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� Kinetics of acetic acid (AcOH) steam reforming over Ni/Ca-Al2O3 catalyst.

� Negligible carbon deposition and no mass transfer limitations are demonstrated.

� Kinetic parameters derived for four models of 3e5 reactions fitted using gPROMS.

� Excellent fit obtained for model with SR AcOH, AcOH decomposition, and WGS.

� Validation for temperature (600e700 �C) and steam to carbon ratio (3e6) at 1 atm.
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a b s t r a c t

As a significant by-product of many thermochemical and biological waste conversion

processes, acetic acid (AcOH) is often investigated as model feedstock in the production of

sustainable hydrogen from non-fossil sources. The kinetics of its steam reforming were

extracted from packed bed reactor experiments over an industrially produced 14 wt% Ni/

Ca-Al2O3 catalyst at atmospheric pressure. The model consisting of AcOH steam reforming

producing CO2 and H2, AcOH decomposition to CO and H2, and water gas shift, achieved the

best fit, reflected in the lowest average relative errors (ARE) with experimental results, with

ARE values below 5.4% and 6.4% on AcOH and water conversions respectively, and below

4% on H2 mol fraction. This model was validated away from equilibrium using additional

experimental points, as well as for a wide range of equilibrium conditions with varying

temperature (600e700 �C) and feed molar steam to carbon ratios (3e8) at atmospheric

pressure using an independent method.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
sectors through injection in the gas distribution grid, hydro-

Introduction

Biomass derived wastes are collectively considered to be

increasingly viable sustainable alternative resources in the

production of green gases, where the latter can play an

important role in decarbonising the heat, power and transport
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treating at refineries and biorefineries, Fischer-Tropsch syn-

thesis of liquid fuels, and fuel cells.

The following biomass conversion processes all share the

generation of significant amounts of acetic acid while

providing essential waste treatment: fast pyrolysis of ligno-

cellulosic biomass wastes [1e5], gasification of humin [6],
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Table 1 e Summary of reactions in steam reforming of
acetic acid [36,40].

Main reactions

R1 SR acetic acid CH3COOHþ 2H2O/2CO2 þ 4H2

R2 Decomposition 1 CH3COOH/2H2 þ 2CO

R3 Decomposition 2 CH3COOH/CH4 þ CO2

R4 SMR CH4 þ H2O4COþ 3H2

R5 Water gas shift COþ H2O4H2 þ CO2

R6 Ketonization 2CH3COOH/CH3COCH3 þ CO2 þ H2O

R7 Dehydration CH3COOH/CH2COþ H2O

Secondary reactions

R8 SR acetone CH3COCH3 þ 3H2O/3COþ 6H2

R9 SR ketene CH2COþ H2O/2COþ 2H2

R10 Ketene

coupling

2CH2CO/C2H4 þ 2CO

R11 Acetone 1 2CH3COCH3/H2Oþ ðCH3Þ2CCHCOCH3

R12 Acetone 2 ðCH3Þ2CCHCOCH3þ
CH3COCH3/C9H12 þ 2H2O

R13 Acetone 3 C9H12/coke
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hydrothermal carbonisation of lignocellulosic wastes [7], as

well as fermentation routes like the acidogenesis and aceto-

genesis stages from the anaerobic digestion of carbohydrate-

rich substrates [8]. A number of studies have therefore

proposed acetic acid (‘AcOH’) as model compound for steam

reforming [9e12] and other advanced reforming processes for

the production of hydrogen [13,14], syngas [15] and synthetic

natural gas (SNG) [16], as a first step in building a design

capability of reforming realisticmixtures of bio-compounds. A

key requirement in achieving credible designs of these stra-

tegically important processes is the use of kinetic rates for the

individual steps involved in the reforming processes.

Due to its comparatively low cost, global availability, and

high activity in the C-C and C-O bonds cleavage, the oxidative

conversion ofmethane, as well as CO2 and H2O reforming [17],

nickel continues to dominate the market of oxidative reform-

ing catalysts. Routes to recycle these catalysts have been

established in industry [18]. Unlike other elements put forward

for advanced reforming, such as platinum group metals, co-

balt, or rareearthmetals,nickeldoesnotappear in theEU list of

critical raw materials [19,20] and was only recently added in

that of the United States' Geological Survey's list of critical

minerals [21]. In addition, Ni is frequently used in chemical

looping reforming due to its ease of reduction-oxidation [22]

and its ability to act simultaneously as oxygen transfer mate-

rial and reforming catalyst [23]. Doping the catalyst support

with low-cost alkaline earth metals (Ca, Mg, Ce) has long been

known to reduce acidity of the catalyst and its support, thus

inhibiting the formation of coke during nickel based catalytic

reforming [15,24]. Ca is claimed to also improve dispersion of

the active phase on ceramic supports, thereby preventing the

sintering of active metal phase in Ni catalysed reforming en-

vironments [25e28], and promoting water adsorption [29].

Kinetic data on the steam reforming reactions of significant

bio-compounds is currently lacking, which limits the ability to

develop reliable models for the design of advanced reforming

processes of bio-feedstock. In order to help address this gap,

thepresent studyaims toderivekineticdata for acetic acid ona

Ni supported CaO-Al2O3 catalyst prepared using industrial

methods by Twigg Scientific and Technical Ltd.

Various experimental studies have examined acetic acid

steam reforming [13,23,30e35], as it is one of the most abun-

dant compounds in pyrolysis bio-oil [36e39]. In order to carry

out the kinetic study, it was also useful to review existing

knowledge of reaction pathways. When acetic acid undergoes

steam reforming, the reaction scheme is complex, with mul-

tiple possible side reactions. A summary of the key reactions is

given in Table 1.

Of these reactions, ketonization (6) and dehydration to

ketene (7) result in products which are precursors to coke

formation [36]. Ketonization is particularly prominent at lower

temperatures, or in the presence of acidic sites, such as Al2O3

[35,41,42]. Several authors have attempted to describe the re-

action pathways in greater detail. In 1996, Wang et al. [43]

proposed a mechanism for the steam reforming reaction on

Ni-based catalysts, in which the acetic acid forms adsorbed

acetate species that decompose to form CO2 and H2. Trane

et al. [36] proposed that the elementary steps for these re-

actions would be similar to those that occur during steam

methane reforming. Reaction mechanisms have since been
proposed for various other catalysts. For example, Lemonidou

et al. [35] examined the reaction pathway on Rh supported on

La2O3/CeO2-ZrO2, Takanabe et al. [44] proposed a pathway for

Pt/ZrO2 catalysts, and Wang et al. [45] examined the mecha-

nism on Co-Fe catalysts. Resende et al. [41] examined steam

reforming on a LaNiO3 perovskite-type catalyst, with simi-

larities to the mechanism proposed by Wang et al. [43]. Hoang

[46] reviewed several papers in order to produce a generalized

reaction pathway, inwhich acetic acid decomposes toH2, coke

and CO, some of which is converted by WGS. Megia et al. [47]

derived a kinetic model consisting of four global reactions for

acetic acid steam reforming on cobalt based catalysts between

500 and 600 �C at S/C of 2, in which ketone and methane were

intermediates and potentially significant by-products. In [48]

and using ceria-zirconia supports, Phongprueksathat et al.

identify differences of mechanisms pathways between Ni and

Co catalysed steam reforming of acetic acid. They concluded

that above 550 �C and for S/C of 3e9, Ni favoured the steam

reforming route without acetone or CH4 in the products

resulting in higher H2 yield, and consistent with equilibrium

predictions, which they attribute to higher C-C bond cleavage

activity. In contrast, Co and the support itself promoted the

ketonization route to acetone which could result in carbon

deposition.

The following study aims to propose a kinetic model for

acetic acid steam reforming, Using a simplified reaction

scheme, based on the above literature review. Kinetic pa-

rameters are estimated by fitting the models to experimental

measurements.
Methodology

Experimental methodology

The reactor set-up and operating procedure are outlined

below. Acetic acid steam reforming was carried out in the

packed bed reactor set-up illustrated in Fig. 1.
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Fig. 1 e (a) Reactor set-up for acetic acid steam reforming experiments, (b) dimensions of reactor and furnace, and locations

of catalyst and thermocouples.
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Table 2 e Experimental conditions used for kinetic study.

Design/operating parameter Value

Catalyst 18 wt% NiO/Calcium Aluminate

Catalyst diameter (mm) 150e250

Outlet pressure (bar) 1.01325

Temperature (�C) 550 620 650

S/C ratio (�) 3 3.5 4

Feed mole fraction (�) AcOH H2O N2

0.048 0.342 0.610

0.058 0.342 0.6

0.058 0.410 0.531

0.058 0.473 0.469

Feed volumetric flow rate at STP (cm3 min�1) AcOH þ H2O solution N2

0.109e0.921 150e800

Table 3 e Parameters for lab-scale reactor model of acetic
acid steam reforming.

Description Value

Inlet pressure (bar) 1.05

Catalyst particle size (m) 2 � 10�4

Apparent catalyst density rcat,app (kg m�3) 1640

Bed voidage εb (�) 0.4

Bed length L (m) 1.6 � 10�2

Bed diameter (m) 9 � 10�3
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Methodologies for the characterisation of the catalyst are

provided in an earlier publication where it is named catalyst

‘B’ [14]. To summarise, MBET surface area of the fresh (fully

oxidised catalyst) was 34.9 m2 g�1, pore volume 0.068 cm3 g�1

and pore radius 1.9 nm. The support is expected to present a

molar Ca to Al ratio of 5 comprised of CaO and Al2O3, the fresh

catalyst has 18 wt% NiO (14.1 wt% Ni) as described in [29].

The reactorwas a 316 stainless steel tube, 750mm long,with

a main reactor body (section with largest constant diameter)

that was 600mm longwith an inside diameter of 13.2mm. The

main reactor body was placedwithin an Elite Thermal Systems

vertical furnace (TSVH12/30/450) with 1.7 kW electrical input,

featuring a 450 mm isothermal heated zone (‘HZ’) ensured by

high grade resistance wire spirals, fitted with a Eurotherm 3216

temperature controller, whose control thermocouple was

located in ceramic tube half way down the HZ and almost

touching the reactor. To enable monitoring of the reaction

temperature, a K-type thermocouple was also placed inside the

reactor (more on this later). Tominimise heat losses, gaps at the

top and base of the reactor were covered with thermal insu-

lation (Superwool® 607 HT paper). A solution of AcOH and

deionised H2O, mixed to the required S/C ratio, was fed from a

programmable New Era syringe pump. The rig was also con-

nected to a supply of N2 and H2 (BOC, purity 99.995%) for the

pre-reduction step of the catalyst. A Bronkhorst MASS-VIEW

mass flow controller (0e2000 sccm) controlled the flow of N2,

while a Bronkhorst EL-FLOW (0.1e200 sccm) controlled H2 flow.

After catalyst pre-reduction in H2, the MBET surface was

28.8 m2 g�1, pore volume and radius increased to 0.114 cm3 g�1

and 2.4 nm. A catalyst bed was created by placing 1g of fresh,

oxidised catalyst (from large catalyst pellets ground to particle

size 150e250 mm using a pestle and mortar), whose properties

are given in Table 2 and Table 3, into a cylindrical stainless steel

mesh basket (1250 mm3, 9.1 mm ID, 19.1 mm H). The catalyst

filled half the volume of a basket, thus consisting in a plug

9mmhigh. In this set up that allowed 10 different locations for

the catalyst along the reactor, the most stable time on stream

concentrations of products were obtained when the catalyst

was placed in the top part, in the 10th basket above super-

imposed nine empty identical baskets. The empty bottom

basket rested on a thin steel bar welded across the tube, posi-

tioned 170 mm from the lower end of the main reactor body.

This was also the location of the K-type thermocouple moni-

toring the reactor temperature to ensure the desired furnace
control temperature of the HZwas reached inside the reactor in

each experiment. In the closed furnace, the bottom of the

catalyst plug was therefore roughly 1/3 down in the HZ (or 2/3

up in the HZ), vertically 92 mm away from the furnace control

thermocouple and 172 mm away from the inner reactor ther-

mocouple, as shown in Fig. 1. Given how well the catalyst was

embedded in the uniform temperature HZ, there was confi-

dence that the control temperature represented the catalyst

temperature accurately, itself not directly accessible.

To protect the gas analysers, moisture was removed from

the gas in two stages. The bulk of themoisturewas removed in

a condenser, consisting of a jacketed heat exchanger cooled by

a 1:1 mix of water and ethylene glycol at 4 �C, followed by a

series of three knock-out pots. Remaining traces of water were

removed by a moisture trap filled with silica gel. The dry gas

was passed through an ABB Advanced Optima analyser fitted

with a Uras 14 module to measure CO, CO2 and CH4 by infra-

red absorption, and a Caldos 15 module for H2 measurement

by thermal conductivity detection (with correction accounting

for CO, CO2 and CH4 content). Fluctuations in these mea-

surements were minimised by using feed tubing with the

smallest diameter available (1/16 in. OD). The experimental

set-up was used to find AcOH conversion to C1 products, and

outlet compositions at steady state. Reaction conditions were

altered by changing the reactor temperature, S/C ratio and

flow rates of N2 and liquid. Table 2 summarises the experi-

mental conditions that were used.

The conversions of reactants (AcOH and H2O) were calcu-

lated via a series of mass balances. As the carrier gas (N2) was

inert, it could be assumed that the flow of N2 remained the

same at the inlet and outlet.

The number of moles of each component was calculated

using Eq. (2) on the basis on N2 concentration via the nitrogen

balance in Eq. (1):
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Fig. 2 e Experimental results used for calculation of mass

transfer limitations (650 �C, with S/C ¼ 3, yN2 ¼ 0.6).
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ndry;out ¼ nN2 ;in

yN2 ;out
Eq. 1

and ni;out ¼ yi;out � ndry;out Eq. 2

wherendry;out is the totalmolarflowofdryproduct gas,ni;out is the

drymolar flow of product species i (e.g. i¼N2, H2, CH4, CO, CO2

inEqs (2)e(4)), andyi is themolar fractionof i in thedry relevant

product gas, additional subscripts ‘in’ (used for N2, AcOH and

H2O in Eqs (1), (3) and (4)) and ‘out’ (used for all species in Eqs

(1)e(6)), refer to feed and outlet flows respectively.

The outlet flow of AcOHwas calculated by a carbon balance

(Eq. (3)), while the outlet flow of H2O was calculated by a

hydrogen balance (Eq. (4)):

nAcOH;out ¼nAcOH;in � ndry;out �
�
yCO;out þ yCO2;out þ yCH4 ;out

2

�
Eq. 3

nH2O;out ¼
4nAcOH;in � 4nAcOH;out þ 2nH2O;in � ndry;out

�
2yH2

þ 4yCH4

�
2

Eq. 4

The conversions of AcOH to C1 products and water were

then calculated as follows:

XAcOH ¼nAcOH;in � nAcOH;out

nAcOH;in
� 100% Eq. 5

XH2O ¼
nH2O;in � nH2O;out

nH2O;in
� 100% Eq. 6

Toexamine carbondepositionandclose thecarbonbalance,

CHNanalysis of theused catalyst (wt% carbon)was carried out,

and the results used to estimate the conversion of the acetic

acid to solid carbon. Around 15mg of catalystwas placed into a

tin capsule.Thecapsulewascompressed toeliminateair before

being placed onto an auto-sampler for analysis in a Flash EA

2000 elemental analyser where oxygen (BOC, purity 99.99%)

wasused as the oxidant,while helium (BOC, purity 99.99%)was

used as carrier gas. The readings fromCHNwere converted to a

molar amount using the following equation:

nC;solid ¼mcatalystxCMC Eq. 7

where nC;solid is the number of moles of solid carbon produced

during time t, and mcatalyst is the mass of catalyst. xC is the

measured mass fraction of carbon, and MC is the molar mass

of carbon. The fractional conversion from AcOH to solid car-

bon (XsolidÞ was found by:

Xsolid ¼ nC;solid

nC;AcOH;int
Eq. 8

where nC;AcOH;in is the molar flow rate of carbon in acetic acid

(2 mol of carbon for each mole of acetic acid) and t is the total

experiment time.

Each experiment initially underwent a transient period

before reaching steady state and was run twice; each run was

included in the model fitting process. To obtain data for the

kinetic study, AcOH and H2O conversions were taken only

from the steady state period, typically starting around 10 min

after the start of each run. There are different reasons for the

10 min transient period from the start of the reactants feed.
One is the time taken for feeds to travel through the system

and reach the analysers, another is initial coke deposition

(<1% of feed carbon) concentrated in the initial part of the

runs, as discussed in the results section (carbon deposition).

Kinetic model

Modelling of lab-scale reactor
Kinetic parameters were found via the parameter estimation

facility in gPROMS® [49,50], the process of which is summar-

ised in the Supplementary Data file. The parameter fitting

operation required a model to describe the laboratory reactor,

modelled as a packed bed reactor in steady state. The model

used the mass balance equation in Equation (9), and as the

reactor was considered isothermal, the energy equation was

not solved.

vuCi

vz
¼ð1� εbÞrcat;appri Eq. 9

where u is the superficial velocity (m s�1), Ci is the gas phase

concentration of species i (mol m�3), z is the axial direction

(z ¼ 0 at inlet, z ¼ L at reactor exit), εb is the bed voidage rcat,app

is the apparent catalyst density (kg m�3), and ri is the rate of

reaction consuming i (mol kg�1 s�1).

We show in the results section, with further details in

Supplementary Data, that external mass transfer was not

limiting, and the axial dispersion term was eliminated. Simi-

larly, as the internal mass transfer was not limiting, the

effectiveness factor was set to 1. All other assumptions and

governing equations are as outlined in Supplementary Data.

The physical properties of the reactor system are sum-

marised in Table 3. The inlet pressure was assumed to be

slightly above atmospheric pressure, to account for the pres-

sure drop through the system. Apparent density of the cata-

lyst was calculated from the bed size and mass of catalyst,

assuming a bed voidage of 0.4.

A gPROMS® parameter estimation problem requires the

user to define control variables and measured data. In this

case, the control variables were those experimental parame-

ters that were altered, namely the inlet concentration, molar

flux, and temperature. The measured data were the outlet

conversions of acetic acid and H2O, as described earlier.

The average relative error (ARE) was used to assess the

accuracy of the model for the different output parameters.

This was defined as follows:
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Table 4 e Determination of internal and external mass
transfer limitations.

Parameter Value

Measured rate of reaction (mol kgcat
�1 h�1) 31.24

Particle radius (mm) 100

Catalyst bulk density (kg m�3) [51] 1200

Cbio;g (mol m�3) 0.768

Diffusion volume ybio [52] 51.88

Dbio;N2
in cm2 s�1 0.878

External mass

transfer

Reynolds number (�) 0.465

Schmidt number (�) 1.28

Sherwood number (�) 2.44

Mass transfer coefficient kc (m s�1) 1.07

Reaction order, assumed 1

Mears criterion (¡) 1.26 £10¡3

Internal mass

transfer

Constriction factor sc [51] 0.8

Tortuosity t [51] 3.54

Particle porosity [51] 0.59

Effective diffusivity De (cm
2 s�1) 0.117

Weisz-Prater criterion (�) 1.16 � 10�2

Effectiveness factor (¡) 0.999
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ARE¼ 1
N

XN
j¼1

���ypredicted;j � ymeasured;j

���
ymeasured;j

� 100% Eq. 10

where ypredicted;j and ymeasured;j represent the measured and pre-

dicted values of a parameter at point j, such as reactant con-

version or species concentration.
Fig. 3 e Conversion vs pseudo contact time for different temper

and (b) H2O, and for different partial pressures of AcOH at 650 �
Results and discussion

Mass transfer limitations were assessed using a set of exper-

iments at the highest experimental temperature (650 �C),
where mass transfer was most likely to be limiting. The re-

sults of the experiments are shown on Fig. 2.

The curve was fit to a second order polynomial, with

R2 ¼ 0.9191:

XAcOH ¼ � 0:0012

�
W
�
F

�2

þ 0:0428

�
W=F

�
þ 0:7082 Eq. 11

Where W/F is the pseudo contact time.

The polynomial was differentiated to give an equation for

rate of reaction:

dXAcOH

dW=F
¼ � rAcOH ¼ �0:0024

�
W=F

�
þ 0:0428 Eq. 12

The estimated rate of reaction was used to find the Mears

criterion, Weisz-Prater criterion and effectiveness factor. Re-

sults are summarised in Table 4, showing that neither

external nor internal mass transfer were limiting at the con-

ditions used in this study.

Experimental measurements of reactant conversion

The following figures summarise the experimental data that

was collected, showing how conversions varied as tempera-

ture and S/C ratio were changed. The data follows the
atures at S/C ¼ 3, pAcOH ¼ 5.89, pH2O,0 ¼ 34.64 kPa. (a) AcOH

C, pH2O,0 ¼ 34.64 kPa. (c) AcOH and (d) H2O.
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Fig. 4 e Conversion vs pseudo contact time (W/FAcOH,0) for different partial pressures of H2O at 650 �C, pAcOH,0 ¼ 5.89 kPa. (a)

AcOH and (b) H2O.

Fig. 5 e (a) Carbon content in used catalyst vs conversion to C-gases, error bars show standard deviations of duplicate

samples and (b) Conversion to solid carbon vs conversion to C-gases for same runs as (a), shown by run temperature.
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expected trends, with conversion increasing with pseudo-

contact time. Other observed trends are an increase of con-

version with temperature or with partial of pressure of AcOH

(Fig. 3). Fig. 4 shows a decrease in AcOH conversion as S/C ratio

increased. As steamwas in excess (S/C>>1), increasing the S/C

ratio did not improve AcOH conversion. Instead, the trend

may be explained by the change in flow rates. Increasing S/C

ratio decreases the pseudo-contact time for water (W= FH2O;0)

and thus reduces its opportunity to react with AcOH.
Table 5 e Reaction schemes in proposed kinetic models.

Reaction (Ri from Table 1)

R1 Steam reforming acetic acid CH3C

R2 Decomposition 1 CH3C

R3 Decomposition 2 CH3C

R4 SMR CH4 þ
R5 Water gas shift ‘WGS’ COþ
Carbon deposition

Samples of used catalyst were subjected to CHNS analysis, to

examine the extent of carbon deposition. The carbon content

in the catalyst and therefore the conversion of the carbon feed

to solid carbon changed with the conversion to carbon gases,

as shown in Fig. 5.

The results confirm that the level of carbon deposition was

low (on average 1% of the feed), due to operation at high
Stoichiometry Model

1 2

OOHþ 2H2O/2CO2 þ 4H2 ✓ ✓

OOH/2COþ 2H2 ✓ ✓

OOH/CH4 þ CO2 ✓

H2O4COþ 3H2 ✓

H2O4H2 þ CO2 ✓ ✓

https://doi.org/10.1016/j.ijhydene.2022.08.167
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Table 6 e Rate equations for Models 1A and 1B, reactions
listed in Table 5.

Reaction Rate equation

R1 R1 ¼ k1pAcOHa1

R2 R2 ¼ k2pAcOHa2

R5 Model 1A:

Model 1A: R5a ¼ k5a
pH2

�
pCOpH2O � pH2pCO2

KWGS

��
1

U2

�

U ¼ 1þ KCOpCO þ KH2pH2 þ KCH4pCH4 þ KH2O
pH2O

pH2

KWGS ¼ exp
�4400

T
� 4:036

	
Model 1B:

R5b ¼ k5b
�
pCOpH2O � pH2pCO2

KWGS

�

KWGS ¼ exp
�
aþb

T
þc logðTÞ þdTþeT2 þ f

T2

�
a ¼ � 18; b ¼ 5:8� 103; c ¼ 1:8;

d ¼ � 2:7� 10�4; e ¼ 0; f ¼ � 5:8� 104

Table 7 e Rate equations for Models 2A and 2B, reactions
listed in Table 5.

Reaction Rate equation

R1, R2, R5 Rate equation and nomenclature as in Table 6

R3 R3 ¼ k3pAcOHa3

R4 R4 ¼ k4

�
pCH4pH2O � pH2

3pCO
KSMR

!

KSMR ¼ exp
�
aþb

T
þc logðTÞ þdTþeT2 þ f

T2

�
a ¼ � 24:9; b ¼ � 2:278� 104; c ¼ 7:951;

d ¼ � 4:354� 10�3; e ¼ 3:607� 10�7; f ¼ 4850
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temperature with an excess of steam. Fig. 5b shows the carbon

conversion to solid C in % of the feed, vs. the conversion to

gases for the three temperatures, but a clear trend of temper-

ature on solid C cannot be seen. Morphology of the carbon
Table 8 e Kinetic parameters estimated by gPROMS parameter

Reaction parameters M

1A 1

ko1 ðmol kg�1
cat bar

�a1 s�1) 0.778 0.

EA1 ðkJ mol�1Þ 60.85 60

a1 ð � Þ 0.958 0.

ko2 ðmol kg�1
cat bar

�a2 s�1) 0.955 0.

EA2 ðkJ mol�1Þ 61.25 51

a2 ð � Þ 0.636 0.

ko3 ðmol kg�1
cat bar

�a3 s�1) e e

EA3 ðkJ mol�1Þ e e

a3 ð � Þ e e

ko4 ðmol kg�1
cat bar

�2 s�1) e e

EA4 ðkJ mol�1Þ e e

ko5;a ðmol kg�1
cat bar

�1 s�1) 4299 e

ko5;b ðmol kg�1
cat bar

�2 s�1) e 60

EA5 ðkJ mol�1Þ 94.65 86

ARE XAcOH ð%Þ 5.37 4.

XH2o ð%Þ 6.36 10

yCH4 ;dry ð%Þ e e

R2 98.8 99

a Activation energy fixed at the value from Xu and Froment [56], to enab
deposited during runs at 650 �C and S/C of 3 is shown in TEM

images in [14] with evidence of amorphous carbon. In addition,

each experiment shown in Fig. 5 was run for only a short time

(around 10e20min), so there was limited time for deactivation

to occur. For this study it was assumed that carbon deposition

had a minimal impact on catalyst activity. Future work might

also consider the rate of catalyst deactivation in its experi-

mental design. For example, the kinetic studies on bio-oil by

Arregi et al. [53], Barbarias et al. [54] and Gayubo et al. [55]

included a term for catalyst activity in each rate equation:

ri ¼ rja Eq. 13

where ri is the rate of reaction including catalyst deactivation,

and rj is the rate of reaction before deactivation. The term a

signifies the catalyst activity.

By running the experiments for long durations (>100 min),

the authors of these studies were able to derive the rate of

catalyst deactivation, i.e. the rate of change of a. A similar

method could be applied in a future study in order to improve

the model.

Parameter fitting

On the basis of the literature review, two simplified reaction

schemes were evaluated, termed Model 1 and Model 2. These

considered only the major reactions, in order to minimise the

number of parameters to be fitted. Model 1 contained three

reactions: steam reforming of AcOH (R1), decomposition of

AcOH to syngas (R2), andwater gas shift (R5). In addition to the

reactions of Model 1, Model 2 also included decomposition to

methane, and steam methane reforming (SMR), in order to

examine whether a more detailed mechanism could improve

accuracy. Models 1 and 2 were chosen over models using

acetone as an intermediate, based on equilibrium products

prediction, and in agreement with the findings on nickel cat-

alysts of Phongprueksathat et al. [48]. Model 1 did not include
fitting.

odel Literature

B 2B

867 0.0765 e

.40 122.73 e

953 1.20 e

648 0.0662 e

.70 40.70 e

823 0.578 e

7.994 e

83.01 e

1.123 e

8.6 � 103 0.542 [55]

194.82 357.50 [55]

e 5.43 � 105 to 9.9 � 106 [56,57]

7 68.54 5.0 to 360 [53e55]

.71 67.13a 30.00 to 89.23 [53e57]

43 6.01

.46 8.94

27.5

.0 99.3

le convergence. Further information in text.
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reactions relating to methane, as the experiments yielded

very low CH4 contents (<1 vol%), also in agreement with [48].

The reaction steps in the proposed kinetic models are shown

in Table 5 making use of reactions listed in Table 1.

Table 6 and Table 7 summarise the reaction schemes used

in each of the proposed models. Primary reactions involving

acetic acid (R1-R3) were modelled via simple power law rate

equations, an approach typically used for irreversible global

reactions. The concentration of water was not included in the

power law rate equation for R1, as water was in large excess

(S/C ¼ 3e4), compared to the stoichiometric S/C of 1. SMR and

WGS reactions were described using equilibrium rate equa-

tions reactions from literature [53,55].

Two different versions of the WGS rate equation were

used. Version A, used in Models 1A and 2A, was a more

complex form, taken from Xu and Froment [56]. However,
Fig. 6 e eComparisons experiments vs. Model 1A (aeb) parity p

Temperature and W/F studied, (cee) vol% of H2, CO2, CO and CH

Model 1B (feg) parity plots of AcOH and H2O conversion, full ra
initial testing found that Model 2A was not able to converge

with this form of the equation. Thus a simplified version of the

WGS rate equation (versions ‘B’) was also trialled, based on

previous bio-oil kinetic studies [53,54]. The simplified WGS

rate equation was used in Models 1B and 2B.

These rate equations were entered into the gPROMsmodel,

and the measured experimental data was used to perform

parameter fitting. The results of the parameter fitting are

given in Table 8. No values are given for Model 2A, as the

parameter fitting was unable to converge due to the more

complex WGS reaction rate.

Model 2B was initially unable to converge, due to the large

number of unknown parameters. To enable convergence, the

activation energy of the WGS reaction (EA5Þ was fixed, using a

value from literature. A value of 67130 J mol�1 was taken from

Xu and Froment [56]. A sensitivity analysis showed that
lots of AcOH and H2O conversion for full range of S/C,

4 vs. temperature at S/C 3 for all the W/F values, and vs.

nge of experiments.
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Fig. 7 e eComparison experiments - Model 2B (aec) parity plots for AcOH conversion, H2O conversion and CH4 in outlet gas

for full range of temperature, S/C and W/F studied, (d) CH4 vol % vs. WHSV (¼1/(W/F) for S/C 3 and 650 �C, with linear fit on

exp.
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changing this value of EA5 by ±50% had a minimal impact on

overall accuracy (ARE þ 2%). Future studies on this catalyst

may focus exclusively on the WGS reaction, in order to

confirm the most accurate value to use. However, for the

purposes of this study, the value from Xu and Froment [56]

was deemed suitable.

The goodness of fit for each of themodels is shown in Fig. 6

(models 1A and 1B) and Fig. 7 (model 2B). In Fig. 6 (a-e), Model

1A appears to give a good fit for conversion of both reactants

as well as products, with results on reactants conversion close

to the parity line and without any skew, and near super-

imposed experimental and modelling products vol %.

Fig. 6f shows that Model 1B gives a good fit for AcOH con-

version, but there is a skew on the H2O conversion results in

Fig. 6g. This may be associated with the less detailed form of

theWGS equation. Model 2B, which used the same form of the

WGS equations, had a similar skew (Fig. 7b).

Model 2B appears to give a reasonably good fit for AcOH

conversion (Fig. 7a), and some skew for H2O conversion

(Fig. 7b), similar to Model 1B. However, the poor fit shown in

the parity plot for CH4 in Fig. 7c suggests that the model is not

providing an accurate description of the underlying mecha-

nisms involving methane.

Fig. 7d shows that the methane concentration in the

products for S/C 3 and 650 �C runs, all below 1 vol%, increased

with increasing weight hourly space velocity (WHSV ¼ 1/(W/
F)), but that this trend is not matched by themodel. It is worth

noting that trying to fit methane concentrations when the

experimental values are so near the lower limit of the analy-

ser's detection may not be worthwhile.

Table 8 gives a quantitative basis for comparison. Model 1A

provides the best fit for H2O conversion (average relative error

‘ARE’ of 5.37%). Model 1B gives a slightly better accuracy for

AcOH conversion (ARE of 4.43%), but the accuracy of H2O

conversion is reduced considerably, to give an ARE over 10%.

Thus Model 1A gives the best fit when both reactants are

considered together. On the basis of these results, Model 1A

was judged to give the best fit and was carried forward for

further study in the following sections.

Statistics on the goodness of the fits for models 1A, 1B and

2B are provided the supplementary data file.

Kinetic model validation

After Model 1A provided a satisfactory fit for reactant con-

versions, the model was further tested by comparing pre-

dicted outlet compositions to experimental and equilibrium

results.

Model testing away from equilibrium
To test the model at conditions away from equilibrium, the

outlet compositions predicted by the reactor model were

https://doi.org/10.1016/j.ijhydene.2022.08.167
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Fig. 8 e Parity plots for outlet compositions from Model 1A (a) H2 vol%, (b) CO2 vol% and (c) CO vol%. Red dots signify

experiments used in parameter fitting, black dots signify experiments not used in the original parameter fitting. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 9 e Accuracy of predicted vs measured outlet
concentrations (Model 1A).

Component ARE (%)

yH2 ;dry 4.34

yCO; dry 18.46

yCO2 ;dry 9.12

Average of ARE (%) 10.64
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compared to those measured during experiments. To provide

extra validation, four extra experiments were included that

were not within the original parameter fitting. The parity plots

for outlet composition are given below. Fig. 8a and Fig. 8b

demonstrate a good fit for H2 and CO2 content, even for those

experiments that were not included in the parameter fitting

(signified as black dots). Fig. 8c shows the fitting for CO is also

reasonably good, although not as accurate as the other

components.

Table 9 shows the accuracy of predicted outlet concentra-

tions. The model shows good accuracy for H2 concentration,

with an ARE around 4%. There is greater error for the com-

pounds that contain carbon, particularly CO. This suggests

that there is opportunity to improve the model by refining

reactions involving CO, such as decomposition and WGS.

Nonetheless, the average of the three components's AREs is

less than 11%, suggesting themodel is suitable for preliminary

estimates relating to reactor size and H2 yield.

Model testing at equilibrium
To further test the model, gPROMS model outputs at equilib-

rium were compared against those from an Aspen Plus®

equilibrium reactor (‘RGibbs’) at the same conditions. The

Peng-Robinson property method [58] was used as recom-

mended for H2 rich, high temperature and high pressure

mixtures such as in reforming of bio-oil and acetic acid and
used in previous relevant Aspen Plus simulations [33,59,60].

The effects of temperature, S/C ratio and pressure were

examined. Fig. 9a-b shows that the kinetic model provides a

good estimation in the temperature region 600e700 �C, but
outside of this region the model results diverge from equilib-

rium results. Fig. 9c-d shows that the model is not readily

extrapolated to pressures outside the experimental range, as

it relies on an empirical power law equation.

For both temperature and pressure, the area of highest

accuracy is the regionwhere there is littlemethane formation,

i.e. at high temperature and/or low pressure. This is to be

expected, as the simplified kinetic model does not consider

methane formation. It highlights that caution is to be advised

when extrapolating this kinetic model to low temperature

and/or high pressure regions where CH4 formation is likely.

Fig. 10 shows the kinetic model provides a good match to

equilibrium results at a range of S/C ratios. As the experiments

https://doi.org/10.1016/j.ijhydene.2022.08.167
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Fig. 9 e Effect of temperature on (a) H2O conversion, (b) H2, CO and CO2 content at equilibrium. Inlet conditions are 1 bar, S/

C ¼ 3. Effect of pressure on (c) H2O conversion, (d) H2, CO and CO2 content at equilibrium. Inlet conditions S/C ¼ 3, 650 �C.
Points represent kinetic model results, while solid lines represent Aspen Plus equilibrium results.

Fig. 10 e Effect of S/C ratio on (a) H2O conversion, (b) H2, CO and CO2 content at equilibrium. Inlet conditions are 1 bar, 650 �C.
Points represent kinetic model results, while solid lines represent Aspen Plus equilibrium results.
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used an excess of steam, the model remains valid when this

excess is increased further.
Conclusion

A kinetic study has been conducted for acetic acid steam

reforming on an industrially produced nickel on calcium

aluminate catalyst. After confirming the absence of mass

transfer limitations, experimental data were used for
parameter fitting in gPROMS. Four kinetic models were pro-

posed, which described simplified reaction schemes. Power

law rate equations were used for the primary reactions of

acetic acid. Secondary reactions SMR andWGSwere described

by mass action rate equations from literature. Of the models

tested, the model consisting of steam reforming of AcOH to

CO2 and H2, AcOH decomposition to syngas, and water gas

shift, was found to be the most accurate, with H2 concentra-

tion in average within a 4% relative error of the measured

value. Testing against equilibrium results showed that this
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model provided a good fit for near atmospheric pressure

conditions in the temperature region 600e700 �C, with S/C

ratios ranging from 3 to 8. Such a model could be a subset of

future models of Ni-catalysed steam reforming of more

complex mixtures representative of bio-oils or organic waste

streams for process design and optimisation purposes, for

conditions of excess of steam and temperatures above 550 �C,
and where the water gas shift reaction would feature as an

essential common step.
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