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ABSTRACT:

A kinetic model comprising 11 component families, 153 distributed lumps and 117 first-order
reactions was constructed to represent the hydrotreatment of a sewage sludge-derived HTL

biocrude. The model was based on 15 laboratory-scale experiments with biocrude solubilised in



heptane in a batch reactor and contacted with a hydrotreatment catalyst under 100 bars of hydrogen.
Experiments were of duration 0 — 5h and performed at 350, 375 and 390°C. The mass balance was
closed to at least 87% and reactor outputs were analysed with reaction liquids quantified by
structure and carbon number in the form of mass distributions. A reaction scheme with three
sections: straight chains, aromatics and heavy lumps was proposed. 26 kinetic parameters were

estimated, all significant to more than 95%. Model outputs compare well with measured data.

1. Introduction

Hydrothermal Liquefaction (HTL) has the potential to turn organic waste streams into useful
liquid fuels'. It produces high-viscosity biocrudes with high heteroatom content which require
further upgrading®>. Several studies characterised sewage sludge-derived biocrudes in detail:
Fan et al. (2022) reviewed HTL and upgrading of sewage sludge for biofuels*, Zimmermann et
al. (2022) confirmed the presence of long-chain fatty acids and amides> and Jahromi et al. (2022)
demonstrated the consequence of HTL solvent type on biocrude hydrotreatment®. Sewage
sludge-derived biocrudes vary according to HTL processing method, the type of sewage sludge

source and with geography +7.

Hydrotreatment is a well-understood process®’ and co-processing of sewage sludge-derived
biocrudes with traditional heavy oil feedstocks is a possibility for upgrading on the industrial

scale 3,10,11

. Laboratory scale hydrotreatment of biocrudes has focussed on reaction conditions
and feedstock and product characterisation>*’. Batalha et al. (2023) made a detailed
comprehensive analysis of several HTL biocrudes and their upgrading products? and, working

with a real sewage sludge-derived biocrude, Heracleous et al. (2022) found that long chain fatty

acids were easily converted into their respective paraffins, with heteroatom removal and



increased viscosity reduction at higher reaction temperature’. Zhu et al. (2022) used model
molecules to determine kinetic parameters for hydrotreatment of long-chain amides, finding
deoxygenation (DO) faster than denitrogenation (DN), with a long-chain aliphatic amine as the

main intermediate!°.

Zhu et al. (2022) assumed first-order kinetics in their model to compare pathways for model long
chain amides conversion'®. A wide range of dynamic models have been applied to hydrotreating
traditional feedstocks. Compounds are usually lumped by heteroatom, e.g. the
hydrodenitrogenation (HDN) reaction rate equation would apply to the total nitrogen content®°.
First-order kinetics are generally used for an initial analysis and chemical complexity can be
taken into account by using nth order kinetics®’. More detailed hydrotreatment models include
model compounds and can use reaction rate equations based on Langmuir-Hinshelwood kinetics’
as N compounds are self-inhibiting for HDN!2. Pu et al. (2020) constructed a kinetic model

based on GCxGC analysis of liquid products after catalytic hydroconversion of lignin and used a

first-order reaction rate equation with respect to the components and hydrogen concentration'>.

Mass distributions have been used for detailed modelling and simulation of upgrading residues
and vacuum gas oils'*!®. This method allows for mole-based reaction rate equations and a good

representation of the reaction liquid physical properties'°.

Browning et al. (Browning et al., 2024) in Part [ have performed hydrotreatment experiments of
sewage sludge-derived biocrude. All products and reagents were analysed as thoroughly as
possible using the available analytical techniques. The data is the carbon number mass
distributions for sewage sludge biocrude components and upgrading products (Browning et al.,

2024). After a detailed mechanism analysis, several reaction networks were tested against the



data and then adjusted based on model fit and parameter estimation results. Only the best one is
presented in this Part II article. For this modelling, we have used quantitative data from 15
experiments covering three temperatures (350°C, 375°C, and 390°C), and with durations up to 5
hours, to test a distributed dynamic model for hydrotreatment of a sewage sludge-derived
biocrude. Parameter estimation allowed us to find the reaction constants, activation energies and

stoichiometric coefficients associated with the reactions in the kinetic model.

2. Material and methods

2.1 Experimental methods

The experimental methods have been described by browning et al. (2024)>. To recap briefly,
sewage sludge-derived biocrude was produced by hydrothermal liquefaction experiments in a 1000
mL batch reactor. Subsequently, hydrotreatment was performed on 3g of the biocrude with 1g of
solid catalyst (NiMoS/AL>Os, described in Table 2 of browning et al. (2024)?), diluted in 30g of
heptane, at temperatures of 350°C, 375°C, and 390°C under 100 bars of H2 in a 300 mL batch
reactor. As soon as the experimental temperature was reached, the hydrogen charge was completed
and the reaction time, t0, was set. The reactor was cooled rapidly at the end of the reaction period.
The resulting reaction products included liquid, gas, solids, and dissolved gases. Liquid products
were separated from heptane through evaporation in a rotary evaporator for 2 hours at 30 mbar and
40°C. A mass balance was conducted, with losses primarily observed in experiments of longer
duration (5 hours), achieving at least 83% closure. Gas components were analyzed using micro-
Gas Chromatography (SRA instruments), with a portion remaining dissolved in the liquid heptane

at cold reactor conditions. Missing mass quantities were calculated using a process simulator



(ProSimPlusTM) based on measured gas phase composition, assuming equilibrium between gas
and liquid phases, resulting in mass balance closure between 87% and 97%. Elemental analysis of
liquid and solid products was performed using a Thermo Scientific Flash 2000 Organic Elemental
Analyser?. Liquid product identification and quantification were conducted using comprehensive
two-dimensional mass spectrometry, time of flight mass spectrometry, and flame ionisation
detector gas chromatography (GCxGC — MS, GCxGC — TOFMS, and GCxGC — FID)?. The
component families were classified as: amides, nitriles, aliphatic amines, aliphatics, indoles,
carbazoles, phenols, N-aromatics, O- N-aromatics, pyridines, diaromatics and monoaromatics.
Liquid product analyses were transformed into carbon number distributions using Simulated
Distillation (SimDis ASTM 2887) analysis and Size Exclusion Chromatography (SEC)?. The
carbon number distributions were adjusted to account for additional nitrogen and oxygen, where

necessary, and were normalized to the initial biocrude mass charge of the 350°C, t0 experiment.

3. Model construction

After careful review, results from 15 experiments were retained for modelling as shown in Table
1: a t0 experiment for each reaction temperature plus reactions of duration 0.5, 1 and 5 h at
350°C, 0.5, 1, 3 and 5 h at 375 and 390°C and one repeat 3h experiment at 375°C. For each
experiment, there were 164 data points including 153 distributed lumps across the eleven
families. All data points are used for parameter estimation. Modelling the upgrading reaction
kinetics was an iterative process. After a detailed mechanism analysis, several reaction networks
were tested against the data and then adjusted based on model fit and parameter estimation

results. Only the best one is presented in this article.

Temperature (°C)  Duration (h)




350 0,0.51,5
375 0,0.5,1, 3, 3 (repeat), 5

390 0,05,1,3,5

Table 1. List of experiments

3.1 Reactor Model

Experiments were performed in an agitated batch reactor and the reaction mixture was diluted by
a factor of ten in supercritical heptane under reaction conditions, known to facilitate mass transfer
of H; to the catalyst!’ !, We therefore assume a single homogeneous phase and no mass transfer

limitation, either intraparticle or at the catalyst boundary.

Molar masses have been calculated for all components including distributed lumps and the
reaction model is constructed on a molar basis. Molar quantities are converted back into mass for
parameter estimation. The distributed masses for each family can be summed to give the total
and represent its overall evolution. The mole balances are given by Eq. (1), where V;(m3) is the
reactor volume and 75 ; (mol. h™1) the reaction rate for component, i, in family, . Components
can be consumed or produced by more than one reaction. C;(mol. m™3) is the concentration of
component, j, and y; ¢ ; is the stoichiometric coefficient relating components i and j. NR and NF

are the total number of reactions and families where j is produced or consumed.

dC] NF NR (1)
Vegt = 1= ), ) Vit
f=1i=1




The eleven component families, f, are: amides, nitriles, aliphatic amines, aliphatics, carbazoles,
phenols, N-aromatics, O- N-aromatics, pyridines, diaromatics and monoaromatics. Additional

components are Hy, H>O, NH3, CH4, C2Hs, solid CHO, solid N and losses.

3.2 Kinetic model

The optimised reaction scheme is presented in Figure / and has three distinct groups: straight
chains, aromatics and heavy (C30+) and solid lumps. All the species shown in Figure / (a) and
(b) are carbon number distributions, whereas the C30+ and solid in Figure / (c) are combined
lumps. Various reaction schemes were tested, including reactions where the straight chain and
aromatics families were interconnected. However, potential reactions linking the straight chains
to the aromatics were not found to be significant. Reactions and reaction rate equations are listed

n



Table 2 where k,(m3.mol™1. h™1) is the overall reaction rate constant for reaction r. k.,

defined with respect to reference temperature ( Tyof = 350°C), can be written as follows:

ky = ki, e_%(%_Trlef) ()

T (K) is the experimental temperature, k., .(m°.mol™*.h™") is the preexponential factor

of k. at the reference temperature Ty..r, Ea,(kJ. mol™1) is the activation energy for reaction r

and R(kJ.mol™1. K1) is the ideal gas constant. The component family names are shortened as
follows: amides (Ad), nitriles (Nt), aliphatic amines (An), aliphatics (Al), carbazoles (Cb),
phenols (Ph), N-aromatics (Rn), O- N-aromatics (Ro), pyridines (Pp), diaromatics (Da),

monoaromatics (Ma) and losses (L).

Table 2 also includes the carbon number range for each reaction. All reactions consume H, and
are considered first-order with respect to the concentrations of the reacting component and H,.
Activation energies were initially estimated for all reactions but only significant results were

kept. Some stoichiometric coefficients are fixed parameters and some are for estimation.

The straight chain reactions are separated into two groups as shown in Figure 1 (a), C15—-C19
and C20 — C29. For reactions 1 and 2, only the functional groups react, carbon numbers remain
unchanged. Amides and nitriles produce aliphatic amines, with amides also producing H>O in
reaction 1. In reaction 3, aliphatic amines produce aliphatics and NH;. Carbon numbers C15 to
C19 remain unchanged, whilst heavier C20 to C29 compounds break into two halves. The
straight chain reactions are all well-defined and the stoichiometric coefficients are as follows:

Yy adi = 25 Yyt = 2 and Yy, ani = 1 for C15 - C19 and 2 for C20 — C29.



Figure 1 (b) illustrates the aromatics carbon number distribution reactions, reaction numbers 4
— 9. Despite being identified in the reaction mixture, indoles are not included in the model
because of the earlier assumption that they don’t react. The monoaromatics are produced in
reactions 4 — 6 from C9+ phenols and carbazoles and diaromatics, which extend to the highest
boiling ranges. The reaction 5 stoichiometric coefficient is fixed, Yy, pe,; = 3. N-aromatics, O-
N-aromatics and pyridines tend to disappear rapidly via reactions 7 — 9. They are complex
mixtures and comprise mainly lighter compounds, up to C15. We assume that their final
products are lost, as well as those of C8 phenol. Reaction 7 allows intermediate N-aromatics to
be considered. The N- and O- fractions are respectively assumed to produce NH3 and HO. The
N- and O- content of carbazoles, phenols, N-aromatics, O- N-aromatics and pyridines has been
adjusted to fit the elemental analysis. So, the NH3 and H>O stoichiometric coefficients are equal
to the N- and O- mole content of the parent molecule per Eq. (3) and (4). The H> consumption

stoichiometric coefficients account for the extra N- and O- content as shown in



Table 2. Where there are losses, the H> consumption stoichiometric coefficients are assumed

and the losses stoichiometric coefficients are calculated to complete the mass balance.

YNHsfi = XN,fi (3)

YH,0.f,i = Xo,f,i 4)

The heavy, C30+ and CHO solid lumps shown in Figure 1 (c¢) are mixtures covering a wide
boiling range and are assumed to produce mainly losses and gases via reactions 10 — 12. During
model development, it was observed that CHO solid also appears to be a monoaromatics source.
Solid N is well quantified and produces NH3 via reaction 13, yy, y = 1.5. An average molar
mass is assigned to each of the heavy, C30+ and CHO solid lumps and stoichiometric coefficient
values for reactions 10 — 12 are unknown. For simplification, and to minimize the number of
parameters for estimation, some assumptions are made regarding the stoichiometric coefficients,
as shown in Table 2: one H> consumption stoichiometric coefficient is assumed for all the heavy
lumps, one CH4 production stoichiometric coefficient is assumed for the C30+, carbazoles and
diaromatics and the ratio of C2Hg to CH4 production is assumed to be the same for the solid and

C30+ lumps. No CH4 or C2Hg production was associated with C30+ amides.

10
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Figure 1. Optimised general reaction scheme with (a) straight chains, (b) aromatics and (c) heavy (C30+)
and solid lumps.

11




Table 2. List of reactions, reaction rate equations and carbon number range.

Reaction Rate Range
k . .
: Ad; + Yy, paHz = Ang + H,0 k1Caa,iCh, 15-29
k s —
2 Nt; + yu, ne,iH> 3 An; k;Cnt,iCh, 15-29
k J—
3 An; + Y, Ani H, S Al; + NH;4 15-19
ks k3Cn,iCh, 20-29
An; + )/HZ,An,in —>Alj + Al + NH;
4 = kqCcp,iC 11-29
Cbi + Vhy,cp,il2 > Ma; + VYu,,cp,iNH3 +Yn,0,c0,iH20 aCcp,ilh,
k5 ' —
: Da; + )/HZ,Da,in - Ma; kSCDa,LCHZ 11 -29
e £ keConiC 9_13
Phcg + Vh,,pn, csHz = Yipncs L + Vi,0,pn,c8H20 6“Ph,i“H,
ke 8
Phi + Yu, pniH2 = Ma; + Vi,0,pn,iH20
! “ k7Cro,iC 915
Roi + )/HZ,RO,iHZ - Rni + )/Hzo,RO,iHZO 7%“Ro,i™~H,
. E KgCrreiC 815
Rn; + Yy, rniH2 2 Vigni L + Ve rniNH3 8CRn,iLH,
? “ koCpyp,iC 815
Pp; + sz.Pp.iHZ = YLPp,i L+ VNH3,Pp,iNH3 9“Pp,i~H;
+ YH,0,pp,iH20
10 k1o ke Cor -C 307
C3O}L + VYu,.r.c30+H2 = Vi p.c30+ L+ Vezotcn, CHa + 10Lpn,iCH,
YaCa2Hg + xN,CSO+,fNH3 + }’Hzo,f,c3o+H20
11 ki1 ki Cor -C 30+
6302;(1 + Vuy4a,c30+H2 = Vi,aa,c30+ L 11~Ph,i™H;
+ Xy c30+,4aNHs + YH,0,4a,c30+H20
12 k12 kooCor i C N/A
CHO(sy + Yu,croHz = Vicno L + Ven, cro CHy + 12Cph,iCH,
YeyHe,cHo C2He + Ymaco MAcio —c1s
k
13 N(s) + )/HZ‘NHZ —13) NH3 k13CN(S)CH2 N/A
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3.3 Parameter Estimation

The system of differential equations was resolved in MATLAB R2019b2° using the solver odel5i
and parameter estimation was carried out using MATLAB R2019b%° non-linear least squares
solver function, Isgnonlin, with the trust-region-reflective algorithm. This minimises an objective
function based on an input vector of differences between measured and calculated data. Here, the

differences were normalised to balance against overweighting the data points with greatest mass.

Parameter significance levels and confidence limits were determined from Eq.s (5) and (6)?1. ] is
the Jacobian matrix and se(bp) is the standard error found for each parameter. SSE, n; and p are
the objective function and the numbers of data points and parameters respectively. b, is the

parameter value, t,,s is the observed student t-value. The parameter significance levels are found
from the Student t-table. Eq. (7) is the formula for the correlation between parameters p and q.
Parameter estimation was part of model development. So that only parameters of > 95%

significance were included in the final version of the model.

_ ®)]
SSE (7))
Se(bp):j Ga=p)

C_ b ©)
obs Se(bp)

{U'N (7

C q =
J{U'f)-l}p,p{U'J)-l}q,q

D
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4. Results and Discussion

All pre-exponential factors at reference temperature and activation energies have been
estimated excepted for the reactions 5, 7 to 9 and 13. These last being not sensitives to the
temperature, only the overall kinetic constant k,. is given. The estimated parameters, all
significant to > 95%, are given in Table 3 along with their confidence limits. There is no
correlation between k. 350 for reactions 1 to 9 except, as expected, between k, 350 and Ea,
for the same . There is correlation between the C30+ and CHO- solid reaction rate
constants, ki 3s0and ki 350 and between the gas stoichiometric coefficients, yy3cp,
Yc3o0+,cH, and Yi3c,m, » indicating that the C30+ carbazoles and diaromatics and solid CHO-
lump parameters are interrelated. Finally, two parameters related to monoaromatics sources
have a correlation coefficient of 0.77: the diaromatics reaction rate constant, ks , and the
solid CHO stoichiometric coefficient for monoaromatics production, yuqcyo- Both
parameters are kept in the model since they are significant to > 95%, to maintain the logic of

the reaction scheme and to allow the model to produce sufficient monoaromatics.

Figure 2 compares the summed model outputs and measured data at reaction temperatures
350, 375 and 390°C for the four distributed families involved in straight chain reactions 1 —
3: amides, nitriles, aliphatic amines and aliphatics. The model gives a good fit for amides
disappearance and aliphatics overall production rates as well as the nitriles and intermediate
aliphatic amines, present in smaller quantity. From Table 3, the reaction 3 rate constant,

k3 350, 1s greater than those for reactions 1 and 2, k; 350 and k; 350, ensuring no

accumulation of aliphatic amines. Reaction 1 and 2 activation energies, Ea, and Ea,, are

14



consistent with thermal activation, also visible in the evolution through reaction temperatures

350 — 390°C shown in Figure 2 (a) - (c).

Figure 3 gives the detail of the carbon number mass distributions for the amides and
aliphatics at 350 and 390°C. The shift from the heavier amides to the lighter aliphatics
distribution in the model is due to the assumption that C20 to C29 are secondary aliphatic
amines, breaking into two halves in reaction 3. In general, the model fits the mass

distributions well. However, there is a source of C14, C15 aliphatics which is not captured.

Table 3. Estimated parameters with confidence limits.

Reaction ky 350 (m’.mol™.h™) Ea, (kJ.mol™")
1 (Ad) 1.93 .10* + 0.73 .10 174 + 51
2 (Np) 1.32.10* + 1.25 .10™ 212 + 113
3 (An) 1.30.107 + 0.47 .10°3 137 + 47
4 (Cb) 1.67.10° + 1.03 .107 398 + 68
6 (Ph) 5.60.10° £ 0.19 .10° 96.8 + 39.9

10(CbDa)  4.73.10° + 1.50 .10 306 + 37
11 (Ad) 3.25.10* + 1.70 .10 233 + 94

12 (CHO) 5.95.10° + 0.13 .10° 73.5 + 20.4

Reaction k, (m?.mol'.h)

5 (Da) 1.07 .10* £ 0.26 .10
7 (Ro) 9.81.10* + 0.25 .10
8 (Rn) 1.83.107 + 0.35.107
9 (Pp) 5.15.10% + 1.56 .10
13 (N) 2.08.10* + 0.32 .10

15



Stoichiometric

YH, YcHa Yc,H, YMa
coefficient (-)
10 (Cb Da) 6.10 + 1.21 - -
e 145+ 2.8 ) ) )
12 (CHO) 3.68+0.73 451 +0.79 9.29.10° + 1.66.10°
3
AO.4 r
3
8 0.3
g ° ° Amides
?0.2 ] i Nitriles
é o ° °  Amines
é °  Aliphatics
e _
o= b
0 1 2 3 4 5 3 4 5
(a) Time (h) Time (h)

Figure 2. Comparison between calculated and measured overall mass fractions of straight chain families

(a) 350°C, (b) 375°C and (c) 390°C.
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Figure 4 compares the overall model outputs and measured data at reaction temperatures 350, 375
and 390°C for the aromatic families. For the N-aromatics, O- N-aromatics, quantities are small,
there are few, quite scattered data points and the model outputs approach the average evolution of
the data points. The calculated pyridines, diaromatics and carbazoles outputs fit the 390°C
experimental data with some discrepancies at lower temperature experiments. The phenols and
monoaromatics model results are relatively good. The simplifying assumption of first-order
reaction is quite approximative here. The N-aromatics, O- N-aromatics and pyridines are mixtures,
so a higher reaction order might have given a better fit. Also, catalytic DN reactions are likely for
N-aromatics, pyridines and carbazoles and, in this case, Langmuir-Hinshelwood kinetics taking
account of active sites might be appropriate. However, the estimated 350°C reaction rate constants
are consistent with the data. k;350, kg3s509 and kg 350 for N-aromatics, O- N-aromatics and

pyridines producing losses are all one or two magnitudes greater than k350, Kks5350 and

18



k¢ 350 for carbazoles, diaromatics and phenols giving monoaromatics. Only phenol and carbazole
activation energies, Eag and Ea,, are calculated. The increasing carbazole disappearance rate with
temperature is clear from the data. However, the assumption of first-order reaction determines the
shape of the curve for carbazoles disappearance and Ea, could be overestimated. Figure 5 shows
the carbon number mass distributions for the sum of the liquid monoaromatics sources
(diaromatics plus carbazoles and phenols) and the monoaromatics. The liquid monoaromatics
sources disappear slowly and have a different profile to the monoaromatics products. Solid CHO
1s a fourth source of C10 to C18 monoaromatics, which allows the model to fit the monoaromatics
profile. C10 to CI18 is also the range of the aliphatic products and a reversible
hydrogenation/dehydrogenation reaction between the monoaromatics and naphthenes probably
exists. This reaction was tested by considering naphthenes separately but not found to be

significant for this data set.
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A comparison between calculated and measured solid N, solid CHO and reacting C30+ lumps is
given in Figure 6. The model gives a good fit for all the available solids and most C30+ data
points. From Table 3, the solid N reaction rate constant, k3, is greater than that of solid CHO,
k12350, at 350°C. The impact of the activation energy, Ea,,, is that both solid lumps have

approximately the same reaction rate constant at 390°C.

The C30+ amides reaction rate constant, ki, 350, 1s greater than both that for the C30+ carbazoles
and diaromatics and also the C15 — C29 amides reaction rate constant. This makes sense if the
C30+ lump contains a greater fraction of tertiary amides, because tertiary amides are converted
more rapidly than secondary amides due to the basicity of the amide group'® and could also provide
the unidentified source of C14 and C15 aliphatics . Figure 6 illustrates the rapid disappearance of
C30+ amides and includes the non-reacting C30+ aliphatics lump. We can see that there is very
little variation in the C30+ aliphatics, and no increase which might correspond to C30+ amides
products. This indicates that C30+ amides reactions are different to those for the C15 —C29 amides

and justifies the choice to consider the C30+ amides separately.

Since the main area of interest of this study is in the boiling ranges where detailed information is
available and the amount of C30+ carbazoles and diaromatics is relatively small, they are
combined. The rate constant for the disappearance of the combined C30+ carbazoles and
diaromatics, kig3s59, is logical, with a value between k4350 and ks 359, for the C11 — C29

carbazoles and diaromatics respectively.
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Figure 7 compares model outputs to measured data for the gases. Figure 7 (a) shows that the
model follows the H> consumption well at all three reaction temperatures. Figure 7 (b) considers
losses and there is a discrepancy after 3 and Sh at 390°C. This discrepancy is possibly due to
light hydrocarbons produced by hydrocracking and lost during the heptane evaporation stage. A
hydrocracking reaction for aliphatics was considered but no significant reaction rate parameters
were found. Indeed, hydrocracking could affect any of the families identified by GCxGC, so, the
unaccounted for losses could be a general accumulation from several sources. Considering the
discrepancy from a parameter estimation point of view: firstly, the applied weighting method
was to divide the distance between measured and calculated data points by the measured data.
So, the absolute size of the discrepancy is not relevant. Secondly, the residuals vector can be
useful to identify where the parameter estimation is compensating for deficiencies in the model,
such as a missing reaction. However, here, there are no correspondingly sized overestimates for
the two or three data points representing the additional losses. In conclusion, the discrepancy

seems to be due to a general effect.

Figure 7 (c) and (d) show that the model fits the data well for CH4 and C,Hs. Figure 7 (e)
indicates that the model always overestimates the NH3 production. In fact, the difference
between total liquid N- content measured by elemental CHNO analysis and that calculated from
the known functional groups increases with reaction time and temperature. So, the assumption
that the N-compounds in the carbon number distributions have constant physical properties is not
quite correct with respect to N- content, leading to this effect. The H2O comparison in Figure 7
(f) has a better fit since O- content is much lower than N- content at the end of the reaction

period.
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5. Conclusion

A kinetic model based on laboratory scale upgrading of 3g HTL biocrude in a batch reactor
with hydrotreatment catalyst has been constructed and analysed. The model has thirteen
reactions and includes straight chains, aromatics and C30+ and solids. Reactions consume
H> and produce H>O and/or NH3 depending on their functional groups. 26 parameters have
been estimated in total: 13 reaction rate constants, 9 activation energies and 5 stoichiometric

coefficients.

First-order reaction rate equations and the assumption that C15 — C19 aliphatic amines are
primary whilst C20 — C29 aliphatic amines are secondary allow the model to fit the straight
chain components well. The model output dynamics relative to the aromatics data points
suggest higher order reactions for N-aromatics, O- N-aromatics and pyridines and, possibly,
Langmuir Hinshelwood kinetics for N-aromatics, pyridines and carbazoles. This fits with the
knowledge that the N-aromatics, O- N-aromatics and pyridines are mixtures of chemical
structures and N-aromatics, pyridines and carbazoles tend to undergo catalytic reactions on
active sites. However, the fit is relatively good. An additional source of monoaromatics was

required and using the solid CHO reaction for this allowed the model to fit the data.

Two main discrepancies between the model and the data are in the NH3 production rate and
the losses production rate after 3 and 5 h at 390°C. These differences point to N
accumulation in the liquid N-compounds during the reaction and a small amount of

generalised hydrocracking at 390°C.
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