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FIGURES

Figure S1 Visual appearance of the liquid products after the catalytic hydrotreatment reaction.
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Figure S2 XRD patterns of metal phosphides supported on activated carbon catalysts: (a)

AC, (b) 5NiP/AC, (c) 15MoP/AC, (d) 20NiMoP/AC, (e) 15WP/AC, (f) 20NiWP/AC.

The XRD spectra for the monometallic Ni phosphides (5NiP/AC) are in line with literature data and
show peaks at 26 values of 40.67, 44.60, 47.24, 54.03 and 55.13, corresponding to (111), (201), (210)
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(300), (002) crystal planes of Ni,P.223 The MoP phase in the monometallic MoP/AC is present at 32.16,
43.00 and 57.30, in line with literature data.? In the case of the bimetallic 20NiMoP/AC catalyst, the
Ni,P phase was not observed, which is either due to the presence of highly intense MoP peaks and/or
that the nanoparticles are highly dispersed on the AC.%3 The XRD spectra for the mono- and bimetallic
W containing catalysts (15WP/AC and 20NiWP/AC) show the presence of a WP phase. The peak of the
Ni,P case for the bimetallic catalyst 20NiWP/AC was shown to be overlapping with the WP phase. All
XRD data are in line with literature data for catalysts prepared with the same synthesis protocol.**
Figure S3 shows the TEM image of as prepared 20NiMoP/AC catalyst. A wide range of particles
sizes (up to 100 nm size) can be seen. These values are larger than reported for a NiMoP catalyst
supported on silica.? For the latter, the average particle size was a strong function of the intermediate
calcination temperature and values between 11 and 23 nm were reported for a calcination
temperature of 700°C, and larger, unspecified ones for 800°C. A possible explanation is the difference
in interaction between the nanoparticles and the AC support. A stronger interaction between
nanoparticles and silica is expected, reducing the tendency for agglomeration and leading to smaller
particles. In addition, in our case the metal loading for the catalyst is higher, which may also lead to

larger average nanoparticle sizes.

Figure S3 TEM image of the fresh 20NiMoP/AC catalyst
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Textural properties of the AC used in this study and the supported metal phosphide catalysts were
evaluated by nitrogen physisorption experiments and the results are shown in Table 2 in the main text.
The adsorption isotherms of both AC and 20NiMoP/AC exhibited combination of type-I (Langmuir) and
type-IV (hysteresis loop) isotherms (Figure S3). This implies that both samples contain micro pores and
meso/macro pores.® The BET surface areas of the AC and 20NiMoP/AC were calculated to be 752 and
381 m?/g, respectively. In addition, from the pore size distribution curves, it is clear that there is no
significant change in average pore diameter upon loading of metal phosphides. In general, BET surface
area decreases on introducing metals and this decrease is significant at high metal loadings. From our
results, we can clearly suggest that the metal phosphides are also introduced in the pores, leading to

substantial pore (micro/meso) blockage.
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Figure S4 Adsorption isotherms and pore size distribution curves of Activated carbon (A,B) and
20NiMoP/AC catalyst (C,D).
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Figure S5 GC-MS of lignin oil obtained for the 20NiMoP/AC at 400 °C.
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Figure S6 Typical GCxGC chromatogram of hydrotreated Kraft lignin.” 1) cyclic alkanes, 2)
linear/branched alkanes, 3) aromatics, 4) polycyclic aromatics, 5) ketones/alcohols, 6) acids, 7)
guaiacols, 8) alkyl phenolics, 9) catechols, a) internal standard (di-n-butylether), and b) 2,5-di-t-
butylhydroxytoluene (stabilizer in THF). (Adapted from ref. 6. Reproduced with permission)
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Figure S7 Gel permeation chromatograms of lignin oils obtained for 15MoP/AC at different
temperatures and recation times: (a) 400 °C- 0 h, (b) 400 °C- 2 h, (c) 400 °C- 4 h, (d) 400 °C- 8 h, (e) 425
°C-4 h, (f) 450 °C- 0 h, (g) 450 °C- 1 h, (h) 450 °C- 4 h, and (i) 500 °C- O h.
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Figure S8. TGA analysis of the liquid phase obtained at 400°C, 100 bar and 10 wt% catalyst loading
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TABLES

Table S1 Mass balance for a representative run with 20NiMoP/AC including hydrogen

consumption.?

roduct

5% catalyst loading®

Lignin oil (Organic phase)
Water (Aqueous phase)
Gas phase

Solid Residue

Total (excluding H, consumption)

Hydrogen consumption

Grand Total (including H, consumption)

10.08 (67.2)

2.95 (19.7)

1.29 (8.6)

0.6, (4)

14.92 (99.5)

0.53 (3.5)

15.45 (103)

3Reaction conditions: Kraft lignin, 15 g; intake hydrogen pressure of 100 bar at RT; 2 h; 1200 rpm

byvalues in parenthesis are % on wt. basis of lignin intake

Table S2: Gas phase compostion for experimenst carried out at 400°C and 4 h batchtime

(Table 3 data)?

Time CH, CHs GCiHg co Cco, Total
Catalyst — TCO ) ) % ) % H (%)
5NiP/AC 400 4 3.6 0.9 0.6 0.2 4.1 9.4
15WP/AC 400 4 4.4 0.8 0.6 0.1 3.6 9.5
20NiWP/AC 400 4 4.6 0.9 0.7 0.1 4.0 10.3
15MoP/AC 400 4 4.4 0.7 0.5 0.1 2.7 8.4
20NiMoP/AC 400 4 53 0.8 0.5 0.1 3.4 10.1

2All data are wt% based on lignin intake.
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Table S3 Coefficients for the regression model for oil yield

Variable Oil yield (wt%)

Model IF

Constant +177.12617

Temperature (T) -0.25956

Reaction time (t) +24.69919

H.t -0.065219

Table S4 ANOVA data for the oil yield
SS DF MS F p-value R? values
Model 891 3 296 22.8 <0.0024 R? 0.93

Rzadjusted 0.89
Rzpredicted 0.71
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GCxGC-FID calibration for quantification of monomers

The first step in the quantification procedure involved determination of the RRF value for a number of
representative model components belonging to the various compound groups (alkylphenolics,
aliphatic hydrocarbons, aromatics,). The following equation was used to calculate the RRF for an

individual model component:

Where, C; is the concentration of the internal standard, A the area of the internal standard (di-n-
butylether, DBE), C. the concentration of the component C, A is the area of the component, and RRF

is the relative response factor for compound C.

The RRF value for an individual model component was determined by plotting the ratio C./Cis versus
the ratio A/Ai. In such a plot, (see below), the slope is the RRF value for the individual model

component.

Figure S9. Examples for the phenolics (alkylated) group:
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Figure S10. Examples for the guaiacolics (alkylated):
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Figure S11. Examples for the aromatics:
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For the quantification based on compound groups, the total compound group area was calibrated over
a concentration range of 10 to 100 mg/kg by using 5 calibration mixtures. From these calibrations, an

average RRF is calculated for each compound group, see Table S5 below.

Compound group RRF (DBE)
Alkylatedphenolics 1.1
Methoxylated alkylated phenolics 0.9
Polyaromatics/Naphthalenes 1.23
Linear/branched alkanes 1.6
Cyclic alkanes 1.5
Ketones/Alcohols 1
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