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1. Background

The ethylene dichloride (EDC) production is risingcause of its close connection to
the polymer industry as a main reactant for praagieinyl-chloride, the monomer used
for the PVC production. There are two common wayslitain EDC, direct chlorination
of ethylene and ethylene oxychlorination. Thered so much information about this
second method compared with the first one, thagsmain reason why a kinetic study
was needed and further knowledge about the catatygbthe process must be reached.

1.1. Vinyl chloride monomer (VCM) obtaining procesgs

1.1.1. Ethylene direct chlorination

The advantage in this process is that requiresriéeveperatures and the global process
is simpler. Therefore, both operating costs andtalapvestment are much lower.

The equation 1.1 shows the implied exothermic reaaith an enthalpy of reaction
value of -180kJ/md[1].

CH, = CH, + Cl, <> CLCH,CH,Cl [1.1]
FeCls + Cl, < FeCl; — Cl* [1.2]

The catalyst used for this process is ferric cherbecause it has a high selectivity
(~99%) to EDC and higher conversions (~100%) tih@noixychlorination process.

1.1.2. Ethylene oxychlorination

Compared with the direct chlorination process, ¢ixgchlorination doesn’t have so
many advantages. The main point in the oxychlonatis to consume the HCI
generated in the EDC cracking process.

The overall reaction shown in the equation 1.4gélly exothermic: -239kJ/mol.

1

The catalyst mainly used for this process is cughnioride. Lanthanum (111) chloride or
potassium chloride can also be added in smallemtgigs to upgrade the cataly&i.

A disadvantage of this process is the higher amaod@iriy-products formed and the
lower selectivity (94-97% to EDC) of the processnpared to the direct chlorination
process since higher temperatures are required.

The reaction can be separated in three steps simailva equations 1.5, 1.6 and 1.7.

CH, = CH, + 2CuCl, — CICH,CH,Cl + 2CuCl [1.5]

1
502 + 2CuCl < CuOCuCl, [1.6]
2HC! + CuOCuCl, < 2CuCl, + H,0
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1.1.3. Cracking process

The EDC cracking is the second and last step totlgetvinyl-chloride whether the
previous step was to obtain the EDC from the etig/ddhe overall reaction process is
basically an HCI extraction from the EDC molecule.

CICH,CH,Cl < CH, = CHCl + HCl [1.8]

The mechanism of this reaction is an initializatppropagation-termination process with

CI' as the free radical of the chain process. Operatanditions for this process are

quite higher than the EDC formation. Pressureshbearet between 1.4 and 3 MPa and
the temperature range is 425-550°C and it stroagbends on the equipment design for
each different process and its variables (as nlass fesidence time, equipment size

and dimensions, etc).

Unlike the EDC production processes, the EDC cragks an endothermic reaction
with a reaction enthalpy of 71kJ/mol.

Initialization:
CICH,CH,Cl < CICH,C H, + CI’ [1.9]
Propagation:
Cl' + CICH,CH,Cl < CICH,C'HCl + HCI [1.10]
CICH,C HCl < CH, = CHCl + CI’ [1.11]
Termination:
Cl' + CICH,C'H, <> CH, = CHCl + HCI [1.12]

In this process there’s a big amount of HCI produdeéhis is why the oxychlorination
process takes more importance against the dirdatichtion; the HCI needs to be re-
used to avoid it from accumulation.

1.2. Methodology

The procedure during the experiments changes deyead the stage of the research.
First of all the kinetic information of all threengle steps is needed. Therefore the
experiments are run in such a way where one remastap is run at a time. This way the
reactions [1.5], [1.6] and [1.7] can be studiedasafely and a kinetic model can be
proposed for every step.

In the figure 1.1 the cycle composed by the thesetion steps is shown with the three
different catalyst states on the triangle’s vedice

Once this part is completed some experiments widherthan one step running at a time
can be performed. With the parameters fitted fréva single step experiments, the
model can be checked by comparing the predictadtsesith the obtained results from
these experiments. Finally some experiments witithe¢e reactants can be performed
so the results can be compared again against tpeged model.
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Cu,OCl,
2HCI

1/20, L}
H.0O

2CuCl N 2CuCb
CH4Cl,  CoHy4
Figure 1.1 Cycle of the three reaction steps.

Depending on what is studied, the operating commstimight change. For the kinetic
study many experiments at different partial press@and temperatures are needed. The
range of temperatures goes from 210°C to 250°Qehitemperatures have not been
used because considerable deactivation was se2BO&C after few 3-reaction-steps
cycles. The partial pressure change depending enctimpound we focus on, the
complete information about the experiments donebeaseen in the table 3.1.

In various experiments the reproducibility of thatatyst was studied. Therefore the
conditions were set constant all along the sekpéements.

Another condition being changed in some caseseidithe in order to find the reaction
step where the catalyst was deactivating the most.
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2. Experimental

2.1. Measurements

Two main devices were used during all the experts@m order to get the necessary
data from the reactions: a Mass-Spectrometer (M8Y a&ltraviolet visible
emissor/detector (UV-vis). With the MS the amouhtwery one of the compounds in
the reactor outlet stream can be known. The U\Vpwwides the information about the
catalyst surface state and a connection betweenetteion evolution and the UV-vis
spectra it’s also expected (see section 3.7.).

After checking that HCI was adsorbing in the MSe(8e5.), probably in the capillary
lines, the MS usage was discarded for the thirg ¢te.[1.7]) because of the poor
trustworthy data obtained. On its place a pH-mstarted to be used by measuring the
acidity of a known amount of distilled water whehe reactor outlet stream was being
bubbled.

2.1.1. UV/Vis spectrophotometer
2.1.1.1. Ultraviolet spectroscopy technique

The UV/Vis spectroscopy is commonly used to idgnfifnctional groups in studied

compounds by locating the bands in an UV/Vis sp&atr

This technique is based on the principle that, whemolecule absorbs the UV-

radiation, an electron is promoted to an excitedestin each situation electrons need
different wavelength to become excited. Therefoneth a wide database with

information about which wavelengths

excites every bond/orbital, the bands in
a UV spectrum can be compared to
identify the nature of the analyte.

As seen in the picture 2.1 the
spectrometer used is an AvaSpec-3648-
USB2 And the light bulb used is the
Halogen one from the AvalLight-DHS
connected to the emissor that is pointing
the catalytic bed in the reactor.

The software used is the AvaSoft for
AvaSpec-USB2 version 7.5.

i
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Figure 2.1 Ultraviolet-visible spectrophotometer device usethie experiments.
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2.1.1.2. UV-vis data

Before starting the experiments, a blank must beedd-or all the experiments the
compound used for the blank is BaS6€b all the UV-vis data is referred to that.

When the blank is done and the catalyst is loadyda start the experiments, the
recording of the Reflectance vs. Wavelength cart.gtar almost all the experiments
done the spectra was saved every 30 secondsptlddpse is good enough for the first
two steps and no big gaps are found there. Fathile: step it was found lately that the
spectra showed changes in a short period of timfersthis step the spectra should be
save every 5 seconds.

In the latest experiments the spectra was savexy é&veeconds in all three steps to
ensure that all the important data is being reahrde

From the data obtained in the experiments the nde¢ixplained in the section 2.3.3. is
followed. The absorption edge energy (AEE) and ieximum peak value in the
Kubelka-Munk Function can be used to set a relatitth the reaction such as the outlet
EDC amount for the first step or the reacted O2w@améor the second one at any time
(see section 3.7.).
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Figure 2.2 Example of UV-vis spectra.

In the figure 2.2 a example of UV-vis spectra shdiws shape and changes of the
spectra during the first two steps of the experimenhere the main changes in the
catalyst are done. In the first step the coppeedsiced from Cti to CU and during the
second step is oxidized again.
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2.1.2. MS
2.1.2.1. Mass spectrometry technique

The mass spectrometry is a technique really usafice it can measure quantitatively
the composition of a sample with a high precisiarfact, the MS measures the ionized
molecules from the mentioned sample so there cdddmore than one signal
corresponding to the same compound with differenization level.

In this study the MS provides the spectrum fromachitthe kinetic transient profiles can
be obtained and used to fit some kinetic modets lan.

A MS has three main parts that are described iméxé lines. Besides that, there will
be also the physical principles from which the gesf the MS parts was based.

- lonization source The first part of the MS, here the analyte isZzed. There’s
a filament which provides the electrons and a #&i@gtrode which receives the
flux of electrons and stabilizes the emission. Tigio this electron flux the
analyte (in this case a continuous stream) goemdrafter the collision with the
electrons, the molecules in the stream are ioniEsal)y to the next step in the
MS.

- Mass analyzer Since the stream is ionized a separation methasl th be
applied to distinguish the different compounds. ThES uses the mass
differences to separate the different moleculethefstream. The way to do it is
by applying a magnetic field or an electrical fietlkis would generate a force to
all the ionized molecules. The point on this ist tie molecules have the same
lineal velocity and the same strength applied,afoee the acceleration applied
on each molecule depends on the mass; the highesst-molecules will trace a
curve with wider radius and the lowest-mass ondistrace a curve with shorter
radius.

Then, the higher the molecule mass is the fartheiound from the curve’s

center of curvature. In the figure 2.3 a schemehef previously explained is

shown. So far was supposed that the charge fromothieation was constant

among all the molecules, but that’'s not true. A eoale can be more charged
than another one and the charge acts inverselyogiopal to the mass: The
higher the charge is the shorter is the radiub®fcurve traced.

This design of the MS is based on the Lorentz fdage [2.1] that relates the

electric or magnetic field with the particle veltygicharge and strength applied.



Kinetic study of oxychlorination process Gerard Ayuso Virgili

lonized beam .
Electric

field

Lower mass M l l » Higher mass
Higher charge Lower charge

Figure 2.3Example of how the MS separates the moleculedfefent size and
charge.

- Detector. Finally, there’s the part where the ionized males collide with the
detector. Since the particles are separated depgdi their mass-charge ratio,
the intensity detected of each type of ion is easy.

Lorentz’s force law:
F=q-(E+%xB) [2.1]

Newton'’s law:
F=m-d [2.2]

Combining the equations [2.1] and [2.2]
m (E + ¥ xB)

[2.3]

q a

.-

Figure 2.4Mass Spectrometer used in the experiments.
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2.1.2.2. MS data

The analyzed stream is the reactor outlet flow Is® reaction products, unreacted
compounds and the inert gases can be detected. iBacsompounds reach the MS
detector, the ion amount is measured and it's aiy&al on the MS screen plot.

On these profiles, the Intensity vs. time plots banseen for each ion, there’s a little
delay time before the MS registers any change madethe process (like
opening/closing valves or changing flows) but iBigiot a problem since the important
part in the profiles is their shape and their depaient versus the time.

The blank from which a comparison with the expentakédata can be done is recorded
right after the end of the reaction when the ra#cis not supposed to react with the
catalyst anymore. Unfortunately in some early expents an overshoot was observed
during only the reaction part, not in the blank tpdrhis phenomenon could be
explained by a punctual heating up in the catalggd due to the exothermic reaction
which might cause an acceleration of the flow beeanf its expansion effect under the
effect of a temperature increase.

Under these circumstances a second blank systesndneg was performed. An inert
gas was injected in the reactor at the same tirtfetive corresponding reactant for each
step. The inert gases used were either Ar or Hetlandjas ratio between the inert gas
and the reactant was previously known. Therefdre,MS could record both reactant
and inert amounts and since the gases ratio wasrkrntbe theoretical reactant amount
could be predicted from the inert gas profile.

6,90E-06 1
s00e-06 {
4,90E-06
Q)
£ 3,90E-06 1 —— Ethylene flow (mol/s) cat
= —— Ethylene flow (mol/s) blank
o
= Ethylene substracted (mol/s)
5 2,90E-06 -
o
IS
1,90E-06 T
9,00E-07 A
-1,00E-07 - T T L B e T/
0,00 100,00 200,00 300,00 400,00 500,00 600,00 700,00
Time (s)

Figure 2.5Blank line calculated from the Ar data, ethylemefile during the
experiment and EDC amount calculated.
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2.1.3. pH-meter
2.1.3.1. pH recording technique

During the step in which the chlorination reactiovmas studied, for some late
experiments, the pH-meter was used in order to uneake pH from a solution where
the reactor outlet stream was being bubbled. Thsraghe amount of HCI not reacted
would be absorbed and measured by the pH-meter.

The reason why this method is used for the thieg ststead of the MS is because HCI
adsorption was detected on the MS capillary tulves the data obtained from those
experiments are not good to use.

Obviously the pH-meter has a precision much loweantthe MS and that’'s the
drawback of this method. Since the HCI flow is dang the concentration of HCI
absorbed rises linearly and that makes a logarghinprofile for the pH which cause a
lot of error after some minutes when the pH readbesvalues and its decreasing rate
gets slower and slower. Fortunately this step igegiast and it is normally finished
after reaching the high error area.

2.1.3.2. pH data

For this experiment distilled water was used asdient for the HCl. The amount of
water was calculated in a way that the concentratioesn’t rise too fast and the pH
curve at the beginning of the experiment has a simeo@rofile.

Finally the volume of water used is 2 liters, higkielumes would provide better profile
definition at the beginning of the experiment aodér volume would be useful to run
the experiment for longer time with less error. Teeision came from a compromise
between these two statements.

A blank for these experiments is needed too. Aslagx@d in 3.5. there’s HCI
adsorption on the catalyst support. Therefore liais to be taken into account when
calculation the HCI consumed by the reaction.

For the blank experiment the reactor is loaded Withcorresponding weight of support
v-Al,03 that was used in the experiments as a part ofatadyst. This way the mass of
support in both experiment and blank would be #maes The temperature is set to the
experiment temperature and then the HCI amounth@n reactor outlet stream is
recorded with the pH-meter.

By using this system it is supposed that the catgdgesence in the support won't affect
the amount of HCI adsorbed per gram of support vltis not clear if it's true.

2.2. Catalyst

The catalyst used for the chlorination of the ethgl is CuGly-Al,Os. In this case,
when the first reaction is in process the chloneactant is directly removed from the
surface of the catalyst.

When chlorinating the catalyst, the amount of @hded to the catalyst remains
theoretically constant and that depends on the atafuCif* loaded at first during the

preparation of the catalyst. Therefore, after theparation of the catalyst, there’'s a
maximum amount of chlorine that can be loaded enctitalyst. Some more chlorine is

11
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seen to be adsorbing on the support in additidghetatalyst as explained in the section
3.5.

2.2.1. Active compound

In order to spread it all around the support s@rfie wetness impregnation method is
followed. In the section 2.3.1 further explanatiah®ut the procedure can be found.

Even though both Giiand Cl were loaded on the support, thé i€Inot really a part of
the catalyst. The active site is the copper sodhi$ the support are the two different
parts composing the catalyst. Thé 8ljust adsorbed on the surface ready to reatt wit
ethylene as one of the reactants for the productid&DC.

2.2.2. Preparation of the Catalyst

When a catalyst is going to be prepared, the mamarpeter that has to be set is the
copper load which is recommendable to be withinrtmge of 1%-6%. Higher copper

loading might cause the layer of copper to aggeegabigger particles on the support
surface.

Once the support mass is weighted the theoretioadlys of CuGlcan be calculated as

described in 2.3.1. When weighting the mass of gtitére’s no need to get the exact
calculated mass because the copper load is cadubdterwards from the weighted

compound amounts.

After the mass of Cuglis known, the mass of water needed is calculatetthes water
uptake of the support equals the water in the g@€bO + H,O mixture prepared,
known as incipient wetness impregnation method.

After the impregnation, the catalyst is dried incaen at 120°C overnight.

Finally the catalyst can be sieved using the si@eethe final catalyst can be obtained
with a diameter between 75 and 15@ When the amount of catalyst obtained from the
sieving is not that much, a pellet machine is usedrder to get bigger particle
diameters.

2.3. Calculations and data processing

All the calculations implied in the data treatmare further explained in the following.
2.3.1. Catalyst preparation

During the preparation of the catalyst, some caltahs need to be done in order to
know the amount of Cughnd HO that is going to be used to prepare the impragmat
solution.

First of all a copper load has to be supposed.dEfiaition of this load is the fraction of

copper mass in the catalyst after its preparatioithe equation [2.4] this definition is
expressed in equation form:

12
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Mcey
Wy = [2.4]
msup + mCuClz

Due to the fact that only CugCtihydrated is available, the equation 2.5 is ndetde
replace the unknown variables agjrand ngyciz.

M;
m; = ———— ' Mcycl,-2H,0 [2.5]
mCuClz<2H20

i: index valid for Cu and Cugl

In the equation [2.5] there’s the molar ratio besweCuC}- 2H,0O and both Cu / Cugl
missing. This is so because it's obvious that tai® must be equal to 1, therefore the
stoichiometric coefficients have not been writterthis formula.

Combining equations [2.4] and [2.5] and isolatihg tihyrated CuGlmass, this can be
calculated from the mass amount of support andcthgper load wanted for this
catalyst:

Wey * Meup * Meyct, 20,0

[2.6]

Mcyct,-2H,0,t =
2 2Y, — .
Mcy — wey - Meycy,

Evaluating the equation [2.6] there’s a considerathat needs to be taken into account.
The denominator part of the equation shows, M Wey Mcuciz, this term can reach a
value of 0 when w,= Mcy/Mcuce= 0.473 and this means the mass of dihydrated £uCl
tends to infinity for such copper load. This happé&ecause besides the copper load
when preparing the catalyst, there’s also a loa€ldahat is taken into account when
calculating the w.

Anyway this shouldn’t be a problem because low nfi@tions of Cu are being used.

The next step focuses on knowing the amount of wateere the CuGlhas to be
dissolved. The incipient wetness impregnation metisdfollowed in order to know the
exact mass of water that the support can uptakethisocalculation the water molecules
hydrated in the Cu@lkalt was taken into account.

As can be seen in the equation [2.7] the subtna¢&om on the right part corresponds to
the amount of water that is actually in the Guszllt.

My, 0

My,o0,t = PV - Mgy — Heuct, * Meuct, 20,00 [2.7]

Both water and Cu@lcalculated masses are the exact theoretically atmajteach one.
During the catalyst preparation there’s no neegetothe exact calculated number but a
close one. Therefore, as the final calculation ttepreal copper load can be found.

The equation [2.9] shows the way to calculate thgper load. The root of this equation
is the equation [2.4] but with one added parame®nce it is possible that the
impregnating solution had not been completely ugled,following mass fraction is
introduced in the formula:

mimpregnated

[2.8]

Wimpregnated =
Mcyct,2H,00 T Mu,o,r

13
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Which simplifies the final equation to:

MCu
Wy = 7 [2.9]
msup,r CuCly-2H,0 +M
C'U,Clz

Wimpregnated * Mcucl,-2H,0,r

When it comes to introduce dopant compounds theulzlon change a little bit. Not
only has the copper load to be set but also themratio between copper-potassium-
lanthanum. In the formulas the variablatio” corresponds to the number of moles of
the specified compound (e.g. If the Cu-K-La is %;1lthe ‘ratio” values for Cu, K and
La would be 5, 1 and 1 respectively).

In the equation [2.10] there’s the definition fdretWe, in this case, which is an
extension of the equation [2.4].

W = Mcy
cu —
Mgy + Meycr, + Micr + Myact,

[2.10]

For the masses of KCl and LaClI3 to be substituteslequation [2.11] can be used.

M; ratio;
m; = ——— Mcycl,-2H,0,t ration — [2.11]
Mcyucly-2H,0 CuCly

i: index valid for CuCJ, KCl and LaC}

Now the amount of CuCl dihydrated can be known fritra equations [2.10] and
[2.11].

Meyct,2H,0,t

_ Weu " Msup,r MCuClz-ZHZO [2 12]

M w M M ratiogc; ratiopaci,
Cu Cu cucCl, KCl ratioCuClz LaCls ratioCuClz

Since the ratio of Cu-K-La was set before, the K@l LaC{ masses can be known by
using the equation [2.11]. At this point, the ombriable remaining to be calculated is
the water mass for the solution preparation andureer impregnation. The equation
[2.13] shows that the amount of water to be weigliéehe amount that the support can
uptake minus the water already present as hydvedger n the CuGland LaC4 salts.

My,ot = PV - Mgyp,r

My, o0 My, 0

2 2

—Hcyct, - Meuct, 20,0, * Mo Hiacty, - Miacis- 78,0, Mo [2.13]

CuClz'ZHzo LaCl3-7H20

Once all the compounds are weighted the real cdppdrcan be calculated

Wcu M

= cu : : [2.14]

Msup * Mcuct, 28,0 n (M Mo ratiogc; ) rathLaClg)

Wimpregnated * Mcucl,-2H,0,r Cucty ket rathCuClz Lacls ratloCuClz

14
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2.3.2. MS data processing

The MS records the intensity of each ion, that'syvehmethod is needed to convert
these data into molar flow. From the calibratioristt,e MFC shown in 2.3.5 the
volumetric flow can be calculated, using the idga$ equation the molar flow can be
known. The way to correlate the intensity signal #me molar flow is by measuring the
intensity increase when the known flow is injectedl that difference in the intensity
signal will be the equivalent of such molar flowheh the flow during the kinetic stage
can be known by applying a simple proportionalitiie equation [2.15] shows how it's
calculated.

The numerical method is applied in the range otiesli = [1, 2, 3 ... N-2, N-1, N].
Where N is the total number of points recorded.

| A
n=——n [2.15]

max
Imax - Imin

Since the molar flow of the products, like EDC,nist known, the equation [2.15]
cannot be used. There are two different methodkriowing the product molar flow
using a blank system.

The first one was used in the early experiments iarmbnsisted of re-injecting the
reactants after the reaction, no reactants woulccdresumed and the shape of the
Intensity vs. Time curve could be compared withdhe where there was reaction. The
difference in the intensity when both curves werertapped would show the consumed
reactant (see equation [2.17]). Unfortunately sopmeblems appeared using this
method. An overshoot in the flow showed up durimg teaction (both reactant and inert
had it) and not during the blank as explained m gkction 2.1.2.2. There were some
cases where the overshoot was not intense but stnee times it would rise even
higher than the blank curve; this would make tha dausable.

For this reason a second blank method was propmsedised. In this case the blank
curve wouldn’t come from a secondary record withyfueacted catalyst. It would be

taken from the inert gas (Helium or Argon) thatsed for lowering the partial pressure
of the reactants. Since the molar ratio betweendhetant and the inert flow is known,
the theoretical amount of reactant could be caledl&rom the amount of inert gas and
that ratio. This ratio is normally calculated aetbnd of the experiment, when the
reaction is over and both inert and reactant flosegh their steady state.

Then, if there were an overshoot, it would affeathbinert and reactant so this problem
would be solved because the overshoot in the gestflow would be used to correct
the theoretical reactant flow.

. . flreactant,ss

Nplank,i = Ninert,i * [2.16]
ninert,ss

nproduct,i = Npiank,i — Nreactant,i [2'17]

Once the product flow is known, the reaction rade be calculated. In the equation
[2.19] the reaction rate is calculated dependinghencatalyst mass but it could also be
calculated depending on the copper mass by indiuitii@ copper load in the equation.

15



Kinetic study of oxychlorination process Gerard Ayuso Virgili

n roduct,i

X; = 22t [2.18]
Npiank,i

_ Xi - Npiank,i 219

rproduct,i - [ . ]

Mege

The amount of Clof CuCl reacted can be known directly from thected reactant. In
the equation [2.20] the integral uptake of anylwse compounds is calculated. This
information will be useful afterwards when plottinthe reaction rate versus the
remaining compound (Clor the first step and CuCl for the second one).

7 - At
U, = 2ottt T2y, [2.20]
Mege * Weu

For the first step, the theoretical total amountlblorine loaded can be calculated in
mol using the equation [2.21] which relates thaltotass of the sample and the,w
This chlorine is the total chlorine that would Ipethhe catalyst in the hypothetical case
that every one of the copper atoms had two chlatoes bonded.

With this value and the calculated integral uptakehlorine from the experiments, the
% of reacted chlorine can be calculated with a Brdprision.

. Meagt * Weu
Chlorine amount = .
MCu

2 mola]

ol [2.21]
The same equation [2.21] can be used to calcuiatavailable CuCl only changing the
ratio of 2 mo¢y/molg, for 1 mok,c/molcy.

2.3.3. UV-vis data processing

The data processing for the UV-vis spectra is gsitepler. The raw data obtained
shows the % reflectance for each wavelength (nnsjindgJthe equation [2.22] the
photon energy is calculated from the wavelengthnm, the Planck constant in
eV-s/cycle and the speed of light in m/s.

h-c-10°
hy = ——— [2.22]

The Kubelka-Munk function [2.23] is used as a poesgi step in order to get the
adsorption edge energy (AEE) from the UV-vis seeaind the maximum value of the
peak from which a correlation with the MS dataos€ in the section 3.7.

1—Ry)?
F(Ry) = % [2.23]
[F(Rs,) - hv]'/? [2.24]

Then the [2.24] is plotted versus the photon endrggrder to obtain the AEE a linear
fitting in the slope of the peak has to be dones photon energy value where this line
intercepts with the minimum energy value of thekpsahe AEE.
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[e)} ~ (o] (Vo]
1

[F(Rw)hv]/2
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110 1,5 2,0 2,29eV ;5 3,0

Photoenergy (eV)

Figure 2.6 Example of how the AEE is obtained.

The blue line in the figure 2.6 is the linear figifor the slope on the side of the peak.
The red line is the minimum energy in the KMF (2eA8"% and there is where the blue
line is wanted to be intercepted. In this examplke AEE is 2,29 eV because it's the
photon energy value of that interception point.

2.3.4. pH-meter data processing

The pH-meter gives no big trouble for the data pssing. The equation [2.25] shows
the direct relation between the pH and the molaceaotration of HCI.

mOI] [2.25]

[HCl]l = 10_pHi [T

Two different blanks were recorded in order tomete information from this step. One
blank was recorded with the reactor empty becaoseedlittle amount of HCI was
adsorbing on the lines. Therefore this could cartee data erasing the HCI-to-line
adsorption from the experimental data.

Another blank was needed because it was discotkatdhe HCI was highly adsorbed
by the support used in the catalygtAl,Os. Then the blank was recorded using the
corresponding mass of support that was preserftercatalyst during the experiment.
The reactor would be filled with only that suppand then the amount of HCI adsorbed
on the support and the lines could be withdrawmftbe experimental data. See section
3.5. for further information about this.
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2.3.5. MFC calibration

A calibration for the MFC was done so the flow atlk compound can be known from
the % of the maximum flow available in the MFC. Bome compounds the same MFC
is used and a selector valve is disposed just @afochoose which compound is going
to be used. The following equations show thesdclons.

VAr pure — 0.03926 - Apyy pure [2.26]
VHe pure — 0.0393 - Appe pure [2.27]
Var = 0.02703 - Ap,, [2.28]
Vye = 0.0275 - Apy, [2.29]
Ve,n, = 0.1512 - Apc,, [2.30]
Vair = 0.1229 - Ap iy [2.31]
Vo, = 0.1166 - Ap,, [2.32]
Vyer = 0.01362 - Apye [2.33]

2.4. The setup

The experiments were performed in a setup whoskgtwation is explained next.
In the figure 2.7 the setup process flow diagractisplayed with a properly explanation
of the instruments and equipments used for itsecbwperation and control.

7
’

He pure

’

’
’

Ventilation

¥
Reactor

Ethylene Ventilation

IMFC] ry

o 6

Ar

He
HCI —
MEC

Figure 2.7 The PFD of the setup used for the experiments.
Notes for the figure above:

3-way-valve used to let either ethylene or oxydenugh the setup.
3-way-valve used to let either argon or helium tiglo the setup.

3-way-valve used to select in which 4-way-valve dhgon must flow.

Remote controlled 4-way-valve used to change tgeraflow to the ethylene/air
flow in a short period of time when starting thgpexment.

PwpE
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5. Manual 4-way-valve used to change the argon flovth® hydrochloric acid
flow when starting the experiment.
6. Check valves used to avoid backflow.

The reason of having two inert gas streams isdahat(Helium pure) is used to flow as
an inert through the reactor while the stream efriext experiment is being prepared.
The other stream (Argon/Helium) is used to mix wtike ethylene or the air in order to
set low dilutions of reactants.

2.5. Experiments operation

The procedure followed in each different part & éxperiment is explained below.
2.5.1. Catalyst activation

Once the reactor is loaded with the catalyst, plas®l attached to the setup the catalyst
has to be activated. Two different activation mdthbave been used and compared in
different experiments (see section 3.3.).

The first method followed consists on setting agemature of 220°C in the reactor with
only inert gas flowing during 50 minutes. Duringsttime most of the moisture will be
removed and the catalyst will be partially activatafter this, the ethylene chlorination
step would be run but it was observed that durhmg first cycle of experiments the
catalyst was not fully activated. For that reasorsegond activation method was
proposed.

Instead of beginning with the ethylene chlorinatiafter 50 minutes at 220°C, the
oxidation is run. It was thought that a longer tidwing the second step would oxidize
all the Cu to CU#* and the catalyst would be ready and fully actiddtem the second
cycle of experiments on.

2.5.2. Ethylene chlorination

During this step the compounds used are He pur@ndesthylene. Through one line in
the remote controlled 4-way-valve there’s only Heepflowing and through the other

there will be both ethylene and He. Since the etiglused is already a mixture of 5%
C,Hg in Ar, the Argon from that mixture will be usedrfilhe blank in the MS so there’s

no need of knowing the ratio,@4/He.

Before starting the experiment only He pure will fbl@ving through the reactor, but
after some minutes, when it is made sure that laWd are in steady state, the
experiment can start by switching the remote cdletiod-way-valve and changing the
He pure flow for the ¢H /Ar + He.

2.5.3. Oxidation
It is important to make sure which compound is beused here. In most of the
experiments done a gas bottle of pusen@s used, but also air can be used for this step,

in this case the Ncan be used as the inert gas for the blank caicnlaince the ratio
N,/O, is already known as 79/21.
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So in case that pure oxygen is used, it is impottaselect Argon as the inert gas which
is mixed with the oxygen. The reason for doing tkishat in the inert stream there is
helium flowing (He pure) and in case the He is ctel@ to be mixed with the oxygen,
there would be an overlapping with the He pure thwede would be no way to calculate
a blank curve for the oxygen.

The way to start the experiment is the same ag prievious step, when all flows reach
the steady state the remote controlled 4-way-vedrebe switched.

2.5.4. Catalyst chlorination

For this third step HCI, He and He pure are usedceSHCI is troublesome to be

measured with the MS, it will be measured by usingH-meter. Therefore there’s no
need to use the inert gas flow or the blank.

When the experiment has to be started the manualydvalve is the one that has to be
used. It only has to be ensured that the 3-wayevai\the He pure line is redirecting the
flow to the manual 4-way-valve.
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3. Results

3.1. Experiments done

A method for naming the experiments was strictljofeed. Each set of experiments
have between 5 and 8 experiments and normally afsetperiments is run during a
single day. Each one of these experiments mighe fravn 1 to 3 steps; normally in the
first and last experiment of a set not all the stape run because it depends on which
step is chosen to begin/finish the set of experisen

The experiments done, listed below in the table Beke planned in such a way that the
parameters for different kinetic models could beedi and, therefore, a discussion of
which model is predicting the reaction the bestloanione.

Some experiments were focused on the reprodugilafithe catalyst. The activity of
the catalyst can be compared during the differgrles in a set of experiments.
Moreover different temperatures were used in dffiersets of experiments in order to
see how this is affecting the deactivation of taglyst; also different experiments were
planned where the time of one of the steps was rfarader than usual. This was done
for two out of the three steps in order to know ahhithe step was where the
deactivation was more significant.

There are some other experiments where the mant pbistudy is not the reaction or
the catalyst but the study of one of the compoumdshis case HCI. Those kinds of
experiments were run with the empty reactor, onlyp®rt or with a change in the setup
piping so the problems related with the HCI adsorptould be identified.

All the experiments done had a total pressure diparaf 1 atmosphere. It was risky to

operate at higher pressures because the setup nugbe prepared for that conditions
and some leakages could appear if there were anty i damage in any of the setup
lines or fittings. For this reason and becausehef lack of necessity for using high

pressures the pressure is kept always constanatmbdsphere and it was only raised to
2 atm during leakage tests.

The temperature in the experiments goes from 216°250°C. Higher temperatures
were not recommended since the copper could stannigrate and either form
aggregations or be dragged with the gases outtwtar to the ventilation.

An important thing to take into account is the momehere the catalyst is fully
activated. As it was observed before, the catadysiot fully activated during the first
cycle. The copper is partially reduced after thigvaton (section 2.5.1) and this can be
seen on the amount of chlorine reacted during itis¢ $tep. For this reason the first
cycles are never taken into account in the calculatbut their data is displayed so the
issue just explained can be checked.
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Table 3.1List of experiments and their experimental cowis

Set total flow total flow
number Cycle step1l F()zizrln_'; step2 (Ztorrf) (l) (W/C“) (mcas
(code) (ml/s) (ml/s) 9cu/Geat)  (Geat
1 1,512 0,100 0,77 0,301
2 1,512 0,100 0,77 0,301
3 1,787 0,085 1,04 0,22
1(6_x) 4 2062 0073 131 0,17‘7?3’23 577 0565
5 2337 0065 1,58 0,147
6 1512 0,100 0,77 0,301
1 1,787 0,085 0,74 0,633
2 1,787 0,085 0,74 0,633
2 (9 x) 3 2,062 0073 050 046308 577 0,437
4 2337 0065 077 0,301
5 2612 0058 1,04 0,223
1 2612 0,058 1,04 0,223
2 2612 0058 1,04 0,223
3 (10_x) 3 2337 0065 077 030893 6,11 0,732
4 2,062 0073 050 0,463
5 1,787 0,085 0,74 0,633
1 - - 1,17 1,000
2 1,512 0,100 0,47 1,000
4 (11 x) 3 1,787 0,085 0,74 063383 6,11 0,498
4 2,062 0073 1,01 0,463
5 2337 0065 1,28 0,365
1 - - 1,44 0,812
2 2062 0073 1,31 0,177
3 2,062 0073 1,31 0,177
4 2062 0073 1,31 0,17
5(12x) 5 2337 0065 158 0,14;:’23 611 0490
6 2337 0065 1,58 0,147
7 2337 0065 158 0,147
8 2,337 0,065 - -
1 1512 0,100 1,04 0,223
2 1,512 0,100 1,04 0,223
3 1,512 0,100 1,04 0,223
6 (13_X) 4 1,512 0,100 1,04 0722293 6,11 0,556
5 1,512 0,100 1,04 0,223
6 1,512 0,100 1,04 0,223
7 1512 0,100 1,04 0,223
1 - - 117 1,000
2 1,512 0,100 0,77 0,301
3 1,787 0,085 1,04 0,223
7 (14 x) 4 2062 0073 1,31 017283 6,11 0,526
5 2337 0065 158 0,147
6 2,062 0073 1,31 0,177
7 2,612 0,058 - -
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Table 3.1List of experiments and their experimental cowisi (continues).

Set total flow total flow
number Cycle step1l F();iln_')‘l step2 (Ztorrf) (l) ( W/C“ ) (mcas
(code) (ml/s) (ml/s) 9cu/Geat)  (Geat
1 - - 0,77 0,301
2 1,512 0,100 0,77 0,301
8 (18_x) 3 1,512 0,100 0,77 0,30523 3,82 0,335
4 1,512 0,100 0,77 0,301
5 1,512 0,100 - -
1 - - 0,77 0,301
2 1,512 0,100 0,77 0,301
9 (19 x) 3 1,512 0,100 0,77 0,30523 3,82 0,360
4 1,512 0,100 0,77 0,301
5 1,512 0,100 - -

In some experiments the reactants were injecteaugfir the reactor with longer or
shorter times. This is the case of the experimg8ts< and 19 x whose more specific
information can be found on the table 3.4.

Some other experiments were done without catahyétaae not listed in the table 3.1. In
these experiments the reactor was loaded with syppert or was empty. There was
an experiment where the HCI line was directly itgelcto the MS bypassing all the
other lines. These experiments were run mostlyrdemnto know the HCI adsorption on
the lines, support or MS capillary lines and w#l thescribed precisely later on.

The total flow in the table tells the flow of reant plus inert that is flowing through the
reactor in each step.

From this point on, the experiments will be refeeth by using the “code” written in
brackets on the “Set number” column. The “X” isrtlseibstituted by the cycle number.
As an example, the experiments 14 3 are the expatgrdone in the third cycle of the
set number 7.

Table 3.2Amount of chlorine and CuCl reacted in each expernit.

Experiment Chlorine uptake CuCl reacted (mol P CH,4 PO,

code (mol Cl/gcy) CuCl/gcy) (atm) (atm)

6_1 0,00462 0,01672 0,100 0,301
6 2 0,01121 0,01264 0,100 0,301
6_3 0,00929 0,01097 0,085 0,223
6_4 0,00941 0,01166 0,073 0,177
6_5 0,01008 0,01164 0,065 0,147
6_6 0,00814 0,01002 0,100 0,301
91 0,00301 0,03641 0,085 0,633
9 2 0,00882 0,01932 0,085 0,633
93 0,01065 0,01023 0,073 0,463
9 4 0,01071 0,01133 0,065 0,301
95 0,00963 0,02064 0,058 0,223
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Table 3.2Amount of chlorine and CuCl reacted in each expent (continues).

Experiment Chlorine uptake CuCl reacted (mol P CH,4 PO,
code (mol Cl/gcy) CuCl/gcy) (atm) (atm)
101 0,00165 0,02643 0,058 0,223
10 2 0,00594 0,02709 0,058 0,223
10_3 0,00760 0,01352 0,065 0,301
10 4 0,00760 0,00948 0,073 0,463
10 5 0,00731 - 0,085 0,633
11 1 - - - 1

11 2 0,01015 - 0,100 1

11 3 0,00904 - 0,085 0,633
11 4 0,00801 0,00956 0,074 0,463
11 5 0,00701 0,01086 0,065 0,365
12 1 - - - 0,812
12 2 0,00868 0,01793 0,0737 0,177
12 3 0,00782 0,02368 0,0737 0,177
12 4 0,00708 0,01202 0,0737 0,177
12 5 0,00733 - 0,0651 0,147
12 6 0,00456 0,01336 0,0651 0,147
12 7 0,00754 0,01153 0,0651 0,147
12 8 0,00906 - 0,0651 -

13 1 0,00878 - 0,100 0,223
13 2 0,01022 0,02388 0,100 0,223
13 3 0,00960 0,01202 0,100 0,223
13 4 0,00916 0,01156 0,100 0,223
13 5 0,00472 0,00920 0,100 0,223
13 6 0,00796 0,01290 0,100 0,223
13 7 0,00823 0,00844 0,100 0,223
14 1 - - - 1,000
14 2 0,00765 0,01901 0,100 0,301
14 3 0,00723 0,01920 0,085 0,223
14 4 - 0,01318 0,073 0,177
14 5 0,00795 0,01072 0,065 0,147
14 6 0,00775 0,01282 0,073 0,177
14 7 0,00739 - 0,058 -

18 1 - 0,00000 - 0,301
18 2 0,00808 0,02426 0,1 0,301
18 3 0,01166 0,03808 0,1 0,301
18 4 0,00977 0,03553 0,1 0,301
18 5 0,00883 - 0,1 -

19 1 - 0,00000 - 0,301
19 2 0,00803 0,02153 0,1 0,301
19 3 0,00871 0,02218 0,1 0,301
19 4 0,00967 0,02196 0,1 0,301
19 5 0,00960 - 0,1 -
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In some cells in the table above there are no diatmost of the times this is because
the experiment wasn't performed, as the first stiefhe first cycle or the second step of
the last cycle in some sets. Another reason isttleatdata wasn’t good enough to be
used. This is the case of the experiments wher@dhtgal pressure of oxygen was too
high, the blank from the inert gas was uselesshandata could be got from that.

3.2. First cycle discarding

In all the experiments done there’s an observass Amount of chlorine reacted during
the first ethylene chlorination step. This meanat thither the catalyst is not fully
activated or some of the copper is already redtz&ii.

Comparing the uptake chlorine in the different egcit seems that after the first cycle
the reacted chlorine rises. The opposite trendes $n the amount of oxidized CuCl. In
the first cycles it shows a higher amount of Cu€dated. There’s evidence then to
believe that right after the activation processhef catalyst the copper is not completely
reduced.

This leads to the discarding of the first cycleeath set of experiments, but sometimes
one cycle is not enough to get the catalyst reAdyan example, in the experiment 10_2
the amount of chlorine is still low compared withtdr cycles in the same set of
experiments; it has to be ensured that the datd afferwards for the kinetic fitting
comes from experiments where the catalyst is futiyvated.

This problem is not only observed in the fresh lyataAfter the experiments 12_5 and
13 4, the setup was shut down and the oven tenwperatas cooled down to room
temperature foll2 and 36 hours respectively. During this time the catalyst was no
removed from the reactor.

After that time, the oven was heated again to #tpeement temperature and the next
experiments from each set were performed. Duriigdhrt no activation process was
done, the only moment where the catalyst was tleates right before the experiments
12 1 and 13 1.

The results (see 12 _6, 12 7,12 8 and 13 5, 13 &,) showed that, again, there was
a lower amount of chlorine reacted at the beginmind the amount increases as it does
during the first experiments with a fresh catalyBéspite this fact, the reacted CuCl
results show a different behavior in the secong.ste

The amount of CuCl reacted during the first cydl@wm experiment with fresh catalyst
show a higher uptake compared with the cycles wbiche next. This can be explained
by the higher amount of reduced copper in the gsitabut in this case is different. The
CuCl reacted after the experiments 12_5 and 13 mbisthat high even though the
chlorine reacted is lower so that’s the proof tteg catalyst needs to be treated again
like a fresh catalyst in order to recover the aftivThis leads to think that the
experiments have to be planned and done in a noge she time spent during the start
up, the activation and the first unusable cyclaguise high and the experiments have to
be done continuously because as it is explainedcdltalyst needs to be activated if the
temperature is lowered for a relative short peabtime.
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3.3. Catalyst activation

In the section 2.5.1. the two different activatrorthods are explained. Here the results
obtained from both methods will be discussed amilitbe decided which one works
better and leads to a faster activation of thelygstta

The main difference between both methods is théeaycwhich the experiments are
started. In the first method the ethylene chlororais the first cycle run and in the
second method the first cycle run is the oxidafmna little bit longer time than usual
(around40 minuteswith O, flow).

Table 3.3Comparison between first (left) and second (rigict)vation methods.

Exp. Chlorine uptake  CuClreacted | Exp. Chlorine uptake  CuCl reacted
code (mol Cl/gcy) (mol CuCl/gc,) | code (mol Cl/gcy) (mol CuCl/gcy)
6_1 0,00462 0,01672 11 2 0,01015 -

6 2 0,01121 0,01264 12 2 0,00868 0,01793
91 0,00301 0,03641 14 2 0,00765 0,01901
9 2 0,00882 0,01932 18 1 - 0,00000
10 1 0,00165 0,02643 18 2 0,00808 0,02426
10 2 0,00594 0,02709 19 1 - 0,00000
13 1 0,00878 - 19 2 0,00803 0,02153
13 2 0,01022 0,02388 19 3 0,00871 0,02218

It is obvious that the chlorine uptake during thistfcycle is very low because on what
is explained in the section 3.2. For an easier @ispn between both methods four
plots are showed below. In these figures the amorptake was plotted versus the
cycle of the experiment and the same s done fose¢bend step and the reacted CuCl.

The experiments are done at different temperatued partial pressures. The
temperature and partial pressure of the experimsra® no observable dependence on
how fast the catalyst activates completely, theokits value of the uptake chlorine
might depend on it, but this won’t be discussethis section.
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Figure 3.1 Amount of chlorine uptake on every cycle for &létexperiments starting
with the ethylene chlorination step. Temperaturesach set of experiments 6_x, 9 X,
10_x and 13_x are respectivély 523K, 508K, 493K and 493K.

In the set 9_x and 10_x the catalyst is not coreptedctivated yet in the second cycle.
The influence of the partial pressure is discardecause as shown in the table 3.2, the
partial pressure of ethylene in 9_x is decreasddrther cycles and for the set 10 _x it's
just the opposite so there’s no reason to thinkttie partial pressure of ethylene in the
very first cycles affects the activation of theatgst.

The temperature in the first experiments doesmehs® activate faster the catalyst, but
it's important to remember that all experiments Hhd activation step at 493K.
Looking at the figures 3.1 and 3.2 there’s no evaéethat the experiments temperatures
take part on how fast the catalyst becomes fullivated.
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Figure 3.2 Amount of chlorine uptake on every cycle for &létexperiments starting
with the oxidation step. Temperatures of each $eixperiments 11 x, 12 _x, 14 X,
18 x and 19 x are respectivaly 483K, 523K, 483K, 523K and 523K.
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Comparing the figures 3.1 and 3.2 it's observed thamore cases the catalyst is
completely activated on the second cycle. Howewerboth methods there are
experiments where the second cycle is not usefulh@ 9 2, 10 2 and 18 2. There is
only one experiment out of five in the figure 3.haxre the second cycle is discarded,
compared with the figure 3.1 it seems that thdihked for the catalyst not to be fully
activated on the second cycle is higher for thet fimnethod.
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Figure 3.3 Amount of CuCl reacted on every cycle for all thgperiments starting with
the ethylene chlorination step. Temperatures ofi &t of experiments 6_x, 9 x, 10_x
and 13_x are respectively= 523K, 508K, 493K and 493K.
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Figure 3.4 Amount of CuCl reacted on every cycle for all tigeriments starting with
the oxidation step. Temperatures of each set adraxyents 11 _x, 12 x, 14 x, 18 x and
19 x are respectively= 483K, 523K, 483K, 523K and 523K.
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The amount of CuCl reacted during the first cyslenuch higher in the figure 3.3 than
in the 3.4. The reason for that is because initeerhethod the ethylene chlorination is
run before the second step, this causes the coppeduce and therefore the amount of
CuCl to be oxidized in the second step is muchdrgkloreover the amount of reduced
copper in the fresh catalyst is very low.

In the second method the only CuCl reacted conws the CuCl present in the fresh
catalyst.

In the second cycle the amount of CuCl for bothhmes lay in a similar range but in
the third cycle the CuCl reacted in the first meth@eps decreasing and the catalyst
seems to be activated for both methods.

Then, the reason why the chlorine uptake duringfitisé step in the first cycle is too
low is not so clear. At first it was believed thla¢ copper was partially reduced and that
might cause the low conversion to EDC. The fadhat the CuCl reacted amount is
quite low on the second method (where the very ¢iysle run is the oxidation) and that
discards the possibility for the copper to be péstireduced just after the activation.

The possibility that could explain this is that ttegalyst might be oxidized during its
preparation in contact with the air and the amafnthlorine in the catalyst is lower
than the expected.
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Figure 3.5 UV-vis spectra during the pretreatment activafpyocess of the catalyst.
T=493K Helium flow of 3ml/s.

When the catalyst is loaded in the reactor it idigidy hydrated. This can be known
only by seeing the color of the catalyst; it ismally greenish when it's being loaded to
the reactor most probably because of the contattt thie ambient moisture. Some
minutes of direct contact with the atmosphere @mugh to see the color change.

One of the reasons of the pretreatment, besidesatiaéyst activation, is the removal of
the water from the catalyst. When the catalyseisydrated it turns into a brown color.
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The spectra in the figure 3.5 show how the reflemaof the catalyst drops along the
pretreatment. This is mainly because of the wageraval from the catalyst. At the end
of the pretreatment the spectra looks very clogk ioshape and maximum peak value
to the spectra corresponding to the end of thd giep.

3.4. Catalyst deactivation

Some experiments were done in order to study fhedeicibility of the catalyst. Three
sets of experiments were done at different temperadnd partial pressure of reactant
so the deactivation of the catalyst can be obsedegmknding on three parameters:
temperature of reaction, partial pressure and cycle

Two more experiments were done with the goal tarégout which was the step where
the deactivation was predominant. In the tabletl3efe are the information of how long
the reactants were flowing through the reactoramhestep.

The figures 3.6 and 3.7 show the chlorine and Qa&itted during their respective step.
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0,008 ° -

13 _x

Chlorine uptake (mol Cl/gc.)

0,007 A b

0,006 T T T T T T 1
000 100 200 3,00 4,00 500 6,00 7,00
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Figure 3.6 Amount of chlorine reacted on every cycle forth# experiments where the
catalyst deactivation was studied. The operationditmns of the experiments 6_x,
12 x and 13_x were respectiveB€,H, = 0.100 atm, 0.0737 atm and 0.100 alims
523K, 523K and 493K.

In the set of experiments 6_x only the first argt laycle could be used for the catalyst
deactivation study because the other cycles weaferpeed at different partial pressures
of ethylene and oxygen. In this case the resukscaite clear, there’s a noticeable
deactivation of the catalyst cycle after cycle. Tderiments 6 x and 13 x were
performed at higher partial pressure than the exats 12_x and it is reflected as a
higher chlorine uptake.

However, it doesn’'t seem that the partial press@iethylene affects the deactivation if
the experiments 6 x and 12 x are compared sinck bave the same operation
temperature. Both experiments show a linear degttdiv and are parallel; the slopes of
the three experiments were calculated in orderampare easily the data. For the
experiments 6_x and 12_x the slope7$8-10* and-8.00- 10" while the slope for the
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experiments 13_x is5.30-10". Then it seems that the partial pressure onlyctsfehe
absolute value of the chlorine uptake but is ngdlied in the catalyst deactivation rate.

The temperature effect on the deactivation cartumied by comparing the experiments
6_x and 13 x. Both experiments were performed at same partial pressure of
ethylene and at the temperaturé@8K and493K respectively. The deactivation rate is
higher for higher temperatures as expected. A desipdy could be done by studying
the deactivation rate of the catalyst at differearhperatures and see what kind of
dependence has the temperature with the deactivatie.
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0,024 - °
0,022 -
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0,008 -
0,006 . : ; . ; : .
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13 _x

Reacted CuCl (mol CuCl/gc,)
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Figure 3.7 Amount of CuCl reacted on every cycle for all #ageriments where the
catalyst deactivation was studied. The operationditmns of the experiments 6_x,
12 x and 13 x were respectiveR0O, = 0.301 atm, 0.177 atm and 0.233 afmz=
523K, 523K and 493K.

Unfortunately the results are not so clear on #eosd step. The reacted CuCl should
be around 0.012 or lower but it seems that in #réyecycles of some experiments the
consumed oxygen is a bit higher.

In the table below the times of each step in thpegments 18 x and 19 x are
displayed. By doing the experiments with differéimies it s expected to see some
changes in the deactivation. Therefore the experisneith higher deactivation could
be related to the longer time in a specific stefpictv means that the mentioned step had
more influence in the catalyst deactivation thandther two.

Table 3.4Time on stream of the different steps of the expents 18 x and 19 x.

Experiments\step Ethylene chlorination Oxidation Catalyst chlorination

18 x 20-30 min 20-30 min 60 min
19 x 20-30 min 60 min 10-15 min
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Figure 3.8 Amount of chlorine reacted on every cycle forth# experiments where the
catalyst deactivation was studied. The operatiomitmns of the experiments 18 x and
19 x were the samd?C,H, = 0.100 atm;T = 523K. The amount of time under a
constant reactant flow was higher (1 hour) on tiep 2 on the experiments 19 x and
higher (1 hour) on the step 3 on the experimentx18
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Figure 3.9 Amount of chlorine reacted on every cycle forth# experiments where the
catalyst deactivation was studied. The operatiomitmns of the experiments 18_x and
19 x were the sam®0, = 0.301 atm]T = 523K. The amount of time under a constant
reactant flow was higher (1 hour) on the step 2henexperiments 19_x and higher (1
hour) on the step 3 on the experiments 18 x.

The results in the chlorine uptake are quite cléhe experiments where higher times
were used for the third step (experiments 18_xjvwshalecrease in the chlorine uptake
cycle after cycle as seen in the experiments frbenfigure 3.6. On the other hand
there’s no observable deactivation in the expertm&8_x where the long step was the
oxidation.
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Comparing the slope of the experiments 18_x wiéhvillue of1.42-10° [mol Cl/(gey -
Cycle)] with the experiments 6_x or 12 X, there'sclaar difference and in the
experiment 18_x the deactivation is faster, propdgicause of the longer time on the
third step.

The experiments 19 x show a completely oppositedeh the catalyst not only does

not seem to deactivate but its activity seems ¢oegse. There'’s the possibility that the
catalyst is not fully activated but this is ratherremote chance because in all the
experiments the catalyst was activated on the ttyole. Moreover the reacted CuCl is

constant after the second cycle.

In that experiment it was important the lower ticheing the third step and 15 minutes
are enough to rechlorinate the catalyst.

3.5. HCI adsorption study

Since the beginning the HCI was a problematic campoduring the experiments.
There were many troubles to get reliable data ftbenthird step, that's why there’s
almost no data from this step in the results. Gmiyre latest experiments it was decided
to use the pH-meter after all the experiments edlatith the HCI adsorption.

One of the problems that had to be faced was thead€orption on the lines. There
was a strong delay in the MS data before the sigh&lCl started to rise. There were
many places where the HCI could be adsorbing soynexperiments were done in
order to have a better idea.

In these experiments, the HCI was being injectedutih different parts of the set up
and then in the MS, this would provide informatiohwhere the delay times where
longer and therefore the adsorption stronger. Bimatame out that all the experiments
had a long delay time and it was supposed thaHtblecould be adsorbing also in the
capillary lines of the MS.

In the figure below the plot show the ion intensityrresponding to the HCI amount in

the MS. That is the experiment where the HCI| wgscted directly to the MS from the
gas bottle
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Figure 3.10 Amount of HCI recorded in the MS direct from flowhigh bypassed all
the valves, lines and react®,c = 0.05 atm: molar flow ~ 3.22- Panolc/s.

Then it's clear that the MS cannot be used to tloe HCI amount in the third step
and the pH-meter is used instead.

The pH is directly measured from a solution2ofiters of distilled water. The flask

where the water was contained was under stirrird) tae line which connected the
reactor outlet with the MS was unattached and saonke flask so the reactor outlet
stream could be bubbled in the solution.

Before proceeding with the experiments a test waslento check that all the HCI
bubbled was being absorbed in the water and nothagygoing through the water and
being dispersed in the laboratory. Since the flod purity of HCI was known it was

easy to compare the theoretical amount of HCI gtaduld be absorbed with the
experimental one.
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Figure 3.11Blank experiments for the HCI absorption in thditiesl water.
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The table 3.5 shows the slope from the experimémtdhe figure 3.11, which
corresponds to the flow of HCI absorbed in the watdution. The flow calculated in
the corresponding MFC for the HCI might have sommeorge for this reason the
theoretical flow is a bit lower than the flow ahised in the solution. Anyway this
means that the water amount can uptake all the fitdh the stream that is being
bubbled.

Table 3.5Theoretical and experimental results for the H&hk experiments.

HCl % AP HCI theoretic flow (mol/s) HCI experimental flow (mol/s)
100 2,83E-06 3,22E-06
70 1,98E-06 2,31E-06
40 1,13E-06 1,38E-06

After checking that the pH-meter could record la#l HCI from the outlet reactor stream
some experiments were done.

First an experiment with empty reactor was madease some HCI| was being adsorbed
on the lines. The other experiments could be rafsy@ to this one in order to discard
the HCI adsorbed in the lines from the total HGisumed.

Another experiment with only support was also maltethis case the amount of
support used for this experiment had to be the ghatehe corresponding support mass
in the catalyst from an experiment with reactidris Inot clear whether the presence of
CuClk over the support affects the HCI adsorption onstingport, but it's supposed that
the change in the adsorbed HCI won’t be much differ

One last experiment is also needed with cataly#h Wiis experiment we can know the
total amount of HCI reacted and adsorbed to thesliand support. Since we have the
experiment with only support at the correspondiagp®rt mass in the catalyst we can
make the difference to know the real amount of H@kted.

0,0014 ~
0,0012 A
0,001 -

0,0008 A

Fresh Al203
0,0006
- Empty reactor

0,0004 - Catalyst

HCl amount (mol)

0,0002

O QL 1 1 I I 1
-0,0002 100 200 300 400 500

Time (s)

Figure 3.12 Amount of HCI measured in a 2 liter solution oftidlisd water at the
reactor out stream with pH-meter. The experimerdalditions for all three experiments
wereT = 483K andPyc = 0.05 atm; molar flow ~ 3.22- anolc/s.
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In the figure 3.12 the data from these experimenshiown. These are the concentration
profiles recorded and calculated (see section 2.@i#h the pH-meter. It makes sense
how the experiment with the catalyst takes longeetto be detected by the pH-meter
than the experiment with support because of the H@cted. The same happens
between the experiments with support and the exyeti with empty reactor.

It's also important the fact that in both experinsewith support and catalyst the HCl is
completely consumed either by the adsorption ore¢letion. This makes really hard to
know the kinetic information of the reaction beaaubke HCI flow is detected only
when the reaction/adsorption is almost completed.

The good side is that at least the amount of HGlsumed can be calculated by
comparing the different experiments done.
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Figure 3.13Amount of consumed HCI during different experimemisasured with pH-
meter. All the experiments were run at the samegbg@ressurePuyc; = 0.05 atm; molar
flow ~ 3.22- 1 molycy/s.

Using the data recorded from the experiments irfitheee 3.12 and other similar ones
at different temperatures, the amount of HCI coretins calculated by subtracting the
corresponding blank (empty reactor or support Idadsactor) from the experiments
done with catalyst.

In figure 3.13 the plots show the different HCI sumed in the different experiments.
An experiment with catalyst was referenced to the tifferent blanks; with the first
blank, the one performed with the empty reactog, dlerall amount of consumed is
calculated (red line) and with the second blan&,dhe with the corresponding mass of
support (green line), the amount of reacted HChisulated (purple line).

It seems that the adsorption on the support isngéo than the reaction of HCI,
moreover from all the consumed HCI the.8% is adsorbed on the catalyst surface and
the res28.2% is reacted with the GOCl,.

During the experiments the HCI| adsorbed on the @upp removed afterwards,
supposedly during the first step, in the sectidh there are more details about it. For
sure the HCI is not so easily removed without thieylene as explained in the
following.

Two more experiments were done to compare the ptisorof HCI on the support
when it's fresh and when it's already chlorinat€te first experiment was run with the
fresh catalyst as in the experiments before, bent there was a step with only helium
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flow (~2ml/s) during30 minuteskeeping the same temperature as in the test (488K)
was expected that most of the HCI would be desothegthg this step, but it wasn't.
After this step, a second experiment was run ireotd know how much HCI was
adsorbed this time so it could be compared with d@dsorbed HCI with the fresh
catalyst.

The figure 3.14 show the difference between tret &ind the second test, the HCI starts
to be detected by the pH-meter much sooner indbhersl test than in the first. In fact is
really close to the blank done with the empty reaathich means that a few amount of
HCI was adsorbed this time.
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Figure 3.14 Amount of HCI measured in a 2 liter solution oftdlisd water at the
reactor out stream with pH-meter. The experimeataiditions for both experiments
wereT = 483K;Puc = 0.05 atmms,, = 0.4669; molar flow ~ 3.22- fanokcy/s.

The HCI adsorbed amount can be compared easilgarfigure 3.15 where the two
experiments were referenced to the experiment thithempty reactor. The amount of
HCI adsorbed is around 5 times smaller in the sgaytle which definitely leads to
think that the HCI does not desorb from the suppatéss there’s the catalyst present
and ethylene is injected.
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Figure 3.15Amount of adsorbed HCI during different experimemisasured with pH-
meter. The experimental conditions for both experita werel = 483K; Py = 0.05
atm; msyp, = 0.46649; molar flow ~ 3.22- famolkci/s.

Using the information from the first cycle, the amb of HCI adsorbed per mass of
support at the experiment temperaturé.i65- 10° MOlnci/Jsup-

3.6. HCI results with pH-meter

During the experiments 19 _x the third step was nasxb with the pH-meter for further

data treatment. There’'s no blank with the corredpan mass of support for this

experiment so the amount of reacted HCI is not kngwt. Comparing the profiles

differences between the figures 3.14 and 3.16atmsethat the HCI adsorbed on the
support is removed after the first cycle, otherwiisere would be a high difference
between the first cycle and the rest of them ardakt profiles would be much closer to
the empty reactor blank curve.

In these experiments the mass of catalyst usedOvai0 g, so the amount of HCI
adsorbed is not comparable with the experimentherfigure 3.14. The corresponding
mass of support for this mass of catalysd.B34 g, so the adsorbed and reacted HCI
in these experiments will be related to this number
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Figure 3.16 Amount of HCI measured in a 2 liter solution oftdlisd water at the
reactor out stream with pH-meter. The experimeataiditions for both experiments
wereT = 523K;Puc) = 0.05 atmmea = 0.360g; molar flow ~ 3.22- Famolycy/s.

The amount of adsorbed HCI decreases cycle afi@de.cyhis is probably due to the

catalyst deactivation, but it cannot be assuredrbed blank with support is recorded in
order to calculate only the amount of reacted HE®EN though the adsorbed HCI on the
support is believed to be kept constant there’sematugh information yet to be sure
about this.
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Figure 3.17 Amount of adsorbed HCI during different experimemisasured with pH-
meter. The experimental conditions for both experita werel = 523K; Py = 0.05
atm; mea: = 0.360g; molar flow ~ 3.22- famolyci/s.
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The table 3.6 shows the relative HCI consumed dutie experiments 19 x and the
relative HCI adsorbed on the support in the fiesttof the figure 3.15. The HCI

consumed during the experiments 19 x includes bofport adsorption and reaction.
From the experiments done before we know that hetibn of adsorbed HCI is much

higher than the reacted HCI but we cannot calcidatg the exact amount of adsorbed
HCI.

Table 3.6Consumed HCI in the experiments 19 x and thetistin figure 3.15.

19 1 19 2 19 3 19 4 Figure 3.15 testl
HClconsumed 5 56r 04 2 96E-04 2,65E-04 2,46E-04 5,43E-04
.(m0|Hc|)
Relative consumed o 75¢ 04 g§,86E-04 7,92E-04 7,37E-04  1,17E-03

HCl (m0| HC|/gsup)

3.7. MS and UV-vis synchronization

In all the experiments done, the MS data is statbede recorded5 secondsearlier
than the UV-vis spectrometer aB@ secondsearlier than the start of the experiment.
The point is to synchronize both MS and UV-vis datd, after processing the data, try
to compare the data and find a correlation betvexh recorded signals. The goal is to
be able to know the amount of each of the coppendtions in the catalyst only by
checking the data from the UV-vis.

So far this has been done with the MS data, theuatnaf reacted ethylene or oxygen
gave the information of how much copper had beeged or oxidized during each
step.

Three different fittings were done depending onlWhevis data used in every case. For
the MS it was used the EDC ion current recordedthadeacted CuCl amount for the
first and second step respectively. The UV-vis naata source used is the Kubelka-
Munk Function vs. photon energy plot and threeedéht variables are taken into
account to compare which one fits better with th® d&ata. These variables are the peak
height of the peak at arouddbeV, the maximum value of the peak at aro@mekeV and
the Adsorption Edge Energy (AEE).

Unfortunately there were some troubles in the U¥data. There was an intense noise
from at wavelengths lower thatOOnm which made impossible to get reliable
information at photon energies higher thalBeV. Therefore the peak arourgi5eV
could not be included and the maximum value of ggak could not be used for the
fitting, but the closest value, which corresponttha photon energy &.6eV, is used
instead.

In the first MS/UV-vis data comparison done thelkpbaight aroundL.5eV has been
used. In this case there were some troubles ioaloailation when the peak was almost
flat, due to some noise and the way of calculatigare’s an increase of the peak value
aftertime: 500sin the figure 3.18. At that point the peak heightonstant along the
rest of the experiment and almost zero, but it ¢donbt be corrected from the
calculations.
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Figure 3.18Intensity of the corresponding EDC ion in the M$l &eight of the peak at
1.5eV from the KM-function vs. photoenergy plottire UV-vis. Data corresponding to
the first step of the experiment 14 T3= 483K;PC,H, = 0.085 atm.

Despite the noise after tH0sit looks like the EDC correlates well with the peak
height. Since the peak &t5eVis more related to the &uit makes sense that the drop
of the peak height and the EDC amount are so close.

The second step does not look so close as thefisstThe change in the peak height is
slower than the raise of the reacted CuCl. Compahe figures 3.18 and 3.19 there’s a
significant difference between the maximum valukthe peak height. In the first step
the height is a little bit lower thah5 e\° but in the second step the peak keeps rising
up to the value 09.95 e\,

After checking the spectra between experimentsag abserved that when there was no
oxygen flowing through the catalytic bed, the pdakght decreased until it was
stabilized in a lower value. Even though the rescts almost over at tim&00s there
might be some change in the catalyst surface tkptaims the late peak height
stabilization.
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Figure 3.19Calculated amount of reacted CuCl from the MS ti&atment and height
of the peak at 1.5eV from the KM-function vs. pheergy plot in the UV-vis. Data
corresponding to the second step of the experid@n. T = 483K; PO, = 0.223 atm.

The two following figures correspond to the fittinging the maximum value in the
peak around 3.5eV. In this case the maximum paiotdcnot be known because of the
noise so it's used the closest one possible instead
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Figure 3.20 Intensity of the corresponding EDC ion in the M3l dhe closest value
from the peak at 3.5eV from the KM-function vs. pFenergy plot in the UV-vis. Data
corresponding to the first step of the experiment3lT = 483K;PC,H, = 0.085 atm.

In this case the UV-vis data does not fit as welite EDC profile as in the figure 3.18.
The decrease of the peak value is not as drastihbeasmount of EDC during the
experiment.

On the other hand, the fitting for the second sseyery accurate. The max peak point

rises as fast as the amount of reacted CuCl andutve shape is very similar. Among
the three different fittings this one seems tol®eliest way to correlate the data for the
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second step. Of course the maximum peak value wwoelldeeded for a sharper fitting,
but before that the noise in low wavelengths oflilvevis spectra should be reduced.
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Figure 3.21 Calculated amount of reacted CuCl from the MS degatment and the
closest value from the peak at 3.5eV from the KMetion vs. photoenergy plot in the
UV-vis. Data corresponding to the second step efetkperiment 14 3 = 483K; PO,
=0.223 atm.

Finally one last fitting is done using the AEE. Tir@cess followed to process the data
is explained in the section 2.3.3.

In this case the AEE evolution during the firstpsie more linear than in the other
fittings done. The difference between the UV-visadarofile and the MS one is higher
here and seems harder to correlate these two sdttathan the one where the peak
height atl.5eVwas used.

1,60E-12 - - 2,3

1,40E-12 1, - 2,2 s
g 120612 ~.~ 21l g
€ 100612 | e -2 2
E w
3 800E-13 - - 19 &
c Y ——MSdata
2  6,00E-13 - - 18 §
a & s ® UV-vis data
W 4,00E-13 - 17 5

S
2,00E-13 - - 16 <
0,00E+00 . ; . 1,5
0 500 1000 1500 2000
Time [s]

Figure 3.22Intensity of the corresponding EDC ion in the M$l éime AEE value in the
UV-vis. Data corresponding to the first step of éxperiment 14 3T = 483K;PC,H,
=0.085 atm.
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There’s also a difference in the AEE scale betwberfigures 3.22 and 3.23, this might
be for the same reason as in the fittind..&eV, but it's not so clear yet why there are
these small changes in the UV-vis spectra whertheao reactant flowing.

The fitting for the second step is better thanther first step, but still not as good as the
one in the figure 3.21.
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Figure 3.23 Calculated amount of reacted CuCl from the MS degatment and the
AEE value in the UV-vis. Data corresponding to sexond step of the experiment
14 3.T = 483K;PO, = 0.223 atm.

In all three cases it was seen that there’s aisaldetween the UV-vis and MS data in
some cases much closer than others. For the feptthe peak height arourid5eV
gave good results, the only thing needed is abetteection in the calculations, which
are not easy to solve. Once the peak height cajebed of the noise after tfe0sthe
fitting would be much closer and a correlation bestw the data could be established.

The best fitting achieved for the second step & dhe where the maximum value
available from the peak &t5eV was used. For this case a way to reduce the noise
low wavelengths is needed in order to use the Bighedue which now is covered by all
the noise.

3.8. uptake

In the tables 3.7 and 3.8 the results from theet&8 are displayed in a way where their
dependence on the pressure and the temperatube campared.

All the sets of experiments are done with constamperature and changing the partial
pressure of ethylene or oxygen in the corresponditep. This means that the
comparison between different temperatures is alveagemparison between different
sets of experiments.

For the partial pressure is just the opposite gitfgeriments at different partial pressure
and same temperature are done during the samd sa&periments. In this case, the
results have to be read carefully because the elsanyg different partial pressures
results might be also due to the deactivation atanly to the experiment conditions.
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In the next two tables there are some resultsdrcodor. This means that from the same
result it can be deduced that the catalyst wagyeiotully activated. If these results are

compared with the results at the same temperawireliferent partial pressures this

difference can be distinguished.

First of all the results from the first step arealesated. At lower temperatures, the

chlorine uptake has low changes depending on thelppressure; these changes are
probably because of the experimental error so itteetdnfluence of the partial pressure

on the chlorine uptake seems to be rather smalhigdter temperatures there’s a clear
difference in the results, but it not so clear ttéd is the influence of the pressure. As
said before the experiments at different parti@dspures were run in the same set
(having one or two sets per each temperature)'sdikely that the decrease of the

chlorine uptake is due to the catalyst deactivation

Table 3.7Chlorine uptake (mel/gcy) for each experimental condition in the first step

PGH.(@M) 00579 00647 00733 00846 0,100

T (K)
483 0,00739  0,00795 0,00775 0,00723  0,00765
493 0,00594 0,00760 0,00760 0,00731 -
508 0,00963  0,01071 0,01065 0,00882 -
523 - 0,01008 0,00941 0,00929  0,00814

The temperature effect on the chlorine uptake eéarelr than the pressure. The total

uptake rises as the temperature is increased,hbut’s a big difference between the

experiments a#93K and508K. Some more experiments should be done in between t
ensure that the uptake depends directly on thedsatypre.

During the second step the temperature influencwighat clear. Logically the CuCl
reacted should increase at higher temperaturesibecas just discussed the results of
the first step, the chlorine uptake also risesighdr temperatures and, therefore, more
copper is reduced during the first step and mompeop should be oxidized during the
second one. In some cases, the reacted CuCl iesreath the temperature but in other
cases, as in the experiment® 801 atm it’s just the opposite.

The pressure comparison is also troublesome aseitable 3.7 because of the same
reasons. There is some drop in the reacted Cutbleggressure increases but that's not
clear if this is caused by the deactivation of tatalyst during the experiments or

because that is how the pressure really affectsethetion. It is easier to think about the
deactivation because normally the higher the papi@ssure is, the bigger the

conversion is in a reaction; here is just the wepuad and that’'s why the deactivation

is heavily considered.
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Table 3.8CuCl reacted (mel,c/gcy) for each experimental condition in the secong.ste

T (K)
483 0,01072 0,01318 0,0192 0,01901 0,01086 0,00956
493 - - 0,02709 0,01352 - 0,00948
508 - - 0,02064 0,01133 - 0,01023
523 0,01164 0,01166 0,01097 0,01002 - -

In order to make a better comparison some setxmérements should be run at the
same partial pressure and changing the temperaturevery cycle. This way the
different partial pressures at different tempergucould be compared because they
would be run also in the same cycle of their cqroesling set of experiments.

3.9. Kinetic model

At this point a model needs to be proposed forfitlse and second step. One reaction
mechanism is set for each step and then the reasetie equations are deduced for each
step in each mechanism. Since it's almost imposdiblcalculate the rates for every

step, the equation corresponding to the rate deterghstep is the one used for the

fitting.

The following equations show the mechanism fordtie/lene chlorination step which
consists of the adsorption, first chlorination,@®t chlorination and desorption.

CoHy + 2 CHy» [3.1]
CoHy % + CL 22 CH,CL* [3.2]
CoHyClx + CL 2B CH,Cly + [3.3]

k14
k_14

C,H,Cl, » 2K C,H,CL, + * [3.4]

For the equations [3.2], [3.3] and [3.4] the ratpuaion is calculated under the
hypothesis of being the rate determining step:

_ kIZKllcTPC2H4CCl [3.5]
1 + K11PC2H4 '
~___ kisKnKipCrPe,u, Ca [3.6]
1+ Ki1Peyn, + K1 Ki2Pe,n,Cer .
k1aK11 Ko Ki3CrPe,n, Coi ;3.7]

r =
1+ Ki1Pe,u, + KinKi2Pe,u,Cet + KinKi2KisPe,n,Cé

From these three steps the one that is more likebe the rate determining step is the
second chlorination. This decision is based inphieciple that the second chlorination
Is harder because only one of the two carbons tl@EMC is ready to react while in

the first chlorination both carbons can be chladeda
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Then the equation [3.6] is the used for the kingtimg, but before it can be simplified
by making the hypothesis that the ethylene adsmrpwill happen relatively much
faster than the chlorination:KPc2n4= O.

kK Pc,u, Cé

r= 3.8
1+KIPC2H4CCI [ ]

The following figures show the reaction rate of leaxperiment plotted versus the
available chlorine on the catalyst. In almost &k tines there’s a clear dependence
between the partial pressure of ethylene and taetiom rate, the experiments which
were performed at higher partial pressures showenigate profiles.

The data is gathered depending on the conditiotiseoéxperiments, in every figure the
experiments done at the same temperature areglogether and there’s one figure for
each temperature.
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Figures 3.24 and 3.2%Reaction rate plotted versus the available chlanrtbe catalyst
during the experiment. (lefl) = 483K;wc, = 6.11%. (right)T = 493K;wc, = 6.11%.
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Figures 3.26 and 3.2'Reaction rate plotted versus the available chlanrthe catalyst
during the experiment. (lefl) = 508K;wc, = 5.77%. (right)T = 523K;wc, = 5.77%.

The fitting is done at three different temperatudS3K, 493K, 508K and523K. In the
table 3.9 these parameters are gathered. Comptmnglifferent data depending on
which step is supposed to be the rate determinimg we confirm that the second
chlorination is the slowest one with the lower kioeonstant.

Table 3.9Parameters from the fitting at different tempemasufor the first step.

T (K RDS Kiz Kiz Kia Ky K Kis R’
12 16.1 -1.39 0.961
483 13 2.87 2660 0.962
14 5850 249000 0.970
12 34.6 13.86 0.966
493 13 1.33 55100 0.963
14 6740 471000 0.944
12 -40.7 -59.2 0.870
508 13 2.59 1400 0.936
14 2430 34000 0.937
12 12.8 -0.406 0.885
523 13 3.16 1090 0.968
14 2800 72133 0.969

Three more plots are done comparing the resultairdd from the experiments and
from the predicted data in the model proposed. mbdel show that the rate value goes
higher than it should be at some point. Taking axtoount the difficulty of getting good
results in this kind of study the rate predictisrciose enough at some parts and it could
be improved to minimize the difference.
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Figures 3.28 and 3.2%redicted reaction rate plotted versus the reactta obtained
in the first reaction step experiments. (I&ftF 493K;wcy = 6.11%. (right)T = 508K;
Wcy = 5.77%.
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Figures 3.30Predicted reaction rate plotted versus the reactitmobtained in the first
reaction step experimenis.= 523K;wc¢, = 5.77%.
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For the second step the same procedure is followkd. mechanism in this case is
easier than the mechanism proposed for the fiegt. $As before, the rate determining
step here is the reaction [3.10].

1 k

702+ 2, 0x [3.9]
2CuCl+ 0 * 2”2 Cu,0Cl, * [3.10]
Cu,0CL, x 2 Cu,0Cl, + * [3.11]

The rate equation for the steps [3.10] and [3.¥1ihen deduced and displayed as
follows:

2 pos
_ ki Kin CrCyciPo,

1+ K111P002'5

[3.12]

2 p0s5
ki13K111 K112 CrCeyeiPo,

T =
1+ K1 Po° + Kini Ko Chuer Poy

[3.13]

As said before, the reaction step is decided tdhieerate determining step so the
equation [3.12] is the one to be used.

The data from which the fitting is done is fewer tbe second step. The reason is that
sometimes higher partial pressures of oxygen weesl @nd that caused a bad blank
recording and the uselessness of the data of éxgeziments.
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Figures 3.31 and 3.3ZReaction rate plotted versus the available CuGhecatalyst
during the experiment. (lefl) = 483K;wc, = 6.11%. (right)T = 493K;wc, = 6.11%.
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Figures 3.33 and 3.34Reaction rate plotted versus the available CuGhecatalyst
during the experiment. (lefl) = 508K;wc, = 5.77%. (right)T = 523K;wc¢, = 5.77%.

In the table 3.10 the results from the fitting flois second step are gathered.

Table 3.10Parameters from the fitting at different tempemaéufor the second step.

T (K) RDS K Kis K K, R?
493 12 175 0.15 0.96
13 167 0.05 22.1 0.85
508 12 364 1.97 0.95
13 0.4 228 239 0.93
523 12 520 3.55 0.98
13 0.5 3.26 311 0.98

Finally the model is checked comparing the prediatesults with the experimental
ones. The next figures show that in his case §tttnmuch better than in the first step.

The predicted values go really close to the expamiad ones and in some cases at high
rates the error increases.
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Figures 3.35 and 3.3@redicted reaction rate plotted versus the reactta obtained
in the second reaction step experiments. ([€fty 493K; wg, = 6.11%. (right)T =
508K;wcy = 5.77%.
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Figures 3.37Predicted reaction rate plotted versus the reaat® obtained in the
second reaction step experimefts: 523K;wc, = 5.77%.
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4. Future plans and ideas

After all the experiments, results and discussibere are some areas of study that
could be extended or improved in order to go furtheéhe research.

From the study of the catalyst activation it wassidered that one reason that caused
the low conversions during the first cycle is tbevér amount of chlorine in the fresh
catalyst. This could be related to the adsorptiothe HCI to the support. The idea here
is to start the first cycle from a set of experitsewith the third step (catalyst
chlorination) and compare the results of the néxglene chlorination with the previous
results. It's expected that with the only HCI stegfore the first ethylene chlorination
the conversion should be similar to the resultdhi@ second cycle of the previous
experiments.

Since the kinetic model has just been tested fdividual step experiments, combined
step experiments should be done. Then the modebearompared and corrected with
the integration of multiple steps in the same expent, as running experiments with all
three reactants at the same time.

The deactivation has been studied only for twoeddht temperatures and it would
provide more information about the deactivation ttedy of it at some more
temperatures. This way we can know from which tenatjpee the deactivation starts to
be significant.

In the UV-vis spectra there was noise present imelemgths lower than 400nm. This

noise appeared right after the light bulb was ckdngvhere the noise started at a
wavelength of 200nm. There is important informatiorthe range of 200nm — 400nm

like the maximum peak value around 3.5eV which caire known right now because

of this problem. Therefore this should be solved@sn as possible for a better UV-vis
data recording.

When the experiments are done, the temperatureps during the set and only the

partial pressure is changed. Some experiments dlb@utione the way around, keeping
the partial pressure during the set of experimamis changing the temperature. By
doing this it will be easier to distinguish whetlibe results differences are because of
the different conditions of temperature and pressuwsed or because of the catalyst
deactivation in later cycles.
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5. Conclusions

When it comes to start a set of experiments the embrwvhere the catalyst is fully
activated is not controlled yet. Sometimes in teeosd cycle the results show that the
catalyst is fully activated, but in some other cages does not happen before the third
cycle.

After studying the deactivation it could be relatbat higher temperatures bring the
catalyst to lose activity faster. The amount ofuesti CuC] showed clearer results
regarding the deactivation and the partial presia@ no influence in the catalyst
deactivation since experiments at the same temperaind different partial pressure
showed the same deactivation rate and only diftexksolute values of chlorine uptake.

The deactivation of the catalyst also dependedhenréaction step. The second and
third steps were thought to be responsible of th&ctivation in a high measure. The
deactivation during the catalyst rechlorinaton wggher than the deactivation during
the oxidation.

Another measuring method as the pH-meter usagepvegsed to record the amount
of HCI in the reactor outlet stream because it a@sorbing on the MS capillary lines

and the data recorded in the MS during that step w&eless. The adsorption to the
support is also something which might cause probjetihas to be ensured that the HCI
adsorption amount per support mass keeps constether there’s only support or it's

with the catalyst.

For the synchronization between the MS and UV-atadhere was a relation between
the surface change and the concentration of reattiedine or CuCl. Even though this

still needs a huge development it was observed ttieae was the possibility to go

further and the first requirement is to reducertbise from the UV-vis data.

The kinetic model showed good results but is &illfrom a good enough model. This

was a first approximation, but it's being improvedorder to get sharper predicted
results from the experimental data fittings.
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6. Nomenclature

Table 6.1Nomenclature used in the equations

Symbol Magnitude Units

w Mass fraction w/iw

m Mass g

M Molar mass g/mol
PV Pore volume 180/ Osuppor
H; Hydration ratio mal,o/mol;
F Force N

q Electric charge C

E Electric field N/C

v Lineal velocity m/s

B Magnetic field T

bt Acceleration m/fs

14 Volumetric flow ml/s

X Conversion mol/mol

n Molar flow mol/s

AP MFC aperture %

t Time S

k Kinetic constant (depends on the equation)
R Ideal gas constant J/(mol-K)
P Pressure atm

T Temperature K

ratio Molar ratio mol

c Light velocity m/s

h Planck’s constant eV-s/cycle
A Wavelength nm

R. Reflectance %

hv Photon energy eV

r Reaction rate mol/(g- s)
V] Intregral uptake of Clor CuCl mol/g,
F(R.) Kubelka-Munk Function Non-dimensional
I Intensity A
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Table 6.2Subscripts used in the equations

Subscripts meaning

Cu Copper”

CuCh, Copper chloride

CuCh-2H,0 Dehydrated copper chloride

CH4 Ethylene

C,H.Cl, Ethylene dichloride

cat Catalyst

sup Support

impregnated Impregnated in the catalyst

t Theoretical

SS Steady State

r Real/measured

max Maximum value from the set of data
min Minimum value from the set of data
reactant Corresponding reactangiHg; O, or HCI
inert Corresponding inert gas: Ar or He
blank Blank data

air Air

O, Oxygen

He pure He used in the inert-only stream

Ar pure Ar used in the inert-only stream

He He used for diluting the reactant concentration
Ar Ar used for diluting the reactant concentration
HCI Hydrochloric acid
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Appendix A: UV-visdata

30 7
25
20 = =305
g 1s —— t=60s
<] ———t=90s
& 10
£ ——t=120s
9
=
g > ——t=150s
0 - . —— t=450s
00,000 750,000 1100,000 ——t=1800s
.10 J
Wavelength (nm)

Figure A.1 UV-vis spectra evolution during the first reaction step of the experiment
14 3. Experimental conditions Total flow = 1.787 ml/s, PC,H4 = 0.085 atm; T = 483K
Wey = 6.11 geu/Qear; Mear = 0.523 gear.
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Figure A.2 UV-vis processed data evolution during the first reaction step of the
experiment 14 3. Experimental conditions Total flow = 1.787 ml/s, PC,H, = 0.085
am; T =483K; wey = 6.11 geu/Qeat; Mear = 0.523 gt
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Figure A.3 UV-vis spectra evolution during the second reaction step of the experiment
14 3. Experimental conditions Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 483K;
Wey = 6.11 gew/Gea; Meat = 0.523 Qe
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Figure A.4 UV-vis processed data evolution during the second reaction step of the
experiment 14 3. Experimental conditions Total flow = 1.04 ml/s; PO, = 0.223 atm; T
= 483K; Wy = 6.11 geu/Gear; Mear = 0.523 Qear.
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Figure A.5 UV-vis spectra evolution during the third reaction step of the experiment
14 3. Experimental conditions Total flow = 1.36 ml/s; PHCI| = 0.05 atm; T = 483K;
Wey = 6.11 gew/Gea; Meat = 0.523 Qe
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Figure A.6 UV-vis processed data evolution during the third reaction step of the
experiment 14 3. Experimenta conditions Total flow = 1.36 ml/s; PHCI = 0.05 atm; T
=483K; Wy = 6.11 geu/Gear; Mear = 0.523 Qgea-
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Appendix B: XRD data
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Figure B.1 XRD spectra of the catalyst used in the experiments 7_x. The last cycle
performed with this catalyst was the ethylene chlorination.
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Figure B.2 XRD spectra of the catalyst used in the experiments 12 _x. The last cycle
performed with this catalyst was the ethylene chlorination.
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Figure B.3 XRD spectra of the catalyst used in the experiments 14 x. The last cycle
performed with this catalyst was the ethylene chlorination.
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Figure B.4 XRD spectra of the catalyst used in the experiments 8 x. The last cycle
performed with this catalyst was the oxidation.
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Figure B.5 XRD spectra of the catalyst used in the experiments 9 x. The last cycle
performed with this catalyst was the oxidation.
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Figure B.6 XRD spectra of the catalyst used in the experiments 13 x. The last cycle
performed with this catalyst was the oxidation.
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Figure B.7 XRD spectra of the catalyst used in the experiments 5 x. The last cycle
performed with this catalyst was the catalyst rechlorination.
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Figure B.8 XRD spectra of the catalyst used in the experiments 10 x. The last cycle
performed with this catalyst was the catal yst rechlorination.
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Figure B.9 XRD spectra of the catalyst used in the experiments 11 x. The last cycle
performed with this catalyst was the catal yst rechlorination.
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Appendix C: M S data

Experiment 6 1 data

7,00E-06

6,00E-06

5,00E-06

4,00E-06

ethylene experiment

3,00E-06

ethylene blank

lonintensity (A)

2,00E-06 EDC

1,00E-06

0,00E+00 T T B I 1 1

0,00 100,00 200,00 300,00 400,00 500,00 600,00
-1,00E-06 -

Time (s)
Figure C.1 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; Wy = 5.77 geu/Qeat; Mear = 0.565
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Figure C.2 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wcy = 5.77 geu/Qeat; Mear = 0.565
Qcat-
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Experiment 6 2 data
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Figure C.3 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; Wy = 5.77 geu/Qeat; Mear = 0.565
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Figure C.4 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wy = 5.77 gcu/Qeat; Mear = 0.565
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Experiment 6 3 data
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Figure C.5 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.787 ml/s; PCo;H4 = 0.085 atm; T = 523K; Wcy = 5.77 geu/Gear; Mear =

0.565 Geat.
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Figure C.6 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 523K; Wcy = 5.77 gcw/Qeat; Mear = 0.565
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Experiment 6 4 data
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Figure C.7 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.062 ml/s; PCo;H4 = 0.073 atm; T = 523K; Wcy = 5.77 geu/Gear; Mear =

0.565 Geat.

1,20E-05 ~

1,00E-05

8,00E-06

|

6,00E-06

4,00E-06

lonintensity (A)

2,00E-06 -

0,00E+00 | === T

0,00 400,00
-2,00E-06 -

Time (s)

oxygen experiment

oxygen blank

oxygenreacted

T

600,00 800,00

Figure C.8 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.31 ml/s; PO, = 0.177 atm; T = 523K; Wcy = 5.77 gcu/Qeat; Mear = 0.565
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Experiment 6 5 data
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Figure C.9 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 523K; Wcy = 5.77 geu/GQear; Meat =
0.565 g
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Figure C.10 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.58 ml/s; PO, = 0.147 atm; T = 523K; Wcy = 5.77 gcu/Qeat; Mear = 0.565
Qcat-
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Experiment 6 6 data
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Figure C.11 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; Wy = 5.77 geu/Qeat; Mear = 0.565
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Figure C.12 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wcy = 5.77 gcu/Qcat; Mear = 0.565
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Experiment 9 1 data
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Figure C.13 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.787 ml/s; PC,;H4 = 0.085 atm; T = 508K; Wcy = 5.77 geu/GQear; Meat =
0.436 gca.
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Figure C.14 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.74 ml/s; PO, = 0.633 atm; T = 508K; Wcy = 5.77 geu/Qeat; Mear = 0.436

Ocat-
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Experiment 9 2 data
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Figure C.15 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.787 ml/s; PC,;H4 = 0.085 atm; T = 508K; Wcy = 5.77 geu/GQear; Meat =
0.436 gca.
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Figure C.16 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.74 ml/s; PO, = 0.663 atm; T = 508K; Wcy = 5.77 geu/Qeat; Mear = 0.436
Qcat-
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Experiment 9 3 data
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Figure C.17 Experimental data from the first reaction step. Experimental conditions:

Total flow = 2.062 ml/s; PCo;H4 = 0.073 atm; T = 508K; Wcy = 5.77 geu/GQear; Meat =
0.436 gca.
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Figure C.18 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.50 ml/s; PO, = 0.463 atm; T = 508K; Wcy = 5.77 geu/Qeat; Mear = 0.436
Qcat-
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Experiment 9 4 data
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Figure C.19 Experimental data from the first reaction step. Experimental conditions:

Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 508K; Wcy = 5.77 geu/GQear; Mear =
0.436 gca.
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Figure C.20 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 508K; Wcy = 5.77 geu/Qeat; Mear = 0.436

Ocat-
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Experiment 9 5 data
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Figure C.21 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.612 ml/s; PC,H,4 = 0.058 atm; T = 508K; Wy = 5.77 geu/Qcat; Meat =

0.436 Geat.
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Figure C.22 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 508K; Wcy = 5.77 geu/Qeat; Mear = 0.436
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Experiment 10 1 data

6,00E-06 A
=
5,00E-06 A
4,00E-06 -
<
2 3,00E-06 - ethylene experiment
(7]
c
9 ethylene blank
£ 2,00E-06 - Y
_g EDC
1,00E-06 -
0,00E+00 +— T . . . —
0,00 100,00 200,00 300,00 400,00 500,00 600,00
-1,00E-06 -
Time (s)

Figure C.23 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.612 ml/s; PC;H4 = 0.058 atm; T = 493K; Wcy = 6.11 geu/Qear; Mear =
0.732 gca.
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Figure C.24 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.233 atm; T = 493K; Wy = 6.11 gcu/Qeat; Mear = 0.732
Qcat-
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Experiment 10 2 data
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Figure C.25 Experimental data from the first reaction step. Experimental conditions:

Total flow = 2.612 ml/s; PC;H4 = 0.058 atm; T = 493K; Wcy = 6.11 geu/Qear; Mear =
0.732 gca.
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Figure C.26 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 493K; wcy = 6.11 gew/Geat; Meat = 0.732
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Figure C.27 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 493K; Wcy = 6.11 geu/Qear; Mear =

0.732 Geat.
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Figure C.28 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 493K; wcy = 6.11 gew/Qeat; Meat = 0.732
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Figure C.29 Experimental data from the first reaction step. Experimental conditions:

Total flow = 2.062 ml/s; PCo;H4 = 0.073 atm; T = 493K; Wcy = 6.11 geu/Qear; Mear =
0.732 gca.
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Figure C.30 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.5 ml/s; PO, = 0.463 atm; T = 493K; Wcy = 6.11 gc/Qeat; Mear = 0.732
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Figure C.31 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.787 ml/s;, PC;H4 = 0.085 atm; T = 493K; Wcy = 6.11 geu/Qear; Mear =

0.732 gca-
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Figure C.32 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.74 ml/s; PO, = 0.633 atm; T = 493K; Wcy = 6.11 geu/Qeat; Mear = 0.732
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Figure C.33 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H, = 0.1 am; T = 483K; wey = 6.11 geu/Qeat; Mear = 0.498
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Figure C.34 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.787 ml/s; PC;H4 = 0.085 atm; T = 483K; Wcy = 6.11 geu/Qear; Mear =
0.498 gca.
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Figure C.35 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.74 ml/s; PO, = 0.663 atm; T = 483K; Wy = 6.11 gcu/Qeat; Mear = 0.498
Qcat-
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Figure C.36 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.062 ml/s; PC,H4 = 0.073 atm; T = 483K; Wcy = 6.11 gew/Qeat; Meat =

0.498 Geat.
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Figure C.37 Experimental data from the second reaction step. Experimental conditions:

Total flow = 1.01 ml/s; PO, = 0.463 atm; T = 483K; Wcy = 6.11 geu/Qeat; Mear = 0.498
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Figure C.38 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 483K; Wcy = 6.11 geu/Qear; Mear =
0.498 gca.
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Figure C.39 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.28 ml/s; PO, = 0.365 atm; T = 483K; Wcy = 6.11 geu/Qeat; Mear = 0.498
Qcat-
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Figure C.40 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.062 ml/s; PC;H4 = 0.073 atm; T = 523K; Wcy = 6.11 geu/Qear; Mear =

0.490 Geat.
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Figure C.41 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.31 ml/s; PO, = 0.177 atm; T = 523K; Wy = 6.11 gcu/Qeat; Mear = 0.490
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Figure C.42 Experimental data from the first reaction step. Experimental conditions:

Total flow = 2.062 ml/s; PC,H4 = 0.073 atm; T = 523K; Wcy = 6.11 gew/Qeat; Meat =
0.490 Qgear.
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Figure C.43 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.31 ml/s; PO, = 0.177 atm; T = 523K; Wy = 6.11 gcu/Qeat; Mear = 0.490
Qcat-
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Figure C.44 Experimental data from the first reaction step. Experimental conditions:

Total flow = 2.062 ml/s; PC,H4 = 0.073 atm; T = 523K; Wcy = 6.11 gew/Qeat; Meat =
0.490 Qgear.
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Figure C.45 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.31 ml/s; PO, = 0.177 atm; T = 523K; Wy = 6.11 gcu/Qeat; Mear = 0.490
Qcat-
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Figure C.46 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 523K; Wcy = 6.11 geu/Qear; Mear =
0.490 gca.
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Figure C.47 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.58 ml/s; PO, = 0.147 atm; T = 523K; Wy = 6.11 gcu/Qeat; Mear = 0.490
Qcat-
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Figure C.48 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 523K; Wcy = 6.11 geu/Qear; Mear =
0.490 gca.
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Figure C.49 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.58 ml/s; PO, = 0.147 atm; T = 523K; Wy = 6.11 gcu/Qeat; Mear = 0.490
Qcat-
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Figure C.50 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 523K; Wcy = 6.11 geu/Qear; Mear =
0.490 gca.
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Figure C.51 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.58 ml/s; PO, = 0.147 atm; T = 523K; Wy = 6.11 gcu/Qeat; Mear = 0.490
Qcat-
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Figure C.52 Experimental data from the first reaction step. Experimental conditions:

Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 523K; Wcy = 6.11 geu/Qear; Mear =
0.490 gca.
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Figure C.53 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 493K; wey = 6.11 geu/Qeat; Mear = 0.556
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Figure C.54 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 493K; wcy = 6.11 gc/Qeat; Mear = 0.556
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Figure C.55 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 493K; wey = 6.11 geu/Qeat; Mear = 0.556
Qcat-
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Figure C.56 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 493K; wcy = 6.11 gc/Qeat; Mear = 0.556
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Figure C.57 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 493K; wey = 6.11 geu/Qeat; Mear = 0.556
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Figure C.58 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 493K; wcy = 6.11 gc/Qeat; Mear = 0.556
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Figure C.59 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 493K; wey = 6.11 geu/Qeat; Mear = 0.556
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Figure C.60 Experimental data from the second reaction step. Experimental conditions:

Total flow = 1.04 ml/s, PO, =0.223 am; T =

Ocat-

493K ; Wey = 6.11 gou/Goar; Meat = 0.556
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Figure C.61 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 493K; wey = 6.11 geu/Qeat; Mear = 0.556
Qcat-
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Figure C.62 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 493K; wcy = 6.11 gc/Qeat; Mear = 0.556
Qcat-
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Figure C.63 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 493K; wey = 6.11 geu/Qeat; Mear = 0.556
Qcat-
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Figure C.64 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 493K; wcy = 6.11 gc/Qeat; Mear = 0.556
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Figure C.65 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 493K; wey = 6.11 geu/Qeat; Mear = 0.556
Qcat-
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Figure C.66 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 493K; wcy = 6.11 gc/Qeat; Mear = 0.556
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Figure C.67 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 483K; wcy = 6.11 geu/Qeat; Mear = 0.523
Qcat-
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Figure C.68 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 483K; Wy = 6.11 gcu/Qeat; Mear = 0.523
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Figure C.69 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.787 ml/s; PC;H4 = 0.085 atm; T = 483K; Wcy = 6.11 geu/Qear; Mear =

0.523 QGeat.
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Figure C.70 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.04 ml/s; PO, = 0.223 atm; T = 483K; Wcy = 6.11 gcu/Qeat; Mear = 0.523
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46



Kinetic study of oxychlorination process Gerard Ayuso Virgili

Experiment 14 4 data

9,00E-06 A
8,00E-06
7,00E-06 -
. 6,00E-06 -
<
> 5,00E-06 - i
2 oxygen experiment
[}
@ ae
5 4,00E-06 oxygen blank
c
g 3,00E-06 oxygen reacted
~  2,00E-06 -
1,00E-06 -
0,00E+00 : - ' : '
—1,00E—060’DO 100,00 200,00 300,00 400,00 500,00 600,00
Time (s)

Figure C.71 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.31 ml/s; PO, = 0.177 atm; T = 483K; Wy = 6.11 gc/Qeat; Mear = 0.523
Qcat-
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Figure C.72 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.337 ml/s; PC;H4 = 0.065 atm; T = 483K; Wcy = 6.11 geu/Qear; Mear =
0.523 gea.
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Figure C.73 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.58 ml/s; PO, = 0.147 atm; T = 483K; wcy = 6.11 gcu/Qeat; Mear = 0.523
Qcat-
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Figure C.74 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.062 ml/s; PCo;H4 = 0.073 atm; T = 483K; Wcy = 6.11 geu/Qear; Mear =
0.523 gea.
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Figure C.75 Experimental data from the second reaction step. Experimental conditions:
Total flow = 1.31 ml/s; PO, = 0.177 atm; T = 483K; Wy = 6.11 gcu/Qeat; Mear = 0.523
Qcat-
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Figure C.76 Experimental data from the first reaction step. Experimental conditions:
Total flow = 2.612 ml/s; PC;H4 = 0.058 atm; T = 483K; Wcy = 6.11 geu/Qear; Mear =
0.523 gea.

50



Kinetic study of oxychlorination process Gerard Ayuso Virgili

Experiment 18 1 data

1,20E-05 A
1,00E-05 A
8,00E-06 !
<
E 6,00E-06 - oxygen experiment
(7]
c
9 oxygen blank
£ 4,00E-06 - ve
_g oxygenreacted
2,00E-06 -
0,00E+00 - T ; T )
0,00 200,00 400,00 600,00 800,00
-2,00E-06 -
Time (s)

Figure C.77 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wcy = 3.82 geu/Qeat; Mear = 0.335
Qcat-
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Figure C.78 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.335
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Figure C.79 Experimental data from the second reaction step. Experimental conditions:

Total flow =0.77 ml/s, PO, =0.301 am; T =

Ocat-

523K: wgy = 3.82 gCu/gcat; Mgt = 0.335
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Figure C.80 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.335
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Figure C.81 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wcy = 3.82 geu/Geat; Mear = 0.335
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Figure C.82 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.335
Qcat-
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Figure C.83 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wcy = 3.82 geu/Geat; Mear = 0.335
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Figure C.84 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.335
Qcat-
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Figure C.85 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; wcy = 3.82 gcu/Qeat; Mear = 0.360
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Figure C.86 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.360
Qcat-

1,20E-05
1,00E-05
8,00E-06
<
E 6,00E-06 - oxygen experiment
(7]
c
I oxygen blank
£ 4,00E-06 ve
_g oxygenreacted
2,00E-06 -
0,00E+00 +—= ? . —
0,00 200,00 400,00 600,00 800,00
-2,00E-06 -
Time (s)

Figure C.87 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; wcy = 3.82 gcu/Qeat; Mear = 0.360
Qcat-
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Figure C.88 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.360
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Figure C.89 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wcy = 3.82 geu/Geat; Mear = 0.360
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Figure C.90 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.360
Qcat-
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Figure C.91 Experimental data from the second reaction step. Experimental conditions:
Total flow = 0.77 ml/s; PO, = 0.301 atm; T = 523K; Wcy = 3.82 geu/Geat; Mear = 0.360
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Figure C.92 Experimental data from the first reaction step. Experimental conditions:
Total flow = 1.512 ml/s; PC,H4 = 0.1 am; T = 523K; wey = 3.82 geu/Qeat; Mear = 0.360
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