn as promoter. XPS, XANES and EXAFS analysis were
used to visualize the role of Zn which appeared to be an oxidative stabilizer of the Cu0 catalyst.
The effect of in-line mixing was studied in a Cu-capillary reactor using different mixers. Due to
the different fluid viscosities the T-junction resulted in very poor mixing, whereas improved
mixing could be attained using a Y-junction. Subsequently, a split-and-recombine mixer was used
to increase mixing time and therefore increased productivity. Finally the effect of structured
catalyst packing and composition were investigated, where a dramatic yield increase up to 80%
was observed for a fourfold segmented catalyst packing in a microwave field.
In summary, this work presents an extended survey on the influential physical and technical
parameters that allow integration of micro processing and microwave technology in organic
syntheses.
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Scheme 1.Cu-catalyzedUllmann etherification reaction towards 4-phenoxypyridine ether.

Figure 1.Microwave setup for determining axial heating profiles.

Scheme 2.Global scheme of the continuous Cu-catalyzed Ullmann etherification reaction towards 4phenoxypyridine.
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1. Introduction
Micro and milli process technologies have been recently intensively used; also improving
sustainability in science and chemical industry has become highly important. Thus, the biggest
challenge in this project is the integration of microwave technology as an alternative energy
supplying method and microprocess technology by designing, constructing and operating a
mPBR (milli packed-bed reactor) to conduct heterogeneously catalyzed organic reactions i.e. the
Cu-catalyzed Ullmann C-O coupling reaction (see scheme 1).
Traditionally microwave experiments have been conducted in a typical household (multimode)
microwave oven; the challenge, however, is to control and utilize highly uniform single mode
microwaves at a frequency of 2.45 GHz as heating source. Microwave’s offer the unique property
of direct solvent heating in liquid phase without any energy transfer medium, they can penetrate
throughout the volume of the material resulting in rapid heating and negligible internal
temperature gradients in the liquid volume which results in reduced heating times and efficient
energy utilization.
Microreactors are characterized by their high ratio of surface area to reactor volume, where the
reaction takes place at the surface of the catalyst. Because of their plentiful availability and low
costs, Cu nanoparticles have been employed in this reaction as catalysts supported on microwave
transparent ceramic material as SiO2 and mesoporous TiO2, which results in a micro-structured
fixed-bed reactor. The small quantities of catalyst involved, minimizes the risks during the use of
toxic or explosive intermediates after leakage or arcing, also shorter residence times and narrower
residence time distribution is here important. In order to determine the axial temperature profiles,
two optic fiber probes were used; one is placed to control the temperature at the outlet, the second
one to measure at the inlet section of the reactor bed. Figure 1 shows the inlet probe at z0 (inlet
cat-bed) whereas the outlet probe was moved along the cat-bed (outlet cat-bed).
Recent advances in the Ullmann type Cu-catalyzed systems47 provided a highly efficient CuZnbased catalyst for carbon-oxygen coupling reactions, which is an important class of reactions in
fine-chemicals synthesis. In addition, the catalyst will be used as microwave absorbing material
and therefore supplies the energy required for the reaction at the reaction site. The two reactant
flows will be separately fed to a micromixer before entering the reactor at various flowrates.
Scheme 2 shows the process scheme from potassium phenoxide and 4-chloropyride towards 4phenoxypyridine using optimized reaction conditions. At a flowrate of 15 ml/min and a residence
time of only 11 min 21.3% product was yielded. The temperature could be maintained at 140oC
with temperature fluctuations less than 4oC during 60 min.
The role and the effect of mixing were studied in more detail by applying two types of mixing
techniques: Y-mixer and the “Split-and-Recombine” mixing. The main difference of the two
mixing is typified by the significant difference in contact times and the viscosity difference of the
fluids.
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2. Literature review
2.1.

C-O coupling reactions towards fine-chemicals: “Ullmann-type coupling”

The copper-catalyzed coupling of nucleophiles to halo-aromates is widespread applied in the
synthesis of active molecules since its discovery more than a century ago by Fritz Ullmann.
Ullmann, Ullmann–Goldberg, and Ullmann–Hurtley condensations are generally the most useful
and practical methods for the formation of C(aryl)-N, C(aryl)-C, and C(aryl)-O bonds.1 These
reactions are intensively used in numerous industrial applications, e.g. as intermediate products in
pharmaceutical industry such as antivirals, herbicides and antibiotics (glycopeptide antibiotic
Vancomycin), but also as additives in the polymer industries.2
However, only since the beginning of this millennium Ullmann-type coupling reactions have
been utilized intensively. Initially this type of coupling reactions appeared unattractive in
synthetic chemistry due to the harsh reaction conditions often required, low conversions, and
stoichiometric amounts of catalyst applied. Temperatures up to 250Ԝ°C, excess of copper reagents
and activated aryl halides were necessary to obtain acceptable yields.3 Already in the 60s the
effect of addition of organic additives showed increased copper activity and increased reaction
rate4, however, only later the role of these organic additives demonstrated to increase the copper
solubility and stability in certain solvents.5 A breakthrough was accomplished in 2001 after the
discovery of versatile and efficient new copper/ligand systems allowing the use of a substoichiometric amount of catalyst at low temperatures around 90Ԝ°C.6 This invention was
essentially the kick-off for research intensification and developments in the field of copper
catalysis for coupling reactions, which draw the attractiveness and brought an impressive
renaissance of Cu-catalyzed Ullmann-type coupling reactions.7 Ever since, homogenously Cucatalyzed coupling processes have been developed and led to new copper/ligand systems with
improved efficiencies, even up to catalyst activities comparable to Pd catalysis.8 However, still
limited number of publications can be found on heterogeneously catalyzed systems and hardly
any research has been done on ceramic solid supports.9
Nevertheless, the increasing discoveries in homogeneous catalysis provided also possibilities to
study the reaction mechanism involving copper complexes as catalyst. Several proposals have
been published as mechanism for the “modified Ullmann-coupling reaction”.4b, 10 Although it has
been generally accepted that different copper oxidation states could lead to catalytic activity,
recent developments in homogenous catalysis have led to a general consensus that the highest
activity stems from Cu(I).11Sperotto et al. have recently published a review highlighting the
different possible mechanisms in the formation of C-C, C-O and C-N using various types of
copper catalyst.12 Most rarely to occur is the oxidative addition of ArHal involving a Cu(III)
species and resulting in a reductive elimination.13 The ı-bond metathesis mechanism, where the
copper remains in the Cu(II) oxidation state, assumes activation of the aryl halide via a fourcentred intermediate between the aryl halide and the copper catalyst.14 Single electron
transfer (SET) mechanism involves a radical anion formed from the aryl halide inducing an
exchange between Cu(I) and Cu(II) species. In this mechanism the coupling involves most likely
two separate steps, where the second step is rate-determining in a so-called SRN1 mechanism.4b,
15
Finally a mechanism were the Cu oxidation state is preserved is referred to the ʌ-complexation
mechanism, where the aryl halide forms a Cu(I) complex, which enables the
nucleophilic substitution reaction.16 Nevertheless, most of these mechanistic approaches could
9
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only be done with help of computational chemistry using DFT models, instead of numerous
experimental applications.

2.2.

Cu as catalyst in coupling reactions: synthesis and characterization

Although many successes have been achieved in the last decade on the development of
homogenous Cu catalyst, sustainable catalysis can only be achieved using supported catalysts. As
a result, efficient continuously operated processes can be realized when the catalyst is supported
on a solid body and deposited in the reactor, either as a wall-coating or as a fixed-bed. Many
examples of catalyst support exist for various active metals such Pt17, Au18 and Pd19, however, it
is hard to find examples of Cu supported on ceramic support material such as SiO2 Al2O3, TiO2.
Especially due to the limited catalyst activity and oxidative instability, copper catalysts in organic
reactions are less promoted than Pt and Pd catalysts. Nevertheless, the low cost and abundant
availability makes copper appealing as replacement of traditional and expensive metals. Coupling
reactions in organic chemistry are traditionally achieved using palladium catalysis and have
received intense attention since their discovery during the 1970s and20 led to the award of the
Nobel Prize in 2010. However, driven by high cost and scarcity of palladium, research initiatives
were under taken towards copper(II) acetate catalyzed coupling reactions involving organometals
such as Pb,21 Si,22 Sn,23 as well as organoboron reagents, organocuprates24 and iodonium salts as
arylating agents.25
The very high specific surface area, uniform pore size distribution, chemical stability and pore
morphology, make mesoporous materials very useful as support matrices on which to load metal
and metal oxide nanoparticles (NPs).3a, 11b, 26 Moreover, due to the strong interactions with metal
NPs such as Au, Ag and Pt, nanostructured titania has long been considered as a supporting
matrix to prevent nano colloid aggregation and thus improve the dispersibility of NPs.27 Only a
few examples were reported in the literature where Cu nanoparticles have been employed as
catalysts in Ullmann reactions. In 2007, Kidwai et al. reported the use of Cu0 nanoparticles in the
coupling of phenol and iodobenzene at 50-60 °C.28 Following the achievement of a 95% yield in
the first run (4 h) catalyst recycling by centrifugation allowed yields of up to 65% to be
maintained in the 4th run (12 h), with highest reaction rates being observed for a mean particle
size of 20±2 nm. However, inefficient catalyst recycling limited the applicability of this method;
a significant drop in catalyst performance was reported after four experimental cycles. Kim et al.
studied a Cu2O nanocube catalyst with a mean cube size of 45±3 nm.29 Catalyst recovery by
centrifugation resulted in excellent-to-quantitative yields after 4 runs, with particle morphology
remaining largely unchanged. However, the potential of this method was restricted due to high
temperatures (T >150 ºC) requiring high boiling point solvents, expensive bases, such as Cs2CO3,
and complications related to catalyst recovery.
Catalyst metal loading onto inorganic supports with a low specific surface area is usually
suppressed to low values to minimize particle sintering. Additionally, loss of active metal due to
leaching may occur during operation of the catalytic reactor. Therefore, the catalyst synthesis
methods and support deposition requires a clear understanding of the metal to support
interactions. Analytical techniques such as63Cu-NMR, XAS, XPS, XRD and TPO/TPR are crucial
and have shown to answer most of these phenomena.30
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2.3.

Microwave assisted metal-catalyzed organic synthesis

In general, use of microwave radiation above conventional thermal heating in organic reactions is
considered to be of a highly added value in the current academic and industrial research
laboratories31. This tendency is mainly due to the fact that in conventional heated systems thermal
energy is transferred from the heat source to the material through conduction and convection
processes. Microwaves offer the unique property of direct solvent heating by means of molecular
rotations and thus internal solvent heating without the use of energy transfer media. Microwaves
can penetrate throughout the volume of the material resulting in rapid heating and negligible
internal temperature gradients in the liquid volume. As a consequent rapid heating, reduced
heating times and efficient energy utilization are often reported in microwave related articles32.
However, besides the benefits of microwaves also drawbacks exist such as limited penetration
depth of microwaves, high equipment costs, difficult temperature measurements and control. It
should also be mentioned that microwave assisted chemistry can generally only be carried out in
liquid phase where only polar solvents posses microwave absorbing properties. Nonetheless, the
latter drawback can sometimes be utilized to control temperatures e.g. when solvents with
different dielectric properties are applied18. In this case microwaves selectively couple with the
absorbing (reactive) material leaving other substances unheated allowing precise power input and
therefore increased conversion and selectivity. Multimode microwaves at a frequency of 2.45 Ghz
is generally used as heating source and for dedicated processes single mode cavities are applied
which enable focusing of the microwave field at a given location in the applicator.33 In general,
single mode cavities have one hotspot where the microwave field strength is highest and can be
fine tuned using wave cutters (stub-tuners) at the end of the cavity.
The synthesis of 4-phenoxypyridine according to the Ullmann C-O synthesis protocol and
especially under microwave irradiation has been a recent topic of research3a, 11b, 34. The option to
utilize efficiently microwave absorption by amide containing organic solvent is very attractive,
especially as solvent in Cu catalysis. Moreover, local heating of metallic copper catalyst35 as used
in the original Ullmann reaction provides an additional benefit regarding heating rate and
efficiency as solid microwave absorber. Buchelnikov et al. studied heating mechanisms of
different metallic powders in a 2.45 GHz multimode microwave cavity. It was shown that
ferromagnetic material (e.g. Fe) rapidly absorb microwaves due to eddy-current loss and
magnetic-reversal loss mechanisms. Diamagnetic metals (Sn and Cu) showed moderate
absorption, whereas limited absorption was observed for paramagnetic Ti and Au.36 Eventually,
the MW absorption by metals results partially in heating up the surface.
Powdered catalyst in a microwave field tend to couple with a microwave field leading to very fast
heating and, dependant on their particle size37, even to electric discharges.38 The effect of direct
heating of a metal onto a microwave transparent support can be used to efficiently heat the
catalyst and increased activities due to nanoscale hotspots. The resulting high energy density in
the magnetic nanoparticles, in combination with a thermal energy barrier with the support, leads
to a large temperature difference between the catalyst and the bulk surroundings. This effect can
be emphasized even more when the bulk fluid in the reaction mixture also shows limited or no
microwave absorption39.
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2.4.

Microprocess technology as a means to conduct process intensification

Micro reactor technology is currently recognized as a well-established and advanced technology
in the fine-chemical synthesis40. Many advances in microprocess technology have led to novel
routes and process windows to replace batch reactors by continuous processes, both at lab and
industrial scale as compared to gas phase reactions41. Metal catalyzed liquid phase organic
reactions in fine chemicals synthesis require different process operational windows in micro
process technology A major issue still is the avoidance of solid bases and slurry catalysts by
adding pre-treatment steps and depositing catalysts onto structured supports, e.g. by dip-coating
or employing fixed bed micro reactors42.
Milli and micro process engineering43 facilitates operation at high pressures and temperatures due
to the small internal volumes. This allows safe operation in regimes that are otherwise dangerous
or difficult, unless a high degree of technical investment is done. This can, e.g., be used to
massively expand the upper operational limit for solvents, which for conventional processing
practically is often determined by the solvent boiling point(reflux condition).44A moderate
increase in pressure can shift the latter substantially and thus extend the temperature window. For
water the boiling point increases from 100 to 250 qC at 40 bar.
As mentioned previously, the Ullmann reaction is extensively used in the synthesis of typical
large pharmaceuticals and high-added value polymers. Their production using state-of-art
technology process is more expensive due to the batch residence times, increased waste and large
research investment per kilogram. Since the introduction of new drugs in the market is a time
consuming process and also governed by high investment costs it is the task of the chemical
engineer to seek for alternative processes to produce existing fine-chemical building blocks.
Therefore options to produce chemicals at 1) smaller scale 2) under highly process-intensified
conditions and 3) for local consumption is a widespread research topic in the field of
microprocessing45 and green process technologies46.
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3. Experimental
In the following section the experimental setups and chemical protocols which have been used
during this research project will be addressed. Also different analytical techniques used for the
quantification and characterization of the reaction mixture will be described in detail.

3.1. Microwave setup
In this project, a single mode microwave generator manufactured by Fricke und Mallah GmbH
and operating at a frequency of 2.45 Ghz (Ȝ=12.24 cm) has been applied as an irradiation cavity.
The microwave set-up consists of a main waveguide coaxially coupled with four microwave
cavities meant as process applicators (see Figure 2). Each cavity could be controlled separately
regarding microwave power input and output, however only one single cavity at the time could be
temperature controlled. The position of waves generated in the magnetron was tuned in the main
waveguide using firstly the main short-circuit (wave cutter) and subsequently the main stubtuners. In this way the maxima of the standing waves could be located at the center of the
applicator cavities. After stabilizing each standing wave in the applicator cavities, a subsequent
fine-tuning (using the applicator short-circuits and stub-tuners) was done to locate wave
maximum at the centre of the applicator cavity where the reactor was positioned. The wave
tuning of both the main waveguide and the applicators was based on a minimum loss of
microwave power energy at the dead load (by means of flowing water) of the isolators, which
avoided the waves to bounce back to the microwave generator. In this way optimum use of input
wave power could be attained assuring maximum power at the desired locations of the microwave
cavities.
Microwave power - temperature calibration
After the tuning the waves at the reactor position, the cavity power input and output were
collected at the outlet of the magnetron applicator, respectively. The data was collected by an
analog data acquisition system and digitalized using Labview© software to determine the energy
efficiency in the cavities. In this way the microwave radiation was calibrated from 10 to 1000
Watt prior to experimental applications. Since the process aim was to reach a constant liquid
temperature, the power input was continuously adapted until desired temperatures were attained;
especially at the start-up steady-state conditions could be reached using PID control. At steadystate temperatures the power input required a less dynamic power adjustment setting which could
be reached at a constant power input. Therefore the PID controlling system consisted of two
sensitivity levels: dynamic power input and steady-state power input. The main aim of the PID
controlling system is to attain steady temperatures at desired levels in a minimum amount of time
using two variables: 1) maximum temperature (roof temperature), 2) maximum power input.
Initially the temperature/power calibrations were carried out using only a dimethylacetamide
(DMA) solvent flow, subsequently the influence of polar and ion-pair reactants was tested
(4-chloropyridine and potassium phenoxide, respectively). A homogenous mixture consisting of
potassium phenolate, 18-crown-6 ether and DMA was processed in the MW-cavity through an
empty tubular reactor at 5 ml/min and tuned to obtain maximal absorbance before the microwaves
were tuned for experiments in a Cu/TiO2/SiO2 loaded mPBR.
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Figure 3 Schematic view of MW-process (a) and the designed milli packed-bed reactor (mPBR) for single
mode MW-experiments (b).

Figure 4 Schematic overview of measurements points in the mPBR for determination of the axial heating
profiles at the entrance (a) and outlet (b) section of the reactor

Figure 5 Microwave setup for determining axial temperature profiles by Ullmann ether synthesis.
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Microwave heating process flow setup
A schematic drawing of the process setup is shown in Figure 3. For the calibration experiments
an empty tubular reactor with ID7 mm was placed in the applicator and the solvent was pumped
in cycles (HPLC-pump Gilson Model 305, Fvmax ~100 ml/min). For calibration using reaction
mixture and during reaction experiments, the reaction mixture was pre-heated to 50 oC to avoid
salt precipitation and process failure. Therefore a conditioned and insulated vessel of 50 ml was
applied and heated using a water bath (LaudaM3)at 50.0± 0.2oC.
A glass tube with a total length of 165 mm and an ID of 7 mm was packed with Cu/TiO2 catalyst
deposited on SiO2 spheres and placed in the microwave cavity. Temperature control inside the
microwave cavity was done using optic fibre probes protected by a thin glass well (0.5 mm) both
at the inlet and outlet of the reactor as shown in Figure 3b.
Process setup for the determination of the axial temperature profiles
Axial temperature profiles were obtained using the setup shown in Figure 3, both for the empty
tube and the mPBR. The Temperature probe cover was designed such that the sensor could be
moved freely along the axial direction of the reactor, hence, allowing measurements over the
complete axial direction of the reactor. Figure 4 shows the design where two probes could be
placed; one as a controlling probe for the outlet temperature and another to measure at the axial
direction of the reactor. The probe well length of the measuring probe assured essentially that the
optic fibre tip could cover the complete axial length of the reactor and therefore measure the
longitudinal reactor temperature. The power controlling sensor was placed at T1 (the entrance of
the reactor positioned at C0 =11.4mm), whereas the second sensor T2 was axially dislocated along
the tube at discrete distances of 2.5 mm from the outlet (position D0 = 45.5mm) using an aligned
manual ruler as shown in Figure 4a. In this way the axial temperature gradient at the outlet
section of the reactor could be screened. The reversed setup was used to acquire gradients at the
inlet the reactor while power input was controlled at the outlet temperature (see Figure 4b).
Process setup for microwave heating without in-line mixing
The reaction mixture in the Ullmann reaction has been prepared as reported in literature; 357 mg
of potassium phenolate powder (9.0 mmol) and 6.8 mg 18-crown-6 (0.09 mmol) was dissolved in
12 ml DMA using a stirred batch buffer vessel reactor maintained at 60 oC until complete
dissolution. This mixture was than pumped in the tubular reactor at a flowrate of 20 ml/min in a
recycle loop system. The same glass vessel was used to collect the recycle stream which was
maintained under argon atmosphere. After acquiring a stable flow system the reactor was
irradiated with microwaves using PID controlled power input until desired reaction temperature
of 140 oC. At steady-state temperatures an appropriate mixture of 258mg of 4-chloropyridine (7.5
mmol) and 50 mg of tetradecane (0.75 mmol) in 3 ml DMA was injected in the reactor vessel
using a syringe at similar flowrates as the main stream. The injection was manually done by
steadily injecting the total injector volume over a time span of one minute as shown in Figure 5.
Due to strong pulsation of the pump bubbles appeared in the process tubing, which could be
avoided by increasing liquid volume and therefore decreased dead volume. Changing the flowrate
more than 10% required a manual adjustment of PID parameters for each experiment. For
practical reasons initial experiments were only done using a single temperature probe at the centre
of the reactor and was later extended by adding the second probe as described earlier.
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Figure 6 Process flow setup for microwave heated Ullmann etherification reaction using fixed-bed reactor.
Heat integrated micro-process for microwave heating

Figure 7Process flow setup for conventional heated Ullmann etherification reaction using Cu-capillary
reactor.
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Process setup for microwave heating with premixing
In this setup two separate flows, pre-mixed in buffer vessels, were fed to the reactor via various
micro-mixers. Storage vessel A consisted of a pre-stirred mixture of potassium phenolate and
crownether and storage vessel B of 4-chloropyridine and tetradecane both purged with argon in
dimethylacetamide as solvent (see Figure 6a). In a subsequent process a micro-quencher (IMM
cross-flow microstructured heat exchanger, CRMH) was integrated at the outlet of the reactor,
firstly to quench the reaction mixture and secondly to utilize the energy for preheating buffer
vessel A (consisting of salts in an organic solvent) and to condition the micro-mixer. At the outlet
of the quencher samples for analysis were taken as shown in Figure 6b.
Buffer vessel A consisting of salts needed to be conditioned to avoid precipitation in the vessel
and clogging in tubes and process units (pumps, mixer, reactor and quencher). It was
experimentally determined that at theses reaction conditions (reaction mixture concentration) a
minimum temperature of 40 oC was required. At the subsequent micro-mixing stage the
temperature was maintained between 45 and 60oC to avoid precipitation and reaction occurring in
the mixer, respectively. The reaction heat was absorbed at reactor outlet via a cross-flow water
stream in the micro heat exchanger and fed primarily to the storage vessel A. To ensure balanced
energy transfer from the source to the sinks, the coolant flowrate was varied for each different
experiments, which were preceded by an energy balances and a pinch analysis.
Process setup for oil-bath heating
As a reference case for the microwave applications for the Ullmann C-O coupling reaction, a
conventionally heated setup was used for conductive heating in an oil-bath. A copper wall-coated
capillary reactor with ID 1.05 mm and a total volume of 1 ml was used as reaction applicator.
Both reactants streams were pumped from mechanically stirred buffer vessels A and B (similar to
the microwave setup) using an HPLC-pump (Gilson Model 305) to the reactor placed in an oilbath (LaudaE100) was used as heating source. This setup was used for similar experiments as
carried out in the microwave setup.

3.2. Chemicals and chemical protocol
Materials
Potassium phenolate was prepared from phenol and potassium tert-butoxide (purum, 97.0%,
Aldrich),4-chloropyridine hydrochloride salt (99%, Aldrich) was used to obtain 4-chloropyridine
as a liquid. Copper powder (99%, Aldrich) was used as the catalyst and 18-crown-6 (99%, SigmaAldrich) as a potassium ion scavenger. Concentrations were determined using tetradecane
(purum. p.a., 99.5% (GC), Fluka) and 18-crown-6 as internal standards for 1H NMR analysis,
which were also used as chemical tracer to study the mixing performance of the two flows.
Chemicals preparation
4-chloropyridine. 4-chloropyridine hydrochloride was purchased as a salt, and to avoid the use of
solid bases in the coupling reaction, a pre-treatment with potassium carbonate (K2CO399.5%,
Sigma-Aldrich) was carried out to attain 4-chloropyridine as liquid. The second reason to avoid
the HCl group being present in the reaction mixture was the possible risk of ion-exchange
reaction with potassium phenolate towards phenol.
The preparation occurs in four general steps and is shown in scheme 3:
21


Scheme 3.Theformation of liquid-phase 4-chloropyridine from 4-chloropyridine hydrochloride using 2.5M
aqueous K2CO3.

Scheme 4.Deprotonation of phenol towards potassium phenolate using potassium tert-butoxide as base
and weak nucleophile.
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Neutralization step: a 2.5 M solution of potassium carbonate was prepared under argon in
an Erlenmeyer. A calculated amount of 4-chloropyridine (0.9 molar equivalence with
respect to the base) was slowly added over a time span of 10 min to avoid fast heat
release and agglomeration of the salts. After complete addition, two phases clearly
appeared after a while, an aqueous layer on top and anorganic layer at the bottom.
Extraction step: extraction could be efficiency done using diethyl ether as organic phase.
After three subsequent extraction steps with diethyl ether, the yellowish organic phase
could be extracted containing the 4-chloropyridine. However, some unreacted
4-chloropyridinehydrogenchloride remained in the aqueous phase, which also coloured
the aqueous phase yellowish.
Dehydration and filtration step: after obtaining the organic phase, containing the
4-chloropyridine, the residual water was removed by a drying step using sodium
sulfateNa2SO4 under vigorous mixing. The Na2SO4 was added until large salt
agglomerates turned into fine powder, indicating the presence of anhydrousNa2SO4 and
therefore complete removal of water. The powder was removed by filtration under
atmospheric pressure.
Distillation step: in a final step to obtain liquid 4-chloropyridine the diethylether was
removed in a rota evaporator under vacuum (200mbar) at room temperature.

Potassium phenolate. The use of a phenoxide species as nucelophilic moiety has demonstrated to
increase the overall reaction rate. This effect is due to increased reactivity of naked ions as
substitution reactants. However, the removal of the acidic proton in phenol requires the use of a
strong base, which in many cases can also act as a nucleophile and therefore undergo undesired
side-reaction. For the deprotonation of phenol potassium tert-butoxidewas usedas a strong, nonnucleophilic base (see scheme 4).
x The potassium tert-butoxide was dissolved in a round bottom flask using an appropriate
amount of THF (Tetrahydrofuran, 1 M) under vigorous mixing.
x A calculated amount of phenol (1.1 molar excess with respect to the T-BuOK) was
slowly added to the reaction mixture until an orange gel was formed, indicating the
formation of the anionic phenoxy species.
x THF was removed by evaporation (200 mbar) at 40 oC, acquiring a reddish liquid.
Chemical protocol.
Buffer vessels were loaded with the reactants dissolved in dimethylacetamide (DMA). Vessel A
was loaded with 0.25 mol potassium phenolate and 0.0025 mol crownether in 200 ml DMA (1.25
M reactants). Vessel B contained 0.2 mol4-chloropyridine and 0.02 mol tetradecane dissolved in
200 ml DMA. Vessel A was maintained at 45 oC using a coiled heat exchanger heated by
conditioned circulating water bath. The buffer vessels were mechanically stirred at 600 rpm, and
a continuous Argon flow ensured inert conditions. The flowrate of both reactant streams could be
regulated separately using HPLC pumps. At the outlet of the mixer samples could be taken to
analyse the mixing performance using crownether and tetradecane as tracers for flow A and B,
respectively. Temperatures outside and inside the MW-section were measured using
thermocouples and optic fibre probes, respectively. The yield of 4-phenoxypyridine was
determined by recording 1H NMR spectra of reaction aliquots. The peaks data were compared
with literature data and with previously acquired GC-MS measurements.
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3.3. Catalyst preparation and characterisation
Catalyst preparation procedure
In this work the Cu-based catalyst was prepared a on a titania support, initially done using nonporous amorphous titania where a structured mesoporoustitania support was developed based on
the work of Rebrovet al48. For catalyst analysis, characterization and batch activity experiments
the Cu and CuZn catalyst were for convenience deposited on powdered mesoporoustitania,
whereas for the flow experiments under microwave irradiation the titania was coated on 200 ȝm
silica beads and packed in a tubular milli-reactor. Essential for flow experiments was the stable
attachment of titania support on the silica substrate and consequently minimization of catalyst and
support leaching. This was mainly done by changing the deposition rate, environmental humidity
during solvent evaporation and the calcination method.
3.3.1. Preparation of titania supported Cu and CuZn catalyst
Synthesis of Cu and CuZn catalyst (V. Engels University of Cambridge).
Monometallic Cu(0) nanoparticleswas prepared by a literature route.47 For bimetallic colloids,
copper(II) sulfate pentahydrate (0.250 g, 1 mmol) and 0.8 g poly(N-vinylpyrrolidone) (PVP, Mw
= 24000) were added to 120 ml anhydrous ethylene glycol in a two-necked round bottom flask.
The resulting mixture was heated to 80 ºC and stirred for 2 h. The resulting blue solution was
cooled to 0 ºC. Solutions of ZnCl2 (0.136 g, 1 mmol) or SnCl2(0.261 g, 1 mmol) in 2 ml water
(millipore) and a solution of sodium hypophosphite monohydrate (0.213 g, 2 mmol) in 5 ml water
(millipore) were added promptly. After adjusting the pH value to 9-11 by adding 5 ml of 1 M
NaOH (aq., millipore), the reaction was stirred for 1 h at 120 ºC to yield a yellowish-red colloidal
suspension. Aliquots were purified by extracting 50 ml suspensions using excess acetone. After
overnight sedimentation, ca. 90% of the supernatant was decanted and the remaining suspension
centrifuged for 5 minutes. Upon removal of the acetone layer, the colloidal precipitate was
resuspended in 50 ml ethanol.
Synthesis of non-porous titania support.
A total amount of 0.75 g of titanium(IV) tetra-ethoxide (Ti(OEt)4, 99.99 wt.%, Sigma-Aldrich)
mixed with an aqueous HNO3 solution (65 wt.%, Fluka) in isopropanol was vigorously stirred
for 1 h. The isopropanol was then removed under reduced pressure at 60 ºC. The resulting powder
was dried overnight in a stove at 80 ºC and subsequently calcined at 600 ºC for 8 h (10 °C/min
heating and cooling) to obtain powdered titania support.For the deposition of titania on glass
beads a total of 20 g of glass beads (E&R Chemicals & Equipment B.V., sieved diameter 200-300
ȝm) was cleaned using acetone and dispersed in 200 ml of dry isopropanol in a rotary evaporator
in a nitrogen atmosphere. The dry beads were stirred overnight in aqueous sulfuric acid (2.5 M,
Sigma-Aldrich) prior to support coating. Then, the above described titania precursor slurry was
added to the dry glass beads and vigorously stirred for 1 h. Finally a similar drying and
calcinations method was applied as described for the powdered titania support.
Synthesis of mesoporoustitania support.
A titania-precursor sol with a composition of 1 Ti(OEt)4 : 0.006 Pluronic : 40 ethanol : 1.3 H2O :
0.1 trifluoroacetic acid was prepared as described elsewhere49. Pluronic F127, (EO100PO65EO100,
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Scheme 5.Different methods for the synthesis of Cu/mesoporous-TiO2 in a two steps protocol and an in-situ
synthesis step.

Scheme 6.Polycondensation reaction with the titania precursor and the Pluronic F127 towards a
mesoporous structured titania support for Cu catalyst deposition.
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EO = ethylene oxide, PO = propylene oxide, BASF) was used as surfactant. After dissolution of
the surfactant in ethanol, followed by the addition of water and trifluoroacetic acid, the
titanium(IV) tetraisopropoxide was added dropwise while stirring. The resulting mixture was left
to age for 24 h after a stirring period of 8 h at room temperature. The resulting slurry was
maintained in a glove box at a relative humidity of 80% for 30 h before the residual surfactant
was removed by burning at 250 ºC for 4 h. Finally the powder was calcined at 380 ºC (heating
rate of 1 ºC/min) and a residual pressure of 10 mbar for 8h to obtain a white powdered
mesoporous titania substance. For the silica coated titania support a desired amount of the titania
and pluronic mixture was slowly added to a glass-filter vessel filled with a single layer of glass
beads. The solution withdrawal rate was set at 2 mm/min using a flow controlled dip-coater. Then
the beads were aged, dried and calcined as described above.
Deposition of Cu and CuZn catalyst on non-porous titania support. For the two-step deposition of
the Cu and CuZn catalyst onto the titania support a calculated amount of pre-synthesized metal
nanoparticles in ethanol was added to the support and stirred overnight. The ethanol was
evaporated under nitrogen atmosphere at 80 oC and calcined at at 450 oC for 8 hrs.
In-situ preparation of mesoporous titania supported Cu and CuZn catalyst. Various methods
have been investigated to result in a physically stable Cu and CuZn catalyst impregnated in a
mesoporous titania matrix. Although several chemical protocols in literature describe the
deposition of Pd and Au nanoparticles onto a mesoporous titania support, no publications on Cu
based catalyst have been reported. Therefore the sequence of chemicals addition to obtain
supported Cu and CuZn nanoparticles has been investigated in this work and is schematically
summarized in scheme 5 and consist essentially of four steps.






Pluronic F127 (Polyethylene oxide (PEO)- polypropylene oxide (PPO)- polyethylene oxide
block copolymer with an average molecular structure of PEO99PPO65PEO99 ,BASF) was
dissolved in ethanol under vigorous stirring under an argon atmosphere.
A calculated amount of CuZn nanoparticles (inEtOH) was added under stirring for 30 min.
Nitric acid HNO3 (65%) was added dropwise to adjust the pH of the resulting mixture to 1 –
1.5. The titanium precursor (Ti[OCH(CH3)2]4, 97 % Aldrich) was added drop wise after a
transparent mixture was acquired.
The resulting solution with a molar ratio of Titanium isopropoxide :Pluronic : CuZn : Ethanol
: Nitric acid equivalent to 1 : 0.006 : 0.012 : 40 : 0.13 was stirred for 25 hours at 298 K and
kept at a RH of 80 % at an ageing period of 48h.

As described above, the formation of a mesoporous titania matrix is caused by the presence
polymeric micelles that react with the titania precursors (Ti-[OR]4) towards polymeric esters and
alcohols as shown in scheme 6. To overcome the critical micelle concentration an excess of the
Pluronic F127 was applied which after the esterification this excess was removed by means of
evaporation at 80 oC and a residual pressure of 10 mbar. On the other hand the polymers involved
in the esterification with the titania precursor were combusted in an oxygen rich calcination
procedure as described in the flowing section. In this way various CuxZny/TiO2 (Cu, Cu35Zn65,
Cu49Zn51,Cu51Zn49,Cu64Zn36,Cu72Zn28) were obtained at approximate Cu loadings of 2 wt%. The
exact Cu to Zn ratio after calcination was determined by ICP analysis in order to confirm the
metal concentration.
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Figure 8.Used temperature-time histories during calcination for different calcinations methods, involving
the evaporation step, the burning step, the coke burning and cooling down step

Table 1. Different steps involved in the calcination procedure
Coke burning

Cooling

Method

ramp
(oC/min)

Evaporation phase
time
(min)

temp ramp
time
(oC) (oC/min (min)

2nd evaporation
temp
(oC)

ramp
(oC/min)

Polymer burning stage
time
(min)

Temp
(oC)

time
(min)

Temp
(oC)

ramp
(oC/min)

A

0.8

30

100

1

30

250

1

120

500

120

500

2.6

B

0.4

30

100

1

30

250

1

160

500

80

500

2.6

C

0.3

90

100

1

30

250

0.9

80

500

160

500

2.6

D

0.3

30

100

1

30

250

4.2

120

500

120

500

4
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Drying and calcination. As already explained earlier the as-prepared “wet-catalyst” needs to be
dried and calcined before reduction and activity experiments. In the drying stage the solvent is
evaporated either under argon flushing or in a humidity glovebox at temperatures close to boiling
point of the solvent. This step is rather straightforward and requires only sufficient mechanical
mixing to avoid agglomeration of the slurry particles. On the other hand a more dedicated
calcination step is required to remove the remaining solvent and residual organic derivates. The
first requires moderate temperatures and vacuum conditions, whereas the latter requires
combustions conditions involving high temperatures and oxygen-rich environment to decompose
the organic compounds. In this work different heating sections and environmental conditions in
the oven were tested to obtain a mesoporous titania supported Cu catalyst. Generally four steps
can be distinguished in the calcination procedure:
1. Evaporation; removal of the excess polymer in a vacuum oven at moderate temperatures.
2. Polymer burning; full decomposition of Pluronic F127to flue gas using an atmospheric
oven at elevated temperatures.
3. Coke burning; the “after-burning” of deposited coke at a constant airflow.
4. Cool down; slow cooling to avoid collapse of the mesoporous structure.
Especially the first three steps are of crucial importance and need to be done in a synchronized
manner since increasing the heat ramp leads to coke formation, which requires even higher air
flowrates resulting in cool down of the catalyst surface. Also the total exposure time to high
temperatures and the maximum temperature has been kept the same in all cases. As shown in
Figure 8. Four different methods were applied where several different heating regions can be
distinguished. The heating ramp and heating time in the evaporation phase (1), the second
evaporation stage at 200 mbar (2), heating ramp for the polymer burning stage (3), duration of
polymer burning (4), duration of coke burning (5) and cooling ramp (6).
3.3.2. Catalyst analysis
Different characterization methods have been applied to characterize the catalyst surface,
morphology and chemical structure both for the as-synthesized and spent catalyst. In this study
X-ray diffraction and photoelectron spectroscopy where applied to analyze the crystal structure
and the oxidation state of the catalyst and the support. Synchrotron X-ray spectroscopy was used
to analyze the atomic structure and oxidation behaviour of bimetallic CuZn catalyst.
Transmission and scanning electron microscopy were used to investigate the CuZn nanoparticles
size and distribution and the mesoporous titania support structure, respectively.
Catalyst characterization
X-ray diffraction spectroscopy.Supported copper nanocatalysts were measured by powder X-ray
diffraction (PXRD). Diffractograms were recorded on a Röntgen PW3040/60 XPert PRO powder
X-ray diffractometer with a high resolution PW3373/00 Cu LFF (unmonochromated) tube at Ȝ =
1.5404 Å (Cu KĮ) in the range 5° Ĭ 80° and scanning rates of 0.23 °/min (CuZn) and 0.09
°/min (Cu). The powder samples were prepared by solvent evaporation from the colloidal
suspensions deposited on a glass flatplate sample holder, which was inserted onto the sample
stage (PW3071/60 Bracket). Powder X-ray diffraction spectroscopy was mainly used to identify
crystal phases of the titania support whereon the Cu nanoparticles catalysts were deposited.
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Figure 9.Normalized intensities obtained from XRD-spectroscopy for TiO2/SiO2 (a) and anathase TiO2 (b)
clearly showing the presence of crystalline anathase titaniumdioxide as support phase for the supported
catalyst as synthesized.

Figure 10. XRD-spectrum of Cu/meso-TiO2 showing the presence of FCC phase Cu (111-plane)
characteristics of the catalyst.
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Since the loading of copper on titania was only around 2 wt%, simultaneous detection and
measurements of the element specific copper and titanium peaks was not possible due to the large
difference in concentration. Therefore the nanoparticles were measured separately dispersed in
ethanol. Figure 9 shows the XRD spectra obtained from mesoporous titaniumdioxide coated onto
glass beads (Figure 9a) and commercial powdered anathasetitaniumdioxide (Figure 9b). The tenfold decrease in signal intensity clearly shows the abundant presence of the silica beads as
substrate for the reaction catalyst, although the characteristic features of the anathase crystalline
titaniumdioxide are present. Figure 10 shows the XRD-spectrum of Cu/mesoporous-TiO2 where,
although weak, three characteristic peaks could be detected for the face-centred cubic phase of Cu
at 43.3o, 50.4o and 74.1o. Although XRD provides clear and unambiguous information on the
support and catalyst crystal phase, only sufficiently large nanoparticles and non-amorphous (or
too poly-crystalline) materials can be detected and the clear diffraction peaks are only observed
when the sample possesses sufficient long-range order. However, the advantage of this limitation
is that the width of diffraction peaks carries information on the dimensions of the reflecting
planes, which especially in polycrystalline (which is mostly the case) materials is of crucial
importance.
X-Ray Photoelectron Spectroscopy. XPS was used to analyze the catalyst upper surface and
detect the metals, their oxidation state and the dispersion of one metal phase over another. This
technique is predominantly used based on the general photoelectron effect, where atoms absorb a
photon energy Ephoton (equivalent to hȞ) and eject electrons with binding energy Eb at a kinetic
energy Ek defined as Ek =Ephoton - (Eb + ĳ). The work-function ĳ is the remaining energy required
to excite electrons from their stable orbital to the highest excitation state, however, this value is
usually adjusted for the electron detector and can therefore also be seen as an apparatus constant.
XPS signal sensitivity is highly dependant on the metal dispersion and for supported catalyst the
obtained signal also provides information on the surface dispersion and metal loading normalized
on the support metal signal. XPS samples were analyzed for several CuZn catalysts, where
mainly the Cu/Zn ratio in a freshly prepared catalyst was studied before reduction. XPS data were
obtained with a Kratos AXIS Ultra spectrometer equipped with a monochromatic Al KĮ X-ray
source and a delay-line detector (DLD). Spectra were obtained using an aluminium anode (Al KĮ
= 1486.6 eV) operating at 150W. For survey and region scans, constant pass energies of 160 eV
and 40 eV were used, respectively. The background pressure was 2 x 10-9 mbar.
Figure 11 shows the XPS spectra obtained (plotted over the kinetic energy) for five different
Cu/Zn ratio’s during nanoparticle growth starting from 25:75 to 75:25. The nanoparticles were
obtained from the above described synthesis routes and directly impregnated in a mesoporous
TiO2 coating deposited on glass beads. The spectral intensities of the Cu and Zn signal
demonstrated good correspondence to the synthesis protocol and confirm the quantitative
deposition of the CuZn nanoparticles. Figure 12 depicts in more detail the electron kinetic
energies for Cu and Zn 2p (see Figure 12 a) and Ti 2p and O 1s (see Figure 12 b). Consequently,
the ratio of Cu and Zn nanoparticles heterogenized at the surface can be compared quantitatively
and can be assumed to be equal over the upper layer of the titania film. However, from the
Cu50Zn50 spent catalyst it could also be shown that over a run of 36h the signals of both the
catalyst (CuZn) and the support significantly dropped, indicating leeching of Cu50Zn50/TiO2
catalyst from the glass beads subtrates.
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Figure 11.X-ray photoelectron spectra of CuZn/TiO2-based catalyst coated on glass beads as packing in a
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Synchrotron X-ray absorption spectroscopy. X-ray Absorption at Near-Edge Spectroscopy
(XANES) is based on the absorption of X-rays and the creation of photoelectrons in the similar
way as in XPS. The added value of synchrotron X-ray is the large penetration depth and increased
residence times of X-rays in the solid sample, which allows monitoring of scattered excited
photoelectrons by neighbouring atoms and is visible in interference effects in the X-ray
absorption spectrum. This phenomenon consequently results in much more detailed and even
more quantitative data with respect to the degree of oxidation and the atom cluster structure of
both Cu and Zn nanoparticles. This technique yields detailed information on the distance, number
and type of neighbours of the absorbing atom, and thus gives insight into local structure on the
sub nanometer length scale.
In this project the XANES experiments were carried out in the European Synchrotron Radiation
Facility in Grenoble and catalyst spent samples were analyzed similar to acquire relevant
information. The sample preparation and analysis were more or less similar to the XPS samples;
nevertheless the data processing and interpretation required more advanced skills. Figure 13a
shows the XANES spectra at increasing temperatures using an in-situ hydrogen flow cell. The
typical feature of a reduced catalyst is reflected in decreased absorption edge; whereas the
nanoparticle sizes and crystallineity appears in arise of pre- and post-edge peaks. These features
were used as key parameters to investigate influence of Zn as co-metal. In figure 13b the XANES
spectra of three different spent CuXZnY catalysts with varying X/Y-ratio are shown. The decrease
of the pre-edge at increasing Zn-loading indicates that the Zn-rich catalyst appears to be
predominantly present in the reduced state. Therefore the catalyst activity was retained due to
preserved reduction state even after catalyst use for 12 hrs.
Catalyst surface microscopy
Scanning electron microscopy.SEM analyses were used to determine the size and shape of the
supported catalyst. As a result of the electron beam characterized by a wavelength less than 1Å,
monitoring of the catalyst at the nanoscale was realized. Catalyst surface morphology was
analyzed using a FEI Quanta series FEG 3D G2 SEM with an acceleration voltage of 5 kV and
magnifications between 5,000x-100,000x, providing a lateral resolution of 50 nm2. Surface
elemental composition analysis was done by Energy-dispersive X-ray spectroscopy at a spot size
of 50 nm2and an interaction-volume of 100 ȝm. Scanning electron microscopy involves rastering
a narrow electron beam over the surface and detecting the yield of either secondary or
backscattered electrons as a function of the position of the primary beam, which provided in this
research a nanoscopic resolution up to 100 nm.
Both the freshly prepared and the spent catalyst were analyzed using SEM. The resulting images
are shown in Figure 14 and 15, respectively. A titania film support deposited on the glass beads is
clearly visible in Figure 14b and c shown at a film crack due to glass surface defect. At higher
magnification the film coating appears to consist of nanosize particles which form the porous
structure of the support. Figure 15a shows the spent catalyst surface which appeared to be
changed by the microwave irradiation leading to surface cracking and highly inhomogeneous
catalyst film (Figure15b). However, the porous character of the support at the nanoscale is
partially still preserved and can be seen in Figure 15c.
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Figure 14.SEM images freshly prepared Cu50Zn50/TiO2 coated onto glass beads showing the porous thin-film titania
support.
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Figure 15.Spentcatalyst Cu50Zn50/TiO2 coated onto glass beads after microwave irradiation showing cracks on the
coating due to the irradiation.
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Figure 16. HR-TEM images of Cu50Zn50/TiO2 at a magnification factors from 105 to 106. Images a) and b) depict
clearly the porous structure of the titania support, where nanoparticles of ca. 6 nm are clearly observed in image D.

Figure 17.1H-NMR spectra and peaks of reactant mixture (a) and product (b) at the chemical shift of aromatics.
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High resolution transmission electron microscopy.HR-TEM provides sub-nanometer resolution
of the surface; however, no topology and surface composition sensitivity (as in SEM) can be
done. Typical conditions of a TEM instrument are 100-200 keV electrons, 10-6 mbar vacuum, 0.5
nm resolution and a magnification factor up to 106.HR-TEM images were done using a FEI
Tecnai G2 Sphera transmission electron microscope with an acceleration voltage of 200 kV. The
solid catalyst (250-500 mg) was pulverized and suspended in 2 mL ethanol, before a volume of
30 µL of the suspension was dip-coated onto a 200 mesh molybdenum grid and subsequently
dried at ambient conditions.
Figure 16 shows the catalyst and support structure at the nano-resolution, where the porous titania
structure is clearly visible in Figure 16a and the catalyst nanoparticles in Figure 16d. Although no
in-depth study on the particle sizes and distribution onto the support was done, estimations based
on the present HR-TEM images, led to a particle size range of 5-9 nm.

3.4. Analytical techniques and methods
Nuclear magnetic resonance spectroscopy.1H NMR data were collected on a Varian 400 Magnet
NMR spectrometer (400 MHz). Spectra were obtained at 27 ºC and chemical shifts are internally
referenced to tetradecane (C14H30) and calculated relative to TMS. Chemical shifts are expressed
in G ppm. Figure 17 shows the 1H NMR spectra (CDCl3; 8.4-8.6 ppm) of the reactants (a) and
product (b) after full conversion. The 1H NMR assignments are: G 8.48 (d, J = 4.0 Hz, 2H), 7.44
(t, J = 8.0 Hz, 2H), 7.29–7.25 (m, 1H), 7.11 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H). As
shown in Figure 17 the proton peaks of the product are slightly shifted with respect to the protons
of the reactants. Thus, the conversion could be straightforwardly determined by calculating the
conversion based on the peak intensities. However, the use of an internal standard made it
possible to determine the concentration profiles and determine from these the product yield and
the reactants conversions.
High performance liquid chromatography. A Grace SmartTM RP-18 5µm apolar column with an
internal diameter of 4.6 mm and a length of 150 mm was used. A mixture of methanol and water
as a polar solvent was used. A pH-buffer agent was used to maintain pH (0.1% phosphoric acid
H3PO4) at desired level and protonate phenolate before entering the column. A gradient eluent
provided the optimum separation starting with 10:90 and linearly increased to 70:30 methanolwater gradient during seven minutes. The detection method applied in-line with the HPLC was
UV-vis spectroscopy simultaneous at two different absorption wavelengths of aromatic systems
and well above the absorption of water and methanol at 210 nm and 245 nm respectively. A
mixture of all four compounds (potassium phenolate , 4-chloropyridine, dimethylacetamide, and
4-phenoxypyridine ) was prepared, diluted with methanol and injected in HPLC with an injection
volume of 10 µl at a flow rate of 1 ml/ min, under 686 psi column pressure at 25 oC. The UVdetection range has been set at the typical absorption wavelengths
Inductive coupled plasma measurements and optical emission spectroscopy. ICP-OES was used
for the determination of copper, zinc and titanium loading on the glass beads. The measurements
were performed with a SPECTRO CIROSCCD spectrometer at a power of 1400 W. The sample
introduction was performed by a cross-flow nebulizer with a double pass spray chamber and a
sample uptake rate of 2 ml/min. Known amount of catalyst samples were dissolved in H2SO4 (5
M) and stirred for 12 h until all catalyst substances were edged from the silica surface. Separate
metal calibration lines were freshly prepared and inserted each time prior to the catalyst samples.
This way provides metal mass loading and metal ratio numbers at a 99% accuracy range.
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4. Results and discussions
Prior to the microwave experiments and activity measurements in the catalytic fixed-bed reactor,
the temperature profiles have been determine along the length of the catalyst bed. Besides the
temperature profiles in a packed-bed reactor also the temperature profiles in an empty tube were
obtained using various solvents at changing flowrates. As shown in Figure 18 and demonstrated
in the experimental section two temperature sensors (optic fibres with a temperature sensitive tip)
were placed in a thin quartz glass protection holder, which was packed in the cylindrical axis of
the reactor (see Figure 18b). The fibre optic sensors were placed from both ends of the reactor,
which could independently be located and displaced along the axial centre line of the reactor. The
catalytic activity measurements were done at optimized location for temperature measurement
and control.

4.1. Axial temperature profiles in a Cu-based fixed-bed millireactor
The temperature history (according to the setup shown in Figure 4) obtained at a flow rate of
5ml/min in the fixed-bed reactor using only reaction solvent (dimethylacetamide) is shown in
Figure 19 at a constant temperature (~140 oC) and variable powers (with Pmax=80 W).
Temperature controllerT1was used in an auto controlling mode at the outlet section of the reactor
(position D0 in Figure 4) while T2 sensor was moved axially along the inlet section of the reactor
(30% of reactor length) at discrete distances of 2.5 mm from the inlet of the reactor (referred to
C0-C5 in the experimental part).Figure 19a shows that ca. 10 sec was required to reach the set
temperature at D0starting from ambient temperatures and consecutively smoothens towards a
constant temperature. Although the temperature gradient over 12.4 mm of the inlet section of the
catalyst bed shows hardly any axial gradient, a temperature difference between outlet and inlet of
ca. 25 oC was still observed due to the unregulated power input (see Figure 19b).
Similar experiments were carried out using a temperature controlling sensor at the inlet of the
catalyst-bed with a fixed MW power input of 65 W. Figure 20a shows the temperature profiles at
the inlet section of the catalyst-bed which demonstrate much higher axial gradients and a strong
overshoot at the initial heating rate. At the outlet (Figure 20b) the axial temperature gradients
appeared to be less, but the severity of fluctuations increased. However, the overshooting
appeared to decrease along the length of the cat-bed which indicates reduced microwave
absorbance by the copper catalyst and controlled microwave input response at start-up. From
these experiments it can be concluded that controlling the power input by a set temperature leads
effectively to much more stable conditions and negligible temperature overshoot at start-up
conditions. Nevertheless, the flowrate needs to be adjusted and microwave power pulse must be
controlled to minimize temperature gradients over the length of the reactor using a PID-control
system.

4.2. Temperature and microwave-power control in a continuous chemical process
In a consecutive step the reactants (potassium phenoxide, 4-chloropyridine and 18-crown-6) were
added to the solvent to envisage their influence on microwave absorption and temperature
patterns during flow operations at a constant flowrate and power input. Figure 21 displays strong
temperature fluctuations at the inlet (blue) and outlet (red) of the reactor and therefore
demonstrates instable temperature behaviour along the complete length of the reactor using a
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constant power input (200W). In some cases the outlet of the reactor exceeded the safety rooftemperature which resulted frequent in extreme overshooting and safety shut down of the process.
The presence of strong microwave absorbing salts in the reaction mixture clearly increases the
complexity of temperature control and the PID-response on power input. Figure 22 depicts the
temperature profiles obtained in a batch loop reactor with auto-PID control for the microwave
power input based on the set temperature at the outlet of the reactor. The flowrate was maintained
constant at 20 ml/min and the temperature was measured at the outlet of the reactor showing very
stable temperatures in Figure 22a due to the auto-PID controller. As a result of the changing
reaction composition (increased KCl production) and the related microwave absorption properties
temperature fluctuations increased during the scope of the reaction process (Figure 22b). The total
magnetron power could be adjusted automatically, which resulted in a high response capacity of
the auto-PID controller. However, the efficiency of the process decreased dramatically as more
than 80% of the energy was absorbed by the dead-load.
After resolving the temperature instabilities by introducing an auto-PID control using the deadload microwave absorption as additional controlling parameter, the measured cavity power inlet
decreased significantly. This resulted in overall energy efficiencies above 90% and an energy
supply of only 10W. Figure 23 depicts the T,P-graphs obtained from an one-hour run at 10 W
cavity power.

4.3. Activity experiments in Cu-capillary using “In-line mixing ” in flow chemistry
Initial flow experiments have been done using a Cu-capillary as described in the experimental
section and shown in Figure 7. This experimental setup was used to survey the optimal process
conditions and emphasize on in-line mixing techniques using oil-bath heating to avoid complexity
in heating. In the capillary-based microreactor two type of mixing were applied; a “Y-junction”
where laminar and instantaneous mixing occurs and the “split-and-recombine” mixer where
micro structured mixing and sufficient mixing time is provided (as shown in Figure 24). In the
split-and-recombine mixer a multi-fold mixing pattern could be obtained to increase the contact
time and area of a two flow system as described by N. Zuidhof et al. The main difference
between both mixing techniques is essentially the contact times of the fluids and the mixing
structure, which is strongly influenced by the viscosity difference of both fluids50.
The main parameter that was varied during the experiments was the flowrate and as a result the
residence time in the reactor. Due to pressure drop restriction the operating flowrates in the splitand-recombine mixer could not exceed 0.2 ml/min which led to mixing times around 30-60
seconds. To avoid precipitation of potassium phenoxide in the mixer a heating bath at 50 oC was
used to maintain the salts in solution without any reaction occurring due to absence of the
catalyst. Figure 25 depicts the results comparing the chemical productivity of the Y-mixer (a) and
the split-and-recombine mixer (b). The productivity is defined as the hourly production term of 4phenoxypyridine per unit surface catalyst, which is similar to the reactor surface. Multiplying this
term by the reactor length would result in the reactor productivity term as a way to compare
reactor performance study; however this was not performed in this study.
Although the range of operating flowrates is not very well comparable it is clearly shown that the
chemical productivity drops from 0.13 to 0.07 gprod•m-2cat•hr-1 at increasing flowrate from 10 to 20
µl/min using an in-line Y-mixer. At flowrates above 100 µl/min no product was formed even at
increased residence times using a recycle loop reactor in the process. After comparing the
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Top view
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Mixing mechanism

Bottom view

Figure 24.Structured mixing by the split-and-recombine mixer showing a schematic viewof the mixer and the in-line
mixing process during the Ullmann etherification reaction.
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composition of the outlet stream at different flowrates it was concluded that hardly any
4-chloropyridine (as fluid 2 in Figure 24) could be traced but only the potassium phenoxide (as
fluid 1 in Figure 24). Therefore the Y-mixer would lead to preferential flow of the highly viscous
and dense salt fluid, which was also observed previously using T-mixers. The split-andrecombine mixer (Figure 25b) shows that the flowrate hardly influences the chemical productivity
albeit at comparable yields obtained from the Y-mixer. From these results it was concluded that
the establishment of a two-flow system with different viscosities it is necessary to ensure
sufficient mixing time using micro structured mixing techniques. Therefore the Split-andRecombine mixer has been used in the further research presented below.

4.4. Activity experiments in the fixed-bed reactor using single mode microwave heating
Based on the previously obtained results a microwave setup was built for continuous microwave
operations in a CuZn/TiO2 based catalytic fixed-bed reactor. The packing of the catalyst in the
tubular reactor is described in the experimental section and shown in Figure 3. In these
experiments the knowledge obtained as described in section 4.1 and 4.2 has been applied to
control the temperature inside the catalyst bed. Mainly isothermal behaviour over the length of
the catalyst bed must be maintained. The in-line pre-mixing of the reactants stream has been
developed according to section 4 and the entire setup was displaced to the microwave system.
4.4.1. Influence of catalyst composition
A fixed bed reactor was used to examine the influence and activity of a CuxZny/TiO2/SiO2catalyst
by addition Zn as promoter and varying the molar composition of Cu and Zn in the catalyst.
Figure 26 shows the yield and productivities of the different catalyst composition where the
highest yield of 26% was obtained using 0.5:0.5 Cu/Zn-ratio at an overall metal loading of 1
wt%. Although the catalyst-bed temperature was maintained at 140 ±3 oC measured at the centre
of reactor. Comparable to the Cu-capillary reactor in oil-bath heating the microwave the fixedbed milli reactor showed almost a doubled yield increase for the Cu/TiO2 catalyst and a threefold
increase for the CuZn/TiO2 catalyst. However, using a Cu0.3Zn0.7/TiO2 ratio appeared to decrease
the yield comparably to the Cu-capillary reactor around 11%. The yield drop is possibly caused
by the abundant ZnO formation soon after the start of the reaction, which led to coverage of the
Cu active sites. Nevertheless, the overall productivities obtained for the Zn-promoted catalysts
appeared to be an order of magnitude higher compared to the pure monometallic Cu catalyst and
the Cu-capillary based reaction.
4.4.2. Catalyst segmentation for selective microwave absorption of the Cu catalyst
In a next step the catalyst part of the fixed-bed reactor was divided in multiple segments over the
length of the reactor to ensure complete catalyst coverage over the entire microwave irradiation
region. In this way the effective catalyst bed equalizes the “microwave region” length and
therefore the residence time in the catalyst bed is equal to the residence time in the microwave
cavity. The obtained yield and productivity of a twofold, threefold and fourfold segmented
catalyst bed are shown in Figure 27a, b and c respectively. Figure 27 also shows the catalyst
segmentation structure for the three different reactors. It was shown that the increasing number of
catalyst segments resulted in increased product yield up to 75% yield for the fourfold and 57%
and 40% yield for the twofold and threefold catalyst bed, respectively. These high yields have not
yet been achieved previously using flow chemistry and certainly not in microwave flow systems.
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The overall productivities also increased with a factor 5 using multi segmented catalyst bed as
compared to the single segmented catalyst bed for different flowrates. At a best a productivity
of21 gprod/m2cat/hr could be achieved using a fourfold segmented catalyst bed at 0.5 ml/min.
4.4.3. Catalyst temperatures inside the Cu-catalyst bed
The fact that multi segmented catalyst has demonstrated higher production efficiency was found
in the increased utility of the microwave irradiation segment by spreading the catalyst over the
complete microwave segment. In this way the average temperature over the whole fixed-bed
increased and approaches the local catalyst temperature. To prove this idea the temperatures in a
single segment fixed bed reactor were measured at the inside and outside of the catalyst part using
various flowrates. Figure 28 shows the experimental setup with the annotated points (a to k)
which resulted in an axial temperature gradient shown in Figure 29 for the in-operando setup.
Since also the DMA solvent absorbs the microwaves during measurements, the temperature
gradients in the catalyst segment are shown for toluene (Figure 30) as a microwave transparent
liquid. From Figure 29 we observed that the temperatures is highest at the catalyst segments
(points f, g, h and i), but drop at the outlet (points j and k). This phenomenon is independent of
solvent flowrate, which proves the selective microwave absorption by the solid rather than liquid.
Moreover, using microwave transparent solvent (toluene) in the fixed bed reactor resulted in
similar temperature profiles albeit at lower temperatures, which confirms the selective Cu
absorption of microwaves.
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5. Conclusions
Very fast and precise temperature control was attained using integrated MW-power to
temperature PID system and was successfully applied in various continuous processes. During the
setup built up integrated MW-transparent thermocouple wells were designed to measure
temperatures at different axial positions of the reactor which resulted in accurate temperature
measurements and fast power input response allowing correct determination of the axial
temperature gradients. It was found that in case of an empty tubular reactor the axial temperature
gradient at the inlet could be maintained lower than 10 oC at low flowrates, however strong
gradients appeared at flowrates higher than 10 ml/min. The gradients at the outlet section of the
reactor appeared to be minimal and could be maintained below 4 oC. In case of a fixed-bed
reactor it was found that only the inlet section was subjected to much larger gradients than the
empty tube, well above 30 oC with regarding outlet temperatures. The chemical performance was
improved by integrating premixed and post-quenched process units and much more stable
temperature profiles was obtained by tracing of dead volumes in the process, here were any kind
of clogging in pumps, tubes and air bubbles in the setup avoided according to a successfully heatintegrated micro-process in the oil-bath setup. Later on temperature fluctuation could be
minimized to 2oC at power efficiency well above 80% at flowrates around 10 ml/min. Here we
could show a concept, where integration of MW’s and microprocessing could result in an added
and beneficial value in some cases.
Furthermore, by studying the effect of mixing on the performance was clearly observed that the
productivity decreases using the Y-mixer at comparable low yield values, which shows the
necessity of advance mixing for liquid-liquid reaction mixtures. After repeating the same
experiments in mPBR under MW heating, a doubled yield increase for the Cu/TiO2 catalyst was
observed. This shows that not only the micro square process is important, but also the micro
mixing process is important; and that was actually as challenging, as difficult as the idea and the
concept.
However by changing the composition of catalyst and using Zn as co-promoter, was observed
that the highest reaction activity of 26% was obtained by Cu0.5Zn0.5 catalyst which shows a
positive effect of Zn on the Cu-catalyst, while increasing the amount of Zn appeared to decrease
the yield. Here, we have again showed that Zn promoted Cu catalyst provides increased activity,
which is in line with previous batch experiments.
lastly, by studying the influence of catalyst structuring in MW field , was observed that the
increasing number of catalyst segments resulted in increased product yield up to 75% yield for
the fourfold catalyst bed, which have not yet been achieved previously using flow chemistry and
certainly not in microwave flow systems. The overall productivities also increased with a factor 5
using multi segmented catalyst bed as compared to the single segmented catalyst bed for different
flowrates. At a best a productivity of 22.5gprod/m2cat/hr could be achieved using a fourfold
segmented catalyst bed at 0.5 ml/min, which is approximately a productivity of 1 kgprod/m2cat/day.
Finally, we could also prove that the chemistry involving microwave transparent solvents such as
toluene and xylene, could still be done beneficially in microwaves.
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6. Recommendations
The successful heat-integration in this micro-process plant for the synthesis of fine-chemicals can
be again used for new model chemistry, where metals or alloys e.g. Cu(Fe2O3) as ferromagnetic
materials can be used as microwave absorber.
According to the results obtained by the use of Toluene and Xylene, the organic synthesis using
microwave transparent solvents can be greatly expanded.
Finally optimizing catalyst position for transient conditions, i.e. heating and cooling temperature
sensitive reactions is here important.
The final recommendation is the multiple use of the milli-reactor by enabling all the 4 microwave
cavities available in the set-up to use in sequence, which can reduce the reflective powers and
improve the overall efficiency.
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Appendix
Appendix A : The experimental set-up
A1.The Microwave setup.The single mode microwave setup (Fricke und Mallah GmbH) is shown
in figure 1; the setup consists of a main waveguide coaxially coupled with four cavities.

Figure 1: Multicavitysinglemode microwave setup, front view left, side view right
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A2.The milli packed-bed reactor.The designed milli packed-bed reactor consist of a glass tube
with a length of 165 mm and ID of 7 mm packed with Cu/TiO2 catalyst deposited on SiO2and
shown in figures 2,3 en 4

Figure 2: The empty mPBR for single mode MW-experiments

Figure 3: The mPBR packed with catalysts and built-up in a microwave cavity

Figure 4: The mPBR after use.
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A3.The micro-heat exchange unit. The micro-heat exchange unit was integrated in the full setup
to cool down the exit flow; the specifications are given in table1.
Cross-flow micro heat exchanger
material
number of micro channels per plate
number of micro structured plate
channel width
channel depth
channel total length
sealing
dimensions of outer device
total volume flow
operational temperature
system pressure
heat transfer coefficient
specific heat transfer area
active inner volume
Pressure drop

stainless steel SS 304
9
52
0.7 mm
0.2 mm
12.0 mm
diffusion bonding
22 mm × 22 mm × 14 mm
Up to 130 L/h
Up to 300 °C
Up to 50 bar
4000 W/(m2/K) for water at 30 L/h
12 800 m2/m3
15 mm3
1 bar at 72 L/h watery fluid

Table 1Specification of the cross-flow micro heat exchanger.

Figure 5: The cross-flow micro heat unit.
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A4.The mixing units. The following split-and-recombine mixers shown in figures 6 and 7 were
integrated and used in the full setup.

Figure 6: Split-and-recombine mixer with cooling flow, front view left, side view right

Figure 7: Split-and-recombine mixer without cooling flow, front view left, side view right
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A5.The micro-process setup for microwave heating

Figure 8 :Heat-integrated setup for microwave heated Ullmann etherification reaction

Figure 9:Heat-integrated micro-process setup for microwave heated reaction
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A6.The micro-process setup for oil-bath heating

Figure 10: Process flow setup for conventional heated reaction using Cu-capillary reactor.

The micro heat exchange unit and the mixing units were integrated in the setup.

Figure 11: Heat-integrated micro-process setup for conventional heated reaction, front view left, side view right
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A7.The temperature measurement sensors
Temperature control inside the microwave cavity was carried out using fiber optic temperature
sensors (opSens©, type OTG-A) in a glass well both at the inlet and outlet of the reactor; the
fibers were connected to a signal conditioner (TempSens©, type SCBG (GaAs)).
Specifications:
Temperature sensor
opSens©
Range
Resolution
Precession
Response time
Dimensions
Cable sheating
Signal conditioner
compatibility

Type OTG-A
-40oC to +250oC
0.1oC
+/- 1oC
0.5 sec
1.1 mm OD
TeflonTM
SCBG (GaAs)

Signal conditioner
TempSens©
Number of channels
Sampling rate
Sensor compatibility

Type SCBG
(GaAs)
8
50 Hz
SCBG (GaAs)
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Appendix B : Pressure drop calculations
The pressure drop over a packed bed can be calculated using the following Ergun equation
(equation B.1)
dP
dz



150 * u * ȝ (1  İ ) 2
ȡ * u 2 (1  İ )
*

1.75
* 3
D p2
İ3
Dp
İ

(B.1)

z
µ
Dp
İ
ȡ

Length of the catalyst bed
Dynamic Viscosity of the fluid DMA
Diameter of particle
Porosity or void fraction of the bed
Density of the fluid DMA

m
Pa*s
m
m3/m3
Kg/ m3

0.03
0.661.10-3 by 100 oC
2.10-4
0.38
940

Fv

The volumetric flow

A
d
u

The cross sectional area = ʌ.z.d
Internal diameter
Superficial velocity

ml/min
m3/s
m2
m
m/s

0.5
8.333.10-9
6.59.10-4
0.007
1.264-. 10-5

dP/dz
P

Pressure

Pa/m
Pa
bar
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Appendix C: The porosity determination

Volume of void
can be experimentally determined by filling a 10 ml flask
Total volume
containing SiO2 (250ȝm) with water and measuring the amount of added water.

The porosity İ

Experimentally, maddedwater = mwater in 10ml flask–mremaining water = 9.9097-6.0637= 3.846g
So, Volume added water = 3.846 ml which result in: İ =

3.846
= 0.3846
10
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Appendix D: The 1H-NMR spectra’s

D

D’

E

B’

A’

E’

B

C’

C

A
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Appendix E: The HPLC spectra’s
DMA

4-phenoxypyridine

210 nm

4-chloropyridine

K-phenolate

245 nm

4-phenoxypyridine
4-chloropyridine
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Appendix F :
F1.Experimental values by mesoporous Titania preparation
M ixt u re

C uZn na m e

T i( O iC 3 H 7 ) 4
(g )

Ti (g )

P lu ro n ic
F 12 7 ( g )

Etha no l
( m l)

HN O3 (g )

H2 O
( m l)

0.2116

1

4.445

0.748

0.1894

5.835

0.0173

2

22.28

3.752

0.949

29.175

13 drp

3

22.48

3.785

0.9425

34.175

1.208

2.2157

0.373

0.096

1

0.0902

22.71

3.824

0.947

29.175

3.0647

22.37

3.767

0.9412

29.175

0.2061

Cu

4
5
6

C u/a na ta s e

7

0.234

8

C uZn-N P s
( m l)

3.728

0.968

0.108

o b t a in e d
m a s s a (g )

Ti (g )

C a t a lys t
Wt % T iO 2
lo a d in g ( wt %
C u Z n / T iO 2 )

C a t a lys t
lo a d in g
( IC P
2 6 . 1. 11)

1.0709

1.0636
2

5.4981

0.16

99.84

0.0631

0.52

99.48

0.07

5
4

29.175

T iO 2
a na ta s e
(g )

0.1736

6.337

22.14

S iO 2 ( g )

0.3902

22.18

3.735

0.9425

29

0.108

10

C u51Zn49

0.7876

0.133

0.186

3.95

2 drp

1.9

1.62

98.38

1.34

11

C u64Zn36

0.316

0.053

0.086

2.5

1 drp

1.8

1.72

98.28

2.69

9

12

C u49Zn51

0.4753

0.080

0.1243

1.95

1.5 drp

2

2.01

97.99

1.27

13

C u35Zn65

0.409

0.069

0.1082

1.5

1 drp

2

1.98

98.02

2.26

14

C u72Zn28

0.1702

0.029

0.043

1.3

1 drp

2

1.98

98.02

1.23

15

C u51Zn49

1.0706

0.180

0.288

5.6

1.5 drp

3.2

2.01

97.99
98.00

16

C u49Zn51

0.7642

0.129

0.2022

3.1

1 drp

3.2

2.00

17

C u35Zn65

0.6077

0.102

0.163

2.5

1 drp

2.5

1.67

98.33

18

C u72Zn28

0.174

0.029

0.0466

1.5

1 drp

2

1.93

98.07

19

C u35Zn65

1.0200

0.172

0.2685

3.3000

1 druppe l

5

0.2491

0.146

1.99

98.01

20

C u51Zn49

1.6896

0.285

0.4435

8.8000

2 druppe l

5

0.4833

0.284

1.99

98.01

21

C u49Zn51

1.1938

0.201

0.3170

4.8000

1.5 druppe l

5

0.2958

0.174

2.00

98.00

22

C u72Zn28

0.4260

0.072

0.1148

5.0000

1 druppe l

5

0.1026

0.060

1.98

98.02

23

Cu

0.4550

0.077

0.1205

5.0000

1 druppe l

5.5

0.1074

0.063

2.18

97.82

F2.ICP experimental values

Mixture

C atalysator

C Cu (mg/l)

C Zn (mg/l)

C cu x 500
(mg/ml)

C Zn x 500
(mg/ml)

C Cu (mol/l)

C Zn (mol/l)

C Total
(mol/l)

Cu fractie

Zn fractie

Unkwn

4

Cu

1.0075

0.006

0.50375

0.003

0.0079273

4.589E-05

0.0079732

0.99

5

10

Cu51 Zn 49

1.895

1.89

0.9475

0.945

0.0149105

0.014454

0.0293644

0.51

0.01
0.49

6_1

11

Cu64 Zn 36

1.0825

0.619

0.54125

0.3095

0.0085175

0.0047339

0.0132513

0.64

0.36
0.51

4

12

Cu49 Zn 51

1.2915

1.399

0.64575

0.6995

0.0101619

0.010699

0.0208609

0.49

3a

13

Cu35 Zn 65

0.788

1.493

0.394

0.7465

0.0062002

0.0114179

0.0176181

0.35

0.65

3b

14

Cu72 Zn 28

0.673

0.273

0.3365

0.1365

0.0052954

0.0020878

0.0073832

0.72

0.28

In 25 ml susp
ICP
sample

C atalysator

Mw (g/mol)

C Cu (mg/l)

C Zn (mg/l)

C Cu
(mg/ml)

C Zn
(mg/ml)

mg

Cu

mg

Zn

Catalyst
loading
(wt%)

1

4

Cu

63.546

0.1315

0.01

0.0001315

0.00001

0.0032875

0.00025

3

10

Cu51 Zn 49

64.44

1.4065

1.275

0.0014065

0.001275

0.0351625

0.031875

0.07
1.34

4

11

Cu64 Zn 36

64.2062

3.5155

1.8605

0.0035155

0.0018605

0.0878875

0.0465125

2.69

5

12

Cu49 Zn 51

64.48

1.194

1.34

0.001194

0.00134

0.02985

0.0335

1.27

6

13

Cu35 Zn 65

64.728

1.6135

2.898

0.0016135

0.002898

0.0403375

0.07245

2.26

7

14

Cu72 Zn 28

64.0581

1.6575

0.8015

0.0016575

0.0008015

0.0414375

0.0200375

1.23

65

66

