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S-1 Reduction Temperature of Ni/ZrO,

To evaluate the required reduction temperature, the reduction of the calcined NiO/ZrO,
was monitored by in-situ XAS, Figure 1(a) presents the evolution of the Ni-K near edge
region as function of the temperature. The decrease in the absorption threshold intensity
during the activation step show that Ni was being reduced. Furthermore, all spectra shown
in Figure 1(a) are superposed at the same isosbestic points indicating that conversion of
calcined Ni species to the reduced Ni phase took place in a single step. The fraction of
oxidized and reduced phase was estimated by linear combination analysis and is presented
in Figure 1(b). The reduction rate strongly increased from 264 °C and was completed at
450 °C. Thus, in all experiments a reduction temperature of 500 °C was used to ensure
complete reduction of the catalysts.
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(a) Ni-K X-ray absorption near edge spectra
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Figure S-1: Ni-K X-ray absorption near edge spectra recorded as function of the
temperature during the reduction of the catalyst (a) and linear combination results
estimating the fraction of oxidized and reduced Ni phases during the reduction of

the catalyst (b).



S-2 Transport Limitations

To evaluate the effect of the external diffusion, Mears’ criterion for external diffusion was
used. This states that the external diffusion limitations can be neglected if [1]:

' (0bs) - pp - dp -
2 ke Cap

Here r/ is a measured reaction rate, py is the bulk density of the catalyst bed (found as 950
kg/m3), d, is the diameter of the catalyst particles, n is the reaction order, k. is the mass
transfer coefficient, and Cyy is the concentration of reactant A in the bulk.

Mears’ criterion is an evaluation of the external diffusion of one compound. As hy-
drogenation of guaiacol is the fastest reaction in the present system, this reaction will be
evaluated and therefore the diffusion of this in 1-octanol.

The reaction rate is evaluated on the basis of the kinetic model developed for the system
and the reaction rate in the inlet to the system is used:

Cy = <0.15 (S-1)

= kll : CO,Guaiacol : (1 - Xl) (8‘2)
= 500ml/ (kg - min) - 900mol /m3 - (1 — 0) (S-3)
=7.5-10"3mol/(kg - 5) (S-4)

The particle diameter was controlled by sieving the catalyst, obtaining a particle size in
the range from 300 pum to 600 um. In order to consider the worst case scenario, the largest
particle diameter was used in the calculations.

The reaction order was assumed to be 1.

D sp was estimated from the Wilke-Chang method [2]:
Vip-Mp-T

= 0.6

p-Va
Here v is an association parameter assumed to be 1 for 1-octanol [3], Mp the molar mass
of 1-octanol (130.23 g/mol), T the temperature in Kelvin, u the viscosity of the mixture in
cP (0.65 cP for 1-Octanol [4]), and V4 is the molar volume of guaiacol in cm®/mol (111.6
cm?/mol). In this way the diffusion coefficient for guaiacol in 1-octanol can be found as
4.01-1072 m?/s. This is needed to calculate k., which will be done from the correlation
between the Reynolds number (Re), the Schmidt number (Sc) and the Sherwood number
(Sh). The estimated Reynolds and Schmidt numbers are:

F

Dap="T74-107%. (S-5)

~dyp
Re=4 — (S-6)
7
0.2ml/mi
0.2ml/min 6 - 0.824g /ml
— 5-107°m? = 0.13 (S-7)
0.65cP
7
Se=—H S-8
pr-Dap (5-8)
0.65¢P
¢ = 197 (S-9)

~ 0.824g/ml - 4.01 - 10-9m2/s

Here F' is the flow, A the cross section area, and p; the density of the liquid. These can be
used to calculate the Sherwood number (Sh) [1]:

0.765  0.365 \ Sc'/3 - Re
Sh = <R60‘82 + Reo.386> 1— ¢y (5-10)
0.765 0.365 \ 1971/3.1.45
(0.13082 + 0.130~386> 1-0.4 8 (S-11)



Here ¢ is the porosity of the bed, which was assumed to be 0.4.
The mass transfer coefficient is obtained from the Sherwood number:

h-D
ke = Sh-Dap (S-12)
dp
8.22-4.01-1079m?/s 5
= — 9. . 1 N '1
0 G 5.50-107°m/s (S-13)

From this, Mears can now be found to be 0.04, which is significantly lower than 0.15 and
thereby indicating that the reaction is not limited by external diffusion.

Based on the previous results of no external diffusion limitation the Weisz-Prater criteria
can be used in the estimation of internal diffusion limitations [1]:

' (0bs) - pe - (%)2
D, - Cas

pr = (S—14)
Here D, is the effective diffusion coefficient, and C'4; is the concentration of the investigated
compound at the surface of the catalyst.

1’ (0bs) is determined analogously to what was done in Eq. S-2, and d,, is the same cat-
alyst particle diameter as discussed above. C 4, can be assumed equal to the concentration
in the bulk, because it was concluded that there was no external diffusion limitation.

The effective diffusion coefficient is estimated as:

7¢c'79c 1
T 1 1
C 7_‘_7
Dk Dap

D.

(S-15)

Here ¢, is the porosity of the catalyst, 9. is the constriction factor, and 7. is the tortuosity.
The Knudsen diffusivity, Dy, is given by [5]:

T\ /2
Dy = ca- | — -1
Kk =9700 - a <MA> (S-16)
523K\ /2
f— . . 76 . —_— -
=9700-2- 10 %cm (124'149/%[) (S-17)
=0.0398cm?/s = 3.98 - 10~ m? /s (S-18)

Here a is the radius of the pores inside the catalyst. This is set to 20 nm which is the average
pore size for the given catalyst as specified for this support by Saint-Gobain NorPro. The
bulk diffusion coefficient is the same as that determined in Eq. S-5.

o¢, Ve, and 7. have been estimated to the respective values of 0.33, 0.8, and 2.5. Whereby
the effective diffusion coefficient can be calculated as:

0.33-0.8 1
D, = 55 i N i (S-19)
3.98-107%m?2/s = 4.01-1079m?/s
=4.23-10719m?%/s (S-20)

Hereby Cy,, can be found to be 1.9 and as this criterion states that if ', < 1 no interior
diffusion problems exist, it is indicated that internal transport limitation probably exist for
the largest particles. With a particle size of 300 pm Cl,, is 0.49.



To further evaluate this, the effectiveness factor (n.ss) of a single catalyst pellet was
evaluated, which for a first order reaction is given by [1]:

Neff = ;’2 (¢ - cothg — 1), (S-21)
2 _ pc‘kl‘(d /2)2
e (S-22)

In Figure S-2, 75 is plotted as a function of particle size, showing that the smaller particles
(radius of 150 pm) has an effectiveness in the order of 97 %, but the larger (radius of 300
pm) are in the order of 89%.

Figure S-2: Effectiveness factor as a function of particle radius for the given system
of hydrogenation of guaiacol. Grey area indicate the used particle fraction.



S-3 Kinetic Model Derivation

Based on the experimental observations as summarized in Figure S-3, four main reactions
were identified, giving the following kinetic system:

S-23
S-24
S-25
S-26

n
r1 = k1 - Cquaiacol * PH2

m
ro = ko - CQ—Methoxy—cyclohexanol : PH2

(5-23)
(S-24)
r3 = k3 - Ccyclohexanol * Pll{2 (5-25)
(S-26)

k
r4 = k4 - C1-Octanol * PH2

@ <\:§ +H,, CHOH<:§ +H -H,0 <:>
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Figure S-3: Observed reaction path of guaiacol and 1-octanol.

Here r; is the rate of reaction 4, k; is the rate constant for reaction 4, C; is the con-
centration of compound 4, Py, is the partial pressure of H,, and n-k are the unknown
reaction orders of hydrogen. The reaction orders for all the hydrocarbons were assumed to
be quasi first order. Previous work has shown that 15 order reactions of guaiacol, anisole,
and phenol HDO sufficiently describes these systems for simple interpretations [6-8].

As a significant excess of hydrogen was used in all experiments the partial pressure of
hydrogen was assumed constant and therefore the kinetic expressions reduce to:

r = kll : C’Gruauiacol

ro = kf/Q : C’2—Methoxy—cyclohexaunol
r3 = ké : C’Cyclohexanol

T4 = ki; - C1-Octanol

By defining X; as the degree of conversion in reaction 1 relative to the initial guaiacol
concentration, Xo as the degree of conversion in reaction 2 relative to the initial guaiacol
concentration, X3 as the degree of conversion in reaction 3 relative to the initial guaiacol
concentration, and X4 as the degree of conversion in reaction 4 relative to the initial 1-
octanol concentration and assuming constant volume, the rate equations can be expressed
as:

r1 = k1 - Co,Guaiacol - (1 — X1)
re = kb - Co,Guaiacol * (X1 — X2)
r3 = ki - Co Guaiacol - (X2 — X3)
r4 = kj - Co1-Octanol - (1 — X4)



The reaction takes place in a plug flow reactor, for which the mole balances are [1]:

Co,Guaiacol " U - % =7 (S-35)
Co,Guaiacol " U - % =Ty (S-36)
Co,Guaiacol * U - % =r3 (S-37)
C0,1-Octanol * U - % =Ty (S-38)

Here v is the feed flow and W is the mass of catalyst. Using zero as initial conditions of
the conversions, the differential equation can be solved algebraically as:

w
X1 =1—exp <— 1 U) (S-39)
1exp (—kh - ) — kb - exp (=K - 1)
Xo=1- " 2 v 2 L S-40
: s (5-40)
Xz=1-— ké ) ké $ exXp (_k{l ) %) (S-41)
(ky — kg) - (k1 — k3)
ké ) ?L ' eXp (_ké ) %) _ kll ) ké - €Xp (_ké ) %) (8—42)
(Ky — ko) - (ky —kg) (K — ky) - (K] — k)
w
Xy =1—exp <—kﬁl : v) (S-43)

This can be used to evaluate the kinetic parameters of the sytem, where k] corresponds to
the rate of hydrogenation, k% corresponds to the rate of hydrogenolysis, k% corresponds to
the rate of hydrodeoxygenation, and k) corresponds to the rate of cracking/decarbonylation.



S-4 Detailed Evolution of Product Concentration Dur-
ing Stability Tests with Ni/ZrO,

All liquid samples were analyzed by GC-MS/FID and detailed product compositions were
obtained in all experiments. This is summarized in the following figures. All experiments
were conducted at 250 °C and 100 bar, with an oil flow of 0.2 ml/min (WHSV = 4.0 h™!)
and gas flow of 400 Nml/min.
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Figure S-4: Conversion of guaiacol and 1-octanol and yield of heptane, cyclohex-
ane, cyclohexanol, 2-methoxy-cylclohexanol DOD for a calcined 5 wt%Ni/ZrO, as a
function of TOS. T = 250 °C, P = 100 bar, F,; = 0.2 ml/min, WHSV = 4.0 h~L.
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Figure S-5: Conversion of guaiacol and 1-octanol and yield of heptane, cyclohexane,
cyclohexanol, 2-methoxy-cylclohexanol DOD for an un-calcined 5 wt%Ni/ZrO, as a
function of TOS. T = 250 °C, P = 100 bar, F,; = 0.2 ml/min, WHSV = 4.0 h~L.
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Figure S-6: Conversion of guaiacol and 1-octanol and yield of heptane, cyclohexane,
cyclohexanol, 2-methoxy-cylclohexanol DOD for an un-calcined 5 wt%Ni/ZrO, as a
function of TOS deactivated by 0.05 wt% sulfur from 8 h of TOS. T = 250 °C, P =
100 bar, F,; = 0.2 ml/min, WHSV = 4.0 h~!.
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Figure S-7: Conversion of guaiacol and 1-octanol and yield of heptane, cyclohexane,
cyclohexanol, 2-methoxy-cylclohexanol DOD for an un-calcined 5 wt%Ni/ZrO,, as a
function of TOS deactivated by 0.05 wt% chlorine from 8 h to 48 h of TOS. T = 250
°C, P = 100 bar, F,; = 0.2 ml/min, WHSV = 4.0 h=1.
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Figure S-8: Conversion of guaiacol and 1-octanol and yield of heptane, cyclohexane,
cyclohexanol, 2-methoxy-cylclohexanol DOD for an un-calcined 5 wt%Ni/ZrO, im-
pregnated with KCIl as a function of TOS. T = 250 °C, P = 100 bar, F,; = 0.2
ml/min, WHSV = 4.0 h~*,

10



Figure 5-9: Conversion of guaiacol and 1-octanol and yield of heptane, cyclohexane,
cyclohexanol, 2-methoxy-cylclohexanol DOD for an un-calcined 5 wt%Ni/ZrO, im-
pregnated with KNO; as a function of TOS. T = 250 °C, P = 100 bar, F,; = 0.2
ml/min, WHSV = 4.0 h~*,
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S-5 EXAFS 0Analysi of Poisoned Catalysts

Initially, the local structure of the fresh calcined Ni/ZrO, and the in-situ reduction of this
catalyst (as discussed in Section S-1) was studied by refining the extended X-ray absorption
fine structure (EXAFS) spectra. Figure S-10 presents the experimental and refined Fourier
transformed EXAFS spectra (ks and ko weighted, respectively) of the calcined (Figure
10(a)) and reduced (Figure 10(b)) catalysts. The Fourier transformed spectra, besides
being a filter, give an intuitive and immediate idea of the radial atomic distribution around
the absorber atom, in this case nickel.

= = = Ni/Zr0, calcined = == Ni/ZrO, reduced

refinement

refinement

[ (R)] [A]

(a) EXAFS of calcined Ni/ZrO, (b) EXAFS of reduced Ni/ZrO,

Figure S-10: Experimental (full line) and refinements (dotted line) Fourier Trans-
formed EXAFS spectra at the Ni-K edge of Ni/ZrO, catalysts (a) calcined and (b)
reduced (not corrected for phase-shifted).

Due to the shoulder below 2 A at the Fourier transformed EXAFS spectra (highlighted
in Figure B-11(a)), the refinements of carbon, chlorine, KNO, and KCI poisoned catalyst
were carried out counsidering one and two shells. The best results were found for the two
shells approach. All refinements and Fourier Transformed EXAFS spectra are presented in
the figures.
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Figure S-11: Fourier transformed EXAFS spectra of carbon poisoned Ni/ZrO, cat-
alysts.

Table S-1: Results of the data fits of the Ni-K-edge EXAFS spectra for the carbon

poisoned Ni/ZrO, catalysts. N is the number of neighboring atoms, r the distance,

o? the mean-square disorder in the atomic distances, and p the misfit between exper-

imental data and theory. Index f and c respectively indicates fitted and constrained.

R-Range: 1.0-3.0 A, 52 = 0.78, 15" model: AF, = 6.6+ 0.8, 24: AF, = 5.8+ 0.9
Sample Model Atom N %1073 P)

r
A] A7 %l
86 +0.95 249+ 0.01F 62+1.07 26
ond O 0.8 +0.37 1.98 +0.05f 7.1+0.17* 0.5

Ni 87+0.97 248 +0.017 6.3+ 1.0/

Carbon 15t Ni

“Ni-O o2 was constrained and fitted together with NiCO, reference

13
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Figure S-12: Fourier transformed EXAFS spectra of chlorine poisoned Ni/ZrO, cat-
alysts.

Table S-2: Results of the data fits of the Ni-K-edge EXAFS spectra for the chlorine
poisoned Ni/ZrO, catalysts. N is the number of neighboring atoms, r the distance,
0% the mean-square disorder in the atomic distances, and p the misfitt between
experimental data and theory. Index f and c respectively indicates fitted and con-

strained. R-Range: 1.0-3.0 A, S2 = 0.78, 1%t model: AE, = 7.0 & 0.0, 2"¢ model:
AE,=6.6+1.4

Sample  Model Atom N

r o?-107° )
[4] A7) %]
Chlorine 15 Ni 86 +08" 249+ 0.01Y 46+1.07 1.9
ond O 0.8 +£0.25 200+ 0.04/ 724017 0.9

Ni 854 06f 248" +0.017 4.5+ 1.0

®Ni-O o2 was constrained and fitted together with NiCO; reference
bFitted uncertainty less than 1%

(a) - - - NifZr0, KCI poisoned 44 (b) = = =Ni/ZrO, KCI poisoned
refinement Mi path —— refinement Ni path
34 — refinement O + Ni paths refinement O + Ni paths
P
e
g oL
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Figure S-13: Fourier transformed EXAFS spectra of KClI poisoned Ni/ZrO, catalysts.
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Table S-3: Results of the data fits of the Ni-K-edge EXAFS spectra for the KCI
poisoned Ni/ZrO, catalysts. N is the number of neighboring atoms, r the distance,
o? the mean-square disorder in the atomic distances, and p the misfit between ex-
perimental data and theory. Index f and c¢ respectively indicates fitted and con-
strained. R-Range: 1.0-3.0 A, S2 = 0.78, 1 model: AE, = 7.1 £ 0.7, 2"4 model:

AE,=6.7+0.3
Sample Model Atom N r o?-107° P)
[A] [A2] %]
KCl 1 Ni  10.0 £ 0.8/ 249+ 0.01f 70+ 1.07 12
ond @) 0.6 + 0.17 2.00 4+ 0.04/ 7.2+0.17* 0.9
Ni 9.9 + 0.4/ 2.481° 6.8 + 0.5/

“Ni-O ¢? was constrained and fitted together with NiCO, reference
bFitted uncertainty less than 1%

3 b -—- I'~.1i.erC)Z KNCJ_J poisoned
(a) - = =Ni/ZrO, KNO, poisoned 1 ( ) —— refinement Ni path

2] refinement Ni path Fan refinement O + Ni paths
refinement O + Ni paths o
5 =
= =2
x 4] =

= E.

4 5 6

0 1 2

: 3
RS(A) R (A)
Figure S-14: Fourier transformed EXAFS spectra of KNO; poisoned Ni/ZrO, cata-
lysts.

Table S-4: Results of the data fits of the Ni-K-edge EXAFS spectra for the KNO,
poisoned Ni/ZrO, catalysts. N is the number of neighboring atoms, r the distance,
o? the mean-square disorder in the atomic distances, and p the misfit between ex-
perimental data and theory. Index f and c¢ respectively indicates fitted and con-
strained. R-Range: 1.0-3.0 A, S2 = 0.78, 1 model: AE, = 3.3 £ 2.0, 2"¢ model:

AFEy=6.6+1.0
Sample Model Atom N r 0?1073 Cy-107% P
[A] [A?] [A%] %]
KNO, 15t Ni 7.5+1.47 249 +0.017 85+ 1.6 - 5.4
nd O 114037 19640017 7.9+ 45 1.3
Ni 83+097 2484 0.01f 9.2+1.0/ 4924+ 1.0/

“Ni-O o2 was constrained and fitted together with NiCO, reference
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Figure S-15: Fourier transformed EXAFS spectra of sulfur poisoned Ni/ZrO, cata-
lysts.

Table S-5: Results of the data fits of the Ni-K-edge EXAFS spectra for the sulfur
poisoned Ni/ZrO, catalysts. N is the number of neighboring atoms, r the distance,
o? the mean-square disorder in the atomic distances, and p the misfit between exper-
imental data and theory. Index f and c respectively indicates fitted and constrained.
R-Range: 1.11-2.50 A, S3 = 0.78, AE; = —8.4+0.5

Sample Atom N

r %1073 p
[A] A7 (%]
Suflur S 5.0¢ 2224+ 0.0/ 7.6 £047 25

16
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