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Computational Fluid Dynamic (CFD) and Reaction Modelling Study 6 

of Bio-oil Catalytic Hydrodeoxygenation in Microreactors 7 

Sanaa Hafeez,a Elsa Aristodemou,a,b George Manos,c S.M. Al Salem,d and Achilleas Constantinou*a,c,e 8 

A Computational Fluid Dynamic (CFD) model was derived and validated, in order to, investigate the hydrodeoxygenation 9 
reaction of 4-propylguaiacol, which is a lignin-derived compound present in bio-oil. A 2-D packed bed microreactor was 10 
simulated using pre-sulphided NiMo/Al2O3 solid catalyst in isothermal operation. A pseudo-homogeneous model was first 11 
created to validate the experimental results from literature. Various operational parameters were investigated and validated 12 
with the experimental data, such as temperature, pressure and liquid flow rate; and it was found that the CFD findings were 13 
in very good agreement with the results from literature. The model was then upgraded to that of a detailed multiphase 14 
configuration; and phenomena such as internal and external mass transfer limitations were investigated, as well as, reactant 15 
concentrations on the rate of 4-propylguaiacol. Both models agreed with the experimental data, and therefore confirm their 16 
ability for applications related to the prediction of the behaviour of bio-oil compounds hydrodeoxygenation. 17 

1. Introduction  18 

Biomass presents numerous advantages as a renewable 19 
feedstock for bio-fuels. It contains low sulphur and nitrogen; 20 
and presents its self as a lucrative alternative due to its lack of 21 
net carbon dioxide (CO2) emissions to the environment1. 22 
Resources from biomass consist of a vast range of materials, 23 
such as organic waste products, forest and agricultural residues 24 
and energy crops2. Biomass feedstock’s which contain cellulose, 25 
hemicellulose and lignin possess a high-energy content, and are 26 
often converted to oil using fast pyrolysis2, 3.  27 
 28 
Fast pyrolysis is the process of rapidly heating biomass under 29 
moderately high temperature conditions of around 500 oC and 30 
short reaction times of 2 seconds, in the absence of oxygen. In 31 
return, biomass degrades to produce mainly vapours, aerosols 32 
and some solid char. After processing, a dark brown liquid is 33 
obtained which has a heating value of approximately half of that 34 
of conventional fuel oil averaging at about 30 MJ kg-1 4. Biomass 35 
derived bio-oil has several disadvantages such as a low heating 36 
value, high viscosity and a high oxygen content, which all restrict 37 
its application as a liquid fuel. Therefore, further upgrading of 38 
bio-oil by hydrodeoxygenation (HDO) is required5.  39 
 40 

The HDO process converts the oxygen containing compounds 41 
such as acids, aldehydes, alcohols and phenol to oxygen-free 42 
hydrocarbon fuels6. Bio-oil obtained from the fast pyrolysis of 43 
lignin contains approximately 39% of guaiacol and its 44 
derivatives. Amongst these constituents, guaiacol is often 45 
regarded as a representative model for bio-oil derived from 46 
lignin because it has two types of C-O bonds (Csp2OH and 47 
Csp2OCH3) within its molecular structure7. Based on this, 48 
majority of studies have utilised the compound guaiacol as a 49 
model compound and have investigated the HDO of guaiacol 50 
using catalysts such as NiMo/Al2O3 and CoMo/Al2O3, precious 51 
metal catalysts, such as platinum, ruthenium and rhodium, and 52 
nickel (Ni) catalyst8.  53 
 54 
Phenolic compounds such as guaiacol, anisol and phenol have 55 
been extensively modelled in past studies due to their 56 
significant present in bio-oil6. Despite this, not much attention 57 
has been dedicated to lignin-derived compounds. Therefore, 58 
there exists a limited understanding of the reaction pathways 59 
and kinetics of the HDO reaction. The study of 4-propylguaiacol 60 
HDO has been selected as a basis to produce a model 61 
representing lignin-derived compounds3. 4-Propylguaiacol 62 
represents some of the key lignin-derived components present 63 
in bio-oil such as benzene, phenol, guaiacol, anisole, propyl 64 
anisole, propylphenol, and propylbenzene. The existence of 65 
phenolic compounds in the bio-oil is the origin of 66 
polymerisation and coke formation during HDO at elevated 67 
temperatures greater than 300oC3.       68 
 69 
Lee et al.8 studied the HDO of a model compound of lignin-70 
derived bio-oil (guaiacol) because of its high potential to be 71 
used as a substitute for conventional fuels. Platinum-loaded HY 72 
zeolites (Pt/HY) with varying Si/AL molar ratios were used as 73 
catalysts for the HDO of guaiacol, anisole, veratrole and phenol 74 
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to a variety of hydrocarbons, such as cyclohexane. They found 75 
that cyclohexane was the predominant product and the yield 76 
increased with increasing number of acid sites. In order to 77 
obtain bio-oil with the maximum yield of cyclohexane and 78 
alkylated cyclohexanes, the SI/AL molar ratio should be 79 
adjusted to balance the Pt particle-induced hydrogenation with 80 
acid site-induced methyl group transfer. 81 
 82 
Patil et al.9 studied the HDO of the model compound guaiacol in 83 
bio-oil to produce fuel grade oil, using a bimetal catalyst No-84 
Mo/ZrO2-Al2O3. The results showed that the conversion of 85 
guaiacol and the product yield of phenol and cyclohexane was 86 
found to increase with increasing Mo content (10%, 15%, and 87 
20%) at continuous Ni (4%) loading and Ni content (2%, 4%, and 88 
6%) at continuous Mo (20%) loading. However, there was a 89 
lower difference in guaiacol conversion and phenol and 90 
cyclohexane yield at variable Ni loading. Guaiacol conversion 91 
was 100% at 330°C and 30 bars for the improved catalyst.  92 
 93 
Taghvaei and Rahimpour10 investigated the catalytic HDO of 94 
guaiacol via a combination of dielectric barrier discharge (DBD) 95 
and catalyst. It was found that the highest conversion of 96 
guaiacol (92%) and deoxygenation degree of 65% are achieved 97 
in the presence of Pt-Cl/Al2O3 and Pt-Re/Al2O3 catalysts 98 
respectively. The predominant products obtained were BTX, 99 
phenol, methylphenols and dimethylphenols. It was concluded 100 
that the difficulties of using hydrogen for the HDO reaction can 101 
be overcome by using the catalytic DBD reactor.  102 
 103 
Liu et al.5 investigated the HDO of bio-oil model compounds 104 
over amorphous NiB/SiO2-Al2O3 catalyst. The performance of 105 
the catalysts was evaluated in an oil-water biphasic system 106 
using anisole and guaiacol as the selected model compounds of 107 
bio-oil. The results showed that increasing the reaction 108 
temperature or reaction time would enhance the conversion of 109 
guaiacol and anisole. The HDO pathways of guaiacol and anisole 110 
were studied which provided a reference for the HDO 111 
mechanism of bio-oil.  112 
 113 
Microreactors present numerous advantages to investigate the 114 
reaction of HDO. Their enhanced surface-area-to-volume-ratio 115 
leads to a much-improved mass and heat transfer, in addition 116 
to, shorter residence time. Therefore, reactions which contain 117 
unstable intermediates are better suited to these type of 118 
reactors because of their stability and high degree of control11. 119 
These collective advantages of microreactors mean that they 120 
are greener and environmentally sustainable12.   121 
 122 
In order to understand the effects of HDO on the further 123 
processing of bio-oil several studies have identified 124 
mathematical modelling exercises to fully simulate its 125 
interaction with compounds under various conditions13-16.  The 126 
majority of HDO studies have focused on sulphided cobalt and 127 
nickel-based molybdenum (CoMo and NiMo) based catalysts for 128 
the separation of sulphur, nitrogen and oxygen from 129 
petrochemical feedstocks17.  130 
 131 

The catalytic HDO reaction of 4-propylguaiacol to 4-132 
propylphenol using pre-sulphided NiMo/Al2O3 catalyst is 133 
investigated and presented in this study using a packed-bed 134 
plug flow microreactor. A pseudo homogeneous model was 135 
produced, and good model validation was obtained with the 136 
experimental data. In this study, a 2-D Computational Fluid 137 
Dynamic (CFD) model was created to improve the 138 
understanding of the mass transfer and catalytic reactions 139 
taking place within the microreactor and provide an insight into 140 
any potential improvements that could be made by 141 
investigating these parameters. A validation of the model with 142 
the experimental data from literature3 is shown, and further 143 
investigations such as, internal and external mass transfer are 144 
conducted herein.  145 

2. Modelling Methodology  146 

2.1 Reaction kinetics 147 

The reaction considered for the CFD mathematical modelling is 148 
the HDO of 4-propylguaiacol to 4-propylphenol (eq. 1). The 149 
kinetic studies from the experiment  suggest that the kinetics 150 
for the reaction are determined by the surface reaction step 151 
which represent the competitive reaction with non-dissociative 152 
adsorption of hydrogen3. The kinetics were determined using 153 
the Langmuir-Hinshelwood-Hougen-Watson (LHHW) method, 154 
thus giving the rate equation shown below:  155 
 156 

𝐶10𝐻14𝑂2 + 𝐻2 → 𝐶9𝐻12𝑂 + 𝐶𝐻3𝑂𝐻      (1) 157 

−𝑟′
4𝑃𝐺 =

𝑘(𝐾𝐻2
𝑒𝑞𝑙𝐶𝐻2)(𝐾4𝑃𝐺

𝑒𝑞𝑙𝐶4𝑃𝐺)

(1+𝐾𝐻2
𝑒𝑞𝑙𝐶𝐻2)(1+𝐾4𝑃𝐺

𝑒𝑞𝑙𝐶4𝑃𝐺)
      (2) 158 

where k is the kinetic rate constant of each reaction pathway (L 159 
mol-1) and C is the molar concertation at each stage of reaction 160 
mechanism. Readers are referred to Joshi and Lawal, 2013 for 161 
the reaction scheme. From the rate expression, it can be 162 
deduced that the reaction is pseudo-first-order with respect to 163 
4-propylguaiacol and hydrogen. Table 1 displays the kinetic 164 
constants utilised for the study, and Table 2 conveys the pre-165 
exponential factors, activation energies and heats of adsorption 166 
upon which the CFD modelling is based.  167 
 168 
2.2 Pseudo-homogeneous model  169 

The microreactor models were simulated using CFD to 170 
demonstrate the particle-fluid transport phenomena. 171 
Experimental work is typically costly and time-consuming, while 172 
multiphase CFD studies can deliver comprehensive information 173 
on the spatiotemporal variations in species flows, 174 
concentrations and temperatures within the reactor and with 175 
minimal effort. Therefore, CFD is a favourable 176 
approach/methodology predicting the parameters thus, 177 
enabling a detailed study of the physico-chemical processes 178 
involved16.    CFD is an integrated methodology in the package 179 
that was used.  180 
 181 
 182 
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 185 

Table 1: Reaction kinetics parameters and rate constants used as input parameters for the described model. Source:3.186 

 187 

 188 

189 

190 

 191 

 192 

Table 2: Reaction Pre-exponential factors, activation energy and heats of adsorption 193 
Source:3. 194 

 195 
 196 
A 2-D microreactor model was created based on the assumption 197 
that the concentration and temperature gradients occur only in 198 
the axial direction. The only transport mechanism operating in 199 
this direction is the overall flow itself, and this is of plug flow  200 
type. Further assumptions which the model was founded upon 201 
are (a) Application of steady-state and isothermal conditions; 202 
(b) there is a pressure drop of 0.07 MPa along the length of the 203 
microreactor; (c) Henrys law applies is valid for the gas-liquid 204 
interface; (d) the ideal gas law applies for the fluids in the gas 205 
phase; and that (d) there is a constant axial fluid velocity in the 206 
gas phase with uniform physical properties and transport 207 
coefficients. The microreactor has a height of 0.762 mm, and a 208 
length of 180 mm. The catalyst used is a pre-sulphided 209 
NiMo/Al2O3 in the form of solid spherical particles. Figure 1 210 
shows a schematic diagram of the model used for the 211 
simulation. 212 
 213 
 214 

Figure 1: Microreactor model used for the CFD simulation. Note to readers: The 215 
schematic is not to scale. 216 
 217 

 218 

 219 

 220 

2.3. Mass balances in microreactor 221 

Modelling of the liquid chamber was established by connecting 222 
the gas phase reaction zone with the bulk liquid phase. The 223 
mass balance equation for the 4-propylguaiacol in the liquid 224 
phase is expressed as:  225 
 226 

 𝑢𝑥
𝛿𝑐4𝑃𝐺

𝛿𝑥
= 𝐷𝑖 (

𝛿2𝑐4𝑃𝐺

𝛿𝑥2
+

𝛿2𝑐4𝑃𝐺

𝛿𝑦2
)      (3)   227 

where c4PG is the concentration of 4-propylguaiacol in the bulk 228 
liquid phase in mol/m3, Di is the molecular diffusion coefficient 229 
(m/s) in the bulk liquid, ux is the liquid velocity in the axial 230 
direction.   231 
 232 
The mass balance in the gas phase reaction zone is expressed 233 
as:  234 
 235 

𝐷𝑖 (
𝛿2𝑐𝑖

𝛿𝑥2 +
𝛿2𝑐𝑖

𝛿𝑦2
) + 𝑢𝑥

𝛿𝑐𝑖

𝛿𝑥
= 𝑅       (4) 236 

where i represents 4-propylguaiacol or H2, and R incorporates 237 
the rate of reaction term. The molecular diffusion coefficient of 238 
4-propylguaiacol (D4PG) in the fluid was calculated using the 239 
Reddy-Doraiswamy correlation18.  240 
 241 

𝐷4𝑃𝐺 = 1 × 10−16 (
𝑇√𝑀4𝑃𝐺

𝜇𝑉4𝑃𝐺

2
3

)       (5) 242 

 243 
where T is the temperature in K, M4PG is the molecular mass of 244 
4-propylguaiacol in g/mol,  is the viscosity of 4-propylguaiacol 245 
in Pa·s and V4PG is the molar volume of 4-propylguaiacol at 246 
normal boiling point in m3/kmol19. The molecular diffusion 247 
coefficient of hydrogen (DH2

) was obtained using the Wilke-248 
Chang correlation20.  249 
 250 

𝐷𝐻2
= 1.1728 × 10−16 𝑇√𝜒𝑀4𝑃𝐺

𝜇𝑉𝐻2
0.6       (6) 251 

where χ is the association factor of 4-propylguaiacol, 1 for non-252 
associated solvents, VH2

 is the molar volume of hydrogen at 253 
normal boiling point in m3/kmol21. The boundary conditions 254 

T (oC) k (mol g-1h-1) K4PG (L mol-1) KH2 (L mol-1) R2 

250 22.21 ± 0.77 0.02 ± 0.002 0.3 ± 0.004 0.97 

300 41.40 ± 4.21 0.1 ± 0.01 0.1 ± 0.01 0.96 

350 77.78 ± 0.01 0.6 ± (9.7 × 10-5) 0.02 ± (1.6× 10-6) 0.96 

Intrinsic constant Value 

Pre-exponential factors 

𝑘0 (× 104 mol g-1h-1) 5.29 ± 0.66 

𝐾4−𝑃𝑟𝑜𝑝𝑦𝑙𝑔𝑢𝑎𝑖𝑎𝑐𝑜𝑙,0 (× 107 L mol-1) 2.750 ± 0.14 

𝐾𝐻2,0 (× 10−8 L mol-1) 1.6 ± 0.13 

Activation energies and heats of adsorption 

𝐸𝑎  (kJ mol-1) 33.86 ± 2.70 

∆𝐻4−𝑃𝑟𝑜𝑝𝑦𝑙𝑔𝑢𝑎𝑖𝑎𝑐𝑜𝑙  (kJ mol-1) 91.85 ± 2.69 

∆𝐻𝐻2 (kJ mol-1) -72.69 ± 2.63 
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utilised for the pseudo-homogeneous model were as per the 255 
following:         256 
                                                                257 
at x = 0;  cH2 = cH2,in,  c4PG = 0      (7) 258 

at y = l1;  c4PG,b = H*c4PG,  
𝛿𝑐𝐻2

𝛿𝑦
= 0    (8) 259 

at x = 180,  
𝛿𝑐𝑖

𝛿𝑥
= 0         (9) 260 

at y = 0;  c4PG = c4PG,in,   cH2
 = 0    (10) 261 

The mass balance equations coupled with the appropriate 262 
boundary conditions were solved using COMSOL Multiphysics® 263 
software version 5.3. The finalized geometry comprised of a 264 
mesh consisting of 4400 domain elements and 400 boundary 265 
elements, and 9,090 degrees of freedom was used, and the 266 
results were found to be mesh independent with a 267 
computational time of 5 seconds. 268 
 269 
2.4 Detailed multiphase model  270 

The previous pseudo-homogeneous model shown in section 2.2 271 
was further enhanced to incorporate the catalyst particles on 272 
which the gas phase reaction occurs. The assumptions for the 273 
pseudo-homogeneous model are applicable to this detailed 274 
model, with the exception that the reaction zone in figure 1 is 275 
packed with solid spherical catalyst particles of the same size 276 
and shape. The mass balance equation for the species in the 277 
catalyst bed is expressed as:  278 
 279 

𝑢𝑥
𝛿𝑐𝑖

𝛿𝑥
= 𝐷𝑖,𝐴

𝛿2𝑐𝑖

𝛿𝑥2
+ 𝐷𝑖,𝑇

𝛿2𝑐𝑖

𝛿𝑦2
− 𝐽𝑖𝑆𝑏      (11) 280 

where, Di,A and Di,T are the axial and transverse dispersion 281 
coefficients respectively, Ji is the molar flux of i into the catalyst 282 
particles, Sb is the specific surface area of the particles exposed 283 
to the reacting fluids in the packed bed (assuming randomly 284 
packed spherical particles) and is given by22:  285 
 286 
𝑆𝑏 = 𝑆(1 − 𝜀)           (12) 287 

where, 𝜀 is the fractional voidage of the packed bed and S is the 288 
specific surface area, in m, of the particles. For spherical 289 
particles this is given by:  290 
 291 
𝑆 =

3

𝑟𝑝
             (13)  292 

where, rp is the catalyst particle radius.  293 
 294 
An assumption of the film condition is realised at the pellet-fluid 295 
interface. The mass flux across this pellet-fluid interface into the 296 
pellet is potentially rate determined by the resistance to mass 297 
transfer on the bulk fluid side. This resistance can be expressed 298 
in terms of the external mass transfer coefficient: 299 
 300 
𝐽𝑖 = ℎ𝑖(𝑐𝑖 − 𝑐𝑖,𝑝𝑠)           (14) 301 

ℎ𝑖 =
𝑆ℎ∙𝐷𝑖

2𝑟𝑝
            (15) 302 

𝑆𝑐 =
𝜇

𝜌∙𝐷𝑖
            (16) 303 

𝑅𝑒 =
2𝑟𝑝∙𝜌∙𝑢𝑥

𝜇
           (17) 304 

𝑆ℎ = 2 + 0.552𝑅𝑒1/2𝑆𝑐1/3       (18) 305 

where, ci,ps is the concentration of i at the catalyst particle 306 
surface and hi is the external mass transfer coefficient. Sc is the 307 
Schmidt number, μ is viscosity of 4-propylguaiacol and ρ is the 308 
density of 4-propylguaiacol. Re is the particle Reynolds 309 
number23. Sh is the Sherwood number, which is based upon the 310 
Frössling correlation24.  311 
 312 
The chemical reaction which occurs inside (within) the pellets is 313 
incorporated into the mass balances with the Reactive Pellet 314 
Bed feature in COMSOL®. This feature has a predefined 1-D 315 
extra dimension on the normalised radius of the catalyst pellet 316 
particle (𝑟 = 𝑟𝑑𝑖𝑚/𝑟𝑝𝑒). The mass balance inside the catalyst 317 
pellet is obtained by performing a shell balance across a 318 
spherical shell:  319 
 320 
𝛿

𝛿𝑟
(𝑟2𝐷𝑖,𝑒𝑓𝑓

𝛿𝑐𝑖,𝑝

𝛿𝑟
) = 𝑟2𝑟𝑝𝑅𝑖,𝑝        (19) 321 

where r is the catalyst particle radius (dimensionless), Di,eff is the 322 
effective diffusion coefficient of chemical species i in the 323 
catalyst pores, ci,p is the concentration of chemical species i in 324 
the catalyst particle in mol/m3. Ri,p is the reaction source term 325 
(rate of reaction per unit volume of catalyst particle). The 326 
effective diffusivities of 4-propylguaiacol and hydrogen into the 327 
pores of the catalyst pellet are calculated by relating the 328 
diffusion coefficient to either the bulk or Knudsen diffusivity.  329 
 330 
𝐷𝑖,𝑒𝑓𝑓 =

𝐷𝑖,𝐴𝐵𝛷𝑝𝜎𝑐

𝜏
           (20) 331 

where, 𝐷𝑖,𝐴𝐵  is the bulk diffusivity of chemical species 𝑖, 𝛷𝑝 is 332 
the pellet porosity, 𝜎𝑐  is the constriction factor and 𝜏 is the 333 
tortuosity. Typical values of the constriction factor, the 334 
tortuosity, and the pellet porosity are, respectively, 𝜎𝑐  = 0.8, 𝜏 = 335 
3.0 and 𝛷𝑝  = 0.425. Boundary conditions used were as per the 336 
following:   337 
 338 
at x = 0;  cH2 = cH2,in,  c4PG = 0      (21) 339 

at y = l1;  c4PG,b = H*c4PG,  
𝛿𝑐𝐻2

𝛿𝑦
= 0    (22) 340 

at x = 180,  
𝛿𝑐𝑖

𝛿𝑥
= 0         (23) 341 

at y = 0;  c4PG = c4PG,in, cH2
 = 0     (24) 342 

at r = 1; ci,p = ci,ps         (25) 343 

at r = 0; 
𝛿𝑐𝑖,𝑝

𝛿𝑟
= 0         (26) 344 
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345 

Table 3: The list of parameters used for the CFD models 346 

 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 
 366 
 367 
 368 
 369 
The mass balance equations coupled with the appropriate 370 
boundary conditions were solved using COMSOL Multiphysics® 371 
software version 5.3. The finalized geometry comprised of a 372 
mesh consisting of 440,000 domain elements and 30,088 373 
boundary elements, and 106,858 degrees of freedom was used, 374 
and the results were found to be mesh independent with a 375 
computational time of 12 seconds. The variables, which were 376 
used to solve the models, are shown in table 3.  377 

3. Results and Discussion 378 

3.1 Model validation 379 

3.1.1. Effects of temperature 380 
The results obtained from the CFD pseudo homogeneous and 381 
detailed models were compared to the experimental data. Both 382 
models were compared to experimental results for a 383 
microreactor operating at a pressure of 300 psig, and 384 
temperatures of 250-450 oC. The comparison between the 385 
simulated results and the experimental results give an 386 
indication towards the validity and robustness of the model. 387 
Figure 2 shows the comparison between the modelling and 388 
experimental results. The graph depicts the conversion of 4-389 
propylguaiacol obtained for a temperature range of 250-450 oC 390 
with a good agreement between the experimental and obtained 391 
CFD (i.e. pseudo-homogeneous and detailed model) results.  392 
 393 
 394 
 395 
 396 
 397 

 398 
 399 
 400 
 401 
 402 
 403 
 404 
 405 
 406 
 407 
 408 
 409 
 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 

Figure 2: Comparison between model predicted results and experimental results: 421 
Pressure, 300 psig; gas phase, hydrogen; liquid phase, 4-propylguaiacol. 422 
 423 
The results show that as the temperature increases, the 424 
conversion of 4-propylguaiacol also increases. For temperatures 425 
below 400 oC, there is a very good validation between the 426 
results; however, there is a slight deviation in the results at 427 
temperatures, which exceed 400 oC. This could be due to the 428 
fact that secondary side reactions are occurring within the 429 
microreactor26, these reactions are not considered within the 430 
CFD modelling due to the lack of reaction kinetic data available. 431 
The predominant products from the HDO of 4-propylgauaicol 432 
using the presulfided-NiMo/Al2O3 catalyst are 4-propylphenol, 433 
4-ethylphenol, 4-propylbenzene, phenols and cresols with 434 
insignificant quantities of benzene and toluene. The compound 435 
4-propylphenol is solely brought to attention in this study 436 
because it has the highest selectivity.  437 

Symbol Value Units Description 

c4PG,in 1.1 mol m-3 4-propylguaiacol inlet concentration 
cH2,g  

PH2

RT
 mol m-3 Hydrogen concentration in the gas phase 

υ 0.03-0.18 mL min-1 4-propylguaiacol inlet flow rate 
FH2,in 30-120 cm3 min-1 Hydrogen inlet flow rate 
H l1+l2 mm Reactor height 
W 180 mm Reactor width 
l2 0.762 mm Reaction zone height 
l1 0.762 × 10−3 mm Liquid chamber height 
D4PG 9.995 × 10−8 m2 s-1 Diffusion coefficient of 4-propylguaiacol in the bulk 

fluid18, 19 
DH2 1.23 × 10−8 m2 s-1 Diffusion coefficient of hydrogen in the bulk fluid 15, 16 

D4PG,eff 1.312 × 10−9 m2 s-1 Effective diffusion coefficient of 4-propylguaiacol in 
the catalyst particle25 

DH2,eff 1.066 × 10−9 m2 s-1 Effective diffusion coefficient of hydrogen in the 
catalyst particle25 

ρb 580 kg m-3 Density of catalyst bed 
ρpe 750 kg m-3 Density of catalyst pellet 
εpe 0.4 - Porosity of pellet 
εb 1 − 𝜌𝑏/𝜌𝑝𝑒 - Void fraction of catalyst bed 

rpe 1.1 × 10−4 m Radius of catalyst pellet 
R 8.314 × 10−9 m3.bar (K-1mol-1) Ideal gas constant 
M4PG 166.22 g mol-1 Molecular weight of 4-propylguaiacol 
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3.1.2. Effects of hydrogen partial pressure  438 

The effect of hydrogen partial pressure on the conversion of 4-439 
propylguiacol was investigated using the models developed in 440 
this work and were compared with the results from literature. 441 
The range of pressures used for the study varied from 240-480 442 
psig at a constant reactor temperature of 400 oC with a constant 443 
residence time. The results in Figure 3 show that as the 444 
hydrogen partial pressure increases, the conversion of 4-445 
propylguaiacol also increases. However, at pressures of 446 
approximately 400 psig, the conversion remains relatively 447 
constant. This is because at higher temperatures there is a 448 
maximum adsorption of hydrogen on the surface of the catalyst 449 
resulting in a stable conversion. The comparison in results 450 
between the CFD modelling and experimental show a very good 451 
agreement. 452 

Figure 3: Effect of hydrogen inlet pressure on the conversion of 4-Propylguaiacol: 453 
Temperature, 400 oC; gas phase, hydrogen; liquid phase 4-propylguaiacol; gas 454 
phase, hydrogen. 455 
 456 
3.1.3. Effects of liquid flow rate of 4-propylguaiacol 457 
The effect of liquid flow rate on the conversion of 4-458 
propylguaiacol was also studied using the proposed models. 459 
The liquid flow rate of 4-propylguaiacol varied between 0.03-460 
0.15 mL min-1, and the remaining operating parameters were 461 
kept constant. The studies were performed at a temperature 462 
and pressure of 400 oC and 300 psig respectively. Figure 4 shows 463 
that as the liquid flow rate increases, the conversion of 4-464 
propylguaiacol decreases. The reacting fluids spend a shorter 465 
time within the microreactor as the liquid flow rate decreases, 466 
hence the conversion declines. Both models predict a 467 
decreasing conversion profile with the liquid flow rate which is 468 
consistent with the dependence of conversion of a reactant 469 
upon space velocity. 4-propylguaiacol is only a reactant in the 470 
reaction network presented by the experimentalists3, which 471 
cannot justify the existence of a maximum in the profile. This is 472 
also consistent with the findings and conclusions of the 473 
experimentalists3, who also describe their experimental 474 
conversion profile as decreasing. We believe that the maximum 475 
in the experimental profile is an artefactual one and caused by 476 
small experimental errors. The deviation of the experimental 477 
conversion values is within in the experimental error range.  478 

As the results obtained from the models are in agreement with 479 
the experimental findings3, they demonstrate a good validation 480 
of our models. 481 
 482 
Figure 5 shows the concentration profiles of 4-propylguaiacol in 483 
the bulk fluid phase across the transverse direction at different 484 
axial positions. It can be observed that the concentration of 4- 485 
propylguaiacol is highest at the initial axial positions of the 486 
microreactor, this is where the 4-propylguaiacol first 487 
encounters the hydrogen at the interface (at x=0; y=0). As the 488 
axial position of the microreactor progresses, the concentration 489 
decreases until eventually becoming stable. This is because, as 490 
the concentration of hydrogen increases along the axial 491 
direction of the microreactor, it will encounter greater 492 
concentrations of the 4-propylguaiacol, which results in a stable 493 
reactant conversion.   494 
 495 

Figure 4: Effect of 4-propylguaiacol liquid flow rate on the conversion of 4-496 
Propylguaiacol: Temperature, 400 oC; pressure, 300 psig; gas phase, hydrogen; 497 
liquid phase 4-propylguaiacol. 498 
 499 

Figure 5: Concentration profiles of 4-propylguaiacol in the bulk fluid phase at a 500 
constant transverse direction and varying axial positions: Temperature, 400 oC; 501 
pressure, 300 psig; gas phase, hydrogen; liquid phase 4-propylguaiacol. 502 
 503 
3.2. Kinetic studies 504 

3.2.1 Rate analysis  505 
The effect of hydrogen concentration on the rate of 506 
disappearance of 4PG was investigated using the detailed 507 
model. The hydrogen concentration varied between 0-0.15 508 
mol/L, and the concentration of 4-propylguaiacol remained 509 
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constant at 1.1 mol/L.  Three different temperatures of 350 oC, 510 
300 oC and 250 oC were investigated to obtain the CFD 511 
modelling results. All other parameters were kept constant, and 512 
the conversion of the reactants was limited to a maximum of 513 
10% in order to solely determine the reaction rates founded on 514 
the initial concentrations of the reacting fluids. Figure 6 shows 515 
the results obtained from the study. It can be observed that as 516 
the concentration of hydrogen increases, the rate of 4-517 
propylguaiacol also increases. 518 
 519 
The effect of 4-propylguaiacol concentration on the rate of 520 
disappearance of 4-propylguaiacol was then investigated. The 521 
4-propylguaiacol concentration varied from 0.1-2.1 mol/L, at a 522 
constant hydrogen pressure of 208 psig. The three 523 
temperatures used for the study were 350 oC, 300 oC and 250 524 
oC. Figure 7 shows the results obtained. It can be observed that 525 
at lower concentrations of 4-propylguaiacol the rate of 4-526 
propylguaiacol appears to increase. However, at higher 527 
concentrations, the rate remains relatively constant. 528 

Figure 6: Effect of hydrogen concentration on the rate of 4-Propylguaiacol: Gas 529 
phase, hydrogen; liquid phase 4-propylguaiacol. 530 
 531 

Figure 7: Effect of hydrogen concentration on the rate of 4-Propylguaiacol: Gas 532 
phase, hydrogen; liquid phase 4-propylguaiacol. 533 
 534 
3.3 Internal and External mass transfer limitations 535 

The heterogeneous detailed model incorporates the solid 536 
catalyst, and so it can ascertain the internal and external mass 537 
transfer resistances within the microreactor. The model can 538 
demonstrate which parameters lead to the reaction being 539 
diffusion limited or surface-reaction-limited. Using the CFD 540 
models to study the internal mass transfer limitations can allow 541 

the determination of which factors enhance or diminish the 542 
mass transfer rates (affecting the apparent rate of reaction); 543 
therefore, an understanding of the optimisation of the HDO 544 
reaction can be achieved.  545 
 546 
3.3.1 Internal mass transfer limitations 547 

The concentration profiles of 4-propylguaiacol are presented in 548 
figure 8. The profiles were obtained at x = 90 mm, and varying 549 
reactor heights of y = 0.7; 0.5 and 0.2 mm, for a catalyst particle 550 
size of 75-150 µm. The internal mass transfer resistance is 551 
responsible for the concentration gradient within the catalyst 552 
particle. It can be deduced that the difference in concentration 553 
from the surface of the particle, to within the particle, is less 554 
than 5%. In addition, the model was simulated with constant 555 
reactor properties, and catalyst particle sizes which were halved 556 
and quartered. It was observed that there was no significant 557 
difference in the conversion of 4-propylguaiacol (less than 2%). 558 
The internal mass transfer limitation was further validated by 559 
calculating the Thiele modulus (Φ) for a particle size ranging 560 
from 70-160 µm by assuming the reaction to be pseudo-first-561 
order with respect to 4-propylguaiacol and hydrogen25.  562 
 563 

Φ =
𝑟𝑝

3
(

𝜌𝑝⋅(−𝑟′
4𝑃𝐺)

𝐷𝑒⋅𝐶𝐻2
)

1

2
         (27) 564 

where ρp is the density of the catalyst pellet. The Thiele modulus 565 
was found to be approximately 0.5. For this value of the Thiele 566 
modulus, the effectiveness factor is found to be 1; which 567 
suggests that the reaction is surface-reaction-limited (overall 568 
rate of reaction is equal to the rate of reaction obtained from 569 
within the catalyst particle maintaining the same conditions as 570 
the particle surface). Therefore, from this study, it can be 571 
concluded that there is negligible internal mass transfer 572 
resistance. This conclusion coincides with that obtained from 573 
the experimental results.  574 
 575 

Figure 8: Concentration of 4-Propylguaiacol within the catalyst particles at x = 90 576 
mm, generated from modelling: Gas phase, hydrogen; liquid phase 4-577 
propylguaiacol; reaction temperature 400 oC. 578 
 579 
The size of the catalyst particle was doubled and quadrupled to 580 
introduce pore diffusion limitations. Figure 9 shows the 581 
concentration profiles obtained at x = 90 mm, and varying 582 
reactor heights of y = 0.7; 0.5 and 0.2 mm. The introduction of 583 
the intraparticle transport resistances is responsible for the 584 
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steeper concentration profile. This makes microreactors 585 
desirable due to their shorter lengths, which allows the use of 586 
smaller catalyst particles, which may not usually be feasible in 587 
conventional macroscopic reactors.   588 
 589 

Figure 9: Concentration of 4-Propylguaiacol within the catalyst particles at x = 90 590 
mm, generated from modelling: Gas phase, hydrogen; liquid phase 4-591 
propylguaiacol; reaction temperature 400 oC. 592 
 593 
The comprehensive heterogeneous model was used to obtain 594 
the internal effectiveness factor. This provides an indication of 595 
the relative importance of diffusion and reaction limitations. 596 
The effectiveness factor is regarded as the ratio between the 597 
actual overall rate of reaction, and the rate of reaction that 598 
would occur if the interior surface of the pellet were exposed to 599 
the external surface conditions25. The effectiveness factor for a 600 
spherical catalyst particle following a first-order reaction can be 601 
obtained as: 602 
 603 
𝜂 =

3

Φ2
(Φ coth Φ − 1)         (28) 604 

Figure 10 shows a plot of the effectiveness factor against the 605 
Thiele Modulus using the detailed model. For the catalyst pellet 606 
sizes between 75-150 µm, the Thiele Modulus is approximately 607 
less than 1, this corresponds to an effectiveness factor of unity 608 
which suggests negligible internal mass transfer resistances. 609 
However, increasing the particle sizes results in a decrease of 610 
the effectiveness factor, suggesting that the reaction is 611 
becoming diffusion-limited within the pellet. 612 

Figure 10: A plot of the effectiveness factor as a function of the Thiele modulus.  613 

 614 
Figure 11 shows a plot of the conversion of 4-propylguaiacol 615 
and the liquid flow rate for the pseudo-homogeneous model, 616 
detailed model and the detailed model with a catalyst size of 617 
220 µm. It can be observed that the reactant conversion 618 
decreases with the larger catalyst sizes. From the modelling 619 
results, the overall rate of reaction could be enhanced by 620 
decreasing the catalyst particle size; increasing the internal 621 
surface area; increasing the temperature; and increasing the 622 
concentration. 623 

Figure 11: Effect of 4-propylguaiacol liquid flow rate on the conversion of 4-624 
propylguaiacol for different model configurations: Temperature, 400 oC; pressure, 625 
300 psig; gas phase, hydrogen; liquid phase 4-propylguaiacol. 626 
 627 
A study of comparison between the pseudo-homogeneous and 628 
detailed model was conducted. Figure 12 shows the conversion 629 
of 4-propylguaiacol against the liquid flow rate for the detailed 630 
model, comprising of catalyst particle sizes ranging between 631 
220-500 µm, and the pseudo-homogeneous model. The results 632 
show that as the pellet sizes increase, the reactant conversion 633 
decreases because of the diffusion limitations within the 634 
particle. The reaction rates obtained from the pseudo-635 
homogeneous model were multiplied with the effectiveness 636 
factor to obtain the results shown in figure 12. There is a good 637 
agreement between the results which demonstrates the validity 638 
and robustness between the two models. As a result, either 639 
model can be utilised to demonstrate the catalytic 640 
hydrodeoxygenation of bio-oil to produce desirable results. 641 

Figure 12: Effect of 4-propylguaiacol liquid flow rate on the conversion of 4-642 
propylguaiacol for different catalyst pellet sizes: Temperature, 400 oC; pressure, 643 
300 psig; gas phase, hydrogen; liquid phase 4-propylguaiacol. 644 
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3.3.2 External mass transfer limitations 645 

The external mass transfer resistance was then investigated. 646 
The hydrodeoxygenation reaction involves the diffusion and 647 
mass transfer of hydrogen gas into the 4-propylguaiacol liquid 648 
phase, and subsequently diffusion through the liquid phase to 649 
the proximate area of the catalyst particle. In order to 650 
investigate the resistance to the diffusion across the boundary 651 
layer, the concentration surrounding the catalyst particle 652 
should be compared to the concentration on the surface of the 653 
particle. Figure 13 shows the bulk concentrations of 4-654 
propylguaiacol compared to the concentrations obtained from 655 
the surface of the catalyst particle. The concentrations of 4-656 
propylguaiacol in the bulk are found to be less than 2% when 657 
compared to the concentrations on the surface of the catalyst 658 
particle. It can be deduced that there is a negligible resistance 659 
to mass transfer, and this agrees with the experimental results 660 
obtained from Joshi and Lawal (2013). 661 

Figure 13: Comparison between concentration of 4-Propylguaiacol within the 662 
catalyst particles and in the bulk at x = 90 mm, generated from modelling: Gas 663 
phase, hydrogen; liquid phase 4-propylguaiacol; reaction temperature 400 oC. 664 

4. Conclusions 665 

The modelling results obtained from the CFD study for the 666 
catalytic HDO of 4-propylguaiacol to 4-propylphenol have 667 
demonstrated a sound validation with the experimental data 668 
obtained from literature 3. The slight deviations in results at 669 
temperatures greater than 350 oC could owe to the fact that the 670 
results closely follow the % yield of other major reaction 671 
products. The secondary side reactions are not considered in 672 
this work (due to the lack of kinetic data available). Therefore, 673 
the models developed could have slight limitations at higher 674 
temperatures because of the previously mentioned reasons; 675 
however, this would be overcome by the development of more 676 
complex kinetic models which account for the side reactions 677 
interacting with the HDO of 4-propylguaiacol to 4-propylphenol.  678 
Further model validations were demonstrated by the effects of 679 
pressure and liquid flow rate illustrate a good validation with 680 
the experimental data. It can be observed that for this specific 681 
reaction, the conversion of 4-propylguaiacol increased with 682 
increasing temperature and pressure; however, increasing the 683 
liquid flow rate appears to decrease the reactant conversion.  684 
 685 

The detailed model further allowed the investigation of the 686 
concentrations of hydrogen and 4-propylguaiacol on the rate of 687 
4-propylguaiacol. The model results demonstrated that as the 688 
concentration of these reactants increased, the rate of 689 
disappearance of 4-propylguaiacol also increased. In addition, 690 
the detailed model gave rise to the characterisation and 691 
evaluation of the reaction-coupled transport phenomena taking 692 
place within the catalyst bed in the microreactor. The internal 693 
and external mass transfer limitations were investigated by 694 
obtaining concentration profiles within the individual catalyst 695 
particle. It was concluded that there were negligible internal 696 
and external mass transfer resistances, which agreed with the 697 
experimental results. In addition, the study of pore diffusion 698 
limitations suggested a good agreement between the pseudo-699 
homogeneous and detailed heterogeneous models. It can be 700 
observed that both models performed similarly when being 701 
compared to the experimental data. This indicates the validity 702 
and robustness between the models; hence, either model has 703 
the ability to predict the catalytic HDO of bio-oil in 704 
microreactors. The heterogeneous model has allowed the 705 
investigation of pore diffusion limitations by predicting a range 706 
of values of the Thiele Modulus at which this occurs. It has 707 
shown how this affects the reaction; and gives rise to the study 708 
of particle fluid transport phenomena, which aids the 709 
understanding of internal and external mass transfer 710 
resistances. Performing numerical simulation studies is valuable 711 
as it provides an understanding of parameter optimisation and 712 
predicting the HDO of other various compounds present in bio-713 
oil, which would be time consuming and costly to do on an 714 
experimental basis.  715 
 716 
As the HDO reaction of lignin-derived compounds has not been 717 
studied extensively, this model provides a basis to predict and 718 
enhance the comprehensive understanding of the HDO reaction 719 
in various other lignin-derived compounds in bio-oil. 720 
Furthermore, microreactors have demonstrated various 721 
benefits11, 27, 28 compared to conventional reactors, and so 722 
future research should be directed towards investigating the 723 
scalability of microreactors to be used on an industrial scale.  724 
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